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Disclaimer 


 


This study has used generally accepted models and data available at the time 


of writing. Any changes in the methodology, models or data used can lead 


to other results. 


 


The quality of the data used in this study determines the quality, accuracy 


and uncertainty of the produced results. The use of data and inputs at the 


site location will generally lead to the best results with smaller uncertainties. 


If data and measurements are not available at the site location, then other 


sources of information will be used in the best possible manner. 


 


The Oldbaum consortium is not liable for any damages or monetary losses 


incurred by the client or any other party that occur due to the conclusions of 


the data or results coming from Oldbaum consortium. 


 


This report has been written with the intention that it will only be used by the 


client for its specific intended purpose. No appeal can be made to use the 


information obtained from this report for other purposes without written 


consent from Oldbaum consortium. The Oldbaum consortium is not 


responsible for any consequences that could come from the improper use of 


this report. 
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Samenvatting 


In opdracht van RVO.nl is voor het windenergiegebied Hollandse Kust (noord) 


(HKNWFZ) een studie gedaan naar het windklimaat. Dit rapport geeft daarvan de 


resultaten weer en is een update van het rapport op basis van 1 jaar winddata, welke 


in maart 2019 is gepubliceerd. De studie maakt onderdeel uit van een bredere 


metocean studie, waarin het complete lokale golf-, stromings- en windklimaat wordt 


gemeten en berekend. De metocean deskstudie wordt separaat uitgevoerd door DHI. 


Het doel van deze beide studies is om projectontwikkelaars en andere 


belanghebbenden te voorzien van hoogwaardige input voor onder andere belastings- 


en opbrengstberekeningen van het toekomstige windpark.  


De basis van deze windklimatologiestudie wordt gevormd door windmetingen die zijn 


uitgevoerd met een tweetal drijvende LiDARs (HKNA en HKNB). Deze metingen zijn 


uitgevoerd door Fugro met OCEANOR SEAWATCH Wind LiDAR boeien, uitgerust met 


ZephIR Z300s. Uit de analyse van de drijvende LiDARs is gebleken dat de windmetingen 


uit de HKNB boei de beste kwaliteit en beschikbaarheid had. De locatie van HKNB is 


ook gekozen als het middelpunt van HKNWFZ. 


Uit de analyse van beschikbare meetbronnen in de nabijheid van HKNWFZ is naar 


voren gekomen dat de data van meetmast Offshore Windpark Egmond aan Zee 


(OWEZ), die een paar kilometer ten zuidoosten van het kavel ligt, geschikt is om de 


verwachte windgradiënt over het kavel te kunnen bepalen.  


De gemeten wind datasets zijn vervolgens geschaald om tot een lange termijn 


windklimaat te komen. Hiertoe zijn verschillende datasets onderzocht en daaruit bleek 


dat ERA5 mesoschaal dataset de beste correlatie gaf. ERA5 is daarom gebruikt om de 


twee jaar windmetingen van zowel de HKNB-boei als de meetmast OWEZ naar de 


lange termijn te schalen middels een MCP procedure. De windklimaten op beide 


locaties zijn vervolgens vergeleken met de KNMI North Sea Wind (KNW) atlas. Deze 


bleek beide windsnelheden goed te voorspellen.  


De lange termijn gemiddelde windsnelheid, op 100 meter boven gemiddeld zeeniveau, 


in het centrum van de HKNWFZ is daarmee bepaald op 9,53 ± 0,38 m/s. De gevonden 


windsnelheid ligt ongeveer 0,1 m/s hoger dan de windsnelheid voor 


windenergiegebied Hollandse Kust (zuid) maar kent een vergelijkbare onzekerheid.  


Op basis van de gradiënt uit de KNW atlas is vervolgens een windkaart voor HKNWFZ 


gemaakt en is er op verschillende punten direct rondom het kavel het windklimaat 


bepaald. De kaart is te vinden aansluitend op de Engelstalige samenvatting hieronder. 


Aangezien er zich in de directe omgeving van het kavel bestaande windparken op zee 


bevinden, te weten Prinses Amaliawindpark en Offshore Windpark Egmond aan Zee 


(OWEZ), is er in deze studie extra aandacht besteed aan het berekenen van het effect 


van deze parken op HKNWFZ. Hiervoor is gebruik gemaakt van een aantal 


zogmodellen, variërend van eenvoudige modellen (NO Jensen) tot geavanceerde 


‘Large Eddy Simulations’ (Whiffle). 
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Uit deze analyse is onder meer naar voren gekomen dat het effect van de bestaande 


windparken op de uitgevoerde boei-metingen (HKNA en HKNB) verwaarloosbaar klein 


is. Daarnaast is er gekeken wat het mogelijke effect in termen van opbrengst is van de 


bestaande parken op een eventuele toekomstige windparkopstelling voor HKNWFZ. 


Hiervoor zijn twee indicatieve maar realistische lay-outs ontworpen op basis van 10 en 


12 MW windturbines. Hieruit kwam naar voren dat de te verwachten indicatieve 


effecten uiteenlopen van 0.2% tot 0.5% opbrengstreductie.  
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Executive Summary 


On behalf of RVO.nl, a study was conducted on the wind climate for the Holland Kust 


(noord) Wind Farm Zone (HKNWFZ). This report shows the results of this study and is 


an update of the original study published in March 2019 which was based on the 1st  


year of onsite measurements only. The study is part of a broader 'metocean' study in 


which the local wave, current and wind climate is measured and calculated. The 


metocean desk study is carried out separately by DHI. The aim of both of these studies 


is to provide project developers and other interested parties with high-quality input 


for, among other things, load and yield calculations of the future wind farm. 


The wind resource assessment (WRA) at HKNWFZ was carried out using on-site wind 


measurements conducted by two floating LiDAR buoys (HKNA and HKNB). These 


measurements were carried out by Fugro with OCEANOR SEAWATCH Wind LiDAR 


buoys equipped with ZephIR 300s LiDAR systems. The analysis of the floating LiDARs 


showed that the wind measurements from the HKNB buoy had the best data quality 


and availability. The HKNB buoy location was also selected in this study as the site 


centre of HKNWFZ. 


 


From the analysis of available measurement sources in the vicinity of HKNWFZ, the 


data from the Offshore Wind Farm Egmond aan Zee (OWEZ) meteorological (or ‘met’) 


mast, which lies a few kilometres to the south-east of the site, was found suitable for 


assisting to determine the expected wind gradient over the site. 


 


The measured wind data sets for both measurement locations were subsequently 


corrected to arrive at a long-term wind climate. Several long-term mesoscale datasets 


were examined. The ERA5 mesoscale data was found to have the best correlation with 


the short-term measurements. ERA5 was therefore used to scale the one-year wind 


measurements of both the HKNB buoy and the OWEZ met mast in the long-term by 


means of an MCP procedure. Wind climates at both locations were compared with the 


KNMI North Sea Wind (KNW) atlas, which showed a very close match with both results. 


 


The mean wind speeds of both methods and their uncertainties were combined by 


inverse-variance weighting. This resulted in a long-term mean wind speed of 9.53 ± 


0.38 m/s at 100 m at the HKNWFZ centre. The wind speed found is approximately 0.1 


m/s higher than the wind speed for the Hollandse Kust (zuid) Wind Farm Zone 


(HKZWFZ) but has a similar uncertainty. 


 


The KNW (KNMI North Sea Wind) Atlas wind speed gradient was applied to 


horizontally extrapolate the long-term wind climate from the site centre to the entire 


HKNWFZ area. This produced a wind speed map and determined the wind climate at 


various points across the HKNWFZ area. The map can be found below. 


 


Two existing offshore wind farms are located in the immediate vicinity of HKNWFZ, 


namely Offshore Wind Farm Prinses Amalia (OWFPA) and OWEZ. Extra attention has 


been paid in this study to calculate the effect of these wind farms on HKNWFZ. For this 


purpose, a number of wake models were used, varying from simple models (NO 
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Jensen) to advanced 'Large Eddy Simulations' (Whiffle). The calculations showed, 


among other things, that the effect of the existing wind farms on the on-site buoy 


measurements (HKNA and HKNB) is negligible. In addition, the possible effect of the 


existing parks on a potential future wind farm AEP for HKNWFZ was examined. Two 


indicative but realistic layouts have been designed for this, based on 10 and 12 MW 


wind turbines. This showed that the expected indicative effects range from 0.2% to 


0.5% reduction in terms of AEP. 
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Figure 0-1 Mean wind speed at 100m for the HKNWFZ 
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1 Introduction 


In 2013 more than 40 organizations and the Government entered into the Energy 


Agreement for Sustainable Growth (Energieakkoord voor Duurzame Groei). An 


important part of this agreement includes scaling up of offshore wind power 


development. The Ministry of Economic Affairs and Climate Policy presented a road 


map outlining how the Government plans to achieve its offshore wind goals in 


accordance with the time line agreed upon in the Energy Agreement. The road map 


sets out a schedule of tenders offering 700 MW of development each year in the period 


2015 – 2019. The Dutch Government has developed a systematic framework under 


which offshore wind farm zones are designated. Any location outside these wind farm 


zones is not eligible to receive a permit.  


Within the designated wind farm zones, the government decides on the specific sites 


where wind farms can be constructed using a so-called Wind Farm Site Decision 


(‘Kavelbesluit’). This contains conditions for building and operating a wind farm on a 


specific site. The Dutch transmission system operator TenneT will be responsible for 


grid connection. Winners of the site development tenders will be granted a permit to 


build a wind farm according to the Offshore Wind Energy Act (Wet Windenergie op 


zee), if necessary an SDE+ grant and offered a grid connection to the main land. The 


Ministry provides all relevant site data, which can be used for the preparation of bids 


for these tenders. The wind resource assessment (WRA) in his study is part of the site 


data for Hollandse Kust (noord) Wind Farm Zone (HKNWFZ). 


The first two WFZs tendered, were the Borssele Wind Farm Zone (BWFZ) and Hollandse 


Kust (zuid) Wind Farm Zone (HKZWFZ). The third zone to be tendered is Hollandse Kust 


(noord) Wind Farm Zone (HKNWFZ), with an expected capacity of 700 MW. This report 


focuses on the HKNWFZ wind climatology. 


 


The Netherlands Enterprise Agency (RVO.nl) is a government agency which operates 


under the auspices of the Ministry of Economic Affairs and Climate Policy. RVO.nl 


coordinates site investigations in preparation of tendering for these sites. As a part of 


that, in April 2017, RVO.nl commissioned an on-site wind measurement campaign at 


HKNWFZ using two floating LiDARs. This current report entails the WRA for HKNWFZ 


based on these data and various other sources. The WRA is an update of the original 


report from March 2019, now including the second year of onsite floating LiDAR 


measurements at the HKNWFZ. 


 


The HKNWFZ is located 10 Nautical Miles off the west coast of the Netherlands. Prinses 


Amalia Wind Farm (OWFPA) lies within the HKNWFZ, while Offshore Wind Farm 


Egmond aan Zee (OWEZ) lies directly to South-East of the HKNWFZ. The HKNWFZ 


contains one Wind Farm Site (WFS). In total, 700 MW new offshore wind capacity is 


planned in the HKNWFZ.  


RVO.nl has assigned the Oldbaum consortium, consisting of Oldbaum Services, 


Pondera Consult, Whiffle and Deltares, to provide a wind climatology based on the 
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most recent data sets, the latest insights and state-of-the-art modelling. The specific 


request by RVO.nl: 


The Wind Resource Assessment shall provide data that can be used for wind farm 


modelling, yield assessments and business case calculations for the offshore wind farm 


to be developed in the HKNWFZ. 


The assessment provided here-below is based on the best possible data sources, 


carried out with state-of-the-art methods and models, in accordance with applicable 


wind industry and offshore standards and with the lowest possible uncertainties. All 


relevant offshore wind measurement sources have been analysed as well as most 


recent reanalysis and mesoscale datasets. The most commonly used mesoscale models 


have been validated and corrected for the long term to obtain the wind climate in the 


HKNWFZ using the most suitable MCP-methods. 


The study is part of a broader 'metocean' study in which the local wave, current and 


wind climate is measured and calculated. The metocean desk study is carried out 


separately by DHI [47]. The aim of both of these studies is to provide project developers 


and other interested parties with high-quality input for, among other things, load and 


yield calculations of the future wind farm. A joint comparison between the data 


provided by Oldbaum and DHI is shown in this report in terms of wind speeds and 


wind climate statistics at different locations within the HKNWFZ. This comparison was 


performed over the 1st year of measurements only. 


1.1 Reading guide 
This report should be read as an updated version of the original report, now 


incorporating a second year of measurement data. The basis and justification of the 


approach is presented in 10Appendix H of this document. 


For each relevant chapter there will be a statement as to whether the chapter has been 


updated to incorporate the year 2 dataset. The table below summarizes per section 


whether it has been updated or not. 
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Chapter Status Reason 


1 Introduction Updated Explanation of changes 


2 Site description Unchanged Site remained unaltered 


3 On site measurements Updated 
Describing 2nd year of 


measurements 


4 Other measurements Unchanged 
No updated/other 


measurements included 


5 Reference Model Unchanged 
No updated/other model results 


included 


6 Wind Climate Calculation   


6.1 & 6.2 Unchanged 
No new methods were applied 


in updated analysis 


6.3 Updated 
Second year of measurement 


data included 


6.4-6.6 Unchanged 
No new data available or 


different results expected 


6.7 Updated 


Second year of measurement 


data included and adapted 


uncertainties found 


6.8.1 Updated New uncertainties available 


6.8.2 Unchanged 
Difference in wind speed found 


to vary only minimally 


6.8.3 Unchanged 
No significant change in wind 


climate found 


7 Unchanged 
No significant change in wind 


climate found 


8 Updated 
Inclusion of NEWA & DOWA 


atlases 


9 Unchanged No new analyses performed 


10 Updated 
Updated to reflect second year 


of wind measurements 


Appendices A-D Unchanged No new analyses performed 


Appendix E Updated 
Second year of measurement 


data included 


Appendices F-G Unchanged No new analyses performed 
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Chapter Status Reason 


Appendix H New 
Discussion on 2nd year & 


alterations 


 


The next chapter, Chapter 2, commences with describing the HKNWFZ in more detail. 


Subsequently, Chapter 3 describes the measurements performed by the Fugro 


OCEANOR SEAWATCH Wind LiDAR Buoy (SWLB). Chapter 4 details the other offshore 


measurements performed in the vicinity of the HKNWFZ, while Chapter 5 describes the 


various models that are considered to be used as reference sources. Chapters 6 


describes the method to derive the wind climate for the HKNWFZ as created from 


various sources available. Chapter 7 describes the wind climate characteristics. In 


Chapter 8, the HKNWFZ results are compared to previous studies. Chapter 9 describes 


the detailed wake effects study performed to assess influences of nearby wind farms 


on current wind measurements and possible yield reductions. In Chapter 10 the main 


conclusions and results of this study are presented. 


Throughout the report a distinction is made between references to chapters (e.g. this 


current Chapter 1 and sections, e.g. a sub-chapter like section 3.3 on Buoy Operation 


& Maintenance). 


All heights in the report are in MSL, unless stated differently (LAT).   
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2 HKNWFZ Site Description 


The HKNWFZ is located 10 Nautical Miles off the west coast of the Netherlands. 


HKNWFZ contains one wind farm site (WFS). This site has been designated for 


approximately 700 MW of new offshore wind energy capacity. The position of relevant 


nearby existing offshore wind farms and more details of the WFZ and wind farm layouts 


can be found in Appendix A HKNWFZ coordinates. 


Figure 2-1 presents the measurement campaign locations within the HKNWFZ. The 


measurements at these locations were conducted using Fugro Floating LiDAR buoy 


systems. The HKNWFZ measurement locations are designated by the names Hollandse 


Kust (noord) A (abbreviated as HKNA) and Hollandse Kust (noord) B (abbreviated as 


HKNB). The location of the HKNB measurement is defined in this report as the location 


of the “HKNWFZ centre”. 


The measurement location details and Fugro Floating buoy systems as well as their 


performance is presented in detail in Chapter 3. 
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 Figure 2-1 The Hollandse Kust (noord) Wind Farm Zone (HKNWFZ) presented in blue, with the wind 


fam site boundary, where planned wind turbines will be located, given by a dotted black line 
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Two existing wind farms are located within or near the HKNWFZ: Offshore Wind Farm 


Prinses Amalia (inside the southern part of HKNWFZ, hereafter OWFPA) and Offshore 


Wind Farm Egmond aan Zee (OWEZ), directly south-east but outside of the HKNWFZ. 


These wind farms will be taken into account when analysing measurement data and 


when performing wake-analyses in the subsequent chapters. Table 2-1 below gives the 


details of these wind farms. 


Wind farm Offshore Wind Farm Prinses 


Amalia 


Offshore Wind Farm Egmond 


aan Zee 


Wind turbine type Vestas V80-2.0 MW Vestas V90-3.0 MW 


Hub Height 59 m LAT 70 m MSL 


Number of wind turbines 60 36 


Table 2-1 Characteristics of neighbouring wind farms 
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3 Onsite measurement campaign 


This chapter has been fully updated from the original report to include year 2 data. 


3.1 Introduction 
As part of the site preparation process for tendering, RVO.nl commissioned Fugro to 


deploy two of its SWLBs in HKNWFZ. The SWLB consist of a combination of 


meteorological and oceanographic instruments mounted on a floating buoy. For this 


study, the key instrument used, is the ZephIR 300s offshore Continuous Wave LiDAR 


system.  


A schematic overview of the setup of SWLBs is given in Figure 3-1 below. 


 


Figure 3-1 Impression of SWLB, with ZephIR 300s LiDAR mounted on top (Source: Fugro)  


All data acquired by the SWLB sensors including the LiDAR are processed via the 


Wavesens data logging system. The system combines the 1Hz ZephIR output with data 


acquired by the wave and current sensors and the additional Gill weather sensor.  


 


Any data corrections relating to buoy heading and recorded LiDAR wind direction are 


applied here before averaging of the dataset and transmission to shore. 
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The data acquisition system as employed by Fugro on their buoy systems is as per the 


validation reports and Carbon Trust Offshore Wind Accelerator roadmap [5] staging 


statement [6]. There were no changes to the acquisition processing system and 


methodology. 


 


Data is stored locally on the buoy system both in the LiDAR and via the data logging 


system. This setup provides data storage redundancy which follows best practice.  


 


Data transmission is via satellite link which occasionally experiences connection 


downtime. The management of the systems has shown that the data storage on the 


buoy allowed for data recovery of datasets that may previously have had gaps due to 


the satellite link being unavailable.   


 


The system setup (meteorological part), which is identical for both sites, is as follows: 


Measurement 


level (m MSL) 


Signal/instrument 


4 Gill Sonic: Wind speed & direction 


30 ZephIR 300s: Wind speed and direction 


40 ZephIR 300s: Wind speed and direction 


60 ZephIR 300s: Wind speed and direction 


80 ZephIR 300s: Wind speed and direction 


100 ZephIR 300s: Wind speed and direction 


120 ZephIR 300s: Wind speed and direction 


140 ZephIR 300s: Wind speed and direction 


160 ZephIR 300s: Wind speed and direction 


180 ZephIR 300s: Wind speed and direction 


200 ZephIR 300s: Wind speed and direction 


Table 3-1 Wind measurement levels and LiDAR recording heights 


Data conversion from raw 1 Hz LiDAR data to processed 10-minute Floating LiDAR data 


was outside the scope of this work. This conversion process is seen as the standard 


conversion and reporting method of the buoy system and as such is covered by the 


DNV-GL report [6]. To the authors knowledge, and after audit of the maintenance 


reports, there has been no changes to the data processing methodology during the 


duration of the measurement campaign. 


It is not the purpose of this report or scope of the Oldbaum consortium to validate the 


Fugro buoy system nor its data acquisition process. This has been done as part of the 
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Stage 2 declaration previously mentioned under the Carbon Trust road map for the 


commercial acceptance of floating LiDAR technology [5]. 


DNV-GL has declared the Fugro SWLB Floating LiDAR System (FLS) Stage 2 ‘pre-


commercial’. This means that the machine has ‘demonstrated its capability to produce 


accurate wind speed and direction… in this trial’ [6]. 


All data has been processed and quality controlled by Fugro. A secondary quality 


control step has been performed by Deltares [e.g. 2]. The cleaned data has 


subsequently been verified by Ecofys WTTS, who issued Statements of Compliance for 


the combinations of Fugro and Deltares reports [7].  


After this process has been completed, the reports from Fugro and Deltares are made 


publicly available along with the Statement of Compliance and as such the data 


processing, filtering and registration of any issues found, has been reported 


extensively. 


As a consequence of this quality control process and the further checks undertook by 


Oldbaum, the authors deem the processed data to be of good quality and can be 


analysed without the need for further in-depth quality control. 


3.2 Data checking 
Although the data has been provided after a quality assurance process, Oldbaum 


undertook a high-level data audit as part of the analysis process.  


The provided data was checked on the following aspects: 


• Occurrence of gaps and possible reason; 


• Correlation analysis between HKNA and HKNB measurement locations. 


Correlation analysis between HKNA and HKNB locations has been undertaken on a 


campaign and month by month basis. The output of this analysis is shown in Appendix 


E. 


A gap analysis was performed to check that any missing data was not due to elements 


that may impact on data uncertainty. This gap analysis was undertaken by cross 


referencing monthly reports from Fugro with data gaps and LiDAR raw data file error 


codes.  


 


In general, the data gaps can be grouped into two categories. Category 1 would be 


data gaps due to transmission errors, and category 2 would be data gaps due to LiDAR 


errors or availability. 


 


Category 1 gaps are transmission errors due to a dropped satellite connection. 


Category 1 errors had minimal impact on the primary LiDAR wind speed and wind 


direction data returns. This is due to the good data management process and that data 


gaps due to transmission loss could be checked and recovered after a manual data 


download took place. This typically happened during buoy maintenance processes. 
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Category 1 errors did lead to the loss of some derived or higher frequency datasets 


such as the wave spectra or turbulence intensity data, however this did not impact on 


the quality of the wind speed data. 


 


Category 2 gaps were randomly sampled to check the LiDAR error codes in the raw 


LiDAR datafiles to see the nature of the error code, if an error code has been recorded. 


The majority of noted data gaps in both the data record and as shown in the Fugro 


monthly reports can be attributed to low voltage shutdown of the LiDAR or potential 


errors with the LiDAR met station. Neither of these errors impact on the accuracy of 


the LiDAR wind speed measurement. 


A query was raised with Fugro regarding the error codes in addition to the Oldbaum 


checks. The response via email corroborated the findings and therefore no further 


point was raised. 


3.3 Buoy Operation and Maintenance 
In general, the buoys have been used in a rotating schedule based on maintenance 


and refuelling requirements. This means that every time a buoy needed servicing such 


as refuelling, it was retrieved and a replacement buoy was put in the water at almost 


the same location. 


The practice of swapping out the buoy systems can be seen as best practice from a 


health and safety as well as environmental safety perspective. 


In order to preserve consistency, each buoy/LiDAR combination must be subjected to 


a validation test. Test data and reports were provided for both HKNA and HKNB 


buoys/LiDARs and these reports and combinations will be presented in Section 3.4. 


Figure 3-2 gives a graphic representation of the HKNWFZ measurement campaign at 


the HKNA and HKNB locations in the 1-year measurement period used in this report. 


 


 


Figure 3-2 Graphic representation of the buoy rotations at HKNA and HKNB in the 2 year 


measurement period used in this report (10/04/2017 – 09/04/2019). 


From Figure 3-2 it is clear that HKNA measurement was subject to a number of buoy 


changes during the campaign. HKNB was subject to a single change within each 12-


month data analysis period. This was in line with the practice presented earlier.  


3.3.1 HKNA campaign overview 


Table 3-2 provides a summary of the measurement campaign at HKNA. 







   


 


 


Onsite measurement campaign   | Page 44 


Category HKNA Details 


Measurement type ZephIR 300s LiDAR 


Measurement heights (m MSL) 30, 40, 60, 80, 100, 120, 140, 160, 180, 


200 


Location [UTM ETRS89 Zone 31] Buoy: WS149 


From 10/04/2017 0:00 to 10/06/2017 15:30 


583,954 m E / 5,838,366 m N 


Location [UTM ETRS89 Zone 31] Buoy: WS155 


From 11/06/2017 11:00 to 10/09/2017 7:50 


583,954 m E / 5,838,366 m N 


Location [UTM ETRS89 Zone 31] Buoy: WS156 


From 07/09/2017 12:00 to 26/01/2018 18:00 


583,954 m E / 5,838,366 m N 


Location [UTM ETRS89 Zone 31] Buoy: WS158 


From 26/01/2018 18:00 to 08/06/2018 13:30 


583,954 m E / 5,838,366 m N 


Location [UTM ETRS89 Zone 31] Buoy: WS140 


From 08/06/2018 18:00 to 13/10/2018 12:05 


586,354 m E / 5,838,212 m N 


Location [UTM ETRS89 Zone 31] Buoy: WS156 


From 13/10/2018 12:00 to 10/04/2019 00:00 


583,963 m E / 5,838,773 m N 


Approximate Distance from coast (km) 26 


Approximate Distance from HKNWFZ centre (km) 0.6 


Measurement period * 10/04/2017 - 09/04/2019 


ZephIR Measurement averaging period 10-minute 


Documentation Fugro monthly report 


Traceable instruments Please see section 3.1 


Availability of valid data year 1 (%) 83.86 


Availability of valid data year 2 (%) 83.64 


Availability of valid data full campaign (%) 83.73 


Table 3-2 HKNA Measurement Campaign Overview 


*Note: 2 year data set was selected for the purpose of this analysis. 


Table 3-3Table 3-3 Recovered wind speed data availability presents the data recovery 


rates of both wind speed and wind direction per measurement height. 
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Measurement level (m MSL) Data availability Wind 


Speed (%) 


Data availability Wind Direction 


(%) 


30 83.77 83.74 


40 83.77 83.74 


60 83.76 83.73 


80 83.75 83.72 


100 83.74 83.71 


120 83.72 83.69 


140 83.71 83.68 


160 83.69 83.66 


180 83.68 83.66 


200 83.68 83.65 


Table 3-3 Recovered wind speed data availability per height level during the chosen 24-month data 


period at HKNA (10/04/2017-09/04/2019). 


The following section presents a summary of the maintenance and deployment record 


for HKNA. 


• WS149 Deployed at HKNA on the 8th April 2017 @ 12:15 – Data log starts at 


the 10th April 2017 @ 00:00 ZephIR 300s unit ZP428. 


• WS155 with ZephIR unit 300s ZP505 was deployed at HKNA on the 11th of June 


2017 @ 11:00. 


• In August 2017, an increase in LiDAR errors and buoy generated warnings 


culminated in a system shutdown and failure to re-boot automatically on the 


28th August. The data outage resulted in a ~10% data loss for this month. 


• On the 7th of September 2017 buoy WS156 carrying ZephIR 300s unit no ZP501 


was deployed. The system performed well for the remainder of the month. 


• On the 16th January 2018 WS156 ran out of fuel and was replaced by unit 


WS158 on the 26th of January. 


• On 8th June 2018, WS158 was replaced with WS140 due to regular maintenance 


and refuelling. 


• On 13th October 2018, WS140 was replaced by WS156 due to regular 


maintenance and refuelling. 


• During reinstallation, WS156 was moved to a new location as shown in Table 


3-2. The reason for the position change was due to oceanographic data 


requirements. A memo considering the effects on the measurement campaign 


was produced by the technical advisors to the measurement campaign, Royal 


Haskoning and DNVGL (reference HKN_20180830_metocean 


campaignWATBF3564N006F04 – Memo on relocation of measuring area HKN 


v4.pdf). The memo is available on the rvo.nl website. 
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• In October 2018, WS156 was noted to have low data levels due to LiDAR issues. 


The issue was fixed due to a manual reset and the LiDAR started to behave 


normally after this. 


The HKNA floating LiDAR campaign presented several challenges with the LiDAR 


system changing on four occasions and a lower data return than that recorded at HKNB 


in year 1. During year 2 the buoys deployed at HKNA behaved more in line with HKNB 


measurement location. 


 


For the full campaign duration considered here (2 years), HKNA returned a data 


availability level of 83.73%. This level of data return is compliant with a Stage 2 Floating 


LiDAR system (>80%) [5]. 


3.3.2 HKNB campaign overview 


Table 3-4 provides a summary of the measurement campaign at HKNB. The recovered 


wind speed and direction data availability with respect to measurement height is given 


in Table 3-5. 


Category HKNB  Details 


Measurement type ZephIR 300s LiDAR 


Measurement heights (m MSL) 30, 40, 60, 80, 100, 120, 140, 160, 180, 


200 


Location [UTM ETRS89 Zone 31] Buoy: WS170 


From 10/04/2017 0:00 to 02/12/2017 9:10 


583,958 m E / 5,837,731 m N 


Location [UTM ETRS89 Zone 31] Buoy: WS140 


From 02/12/2017 9:20 to 09/04/2018 9:40 


583,958 m E / 5,837,731 m N 


Location [UTM ETRS89 Zone 31] Buoy: WS170 


From 15/05/2018 15:00 to 17/07/2018 13:20 


583,951 m E / 5,837,776 m N 


Location [UTM ETRS89 Zone 31] Buoy: WS170 


From 17/07/2018 15:20 to 25/11/2018 8:10 


583,951 m E / 5,838,776 m N 


Location [UTM ETRS89 Zone 31] Buoy: WS158 


From 25/11/2018 07:50 to 10/04/2019 00:00 


583,907 m E / 5,838,773 m N 


Approximate Distance from coast (km) 26 


Approximate Distance from HKNWFZ centre  0 km – (System is zone centre till July 


2018 then within 1km till campaign 


end). 


Measurement period * 10/04/2017-09/04/2019 
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Category HKNB  Details 


ZephIR Measurement averaging period 10-minute 


Documentation Fugro monthly report 


Traceable instruments Please see section 3.1 


Availability of valid data year 1 (%) 97.02 


Availability of valid data year 2 (%) 79.57 


Availability of valid data full campaign (%) 88.42 


Table 3-4 HKNB measurement campaign overview 


*Note: 2 year data set was selected for the purpose of this analysis. 


Table 3-5 presents the data recovery rates of both wind speed and wind direction per 


measurement height for the HKNB measurement location in the measurement period 


of 10/04/2017 to 09/04/2019. 


Measurement level (m MSL) Data availability Wind Speed (%) Data availability Wind 


Direction (%) 


30 88.43 88.37 


40 88.43 88.38 


60 88.42 88.39 


80 88.42 88.38 


100 88.42 88.39 


120 88.41 88.37 


140 88.42 88.39 


160 88.41 88.38 


180 88.42 88.38 


200 88.40 88.36 


Table 3-5 Recovered wind speed data availability per height level during the chosen 24-month data 


period (10/04/2017-09/04/2019) at HKNB 


The following section presents a summary of the maintenance and deployment record 


for HKNB. 


• WS170 deployed at HKNB on the 9th April 2017 @ 11:00 – Data log starts at the 


10th April 2017@ 00:00 ZephIR 300s unit ZP585 
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• WS140 was deployed at HKNB carrying ZephIR 300s unit ZP417. The 


deployment started on the 2nd December @ 9:20. The reason for change was 


due to scheduled refuelling. 


• WS140 buoy recovered on the 9th April 2018. 


• WS170 was deployed at HKNB on 15th May 2018. The data gap was not due to 


any system issue. This date was the formal contract resumption date for the 


measurement at HKNB. 


• On 17th July, WS170 was moved 1km North to enable an oceanographic data 


requirement to be addressed. There is no noticeable impact on the data quality 


of the wind resource campaign. A memo considering the effects on the 


measurement campaign was produced by the technical advisors to the 


measurement campaign, Royal Haskoning and DNVGL (reference 


HKN_20180830_metocean campaignWATBF3564N006F04 – Memo on 


relocation of measuring area HKN v4.pdf). The memo is available on the rvo.nl 


website. 


• On 25th November 2018, WS158 replaced WS170 on site as part of routine 


maintenance. During onshore commissioning the original LiDAR on WS158 was 


found to be non-operational and a decision was made to swap the LiDAR from 


WS140 (ZP417) onto hull WS158. A statement on the impact of this 


combination change was requested. The new combination was tested via -


insitu validation under report no. 10148549-R-1, Rev. A. The report is available 


on rvo.,nl website. Oldbaum believe that the situation has been adequately 
addressed and there is no impact on the measurement quality. 


HKNB performed to a high level of data availability and the level of system availability 


and data quality are in line with a Stage 2 system and is just short of  Stage 3 


designation at 88.32% (>90%) [5]. Please note that  some of the drop in data availability 


from year 1 to year 2 is due to the start of the year 2 deployment at HKNB in May 2018. 


3.4 System Validations 
As part of the measurement due diligence, Oldbaum services conducted an audit to 


verify the traceability of the testing process undertaken by RVO.nl and Fugro as part of 


the HKNWFZ measurement campaign. 


From a measurement stance it is not ideal that more than one LiDAR has been used to 


construct the time series at each data location. However, this concern is mitigated by 


the testing of the LiDAR systems and the provided documentation. As part of the data 


checking process Oldbaum asked for and obtained onshore testing reports for each 


LiDAR used on the HKNWFZ measurement campaign. The test reports show consistent 


performance from the LiDAR systems against recognised Key Performance Indicators.  


The LiDAR and buoy hull combinations were also audited to ensure the document trail 


detailing system testing and verification was complete.  


Table 3-6 presents the Buoy and LiDAR combinations used within the period of the 


10/04/2017 to 09/04/2019. 
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Table 3-6 HKNWFZ measurement campaign – Summary of Buoy/LiDAR combinations and 


associated validation reports 


From Table 3-6 the following points are presented: 


• HKNA has the greatest number of buoy/LiDAR exchanges. In total there were 6 


buoy hulls exchanges over the campaign. For HKNB there were 4 buoy hulls 


exchanges during the two year campaign. 


• For consistency, a pre-deployment and post-deployment report was made 


available. This covered buoy hull WS149 and ZephIR unit ZP428. Both tests were 


performed against current industry standard Key Performance Indicators (KPIs) 


Buoy ZephIR 


300s 


LiDAR 


S/N 


Site Cert. 


Body 


Location Report 


WS149 ZP428 HKNA DNV-


GL 


Froya HKN_HKZ_BWFZ_20170707_DNVGL_WS149 


post campaign validation 


WS149 ZP428 HKNA DNV-


GL 


Froya HKZ_20150331_DNVGL_WS149 pre-


deployment validation 


WS155 ZP504 HKNA Not 


spec. 


- See NPC/EA1 report - LiDAR not specified 


WS156 ZP501 HKNA DNV-


GL 


Froya HKN_HKZ_20160412_DNVGL_WS156 pre-


deployment validation 


WS158 ZP513 HKNA DNV-


GL 


Froya HKZ_20160704_DNVGL_WS158 pre 


deployment validation 


WS170 ZP585 HKNB DNV-


GL 


Froya HKN_20170725_WS170 Pre deployment 


validation 


WS140 ZP417 HKNB DNV-


GL 


Froya HKZ_20161019_DNVGL_WS140 pre 


deployment validation 


Not 


spec. 


(WS140) 


ZP417  DNV-


GL 


IJmuiden HKZ_20150130_DNVGL_Ijmuiden Trial 


Campaign Validation 


WS158 ZP513 Not spec. DNV-


GL 


Froya HKZ_20160704_DNVGL_WS158 pre 


deployment validation 


WS157 ZP442 Not spec. DNV-


GL 


Froya HKZ_20160412_DNVGL_WS157 pre 


deployment validation 


WS155 Not 


spec. 


(ZP504) 


Natural 


Power 


Not 


spec. 


East 


Anglia 


HKN_HKZ_20170518_Carbon Trust_WS155 


pre deployment validation. 


WS158 ZP417 HKNB - - Validation report has been 


supplied for the new LiDAR/Buoy 


combination 
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by DNV GL. Both tests took place at the Frøya test facility against the same 


reference LiDAR system (ZP495). Given that both tests confirmed the suitability 


of the buoy/LiDAR combination against industry standard KPIs, this is viewed 


as proof of performance consistency over time.  


• Please also note that for HKNA, there is an error in the Fugro monthly reports 


listed below. In these reports the LiDAR unit is incorrectly referenced as unit 


ZP501. The report should state WS158 housing LiDAR ZP513. The LiDAR 


combinations have been double checked and confirmed by Oldbaum Services 


with both Royal Haskoning DHV and Fugro. 


• During the campaign it was required to move the buoy located at HKNA. A 


memo considering the impact of the movement was produced by Royal 


Haskoning DHV and DNVGL. The movement was considered with respect to 


data quality and the campaign objectives and no negative impact was found. 


Oldbaum therefore conclude that there is no further impact on the 


uncertainty within this study. 


• During the campaign, a LiDAR failure caused a new buoy/LiDAR combination 


to be located at HKNA. An in-situ test was performed to assess the data 


quality and the data format of the campaign. The in-situ test was performed 


against HKNB and all KPI’s according to the Carbon Trust Roadmap Stage 2 


were achieved. Oldbaum therefore conclude there is no negative impact on 


the uncertainty within this study. 


 


The affected monthly reports and revision status are: 


• HKN_20180613_Fugro_MetOcean Data & Reports_January 2018-F; 


• HKN_20180621_Fugro_MetOcean Data & Reports_February 2018 deliverables-


F; 


• HKN_20180714_Fugro_MetOcean Data & Reports_March 2018-F; 


• HKN_20180831_MC_Data&Reports_April 2018_Fugro_F. 


 


Individual LiDAR verification reports can be found at: 


https://offshorewind.rvo.nl/file/view/55039860/Performance+Verification+Reports+Z


ephir+Lidars 


It is therefore the view of the authors of this report that the measurement campaign 


has full traceability and has been carried out according to best practice within the 


normal scope of variance in an offshore wind floating LiDAR measurement campaign. 


3.5 HKNWFZ Measurement campaign on site wind statistics – 24-


month dataset 
 


Although the data from each system was subject to independent certification and 


evaluation from two different parties, the authors conducted further data checks in 


order to evaluate the possibility of maximising the data available for final analysis 


through procedures such as gap filing. 



https://offshorewind.rvo.nl/file/view/55039860/Performance+Verification+Reports+Zephir+Lidars

https://offshorewind.rvo.nl/file/view/55039860/Performance+Verification+Reports+Zephir+Lidars
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Table 3-7 presents the data availability levels per location for HKNA & HKNB per month 


of the chosen analysis period. 


Data Availability HKNA (%) HKNB (%) 


April 2017* 99.37 99.67 


May 2017 85.48 98.75 


June 2017 64.98 99.77 


July 2017 99.60 99.46 


August 2017 87.12 99.51 


September 2017 77.96 99.80 


October 2017 89.85 99.51 


November 2017 56.57 99.70 


December 2017 84.50 97.45 


January 2018 62.03 97.70 


February 2018 98.91 85.74 


March 2018 99.62 92.68 


April 2018 87.82 26.71 


May 2018 82.64 52.76 


June 2018 87.25 99.63 


July 2018 98.68 98.70 


August 2018 98.59 99.60 


September 2018 96.04 99.77 


October 2018 91.11 90.39 


November 2018 61.74 64.59 


December 2018 91.11 90.39 


January 2019 91.02 93.44 


February 2019 71.48 74.90 


March 2019 78.47 56.18 


April 2019* 59.86 87.08 
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Data Availability HKNA (%) HKNB (%) 


Full 24 month period 83.73 88.42 


Table 3-7 Data availability for HKNA and HKNB at 100 m MSL 


*Incomplete months 


Given the data levels from each system, any gap filling process would involve using 


HKNA data to further enhance HKNB data availability if required. 


Figure 3-3 shows the scatter plots of the wind speed recorded at HKNB versus HKNA 


as well as the correlation plot of the bin average data during the chosen 24-month 


dataset. 


  


Figure 3-3 Wind Speed correlation between HKNA and HKNB at 100 m MSL for the chosen 24-month 


period 


Data Analysis  


Scatter plot 


Slope 0.999 R2 value 0.991 


Intercept 0.034 Std err 0.000 


Binned data 


Slope 1.033 R2 value 0.999 


Intercept -0.017 Std err 0.001 


Table 3-8  Statistics for Figure 3-3 Wind speed correlation statistics at 100 m MSL during chosen 24-


month data period 


Both Figure 3-3 and the summarizing Table 3-8 supports a good correlation between 


the two buoy locations. This gives confidence that the systems positioned at the two 


measurement locations measured consistently with each other during the campaign. 


There is some scatter evident at low and high wind speeds which is both not significant 


(as can be seen by the correlation statistics) and to be expected. 


Figure 3-4 and Table 3-9 show the corresponding wind direction correlations. Again 


the buoy systems deployed at HKNA and HKNB show a very good level of agreement 


between HKNA and HKNB. 
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Figure 3-4 Wind Direction correlation between HKNA and HKNB at 100 m MSL for the full 


campaign. 


Direction Correlation  


Scatter plot 


Slope 0.906 R2 value 0.799 


Intercept 19.22 Std err 0.002 


Bin wise plot 


Slope 1.000 R2 value 0.999 


Intercept 0.015 Std err 0.000 


Table 3-9 Statistics for Figure 3-4 Wind direction correlation statistics at 100 m MSL during chosen 


24-month data period 


More detail on HKNA/HKNB wind speed and wind direction correlations are given in 


Appendix E. 


In summary, the traceability in validation of systems is complete and the level of 


correlation between the two measurement locations is high. 


Data levels for the Fugro FLS deployed at HKNB is very high and of a level suitable for 


wind resource analysis. 


 As stated any gap filing to increase data levels would involve using the buoy systems 


at HKNA to fill data gaps at HKNB. However, given the number of systems used in 


HKNA and the lower data availability of that time series in general, a decision was taken 


to use HKNB only as the primary data source for further analysis and that no gap filling 


is necessary. 


3.6 Resulting on site wind statistic 24-months 
Based on the HKNB dataset the following onsite wind conditions were recorded. The 


data represents a 24-month data period that has been selected to ensure there is no 


seasonal bias in the data set. 
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Figure 3-5  Weibull wind speed distribution and direction distribution at 100 m MSL as recorded at 


HKNB 


HKNB @100 m Parameter 


Data Start 10/04/2017@00:00 


Data End 09/04/2019@23:50 


Mean Wind Speed (m/s) 9.59 


Mean Wind Direction (degrees) 205 


Weibull c (m/s) 10.84 


Weibull k 2.222 


Data Availability (%) 88.42 


Number of available data points 93,077 


Table 3-10 Baseline wind speed statistics @ HKNB:100 m MSL 


Figure 3-6 presents the diurnal variation and monthly means as recorded at HKNB for 


the Floating LiDAR systems. 


  


Figure 3-6 Diurnal and monthly mean wind speed patterns at 100 m MSL as recorded at HKNB. 


Both the diurnal and monthly charts show typical variations for the Southern North Sea 


area by day and by month respectively over the measurement period chosen for 


analysis. This is expanded upon in Section 6.7. 


 


Figure 3-7 shows the wind shear distribution over the campaign as recorded at HKNB 


and HKNA.  
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Figure 3-7 Overall wind shear and wind shear distribution at 100 m MSL as recorded at HKNA & 


HKNB 


Figure 3-7 shows the measured range of shear values recorded at HKNB and the 


frequency of their occurrence. The shape of the distributions is broadly similar with a 


slight difference in shape in the negative wind shear value range. Slightly positive and 


slightly negative shear relate to very little change or slight decrease in wind speed with 


height, so small variations in wind speed at HKNB and HKNA under these conditions 


would account for this. 


 


The range of wind shear recorded is presented to allow the user of this document to 


assess the sensitivity of their analysis depending on the shear conditions. This may then 


be used to infer stability classes or be used to estimate wind yield using rotor 


equivalent wind speed techniques and the sensitivity in yield when using different wind 


shear parameters. The distribution as shown will allow the user to assess the physical 


likelihood of the parameters chosen to undertake sensitivity analyses. 


 


The mean wind shear has been calculated according to offshore vertical wind shear 


report [34]. The power exponent “α” is derived from the following equation: 


𝛼 =
𝑑𝑢


𝑑𝑧
∙


𝑧


𝑢
 


Where 
𝑑𝑢


𝑑𝑧
 is the ratio of difference of wind speed between two levels to the height 


difference of those levels; z is the geometrical mean between the two levels and u is 


the wind speed at that geometrical mean.  


The target height for the wind shear analysis was 100 m, thus, the ratio between heights 


of 80 m and 120 m, and the mean wind speed for 100 m were used.  
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Table 3-11 Measured mean wind speed at each LiDAR measurement height for HKNB 


The mean wind shear has been calculated from the wind shear profile created by the 


mean wind speeds at each height (Table 3-11 ) and compared to the mean wind shear 


value as shown in the shear distributions in Figure 3-7. 


 


The HKNB wind shear mean value of 0.08 as calculated from the HKNB 24-month 


dataset is typical for offshore wind conditions. 


 


 


 


 
Figure 3-8 Wind speed variation with height and wind shear distribution by direction as observed 


at 100m MSL at HKNB 


Figure 3-8 shows the wind shear distribution by directional sector. The output shows 


that negative shear conditions are more prevalent in wind directions coming from 


offshore locations and not from direction sectors where the wind would approach HKN 


from the Dutch coast line. 


For further details of wind shear at different wind speed ranges and extreme shear 


conditions please refer to Sections 3.3.1.4 and 9.3.2 in the DHI Metocean desk study 


for Hollandse Kust (noord) [47]. 


Heights at HKNB (m MSL) Mean wind speed (m/s) 


30  8.68 


40  8.92 


60  9.21 


80  9.43 


100 9.59 


120 9.73 


140  9.84 


160  9.93 


180  10.01 


200  10.07 
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3.7 Measurement uncertainty discussion  
As stated before, the findings of the QC process above are show positive results. The 


outcomes are realistic and considered representative of the local site conditions (more 


on that in Section 6.7). 


A small point of note is the lack of cross-validation results between all the involved 


machines at both HKNA and HKNB prior to the start of the campaign which has an 


impact on measurement continuity and hence consistency. From a best-practice point 


of view, this would have been recommended.  


The validation reports allow some conclusions to be drawn on measurement 


consistency specifically when looking at the HKNB dataset. The main points that help 


come to a consistent dataset are: 


1. For HKNB all Buoy/LiDAR combinations were tested at Frøya, analysed by the 


same consultants using the same methodology, and; 


2. The HKNB Buoy/LiDAR combinations were tested against industry accepted 


KPI’s against the same reference LiDAR system; 


3. All LiDAR systems were subject to onshore testing according to industry 


recognised KPI’s prior to deployment offshore. 


This consistency in system testing methodology helps point to lower uncertainties 


when looking at the utilization of more than one measurement system at one 


measurement location to construct the analysis timeseries. 


As well as the validation process, consistency can be inferred from a test undertaken 


at Hollandse Kust (zuid) (HKZ). Following an incident with the WS170 on the 4th of 


March 2018 when located at HKZ, the LiDAR was replaced/repaired and the buoy 


subsequently tested against an onshore met mast and in-situ at HKNWFZ [1]. DNV GL 


reported on both tests. The reports show devices WS140, WS158 and WS170 correlate 


very well with each other during the in-situ verification. Given the similarity in expected 


site conditions (distance to coast, water depth, general wave climate), the results are 


encouraging and further anecdotally support the view that measurement consistency 


is preserved at HKNB. 


Another specific point of interest is the fact that the measurements have been 


performed in the vicinity of the existing wind farms of Prinses Amalia & OWEZ. Using 


the Whiffle-LES model, as further explained in Appendix D.3, the possible effect of 


these existing wind farms on the wind speed has been calculated. The effect is found 


to be in the order of magnitude of 0.2-0.4% on Annual Energy Production (0.1% - 0.2% 


in wind speed).  This is believed to be well within the margin of error associated both 


with the wind measurement and the modelling methodology. As a result, the HKNA 


and HKNB time series can be considered effectively non-effected. A small uncertainty 


has none-the-less been taken into account. 


See for a full combination of all uncertainty-factors in Chapter 6. 
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4 Other measurements 


This chapter remained unchanged compared to the original report, apart from some 


references to figures and tables.  


In this chapter, we present the offshore measurement datasets analysed in this study. 


Various wind measurement sources in the vicinity of the HKNWFZ have been analysed 


in this report. The sources vary from (past) dedicated meteorological (or met) 


towers/masts to floating LiDARs and oil/gas rigs. The Figure 4-1 below gives their 


positions relative to the HKNWFZ site boundaries. 


 
Figure 4-1 Measurement stations considered in this study. 
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The following sections describe the various stations, histories and usability for this 


study in more detail.  


The data availability values of all met stations as described in the Ecofys HKZWFZ report 


[4] have been validated and checked on consistency. This quality control procedure 


was reviewed extensively for that site and deemed to be of sufficient quality. A high 


level check was performed within the realms of this study for the completeness of the 


HKZWFZ findings, but no relevant deviations have been observed. For the used 


datasets that had longer measurement periods than described in the HKZWFZ report, 


some filtering and data handling were required. Otherwise no additional processing 


was necessary. 


4.1 Europlatform (EPL) 
The Europlatform is an offshore platform 42.3 km off the coast of Rotterdam and serves 


as a beacon to ships. Europlatform is equipped with instruments that collect metocean 


data. The platform is part of Meetnet Noordzee, an offshore network of 10 met stations 


commissioned in the 1980s in order to collect long-term meteorological information 


of the North Sea. The 10 m MSL met mast is installed at the eastern edge of the 


helicopter deck. The Koninklijk Nederlands Meteorologisch Instituut (KNMI, Royal 


Netherlands Meteorological Institute) is responsible for calibration and quality control. 


The data analysed between 10/04/2003 – 10/04/2018 was filtered for errors and invalid 


data (values of -999). The data was also filtered for frozen measurements. The main 


periods of missing data were February 2009, July 2014, January to May 2015 and April 


2016. The overall data availability is over 95%. 


  
Figure 4-2 Europlatform with met mast (left) and LiDAR (right) 


On 9 May 2016, a ZephIR 300s LiDAR was installed below the helicopter deck to 


perform wind measurements at higher altitudes than the met mast. The LiDAR is 


managed by ECN. The LiDAR measures at ten different measurement heights and has 


been validated and verified at the ECN LiDAR Calibration Facility from 27/02/2016 to 


27/04/2016. The verification is performed according to Annex L of IEC 61400-12-1-


2017 [3]. 


The LiDAR has been collecting wind data since the 30th of May 2016, but only a one-


year period of raw measurement data (01/01/2017 – 01/01/2018) is analysed. This is to 
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avoid seasonal bias when further using the data in statistical correlation analyses or 


cross validation studies in this report. Using integer number of years is a commonly 


applied and well-known industry standard to avoid seasonal bias [41, 42, 43, 44]. 


The raw LiDAR data was received from ECN and filtered for errors and invalid data. The 


data availability is over 95% for all heights with the exception of August 2017 which 


showed an availability of 87%. 


The key data characteristics of the Europlatform met mast and LiDAR are given in  


Table 4-1. 
 


Table 4-1 Europlatform met mast and LiDAR characteristics 


4.2 Lichteiland Goeree (LEGO) 
Lichteiland Goeree is an offshore platform 17.6 km off the coast of Rotterdam and 


serves as a beacon to ships. Lichteiland Goeree is equipped with instruments that 


collect metocean data. The platform is part of Meetnet Noordzee, therefore the mast 


setup, data acquisition and data processing are similar to Europlatform. 


The data analysed between 10/04/2003 – 10/04/2018 was received from KNMI and 


filtered for errors and invalid data (values of -999). The data was also filtered for frozen 


measurements. Slight periods of missing data were seen in February 2004 and March 


2010. The overall data availability is 98.8%, which is only slightly higher (by 0.1%) than 


 EPL met mast EPL LiDAR 


Instruments Two cup anemometers 


(Mierij Meteo 018) 


ZephIR 300s  


Location  


[UTM ETRS89 Zone 31N] 


518,948 m E - 5,760,963 m 


N 


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


Measurement heights (m MSL) 29.1 62, 90, 115, 140, 165, 190, 215, 


240, 265, 290 


Analysed data period 10/04/2003 – 10/04/2018 01/01/2017 – 01/01/2018 


Time interval 10 minute 10 minute 


Distance to coast (km) 42.3 42.3  


Distance to HKN (km) 100.6  100.6  


Documentation Instrumentation type & 


calibration certificates 


Validation report [12] & 


Verification report [13] 


Wind speed data availability (%) 95.2 95.5 at all heights 
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found in the HKZWFZ report, which is expected due to the longer measurement period 


included in this report. 


  
Figure 4-3 Lichteiland Goeree with met mast (left) and LiDAR (right) 


A Windcube V2 LiDAR has been installed on 6 October 2014. The measurement 


campaign is managed by ECN [12]. The LiDAR measures at ten different heights. The 


data is used to evaluate mesoscale models and to vertically extrapolate Lichteiland 


Goeree mast data to 100 metres height. 


The raw LiDAR data was received from ECN and filtered for errors and invalid data. The 


data availability up to a height of 216 m MSL ranges from 70 to 75%. Above this height, 


the availability drops to a value between 49 to 65%. As the LiDAR has measured longer 


compared to the assessment in the HKZWFZ report, the availabilities have slightly 


increased since then (Table 4-2). 


The key data characteristics of the Lichteiland Goeree met mast and LiDAR are given in 


Table 4-2. 


 LEGO met mast LEGO LiDAR 


Instruments Two cup anemometers Windcube V2 


 Two wind vanes - 


Location [UTM ETRS89 Zone 


31N] 
545,876 m E -  5,752,029 m N 545,876 m E-  5,752,029 m N 


Measurement heights (m 


MSL) 
38.3 


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


240, 265, 290 


Analysed data period 10/04/2003 – 10/04/2018 01/01/2015 – 01/01/2018 


Time interval 10 minute 10 minute 


Distance to coast (km) 17.6 17.6 
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 LEGO met mast LEGO LiDAR 


Distance to HKN (km) 93.8 93.8 


Documentation 
Instrumentation type & 


calibration certificates  
ECN campaign report 


Wind speed data availability 


(%) 
98.8 


74-75.5 from 63 to 166 m; 65-73 


from 190 to 240 m; 49-55 from 


265 to 290 m 


Table 4-2 Lichteiland Goeree met mast and LiDAR characteristics 


4.3 OWEZ met mast 
The OWEZ met mast is a 116 m MSL lattice tower with booms at three heights. The 


met mast is installed south west of OWEZ wind farm, where it collects meteorological 


measurements since July 2005. While the met mast is still operational, this report only 


considers the data period 01/07/2005 to 01/07/2006, which is the year prior to wind 


farm construction, as the wind farm influences the measurements. As an alternative, a 


longer period of measurements could have been used, with additional filtering of wind 


directions that are considered influenced by the wakes. Because this will possibly mask 


a directional bias of the reference model data, we have decided not to do this. 


Additionally, for the purpose of this study, the available 12 months of data are of 


sufficient length and quality. 


 
Figure 4-4 OWEZ met mast 


At each measurement height, the wind is measured with three cup anemometers, three 


wind vanes and a sonic anemometer. All sensors are calibrated according to MEASNET 


standard. The accuracy of measurements (not influenced by the mast itself) is stated to 
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be >95%. The (raw) data acquisition, handling and reporting is managed by ECN and 


therefore considered trusted. The data is used to evaluate mesoscale models and to 


find a long-term climate with ERA5. 


The data analysed between 10/07/2005 – 10/07/2006 was filtered for errors and invalid 


data (values of -99999). The data was also checked for frozen measurements. The main 


period of missing data at 116 m MSL was between November 2005 to January 2006. 


At 21 and 70 m, missing data was mainly seen between November 2005 – January 


2006; and April – May 2006. The overall data availability is given in Table 4-3. Other key 


data characteristics of the OWEZ met mast are also presented. 


Table 4-3: OWEZ Mast characteristics 


4.4 Met mast IJmuiden (MMIJ) 
Met mast IJmuiden (or MMIJ) was a 92 m LAT lattice met mast located within the 


offshore wind farm zone ‘IJmuiden Ver’, as is allocated by the Dutch National Water 


Plan. According to the specifications by [16], the met mast was built in 2011 as part of 


a four-year measurement campaign, commissioned by Innogy. The met mast data 


covers the period 01/01/2012 to 01/01/2016. At measurement heights of 25.5 m LAT, 


57.0 m LAT and 86.5 m LAT, booms have been installed in three directions. At the lowest 


measurement heights, the wind is measured with three cup anemometers, three wind 


vanes and a sonic anemometer. At 86.5 m LAT, three sonic anemometers measure the 


wind speed. Two cup anemometers are located at the top of the met mast at 92 m LAT. 


The sensors were calibrated according to the then applicable ISO 17025:2005.  


The met mast data was received from ECN and filtered for errors and invalid data by 


them. The data was analysed between 01/01/2012 – 01/01/2016. Several periods of 


missing data were noticed, mainly in February-March 2012 and September-October 


2014. The overall data availability at 92 m LAT was 98.9%. In the same period as the 


met mast, a ZephIR 300s LiDAR was installed and measured heights from 90 to 315 m 


LAT. The raw LiDAR data was received from ECN and filtered for errors and invalid data. 


The data availability found at all heights is over 94%. This is higher than the 88% 


availability found in the HKZWFZ report [4]. Ecofys had removed wind speeds related 


to the 90 m LAT wind directions that deviated more than 60° from the concurrent met 


 OWEZ met mast 


Instruments Cup anemometers (9x) – Mierij Meteo 018 


Wind vanes (9x) – Mierij Meteo 524 


Sonic anemometer (3x) – Gill 1086M 


Location [UTM ETRS89 Zone 31N] 594,102 m E -  5,829,389 m N 


Measurement heights (m MSL) 21, 70, 116 


Analysed data period 10 minute 


Time interval 01/07/2005 – 30/06/2006 


Distance to coast (km) 15.3 


Distance to HKN (km) 13.2 


Documentation User manual data files [14] 


Wind speed data availability (%) 93.6 at 21 m, 95.3 at 70 m and 84.4 at 116 m  
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mast wind directions at 85 m LAT. These wind speeds have been kept in this report and 


are considered valid, since the assessment of mesoscale data in Chapter 5 only 


considers wind speeds in the estimation of errors and prediction and not wind 


directions. 


The key data characteristics of the IJmuiden met mast and LiDAR are given in Table 


4-4. 


  
Figure 4-5 Met Mast IJmuiden with met mast (left) and LiDAR (right) 


* These measurement heights refer to the anemometer heights, installed 1.5m above or below booms 


Table 4-4 Met mast IJmuiden and LiDAR characteristics 


  


 MMIJ met mast MMIJ LiDAR 


Instruments Cup anemometer (8x)  – Thies 


First Class 


Wind vane (9x) –  


Thies First Class 


Sonic anemometer (3x) – Metek 


USA-1 


ZephIR 300s 


Location [UTM ETRS89 


Zone 31N] 


529,340 m E – 5,855,469 m N 529,340 m E – 5,855,469 m N 


Measurement heights (m 


LAT) 


27, 59, 85, 92 * 90, 115, 140, 165, 190, 215, 240, 


265, 290, 315 


Analysed data period 01/01/2012 - 01/01/2016 01/01/2012 - 01/01/2016 


Time interval 10 minute 10 minute 


Distance to coast (km) 82.2 82.2 


Distance to HKN (km) 57.2 57.2 


Documentation Instrumentation and calibration 


report [15] 


 


Wind speed data 


availability (%) 


98.9 Above 94 for all heights 
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Note: Figure 4-5 shows the ZephIR LiDAR installed inside/under the mast structure. The 


geometry of the measurement cone means that the LiDAR measures a volume quite 


far away from the mast (around 50 m LAT of centre mast at a height of 100 m LAT). 


The ZephIR LiDAR data quality & availability is insensitive to this and the measurement 


quality is not affected.  
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4.5 HKZWFZ Floating LiDARs 
In June 2016 Fugro, commissioned by RVO.nl, deployed two SEAWATCH Wind LiDAR 


Buoys HKZA and HKZB at HKZWFZ. The aim of the measurement campaign was to 


collect meteorological and oceanographic data, similar to the setup of the campaign 


at HKNWFZ as described in Chapter 3. The buoys are equipped with directional wave 


sensor, a motion sensor, a sonic anemometer, an air pressure sensor, an air 


temperature humidity sensor, a current profiler and a LiDAR. Two buoys (HKZA and 


HKZB) were deployed relatively close to each other and measured in the same period 


in order to ensure high data quality and availability. This data was previously also used 


for the WRA at HKZWFZ in order to carry out accurate energy yield calculations [17]. 


The HKZA and HKZB LiDAR buoy data from 05/06/2016 to 05/06/2018 was 


downloaded from RVO.nl. No further post-processing was conducted on the data in 


this study. The availability of the LiDAR buoys is given in Table 4-5 [46]. In section 6.7 


it was decided to only use the HKZB dataset in the validation study due to its higher 


data availability compared to HKZA. 


 
Figure 4-6 Example of a SEAWATCH LiDAR buoy 


 


 HKZA LiDAR HKZB LiDAR 


Instruments ZephIR 300s and Gill 


Windsonic sensor 


ZephIR 300s and Gill 


Windsonic sensor 


Location [UTM ETRS89 Zone 31N] 568,793 m E – 5,795,664 m 


N 


568,792 m E – 5,793,671 m N 


Measurement heights (m MSL) 30, 40-200 (Every 20 m) 30, 40-200 (Every 20 m) 


Analysed data period 05/06/2016 – 05/06/2018 05/06/2016 – 05/06/2018  


Time interval 10 minute 10 minute 


Distance to coast (km) 28.0  26.5  
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 HKZA LiDAR HKZB LiDAR 


Distance to HKN (km) 44.7  46.6  


Documentation Campaign report [17] Campaign report 


Wind speed availability Gill wind 


sensor (%) 
92.1 98.7 


Wind speed availability ZephIR 


300s (%) 


93.3 for all heights Between 94.1 and 94.5 for all 


heights  


Table 4-5 HKZA and HKZB LiDAR buoy characteristics 


 


4.6 Data selection 
Based on the overview of the sources above, a comparison with reanalysis and 


mesoscale data is made in the next chapter against those considered most 


representative & relevant. Two WRAs are carried out and combined in Chapter 6. The 


first assessment uses as a primary source, the HKNB LiDAR buoy data as presented in 


Chapter 3. The second assessment uses OWEZ met mast data as the short-term wind 


measurement. The OWEZ met mast data is selected in the second because it provides 


the nearest offshore wind measurement data to the HKNWFZ after the HKNB LiDAR 


buoy data. The OWEZ met mast dataset is also chosen because it consists of 


meteorological mast data and not LiDAR data. This choice was made in order for the 


measurement instrumentation approaches of the two assessments to be as 


independent as possible. Additionally, the performance of the different mesoscale 


datasets in relation to the OWEZ met mast dataset is further analysed in Chapter 5. 


In order to further substantiate which data-sources were suitable for inclusion in the 


WRAs, a high-level cross-correlation exercise was performed between the sources 


presented in the previous sections. Linear regression analyses were carried out in the 


concurrent periods between all the wind speed measurement datasets. A matrix of the 


R-squared correlation results is presented in Table 4-6. The correlations were 


conducted at 100 m MSL height. The OWEZ met mast 100 m MSL synthesized dataset 


was obtained by extrapolating wind speeds from the three existing measurement 


heights and the shear profile exponents as described in Chapter 6. 


The LEGO, EPL and MMIJ met mast datasets measuring respectively at 38.3 m MSL, 


29.1 m MSL and 92 m LAT, respectively, were vertically extrapolated to 100 m MSL 


using the wind shear profiles from their corresponding LiDAR datasets. Power law 


exponent matrices were used in the extrapolation process and are calculated per hour 


of the day and wind direction bin from the LiDAR shear profiles. These are similar to 


the matrix table (Table 6-5) presented in Chapter 6 for the OWEZ met mast. 


Measured wind 


speed 


correlations at 


100 m 


HKNB 


LiDAR 


HKNA 


LiDAR 


HKZB 


LiDAR 
OWEZ LEGO 


LEGO 


LiDAR 
EPL 


EPL 


LiDAR 
MMIJ* MMIJ LiDAR* 


HKNB X 0.99 0.87 - 0.74 - 0.76 - - - 


HKNA 0.99 X 0.86 - 0.73 - 0.71 - - - 


HKZB 0.87 0.86 X - 0.80 0.85 0.82 0.86 - - 


OWEZ - - - X 0.73 - 0.72 - - - 


LEGO 0.74 0.73 0.80 0.73 X 0.96 0.85 0.85 0.68 0.67 
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Measured wind 


speed 


correlations at 


100 m 


HKNB 


LiDAR 


HKNA 


LiDAR 


HKZB 


LiDAR 
OWEZ LEGO 


LEGO 


LiDAR 
EPL 


EPL 


LiDAR 
MMIJ* MMIJ LiDAR* 


LEGO LIDAR - - 0.85 - 0.96 X 0.88 0.91 - - 


EPL 0.76 0.71 0.82 0.72 0.85 0.88 X 0.93 0.74 - 


EPL LIDAR - - 0.86 - 0.85 0.91 0.93 X - - 


MMIJ* - - - - 0.68 - 0.74 - X 0.99 


MMIJ LIDAR* - - - - 0.67 - - - 0.99 X 


Table 4-6 R2 linear regression results from the correlation between the measurement datasets in 


their concurrent periods at 100m MSL* 


*Note: The IJmuiden wind speed measurements were calculated at 100 m LAT, and not 100 m MSL. The difference 


between the heights is estimated at approximately 1 m. The wind speed difference between the two heights is 


considered negligible. 


An R-square value of at least 0.80 is considered to be sufficient for a good correlation 


between datasets. According to the above table, LEGO and EPL show good correlations 


(0.80 and 0.82) with HKZB as was found in the HKZWFZ report [4]. However, the 


correlation of LEGO and EPL with HKNA and HKNB can be considered poor (0.71 to 


0.76).  


One of the main possible reasons for this low correlation is the distance between the 


platforms and HKNWFZ, which is considerably farther than for example HKZWFZ. For 


this reason, LEGO and EPL were not considered to be used in the long-term HKNWFZ 


wind climate calculation.   
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5 Reference Model  


This chapter remained unchanged compared to the original report, apart from some 


references to figures and tables.  


This chapter will describe the various model output available for comparison and 


scaling of the onsite and near-site selected wind measurements. A distinction is made 


between reanalysis and mesoscale models, and a comparison with relevant 


measurement stations is presented in terms of correlations and other key-metrics. 


5.1 Differences between reanalysis data and mesoscale model 


data 
Some of the datasets are based on mesoscale models, others are reanalyses of global 


weather models. We therefore briefly explain the difference between them.  


5.1.1 Reanalysis data 


Reanalysis data are created using the data-assimilation routine of Numerical Weather 


Prediction (NWP) models. In an operational forecast setting, an NWP model needs an 


initial condition to start the time-integration, i.e. the prediction of the future state of 


the atmosphere. To estimate the initial condition of the model state, observational data 


of satellites, ground stations, buoys, radio-soundings, etc, are 'mapped' onto the model 


grid in a way that is consistent with the model physics. The result of this mapping is 


called the 'analysis' and it can be interpreted as the best estimate of the state of the 


atmosphere, given the observations. In reanalyses, observations from the past are 


assimilated in a recent version of the NWP model. 


One of the most advanced and computationally demanding approaches to data 


assimilation is the so-called four-dimensional variational approach, or ‘4D-var’ for 


short. In 4D-var, observations over a certain time interval called the ‘assimilation 


window’ are taken into account and the model state is adjusted over this time interval 


in a way that respects the forecast model. In a three-dimensional variational approach 


(3D-var), observations only at a certain moment in time are assimilated in the model. 


In a reanalysis setting, 4D-var provides assimilated atmospheric fields for every time-


step. If 3D-var is used, the time-steps in between the data assimilation points can be 


filled with a short-term forecast. 


5.1.2 Mesoscale model data 


Mesoscale models are NWP models that cover only a certain area of the globe and are 


therefore also called ‘limited area models’. They are usually run at a higher resolution 


than their global counterparts. 


Mesoscale models need boundary conditions at the edges of their domain and are 


therefore always driven by global models or at least models that cover an area that 


encompasses the entire mesoscale model domain. Furthermore, mesoscale models 


often do not perform their own data assimilation and take their initial conditions 


directly from a global NWP model. 
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The benefits of mesoscale models are that they can represent the earth's surface in 


higher detail and are able to better resolve small scale processes like front passages 


and convective cloud systems. However, the mathematical formulation of the physical 


processes that the model captures is essentially the same as in global models - only 


their resolution is higher.  


5.2 Reanalysis data sets 


5.2.1 CFSR 


The National Centre for Environmental Prediction (NCEP) released the Climate Forecast 


System Reanalysis (CFSR) [20] in 2010 and its successor CFSv2 in 2015 [21]. The 


resolution of the available wind data is roughly 0.205 degree for the period 2011-2018 


and 0.312 degree for the period 1979-2010.  The data assimilation of CFSR and CFSv2 


is a 3D-variational approach that produces analysis fields every 6 hours. These are 


integrated 6 hours ahead to produce the hourly output fields. For wind, only data at 


10 m MSL height or atmospheric pressure levels corresponding to heights over 1000 


m MSL are available. To acquire wind data at other heights, one has therefore to 


convert the 10 m MSL winds to higher altitudes using an assumed wind profile.  


5.2.2 ERA5 


ERA5 is the 5th and most recent reanalysis produced by the ECMWF and succeeds the 


ERA-Interim reanalysis [22]. The most important difference with previously produced 


global reanalysis datasets is that by means of the 4D-var data-assimilation a dataset of 


hourly resolution was produced in which every hourly field was constrained to 


observations. In addition, it provides 10 vertical levels in the lowest 300 m MSL of the 


atmosphere, so there is no need to assume a vertical wind profile. The horizontal 


resolution is 31km, which is coarser than the mesoscale models and some other 


modern global reanalysis datasets. Eventually, ERA5 will cover the period 1950-present, 


making it one of the longest reanalysis datasets available. Currently, the data covers 


the period from 2000-present. First comparisons with other reanalysis data for wind 


energy applications show very promising results [24]. 


5.2.3 MERRA-2 


The Modern-Era Retrospective Analysis for Research and Applications (MERRA)[25], 


released in 2009 and its successor MERRA-2 [26] released in 2015 are global reanalyses 


produced by the National Aeronautics and Space Administration (NASA). The 


atmospheric model that is used to produce the MERRA-2 data is the GEOS-5 model 


(Goddard Earth Observing System model [27]), an atmospheric circulation model 


mainly used for climate analysis and not for operational weather forecasting. It has 


become widely used in the wind energy sector due to its hourly resolution and the 


availability of wind data on a 50 m MSL height. The horizontal resolution of MERRA2 is 


0.5 x 0.625 degree (roughly 50 x 50 km at North-West European latitudes) and MERRA-


2 uses a 3D-var approach to data assimilation. 
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5.3 Mesoscale data sources 


5.3.1 KNW 


The KNMI North Sea Wind (KNW) atlas is a mesoscale dataset produced by the Dutch 


Meteorological Service using the HARMONIE model [19]. The model version of 


HARMONIE that was used to produce the KNW atlas data was version CY37h1.1 that 


was released in June 2012 [20]. An elaborate description of a recent version of the 


HARMONIE model is given in [21]. The original KNW atlas data covers the period 1979-


2013 with hourly intervals on a 2.5 km grid. Recently, the KNW atlas was updated to 


cover also the period 2014-2018 and it is planned to be updated until March 2019. 


Data at various vertical levels up to 200m MSL is provided. The KNW atlas uses 


boundary and initial conditions from the ERA-Interim reanalysis data. ERA-Interim is 


the fourth reanalysis produced by the ECMWF and has a spatial resolution of roughly 


80 km and provides 6-hourly analysis fields. HARMONIE was initialized four times per 


day and a short-term forecast was used to produce the fields on the intermediate 


hourly time-steps. A detailed validation of the KNW atlas against a number of tall masts 


and other data sources is given in [20]. 


5.3.2 ConWx 


The mesoscale dataset that has been used for the WRA at was provided by the 


consortium EMD-ConWx, using the ConWx weather model [22], [23]. The in-house 


weather model that ConWx uses is a descendant from the Eta model [24] that was once 


used by the National Center for Environmental Prediction (NCEP) and was later 


succeeded by the well-known Weather Research and Forecasting (WRF) model. Like 


the KNW atlas data, the EMD-ConWx model data that we analysed was driven by ERA-


Interim fields. The data covers more than 20 years and is available at a horizontal 


resolution of 0.03 degree (roughly 3 km) and several heights up to 200 m MSL. 


5.4 Comparison 
The different reanalysis and mesoscale datasets described above have been compared 


against the OWEZ and MMIJ met masts that were earlier described in sections 0 and 


4.4, respectively. For each data source, the closest grid point to the measurement 


location was used. The comparison was conducted using four different statistical 


metrics:  the wind speed bias (also called the Mean Bias Error), the R2 coefficient of 


determination, the Mean Absolute Error (MAE) and the Root Mean Square Error 


(RMSE). After this comparison, a subset of the best models has been compared against 


additional HKN and HKZ LiDAR buoy datasets. 


5.4.1 OWEZ met mast 


For the OWEZ met mast, Figure 5-1 shows the error statistics of the different NWP 


models described above as a function of height. We have chosen to present these 


results explicitly as a function of height and not as bar charts or tables to emphasize 


how good different models capture the vertical wind profile. All the considered models 


have data on hourly time resolution, so the observations have been binned to hourly 


averages as well. 
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Figure 5-1 Overview of error statistics of different NWP models for the OWEZ met mast (with heights 


in m MSL) for the period 01/07/2005 – 30/06/2006.  


Note that for CFSR and MERRA-2 10 m MSL (50 m MSL for MERRA-2) wind speeds have been converted 


to other heights using the Frøya profile [8]. For other models, linear interpolation between the closest 


vertical model levels has been used. Dots denote the mast measurement heights.   


The results show that the KNW atlas and ConWx datasets have the lowest absolute 


wind speed bias, but ERA5 has a better score than all other models for R2, MAE and 


RMSE. Most notably, the ERA5 R2 coefficient of determination is markedly higher than 


all other models. This is especially important since the NWP data will be used as 


reference data for the Measure Correlate Predict (MCP) procedure as will be described 


in Chapter 6.  


In addition to the good performance of ERA5, it stands out that the two other reanalysis 


datasets MERRA2 and CFSR perform particularly worse for the higher altitudes. This is 


probably the result of using the Frøya profile [8] since no data was available at higher 


altitudes. 
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5.4.2 Meteo Mast IJmuiden 


For the MMIJ, the error statistics of the comparison are presented in Figure 5-2. 


 


Figure 5-2 Overview of error statistics of different NWP models for the MMIJ (with heights in m LAT) 


for the period 01/01/2012 - 31/12/2016.  


Note that CFSR and MERRA-2 10 m LAT (50 m LAT for MERRA-2) wind speeds have been converted to 


other heights using the Frøya profile. For other models, linear interpolation between the closest vertical 


model levels has been used. Dots denote the mast measurement heights and the LiDAR measurement 


heights (from 92 m LAT onwards). 


The KNW atlas and ConWx have the best results in terms of absolute wind speed bias 


for heights below 85 m LAT, but for higher altitudes it is the KNW atlas and CFSR that 


perform better. Again, for all other statistics, ERA5 has lower errors than the other 


models, followed by the KNW atlas.  
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A small discontinuity in the error statistics can be observed around the data point at 


92 m LAT height. This is possibly the result of a small disturbance of the wind speeds 


at this height related to the measurement equipment installed at that height.  


5.4.3 Comparison of ERA5 and KNW atlas for the HKN and HKZ sites. 


Because ERA5 and the KNW atlas showed the best error statistics for MMIJ and OWEZ 


met mast except for the model bias, we compare them in more detail for the HKZ and 


HKN sites. Because the KNW atlas data is a bias corrected dataset, it was decided to 


perform a similar bias correction to the ERA5 data to ensure for a fair comparison. 


Appendix E describes the bias correction in more detail. Note that the bias corrected 


ERA5 data is only used in the comparison of the NWP data and not as input for the 


Measure Correlate Predict (MCP) procedure used in Chapter 6. The reason is that the 


MCP performs its own bias correction by definition. 


 


 


Figure 5-3 Scatter density plots and error metrics of corrected 100 m MSL wind for ERA5 (top) and 


KNW (bottom) data against HKZWFZ (left) and HKNWFZ (right). 
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Figure 5-3 shows scatter density plots of the corrected ERA5 and KNW data for the 100 


m MSL wind speeds at HKNWFZ (buoy B) and HKZWFZ (buoy B). The bias corrected 


ERA5 performs better on all error statistics. For other heights, Table 5-1 shows the error 


statistics. Apart from the bias at 200 m MSL height, ERA5 performs better on all 


statistics. 


Location ERA5 KNW 


Error metric 


(unit) 


Bias 


(m/s) 


R2 


(-) 


RMSE 


(m/s) 


MAE 


(m/s) 


Bias 


(m/s) 


R2  


(-) 


RMSE 


(m/s) 


MAE 


(m/s) 


HKNWFZ - 100m 0.09 0.93 1.24 0.92 -0.09 0.89 1.54 1.15 


HKNWFZ - 200m 0.14 0.93 1.30 0.98 -0.01 0.90 1.63 1.21 


HKNWFZ - 30m 0.09 0.92 1.16 0.88 -0.27 0.89 1.41 1.06 


HKZWFZ - 100m -0.05 0.92 1.22 0.93 -0.06 0.89 1.50 1.12 


HKZWFZ - 200m 0.06 0.93 1.32 1.00 0.04 0.90 1.60 1.19 


HKZWFZ - 30m -0.05 0.91 1.15 0.88 -0.20 0.88 1.40 1.06 


Table 5-1 Comparison of wind speed error statistics (at m MSL) between the bias corrected ERA5 


and KNW (bias correction already applied by KNMI). Bold numbers indicate the best score of the 


two datasets. 


5.5 Conclusion 
In this chapter we have compared five recent NWP datasets for use as a long-term 


reference dataset. Three of the datasets are global reanalysis data (ERA5, CFSR, 


MERRA-2) and two of them come from mesoscale models driven with global reanalysis 


boundary conditions. Reanalysis datasets have the advantage that they are tightly 


constrained to observations, but they have relatively coarse resolution. Most mesoscale 


models, on the other hand, have a high resolution, but are only indirectly linked to 


observations and therefore possibly have a lower correlation with measured wind 


speeds.  


It was found that the ERA5 global reanalysis performed best on all error statistics, 


except the wind speed bias, for the MMIJ and the OWEZ met mast. The KNW atlas had 


the best overall scores for bias and second best (after ERA5) for the other scores. 


Because the wind speed bias of ERA5 was found to vary in a consistent way with the 


height above sea level, it was decided to perform a bias correction similar to the KNMI 


bias correction for the KNW atlas data. After determining the bias correction to MMIJ, 


LEGO and EPL LiDAR data, it was applied to the ERA5 data and validated for two 


independent LiDAR measurement datasets: HKZWFZ and HKNWFZ. The results show 


that the corrected ERA5 data outperforms the KNW atlas on practically all error 


statistics.  


It is therefore concluded that ERA5 is the best data source to use as a long-term 


reference data source for the MCP routine.  
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6 Wind Climate Calculation 


This chapter has been modified where it concerns the HKN LiDAR datasets (section 6.3 


and onwards). The rest remained unchanged compared to the original report.  


6.1 Introduction 
This chapter describes two WRAs to determine the long-term wind climate at HKNWFZ. 


They consist of the correlation analysis of the 15 year ERA5 time series (10/04/2003 – 


10/04/2018) against the following two selected short-term wind measurement data: 


1) One year HKNB LiDAR buoy measurements from 10/04/2017 to 10/04/2018 


and is considered an HKNWFZ ‘on-site’ location 


2) One year of OWEZ met mast measurements from 01/07/2005 to 


01/07/2006 and is considered an HKNWFZ ‘near-site’ location 


Integer number of whole years were used for both the short-term (exactly 1 year) and 


long-term datasets (exactly 15 years) in order to avoid seasonal bias in the statistical 


correlation analysis. This practice is a commonly applied and well-known industry 


standard [41, 42, 43, 44]. 


The HKNB LiDAR buoy coordinate location is chosen in this report as the “HKNWFZ 


centre”. The first WRA (named WRA 1) using the HKNB dataset directly calculates the 


long-term mean wind speed at the HKNWFZ centre, while the second WRA (named 


WRA 2) using the OWEZ dataset, requires the long-term mean wind speed to be 


horizontally extrapolated from the OWEZ met mast location to the HKNWFZ centre. 


The two WRA results are combined into a combined WRA at the HKNWFZ centre which 


is used to present the long-term calculated wind speed time series and wind climate 


statistics that are further presented in Chapter 7. From this centre, the long-term mean 


wind speed is also horizontally extrapolated to other grid nodes in and around 


HKNWFZ. The results at these nodes are presented in Chapter 7. The coordinate 


location and name of the used nodes are presented in Table 6-1 and Figure 6-1. 


The HKNWFZ centre is located at Node 1. In other words “Node 1” is the HKNWFZ 


centre. Nodes 9 and 10 are not used in the WRA, but have been added for wake effect 


calculations in Chapter 9. Nodes 4 and 11 are the only two nodes not included in the 


wake effect calculations. Table 6-1 further indicates in which part of the study the nodes 


have been used in this report. The time series of nodes 1 to 8 are part of the WRA 


deliverables of this study. The WRA calculation at Node 11 was only used as an extra 


verification and comparison with the metocean study and is not part of the deliverables 


of this study. 


The next sections will further describe which statistical approaches are selected to 


correlate between the datasets, how the long-term mean wind speeds are calculated 


and specify the associated uncertainties related to these calculations. Further it 


describes how the two WRAs are combined to a final result and explains the method 
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applied to horizontally extrapolate the long-term mean wind speed across the entire 


HKNWFZ area to produce a wind resource map. 


Node name 
UTM ETRS Zone 31 


Easting [m] 


UTM ETRS Zone 31 


Northing [m] 
Purpose of the node 


Node 1 


(HKNWFZ centre) 


583952 5837767 
WRA calculation, wake 


effect calculation 


Node 2 581168 5842980 
WRA calculation, wake 


effect calculation 


Node 3 585959 5848589 
WRA calculation, wake 


effect calculation 


Node 4 588664 5849557 WRA calculation 


Node 5 591842 5844754 
WRA calculation, wake 


effect calculation 


Node 6 591775 5840594 
WRA calculation, wake 


effect calculation 


Node 7 586994 5834036 
WRA calculation, wake 


effect calculation 


Node 8 576641 5831507 
WRA calculation, wake 


effect calculation 


Node 9 584220 5830644 
Wake-effects 


calculation 


Node 10 594102 5829389 
Wake-effects 


calculation 


Node 11 590217 5826039 WRA calculation 


Table 6-1 Names, coordinate locations and purpose of the HKNWFZ nodes used in this study. 
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Figure 6-1 Location map of the HKNWFZ nodes used in this study 


6.2 MCP statistical methods 
The Measure Correlate Predict (MCP) procedure is used to extend the HKNB LiDAR 


buoy and OWEZ met mast short-term wind measurement datasets using the long-term 


ERA mesoscale dataset. This is done by finding a statistical correlation between the 
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short and long-term datasets and using the correlation to synthesize a new 15 year 


long-term corrected wind climate. 


Several statistical correlation methods within the Windographer (version 4.1.6) MCP 


module [18] were tested: the linear least squares (LLS) (assessed using R2 which equals 


the squared of the Pearson correlation coefficient), the total least squares (TLS) and the 


matrix time series (MTS). The Mean Absolute Error (MAE) was estimated to assess the 


performance of the three statistical methods and the results are presented in Table 6-2. 


The MAE results were obtained by randomly sampling half of the short-term datasets 


to predict the remaining half. This random process was repeated 50 times to ensure 


accurate results in the sampling process. This is in line with the recommendation to 


repeat the process at least 25 to 30 times according to the Windographer manual [18]. 


MCP method HKNB vs ERA5 OWEZ vs ERA5 


- R2 MAE [m/s] R2 MAE [m/s] 


LLS 0.928 0.98 0.900 0.94 


TLS 0.926 0.99 0.897 0.94 


MTS - 1.06 - 1.05 


Table 6-2 Comparison of the statistical metrics of the tested MCP methods  


The results indicate that the LLS method has the overall best R2 values and lowest 


model errors in terms of MAE values. The method was also used previously in Chapter 


5 due its strong performance. For this reason, the LLS correlation was chosen in the 


MCP procedures used in the long-term wind speed calculations described in the 


following sections. 


6.3 Long term wind speed using HKNB LiDAR buoy 


6.3.1 MCP HKNB vs ERA5 


The selected 24 months HKNB LiDAR buoy time series (10/04/2017 – 10/04/2019) at 


100 m MSL was scaled using the MCP procedure to long-term using a 16 year ERA5 


time series (10/04/2003 – 10/04/2019) at 100 m. The closest ERA5 grid point (UTM 


ETRS89 Zone 31 coordinates: 570963 m Easting, 5838637 m Northing) to the HKNB 


LiDAR buoy location was used. The HKNB 10 minute data is averaged to hourly time 


steps and then correlated with the hourly ERA5 data. The statistical relationship 


between the two time series is used to synthesize an hourly long-term corrected 


dataset at the HKNB location. The MCP procedure was described in more detail in the 


previous section (6.2). 


Excellent correlations were found between the HKNB and ERA5 time series with R2 


values of 0.93 for wind speeds and 0.95 for wind directions (Figure 6-2) which was also 


found earlier in section 5.4 (Table 5-1). A comparison between the HKNB and ERA5 


wind climate statistics at 100 m MSL is further presented in Figure 6-3. 
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Figure 6-2 Linear regression scatter plots of HKNB versus ERA5 wind speeds and directions at 100 


m MSL for the overlapping period from 10/04/2017 to 10/04/2019.  


  


  


  


Figure 6-3 HKNB versus ERA5 comparison of the diurnal and monthly wind speed profiles, the wind 


speed distribution and wind frequency rose at 100 m MSL in the overlapping period of 10/04/2017 


- 10/04/2019 
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6.3.2 MCP and wind speed distribution uncertainty at HKNB 


The MCP uncertainty was derived from the Jackknife method. Three months were 


removed from the HKNB 2 year time series starting with the first, ninth and the 


seventeenth month. The remaining 21 months were then used in the Linear Least 


Squares regression analysis and correlated against the ERA5 overlapping time series to 


produce an R2 value. This process was repeated eight times, each time removing 


another three months of data (Table 6-3). The MCP uncertainty is then determined as 


the standard error from the eight R2 values. The MCP uncertainty was calculated at 


0.3% (0.03 m/s) and is included in the overall long-term wind speed uncertainty as 


explained further in section  6.7.  


 


 


 


Table 6-3 The Jack-knife method used in the MCP uncertainty analysis for the first WRA (using 


HKNB LiDAR buoy data) 


As a measure for how well the datasets have the same climate statistics for the 24 


month period considered, a ‘goodness of fit’ test is made on the wind speed 


distributions by means of a Kolmogorov-Smirnov (KS) test. Simply said: the lower the 


discrepancy (and KS-value) between the two time series, the better they match. KS-test 


uncertainty value was calculated at 1.3% (0.13 m/s). This is included in the overall long-


term wind speed uncertainty explained in section 6.7. 


6.3.3 Results long-term wind speed at HKNB (HKNWFZ centre) 


The long-term synthesized wind climate has a calculated mean annual wind speed of 


9.50 m/s at 100 m MSL compared to the HKNB 2 year mean wind speed of 9.59 m/s, 


while the original 16 year ERA5 time series has a mean annual wind speed of 9.40 m/s 


(Table 6-4). In other words, the effect of the MCP procedure is a slight down-scaling of 


the HKNB LiDAR data to long term mean wind speed from 9.59 m/s to 9.50 m/s. 


Variables  HKNB 


Measurement height [m MSL] 100 


2 year HKNB short-term mean wind speed 


(10/04/2017 – 10/04/2019) [m/s] 
9.59 


1 2 3 4 5 6 7 8 9 10 11 12


10/04/2017 10/05/2017 10/06/2017 10/07/2017 10/08/2017 10/09/2017 10/10/2017 10/11/2017 10/12/2017 10/01/2018 10/02/2018 10/03/2018


1 0.926 0 Removed Removed


2 0.925 0.000001 Removed Removed


3 0.928 4E-06 Removed Removed


4 0.928 4E-06 Removed Removed


5 0.926 0 Removed


6 0.927 0.000001 Removed


7 0.925 0.000001 Removed


8 0.925 0.000001 Removed


Tot 0.926 0.32%


Model Run R-square Sigma


13 14 15 16 17 18 19 20 21 22 23 24


10/04/2018 10/05/2018 10/06/2018 10/07/2018 10/08/2018 10/09/2018 10/10/2018 10/11/2018 10/12/2018 10/01/2019 10/02/2019 10/03/2019


1 0.926 0 Removed


2 0.925 0.000001 Removed


3 0.928 4E-06 Removed


4 0.928 4E-06 Removed


5 0.926 0 Removed Removed


6 0.927 0.000001 Removed Removed


7 0.925 0.000001 Removed Removed


8 0.925 0.000001 Removed Removed


Tot 0.926 0.32%


Model Run R-square Sigma
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Variables  HKNB 


2 year ERA5 short-term mean wind speed [m/s] 


(10/04/2017 – 10/04/2019) [m/s] 
9.52 


16 year ERA5 mean wind speed 


(10/04/2003 – 10/04/2019) [m/s] 
9.40 


16 year HKNB long-term corrected mean wind speed at HKNWFZ 


centre (Node 1) 


(10/04/2003 – 10/04/2019) [m/s] 


9.50 


Relative difference between long-term and short-term mean wind 


speed [%] 
-1.0 


Best performing correlation algorithm Linear Least Squares 


regression 


R2 correlation value for wind speed 0.93 


R2 correlation value for wind direction 0.95 


MCP uncertainty [%] 0.3 


KS-test derived wind speed distribution uncertainty [%] 1.3 


Table 6-4 Results of the long-term 100 m MSL synthesized wind speed time series at the HKNWFZ 


centre from the first WRA (HKNB LiDAR buoy) 


6.4 Long-term wind speed using OWEZ met mast 
A second WRA was conducted to determine the long-term wind climate at the HKNB 


location. The earlier described 1 year time series from the OWEZ met mast (01/07/2005 


– 01/07/2006), see section 4.2, and the 15 year ERA5 mesoscale time series (10/04/2003 


– 10/04/2018) were used as the basis for this second calculation. Since the OWEZ met 


mast measured at different heights (than the required 100 m MSL) and at a different 


location from the HKNWFZ centre, some steps were required to process the long-term 


wind climate calculation: 


1) Selecting the proper undisturbed wind speed from the 3 available 


anemometer readings per height level 


2) Vertically extrapolating the OWEZ met mast measurement to 100 m MSL 


3) Long-term MCP correction and synthesis of the wind climate at the OWEZ 


met mast location using the 15 year ERA5 time series 


4) Horizontally extrapolating the ‘long-termed’ OWEZ met mast time series to 


the HKNWFZ centre using the KNW Atlas wind speed gradient over the area 


between the OWEZ met mast and the HKNWFZ centre 


These steps are elaborated here below. 


6.4.1 Selection of the undisturbed measured wind speed 


The OWEZ met mast time series used in this assessment only considers 1 year of data 


from 01/07/2005 to 01/07/2006, since after this year the met mast is disturbed by the 


installed wind turbines of the OWEZ wind farm. From this mast, we have used the 10 


minute time series as described in section 0. 
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For this period, the OWEZ met mast data was processed to select the undisturbed wind 


speed from the 3 available readings per height level (21, 70 and 116 m MSL). Following 


the analysis performed earlier on the OWEZ mast data by ECN [35], we applied the 


same methodology in order not to affect the accuracy of the wind direction 


measurements. However, this does result in a slightly lower availability (1.0 to 1.5%) 


than the reported Ecofys method [4]. 


Three cup anemometers and wind vanes are installed at each height. The wind vanes 


and cups are disturbed by the wake of the mast in certain directions. The directional 


selection process conducted in this study follows ECN’s method displayed in Figure 6-4 


[35]. The average of two wind vanes is used to calculate wind direction, excluding wind 


speeds if data from either of the wind vanes was missing. Distortion is thus reduced by 


averaging two wind vanes. 


 


Figure 6-4 ECN selection criteria for data processing of OWEZ met mast data for the retrieval of 


undisturbed wind speed and wind direction measurements 


6.4.2 100 m wind speed at OWEZ met mast 


The OWEZ met mast undisturbed measurements at 21, 70 and 116 m MSL were 


subsequently used to calculate a matrix of power law mean shear exponents for each 


of the 12 wind direction bins and for each hour of the day. Time steps were only 


considered in this analysis if they measured at all three heights. The resulting matrix is 


presented as Table 6-5. 
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Table 6-5 Power law mean shear exponent matrix by hour of day and direction sector for OWEZ met 


mast, derived from measurements conducted between 01/07/2005 and 01/07/2006 at 21, 70 and 


116 m. 


The mean wind speed at 70 m MSL was then extrapolated to 100 m MSL using the 


shear exponent matrix. The measurements at 70 m MSL were used for this procedure 


since this height consisted of data with the highest availability. Table 6-6 presents the 


mean wind speed vertically extrapolated to 100 m MSL at the OWEZ met mast and the 


associated uncertainty as a consequence of the extrapolation process.  


Variable OWEZ 


Measurement period 01/07/2005 until 01/07/2006 


Heights used for power law shear exponents [m MSL] 21, 70 and 116 


Measurement height used to extrapolate to 100 m MSL [m 


MSL] 
70 


Data availability at 70 m MSL [%] 95.3 


Mean wind speed measured at 70 m MSL [m/s] 8.65 


Mean wind speed at the extrapolated 100 m MSL [m/s] 8.96 


Relative difference between mean wind speed at 100 and 


70 m MSL [%] 
+3.6 


Estimated vertical extrapolation uncertainty [%] 0.3 


Table 6-6 Wind speed extrapolation to 100 m MSL at OWEZ met mast 


The uncertainty is derived from previous studies [4] conducted on the OWEZ met mast 


and supported by expert judgment. This factor is taken into account when doing the 


uncertainty analysis later on this chapter. The 1 year vertically extrapolated mean wind 


speed at 100 m MSL is estimated at 8.96 m/s.  


6.4.3 MCP OWEZ vs ERA5 


Similar to section 6.3.1, an MCP correlation and long-term correction was carried out 


between the 1 year OWEZ met mast time series and the 15 year ERA5 time series using 


the Linear Least Squares regression analysis. The hourly data from the nearest ERA5 


node (UTM ETRS89 Zone 31 coordinates: 601375 m Easting, 5839175 m Northing) to 
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the OWEZ met mast was used for this assessment. This is not the same ERA5 node as 


used in the long-term correction of the HKNB dataset (6.3.1). The MCP procedure was 


described in more detail in the previous section (6.2). 


Excellent correlations were found between the hourly OWEZ and ERA5 time series with 


R2 values of 0.90 for wind speeds and 0.95 for wind directions (Figure 6-5). A 


comparison between the OWEZ and ERA5 wind climate statistics at 100 m MSL is 


further presented in Figure 6-6. The reason for the dip found in the ERA5 diurnal wind 


speed is explained in section 7.2. 


 
 


Figure 6-5 Linear regression scatter plots of OWEZ versus ERA5 wind speeds and directions at 100 


m MSL in the overlapping period from 01/07/2005 to 01/07/2006. 
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Figure 6-6 OWEZ versus ERA5 comparison of the diurnal and monthly wind speed profiles, the wind 


speed distribution and wind frequency rose at 100 m MSL in the overlapping period of 01/07/2005 


to 01/07/2006. 


6.4.4 MCP and wind speed distribution uncertainty at OWEZ 


The MCP uncertainty was derived from the Jack-knife method as described in section 


6.4.3 The Jack-knife method and results are presented in Table 6-7. The MCP 


uncertainty was calculated at 1.3% (0.12 m/s) and is included in the overall long-term 


wind speed uncertainty explained in section 6.7. The goodness of fit between the two 


wind speed distributions in the overlapping period is also considered in the uncertainty 


analysis using the Kolmogorov-Smirnov (KS) test. The KS uncertainty value found was 


3.1% (0.29 m/s). 


 


Table 6-7 The Jack-knife method used in the removing of two month OWEZ met mast data to derive 


the MCP uncertainty. The above numbers 1 to 12 indicate the twelve months. The dates indicate the 


starting date of each month. 


The long-term synthesized OWEZ wind climate has a calculated mean annual wind 


speed of 9.32 m/s at 100 m MSL compared to the OWEZ 1 year mean wind speed of 


8.96 m/s, while the original 15 year ERA5 time series has a mean annual wind speed of 


8.85 m/s. By using the long-term 15 year ERA5 time series dataset, the OWEZ in terms 


of mean wind speed is scaled up from 8.85 m/s to 9.32 m/s. Results are shown Table 


6-8 below. 
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Variables OWEZ 


Measurement height [m MSL] 
100 (extrapolated from 70 m 


MSL) 


1 year OWEZ short-term mean wind speed 


(01/07/2005 – 01/07/2006) [m/s] 
8.96 


1 year ERA5 short-term mean wind speed 


(01/07/2005 – 01/07/2006) [m/s] 
8.45 


15 year ERA5 mean wind speed 


(10/04/2003 – 10/04/2018) [m/s] 
8.85 


15 year OWEZ long-term correct mean wind speed 


(10/04/2003 – 10/04/2018) [m/s] 
9.32 


Relative difference between long-term and short-term mean 


wind speed [%] 
+4.0 


Best performing correlation algorithm 
Linear Least Squares 


regression 


R2 correlation value for wind speed 0.90 


R2 correlation value for wind direction 0.95 


MCP uncertainty [%] 1.3 


KS-test derived wind speed distribution uncertainty [%] 3.1 


Table 6-8: MCP results of the long-term 100 m MSL synthesized wind speed time series at OWEZ met 


mast 


The results show that the OWEZ met mast dataset at 100 m MSL has a lower R2 (= 0.90) 


correlation with ERA5 than the HKNB dataset with ERA5 (= 0.93). This is to be expected 


since both the MCP and wind speed distribution uncertainties are higher in the OWEZ 


dataset than the HKNB dataset. The OWEZ dataset further has an uncertainty in the 


vertical extrapolation (= 0.3%) which could amplify the MCP and wind speed 


distribution uncertainties. 


6.4.5 Horizontal extrapolation from OWEZ to HNKWFZ centre 


The horizontal wind speed gradient of the KNW (KNMI North Sea Wind) Atlas 


mesoscale data was used to horizontally extrapolate the long-term OWEZ met mast 


wind speed at 100 m MSL to the HKNWFZ centre at 100 m MSL. The nearest KNW grid 


nodes to OWEZ and HKNB were used to calculate a correction factor derived from the 


relative difference between the KNW atlas long term mean wind speed at these two 


locations. The long-term 15 year (10/04/2003 – 10/04/2018) KNW atlas mean wind 


speed at 100 m near OWEZ was calculated at 9.25 m/s, while in the same period the 


KNW atlas mean wind speed near the HKNWFZ centre was 9.48 m/s. This gives a 


correction factor of +2.5%, which corrects and therefore horizontally extrapolates the 


mean wind speed at OWEZ from 9.32 m/s to a 15 year long-term 100 m MSL mean 


wind speed at the HKNWFZ centre of 9.55 m/s. Results are presented in Table 6-9 


below. Uncertainty in the use of the KNW atlas gradient for horizontal extrapolation is 


estimated at 1.0% based on calculations made in the wind atlas cross-prediction check 


described in the section 6.6. 
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Variables OWEZ 


Measurement height [m MSL] 
100 (extrapolated from 70 


m MSL) 


15 year OWEZ long-term correct mean wind speed 


(10/04/2003 – 10/04/2018) [m/s] 
9.32 


15 year KNW mean wind speed near OWEZ 


(10/04/2003 – 10/04/2018) [m/s] 
9.25 


15 year KNW mean wind speed near HKNWFZ centre 


(10/04/2003 – 10/04/2018) [m/s] 
9.48 


Relative difference in KNW mean wind speeds between HKNWFZ 


centre and OWEZ [%] 
+2.5 


Calculated long-term mean wind speed at HKNWFZ centre 


(Node 1) [m/s] 
9.55 


Estimated horizontal extrapolation uncertainty [%] 1.0 


Table 6-9 Long-term mean wind speed at the HKNWFZ centre in the second WRA at 100 m MSL 


(OWEZ met mast) 


6.5 Comparing long-term wind speeds 
The second assessment calculates a slightly higher long-term wind speed of 9.55 m/s 


at the HKNWFZ centre compared to the first WRA which calculated a long-term mean 


wind speed of 9.50 m/s (section 6.3.3). This indicates the strength and consistency of 


combining ERA5 dataset for long-term correction with the KNW Atlas mesoscale 


dataset for horizontal extrapolation. Strong correlations are found when comparing 


the long-term mean wind speeds and directions calculated at the HKNWFZ centre from 


the first (HKNB LiDAR buoy) and second (OWEZ met mast) WRA, with R2 correlation 


values for wind speed and direction estimated at 0.97 and 0.98, respectively (Figure 


6-7). 


  


Figure 6-7 Linear regression results between wind data derived from the first WRA (long-term 


corrected HKNB LiDAR dataset) and the second WRA (long-term corrected OWEZ dataset) at 100 m 


MSL. 


As further displayed in the comparison with the DHI desk study in Appendix C, based 


on an independent route (CFSR 10 m MSL wind scaled to 100 m MSL using HKNWFZ 


floating LiDAR fits), the metocean study reports at the HKNWFZ centre (HKNB LiDAR 


buoy) a long-term wind speed value of 9.53 m/s. This is a 0.02 to 0.03 m/s absolute 
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wind speed difference (0.2 to 0.3%) compared to the two WRAs discussed in this 


chapter. This provides further confidence in the results found. More analysis on the 


comparison between the two studies can be found in section 6.8.3. 


6.6 Cross-prediction of wind atlas model 
In this section, the accuracy of the horizontal extrapolation using the KNW atlas wind 


speed gradient in combination with long-term ERA5 correction, which was applied in 


section 6.4.5, is assessed. A total of six different offshore measurements described 


previously are incorporated in this analysis, including the first year HKNB LiDAR buoy 


measurements. The extrapolation was conducted from each measurement location to 


the other five sites at 100 m MSL. Section 4.6  described how the measured wind speeds 


at MMIJ, EPL and LEGO were extrapolated to 100 m MSL using their LiDAR shear 


profiles. All of the used offshore measurements were also long-term corrected to a 15 


year wind climate using the ERA5 dataset, similarly to what was previously done at 


HKNB LiDAR buoy (6.3.1) and OWEZ met mast (6.4.3). Table 6-10 shows the calculated 


long-term 15 year mean wind speeds at 100 m MSL using ERA5 for the six offshore 


measurement locations. 


 HKNB OWEZ HKZB MMIJ* EPL LEGO 


Measurement 


period 


10/04/2017 


- 


10/03/2018 


(1 year) 


01/07/2005 


- 


01/07/2006 


(1 year) 


05/06/2016 


- 


05/06/2018 


(2 years) 


01/01/2012 


- 


01/01/2016 


(4 years) 


10/04/2003 


- 


10/04/2018 


(15 years) 


10/04/2003 


- 


10/04/2018 


(15 years) 


Measurement 


height [m MSL*] 
100.0 70.0 100.0 92.0* 29.1 38.3 


Data availability 


[%] 
96.6 95.3 94.2 98.9 96.7 98.7 


Mean wind 


speed at 


measurement 


height [m/s] 


9.63 8.65 8.98 9.96 8.60 8.68 


Mean wind 


speed at 100 m 


MSL [m/s] 


9.63 8.96 8.98 10.02 9.50 9.49 


Long-term 


corrected mean 


wind speed 


using ERA5 at 


100 m MSL [m/s] 


9.56 9.32 9.39 9.83 9.48 9.49 


Table 6-10 Long-term mean wind speeds at 100 m MSL* 


*Note: The IJmuiden wind speed measurements were measured in m LAT, and not m MSL. The difference between the 


heights is estimated at approximately 1 m. The wind speed difference between the two heights is considered negligible. 


A correction factor is derived from the relative difference calculated between the long-


term mean wind speed at each measurement location and the wind speed at the 


nearest KNW atlas mesoscale model grid point. The correction factor is then used to 


extrapolate the wind speed from each location to the other five measurement sites. A 
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relative error percentage is subsequently calculated between the new extrapolated 


wind speeds and the wind speeds presented in Table 6-10. The relative errors are given 


in Table 6-11. 


Reference 


dataset 
Relative error [%] in extrapolation to : 


 HKNB OWEZ HKZB MMIJ EPL LEGO 


HKNB x 0.2 0.2 0.5 1.1 -2.2 


OWEZ -0.2 x 0.01 0.3 1.0 -2.4 


HKZB -0.2 -0.01 X 0.3 1.0 -2.4 


MMIJ -0.5 -0.3 -0.3 x 0.6 -2.8 


EPL -1.1 -1.0 -1.0 -0.6 x -3.4 


LEGO 2.2 2.4 2.4 2.8 3.4 x 


Table 6-11 Cross-prediction error in horizontal extrapolation of long term mean wind speed 


measurements at 100 m 


Table 6-11 shows that the EPL and LEGO met masts consistently show high cross-


prediction errors, with absolute error values ranging between 0.6 to 3.4% . Clearly, EPL 


and LEGO have difficulties in being predicted and predicting other offshore 


measurement wind speeds using the KNW atlas. This is most likely due to their higher 


measurement uncertainties and uncertainties related to vertical extrapolation to 100 


m. These two mentioned uncertainties further propagate into the MCP uncertainty 


related to long-term correction of the EPL and LEGO datasets with ERA5. This is in 


contrast to the good results found between the HKNB and HKZB LiDARs and the OWEZ 


and MMIJ met masts, which all are measuring above 90 m. The errors between the 


latter mentioned measurement sites range between 0.01 and 0.5%. 


The overall uncertainty in the horizontal extrapolation of ERA5 long-term corrected 


offshore wind measurements at 100 m using the KNW atlas is determined by the mean 


absolute error (MAE) of all the percentage values of Table 6-11. This uncertainty is 


calculated at 1.0% which was mention in section 6.4.5 and is included in the overall 


uncertainty analysis in the follow sections. 


6.7 Determining uncertainties in mean wind speed 
This section describes all the uncertainties in the long-term calculated wind speed at 


HKNWFZ centre at 100 m for both WRAs presented earlier in section 6.3 (HKNB LiDAR 


buoy measurements) and section 6.4 (OWEZ met mast measurements). First the 


individual contributors are discussed, and subsequently presented in Table 6-12 and 


Table 6-13. 


The uncertainty related to the long-term representation of short-term measurements 


is caused by annual variability in the wind speed. The standard error for a 1 year 


measurement period in the Netherlands and throughout many sites in Europe is 


estimated at 6.0%. In the past years, various other estimates and methods have become 


available for this long term variability, see for example [10]. However, none of these are 


based on peer reviewed work. For consistency reasons and to remain in line with 


industry standard, we have therefore decided to keep using the 6.0% as best estimator 
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for annual variability. The long-term representation uncertainty is then calculated for 


one or more years by the following equation: 


𝜎 =
6.0 %


√𝑦𝑒𝑎𝑟𝑠
 


Additionally, when MCP is used to synthesize a long-term wind climate from short-


term measurements, an MCP uncertainty is added in the long-term wind speed 


uncertainty. This MCP uncertainty has been explained in previous sections (6.2, 6.3 and 


6.4). All other uncertainties are further described in the following sections. 


The uncertainty components presented in the following sections in this report are 


considered independent of one another. The total uncertainty of a single long-term 


mean wind speed, assuming the uncertainty components are independent, is 


calculated by the square root of the sum of squares (also named root-sum-square) of 


the uncertainty components: 


𝑇𝑜𝑡𝑎𝑙 𝑢𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 𝑙𝑜𝑛𝑔 𝑡𝑒𝑟𝑚 𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑 = √∑ 𝑢𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑖
2


𝑛


𝑖=1
 


6.7.1 Uncertainties in wind speed using HKNB LiDAR 


At the HKNB LiDAR buoy location, SWLBs were used, buoys WS170 and WS140 were 


deployed with the ZephIR 300s LiDAR units ZP585 and ZP417, respectively. There is no 


site specific instrument accuracy assessment performed for these two LiDARs. 


However, for another sample of the SWLB, which was identical to the type used in this 


study, Ecofys WTTS carried out an accuracy assessment against MMIJ [34]. The accuracy 


of the LiDAR near MMIJ which was validated at 92 m and is assumed to be 


representative for the 100 m measurements as well (as used in HKNB). This value is 


taken as 3.3%. 


The mounting uncertainty of the HKNB LiDARs is considered low since they are 


deployed in more-or-less similar conditions as the MMIJ validation tests. However, as 


there is potentially a small difference in wave-climate between MMIJ and HKNWFZ, an 


uncertainty of 0.5% was defined to account for this. 


The HKNB LiDAR data quality is considered to be good, as explained in Chapter 3. A 


small uncertainty factor of 1.5% has been attributed due to 88.42% data availability 


over the entire 2 years, which is slightly mainly higher due to the gap of 1 month on 


HKNB for April/May 2018. 


With respect to data processing, there are some small uncertainties related to missing 


raw data (transmission errors), 180 degrees erroneous wind directions and other post-


processing steps performed. Since Fugro has processed the raw data and delivered a 


post-processed version of the measurement time series, no detailed quantification can 


be given of the contributors. Within the realm of this study, the steps performed by 


Fugro have therefore not been verified in further detail. Given the high correlation 


between the HKNA and HKNB time series a value of low  uncertainty value of 1.0% was 


attributed to data processing. 
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As stated in Chapter 3,  the use of multiple machines in a single campaign is not seen 


as best practice and could lead to a higher uncertainty if not properly documented. For 


the HKNB LiDAR buoy location however, this element has been set to 0.0% as the 


documentation presented showed a complete traceability. 


The mean wind speed as recorded by the HKNB LiDAR buoy system has not been 


adjusted for the effect of existing wind farms as this is seen as negligible to non-


existent, see Appendix D. In order to account for the uncertainty in these calculations, 


50% of the maximum wake effect calculated was taken as an uncertainty estimator 


here. The maximum wake effect was calculated by Fuga, resulting in 0.46% AEP, or 


around 0.2% in wind speed. The uncertainty factor is set at 0.1% (50% of 0.2%). 


The data at the HKNB LiDAR buoy location was measured at 100 m, making vertical 


extrapolation unnecessary. No horizontal extrapolation was needed to the HKNWFZ 


centre since that is where the measurements were also conducted.  


The long-term representation uncertainty was calculated for 16 years of ERA5 long-


term reference data and the MCP uncertainty was calculated in section 6.3. Horizontal 


extrapolation of the 100 m MSL long-term wind speed was necessary from the 


HKNWFZ centre (Node 1) to the other required nodes within the HKNWFZ (see section 


6.8). The KNW atlas was used for this extrapolation process and the uncertainty was 


calculated at 1.0% (section 6.6). 


The KS test uncertainty of 1.3% was derived from the ‘goodness of fit’ test made on 


the wind speed distributions as mentioned in section  6.3.2. 


Table 6-12 presents the combined uncertainty in long-term mean wind speed at 100 


m at the HKNWFZ centre (Node 1) using the first WRA (long-term corrected HKNB 


LiDAR buoy dataset). The total uncertainty is calculated at 4.4% and is further 


considered in the combined long-term wind speed estimation presented in section 6.8. 


  







   


 


 


Wind Climate Calculation   | Page 93 


Uncertainty components HKNB LiDAR buoy & ERA5 Value (%) 


Instrument accuracy Floating LiDAR 3.3 


Instrument mounting LiDAR deployment 0.5 


Data quality LiDAR data quality 1.5 


Data processing LiDAR data processing 1.0 


Use of multiple machines LiDAR 0.0 


Wake effect due to nearby wind farms Wake calculations 0.1 


Vertical extrapolation 
Not applicable, HKNB 


measured at 100 m MSL 
0.0 


Horizontal extrapolation to HKNWFZ centre (Node 1) 


Not applicable, HKNB is 


located on-site and 


considered site centre of 


HKNWFZ 


0.0 


Horizontal extrapolation to HKNWFZ nodes Based on KNW 1.0 


Long-term representation (=6/sqrt(n)) 
16 year period 


(10/04/2003 – 10/04/2019) 
1.5 


MCP uncertainty HKNB LiDAR vs ERA5 0.32 


KS-test derived wind speed distribution uncertainty HKNB LiDAR vs ERA5 1.3 


Total  4.4% 


Table 6-12 Uncertainty component overview of the long-term mean wind speed at the HKNWFZ 


centre (Node 1) from the first WRA using HKNB LiDAR buoy measurements at 100 m MSL 


6.7.2 Uncertainties in wind speed using OWEZ 


ECN has quantified in their report the anemometer accuracy and the effect of tower 


shadowing of the OWEZ met mast [35]. The mast instruments are monitored and 


calibrated by MEASNET associated institutes giving the data a low uncertainty. 


However, there are some significant uncertainties related to mounting due to the use 


of short booms. These values have been used to quantify instrument and mounting 


uncertainty. 


The 70 m MSL measurement height has a reasonable data availability of 95.3%. A low 


uncertainty in data processing is attributed due to the data being checked by MEASNET 


institutes and all processing steps can be independently repeated using the provided 


documentation. The total instrument and data related uncertainties, which is the root 


sum of squares of the first four items in Table 6-13, are estimated at 3.4% and well 


below the recommended 5.0% [35]. 


The rest of the uncertainties related to the long-term wind speed calculated in the 


second assessment have been explained in the previous section and are considered 


the same. The one exception is the horizontal extrapolation from the OWEZ met mast 


location to the HKNWFZ centre, leading to an additional uncertainty in the horizontal 


component, estimated here at 1.0% based on section 6.6. However, horizontal 
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extrapolation of the 100 m long-term wind speed was necessary from the HKNWFZ 


centre (Node 1) to the other required nodes within the HKNWFZ (see section 6.8). The 


KNW atlas was also used for this extrapolation process and the uncertainty was 


calculated at 1.0% (section 6.6). 


Table 6-13 presents the combined uncertainty in long-term mean wind speed at 100 


m at the HKNWFZ centre using the second assessment (long-term corrected OWEZ 


met mast dataset). The total uncertainty in this WRA is calculated at 5.2% and is further 


considered in the combined long-term wind speed estimation presented in section 6.8. 


Uncertainty components OWEZ met mast & ERA5 Value (%) 


Instrument accuracy Met mast OWEZ 2.0 


Instrument mounting Cup 2.5 


Data quality Met mast data quality 0.5 


Data processing Met mast data processing 1.0 


Vertical extrapolation 


Extrapolation from 70 m (using 


shear exponent from 21, 70 and 


116 m MSL) 


0.3 


Horizontal extrapolation to HKNWFZ 


centre (Node 1) 


From OWEZ to HKNWFZ (site 


centre), based on KNW 
1.0 


Horizontal extrapolation to HKNWFZ 


nodes 
Based on KNW 1.0 


Long-term representation (=6/sqrt(n)) 
15 year period 


(10/04/2003 – 10/04/2018) 
1.6 


MCP uncertainty ERA5 1.3 


KS-test derived wind speed 


distribution uncertainty 
ERA5 3.1 


Total  5.2% 


Table 6-13 Uncertainty component overview of the long-term mean wind speed at the HKNWFZ 


centre (Node 1) from the second WRA using OWEZ met mast measurements 


The second WRA has a significantly higher overall uncertainty (5.2 %) compared to the 


first (4.5%). Four uncertainty components contribute the most to this difference: 


instrument mounting of the OWEZ met mast anemometer cups, the horizontal 


extrapolation of OWEZ measurements, the higher MCP uncertainty and the uncertainty 


related to the goodness of fit between the wind speed distributions of the OWEZ and 


ERA5 datasets.  


6.8 Combined wind climate calculation 


6.8.1 Combined long-term wind speed and uncertainty 


The first and second WRA produced very similar long-term mean wind speeds at the 


HKNWFZ centre with a difference of 0.05 m/s (= 9.50-9.55 m/s). Their uncertainties are 


also close to each other, being off by 0.8%, with the second WRA (using OWEZ met 


mast) having a slightly higher value. 
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Since the two assessments are partly independent (or semi-independent), it is possible 


to combine these assessments to arrive at a joint answer having a lower overall 


uncertainty. This can be done using the inverse-variance weighting method to combine 


the wind speeds (and their uncertainties) of the first and second WRA [36]. This method 


minimizes the variance of the weighted average, with each variable being weighted in 


inverse proportion to its variance [45]. 


There are 2 important pre-conditions before this method can be applied: 


1. The combination can only be performed on independent variables and 


2. The variables need to be normally distributed 


The first WRA used as a source HKNB LiDAR buoy data long term corrected with ERA5. 


The second WRA used as basis the OWEZ met mast data long term corrected with 


ERA5 then horizontally extrapolated with KNW wind atlas mesoscale data. The two 


assessments are therefore independent of one another in short-term wind speeds but 


not in the long-term data sets used. See Table 6-14 below for a full breakdown of the 


dependencies between the two WRAs. 


Uncertainty 


components 


WRA 1 
HKNB LiDAR buoy &  


ERA5 


WRA 2 
OWEZ met mast & ERA5  


Dependence 


between 


WRA 1 and 2 


Instrument accuracy Floating LiDAR Met mast Independent 


Instrument mounting LiDAR deployment Cup Independent 


Data quality LiDAR data quality Met mast data quality Independent 


Data processing LiDAR data processing   Met mast data processing Independent 


Wake effects Wake calculation N/A Independent 


Vertical extrapolation N/A 
 Interpolation between 70 m 


& 116 m MSL 
Independent 


Horizontal 


extrapolation to 


HKNWFZ centre (Node 


1) 


N/A 


From OWEZ met mast to 


HKNWFZ centre (Node 1) 


using KNW atlas 


Independent 


Horizontal 


extrapolation to 


HKNWFZ nodes 


KNW atlas KNW atlas Dependent 


Long-term 


representation 


(=6/sqrt(n)) 


16 years (April 2003-April 


2019) 


15 years (April 2003-April 


2018) 
Dependent 


MCP ERA5 ERA5 Dependent 


Long-term correction 


distribution 
ERA5 ERA5 Dependent 


Table 6-14 Indication of dependency between the first and second WRA for each uncertainty 


component 


As there are no realistic estimators of the distributions of the independent variables, 


they are assumed to be normally distributed, which is in line with what was done in [4]. 
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The derived inverse-variance weights are presented in Table 6-15. The combined long-


term mean wind speed and uncertainty after the application of the calculated weights 


is shown in Table 6-16. 


Variables 
WRA 1 


HKNB LiDAR buoy 


& ERA5 


WRA 2 


OWEZ met mast & ERA5 


Mean wind speed [m/s] 9.50 9.55 


Uncertainty [%] 4.4 5.2 


Uncertainty of dependent variables:   


Long-term representation [%] 1.5 1.6 


Horizontal extrapolation to HKNWFZ nodes 


[%] 
1.0 1.0 


MCP uncertainty [%] 0.3 1.3 


KS-test distribution uncertainty [%] 1.3 3.1 


Uncertainty of independent variables:   


Remaining uncertainty [%] 3.8 3.6 


Inverse variance weighting:   


Standard Deviation [m/s] 0.36 0.34 


Variance 0.13 0.11 


Weights 0.47 0.53 


Table 6-15 Inverse-variance weighting of the WRAs calculated in this report at 100 m MSL 


 


Variables Value 


Weighted long-term mean wind speed [m/s] 9.53 m/s 


Weighted variance 0.06 


Weighted standard deviation [m/s] 0.25 


Weighted uncertainty (independent variables) [%] 2.6 


Total uncertainty (independent and dependent variables) [%] 4.0% 


Total uncertainty [m/s] ± 0.38 m/s 


Table 6-16 Combined long-term mean wind speed and uncertainty at 100 m MSL at HKNWFZ centre 


(Node 1) 
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Table 6-16 shows the calculated combined (WRA 1 and WRA 2) long-term mean wind 


speed at the HKNWFZ centre (Node 1) and associated total uncertainty at 9.53 ± 0.38 


m/s. The total uncertainty is calculated at 4.0%. 


Assuming that the result is Gaussian distributed and that the weighted mean wind 


speed of 9.53 m/s is the P50 value (50% probability of exceeding the wind speed), the 


other exceedance probability values are presented in Table 6-17. 


Exceedance probability Mean wind speed at 100 m MSL [m/s] 


P95 8.90 


P90 9.04 


P80 9.21 


P70 9.33 


P60 9.43 


P50 9.53 


P40 9.63 


P30 9.73 


P20 9.85 


P10 10.02 


P05 10.16 


Table 6-17 Combined long-term mean wind speed at 100 m MSL at the HKNWFZ centre (Node 1) 


for different exceedance probability values 


6.8.2 Wind resource mapping at HKNWFZ 


The wind speed gradient of the KNW atlas mesoscale data (10/04/2003 to 10/04/2018), 


with grid points spaced approximate 2.5 km apart, was used to horizontally extrapolate 


the long-term wind speed time series from the HKNWFZ centre (Node 1) to nodes 2, 


3, 4, 5, 6, 7, 8, 11 (previously presented in Figure 6-1). The correction factor method 


was applied (see section 6.4.5) using the KNW atlas long-term wind speeds 


interpolated between the KNW atlas grid points. 


The HKNWFZ nodes were chosen in order to obtain long-term corrected wind speed 


time series around the entire wind farm site boundary of HKNWFZ for use in yield 


calculations or to conduct other WRAs by end-users. The long-term mean wind speeds 


at the HKNWFZ nodes are presented in Table 6-18. More detailed wind climate 


statistics per node is further presented in Chapter 7. 


HKNWFZ nodes 
ETRS 


Easting [m] 


ETRS 


Northing 


[m] 


KNW atlas 


wind speed 


[m/s] 


KNW atlas 


wind speed 


gradient [%] 


Long-term 


corrected 


wind speed 


[m/s] 


Node 1 583952 5837767 9.47 0 9.56 


Node 2 581168 5842980 9.53 0.63 9.62 


Node 3 585959 5848589 9.52 0.53 9.61 


Node 4 588664 5849557 9.50 0.32 9.59 


Node 5 591842 5844754 9.43 -0.42 9.52 
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HKNWFZ nodes 
ETRS 


Easting [m] 


ETRS 


Northing 


[m] 


KNW atlas 


wind speed 


[m/s] 


KNW atlas 


wind speed 


gradient [%] 


Long-term 


corrected 


wind speed 


[m/s] 


Node 6 591775 5840594 9.40 -0.74 9.49 


Node 7 586994 5834036 9.42 -0.53 9.51 


Node 8 576641 5831507 9.50 0.32 9.59 


Node 11 590217 5826039 9.31 -1.69 9.40 


Table 6-18 Long-term corrected mean wind speeds at 100 m MSL at the HKNWFZ nodes, including 


the wind speeds at the nearest KNW atlas grid points . The coordinates are given in UTM ETRS89 


Zone 31. The wind speed gradient is given in percentage difference from Node 1. 


A total of 97 KNW atlas grid points were used in and around HKNWFZ to produce a 


long-term corrected HKNWFZ wind resource map at 100 m MSL. The KNW atlas grid 


points were interpolated using the Bayesian Kriging method. It was found to be the 


best performing geostatistical interpolation method, giving excellent predictions of the 


wind speeds at the HKNWFZ nodes (Table 6-18). This long-term mean wind speed map 


of HKNWFZ is presented in Figure 6-8. 
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Figure 6-8 Long-term 100 m MSL mean wind speed map of HKNWFZ (excluding wake effects of 


existing wind farms) 


6.8.3 Alignment with DHI 


At several of the previously mentioned nodes, results have been compared with the 


metocean study of DHI [47]. The comparison shows a close approximation of the wind 


speed at these nodes. An in depth comparison can be found in Appendix C. 
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7 WFZ Wind Climate  


Given the small changes between the wind speed calculated in the original study (9.56 


m/s) and the wind speed calculated in this current update, this chapter has been left 


largely unchanged. 


As presented in Chapter 6 above, the long-term mean wind speed found at HKNWFZ 


centre Node 1, is found to be 9.53 ± 0.38 m/s. The following sections give a further 


display of the characteristics of the wind climate over the HKNWFZ as presented before 


in the report based on year 1 of the HKNB measurements.  


7.1 Wind shear 
The wind shear of all investigated nodes in the HKN area are presented in Figure 7-1. 


The studied heights range from 10 to 300 m MSL.  


 


Figure 7-1 Wind shear of all investigated nodes 


The charts were created by calculating the scaling parameter for each node which was 


applied to the wind shear. The wind shear profile, which was derived from the HKNB 


measurements, is synthesized to the long-term wind statistics. It is assumed that the 


mean wind shear at each site will be broadly similar as all locations are offshore. The 


corresponding shear factor found is 0.08. 


Figure 7-1 shows that the mean wind speed is lower in nodes closer to the coast (Node 


11, Node 6 and Node 5) and higher in those nodes further inside the sea (Node 2 and 


Node 8). 
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The wind speed values for each Node and elevation along with their coordinates are 


detailed in accompanying spreadsheets. 


7.2 Diurnal variation 
The diurnal variation at Node 1 is presented in Figure 7-2. Due to the scaling to the 


other nodes, the results are considered to be representative for the other nodes too. 


 
Figure 7-2 Mean wind speed diurnal variation at Node 1. 


The dip observed in the diurnal variation, (between 8am and 9am), can be explained 


by the influence of the ERA5 reanalysis bi-daily data assimilation. This is a characteristic 


of meso scale models in general, also seen in for example KNW or CFSR data. For 


comparison, in Figure 7-3 the daily cycles of both the original HKNB data set and HKNB 


MCP-ed with ERA5 can be observed.  
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Figure 7-3 Comparison of the diurnal variation of HKNB buoy and ERA5 at 100m MSL  


As a recommendation, for the use in average AEP calculations, this daily cycle is not 


expected to influence any outcomes and hence the air density provided can be used. 


However, in case users intend to use the time series provided as part of this project for 


time-varying calculations, they are recommended to use only the HKNB daily cycle 


from the official dataset. 


7.3 Monthly variation 
The variation of the mean wind speed along the year can be seen in Figure 7-4. The 


data pattern represents a realistic yearly cycle, with high mean wind speeds observed 


in winter compared with the low mean wind speeds in summer months. Once again, 


we consider that the results are similar at the rest of the nodes. 
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Figure 7-4 Monthly mean wind speed variation at Node 1 


7.4 Inter-annual variation 
The inter-annual tendency of the mean wind speed is shown in Figure 7-5.  The years 


2003 and 2018 are not complete years due to the period selected for the analysis. 


Therefore, the annual mean wind speed is affected for both years as in 2003 the winter 


months and in 2018 the summer months were not considered. Results are similar at 


the rest of the nodes. 
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Figure 7-5 Annual mean wind speed at Node 1 


The Figure 7-6 below shows the inter-annual variation of the mean wind speed 


considering the measurement yearly period from April to March (instead of January till 


January). 


 


Figure 7-6 Annual mean wind speed from start of time series (April-April measurement year) at 


Node 1 
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Comparison of Figure 7-5 with Figure 7-6 shows the effects of incomplete years. The 1 


year measurement period of HKNB considered in this study falls in last year, which is 


slightly above average. This is in line with the down-ward scaling of the HKNB onsite 


measurements as a consequence of the MCP-process as presented in Table 6-4.  


7.5 Weibull parameters 
The best-fit Weibull parameters (c & k) are calculated with Windographer for each of 


the investigated nodes within the HKNWFZ. The Weibull parameters for ‘Node 1’ are 


shown in Table 7-1. 


Omnidirectional mean wind speed Node 1 
 


Measurement height (m MSL) 300 m 250 m 200 m 160 m 120 m 100 m 60 m 10 m 


Mean wind speed (m/s) 10.41 10.26 10.09 9.91 9.69 9.56 9.19 8.03 


Weibull k 2.25 2.26 2.27 2.28 2.29 2.30 2.32 2.34 


Weibull c (m/s) 11.76 11.60 11.39 11.20 10.95 10.79 10.38 9.06 


Table 7-1 Omnidirectional mean wind speed characteristics at all heights 


Table 7-2 shows the directional Weibull k parameters for 30 degrees sectors, e.g. for 


‘sector 0’ containing values for the sector 3450 to 150.  


Weibull k Node 1 


sector 0 30 60 90 120 150 180 210 240 270 300 330 


300 m 2.38 2.56 2.69 2.61 2.46 2.36 2.29 2.47 2.56 2.34 2.34 2.25 


250 m 2.38 2.56 2.69 2.62 2.47 2.36 2.29 2.47 2.56 2.34 2.34 2.26 


200 m 2.38 2.56 2.70 2.62 2.47 2.36 2.29 2.47 2.56 2.34 2.34 2.26 


160 m 2.38 2.56 2.70 2.62 2.47 2.36 2.29 2.47 2.56 2.34 2.34 2.26 


120 m 2.38 2.57 2.70 2.62 2.47 2.36 2.29 2.48 2.57 2.34 2.34 2.26 


100 m 2.38 2.57 2.70 2.62 2.48 2.36 2.29 2.48 2.57 2.34 2.34 2.26 


60 m 2.38 2.57 2.69 2.62 2.47 2.35 2.29 2.47 2.57 2.34 2.34 2.26 


10 m 2.37 2.54 2.65 2.60 2.44 2.31 2.28 2.46 2.56 2.34 2.34 2.26 


Table 7-2 Directional Weibull k per 30dgrs sector per height level 


The data at 100m MSL is shown graphically for the Weibull shape factor k in Figure 7-7. 


The data shows a broadly consistent Weibull shape. 
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Figure 7-7 Weibull k directional variation at node 1 at 100m MSL  


Weibull scaling parameter c (m/s) is showing in Table 7-3. With the data at 100m 


presented graphically in Figure 7-8. 


Weibull c Node 1 


sector 0 30 60 90 120 150 180 210 240 270 300 330 


300 m 9.43 9.35 10.01 10.19 10.00 10.55 12.43 14.49 14.06 12.29 10.98 10.38 


250 m 9.36 9.29 9.92 10.08 9.81 10.34 12.20 14.20 13.81 12.14 10.88 10.31 


200 m 9.28 9.21 9.82 9.95 9.59 10.08 11.91 13.85 13.52 11.97 10.75 10.22 


160 m 9.21 9.13 9.72 9.82 9.37 9.83 11.63 13.51 13.23 11.80 10.63 10.13 


120 m 9.11 9.03 9.59 9.65 9.10 9.51 11.28 13.08 12.87 11.59 10.47 10.02 


100 m 9.05 8.97 9.51 9.55 8.93 9.32 11.07 12.82 12.65 11.45 10.37 9.95 


60 m 8.88 8.79 9.29 9.27 8.48 8.79 10.49 12.11 12.04 11.09 10.10 9.75 


10 m 8.33 8.23 8.58 8.36 7.07 7.19 8.69 9.92 10.15 9.90 9.20 9.10 


Table 7-3 Weibull c parameters per 30 dgrs sector per height level 
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Figure 7-8 Weibull c directional variation at Node 1 at 100 m MSL 


Figure 7-8 closely resembles the wind rose shown in Figure 7-10 in that the largest 


Weibull scaling factor is seen in the dominant wind direction. 


7.6 Frequency distribution 
The frequency distribution of wind speed for Node 1 at a 100m height is shown in 


Figure 7-9. A Weibull curve is fitted to the data.  


 
Figure 7-9 Mean wind speed frequency distribution at 100m MSL for Node 1 with a fitted Weibull 


curve   
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7.7 Wind direction distribution 
The long-term average wind direction distribution at Node 1 at 100m height is 


depicted in Figure 7-10 below. 


 
Figure 7-10 Wind rose for Node 1 at 100m MSL 


The wind direction distribution found, has been compared with those of 2 other nearby 


sources, see Figure 7-12 here below. The close similarity gives confidence to the wind 


distribution found.  


 


Figure 7-11 Wind rose for OWEZ (left) and LEGO (right) at 100m MSL 
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The wind directions in the time series as provided for the various HKNWFZ nodes are 


identical to that of Node 1 (HKNWFZ centre).   


Given the extension of a site, a quick check was performed to rule out that this 


simplification was not neglecting long term variations in wind direction over the site. 


For this, a comparison with the wind directions at the related KNW nodes showed there 


is only a very small difference in the percentage of data per 30-degree direction bin 


(less than 1%). This leads us to conclude that the effect of taking a single wind direction 


time series for all nodes is therefore acceptable. 


7.8 Air temperature 
The air temperature [T] of two data sources is analysed, of which the mean, minimum 


and maximum temperatures are given in Table 7-4. Only full years are considered. The 


temperature of the entire data period is given, as well as the concurrent data period 


(01/07/2005 – 30/06/2010) of the analysed sources.  


The nearest data grid point of the ERA5 dataset is located 13,0 km to the west of 


HKNWFZ. ERA5 values are given on a 116 m altitude and on an hourly time resolution. 


A data period of 15 full years is used.  


The OWEZ met mast is located 13.2 km from HKN-B. The temperature data is taken 


from the highest temperature/humidity sensor which is 116 m MSL. A data period of 5 


full years is used. 


   Entire data period Concurrent data period 


(01/07/2005 – 30/06/2010) 


 Data 


period 


Distance 


to HKN 


[km] 


Mean 


T [°C] 


Min T 


[°C] 


Max T 


[°C] 


Mean T 


[°C] 


Min T 


[°C] 


Max T [°C] 


ERA5 @ 


116 m 


MSL 


01/01/2003 


– 


31/12/2017 


13.0 10.2 -7.8 30.1 10.3 -5.1 26.4 


OWEZ @ 


116 m 


MSL 


01/07/2005 


– 


30/06/2010 


13.2 10.4 -7.9 30.1 10.4 -7.9 30.1 


Table 7-4 Mean and extreme air temperatures of data sources 


The datasets show very small differences between the mean values. This is also the case 


when only when the mean temperature difference is analysed in the concurrent period 


(01/07/2005 – 30/06/2010). The mean temperature difference between the two sources 


is in our view mostly attributable to the accuracy difference between models and 


measurements. Models (reanalysis or mesoscale) are known to be unable to accurately 


model the effects of near-surface mixing & temperature processes. The differences in 


minimum and maximum values can most likely also be attributed to this 


underestimation. We therefore attribute greater value to the OWEZ-met mast based 


results. 
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7.9 Air pressure 
The air pressure [P] of the same data sources as mentioned in paragraph 7.8 are 


analysed. ERA5 values are model data given on a 20 m altitude and on an hourly time 


resolution. The air pressure data from the OWEZ met mast is taken from the Druck RPT 


410V air pressure sensor at 20m MSL, which is the only air pressure sensor at the met 


mast. 


The mean, minimum and maximum air pressure levels are given in Table 7-5. The mean 


air pressure is found to be similar in both sources. 


   Entire data period Concurrent data period 


(01/07/2005 – 30/06/2010) 


 Data period Distance to 


HKN [km] 


Mean 


P 


[hPA] 


Min P 


[hPA] 


Max P 


[hPA] 


Mean 


P 


[hPA] 


Min P 


[hPA] 


Max P 


[hPA] 


ERA5 @ 


20m 


01/01/2003 – 


31/12/2017 


13.0 1,012 962 1,045 1,012 962 1,045 


OWEZ @ 


20m 


01/07/2005 – 


30/06/2010 


13.2 1,015 960 1,061 1,015 960 1,061 


Table 7-5 Mean and extreme air pressure levels of data sources 


7.10 Relative humidity 
The relative humidity [RH] of the same data sources as mentioned in paragraph 7.8 are 


analysed. ERA5 values are model data given on a 116 m altitude and on an hourly time 


resolution. The relative humidity data from the OWEZ met mast is taken from the 


highest humidity sensor which is 116 m MSL. The used temperature data, as illustrated 


in Table 7-4, is taken from the same source. 


The mean, minimum and maximum relative humidity levels are given. The OWEZ met 


mast dataset shows a slightly lower mean value and has a significantly lower minimum 


value. For the same reasons as for the temperatures in section 7.8, the OWEZ met mast 


provided relative humidity levels are deemed to be more certain. 


   Entire data period Concurrent data period 


(01/07/2005 – 30/06/2010) 


 Data period Distance to 


HKN [km] 


Mean 


RH [%] 


Min 


RH [%] 


Max 


RH [%] 


Mean 


RH [%] 


Min 


RH [%] 


Max 


RH [%] 


ERA5 @ 


116m 


01/01/2003 – 


31/12/2017 


13.0 79.1 20.6 100.0 79.0 20.6 100.0 


OWEZ @ 


116m 


01/07/2005 – 


30/06/2010 


13.2 79.1 4.2 99.8 79.1 4.2 99.8 


Table 7-6 Mean and extreme relative humidity [RH] levels of data sources 
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7.11 Air density 
The air density [𝜌] is calculated for each time step, using air temperature, air pressure 


and relative humidity measurements. The air density is calculated using the following 


equation: 


𝜌 =
1


𝑇
[


𝑝


𝑅𝑑
− 𝑅𝐻 ∗ 𝑝𝑠𝑎𝑡 (


1


𝑅𝑑
−


1


𝑅𝑣
)]  


Where: 


• 𝜌 is the air density in humidity conditions in kg/m3 


• T is the air temperature in K 


• p is the air pressure in kPa 


• RH is relative humidity [unitless] 


• psat is the saturation vapour pressure in kPa 


• Rd is the specific gas constant of dry air (0.287 kJ kg-1 K-1) 


• Rv is the specific gas constant of water vapour (0.461 kJ kg-1 K-1) 


The mean air density and extreme values are given in Table 7-7. They closely match, 


also for the concurrent data period for which OWEZ and ERA5 were available. 


   Entire data period Concurrent data period 


(01/07/2005 – 30/06/2010) 


 Data period Distance 


to HKN 


[km] 


Mean ρ 


[kg/m3] 


Min ρ 


[kg/m3] 


Max ρ 


[kg/m3] 


Mean ρ 


[kg/m3] 


Min ρ 


[kg/m3] 


Max ρ 


[kg/m3] 


ERA5 @ 


116m 


01/01/2003 


– 


31/12/2017 


13.0 1.226 1.136 1.349 1.226 


 


1.153 1.329 


OWEZ @ 


116m 


01/07/2005 


– 


30/06/2010 


13.2 1.225 


 


1.143 1.346 1.225 


 


1.143 1.346 


Table 7-7 Mean and extreme air density [ρ] levels of data sources 


For the use in AEP calculations, both sources are deemed sufficiently trustworthy. In 


case other sources for air density are sought, the reader is referred to the Metocean 


Desk Study [47].  


For the wake calculations as conducted in this current study, the air density used is not 


of relevance, as the used models all treat air density differently (GRASP uses a time-


varying value, NO Jensen a fixed value etc.) and as the scope of these comparisons is 


primarily to compare wake effects relative to each other, not provide absolute values. 
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8 Comparison against other sources 


The wind climate derived for HKNWFZ in the previous chapters, is compared to several 


sources. A distinction is made between other offshore WRAs in the North Sea and 


offshore wind atlases. These sources are discussed in separate paragraphs. 


8.1 Other offshore WRAs 
A first source of comparison is the 2017 Ecofys study for HKZWFZ [4]. This site lies 


further to the south of HKNWFZ, and a similar distance to the coast. In general, the 


methods and some of the inputs of the HKZWFZ study are similar to the ones present 


here for HKNWFZ. This leads to high level of trust in its outcomes. 


The HKZWFZ WRA study was based on a single year of HKZWFZ floating LiDAR data, 


correlated to long term by using LEGO and a second source consisting of OWEZ 


correlated to long term using ConWx. At the time, KNW atlas nor ERA5 were available.  


The HKZWFZ WRA study found for the HKZWFZ site centre a long-term 100m mean 


wind speed value of 9.44 m/s ± 0.38 m/s. The wind speed gradient across the site is 


2.2%.  As a comparison: the current study for HKNWFZ finds a long-term 100m wind 


speed at the site centre of 9.53 m/s ± 0.38 m/s. The wind speed gradient across the 


site is 2.2%, which is the same as for the HKZWFZ study. 


The HKZWFZ WRA study as presented did not cover the HKNWFZ area as currently 


under scrutiny in this study. However, some conclusions can be drawn on the 


comparison between the results. Figure 8-1 below shows the wind speed gradients 


over both the HKZWFZ and HKNWFZ site based on respectively the original HKZWFZ 


WRA study (GIS-file) and this current study. 


As can be seen in Figure 8-1, the overall mean wind speed in HKNWFZ is found to be 


higher than HKZWFZ. This is likely due to the fact that HKNWFZ is slightly further 


offshore and further north than HKZWFZ. The wind speed gradient across the site is 


2.2%, which is comparable to the HKZWFZ gradient. 
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Figure 8-1 Comparison of LT corrected mean wind speed results from HKZWFZ WRA study for HKZ 


[4] and from current HKNWFZ WRA study for HKN (1st year results only). 
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8.2 Wind atlases  


8.2.1 NORSEWInD 


The results have first been compared to the NORSEWInD atlas [9] from 2012. This 


database and set of reports contains offshore wind data of the North, Irish and Baltic 


seas. It is the result of 12 years of LiDAR and met mast data combined with mesoscale 


modelling and satellite-derived wind speeds. A network of 14 stations/nodes was used 


to create the atlas. The OWEZ met mast was also included in the network.  


The database output shows a mean wind speed at the site centre of 9.38 m/s at 100m 


altitude, with a 1.6% wind speed gradient across the site. This means that the mean 


wind speed at site centre and wind speed gradient are slightly lower, 0.15 m/s and 


0.6%-point respectively than that of the current study, see also the summary in Table 


8-1. Figure 8-2 shows the NORSEWInD database derived wind speed over the site. 


 
Figure 8-2 NORSEWInD wind speeds at HKNWFZ 
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The difference in mean wind speeds found, can be considered small (1.7%) in light of 


the uncertainties at the HKNWFZ centre (4.0%). Possible explanations for the difference 


in both the absolute wind speed and the gradient could be the difference in 


geographical scope (KNW focusses primarily on The Netherlands, NORSEWInD on the 


entire North Sea) or progress in modelling skills since the NORSEWInD database was 


generated.  


8.2.2 Global wind atlas  


Several free-of-charge global wind atlases are available for comparison with the results 


presented above. The most recent one a product called Global Wind Atlas, was created 


by a partnership between the Department of Wind Energy at the Technical University 


of Denmark (DTU Wind Energy), Vortex and the World Bank Group (consisting of The 


World Bank and the International Finance Corporation, or IFC). Work on GWA 2.0 was 


primarily funded by the Energy Sector Management Assistance Program (ESMAP). Its 


purpose is to provide quick wind resource estimates globally. 


The atlas delivers a zoomable graphical interface with a wind speed resolution of 0.25 


m/s and a horizontal resolution of 1.0 km. The atlas contains data within 30 km from 


the Dutch coast. 


According to the Global Wind Atlas, the mean wind speed at the site centre is 8.64 m/s, 


which is significantly lower than this study’s results of 9.53 m/s. Figure 8-3 (next page) 


shows the Global Wind Atlas results for the HKNWFZ location.  


As seen in the figure, the Global Wind Atlas data does not cover HKNWFZ fully. The 


wind speed gradient is found to be 1.4%. There is no direct insight available into why 


the Global Wind Atlas shows significantly lower values and there is also no extensive 


list of validations given (only 43 sites have been used globally for validation). An 


assumption is therefore that in contrast to e.g. NORSEWInD no (nearby) offshore 


sources have been used in generating the outputs. This would lead to a significant 


underestimation of the wind climatology.  



http://www.worldbank.org/

http://www.worldbank.org/
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Figure 8-3 Wind speed gradient of Global Wind Atlas over HKNWFZ 


8.2.3 The New European Wind Atlas (NEWA) 


The New European Wind Atlas is a collaborative research project funded under the 


ERANET+ funding scheme.  


Consisting of 28 partners spread over 8 European countries, the NEWA project 


represents the latest effort to create a consistent wind atlas that covers both onshore 


and offshore regions. 


The NEWA product is a 30 year timeseries provided at a 3km spatial resolution using 


the MESOSCALE model WRF as the main modelling tool. 


The NEWA approach combines a number of datasets and sources in order to provide 


detailed information on land coverage (CORINE), sea ice extent and sea surface 







   


 


 


Comparison against other sources   | Page 117 


temperatures (OSTIA SST) with the numerical domain being initialised using the ERA5 


reanalysis dataset. 


Figure 8-4 below presents the wind speed gradient at 100m MSL. Due to the coarse 


resolution of the NEWA web-portal, it is not possible to discern a clear horizontal 


gradient. 


  


Figure 8-4: NEWA output at 100m MSL covering the Dutch offshore economic development zone. 


Source: NEWA 


To access the dataset the reader is invited to visit: 


https://map.neweuropeanwindatlas.eu/ 
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For HKNB, a timeseries was extracted in order to compare to the long term adjusted 


wind speed as predicted by this WRA document. A node was selected as close as 


possible to the HKNB measurement location and a 10-year dataset was extracted. 


Please note that a longer timeseries is possible but for the purpose of comparison with 


the DOWA output in 8.2.4 and the HKZB a 10-year period was chosen: 01-01-2009 


00:00:00 / 30-12-2018 23:00:00. 


The output of the comparison is presented in table 8-1.


 


8.2.4 The Dutch Offshore Wind Atlas (DOWA) 


The Dutch Offshore Wind Atlas (DOWA) was released in January 2019 and is a 


collaborative project led by the Dutch institute KNMI. 


The DOWA process extends the capability of the base mesoscale model HARMONIE-


AROME as used to generate the KNW product. 


The modelling chain involves using the HARMONIE-AROME model to downscale ERA5 


reanalysis data. Other observation based datasets are tested and assimilated at this 


stage to provide the base product. Once complete, selected downscaling is also 


provided by the integration of the Whiffle LES GRASP modelling tool as presented in 


this report. 


As part of the HKN wind resource analysis a 10-year dataset was extracted at the closest 


point to the HKNB measurement location (01-01-2008 00:00:00 / 01-01-2017 23:00:00). 


10-years is the current maximum timeseries length although it is expected that this will 


be extended to 40-years in due course. 
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Figure 8-5: DOWA and KNW modelling domain: Source DOWA 


For further information and to access the dataset the reader is invited to visit: 


https://www.dutchoffshorewindatlas.nl/ 


The Figure 8-6 below presents the wind speeds over the HKN and HKZ sites as per 


the DOWA-results. 


 



https://www.dutchoffshorewindatlas.nl/
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Figure 8-6 DOWA output at 100m MSL covering the Dutch offshore economic development zone. 


Source: DOWA 


 


Table 8-1 presents the comparison results between the three new products, HKN WRA, 


DOWA and NEWA.


  


 


8.3 Summary & conclusions 
The mean wind speeds and gradients of the described sources described above, are 


compared in Table 8-1.  
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The results of the HKNWFZ are the most similar to HKZWFZ Ecofys study. The table 


indicates the differences in mean wind speed at the HKNWFZ site centre, as good as 


could be derived from its sources. The difference in the wind speed gradient of 


NORSEWInD compared to the results of this study and the HKZWFZ study are 


explained in section 8.2.1. The differences in wind speed and gradient of GWA 


compared to the results of this study and the HKZWFZ study are explained in section 


8.2.2.  


Given the specific attention paid to the HKNWFZ and HKZWFZ and the extensive 


validation specifically underlying the mesoscale /reanalysis models used in the 


HKNWFZ and HKZWFZ studies against many (local) sources, inspires most confidence 


in the current HKNWFZ result over the other, more general sources such as 


NORSEWInD, Global Wind Atlas and DOWA/NEWA. 


Data source Reference node Mean wind speed 


[m/s] 


Wind speed 


gradient [%] 


HKNB LiDAR (16 yr. long-


term correction) 


HKNB @ 100 m 9.53 ± 0.38 2.2% 


HKZWFZ Ecofys Study  HKZB @ 100 m 9.44 ± 0.38 2.2% 


NORSEWInD  HKNB @ 100 m 9.38 1.6% 


Global Wind Atlas HKNB @ 100 m 8.64 1.4% 


DOWA (10 year mean) HKNB @ 100m 9.59 - 


NEWA (10 year mean) HKNB @ 100m 9.17 - 


Table 8-1 Comparison measured and modelled mean wind speeds 
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9 Wake effects 


This chapter remained unchanged compared to the original report.  


As part of this study the potential impact of the two neighbouring wind farms OWEZ 


and OWFPA have been modelled using a number of different approaches. Figure 9-1 


shows the location of the two wind farms with respect to the proposed HKNWFZ 


development zone. 


 
Figure 9-1 Location of Prinses Amalia wind farm and OWEZ windfarm 


As can be seen in Figure 9-1, the two wind farms are located to the south (OWFPA) 


and south east (OWEZ) of HKNWFZ. This location, when examined in the context of the 
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prevailing wind conditions (see Chapter 6) indicates that the wind farms are not located 


in the prevailing wind direction. Whereas this gives some confidence that there may 


be little impact on the yield potential for HKNWFZ, the potential impact in terms of 


yield reduction needed to be modelled. 


A full description of the approach and software applications used to model the wakes 


are presented in Appendix D. A short summary of the output is presented here. 


9.1 Offshore wake analysis summary 
In order to assess wake impact on energy production, two theoretical wind farm layouts 


for HKNWFZ were generated and are presented in section 10Appendix A.2. 


Wake deficits were studied using 4 wake models that were setup to simulate 8 model 


cases.  


The wake models chosen for this analysis were: 


1. NO Jensen 2005; 


2. NO Jensen 3D; 


3. The DTU Wind wake model FUGA; 


4. The Whiffle LES GRASP model. 


Each model is described in more detail in Appendix D. 


The model runs chosen are also described in more detail in Appendix D. The purpose 


of the cases was to look systematically at the impact of OWFPA and OWEZ on wind 


speed and potential yield reduction at HKNWFZ. 


This was done by first of all, by creating a free flow wind case (Case A), then looking at 


the impact of OWEZ and OWFPA on wind flow (Case B) by simulating these wind farms 


and comparing the output of Case B with Case A. 


Cases C, D and E look at the potential impact in energy production at HKNWFZ. This 


was done for the two hypothetical layouts with different operational assumption made 


for OWEZ and OWFPA. These were: 


1. Case C: Both HKNWFZ layouts with both OWEZ and PA modelled; 


2. Case D: Both HKNWFZ layouts with only OWEZ modelled; 


3. Case E: Both HKNWFZ modelled in isolation – no input from OWEZ or OWFPA. 


Case A and Case B were used to evaluate the potential impact on the wind 


measurements taken at HKNB. Table 9-1 presents the results from the analysis. 
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Model Wind speed effect (%) 


NO Jensen (2005 and 3D) 0.10 – 0.15 


GRASP 0.1 +/- 0.06  


Fuga 0.2 


Table 9-1 Results of Case A and Case B simulations showing level of wind speed deficit projected at 


HKNB 


The results show that there is little impact on the wind measurements at HKNB. 


Although a small percentage is recorded, this level of wind speed deficit is within the 


margin of error associated with the simulation techniques. The output of this analysis 


supports the positioning of the measurement locations at HKNA and HKNB as being 


not affected by wake effects from OWFPA and OWEZ. 
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 10  MW (%) 12 MW (%) 


GRASP   


     Offshore Wind Farm Prinses Amalia + OWEZ (C1 and C2) 0.33 0.26 


     Offshore Wind Farm Prinses Amalia (D1 and D2) 0.24 0.19 


Jensen 3D (k=0.038)   


     Offshore Wind Farm Prinses Amalia + OWEZ (C1 and C2) 0.09 0.10 


     Offshore Wind Farm Prinses Amalia (D1 and D2) 0.07 0.07 


Jensen 2005 (k=0.038)   


     Offshore Wind Farm Prinses Amalia + OWEZ (C1 and C2) 0.12 0.10 


     Offshore Wind Farm Prinses Amalia (D1 and D2) 0.09 0.07 


FUGA   


    Offshore Wind Farm Prinses Amalia + OWEZ (C1 and C2) 0.46 0.42 


    Offshore Wind Farm Prinses Amalia* (D1 and D2) - - 


Average   


     Offshore Wind Farm Prinses Amalia + OWEZ (C1 and C2) 0.25 0.22 


     Offshore Wind Farm Prinses Amalia** (D1 and D2) 0.19 0.16 


Table 9-2 Difference in AEP for the two hypothetical wind farm layouts at HKNWFZ due to OWEZ 


and OWFPA.   


* The FUGA model has not been run for cases D1 and D2. ** To include FUGA in the averages of cases D1 


and D2, scaled FUGA results for cases D1 and D2 were used. The scaling factor (= 0.73) was taken as the 


average ratio of the wake losses of cases C and D of all other wake models. 


Table 9-2 shows the results for cases C and D. The wake effects are in all cases below 


0.5% with the FUGA code showing the highest potential wake loss of 0.46%. This 


compares reasonably with the more technically advanced model as put forward by 


GRASP at 0.33%.  


Of the two current wind farms OWFPA has the greater impact on HKNWFZ. This is most 


likely due to the greater number of wind turbines (60 versus 36 at OWEZ) and because 


OWFPA is in a region that experiences more wind from a southerly direction as 


opposed to south east winds. 


In summary the wake analysis shows that the projected wake effects are less than 0.5% 


in energy yield.  
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9.2 Turbulence intensity  
Turbulence is a difficult parameter to measure using LiDAR technology, however 


because the LES is a turbulence resolving model, it is possible to retrieve simulated 


rather than modelled turbulence statistics from the simulation. Appendix B describes 


in more detail how this is done. 


 


Figure 9-2 Turbulence intensity against wind speed for different nodes in case C2.   


The TI results show that at locations that are most affected by the wake effects of the 


HKNWF (e.g. node 5), the TI levels are much higher than nodes that are positioned 


upstream of the wind farm for prevailing wind directions (e.g. node 8). This effect is 


most prominent for the wind speeds between 3 m/s and 10 m/s, i.e. the part of the 


power curve with the highest thrust and power coefficients. 


To give further insight in the directional dependence of TI, Figure 9-3 shows the 


turbulence intensity roses (frequency of occurrence per wind direction sector) for case 


C2.  
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Figure 9-3 Turbulence intensity roses (frequency of occurrence per wind direction sector) for 


different nodes in case C2. 


Here we can clearly see that for node 8 that lies in the SW corner of the HKWFS, for 


SW wind direction the TI levels are mostly below 0.075, whereas for the NE corner node 


5, for SW wind directions the TI levels are higher than 0.1. 
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10 Conclusions 


This report described the assessment of the offshore wind climate for the Hollandse 


Kust (Noord) Wind Farm Zone in the Dutch North Sea. The basis of this wind 


climatology study was formed by wind measurements conducted with two floating 


LiDARs (HKNA and HKNB).  


From additional analysis of available measurement sources in the vicinity of HKNWFZ, 


it emerged that the data from the OWEZ measuring mast, which lies a few kilometres 


to the south-east of the site, is suitable for determining the expected wind gradient 


over the site. 


 


The measured wind climate was subsequently adjusted to arrive at a long-term wind 


climate. The wind climates at both locations (OWEZ and HKNB) were then compared 


with the KNMI North Sea Wind (KNW) atlas. This proved to predict both wind speeds 


well. The long-term average wind speed, at 100 meters above average sea level, in the 


centre of the HKNWFZ is therefore determined at 9.53 ± 0.38 m/s. The wind speed 


found is about 0.1 m/s higher than the wind speed for the Hollandse Kust (zuid) wind 


farm zone and has a slightly smaller uncertainty. 


 


Comparison with other sources such as NORSEWInD and the previous Ecofys HKZWFZ 


WRA show a close resemblance. Some other sources such as the Global Wind Atlas 


show slightly larger deviations. 


 


As there are existing offshore wind farms in the immediate vicinity of the site, namely 


Offshore Wind Farm Prinses Amalia (OWFPA) and Offshore Wind Farm Egmond aan 


Zee (OWEZ), extra attention has been paid in this study to calculating the effect of 


these parks on HKNWFZ. For this purpose, a number of wake models were used, 


varying from simple models (NO Jensen) to advanced 'Large Eddy Simulations' 


(Whiffle). This analysis showed, among other things, that the effect of the existing wind 


farms on the buoy measurements (HKNA and HKNB) is negligible. In addition, the 


possible effect of the existing parks on a potential future wind farm set-up for HKNWFZ 


was examined. Two indicative but realistic layouts have been designed for this, based 


on 10 and 12 MW wind turbines. This showed that the expected indicative effects range 


from 0.2% to 0.5%. 
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Appendix A  HKNWFZ coordinates 


Appendix A.1 Investigation area Hollandse Kust (noord) 


 
Figure A-0-1 Investigation area Hollandse Kust (noord) 
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 OWEZ Offshore Wind Farm Prinses Amalia 


# wind turbines  36 60 


Wind turbine type Vestas V90 Vestas V80 


Rated capacity [MW] 3 2 


Total installed capacity [MW] 108 120 


Rotor diameter [m] 90 80 


Hub height  


[m above MSL] 


70 59 


In use since 2007 2008 


Permit end date 18 April 2027 1 June 2028 


Table A-0-1 Characteristics existing wind farms within investigation area 


WTG Nr X [ETRS 89] Y [ETRS 89] WTG Nr X [ETRS 89] Y [ETRS 89] 


1 597.182 5.826.380 20 594.960 5.830.424 


2 596.757 5.826.863 21 594.535 5.830.908 


3 596.340 5.827.338 22 598.549 5.827.853 


4 595.915 5.827.822 23 598.120 5.828.338 


5 595.491 5.828.305 24 597.696 5.828.826 


6 595.066 5.828.789 25 597.039 5.829.572 


7 594.634 5.829.281 26 596.561 5.830.116 


8 594.209 5.829.764 27 596.136 5.830.600 


9 593.784 5.830.248 28 595.711 5.831.084 


10 593.367 5.830.739 29 595.286 5.831.568 


11 592.934 5.831.216 30 598.869 5.828.998 


12 592.509 5.831.700 31 598.447 5.829.486 


13 598.190 5.826.748 32 597.797 5.830.224 


14 597.765 5.827.232 33 597.313 5.830.776 


15 597.340 5.827.715 34 596.888 5.831.260 


16 596.915 5.828.199 35 596.463 5.831.744 


17 596.235 5.828.973 36 596.038 5.832.228 


18 595.810 5.829.457 OHVS 583.696 5.826.882 


19 595.385 5.829.940    


Table A-0-2 OWEZ wind farm turbine coordinates at a hub height of 70 m 
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WTG Nr X [ETRS 89] Y [ETRS 89] WTG Nr X [ETRS 89] Y [ETRS 89] 


1 584.024 5.829.007 32 581.043 5.827.763 


2 583.073 5.829.056 33 581.525 5.827.499 


3 583.534 5.828.757 34 582.007 5.827.235 


4 583.996 5.828.458 35 582.490 5.826.971 


5 584.457 5.828.159 36 582.972 5.826.707 


6 582.105 5.829.063 37 583.454 5.826.443 


7 582.572 5.828.772 38 583.937 5.826.179 


8 583.039 5.828.481 39 584.419 5.825.915 


9 583.505 5.828.191 40 584.902 5.825.651 


10 583.972 5.827.900 41 580.533 5.827.405 


11 584.439 5.827.608 42 581.021 5.827.150 


12 584.906 5.827.318 43 581.508 5.826.895 


13 585.373 5.827.027 44 581.995 5.826.640 


14 581.587 5.828.734 45 582.483 5.826.385 


15 582.059 5.828.452 46 582.970 5.826.130 


16 582.531 5.828.170 47 583.457 5.825.875 


17 583.004 5.827.888 48 583.944 5.825.620 


18 583.476 5.827.606 49 584.432 5.825.365 


19 583.948 5.827.323 50 580.529 5.826.802 


20 584.420 5.827.041 51 581.021 5.826.556 


21 584.892 5.826.759 52 581.513\ 5.826.310 


22 585.364 5.826.477 53 582.004 5.826.064 


23 581.070 5.828.385 54 582.496 5.825.818 


24 581.547 5.828.111 55 582.988 5.825.571 


25 582.026 5.827.839 56 583.480 5.825.325 


26 582.502 5.827.566 57 580.549 5.826.228 
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WTG Nr X [ETRS 89] Y [ETRS 89] WTG Nr X [ETRS 89] Y [ETRS 89] 


27 582.980 5.827.293 58 581.045 5.825.990 


28 583.457 5.827.020 59 581.541 5.825.752 


29 583.934 5.826.747 60 582.037 5.825.515 


30 584.412 5.826.473 OHVS 583.696 5.826.882 


31 584.889 5.826.200 
   


Table A-0-3 Offshore Wind Farm Prinses Amalia turbine coordinates at 59 m 


Appendix A.2 HKN SCENARIOS 
In order to calculate the possible wake effects of existing wind farms (as described 


above in section Appendix A.1), two potential wind farm layouts have been generated. 


For these layouts, which are to be considered explicitly as indicative only, we have come 


to site capacities of around 730 MW, which is in line with the current (market standard) 


of overplanting. The Table A-0-4 below gives the characteristics of the 2 sample 


scenarios used, while Table A-0-5 and Figure A-0-2 show the layout and coordinates 


applied for the 10 MW scenario. The assumed layout for the 12 MW scenario is Table 


A-0-6 and Figure A-0-3 on the subsequent pages. 


Variables HKN – 10 MW wind turbines HKN – 12 MW wind turbines 


# wind turbines  73 61 


Rated capacity [MW] 10 12 


Total installed capacity [MW] 730 732 


Rotor diameter [m] 164 220 


Hub height [m] 105 138 


Wind turbine spacing 8.0 D 6.7 D 


Table A-0-4 Characteristics HKN scenarios 


The wind turbine characteristics are based on new wind turbine types currently 


entering the market. Realistic Pv and Ct-curves have been used based on available 


information. As the wind turbine specifics were obtained in confidence, no further 


details of these wind turbines can be shared.  


The layouts have been generated in WindPro, using the Layout optimization module 


with a regular grid of 6.7 and 8.0D respectively for the 10 MW and 12 MW scenario. 


This module generated quick and simple layouts with the site boundaries indicated. 


The layouts provided have not been updated further manually, as this was not expected 


to influence the accuracy of AEP calculations due to Offshore Wind Farm Prinses Amalia 


and Offshore Wind Farm Egmond aan Zee.  
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HKN – 10 MW turbines 


 
Figure A-0-2 HKN 10 MW wind turbines layout 
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WTG Nr X [ETRS 89] Y [ETRS 89] WTG Nr X [ETRS 89] Y [ETRS 89] 


1 586.913 5.835.529 38 586.098 5.844.591 


2 583.422 5.833.809 39 586.535 5.843.336 


3 584.755 5.833.968 40 583.612 5.845.140 


4 585.716 5.834.907 41 584.767 5.844.468 


5 586.809 5.834.144 42 584.568 5.843.138 


6 577.399 5.833.128 43 585.636 5.842.341 


7 584.118 5.835.854 44 585.749 5.841.013 


8 583.032 5.835.081 45 586.388 5.839.828 


9 582.155 5.836.088 46 586.974 5.842.080 


10 581.868 5.834.410 47 587.327 5.840.795 


11 577.889 5.834.368 48 588.263 5.839.834 


12 578.379 5.835.609 49 589.597 5.839.834 


13 579.444 5.836.411 50 588.627 5.849.414 


14 580.781 5.836.251 51 589.369 5.848.308 


15 580.628 5.834.919 52 590.112 5.847.202 


16 580.276 5.833.636 53 590.853 5.846.095 


17 579.223 5.834.457 54 591.596 5.844.989 


18 582.682 5.843.847 55 591.670 5.843.661 


19 579.457 5.838.343 56 591.666 5.842.331 


20 583.322 5.842.664 57 591.550 5.840.999 


21 583.967 5.841.484 58 590.216 5.841.025 


22 584.614 5.840.306 59 588.882 5.841.025 


23 585.252 5.839.121 60 588.304 5.842.232 


24 584.403 5.838.090 61 589.638 5.842.232 


25 583.765 5.839.275 62 590.370 5.843.344 
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WTG Nr X [ETRS 89] Y [ETRS 89] WTG Nr X [ETRS 89] Y [ETRS 89] 


26 583.118 5.840.454 63 590.296 5.844.672 


27 582.473 5.841.634 64 587.866 5.843.487 


28 581.139 5.841.703 65 589.140 5.843.879 


29 583.072 5.837.912 66 587.428 5.844.743 


30 581.734 5.838.071 67 586.999 5.846.001 


31 580.680 5.838.888 68 586.500 5.847.236 


32 580.156 5.840.114 69 586.078 5.848.496 


33 582.432 5.839.207 70 587.322 5.848.972 


34 581.489 5.840.164 71 588.103 5.847.895 


35 585.167 5.847.300 72 588.213 5.846.567 


36 584.390 5.846.220 73 589.446 5.846.045 


37 585.669 5.845.850 
   


Table A-0-5 HKN 10 MW coordinates 
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HKN – 12 MW turbines 


 


 
Figure A-0-3 HKN 12 MW wind turbines layout 
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WTG Nr X [ETRS 89] Y [ETRS 89] WTG Nr X [ETRS 89] Y [ETRS 89] 


1 586.913 5.835.529 32 586.313 5.839.759 


2 583.422 5.833.809 33 583.544 5.845.046 


3 586.414 5.834.138 34 584.767 5.845.879 


4 585.428 5.835.674 35 585.959 5.845.004 


5 584.813 5.834.318 36 584.255 5.843.732 


6 577.399 5.833.128 37 585.738 5.843.529 


7 577.943 5.834.505 38 585.290 5.842.123 


8 578.486 5.835.882 39 586.827 5.842.507 


9 579.889 5.836.358 40 587.064 5.841.035 


10 581.374 5.836.181 41 588.040 5.839.921 


11 582.858 5.836.004 42 589.523 5.839.795 


12 582.210 5.834.659 43 588.627 5.849.414 


13 580.899 5.833.939 44 589.451 5.848.186 


14 579.752 5.834.880 45 590.274 5.846.958 


15 579.544 5.833.324 46 591.100 5.845.731 


16 582.682 5.843.847 47 591.709 5.844.380 


17 579.457 5.838.343 48 591.661 5.842.904 


18 583.392 5.842.533 49 591.708 5.841.429 


19 584.113 5.841.228 50 590.263 5.841.080 


20 584.829 5.839.918 51 588.780 5.841.206 


21 585.369 5.838.543 52 590.216 5.842.555 


22 580.000 5.839.720 53 590.265 5.844.031 


23 580.671 5.841.054 54 588.305 5.842.603 


24 581.534 5.842.252 55 588.786 5.843.999 


25 582.632 5.841.244 56 587.407 5.844.547 


26 583.348 5.839.935 57 589.656 5.845.383 
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WTG Nr X [ETRS 89] Y [ETRS 89] WTG Nr X [ETRS 89] Y [ETRS 89] 


27 583.888 5.838.559 58 588.230 5.845.773 


28 582.522 5.837.977 59 586.826 5.846.239 


29 581.038 5.838.154 60 588.306 5.847.250 


30 581.983 5.839.353 61 587.483 5.848.479 


31 585.167 5.847.300    


Table A-0-6 HKN 12 MW coordinates 
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Appendix B Description of GRASP 
This Appendix has not been updated from the original report. 


In this appendix we describe the LES model that has been used for the wake 


calculations. We also present validation results of the model against a number of 


measurements.  


Appendix B.1 LES description  


Appendix B.1.1 LES version 


Whiffle uses its GPU-Resident Atmospheric Simulation Platform (GRASP) to perform 


calculations of the wake effects of the HKN wind farm and the effects of the 


neighbouring wind farms. GRASP is a Large Eddy Simulation model that performs its 


core routines on Graphics Processing Units (GPUs). The origin of GRASP lies in an LES 


code that is commonly referred to as DALES: Dutch Atmospheric Large Eddy 


Simulation, see [B1]. DALES has been and is still widely used in the boundary layer 


meteorology community. To overcome the barrier of the large computational costs 


that have long prohibited the use of LES in operational weather forecasting, the DALES 


model was translated to a code that runs most of its computational routines on GPUs 


[B2].  


Appendix B.1.2 Boundary conditions 


Mesoscale models are usually nested in large scale models by prescribing the values 


of the hosting model to the edges of the mesoscale model domain. In principle, such 


a method could be used for nested LES simulations as well, but it requires very large 


simulation domains to allow for sufficient development of turbulence in the LES. To 


overcome this, LES models are usually run with periodic boundary conditions and 


prescribe the large-scale boundary conditions only as tendencies, i.e. the state variables 


contain an extra forcing term to account for the large-scale processes. This setting to 


run an LES coupled to a large-scale NWP model has been extensively described in [B3] 


and [B4]. In the runs for HKNWFZ, we use ERA5 fields for the large-scale boundary 


conditions.  


At the bottom of the LES domain, we prescribe the dynamic surface roughness of ERA5 


that takes the sea-state into account. Because the local wind velocity in the LES may 


be different than the ERA5 wind, this setting does not reflect full interaction between 


the LES winds and the sea state.  Until a fully coupled local wave and atmospheric LES 


model is implemented, the above setup is a trade-off between using the surface drag 


from the ECMWF coupled wind and wave fields (coarse in spatial resolution, but 


reflecting varying sea-state in time) and parameterizing the drag forces based on local 


wind speeds (high spatial resolution, but assuming a constant sea state).  


Appendix B.1.3 Turbine parameterisation 


GRASP uses an actuator disk parametrisation as described by [B5]. This parametrisation 


only needs information about the power curve, thrust curve, rotor diameter and hub 


height. This information is usually available or can be estimated with good accuracy. 


The parametrisation calculates the drag forces (using the thrust curve) and rotational 
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forces (using the power curve) based on the local wind speed, taking the actual 


induction into account. Individual yaw control based on the local wind direction is 


applied to the turbines. With the use of a concurrent pre-cursor simulation [B6] (an LES 


without wind farms that runs in parallel to the actual wind farm simulation), the 


turbulent free-stream wind conditions are prescribed at the edges of the simulation 


domain. 


Appendix B.2 Validation cases 
We present the GRASP validation cases that are most relevant for the HKNWFZ study. 


We focus on wind speed comparisons against LiDAR measurements  


Appendix B.2.1.1 HKNWFZ LiDAR measurements 


The LES setup that was used for the HKNWFZ runs is shown schematically in Figure 


B-0-4. 


 


Figure B-0-4 LES domain of the HKNWFZ. The horizontal resolution of the runs was 64m. In the 
vertical direction, the grid is stretched and ranges from 20 m at the lowest model levels to 
46m at the top of the domain. 


We compared the LES results of case b, that represents the current situation with 


Amalia and OWEZ as operational wind farms. Figure B2 shows the comparison of the 


115m wind speeds between GRASP and the LiDAR measurements.  An excellent 


resemblance of the distributions is observed.  
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Figure B-0-5 Comparison between GRASP results and LiDAR observations at HKNWFZ. The 
graphs show the 115m wind speed distributions and Weibull parameter estimates. 


 


 


Figure B-0-6 Scatter plot of 115m GRASP wind speed against HKNB LiDAR wind speeds with 
overview of error statistics 


Figure B-0-6 shows a scatter plot with the error metrics for the GRASP runs for the 


HKNWFZ for the period between April 2017 and April 2018. The results show a small 


bias of 0.04 m/s. In general, the error metrics bias, correlation coefficient and mean 


absolute error (MAE) can be considered good compared to mesoscale model validation 


on similar sites presented in the Ecofys wind resource assessment for HKZ [B7]. 


Additional analyses showed that the wake effects of the neighbouring wind farms at 


the LiDAR location are small, roughly 0.05 m/s.  


Appendix B.2.1.2 Borssele LiDAR measurements 


The floating LiDAR campaign that was carried out at the offshore Borssele Wind Farm 


Zone (BWFZ) provides a useful dataset to validate the ability of GRASP to capture (far) 
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wake effects. One of the LiDARs was positioned roughly 3km away from the Belgian 


Northwind wind farm, while the other was roughly 15 km away. 


 


Figure B-0-7 Setup of the Borssele LES domain 


We have performed LES runs over this area with the Belgium wind farms included in 


the simulations. Figure B-0-7 schematically shows the setup of these runs. During the 


period from 2016-2-12 to 2016-07-07, both LiDARs were operational, so this period 


has been simulated. In the results we focus on the comparison between the GRASP 


runs with the Belgian wind farms and reference GRASP runs without the Belgian wind 


farms included. Unfortunately, no SCADA data of the Belgian wind farms was available 


for this study. 


 


Figure B-0-8 Comparison of Weibull distributions of GRASP model results with LiDAR 2 
measurements just behind the Belgium wind farms. Left: situation with Belgium wind farms 
included in the model. Right: situation where Belgium wind farms were not included in the 
model. The figures show that the Weibull scale parameter of GRASP wind fields correspond 
well with measurements only if the turbines are included 
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Figure B-0-8 shows the wind speed distributions of the two GRASP runs (with and 


without wind farms) and the observations. We observe that the distributions in the case 


with wind farms resemble the observations much better than in the case without wind 


farms. In the latter case, GRASP overestimates the average wind speed by roughly 0.5 


m/s. In the case with wind farms (note that this matches the actual situation during the 


time of the LiDAR campaigns), the average wind speed shows excellent agreement with 


the LiDAR measurements. 


 


Figure B-0-9 Error statistics of GRASP simulation with wind turbines (labelled ‘turbines’, right 
two plots) and without wind turbines (labelled ‘free stream’, left two plots) at both LiDAR 
positions. Lidar 1 data is limited to the time period of lidar 2. 


Figure B-0-9 shows a total of four scatter plots of the two GRASP runs against the two 


different LiDAR measurements: LiDAR 1 far away from the Belgian wind farms and 


LiDAR 2 close to the wind farms. We confirm again that GRASP with wind farms 


performs better for LiDAR 2, whereas for LiDAR 1 there is very little difference in the 


error statistics. In general, GRASP shows good agreement with the observations 


compared to typical mesoscale model performance. 
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Appendix B.2.1.3 HornsRev1 wake validation 


Arguably the most studied offshore wind farm is the HornsRev1 wind farm. For this 


farm, a database of wake measurements as described by Barthelmie [B8] is available. 


We have evaluated results over the same period as in the wake model inter-comparison 


study presented by Barthelmie [B9]. However, our model setup differs from the one 


presented in [B9], because we have run an entire year of LES runs driven with ERA5 


boundary conditions and have filtered afterwards on the prevailing free-stream wind 


direction bins. Different resolutions of the GRASP model have been investigated: 32m, 


64m and 128m. The wind turbine parametrisation distributes the forces over the 


neighbouring grid cells in a way that preserves the total momentum extraction. So, 


although the Vestas V80 turbine has a rotor diameter of 80m, it is still possible to run 


the simulations on resolutions coarser than 80m.  


 


Figure B-0-10 Comparison of GRASP results against measurements at HornsRev1 offshore wind 
farm for different resolutions based on calendar year 2005. The efficiency on the y-axis 
denotes the efficiency of the downwind turbines as a function of their row number, i.e.  their 
power output divided by the power output of the first turbine row. 


Figure B-0-10 shows the results of the modelled power. In general, GRASP predicts the 


wakes well. The coarse resolution GRASP run does not have the pronounced decrease 


in power as a function of turbine row for the first turbines, but a good comparison is 


found for downwind rows. In the HKNWZ study, GRASP was run on a resolution of 64m. 
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Turbulence intensity: calculation and validation 


GRASP is a turbulence resolving model and therefore turbulence statistics can be 


diagnosed directly from the simulation, without having to rely on parametrisations or 


turbulence models. Figure B-0-11 shows an illustration how TI can be diagnosed. The 


results are from a simulation of the HKNWFZ with example layout 2, the Prinses Amalia 


Offshore Wind Farm and the Offshore Wind Farm Egmond aan Zee.  


 


Figure B-0-11 Illustration of turbulence intensity results from a GRASP simulation of the 
HKNWFZ for 2017-11-04.  


Top: high temporal resolution time series of wind speed at two points in the LES domain. 
Bottom: instantaneous wind speed fields at 05:00h and 09:00h at 115m height. The black and 
red markers denote the sampling locations of the black and red lines in the top graph. 


In the LES domain, virtual tall mast measurements are placed on certain locations. For 


these locations, output data are written every LES timestep, i.e. in the order of several 


seconds. From these raw data, we compute 10 min averages and standard deviations. 


In figure B8 we observe clearly how the wind speed at the black marker location is 


influenced by the upstream turbine. It results both in a lower average wind speed, but 


also in a higher standard deviation of the wind speed.  


To validate the TI statistics produced by GRASP, we have compared them against 


observations at MMIJ and the OWEZ tall mast. Figure B-0-12 shows the scatter plots 


of the simulated and measured wind speed standard deviations and TI. 
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Figure B-0-12 Comparison of turbulence statistics at MMIJ for different heights. The data 
represent 30 days in 2015 that were chosen to cover the Weibull statistics. For these days 
GRASP runs driven with ERA5 wind speeds have been performed. The variable M in the graphs 
denotes wind speed (M for magnitude) 


The LES wind speed standard deviations are in good agreement with the 


measurements for all heights. Both the averages (denoted by the dashed blue and red 


lines in the top three plots) and the extremes are in good agreement. 


Figure B-0-13 and Figure B-0-14 show the TI statistics for Met Mast OWEZ and the 


GRASP results. 
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Figure B-0-13 Wind speed standard deviation against wind speed scatter density plots for Met 
Mast OWEZ. Top left: The observations labelled with ‘free stream’ denote the situation when 
the OWEZ wind farm was not yet operational (the year 2005).  


Top right: observations over the period where both OWFPA and OWEZ were operational. 
Bottom left and right: GRASP runs for the period 2017-04 to 2018-04 with and without OWEZ 
OWFPA. 
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Figure B-0-14 The same data as in figure B8, but now presented in terms of turbulence intensity 
(TI = Mstd / Mavg ) 


Contrary to the MMIJ turbulence validation, for OWEZ we have not run the exact same 


period with GRASP. To make a scatter plot of GRASP against OWEZ is therefore not 


possible. However, a comparison of the GRASP turbulence results against mean wind 


speeds is possible. The results show qualitatively good agreement, but the observed 


wind speed deviations are likely filtered, making an exact comparison difficult. A more 


elaborate study of the OWEZ case is needed to draw quantitative conclusions. 


Appendix B.3 Conclusions 
We have presented the basics of the formulation of GRASP, the operational LES model 


that Whiffle uses for forecasting and wind resource assessments. GRASP originates 


from the Dutch Atmospheric Large-Eddy Simulation model but has been made suitable 


for operational weather forecasting by 1) running the code on GPUs and 2) coupling it 


to commercially available large-scale weather models. Furthermore, a wind turbine 


parameterization has been implemented that is able to compute wake effects as well 


as produced energy.  


Validation against LiDAR measurements in the wake of a large offshore wind farm show 


that GRASP is able to correctly predict the far wake effects of this wind farm over a 
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statistically meaningful period. Other comparison with the offshore LiDARs at the 


Borssele wind farm zone and the Hollandse Kust Noord wind farm zone show that 


GRASP produces excellent agreement with the observations in terms of wind speed 


distributions.  


Comparison with HornsRev1 wake and power statistics show that GRASP is in general 


well able to capture offshore wind farm wake effects, but the results show some 


sensitivity with respect to resolution and the bin size of wind directions that are used 


in the comparison.  


Comparison of turbulence statistics against MMIJ show good agreement with the 


observations. For OWEZ, the TI statistics are qualitatively also in good agreement with 


observations, but a more elaborate case study is recommended for more robust and 


quantitative conclusions. 
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Appendix C Comparison between Metocean Desk study 
and wind resource assessment study 


This Appendix has not been updated from the original report. 


Appendix C.1.1 Datasets 


DHI was commissioned by RVO.nl to conduct a metocean desk study while in parallel 


the Oldbaum-consortium conducted a wind resource assessment for the Hollandse 


Kust (noord) offshore wind farm zone (HKNWFZ). To ensure the alignment and the 


quality of the wind models implemented for the (HKNWFZ), a joint comparison 


between the results provided by Oldbaum and DHI was conducted. Oldbaum and DHI 


communicated on a regular basis discussing and exchanging datasets for the 


preparation of this comparison.  


Two separate datasets were used in the studies. The first dataset produced by 


Oldbaum, consisted of the long-term corrected HKNB data using the ERA5 reanalysis 


dataset, and is given the name HKNB+ERA5 (see Chapter 6 of the HKN WRA-report). 


The second dataset was a CFSR reanalysis data delivered by DHI (see Chapter 3 of the 


HKN metocean desk study-report). Both datasets are considered independent as they 


are based on two different atmospheric models. 


The comparison was done on the 100 m MSL wind fields at four locations (HKNWFZ 


nodes) as shown in Figure C-0-15 (green dots) for a period of 15 years between 


10.04.2003 and 09.04.2018. The coordinates are given in Table C-0-7 below. 


Node naming ETRS 1989 


UTM Zone 


31N Easting 


[m] 


ETRS 1989 


UTM Zone 


31N Northing 


[m] 


WGS84 


Longitude 


[°] 


WGS84 


Latitude [°] 


Node 1 583,952 5,837,767 4.24 52.68 


Node 4 588,664 5,849,557 4.31 52.79 


Node 5 591,842 5,844,754 4.36 52.74 


Node 8 576,641 5,831,507 4.13 52.63  


Table C-0-7 Naming and coordinates, ETRS 1989 UTM Zone 31N and WGS84 LON/LAT of the four 


nodes used in this comparison study 
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Figure C-0-15 Location of the four nodes selected for comparison between the metocean desk study 


and the WRA. 


As described in the metocean desk study, CFSR tends to underestimate the wind 


speeds along the shoreline of the HKN domain as a result of the coarse resolution (0.3⁰ 


and 0.2°). DHI corrected the CFSR data directionally, using the measured data at OWEZ 


(the full measurement period from 01.07.2005 to 31.12.2010 was considered). In order 


to account for the influence of neighboring offshore wind farms, the OWEZ met mast 


data was filtered to keep only undisturbed periods [C1].The wind speeds were 


corrected for 12 directions between 0° and 360°, applying scaling coefficients obtained 


from the comparisons at the OWEZ met mast. Additionally, a shift of cells from offshore 


to nearshore was realized in the domain of interest to avoid sharp changes of wind 


speed due to land/sea mask effects. This procedure allowed for higher and more 


accurate wind speeds near the coast (based on comparisons with measurements). The 
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10 m CFSR wind fields were then extrapolated to 100 m using the empirical wind profile 


described in Chapter 3 of the metocean desk study report. 


As described in the wind resource assessment study, Oldbaum uses a different period 


of OWEZ met mast data, specifically only the first year of operation of the met mast 


(01.07.2005 to 01.07.2006). The reason for this is that the OWEZ met mast time series 


was used in a Measure-Correlate-Predict (MCP) process, where it is crucial that all wind 


directions have the same level of reliability. Working with only a partial wind rose (with 


the other half being filtered out due to wake effects of the OWEZ Wind Farm), would 


invalidate this demand and cause a bias in the results. 


Appendix C.1.2 Analysis 


The figures and tables presented below are generated by DHI and are shown in the 


form of scatter plots, where CFSR wind speeds are given on the x-axis and the 


HKNB+ERA5 based time series on the y-axis. Wind roses and tables are further used to 


summarize the main statistics based on hourly data. 


At the four selected locations, it can be seen that the wind speeds of the two datasets 


are well aligned  in terms of mean wind speed and normal conditions (Figure C-0-16 


to Figure C-0-19). The wind directions are well aligned too. Table C-0-8 shows that the 


mean wind speeds at 100 m and the Weibull coefficients A and k are slightly higher in 


the HKNB+ERA5 dataset. The mean wind speed at 100 m is around 9.5 m/s in both 


datasets (with variations across the site from 9.4 m/s to 9.6 m/s). The differences in the 


100 m mean wind speed varies from 0.04 m/s at Node 1 to 0.1 m/s at the nodes 4 and 


5. Both DHI and Oldbaum consider this difference to be negligible. 


It is noted that the mean wind speed of CFSR at 100 m for the 39 year period (1979-


2018) is slightly higher (9.57 m/s) than the 100 m mean wind speed for the 15 year 


period between 2003 and 2018 (9.52 m/s). However, this difference is considered 


negligible within the realm of this study. 
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Figure C-0-16 Comparison between CFSR & HKNB+ERA5 wind speeds at 100m MSL at Node 1: 


Scatter plot (top) and wind rose (bottom) [2003-2018]. 
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Figure C-0-17 Comparison between CFSR & HKNB+ERA5 wind speeds at 100m MSL at Node 4: 


Scatter plot (top) and wind rose (bottom) [2003-2018]. 
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Figure C-0-18 Comparison between CFSR & HKNB+ERA5 wind speeds at 100m MSL at Node 5: 


Scatter plot (top) and wind rose (bottom) [2003-2018]. 
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Figure C-0-19 Comparison between CFSR & HKNB+ERA5 wind speeds at 100m MSL at Node 8: 


Scatter plot (top) and wind rose (bottom) [2003-2018]. 
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The Weibull distribution of the wind speeds at 100 m at the 4 locations are shown in 


Figure C-0-20 to Figure C-0-23.  The highest probability of occurrence is found for wind 


speeds between 8 m/s and 10 m/s in both datasets at all locations. The shape factor k 


of the Weibull distribution is slightly lower for the CFSR data suggesting a slightly 


broader distribution of the wind speed (due to existence of larger wind speeds). The 


scale factor A that describes the characteristic wind speed of the distribution is slightly 


lower for CFSR. 


              Node 


Parameter 


1 4 5 8 


Height [m MSL] 100 100 100 100 


Mean wind speed CFSR [m/s] 9.52 9.49 9.42 9.50 


Mean wind speed HKNB+ERA5 [m/s] 9.56 9.59 9.52 9.59 


Difference of mean wind speed [%] 0.40 1.01 1.00 1.00 


Weibull k CFSR [-] 2.16 2.17 2.16 2.17 


Weibull k HKNB+ERA5 [-] 2.30 2.30 2.30 2.30 


Weibull A CFSR [m/s] 10.75 10.71 10.64 10.72 


Weibull A HKNB+ERA5 [m/s] 10.80 10.83 10.75 10.83 


Table C-0-8 Summary statistics (mean wind speed, Weibull shape parameter k and Weibull scale 


parameter A) at the investigated nodes for the period 04.2003 to 04.2018 for CFSR and HKNB+ERA5  
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Figure C-0-20 Weibull distributions for CFSR (top) and HKNB+ERA5 (bottom) at Node 1 







   


 


 


Appendices   | Page 167 


 


Figure C-0-21 Weibull distributions for CFSR (top) and HKNB+ERA5 (bottom) at Node 4. 







   


 


 


Appendices   | Page 168 


 


Figure C-0-22 Weibull distributions for CFSR (top) and HKNB+ERA5 (bottom) at Node 5. 


 







   


 


 


Appendices   | Page 169 


 


Figure C-0-23 Weibull distributions for CFSR (top) and HKNB+ERA5 (bottom) at Node 8 


The frequency of occurrence, including the cumulative frequency distribution of the 


100 m wind speed in CFSR and HKNB+ERA5 at each of the four analysed nodes is 


presented in the figures below (Figure C-0-24 to Figure C-0-27). A slightly higher 


occurrence of each wind speed bin is observed in HKNB+ERA5 between 10 and 17 m/s. 


For lower wind speeds, the occurrence is higher in CFSR. This trend is generally found 


in both datasets. 
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Figure C-0-24 Frequency of occurrence and the cumulative frequency for CFSR and HKNB+ERA5 at 


Node 1 


 


Figure C-0-25 Frequency of occurrence and the cumulative frequency for CFSR and HKNB+ERA5 at 


Node 4 


 


 


Figure C-0-26 Frequency of occurrence and the cumulative frequency for CFSR and HKNB+ERA5 at 


Node 5. 
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Figure C-0-27 Frequency of occurrence and the cumulative frequency for CFSR and HKNB+ERA5 at 


Node 8 


 


Appendix C.1.3 Conclusions 


The comparison between the CFSR and HKNB+ERA5 mean wind speed at 100 m shows 


that the HKNWFZ wind climate results of DHI’s metocean desk study and Oldbaum’s 


wind resource assessment are in good agreement. The mean wind speed of both 


studies are within 0.1 m/s of each other at 100 m (DHI = 9.5 m/s and Oldbaum = 9.6 


m/s), with excellent correlations between the time series. 


Both reports provide additional wind climate information beyond the average wind 


climate. Each study is determined by its scope, which is clearly defined by RVO.nl. The 


Oldbaum report described the mean wind climate at 100 m MSL. 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 wind 


speed turbulence intensity, extreme wind speeds and wind shear, all of which are 


intended for wind farm design. 


Appendix C.1.4 References: 


C1  P. J. Eecen, L. A. Machielse and A. P. Curvers, “Meteorological Measurements 


OWEZ,” Noordzee Wind, Amsterdam, 2007. 
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Appendix D HKNWFZ Wake Study  
This Appendix has not been updated from the original report. 


In order to quantify the wake effects of neighbouring operational offshore wind farms 


in terms of energy yield, we have modelled the wakes based on two different example 


layouts for HKNWFS. For this we have considered two example offshore wind turbine 


models of 10 and 12 MW. Considered models and performed modelling are described 


below in more detail.  


The wakes currently created by the Offshore Wind Farm Prinses Amalia and Offshore 


Wind Farm Egmond aan Zee, are incorporated in the measurement time series of the 


current Floating LiDAR campaigns, as they are operational in parallel. We have 


calculated, using various wake models, what the effect is of these wakes at the position 


of the Floating LiDAR and whether these wakes affect the measurement results in a 


significant way. The conclusions are presented further below. 


Based on the then approved ‘cleaned’ data set, the order of magnitude of effects of 


possible wakes from Offshore Wind Farm Prinses Amalia and Offshore Wind Farm 


Egmond aan Zee on the HKNWFZ example layouts has been simulated. In order to run 


the wake effects 2 layouts have been created specifically for this purpose. 


For the purpose of this report two example wind turbine layouts were created. More 


details about the wind turbines and layouts can be found in Appendix A.2. 
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Appendix D.1 Cases 
The wake effects can be described by means of comparing different setups with each 


other. Below we describe each case as applied, specifically with its own setup: 


Case A: Reference free stream wind case only. 


Case B: Case with only the two currently operational Offshore Wind Farm 


Prinses Amalia and OWEZ wind farms. This data represents the current 


situation and can therefore be compared against the on-going measurement 


campaign. Together with case A, this case can also be used to isolate the 


effect of the Offshore Wind Farm Prinses Amalia and OWEZ wind farms on 


the local wind climate. 


Cases C1 and C2: The model will be run with the existing wind farms as well 


as two different example layouts of HKNWFZ. The effect of the existing wind 


farms in terms of energy yield of the HKNWFZ will be presented. 


Cases D1 and D2: This represents the situation where only the Offshore Wind 


Farm Prinses Amalia and HKNWFZ wind farms will be operational. This 


situation is likely to arise because of the earlier expected decommissioning 


data of OWEZ and may continue for several years.   


Cases E1 and E2: The situation with only the HKNWFZ.  


 


The different cases are visualized schematically in Figure D-0-28. The timeline in this 


figure is indicative and meant purely for illustration purposes. Layout 1 refers to the 


10MW layout and layout 2 refers to the 12MW layout.  


 


Figure D-0-28 Overview of different cases for which wake modelling has been performed.  
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Appendix D.2 Whiffle LES 
GRASP is the LES model that Whiffle uses for operational weather forecasting and wind 


resource assessments. GRASP originates from the Dutch Atmospheric Large-Eddy 


Simulation model but has undergone several modifications for wind energy 


applications. More details about the model and validation of wind statistics against 


several tall masts and LiDAR measurements are presented in Appendix B. 


Appendix D.2.1 Model Setup 


Whiffle's operational LES model GRASP has been set up for a domain that encloses the 


HKNWFS. The simulation domain is shown in Figure B-0-4. The horizontal resolution 


of the runs was 64 m. In the vertical direction, the grid is stretched and ranges from 20 


m at the lowest model levels to 46 m at the top of the domain.  


Initial conditions and large-scale boundary conditions of ERA5 fields have been used. 


Wind turbines have been modelled with an actuator disk parameterization as described 


in Appendix B. To allow for sufficient development of turbulence, but at the same time 


prevent wakes from recirculating in the simulation domain, a concurrent precursor 


simulation is run and its boundaries are prescribed to a second LES that includes the 


wind turbines. Figure D-0-29 shows the LES setup schematically. Appendix B 


Description of GRASP describes the setup in more detail. 


 


 
Figure D-0-29 Schematic representation of the set-up of the LES runs.   


A precursor simulation without wind farms is driven by ERA5 fields. The values of the precursor simulation 


are prescribed at the edges of a second LES domain that includes the wind farms. This prevents the wind 


turbine wakes from influencing the simulation domain, while preserving the correct structure of the 


atmospheric boundary layer. 


Appendix D.2.2 Results 


Appendix D.2.2.1 Effect of current wakes on measurements 


To assess the effects of the wakes Prinses Amalia Offshore Wind Farm and Offshore 


Wind Farm Egmond aan Zee on the mean wind speeds, we have calculated the 


projected drop in wind speed using all 4 above described models. Table D-0-9 gives 


the results by the different models at 100m height at the location of HKNB 
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Model Wind speed effect (%) 


NO Jensen (2005 and 3D) 0.10 – 0.15 


GRASP 0.1 +/- 0.06  


Fuga 0.2 


Table D-0-9 Effect of current wakes on HKNB LiDAR measurements 


Although there is variation between the various answers, the effect can be seen to be 


very small and well within the measurement uncertainty (for the HKNB-buoy estimated 


at 3.3%) and the modelling accuracy of applied models (conservatively estimated here 


at 2-4%). Conclusion: effect of existing wind farms on HKNB measurements is 


negligible. Therefore, the time series as described earlier in Chapter 3 and the derived 


wind statistics derived based on that in Chapter 6 and following, are deemed to be 


valid. 


Appendix D.2.2.2 Annual energy production reduction due to neighbouring wind farms 


Table D-0-10 presents the percentage reduction of the annual energy production of 


the HKNWF due to the presence of OWEZ and Offshore Wind Farm Prinses Amalia. So, 


for example, for case C1, the AEP reduction is defined as 100% x ( AEP(C1) - AEP(D1) ) 


/ AEP (E1). 


The reduction in yield is smaller than 0.4% in all cases. In the example layout with 12MW 


turbines with a hub height of 138m, the reduction is smaller than in the example layout 


with the 10MW turbines with a hub height of 105m. The explanation for this difference 


is that the 12MW turbines with not only have a higher hub height, but also a large rotor 


diameter and therefore have less overlap with the vertical extent of the two existing 


wind farms. As expected, in the cases with only Offshore Wind Farm Prinses Amalia, the 


AEP reduction is smaller: roughly 75% of the reduction in AEP with both wind farms 


present. 


 HKNWFZ wind farm layout  


Case (neighbouring wind farms) 10 MW turbines, 105m 


hub height 


12 MW turbines, 138m 


hub height 


c (Offshore Wind Farm Prinses 


Amalia+ OWEZ) 


0.33% (± 0.05%)  0.26% (± 0.04%) 


d (Offshore Wind Farm Prinses 


Amalia) 


0.24% (± 0.04%) 0.19% (± 0.03%) 


Table D-0-10 Percentage difference in AEP of HKNWFZ with respect to the case with no 


neighbouring wind farms 


Appendix D.2.2.3 AEP reduction per wind direction 


Given the position of the Offshore Wind Farm Prinses Amalia and OWEZ wind farms 


relative to the HKWFZ, the AEP reduction can be expected to depend on the wind 


direction. Figure D-0-30 shows the percentage AEP relative to the case with only 


HKNWFZ. The reduction per 15 degree wind sector is indicated by the light grey area. 
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Figure D-0-30 AEP reduction per wind sector. The light grey color denotes the percentage reduction 


in AEP for wind coming from that sector. 


As expected, the largest deficits due to Offshore Wind Farm Prinses Amalia and OWEZ 


can be found for south and south-westerly wind directions. Looking at cases C1 and 


C2 (top two graphs), the AEP reduction for all wind directions between SSW and SE is 


over 2%. With only Offshore Wind Farm Prinses Amalia present (cases D1 and D2, 


bottom graphs), the highest AEP reduction is found for SSW to S directions and is 


below 2% for most sectors. 


Appendix D.2.2.4 AEP reduction per wind speed 


Wake effects depend on the wind speed via the turbine thrust curve and the 


atmospheric conditions. The turbine specific thrust curve describes how much kinetic 


energy is extracted from the wind flow as a function of the horizontal wind speed. 


Thrust curves have the highest value for wind speeds lower than the wind speeds at 


which nominal power production is reached. Figure D-0-31 shows the AEP reduction 


as a function of the free-stream wind speed at 115m height. The reason why this height 


is chosen to be 115 m instead of the 100m reference height that has been used in the 


other parts of the report is that 115m is in between the hub heights of the two example 


layout turbines. 
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Figure D-0-31 AEP reduction as a function of the free-stream wind speed at 115m height. 


As expected, the largest AEP deficit is found in the regime where the thrust curve is the 


highest: around 8-10 m/s. For values higher than 10 m/s, the AEP reduction quickly 


goes to zero. The positive AEP reduction for low wind speeds is attributed to a small 


increase in vertical mixing due to the existing wind farms. Moreover, in absolute terms 


the effect is very small, both because there are relatively few cases with such low wind 


speeds and because the relative difference becomes very high when dividing by a small 


number. 


Appendix D.2.2.5 AEP reduction as a function of stability 


An investigation of the influence of atmospheric stability on the AEP deficit is possible 


by conditioning on the Monin-Obukhov length L (a frequently used measure for 


stability). Figure D-0-32 shows the AEP reduction as a function against the ranked 


atmospheric stability expressed in percentiles. The stability is expressed as the quantity 


z/L, where z denotes the height above the surface, in this case 100m.  


 


Figure D-0-32 AEP reduction per stability percentile. The vertical line at the 71th percentile denotes 


the average atmospheric stability. Everything to the right of this line is more stable than average. 


These results clearly show how almost all significant AEP reduction takes place under 


stable conditions. We will later compare this plot with the Jensen wake model. 
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Appendix D.2.2.6 AEP reduction per turbine 


Given the position of the Offshore Wind Farm Prinses Amalia and OWEZ wind farms, 


the largest effects are expected on the most southern turbines of HKNWFZ. To quantify 


this, Figure D-0-33 shows the AEP reduction per turbine. 


 


 
Figure D-0-33 AEP deficit per turbine for the different cases. 


The turbines that are positioned south-easterly of the southern part of the wind farm 


are most severely affected by the OWEZ and Offshore Wind Farm Prinses Amalia. This 


is expected based on their proximity to both OWEZ and Offshore Wind Farm Prinses 


Amalia. However, when only Offshore Wind Farm Prinses Amalia is present (cases D1 


and D2), still the most south-easterly positioned turbine has the highest AEP deficit. 


This can be explained by considering the wind roses: for the prevailing south-westerly 


wind directions, this turbine is most affected by the Offshore Wind Farm Prinses Amalia, 


even though it is not the closest.  


 


To quantify the effect of wind direction on the AEP for different turbines, Figure D-0-34 


shows for three selected turbines the AEP deficit roses that have been presented for 


the whole HKNWFZ. 
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Figure D-0-34 AEP deficit rose for three selected turbines for cases C1 and D1 


For turbine C, located in the south-east corner of HKNWFZ, the SW and SE wind 


directions where Offshore Wind Farm Prinses Amalia and OWEZ are located can be 


clearly distinguished. For turbines further north, this distinction becomes less 


pronounced. Note that the small black areas outside the unit circle denote a ‘positive’ 


AEP deficit, i.e. for certain wind directions these turbines may actually produce slightly 


more due to Offshore Wind Farm Prinses Amalia and OWEZ. This is due to the blockage 


effect, whereby wind is slightly accelerated when passing around the wind farm.   


Appendix D.3 Ensemble of wakes 
To generate an ensemble of different wake models, we have complemented the 


computations carried out with GRASP with computations using the Jensen wake model 


and Fuga. Furthermore, we have assessed the influence of the main parameter that 


controls the wake characteristics in the Jensen model: the wake decay constant. 


Appendix D.3.1 Jensen 3D wake model 


The Jensen wake model is a simple model that requires limited input data and is 


computationally fast. Due to its simplicity, it is widely used in the industry and has 


proved to yield accurate results for far wake conditions, often even outperforming 


more complex models. Different versions of Jensen exist in different software packages. 


The differences are, for example, the way the overlapping wakes are handled, a 
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turbulence dependence of the wake decay parameter and a 3D version where different 


turbine hub heights can be taken into account. 


The US National Renewable Energy Laboratory (NREL) has released an open-source 


wake modelling software package in Python called Floris [D1]. This package contains a 


3D version of the Jensen wake model. Figure D-0-35 shows the AEP reduction for the 


different cases for a range of wake decay parameters (0.035-0.045). 


 
Figure D-0-35 Results of the Jensen 3D model for different values of the wake decay parameter 


The results show that the AEP reduction with the Jensen 3D wake model is much lower 


than the AEP reduction calculated with GRASP. For example, the highest AEP reduction 


of the Jensen 3D model is 0.11%, whereas GRASP found the largest AEP reduction to 


be 0.33%. Furthermore, in the Jensen 3D model, the AEP reduction is larger for the 12 


MW turbines than for the 10MW turbines.  


Appendix D.3.2 Jensen 2005 


WindPro uses the Jensen 2005 model, that differs from an earlier version of Jensen to 


accommodate a new system for addition of wakes. The AEP deficits of the Jensen 2005 


model with a wake decay constant of 0.038 are listed in Table D-0-11. They are slightly 


higher than the Jensen 3D results and much lower than the GRASP results. 


 


Figure D-0-36 shows the AEP reduction per turbine for Jensen 2005 model. 
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Figure D-0-36 AEP reduction per turbine for the Jensen 2005 model 


Compared to the GRASP results, the Jensen 2005 model shows a lower AEP deficit in 


all cases, but also less differences between the turbines.   


Appendix D.3.3 Fuga 


Fuga is a relatively new wake modelling tool developed specifically for offshore wind 


projects.  


Fuga has been developed to allow the quick and efficient calculation of the complex 


flow problem associated with wind farm wake effects. It does this through the 


linearization of the Navier Stokes equations traditionally tackled by computational 


Fluid Dynamic (CFD) techniques [D2].  


The approach uses a simple eddy viscosity closure model to account for details in the 


flow. The simplified approach makes a series of assumptions including the neglecting 


of buoyancy and temperature terms but addresses atmospheric stability cases through 


a modification of the eddy viscosity. 


For each turbine model, a series of look-up tables is created to allow for the quick 


computation of single turbine wakes in different modelling cases. The full flexibility of 


the tool is presented by the model creators DTU Wind [D3].   
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Figure D-0-37 Sample Fuga output for HKNWFZ – wind direction 180 degrees 


Figure D-0-37 above presents a sample output of Fuga for HKNWFZ for a 180 degree 


wind direction. 


 


Fuga has been validated against a number of offshore wind farms as part of The Carbon 


Trust Offshore Wind Accelerator Wakes programme. The output of the study can be 


found in the following reference [D4]. 


Fuga is initialized through the creation of a standard WASP [D5] workspace where the 


turbine layout, wind climate grid and turbine model details are captured. Neighbouring 


windfarms can also be added at this stage. 


The workspace is imported into Fuga where further cases can be setup to look at 


stability classes such as moderately stable through neutral to unstable conditions. Fuga 


has a number of settings that allow the user to look at a number of different cases 


allowing the user to look at these different stability classes; different wind conditions 


on site (speed and direction) and can be expanded from the analysis of a single wind 


farm to look at clusters of wind farms and the relative impact of each farm. 


For the purpose of this work a simple case for the purpose of comparison was selected. 


This involved the importing of the WASP workspace that describes the 10MW and 


12MW layout cases for HKNWFZ as well as both Prinses Amalia and OWEZ wind farm 


layouts. 


A neutral boundary condition was used and defined by the HKNWB Long term wind 


speed as presented in this report at 100m MSL. 


Table D-0-11 presents the output of the analysis in comparison with other wake 


modelling techniques. 


 


Figure D-0-38 shows the AEP reduction per turbine for the Fuga model for cases C1 


and C2 only, because the other cases have not been run. 
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Figure D-0-38 AEP deficit per turbine for the Fuga model.   


The total wind farm AEP reduction of the Fuga model for cases C1 and C2 is 0.46% and 


0.42%, respectively. These values are higher than the GRASP results. The AEP deficit per 


turbine looks qualitatively similar to the GRASP results. It is interesting to see that 


GRASP has a larger difference in AEP deficits over the site, with the most northern 


turbines producing even slightly more than in the case without OWEZ and Offshore 


Wind Farm Prinses Amalia. 


Appendix D.4 Wake model comparison 
The table below shows the final AEP effects of the various runs by all the models 


applied. 


 10  MW (%) 12 MW (%) 


GRASP   


     Offshore Wind Farm Prinses Amalia + OWEZ (C1 and C2) 0.33 0.26 


     Offshore Wind Farm Prinses Amalia (D1 and D2) 0.24 0.19 


Jensen 3D (k=0.038)   


     Offshore Wind Farm Prinses Amalia + OWEZ (C1 and C2) 0.09 0.10 


     Offshore Wind Farm Prinses Amalia (D1 and D2) 0.07 0.07 


Jensen 2005 (k=0.038)   


     Offshore Wind Farm Prinses Amalia + OWEZ (C1 and C2) 0.12 0.10 


     Offshore Wind Farm Prinses Amalia (D1 and D2) 0.09 0.07 


Fuga   


    Offshore Wind Farm Prinses Amalia + OWEZ (C1 and C2) 0.46 0.42 
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 10  MW (%) 12 MW (%) 


    Offshore Wind Farm Prinses Amalia* (D1 and D2) - - 


Average   


     Offshore Wind Farm Prinses Amalia + OWEZ (C1 and C2) 0.25 0.22 


     Offshore Wind Farm Prinses Amalia** (D1 and D2) 0.19 0.16 


Table D-0-11 Comparison of AEP reduction of GRASP and different wake models. *Fuga has only 


been run for cases C1 and C2. **To include FUGA in the average for cases D1 and D2, the Fuga result 


of C1 and C2 has been downscaled by using the average ratios between the C and D cases of all 


other models. 


Table D-0-11 shows that GRASP predicts much higher wake losses than the Jensen 


models. To get a better insight in this difference, Figure D-0-39 shows the GRASP and 


Jensen results for AEP reduction as a function of stability. 


 


Figure D-0-39 AEP reduction in case C1 as a function of stability for GRASP and the Jensen 3D model 


for two different wake parameters. 


The comparison shows that virtually the complete difference between the calculated 


AEP reduction is in stable conditions. Jensen is a simple wake model that does not take 


stability into account. For neutral and convective conditions, the Jensen results are 


much closer to the GRASP results.  


Appendix D.5 LES wind statistics 
The LES results presented in this appendix so far were only expressed terms of energy 


production. In this section we present wind statistics of the LES runs.  


Appendix D.5.1 Wind statistics at different heights 


Figure D-0-40 and Figure D-0-41 show profiles of wind speeds at four selected nodes 


for case C1 and C2: node 6 at the eastern corner of the HKNWFS, node 14 at the south-


western corner, node 16 at the south-eastern corner and node 23 at the HKNA buoy 


location in the middle of the wind farm.  
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Figure D-0-40 Long-term average profiles of wind speed, wind direction difference, Weibull shape 


factor and Weibull scale parameter for several nodes in case C1. The grey area denotes the height 


of the rotor swept area of the HKNWFZ. 


 


Figure D-0-41 Long-term average profiles of wind speed, wind direction difference, Weibull shape 


factor and Weibull scale parameter for several nodes in case C2. The grey area denotes the height 


of the rotor swept area of the HKNWFZ. 


The wind climate at Node 1 (HKNWFZ centre) and those at the eastern edge (Node 5 


and Node 7) are most influenced by the turbines of HKNWFZ. The strongest effect can 


be seen on the Weibull shape parameter: lower values for this parameter are found in 


the farm, indicating a wider wind speed distribution. This reflects both the increased 


turbulence levels and the wake effects themselves. The turbines mostly lower the wind 


speeds in the peak of the Weibull distribution, leading to a wider distribution.   


Appendix D.5.2 Velocity deficit fields 


The setup of the LES runs is such that it is possible to calculate the difference between 


the free-stream wind speeds and the wake-influenced wind speeds. This is often called 


the velocity deficit. Figure D-0-42 shows the velocity deficit at 115 m height in case B.    
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Figure D-0-42 Velocity deficit map with 5%, 3%, 2% and 1% contours in case B at 115m height (left) 


and at 100m height (right). 


The signatures of Offshore Wind Farm Prinses Amalia and OWEZ are clearly visible. The 


1% velocity deficit contour line is at the north side of Offshore Wind Farm Prinses 


Amalia and OWEZ at most 5 km away from the Offshore Wind Farm Prinses Amalia and 


OWEZ site boundaries and just touches the HKNWFS boundary (not shown). Note that 


the velocity deficit is shown at 115m height, which is roughly halfway between the hub 


heights of the two example designs of the HKNWF (105 m and 138 m), but significantly 


higher than the hub heights of Offshore Wind Farm Prinses Amalia (59 m) and OWEZ 


(70m). The velocity deficit at 100m height shows a larger velocity deficit.    


 


 


Figure D-0-43 Velocity deficit maps for cases C1 (left) and C2 (right) at 115m height. At the edges 


of the LES domain the velocity deficit is forced towards zero. 


 


Figure D-0-43 shows the velocity deficit maps in the two cases with the different HKN 


farm designs in place. In case C2, the installed turbine type has a rated power of 12MW 


and rotor diameter of 220m, so the effect on the velocity deficit is higher than in case 


C1 (10MW turbines with 164 rotor diameter).   
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To get more insight in the vertical distribution of the velocity deficit in case B, Figure 


D-0-44 shows the velocity deficit of a vertical cross-section through the simulation 


domain at the location of Offshore Wind Farm Prinses Amalia.  


 


Figure D-0-44 Velocity deficit (VD) as a function of height and northward distance from the south 


edge of the simulation domain for case B (only Amalia and OWEZ).  


The velocity deficit denotes the average deficit over a small northward oriented band that covers Offshore 


Wind Farm Prinses Amalia. The location of the HKNWFS is indicated with the light grey band. 


At less than 5km from the edge of Offshore Wind Farm Prinses Amalia, the velocity 


deficit is smaller than 1% at every height. The height of the maximum velocity deficit 


increases slightly for larger distances from Offshore Wind Farm Prinses Amalia. 


   


Figure D-0-45 Velocity deficit (VD) as a function of height and northward distance from the south 


edge of the simulation domain for case C1 (Amalia, OWEZ and the 10MW layout for HKN).  


The velocity deficit denotes the average deficit over a small northward oriented band that covers Offshore 


Wind Farm Prinses Amalia. The location of the HKNWFS is indicated with the light grey band. 


 


Figure D-0-45 shows the velocity deficit as a function of height and northward distance 


for case C1. The graph denotes the average velocity deficit over the west-east extent 


of Amalia wind farm, so not the entire HKN wind farm is in this band. This is the reason 


that we observe the highest velocity deficit between 15 and 20 km from the edge of 


the simulation domain. Signatures of the individual turbines of the HKN wind farm can 


be seen as the periodic dark blue contrasts. Furthermore, because of the larger spacing 


of the turbines in the HKN farm compared to Amalia, we see that the velocity deficit 
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inside HKN is smaller in magnitude than in the Amalia wind farm. On the other hand, 


it extends further in height because of the higher hub height and larger rotor diameter. 
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Appendix E Onsite measurement statistics 
This Appendix has been updated to include year 2 measurement statistics. 


This Appendix details the wind statistics correlations between HKNA and HKNB during 


the measurement campaign. Moreover, the wind shear for each site is shown.  


The 10 minute averaged wind speed and wind direction for the different heights are 


obtained from the LiDAR’s system. The LiDAR’s data files are provided by Fugro [E1] 


through RVO.nl named as:  


“HKN__YYYYMMDD_Fugro_MetOcean Buoys_HKNX MMMM YYYY 


WindResourceSpeedDirectionTIStat_F.csv” 


Where, “X” refers to the buoy, “MMMM” to the month and “YYYY” to the year of the 


measurements. The code “YYYYMMDD” is the date of creation of the file. 


For a better observation of the measurements correlation, the values for both, wind 


speed and wind direction are binned in 1 m/s and 1° bins respectively. The data mean 


value is obtained for each bin. Then, the measurements from both LiDARs are 


correlated again, and a linear least-square regression is created.  


Main parameters are shown for the scatter and binned plots regression lines. It includes 


the slope and intercept of the regression line as well as the correlation coefficient “R2” 


and the standard error of the estimated gradient. 


In order to calculate the wind shear, the power exponent (α) is determined. The 


procedure from “Offshore Vertical Wind Shear, Final report on NORSEWInD’s work task 


3.1” [E2] was followed.  


The wind shear result is presented in a histogram plot and main statistics are shown 


(mean, variance, maximum and minimum value) and calculated for each month of the 


campaign. 


Appendix E.1 Results 
This section shows the results from the above calculations. It is separated into two, the 


result for the full campaign and the monthly results. The results are shown for a height 


of 100m MSL.  


The data availability is calculated by the available data without NaN values divided by 


the maximum average 10-min measurements in the period. The NaN values can be 


caused by a downtime of the buoy, internal filter of the LiDAR or by the filter explained 


in Section 3.2 Data checking of the main report. 


Please note that April 2019 is not presented in terms of correlation or wind shear in 


this Appendix. This is only due to the selection of the 24 month analysis period which 


would leave 9-days of data for April 2019.  


The mean wind shear has been calculated according to offshore vertical wind shear 


report [E3]. The power exponent “α” is derived from the following equation: 
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𝛼 =
𝑑𝑢


𝑑𝑧
∙


𝑧


𝑢
 


Where 
𝑑𝑢


𝑑𝑧
 is the ratio of difference of wind speed between two levels to the height 


difference of those levels; z is the geometrical mean between the two levels and u is 


the wind speed at that geometrical mean.  


The target height for the wind shear analysis was 100 m, thus, the ratio between heights 


of 80 m and 120 m, and the mean wind speed for 100 m were used.  


Appendix E.2 Full campaign results 24 month dataset 
The section below presents the full 24-month campaign results following the analysis 


performed by the Oldbaum consortium. The results should be seen as an additional 


quality check on top of the earlier reported monthly analyses by Deltares/Fugro, not 


as a replacement.  


Per month statistics are presented for the HKNA vs HKNB locations, with first per month 


wind speeds graphically plotted and presented in table form, then as a next step the 


results for wind direction measurements. 


Appendix E.2.1.1 12 Monthly data comparison HKNA v HKNB 


Table E-0-12 presents the full 24-month dataset comparison between HKNA and 


HKNB. Concurrent datasets have been used for the analysis. 


HKNA & HKNB  


Start Date: 10/04/2017 End Date:  09/04/2019 


Data Av A 83.73 % Data Av B 88.42 % 


Table E-0-12 Full campaign data availability 


  


Figure E-0-46: Wind Speed correlation between HKNA and HKNB at 100m MSL for 24 month 


campaign – Scatter and binned average correlations. 


Data Analysis  


Start Date: 10/04/2017 End Date:  09/04/2019 


Slope 0.999 R2 value 0.991 


Intercept 0.034 Std err 0.000 


Table E-0-13 Statistics for full 24-month campaign 
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Figure E-0-46 and Table E-0-13 present the wind speed correlations and statistics. The 


level of correlation is very good with some outliers apparent at lower wind speeds 


apparent in the scatter plot. This is to be expected. The right-hand chart in Figure E-


0-46 shows the wind speed data re-presented by binning concurrent aligned wind 


speed datasets from HKNA and HKNB by 1 m/s bins. The binned correlation shows also 


consistent results with the only kink apparent at one higher wind speed bin (29 m/s), 


this can be attributed to low data population at this wind speed bin, and is therefore is 


a statistical output and not a physical difference in measurement capability between 


the systems. 


  


Figure E-0-47 Wind Direction correlation between HKNA and HKNB at 100m MSL for the full 


campaign. 


HKNA & HKNB Direction Correlation  


Start Date: 10/04/2017 End Date:  09/04/2019 


Slope 0.906 R2 value 0.799 


Intercept 19.22 Std err 0.002 


Table E-0-14 Statistics for Figure E-2 


Figure E-0-47 and Table E-0-14 present the directional correlation which is again good 


when looking at the two datasets. For Figure E-0-47 the wind direction bin-width is 1-


degree. 
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Figure E-0-48 All-sector distribution of the vertical wind shear at 100m MSL at HKN for the full 


campaign. 


HKNB Wind Shear 


Statistics 


 


Start Date: 10/04/2017 End Date:  09/04/2019 


Mean 0.08 Variance 0.02 


Max 1.28 Min -0.81 


Table E-0-15 Wind Shear Statistics full campaign for HKNB 


Figure E-0-48 presents the two measured wind shear distributions over the 24 month 


period. The data shows a similar range of shear values experienced with some small 


differences in shape due to different site conditions. 


Table E-0-15 presents the shear range and mean values as per the conditions recorded 


at HKNB. The shear value recorded as a mean is typical of offshore wind conditions in 


the North Sea. 


Appendix E.3 Month-by-month results 
This section presents the data in a month by month comparison. The layout of the 


comparison has been preserved for ease of reference. Comment is only offered in these 


sub-sections if something significant is noted. 


Wind shear results are presented in Appendix E.4. 
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April 2017 
Data Summary   


Start Date: 10/04/2017 End Date:  30/04/2017 


Data Av A 99.37 % Data Av B 99.67 % 


Table E-0-16 April 2017 data availability 


  


Figure E-0-49 Wind Speed correlation between HKNA and HKNB at 100m MLS for April 2017 – 


Scatter plot and Binned average correlations. 


HKNA & HKNB April 2017 


Start Date: 10/04/2017 End Date:  30/04/2017 


Slope 0.988 R2 value 0.986 


Intercept 0.073 Std err 0.002 


Table E-0-17 Wind speed correlation statistics for April 2017 – HKNA & HKNB 


  


Figure E-0-50 Wind Direction correlation between HKNA and HKNB at 100m MSL for April 2017 


HKNA & HKNB April 2017 


Start Date: 10/04/2017 End Date:  30/04/2017 


Slope 0.923 R2 value 0.808 


Intercept 19.24 Std err 0.008 


Table E-0-18 Wind direction correlation statistics for April 2017 
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May 2017 
Data Summary  


Start Date: 1/05/2017 End Date:  31/05/2017 


Data Av Avail. 85.48 % Data Av B 98.75 % 


Table E-0-19 May 2017 data availability 


 


 


Figure E-0-51 Wind Speed correlation between HKNA and HKNB at 100m MSL for May 2017 – 


Scatter plot and Binned average correlations. 


HKNA & HKNB May 2017 


Start Date: 01/05/2017 End Date:  31/05/2017 


Slope 0.987 R2 value 0.992 


Intercept 0.051 Std err 0.001 


Table E-0-20 Wind speed correlation statistics for May 2017 – HKNA & HKNB 


  


Figure E-0-52 Wind Direction correlation between HKNA and HKNB at 100m MSL for May 2017 


 


HKNA & HKNB May 2017 


Start Date: 01/05/2017 End Date:  31/05/2017 


Slope 0.872 R2 value 0.801 


Intercept 21.157 Std err 0.008 


Table E-0-21 Wind direction correlation statistics for May 2017 
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June 2017 
Data Summary  


Start Date: 1/06/2017 End Date:  30/06/2017 


Data Av A 64.98 % Data Av B 99.77 % 


Table E-0-22 June 2017 data availability 


  


Figure E-0-53 Wind Speed correlation between HKNA and HKNB at 100m for June 2017 – Scatter 


plot and Binned average correlations. 


 


HKNA & HKNB June 2017 


Start Date: 01/06/2017 End Date:  30/06/2017 


Slope 0.993 R2 value 0.986 


Intercept 0.072 Std err 0.002 


Table E-0-23 Wind speed correlation statistics for June 2017 – HKNA & HKNB 


  


Figure E-0-54 Wind Direction correlation between HKNA and HKNB at 100m MSL for June 2017 


HKNA & HKNB June 2017 


Start Date: 01/06/2017 End Date:  30/06/2017 


Slope 0.974 R2 value 0.929 


Intercept 5.502 Std err 0.005 


Table E-0-24 Wind direction correlation statistics for June 2017 
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July 2017 
Data Summary  


Start Date: 1/07/2017 End Date:  31/07/2017 


Data Av A 99.60 % Data Av B 99.46 % 


Table E-0-25 July 2017 data availability 


 


  


Figure E-0-55 Wind Speed correlation between HKNA and HKNB at 100m MSL for July 2017 – Scatter 


plot and Binned average correlations. 


HKNA & HKNB July 2017 


Start Date: 01/07/2017 End Date:  31/07/2017 


Slope 0.999 R2 value 0.990 


Intercept 0.014 Std err 0.001 


Table E-0-26 Wind speed correlation statistics for July 2017 – HKNA & HKNB 


  


Figure E-0-56 Wind Speed correlation between HKNA and HKNB at 100m MSL for July 2017 – Scatter 


plot and Binned average correlations. 


HKNA & HKNB July 2017 


Start Date: 01/07/2017 End Date:  31/07/2017 


Slope 1.008 R2 value 0.994 


Intercept -0.719 Std err 0.001 


Table E-0-27 Wind direction correlation statistics for July 2017 
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August 2017 
Data Summary  


Start Date: 1/08/2017 End Date:  31/08/2017 


Data Av A 87.12 % Data Av B 99.51 % 


Table E-0-28 August 2017 data availability 


 


 


Figure E-0-57 Wind Speed correlation between HKNA and HKNB at 100m MSL for August 2017 – 


Scatter plot and Binned average correlations. 


HKNA & HKNB August 2017 


Start Date: 01/08/2017 End Date:  31/08/2017 


Slope 0.998 R2 value 0.992 


Intercept 0.018 Std err 0.001 


Table E-0-29 Wind speed correlation statistics for August 2017 – HKNA & HKNB 


 


 


Figure E-0-58 Wind Direction correlation between HKNA and HKNB at 100m MSL for August 2017 


HKNA & HKNB August 2017 


Start Date: 01/08/2017 End Date:  31/08/2017 


Slope 0.992 R2 value 0.960 


Intercept 2.488 Std err 0.003 


Table E-0-30 Wind direction correlation statistics for August 2017 
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September 2017 
Data Summary  


Start Date: 01/09/2017 End Date:  30/09/2017 


Data Av A 77.96 % Data Av B 99.80 % 


Table E-0-31 September 2017 data availability 


 


 


Figure E-0-59 Wind Speed correlation between HKNA and HKNB at 100m MSL for September 


2017 – Scatter plot and Binned average correlations. 


HKNA & HKNB September 2017 


Start Date: 01/09/2017 End Date:  30/09/2017 


Slope 1.001 R2 value 0.990 


Intercept 0.033 Std err 0.002 


Table E-0-32 Wind speed correlation statistics for September 2017 – HKNA & HKNB 


  


Figure E-0-60 Wind Direction correlation between HKNA and HKNB at 100m MSL for September 


2017 


HKNA & HKNB September 2017 


Start Date: 01/09/2017 End Date:  30/09/2017 


Slope 0.942 R2 value 0.852 


Intercept 12.024 Std err 0.007 


Table E-0-33 Wind direction correlation statistics for September 2017 







   


 


 


Appendices   | Page 199 


October 2017 
Data Summary  


Start Date: 1/10/2017 End Date:  31/10/2017 


Data Av A 89.85 % Data Av B 99.51 % 


Table E-0-34 October 2017 data availability 


  


Figure E-0-61 Wind Speed correlation between HKNA and HKNB at 100m MSL for October 2017 – 


Scatter plot and Binned average correlations. 


HKNA & HKNB October 2017 


Start Date: 01/10/2017 End Date:  31/10/2017 


Slope 0.998 R2 value 0.988 


Intercept 0.089 Std err 0.001 


Table E-0-35 Wind speed correlation statistics for October 2017 – HKNA & HKNB  


  


Figure E-0-62 Wind Direction correlation between HKNA and HKNB at 100m MSL for October 2017 


HKNA & HKNB October 2017 


Start Date: 01/10/2017 End Date:  31/10/2017 


Slope 0.951 R2 value 0.812 


Intercept 13.993 Std err 0.007 


Table E-0-36 Wind direction correlation statistics for October 2017 
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November 2017 
Data Summary  


Start Date: 1/11/2017 End Date:  30/11/2017 


Data Av A 56.57 % Data Av B 99.70 % 


Table E-0-37 November 2017 data availability 


 


 


Figure E-0-63 Wind Speed correlation between HKNA and HKNB at 100m MSL for November 2017 


– Scatter plot and Binned average correlations. 


HKNA & HKNB November 2017 


Start Date: 01/11/2017 End Date:  30/11/2017 


Slope 0.999 R2 value 0.990 


Intercept 0.622 Std err 0.002 


Table E-0-38 Wind speed correlation statistics for November 2017 – HKNA & HKNB 


 


 


Figure E-0-64 Wind Speed correlation between HKNA and HKNB at 100m MSL for November 2017 


– Scatter plot and Binned average correlations. 


HKNA & HKNB November 2017 


Start Date: 01/11/2017 End Date:  30/11/2017 


Slope 0.840 R2 value 0.608 


Intercept 40.838 Std err 0.014 


Table E-0-39 Wind direction correlation statistics for November 2017 
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December 2017 
Data Summary  


Start Date: 01/12/2017 End Date:  31/12/2017 


Data Av A 84.50 % Data Av B 97.45 % 


Table E-0-40 December 2017 data availability 


  


Figure E-0-65 Wind Speed correlation between HKNA and HKNB at 100m MSL for December 2017 – 


Scatter plot and Binned average correlations. 


HKNA & HKNB December 2017 


Start Date: 01/12/2017 End Date:  31/12/2017 


Slope 0.997 R2 value 0.990 


Intercept 0.061 Std err 0.002 


Table E-0-41 Wind speed correlation statistics for December 2017 – HKNA & HKNB 


 


Figure E-0-66 Wind Direction correlation between HKNA and HKNB at 100m MSL for December 


2017 


HKNA & HKNB December 2017 


Start Date: 01/12/2017 End Date:  31/12/2017 


Slope 0.997 R2 value 0.703 


Intercept 0.019 Std err 0.001 


Table E-0-42 Wind direction correlation statistics for December 2017 
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January 2018 
Data Summary  


Start Date: 01/01/2018 End Date:  31/01/2018 


Data Av A 62.03 % Data Av B 97.70 % 


Table E-0-43 January 2018 data availability 


 


 


Figure E-0-67 Wind Speed correlation between HKNA and HKNB at 100m MSL for January 2018 – 


Scatter plot and Binned average correlations. 


HKNA & HKNB January 2018 


Start Date: 01/01/2018 End Date:  31/01/2018 


Slope 0.997 R2 value 0.992 


Intercept 0.052 Std err 0.002 


Table E-0-44 Wind speed correlation statistics for January 2018 – HKNA & HKNB 


  


Figure E-0-68 Wind Speed correlation between HKNA and HKNB at 100m MSL for January 2018 – 


Scatter plot and Binned average correlations. 


HKNA & HKNB January 2018 


Start Date: 01/01/2018 End Date:  31/01/2018 


Slope 0.915 R2 value 0.906 


Intercept 16.508 Std err 0.005 


Table E-0-45 Wind direction correlation statistics for January 2018 







   


 


 


Appendices   | Page 204 


February 2018 
Data Summary  


Start Date: 01/02/2018 End Date:  28/02/2018 


Data Av Avail 98.91 Data Av B 85.74 


Table E-0-46 February 2018 data availability 


 


 


Figure E-0-69 Wind Speed correlation between HKNA and HKNB at 100m MSL for February 2018 – 


Scatter plot and Binned average correlations. 


HKNA & HKNB February 2018 


Start Date: 01/02/2018 End Date:  28/02/2018 


Slope 0.999 R2 value 0.990 


Intercept 0.012 Std err 0.001 


Table E-0-47 Wind speed correlation statistics for February 2018 – HKNA & HKNB 


  


Figure E-0-70 Wind Direction correlation between HKNA and HKNB at 100m MSL for February 2018 


HKNA & HKNB February 2018 


Start Date: 01/02/2018 End Date:  28/02/2018 


Slope 0.922 R2 value 0.900 


Intercept 13.600 Std err 0.005 


Table E-0-48 Wind direction correlation statistics for February 2018 
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March 2018 
Data Summary  


Start Date: 01/03/2018 End Date:  09/04/2018 


Data Av Avail 99.62 % Data Av B 92.68 % 


Table E-0-50 March 2018 data availability 


  


Figure E-0-71 Wind Speed correlation between HKNA and HKNB at 100m MSL for March 2018 – 


Scatter plot and Binned average correlations 


HKNA & HKNB HKNA & HKNB March 2018 


Start Date: 01/03/2018 End Date:  09/04/2018 


Slope 0.992 R2 value 0.992 


Intercept 0.052 Std err 0.001 


Table E-0-51 Wind speed correlation statistics for March 2018 – HKNA & HKNB  


 


 


Figure E-0-72 Wind Speed correlation between HKNA and HKNB at 100m MSL for March 2018 – 


Scatter plot and Binned average correlations. 


HKNA & HKNB March 2018 


Start Date: 01/03/2018 End Date:  09/04/2018 
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HKNA & HKNB March 2018 


Slope 0.890 R2 value 0.819 


Intercept 18.940 Std err 0.006 


Table E-0-52 Wind direction correlation statistics for March 2018 


April 2018 
Data Summary  


Start Date: 01/04/2018 End Date:  30/04/2018 


Data Av Avail 87.82 % Data Av B 26.71 % 


Table E-0-53 April 2018 data availability 


  


Figure E-0-73 Wind Speed correlation between HKNA and HKNB at 100m MSL for April 2018 – 


Scatter plot and Binned average correlations 


HKNA & HKNB  March 2018 


Start Date: 01/04/2018 End Date:  30/04/2018 


Slope 0.995 R2 value 0.991 


Intercept 0.008   


Table E-0-54 Wind speed correlation statistics for April 2018 – HKNA & HKNB  


  


Figure E-0-74 Wind Speed correlation between HKNA and HKNB at 100m MSL for April 2018 – 


Scatter plot and Binned average correlations. 


HKNA & HKNB April 2018 


Start Date: 01/04/2018 End Date:  30/04/2018 


Slope 0. 907 R2 value 0.843 


Intercept 15.993   


Table E-0-55 Wind direction correlation statistics for April 2018 
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May 2018 
Data Summary  


Start Date: 01/05/2018 End Date:  31/05/2018 


Data Av Avail 82.64 % Data Av B 52.76 % 


Table E-0-56 May 2018 data availability 


  


Figure E-0-75 Wind Speed correlation between HKNA and HKNB at 100m MSL for May 2018 – 


Scatter plot and Binned average correlations 


HKNA & HKNB  May 2018 


Start Date: 01/05/2018 End Date:  31/05/2018 


Slope 1.00 R2 value 0.994 


Intercept 0.001   


Table E-0-57 Wind speed correlation statistics for May 2018 – HKNA & HKNB  


  


Figure E-0-76 Wind Speed correlation between HKNA and HKNB at 100m MSL for May 2018 – 


Scatter plot and Binned average correlations. 


HKNA & HKNB May 2018 


Start Date: 01/05/2018 End Date:  31/05/2018 


Slope 0. 795 R2 value 0.608 


Intercept 32.163   


Table E-0-58 Wind direction correlation statistics for May 2018 


 


June 2018 
Data Summary  


Start Date: 01/06/2018 End Date:  30/06/2018 


Data Av Avail 87.25 % Data Av B 99.63 % 


Table E-0-59 June 2018 data availability 
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Figure E-0-77 Wind Speed correlation between HKNA and HKNB at 100m MSL for June 2018 – 


Scatter plot and Binned average correlations 


HKNA & HKNB  June 2018 


Start Date: 01/06/2018 End Date:  30/06/2018 


Slope 1.00 R2 value 0.985 


Intercept 0.01   


Table E-0-60 Wind speed correlation statistics for June 2018 – HKNA & HKNB  


  


Figure E-0-78 Wind Speed correlation between HKNA and HKNB at 100m MSL for June 2018 – 


Scatter plot and Binned average correlations. 


HKNA & HKNB June 2018 


Start Date: 01/06/2018 End Date:  30/06/2018 


Slope 0. 894 R2 value 0.789 


Intercept 14.631   


Table E-0-61 Wind direction correlation statistics for June 2018 


 


July 2018 
Data Summary  


Start Date: 01/07/2018 End Date:  31/07/2018 


Data Av Avail 98.67 % Data Av B 98.70 % 


Table E-0-62 July 2018 data availability 
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Figure E-0-79 Wind Speed correlation between HKNA and HKNB at 100m MSL for July 2018 – Scatter 


plot and Binned average correlations 


HKNA & HKNB  July 2018 


Start Date: 01/07/2018 End Date:  31/07/2018 


Slope 1.01 R2 value 0.980 


Intercept -0.05   


Table E-0-63 Wind speed correlation statistics for July 2018 – HKNA & HKNB  


  


Figure E-0-80 Wind Speed correlation between HKNA and HKNB at 100m MSL for July 2018 – Scatter 


plot and Binned average correlations. 


HKNA & HKNB July 2018 


Start Date: 01/07/2018 End Date:  31/07/2018 


Slope 0. 808 R2 value 0.640 


Intercept 33.28   


Table E-0-64 Wind direction correlation statistics for July 2018 


 


August 2018 
Data Summary  


Start Date: 01/08/2018 End Date:  31/08/2018 


Data Av Avail 98.59 % Data Av B 98.60 % 


Table E-0-65 August 2018 data availability 
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Figure E-0-81 Wind Speed correlation between HKNA and HKNB at 100m MSL for August 2018 – 


Scatter plot and Binned average correlations 


HKNA & HKNB  August 2018 


Start Date: 01/08/2018 End Date:  31/08/2018 


Slope 0.995 R2 value 0.983 


Intercept 0.056   


Table E-0-66 Wind speed correlation statistics for August 2018 – HKNA & HKNB  


  


Figure E-0-82 Wind Speed correlation between HKNA and HKNB at 100m MSL for August 2018 – 


Scatter plot and Binned average correlations. 


HKNA & HKNB August 2018 


Start Date: 01/08/2018 End Date:  31/08/2018 


Slope 0. 824 R2 value 0.675 


Intercept 42.04   


Table E-0-67 Wind direction correlation statistics for August 2018 


 


September 2018 
Data Summary  


Start Date: 01/09/2018 End Date:  30/09/2018 


Data Av Avail 96.04 % Data Av B 99.77 % 


Table E-0-68 September 2018 data availability 
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Figure E-0-83 Wind Speed correlation between HKNA and HKNB at 100m MSL for September 2018 


– Scatter plot and Binned average correlations 


HKNA & HKNB  September 2018 


Start Date: 01/09/2018 End Date:  30/09/2018 


Slope 0.999 R2 value 0.982 


Intercept 0.096   


Table E-0-69 Wind speed correlation statistics for September 2018 – HKNA & HKNB  


  


Figure E-0-84 Wind Speed correlation between HKNA and HKNB at 100m MSL for September 2018 


– Scatter plot and Binned average correlations. 


HKNA & HKNB September 2018 


Start Date: 01/09/2018 End Date:  30/09/2018 


Slope 0. 936 R2 value 0.847 


Intercept 15.90   


Table E-0-70 Wind direction correlation statistics for September 2018 


 


 


October 2018 
Data Summary  


Start Date: 01/10/2018 End Date:  31/10/2018 


Data Av Avail 91.10 % Data Av B 90.39 % 


Table E-0-71 October 2018 data availability 
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Figure E-0-85 Wind Speed correlation between HKNA and HKNB at 100m MSL for October 2018 – 


Scatter plot and Binned average correlations 


HKNA & HKNB  October 2018 


Start Date: 01/10/2018 End Date:  31/10/2018 


Slope 0.992 R2 value 0.982 


Intercept 0.012   


Table E-0-72 Wind speed correlation statistics for October 2018 – HKNA & HKNB  


  


Figure E-0-86 Wind Speed correlation between HKNA and HKNB at 100m MSL for October 2018 – 


Scatter plot and Binned average correlations. 


HKNA & HKNB October 2018 


Start Date: 01/10/2018 End Date:  31/10/2018 


Slope 0. 933 R2 value 0.833 


Intercept 13.86   


Table E-0-73 Wind direction correlation statistics for October 2018 


 


 


November 2018 
Data Summary  


Start Date: 01/11/2018 End Date:  30/11/2018 


Data Av Avail 61.74 % Data Av B 64.58 % 


Table E-0-74 November 2018 data availability 
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Figure E-0-87 Wind Speed correlation between HKNA and HKNB at 100m MSL for November 2018 


– Scatter plot and Binned average correlations 


HKNA & HKNB  November 2018 


Start Date: 01/11/2018 End Date:  30/11/2018 


Slope 0.995 R2 value 0.985 


Intercept 0.124   


Table E-0-75 Wind speed correlation statistics for November 2018 – HKNA & HKNB  


  


Figure E-0-88 Wind Speed correlation between HKNA and HKNB at 100m MSL for November 2018 


– Scatter plot and Binned average correlations. 


HKNA & HKNB November 2018 


Start Date: 01/11/2018 End Date:  30/11/2018 


Slope 0. 991 R2 value 0.983 


Intercept -0.46   


Table E-0-76 Wind direction correlation statistics for November 2018 


 


December 2018 
Data Summary  


Start Date: 01/12/2018 End Date:  31/12/2018 


Data Av Avail 70.23 % Data Av B 97.33 % 


Table E-0-77 December 2018 data availability 
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Figure E-0-89 Wind Speed correlation between HKNA and HKNB at 100m MSL for December 2018 – 


Scatter plot and Binned average correlations 


HKNA & HKNB  December 2018 


Start Date: 01/12/2018 End Date:  31/12/2018 


Slope 0.996 R2 value 0.991 


Intercept 0.068   


Table E-0-78 Wind speed correlation statistics for December 2018 – HKNA & HKNB  


 
 


Figure E-0-90 Wind Speed correlation between HKNA and HKNB at 100m MSL for December 2018 – 


Scatter plot and Binned average correlations. 


HKNA & HKNB December 2018 


Start Date: 01/12/2018 End Date:  31/12/2018 


Slope 0. 986 R2 value 0.843 


Intercept 3.11   


Table E-0-79 Wind direction correlation statistics for December 2018 


 


January 2019 
Data Summary  


Start Date: 01/01/2019 End Date:  31/01/2019 


Data Av Avail 91.02 % Data Av B 93.44 % 


Table E-0-80 January 2019 data availability 
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Figure E-0-91 Wind Speed correlation between HKNA and HKNB at 100m MSL for January 2019 – 


Scatter plot and Binned average correlations 


HKNA & HKNB  January 2019 


Start Date: 01/01/2019 End Date:  31/01/2019 


Slope 1.002 R2 value 0.993 


Intercept 0.014   


Table E-0-81 Wind speed correlation statistics for January 2019 – HKNA & HKNB  


 
 


Figure E-0-92 Wind Speed correlation between HKNA and HKNB at 100m MSL for January 2019 – 


Scatter plot and Binned average correlations. 


HKNA & HKNB January 2019 


Start Date: 01/01/2019 End Date:  31/01/2019 


Slope 0. 826 R2 value 0.532 


Intercept 34.81   


Table E-0-82 Wind direction correlation statistics for January 2019 


 


February 2019 
Data Summary  


Start Date: 01/02/2019 End Date:  28/02/2019 


Data Av Avail 71.48% Data Av B 74.85 % 


Table E-0-83 February 2019 data availability 
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Figure E-0-93 Wind Speed correlation between HKNA and HKNB at 100m MSL for February 2019 – 


Scatter plot and Binned average correlations 


HKNA & HKNB  February 2019 


Start Date: 01/02/2019 End Date:  28/02/2019 


Slope 1.000 R2 value 0.991 


Intercept 0.018   


Table E-0-84 Wind speed correlation statistics for February 2019 – HKNA & HKNB  


  


Figure E-0-94 Wind Speed correlation between HKNA and HKNB at 100m MSL for February 2019 – 


Scatter plot and Binned average correlations. 


HKNA & HKNB February 2019 


Start Date: 01/02/2019 End Date:  28/02/2019 


Slope 0. 953 R2 value 0.874 


Intercept 8.13   


Table E-0-85 Wind direction correlation statistics for February 2019 


 


March 2019 
Data Summary  


Start Date: 01/03/2019 End Date:  31/03/2019 


Data Av Avail 78.47% Data Av B 56.18 % 


Table E-0-86 March 2019 data availability 
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Figure E-0-95 Wind Speed correlation between HKNA and HKNB at 100m MSL for March 2019 – 


Scatter plot and Binned average correlations 


HKNA & HKNB  March 2019 


Start Date: 01/03/2019 End Date:  31/03/2019 


Slope 1.002 R2 value 0.994 


Intercept -0.004   


Table E-0-87 Wind speed correlation statistics for March 2019 – HKNA & HKNB  


  


Figure E-0-96 Wind Speed correlation between HKNA and HKNB at 100m MSL for March 2019 – 


Scatter plot and Binned average correlations. 


HKNA & HKNB March 2019 


Start Date: 01/03/2019 End Date:  31/03/2019 


Slope 0. 911 R2 value 0.776 


Intercept 22.12   


Table E-0-88 Wind direction correlation statistics for March 2019 


 


April 2019 
Data Summary  


Start Date: 01/04/2019 End Date:  10/04/2019 


Data Av Avail 59.86 % Data Av B 87.08 % 


Table E-0-89 April 2019 data availability 
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Figure E-0-97 Wind Speed correlation between HKNA and HKNB at 100m MSL for April 2019 – 


Scatter plot and Binned average correlations 


HKNA & HKNB  April 2019 


Start Date: 01/04/2019 End Date:  10/04/2019 


Slope 1.005 R2 value 0.991 


Intercept -0.008   


Table E-0-90 Wind speed correlation statistics for April 2019 – HKNA & HKNB  


  


Figure E-0-98 Wind Speed correlation between HKNA and HKNB at 100m MSL for April 2019 – 


Scatter plot and Binned average correlations. 


HKNA & HKNB April 2019 


Start Date: 01/04/2019 End Date:  10/04/2019 


Slope 0. 914 R2 value 0.945 


Intercept 8.81   


Table E-0-91 Wind direction correlation statistics for April 2019 
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Appendix E.4 Wind Shear Distributions 


   


April 17 May 17 June 17 


 
  


July 17 August 17 September 17 


   


October 17 November 17 December 17 


   


January 18 February 18 March 18 
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April 18 May 18 June 18 


   


July 18 August 18 September 18 


   


October 18 November 18 December 18 


   


January 19 February 19 March 19 


 


Figure E-0-99 All sector distribution of the vertical wind shear at 100m MSL at HKNB by month. 
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Month Mean  Max Min Var 


Apr 2017 0.07 0.73 -0.25 0.02 


May 2017 0.10 0.96 -0.85 0.04 


Jun 2017 0.10 0.89 -0.71 0.03 


Jul 2017 0.06 0.83 -0.57 0.02 


Aug 2017 0.04 0.56 -0.44 0.01 


Sep 2017 0.04 0.68 -0.44 0.01 


Oct 2017 0.08 0.77 -0.27 0.01 


Nov 2017 0.06 0.71 -0.41 0.01 


Dec 2017 0.07 1.07 -0.33 0.01 


Jan 2018 0.11 0.96 -0.25 0.02 


Feb 2018 0.05 0.56 -0.30 0.01 


Mar 2018 0.11 1.06 -0.58 0.03 


Apr 2018 0.16 1.07 -0.58 0.04 


May 2018 0.04 0.97 -0.57 0.04 


Jun 2018 0.06 0.79 -0.93 0.03 


Jul 2018 0.07 1.03 -0.99 0.04 


Aug 2018 0.04 1.09 -0.59 0.02 


Sep 2018 0.05 0.76 -0.42 0.01 


Oct 2018 0.06 0.80 -0.32 0.02 


Nov 2018 0.09 0.61 -0.22 0.01 


Dec 2018 0.10 0.79 -0.34 0.02 


Jan 2019 0.08 0.76 -0.35 0.02 


Feb 2019 0.14 0.83 -0.44 0.02 


Mar 2019 0.12 0.79 -0.26 0.02 


Table E-0-92 HKNB wind shear per month 


The mean wind shears as shown in Table E-0-92 show a decrease in shear in summer 


months with higher shear levels during winter periods. This is as expected and although 
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wind shear is not formally part of the Carbon Trust Roadmap it is reassuring to see 


plausible numbers for this derived parameter. 


Appendix E.5 Summary 
Appendix E shows that there is a good level of agreement between the two buoy 


locations throughout the 2 year campaign.  


The good correlation and the level of traceability in the measurement instrument 


documentation help support a low uncertainty estimation associated with wind speed 


measurement. 


Wind shear is presented in histogram form to allow the reader to see the range and 


nature of wind shear conditions at or around 100m MSL. This level of information may 


inform further wind yield analysis work when looking to model wake effects using 


different stability classes or if looking to project energy yields using rotor equivalent 


wind speeds. 
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Appendix F Modelling output statistics 
This Appendix has not been updated from the original report. 


The best-fit Weibull parameters (c & k) are calculated for each of the investigated 


nodes within the HKNWFZ. The directional Weibull parameters (c & k) for 30 degrees 


sectors are included, e.g. for ‘sector 0’ containing values for the sector 345 to 15. The 


Weibull parameters for each node are shown below. 


Appendix F.1 Node 1 
Omnidirectional mean wind speed Node 1 


 


Measurement height (m MSL) 300 m 250 m 200 m 160 m 120 m 100 m 60 m 10 m 


Mean wind speed (m/s) 10.41 10.26 10.09 9.91 9.69 9.56 9.19 8.03 


Weibull k 2.25 2.26 2.27 2.28 2.29 2.30 2.32 2.34 


Weibull c (m/s) 11.76 11.60 11.39 11.20 10.95 10.79 10.38 9.06 


Table F- 0-93 Omnidirectional mean wind speed characteristics at all heights 


Weibull k Node 1 


sector 0 30 60 90 120 150 180 210 240 270 300 330 


300 m 2.38 2.56 2.69 2.61 2.46 2.36 2.29 2.47 2.56 2.34 2.34 2.25 


250 m 2.38 2.56 2.69 2.62 2.47 2.36 2.29 2.47 2.56 2.34 2.34 2.26 


200 m 2.38 2.56 2.70 2.62 2.47 2.36 2.29 2.47 2.56 2.34 2.34 2.26 


160 m 2.38 2.56 2.70 2.62 2.47 2.36 2.29 2.47 2.56 2.34 2.34 2.26 


120 m 2.38 2.57 2.70 2.62 2.47 2.36 2.29 2.48 2.57 2.34 2.34 2.26 


100 m 2.38 2.57 2.70 2.62 2.48 2.36 2.29 2.48 2.57 2.34 2.34 2.26 


60 m 2.38 2.57 2.69 2.62 2.47 2.35 2.29 2.47 2.57 2.34 2.34 2.26 


10 m 2.37 2.54 2.65 2.60 2.44 2.31 2.28 2.46 2.56 2.34 2.34 2.26 


Table F- 0-94 Directional Weibull k per 30dgrs sector per height level 


Weibull c Node 1 


Sector 0 30 60 90 120 150 180 210 240 270 300 330 


300 m 9.43 9.35 10.01 10.19 10.00 10.55 12.43 14.49 14.06 12.29 10.98 10.38 


250 m 9.36 9.29 9.92 10.08 9.81 10.34 12.20 14.20 13.81 12.14 10.88 10.31 


200 m 9.28 9.21 9.82 9.95 9.59 10.08 11.91 13.85 13.52 11.97 10.75 10.22 


160 m 9.21 9.13 9.72 9.82 9.37 9.83 11.63 13.51 13.23 11.80 10.63 10.13 


120 m 9.11 9.03 9.59 9.65 9.10 9.51 11.28 13.08 12.87 11.59 10.47 10.02 


100 m 9.05 8.97 9.51 9.55 8.93 9.32 11.07 12.82 12.65 11.45 10.37 9.95 


60 m 8.88 8.79 9.29 9.27 8.48 8.79 10.49 12.11 12.04 11.09 10.10 9.75 


10 m 8.33 8.23 8.58 8.36 7.07 7.19 8.69 9.92 10.15 9.90 9.20 9.10 


Table F- 0-95 Directional Weibull c per 30dgrs sector per height level 
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Figure F-0-100 Weibull k (left) and Weibull c (right) directional variation at 100m MSL. 


Appendix F.2 Node 2 
Omnidirectional mean wind speed Node 2 


 


Measurement height (m MSL) 300 m 250 m 200 m 160 m 120 m 100 m 60 m 10 m 


Mean wind speed (m/s) 10.47 10.32 10.14 9.97 9.75 9.62 9.25 8.10 


Weibull k 2.25 2.26 2.27 2.28 2.29 2.30 2.32 2.35 


Weibull c (m/s) 11.82 11.66 11.46 11.26 11.02 10.86 10.45 9.14 


Table F-0-96 Omnidirectional mean wind speed characteristics at all heights 


Weibull k Node 2 


sector 0 30 60 90 120 150 180 210 240 270 300 330 


300 m 2.38 2.56 2.69 2.63 2.46 2.36 2.30 2.45 2.58 2.34 2.35 2.24 


250 m 2.38 2.56 2.69 2.63 2.46 2.36 2.30 2.45 2.58 2.34 2.35 2.24 


200 m 2.38 2.56 2.69 2.63 2.47 2.36 2.30 2.45 2.58 2.34 2.35 2.24 


160 m 2.38 2.57 2.69 2.63 2.47 2.36 2.30 2.45 2.58 2.34 2.35 2.24 


120 m 2.38 2.57 2.69 2.63 2.47 2.36 2.30 2.45 2.58 2.34 2.35 2.24 


100 m 2.39 2.57 2.69 2.63 2.47 2.36 2.30 2.45 2.59 2.34 2.35 2.24 


60 m 2.39 2.57 2.69 2.63 2.47 2.36 2.30 2.45 2.59 2.34 2.35 2.24 


10 m 2.38 2.54 2.66 2.61 2.44 2.32 2.29 2.44 2.58 2.34 2.35 2.25 


Table F-0-97 Directional Weibull k per 30dgrs sector per height level 
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Weibull c Node 2 


sector 0 30 60 90 120 150 180 210 240 270 300 330 


300 m 9.54 9.31 9.92 10.15 10.05 10.58 12.42 14.51 14.27 12.45 11.12 10.56 


250 m 9.48 9.26 9.86 10.06 9.87 10.36 12.19 14.21 14.01 12.30 11.01 10.47 


200 m 9.39 9.20 9.79 9.95 9.65 10.09 11.91 13.86 13.71 12.12 10.88 10.37 


160 m 9.31 9.14 9.72 9.85 9.43 9.83 11.64 13.51 13.41 11.94 10.75 10.28 


120 m 9.21 9.07 9.63 9.71 9.16 9.51 11.29 13.09 13.04 11.72 10.58 10.15 


100 m 9.15 9.02 9.57 9.62 8.99 9.31 11.08 12.82 12.81 11.58 10.48 10.07 


60 m 8.97 8.89 9.41 9.39 8.55 8.78 10.51 12.11 12.19 11.19 10.19 9.85 


10 m 8.38 8.46 8.89 8.62 7.16 7.15 8.73 9.91 10.24 9.95 9.25 9.13 


Table F-0-98 Directional Weibull c per 30dgrs sector per height level 


  


Figure F-0-101 Weibull k (left) and Weibull c (right) directional variation at 100m MSL. 


Appendix F.3 Node 3 
Omnidirectional mean wind speed Node 3 


 


Measurement height (m MSL) 300 m 250 m 200 m 160 m 120 m 100 m 60 m 10 m 


Mean wind speed (m/s) 10.45 10.31 10.13 9.96 9.74 9.61 9.24 8.09 


Weibull k 2.25 2.26 2.27 2.28 2.29 2.30 2.32 2.35 


Weibull c (m/s) 11.81 11.65 11.45 11.25 11.00 10.85 10.44 9.13 


Table F 0-99 Omnidirectional mean wind speed characteristics at all heights 


Weibull k Node 3 


sector 0 30 60 90 120 150 180 210 240 270 300 330 


300 m 2.38 2.56 2.69 2.63 2.46 2.36 2.30 2.45 2.57 2.34 2.34 2.25 


250 m 2.38 2.56 2.69 2.63 2.46 2.36 2.30 2.45 2.58 2.34 2.34 2.25 


200 m 2.38 2.56 2.69 2.63 2.47 2.36 2.30 2.45 2.58 2.34 2.35 2.25 


160 m 2.38 2.57 2.69 2.63 2.47 2.36 2.30 2.45 2.58 2.34 2.35 2.25 


120 m 2.38 2.57 2.69 2.63 2.47 2.36 2.30 2.45 2.58 2.34 2.35 2.25 


100 m 2.38 2.57 2.69 2.63 2.47 2.36 2.30 2.45 2.58 2.34 2.35 2.25 







   


 


 


Appendices   | Page 227 


Weibull k Node 3 


60 m 2.38 2.57 2.69 2.63 2.47 2.35 2.30 2.45 2.59 2.34 2.35 2.25 


10 m 2.38 2.54 2.66 2.61 2.44 2.32 2.29 2.44 2.58 2.34 2.35 2.25 


Table F-0-100 Directional Weibull k per 30dgrs sector per height level 


Weibull c Node 3 


sector 0 30 60 90 120 150 180 210 240 270 300 330 


300 m 9.52 9.31 9.90 10.14 10.05 10.57 12.42 14.50 14.24 12.42 11.10 10.54 


250 m 9.46 9.26 9.85 10.05 9.86 10.35 12.18 14.21 13.99 12.27 11.00 10.45 


200 m 9.37 9.20 9.77 9.94 9.64 10.09 11.90 13.86 13.68 12.09 10.86 10.36 


160 m 9.29 9.14 9.70 9.83 9.43 9.83 11.63 13.51 13.39 11.92 10.73 10.26 


120 m 9.19 9.06 9.61 9.70 9.16 9.51 11.29 13.08 13.02 11.69 10.57 10.13 


100 m 9.19 9.06 9.61 9.70 9.16 9.51 11.29 13.08 13.02 11.69 10.57 10.13 


60 m 8.95 8.88 9.40 9.38 8.54 8.78 10.50 12.11 12.17 11.17 10.18 9.84 


10 m 8.36 8.46 8.88 8.61 7.15 7.15 8.72 9.91 10.22 9.94 9.24 9.11 


Table F-0-101 Directional Weibull c per 30dgrs sector per height level 


  


Figure F-0-102 Weibull k (left) and Weibull c (right) directional variation at 100m MSL. 
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Appendix F.4 Node 4 
Omnidirectional mean wind speed Node 4 


 


Measurement height (m MSL) 300 m 250 m 200 m 160 m 120 m 100 m 60 m 10 m 


Mean wind speed (m/s) 10.43 10.29 10.11 9.94 9.72 9.59 9.22 8.07 


Weibull k 2.25 2.26 2.27 2.28 2.29 2.30 2.32 2.35 


Weibull c (m/s) 11.79 11.62 11.42 11.23 10.98 10.83 10.42 9.11 


Table F-0-102 Omnidirectional mean wind speed characteristics at all heights 


Weibull k Node 4 


sector 0 30 60 90 120 150 180 210 240 270 300 330 


300 m 2.38 2.56 2.69 2.62 2.46 2.36 2.30 2.46 2.57 2.34 2.34 2.25 


250 m 2.38 2.56 2.70 2.63 2.46 2.36 2.30 2.46 2.57 2.34 2.34 2.25 


200 m 2.38 2.56 2.70 2.63 2.47 2.36 2.30 2.46 2.57 2.34 2.35 2.25 


160 m 2.38 2.57 2.70 2.63 2.47 2.36 2.30 2.46 2.57 2.34 2.35 2.25 


120 m 2.38 2.57 2.70 2.63 2.47 2.36 2.30 2.46 2.58 2.34 2.35 2.25 


100 m 2.39 2.57 2.70 2.63 2.47 2.36 2.30 2.46 2.58 2.34 2.35 2.25 


60 m 2.39 2.57 2.69 2.63 2.47 2.35 2.30 2.46 2.58 2.34 2.35 2.25 


10 m 2.38 2.54 2.66 2.61 2.44 2.32 2.29 2.45 2.57 2.34 2.35 2.25 


Table F-0-103 Directional Weibull k per 30dgrs sector per height level 


Weibull c Node 4 


sector 0 30 60 90 120 150 180 210 240 270 300 330 


300 m 9.49 9.29 9.89 10.12 10.02 10.58 12.41 14.49 14.18 12.37 11.07 10.49 


250 m 9.42 9.24 9.83 10.03 9.84 10.36 12.18 14.20 13.93 12.22 10.96 10.41 


200 m 9.34 9.18 9.76 9.92 9.62 10.10 11.90 13.84 13.63 12.04 10.83 10.31 


160 m 9.26 9.12 9.69 9.81 9.40 9.84 11.63 13.50 13.33 11.87 10.70 10.21 


120 m 9.16 9.04 9.60 9.67 9.13 9.52 11.28 13.07 12.96 11.65 10.53 10.09 


100 m 9.10 8.99 9.54 9.58 8.96 9.32 11.07 12.81 12.74 11.51 10.43 10.01 


60 m 8.92 8.86 9.39 9.35 8.51 8.79 10.50 12.10 12.12 11.14 10.14 9.80 


10 m 8.33 8.44 8.87 8.58 7.12 7.16 8.72 9.90 10.19 9.92 9.21 9.08 


Table F-0-104 Directional Weibull c per 30dgrs sector per height level 
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Figure F-0-103 Weibull k (left) and Weibull c (right) directional variation at 100m MSL. 


Appendix F.5 Node 5 
Omnidirectional mean wind speed Node 5 


 


Measurement height (m MSL) 300 m 250 m 200 m 160 m 120 m 100 m 60 m 10 m 


Mean wind speed (m/s) 10.36 10.21 10.04 9.87 9.65 9.52 9.16 8.01 


Weibull k 2.25 2.26 2.27 2.28 2.29 2.30 2.32 2.35 


Weibull c (m/s) 11.70 11.54 11.34 11.14 10.90 10.75 10.34 9.05 


Table F-0-105 Omnidirectional mean wind speed characteristics at all heights 


Weibull k Node 5 


sector 0 30 60 90 120 150 180 210 240 270 300 330 


300 m 2.38 2.56 2.70 2.62 2.46 2.36 2.28 2.49 2.54 2.34 2.34 2.26 


250 m 2.38 2.56 2.70 2.62 2.46 2.36 2.28 2.49 2.54 2.34 2.34 2.26 


200 m 2.38 2.56 2.70 2.62 2.47 2.36 2.28 2.49 2.55 2.34 2.34 2.26 


160 m 2.38 2.57 2.70 2.62 2.47 2.36 2.29 2.49 2.55 2.34 2.34 2.26 


120 m 2.38 2.57 2.70 2.62 2.47 2.35 2.29 2.49 2.55 2.34 2.34 2.26 


100 m 2.38 2.57 2.70 2.62 2.47 2.35 2.29 2.49 2.55 2.34 2.34 2.26 


60 m 2.38 2.57 2.70 2.62 2.47 2.35 2.29 2.49 2.55 2.34 2.34 2.26 


10 m 2.38 2.54 2.67 2.60 2.44 2.31 2.28 2.48 2.55 2.34 2.34 2.26 


Table F-0-106 Directional Weibull k per 30dgrs sector per height level 


Weibull c Node 5 


sector 0 30 60 90 120 150 180 210 240 270 300 330 


300 m 9.37 9.22 9.83 10.04 9.95 10.59 12.42 14.48 13.94 12.19 10.90 10.35 


250 m 9.31 9.17 9.77 9.95 9.76 10.37 12.19 14.19 13.69 12.05 10.80 10.27 


200 m 9.23 9.11 9.70 9.84 9.54 10.11 11.90 13.84 13.40 11.89 10.67 10.17 


160 m 9.15 9.05 9.63 9.73 9.33 9.85 11.63 13.50 13.11 11.72 10.54 10.08 


120 m 9.05 8.98 9.54 9.59 9.05 9.53 11.28 13.07 12.75 11.51 10.38 9.96 


100 m 8.98 8.93 9.48 9.50 8.89 9.34 11.07 12.81 12.53 11.38 10.28 9.89 


60 m 8.81 8.80 9.33 9.26 8.44 8.81 10.49 12.10 11.93 11.02 10.00 9.68 


10 m 8.22 8.38 8.81 8.49 7.04 7.19 8.70 9.92 10.05 9.85 9.08 8.99 


Table F-0-107 Directional Weibull c per 30dgrs sector per height level 
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Figure F-0-104 Weibull k (left) and Weibull c (right) directional variation at 100m MSL. 


Appendix F.6 Node 6 
Omnidirectional mean wind speed Node 6 


 


Measurement height (m MSL) 300 m 250 m 200 m 160 m 120 m 100 m 60 m 10 m 


Mean wind speed (m/s) 10.32 10.18 10.00 9.83 9.62 9.49 9.13 7.99 


Weibull k 2.25 2.26 2.27 2.28 2.29 2.30 2.32 2.35 


Weibull c (m/s) 11.66 11.50 11.30 11.11 10.87 10.72 10.31 9.02 


Table F 0-108 Omnidirectional mean wind speed characteristics at all heights 


Weibull k Node 6 


sector 0 30 60 90 120 150 180 210 240 270 300 330 


300 m 2.38 2.56 2.70 2.61 2.46 2.35 2.28 2.50 2.54 2.33 2.33 2.27 


250 m 2.38 2.56 2.70 2.61 2.47 2.35 2.28 2.50 2.54 2.34 2.33 2.27 


200 m 2.38 2.56 2.70 2.62 2.47 2.35 2.28 2.50 2.54 2.34 2.33 2.27 


160 m 2.38 2.57 2.70 2.62 2.47 2.35 2.28 2.50 2.55 2.34 2.33 2.27 


120 m 2.38 2.57 2.70 2.62 2.47 2.35 2.28 2.50 2.55 2.34 2.33 2.27 


100 m 2.38 2.57 2.70 2.62 2.48 2.35 2.28 2.50 2.55 2.34 2.33 2.27 


60 m 2.38 2.57 2.70 2.62 2.47 2.35 2.29 2.50 2.55 2.34 2.33 2.28 


10 m 2.38 2.54 2.67 2.60 2.44 2.31 2.28 2.49 2.54 2.34 2.33 2.28 


Table F-0-109 Directional Weibull k per 30dgrs sector per height level 


Weibull c Node 6 


sector 0 30 60 90 120 150 180 210 240 270 300 330 


300 m 9.31 9.19 9.80 10.02 9.92 10.57 12.46 14.44 13.85 12.11 10.84 10.31 


250 m 9.25 9.14 9.74 9.93 9.73 10.35 12.22 14.15 13.61 11.97 10.74 10.23 


200 m 9.17 9.08 9.67 9.81 9.51 10.09 11.94 13.80 13.32 11.81 10.61 10.14 


160 m 9.09 9.02 9.60 9.70 9.29 9.84 11.66 13.46 13.03 11.64 10.48 10.04 


120 m 8.99 8.95 9.51 9.56 9.02 9.52 11.31 13.04 12.68 11.44 10.32 9.93 


100 m 8.92 8.90 9.45 9.48 8.85 9.32 11.10 12.78 12.46 11.31 10.22 9.85 


60 m 8.75 8.77 9.30 9.24 8.40 8.80 10.52 12.07 11.86 10.96 9.94 9.65 


10 m 8.17 8.35 8.79 8.45 7.00 7.19 8.72 9.90 10.00 9.82 9.04 8.97 
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Table F-0-110 Directional Weibull c per 30dgrs sector per height level 


 
 


Figure F-0-105 Weibull k (left) and Weibull c (right) directional variation at 100m MSL. 


Appendix F.7 Node 7 
Omnidirectional mean wind speed Node 7 


 


Measurement height (m MSL) 300 m 250 m 200 m 160 m 120 m 100 m 60 m 10 m 


Mean wind speed (m/s) 10.34 10.20 10.03 9.86 9.64 9.51 9.15 8.01 


Weibull k 2.25 2.26 2.27 2.28 2.29 2.30 2.32 2.35 


Weibull c (m/s) 11.69 11.52 11.33 11.13 10.89 10.74 10.33 9.04 


Table F-0-111 Omnidirectional mean wind speed characteristics at all heights 


Weibull k Node 7 


sector 0 30 60 90 120 150 180 210 240 270 300 330 


300 m 2.38 2.56 2.70 2.61 2.46 2.36 2.28 2.49 2.54 2.34 2.33 2.26 


250 m 2.38 2.56 2.70 2.62 2.46 2.36 2.28 2.49 2.54 2.34 2.33 2.26 


200 m 8.22 8.14 8.68 8.84 8.65 9.18 10.81 12.57 12.13 10.65 9.55 9.08 


160 m 2.38 2.57 2.70 2.62 2.47 2.36 2.28 2.49 2.55 2.34 2.34 2.26 


120 m 2.38 2.57 2.70 2.62 2.47 2.35 2.28 2.49 2.55 2.34 2.34 2.26 


100 m 2.38 2.57 2.70 2.62 2.47 2.35 2.29 2.49 2.55 2.34 2.34 2.26 


60 m 2.38 2.57 2.70 2.62 2.47 2.35 2.29 2.49 2.55 2.34 2.34 2.26 


10 m 2.38 2.54 2.67 2.60 2.44 2.31 2.28 2.48 2.55 2.34 2.34 2.27 


Table F-0-112 Directional Weibull k per 30dgrs sector per height level 


Weibull c Node 7 


sector 0 30 60 90 120 150 180 210 240 270 300 330 


300 m 9.35 9.21 9.82 10.03 9.94 10.58 12.45 14.46 13.91 12.17 10.88 10.33 


250 m 9.28 9.16 9.76 9.94 9.76 10.36 12.21 14.17 13.67 12.03 10.77 10.26 


200 m 8.28 8.18 8.73 8.92 8.81 9.38 11.02 12.82 12.35 10.78 9.64 9.15 


160 m 9.13 9.05 9.62 9.72 9.32 9.85 11.65 13.48 13.09 11.70 10.52 10.07 


120 m 9.02 8.97 9.53 9.58 9.04 9.53 11.30 13.05 12.73 11.49 10.36 9.95 


100 m 8.96 8.92 9.47 9.49 8.88 9.33 11.09 12.79 12.51 11.36 10.26 9.87 
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60 m 8.79 8.79 9.32 9.25 8.43 8.80 10.51 12.09 11.91 11.00 9.98 9.67 


10 m 8.20 8.37 8.81 8.47 7.03 7.19 8.72 9.91 10.03 9.84 9.07 8.98 


Table F-0-113 Directional Weibull c per 30dgrs sector per height level 


  


Figure F-0-106 Weibull k (left) and Weibull c (right) directional variation at 100m MSL. 


Appendix F.8 Node 8 
Omnidirectional mean wind speed Node 8 


 


Measurement height (m MSL) 300 m 250 m 200 m 160 m 120 m 100 m 60 m 10 m 


Mean wind speed (m/s) 10.43 10.29 10.11 9.94 9.72 9.59 9.22 8.07 


Weibull k 2.25 2.26 2.27 2.28 2.29 2.30 2.32 2.35 


Weibull c (m/s) 11.79 11.62 11.42 11.23 10.98 10.83 10.42 9.11 


Table F-0-114 Omnidirectional mean wind speed characteristics at all heights 


Weibull k Node 8 


sector 0 30 60 90 120 150 180 210 240 270 300 330 


300 m 2.38 2.56 2.69 2.62 2.46 2.36 2.30 2.46 2.57 2.34 2.34 2.25 


250 m 2.38 2.56 2.70 2.63 2.46 2.36 2.30 2.46 2.57 2.34 2.34 2.25 


200 m 2.38 2.56 2.70 2.63 2.47 2.36 2.30 2.46 2.57 2.34 2.35 2.25 


160 m 2.38 2.57 2.70 2.63 2.47 2.36 2.30 2.46 2.57 2.34 2.35 2.25 


120 m 2.38 2.57 2.70 2.63 2.47 2.36 2.30 2.46 2.58 2.34 2.35 2.25 


100 m 2.39 2.57 2.70 2.63 2.47 2.36 2.30 2.46 2.58 2.34 2.35 2.25 


60 m 2.39 2.57 2.69 2.63 2.47 2.35 2.30 2.46 2.58 2.34 2.35 2.25 


10 m 2.38 2.54 2.66 2.61 2.44 2.32 2.29 2.45 2.57 2.34 2.35 2.25 


Table F-0-115 Directional Weibull k per 30dgrs sector per height level 


Weibull c Node 8 


sector 0 30 60 90 120 150 180 210 240 270 300 330 


300 m 9.49 9.29 9.89 10.12 10.02 10.58 12.41 14.49 14.18 12.37 11.07 10.49 


250 m 9.42 9.24 9.83 10.03 9.84 10.36 12.18 14.20 13.93 12.22 10.96 10.41 


200 m 9.34 9.18 9.76 9.92 9.62 10.10 11.90 13.84 13.63 12.04 10.83 10.31 


160 m 9.26 9.12 9.69 9.81 9.40 9.84 11.63 13.50 13.33 11.87 10.70 10.21 
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120 m 9.16 9.04 9.60 9.67 9.13 9.52 11.28 13.07 12.96 11.65 10.53 10.09 


100 m 9.10 8.99 9.54 9.58 8.96 9.32 11.07 12.81 12.74 11.51 10.43 10.01 


60 m 8.92 8.86 9.39 9.35 8.51 8.79 10.50 12.10 12.12 11.14 10.14 9.80 


10 m 8.33 8.44 8.87 8.58 7.12 7.16 8.72 9.90 10.19 9.92 9.21 9.08 


Table F-0-116 Directional Weibull c per 30dgrs sector per height level 


  


Figure F-0-107 Weibull k (left) and Weibull c (right) directional variation at 100m MSL. 
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Appendix G ERA5 bias correction for comparison with 


KNW data 
This Appendix has not been updated from the original report. 


Appendix G.1 Introduction 
ERA5 is the most recent reanalysis produced by the ECMWF. The spatial resolution of 


ERA5 is 31 km and the temporal resolution is 1 hour. In the vertical, there are 137 levels, 


of which 10 in the lowest 300 m of the atmosphere. After comparing the chosen 


available datasets for MMIJ and OWEZ Met Mast (results are presented in the main 


text), ERA5 was shown to perform consistently better in terms of all error metrics except 


bias. For the final decision on the choice of the long-term reference source, a more 


detailed comparison between KNW and ERA5 at the HKZ and HKN sites has therefore 


been carried out. To allow for this comparison, a bias correction on the ERA5 data is 


performed. There are two reasons why a good comparison between KNW and ERA5 


data requires a bias correction on ERA5 data:  


1) The KNW data also represents bias corrected data from the HARMONIE model. 


2) When a reference source is used as input data for an MCP model, the MCP procedure 


will inherently also apply a bias correction to this data. The error metrics of the bias 


corrected model data are thus the most relevant performance indicator to inform 


about the choice of reference model.  


Appendix G.2 Method 
We compared ERA5 against a number of recent wind speed observations in the North 


Sea. The observational sites chosen for this comparison are Meteo Mast IJmuiden 


(MMIJ), Europlatform (EPL) and Lichteiland Goeree (LEGO). These sites were chosen 


because LiDAR observations were available, providing data up to 300m height. HKZ 


LiDAR measurements were deliberately excluded from this analysis to allow for an out-


of-sample validation of the correction method. To obtain ERA5 wind speeds at the 


measurement heights, the model levels (defined at pressure levels) were first converted 


to height and then linearly interpolated to the measurement heights. 
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Figure G-0-108 ERA5 bias as a function of height at three selected North Sea locations. 


Figure G-0-108 shows the ERA5 wind speed bias for the three selected locations. We 


observe that the bias of the uncorrected ERA5 wind speeds decreases as function of 


height for these sites. A hypothesis for the cause of this bias is that the bias is related 


to the surface parametrization and the formulation for turbulent mixing in lower part 


of the boundary layer. Above a certain height, the wind will converge to the 


geostrophic wind (the wind that is in equilibrium with the large-scale pressure gradient 


without any surface drag or other influences). It seems therefor natural to require that 


the correction goes to zero for a certain height. 


Based on these considerations, we propose the following correction: 


 


𝑐(𝑧)  = {𝑐0


𝐻 − 𝑧


𝐻
      if 𝑧 ≤ 𝐻


0            otherwise  


 


Where c(z) is the proposed correction as a function of height z and c0 and H are fitting 


constants to be determined. This correction is visualised in Figure G-0-109. 
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Figure G-0-109 Proposed bias correction. The parameter H can be interpreted as the average height 


above which ERA5 is unbiased. Parameter c0 denotes wind speed bias close to the surface. 


The coefficients are fitted on the data at Meteo Mast IJmuiden, Europlatform and 


Lichteiland Goeree. To prevent over-representation of one of the sites, an equal 


number of observations from each site were taken. 


Appendix G.3 Results 
The following parameter values were found by this procedure: c0= −0.59m/s;  H = 


599m. 


This correction has been applied to the ERA5 data and the results are compared with 


the uncorrected ERA5 series as well as the other data sources in Figure G-0-109. All 


error metrics except the correlation coefficient improve after the bias correction. The 


correlation coefficient is not changed because this metric is insensitive to bias. Chapter 


5 compares the corrected ERA5 data with the KNW data for the HKN and HKZ sites in 


more detail. We emphasize that the bias correction described in this appendix has only 


been used in the comparison with KNW data to inform about the choice of reference 


data source for the MCP procedure. The uncorrected ERA5 data has been used as 


reference data source for the MCP.   
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Figure G-0-110 Comparison of error metrics of the different data sources against Meteo Mast 


IJmuiden measurements including the corrected ERA5 data. 
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Appendix H Year 2 Measurement campaign quality control 
As part of the HKN measurement campaign, RVO.nl instigated the initial WRA after the 


completion of the original 12-month measurement campaign.  This work was 


presented in version 5 of this report and was the basis of the subsequent webinar on 


the 16th May 2019. 


During the analysis period, RVO.nl took the decision under advisement that a 2nd years 


data campaign would likely lead to lower uncertainty and hence better quality and 


confidence in the wind resource analysis presented for HKN. 


This report (version 6.0) is therefore an updated report that integrates year 2 of HKN 


floating LiDAR data that is presented in detail in Chapter 3 of this report. 


As part of the work to integrate year 2 data a process of quality assurance was 


undertaken in order to assess the impact of the 2nd year of data on the predicted long-


term mean wind speed as originally presented. This Appendix presents the work taken 


to analyse year 2 data and incorporate the data into the full campaign dataset. 


Appendix H.1 Data recovery 
Due to the method of data retrieval from the Fugro buoy systems there is the potential 


to increase the data recovery rate once the buoys have returned to shore for servicing 


or decommissioning. As has been noted in Chapter 3, from time to time there may be 


data loss due to transmittal error. As a reminder transmittal error is data loss due to 


the satellite based synchronisation process (Category 1 error).  


Transmittal loss means that the buoy and land station datasets were not fully able to 


synchronise, but this does not result in the loss of data on the buoy itself. Therefore, 


when the buoy is accessed via local communication protocols, there is the potential to 


re-synchronise the datasets and ensure that the data is fully recovered from the buoy. 


In this case for both HKNA and HKNB, for both locations, there was an increase in data 


availability in measurement year 1 (10/04/2017 00:00 – 09/04/2017 23:50) to warrant a 


re-checking of year 1 results. 


Appendix H.2 Data processing steps 
In order to assess the data, the following analysis steps were undertaken: 


1. Download all verified and final datasets from the RVO.nl website; 


2. Unpack the data and archive in the Oldbaum wind database; 


3. Check all monthly reports for data levels and to establish the details of the 


measurement campaign in year 2; 


4. Extract from database and analyse year 1 for measurement locations HKNA and 


HKNB. Compare this Output to the original HKN WRA output; 


5. Extract year 2 data from database and summarise performance statistics; 


6. Extend ERA5 MCP source data to 16 year dataset; 


7. Combine year 1 and year 2 datasets and compare the following: 


a. HKNB year 1 and year 2 – no gap filling of data; 


b. HKNB year 1 and year 2 – gap-fill HKNB with HKNA data directly; 
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c. HKNB year 1 and year 2 – gap-fill HKNB with HKNA data using an MCP 


process. 


8. Once the combined measurement location dataset for HKNB has been 


chosen: 


a. Undertake MCP analysis using original 15-year ERA5 dataset; 


b. Undertake MCP analysis using extended 16-year ERA5 dataset; 


9. Compare output and finalise the process of presenting the final wind resource 


output for HKN. 


Appendix H.3 Results 
Table H-0-117 presents the data recovery rates for each measurement location: 


 HKNA HKNB 


Original Report 83.75% 96.56% 


Year 1 83.82% 97.29% 


Year 2 83.89% 79.80% 


Combined 83.73% 88.42% 


Year 1 & Year 2 – Direct 


fill from HKNA 


- 96.95% 


Year 1 & Year 2 – MCP fill 


from HKNA 


- 96.96% 


Table H-0-117: Comparison of data recovery rates over measurement campaign 


Table H-0-117 shows that there was a slight increase in data as expected between the 


original report dataset and the newly released and verified dataset. 


For HKNA the data recovery was broadly similar for each measurement year. For HKNB 


however the data recovery was lower at the measurement location for year 2 of the 


campaign. This is partially due to the measurement campaign being slightly shorter at 


HKNB through contractual reasons as opposed to system availability issues. However, 


in general the measurement location HKNB did also experience more availability issues 


as compared to year 1 (87.89% for year 2 as compared to 97.29% for year 1 based on 


deployment time only). 


When gap filling, the two techniques chosen return broadly similar results achieving 


nearly 97% data availability. The high data recovery and similar values points to the 


benefits of running redundant systems in that it is evident that HKNA was operational 


when HKNB was unavailable to measure wind speeds. 


Table H-0-118 shows the year 1 mean wind speed prediction comparing the newly 


verified dataset to the original data report. 
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 Original Report Updated Analysis 


Mean wind speed – 


100m MSL HKNB 


9.63m/s 9.66 m/s 


Long-term mean wind 


speed 


9.56m/s 9.53m/s 


Table H- 0-118: Comparison showing difference between datasets  


The analysis shows that the wind speed changes using the verified dataset is minimal 


as compared to the original report. 


Table H-0-119 shows the predicted wind speeds based on the different treatment of 


the combined year 1 and year 2 datasets, after long term adjustment using the 


extended 16-year ERA5 timeseries.  


 Wind speed at 100m MSL 


Long term HKNB No gap fill  9.5 m/s 


Long-term HKNB – Direct fill from HKNA 9.49 m/s 


Long-term HKNB – MCP fill from HKNA 9.48 m/s 


Table H-0-119: Differences in predicted long term wind speed at 100m MSL  


The output shows there is little difference in long-term wind speed, but a slight 


reduction from year 1 to the combined dataset (Table H-0-118).  


The reason for the decrease is most likely due to the extended ERA5 dataset. However, 


the difference in wind speed (circa 0.05 m/s) is also at the same resolution as the Fugro 


Buoy wind speed output and is in effect a 1-increment change in wind speed as per 


the measurement capability of the buoy. 


Appendix H.4 Conclusion and basis for treatment of data 
As part of the report update process the opportunity has been taken to revisit the 


processes and output of the original HKN WRA. 


The newly released and verified dataset has been analysed to look at a direct 


comparison of the report reversion 5.0 year 1 campaign data and to assess the 


sensitivity of the analysis when extending the dataset to include both measurement 


years. 


The analysis shows that there is an increased data recovery rate between the original 


and newly verified datasets for year 1 for both measurement locations. The analysis 


also shows that this increased rate has a small impact on the measured wind speed 


which is not seen to be significant. 
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The year 2 dataset for HKNB shows a lower data recovery rate and the impact of this 


on the measured wind speed is assessed. The results show that there is a difference of 


only 0.01m/s between the different datasets. 


Given the low difference in wind speeds using the different approaches, a decision was 


made to keep the data presentation consistent between the year 1 and combined year 


1 and year 2 report as presented here. As such, the maps, time-series and other 


deliverables of the wind resource assessment study for HKN, have not been updated. 
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Appendix I About the consortium 
 


Oldbaum Services has been the main contractor for the assignment. Oldbaum Services 


Ltd are a wind energy data company with specialist knowledge in remote sensing and 


wind resource assessment for offshore projects. Oldbaum have worked in over 32 


offshore wind projects located around the world providing services ranging from data 


analysis and layout design to owner engineer and delivery of highly complex wind 


measurement programmes. Over the last 13 years, it has delivered a number of industry 


firsts in Remote Sensing technology and LiDAR, an example of which is the EU FP7 


NORSEWInD project that pioneered the use of LiDAR offshore. 


Pondera Consult, is a Netherlands based environmental consultant, with a long 


standing track record on on-and offshore technical and planning services. As such, its 


team provides expert data-analysis, GIS and project management services to this 


project. 


Through Pondera Consult, Oldbaum Services will perform the project management. 


Oldbaum Services and Pondera Consult are supported by two other subcontractors: 


Whiffle and Deltares.  


 


  


  


Figure G-0-111 The four companies involved in this project. 


Whiffle, a TU Delft spin-off, is an innovative enterprise that develops cutting-edge 


computing technology to produce fine-scale weather forecasts and weather 


simulations for the renewable energy sector. Its staff members combine expertise on 


atmospheric physics, numerical weather prediction, supercomputing and renewable 


energy. Whiffle's mission is to provide the energy sector with the best possible weather 


forecasts to support the transition to a renewable energy-based power system. 


Deltares is an independent institute for applied research in the fields of water and the 


subsurface and is internationally renowned for its expertise and experience, which link 


advanced science to practical applications in water-related projects. The current expert 


team provides the full range of expertise needed for the execution of the project 
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1 EXECUTIVE SUMMARY 


The Hollandse Kust (noord) Wind Farm Zone (HKNWFZ) 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 resource assessment 
of the Hollandse Kust (noord) Wind Farm Zone. DNV GL was assigned to validate this wind study. 


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:  


Document No. Title 
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 report which includes reference 
standards/documents, list of design documentation as well as summary and conclusion of the DNV GL 
evaluation.  


APPENDIX Revision Subject 
A 0 Evaluation of Wind Resource Assessment for Hollandse Kust (noord) Wind Farm 


Zone 


4 CONDITIONS 
No conditions have been identified. 


5 OUTSTANDING ISSUES 
There are no outstanding issues. 


6 CONCLUSION 
DNV GL finds 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 conditions 
assessment. The properties estimated are:  


• Annual average wind speed (at 100 m): 9.56 m/s 
• Wind roses 
• Wind distributions: 


o Weibull A-parameter (at 100 m MSL): 10.79 m/s 
o Weibull k-parameter (at 100 m MSL): 2.30 
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APPENDIX A 
Wind Resource Assessment 


Evaluation of Wind Resource Assessment for Hollandse Kust 
(noord) Wind Farm Zone 


A1 Description of verified component, system or item  
Within the Wind Farm Zone the wind conditions have been estimated. The results and the found site 
conditions are documented by the customer and build the basis for the verification described in the 
current report. 


A2 Interface to other systems/components:  
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 
/1/ HKN_20190930_OBL_WRA-
HKN_V6_0F 


Final 6_0F 
Issued 2019-09-30 


Wind Resource Assessment for Hollandse 
Kust(noord) Wind Farm Zone. 


/2/ Issued 2019-02-01 Calculated Wind Climate – Oldbaum: 
HKN_20190201_WRA_Oldbaum_Time series at 8 
nodes-F.zip 


List of reports taken for information only: 


Document No. Revision Title 
/A/ Proj. ID: 11822658 Final 2.2 


Issued 2019-03-12 
MetOcean Study and database for Dutch Wind Farm 
Zones Hollandse Kust (noord) 


A5 Evaluation Work 
/1/ presents the wind resource assessment for the planned Hollandse Kust (noord) Offshore Wind Farm 
Zone.  The assessment has been based on combined use of offshore wind measurements and mesoscale 
model data. The main outcome of /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 9.53 ± 0.38 m/s (± standard deviation) based on two 
year of buoy measurements. The wind speed variation within the zone is about ±0.1m/s.  The calculated 
wind speeds have a very minimal difference to the results based one the first year of measurements 
(9,56 +/- 0,39 m/s). This difference of 0.03 m/s is less than 10% of the wind speed uncertainty of 0.39 
m/s; therefore the results based on the 2nd year of measurements as a confirmation of the results 
based one year of buoy measurements and thus are a confirmation of the values the values as 
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mentioned in the Statement of Compliance – Site Conditions Assessments WFZ HKN  of 9.56 m/s +/-
0.39 m/s, with Weibull distribution parameters A = 10.79 m/s and k = 2.3.  


Offshore Wind Farm Princess Amalia (OWFPA) and Offshore Wind Farm Egmond aan Zee (OWEZ) are 
located in the immediate vicinity of HKNWFZ. In /1/ it is shown that the effect of those two wind farms 
has negligible effect (indicative effects range from 0.2 % to 0.5 % reduction in terms of annual energy 
production) on HKNWFZ. 


The wind speed was measured in an on-site floating LiDAR campaign at two independent lidars HKNA 
and HKNB at measurement heights of 30, 40, 60, 80, 100, 120, 140, 160, 180, 200 m MSL. Data from 
the period 10/04/2017-09/04/2019 was used in the assessment. The on-site measurements are 
supported by the following other Dutch North Sea offshore wind measurements taken at 


• Europlatform met mast and LiDAR 
• Lichteiland Goeree met mast and LiDAR 
• OWEZ met mast 
• Met mast IJmuiden (MMIJ) 
• Floating LiDAR at HKZ Wind Farm Zone 
 
In /1/ data from five different reference models 


•  ERA5 reanalysis data 
•  KNW mesoscale data 
•  MERRA2 reanalysis data 
•  CFSR reanalysis data 
•  ConX mesoscale data 


have been compared with the measurements.  


It was found that ERA5 was the best data source and therefore chosen to be used as long-term 
reference data source for the MCP routine. 


DNV GL has reviewed  


• Measurements 
• Long-term correction 
• Horizontal extrapolation 
• The results of the wind climate calculation including 


o Air temperature 
o Air pressure 
o Relative humidity 
o Air density Correction  
o Time Series presented in /2/ 


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 
9.56 m/s long-term mean wind speed including ± 0.39 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 desk study 
presented in /A/ are aligned.   
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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 finds 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:  


• Annual average wind speed (at 100 m): 9.56 m/s 


• Wind roses 


• Wind distributions: 


o Weibull A-parameter (at 100 m MSL): 10.79 m/s 


o Weibull k-parameter (at 100 m MSL): 2.30 
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