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TNO Wind Energy is accredited conform ISO/IEC 17025 and accepted as RETL under IECRE WE.

) Power performance measurements conform to IEC 61400-12-1, MEASNET Power Performance
measurement procedure, FGW TR2, FGW TR5

) NTF/NPC measurements conform to IEC 61400-12-2
) Mechanical loads measurements conform to IEC 61400-13

) Meteorological measurements (wind speed, wind direction, temperature, air pressure and relative
humidity) conform to IEC 61400-50-1

) Verification of ground-based or nacelle-mounted Remote Sensing Devices conform to IEC 61400-50-2

) Verification of Floating Lidar Systems conform to IEC 61400-50-2 and IEA Recommended Practices 18

Results only apply for the tested lidar with the settings used during the measurement period.
In case copies of this report are made, only integral copying is allowed.
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Abbreviations

fe! exponent of the power law wind shear model, see equation (5.2)
AHN Actueel Hoogtebestand Nederland (Dutch laser altimetry map)
DTM Digital Terrain Model

EV environmental variable

EWTW ECN Wind Turbine test site Wieringermeer

h measurement height, see equation (5.2)

h, reference height for shear profile, see equation (5.2)

IEC International Electrotechnical Commission

IECRE WE  IEC system for certification to standards relating to equipment for use in Renewable
Energy applications - Wind Energy

ILACMRA International Laboratory Accreditation Cooperation Mutual Recognition Arrange-

ment

LOS Line Of Sight

N number of 10-minute samples, see equation (5.6)

n number of bins, see equation (5.6)

n; bin-count for bin 4, see equation (5.6)

PDOK Publieke Dienstvoorziening Op de Kaart

RD Rijksdriehoekscodrdinaten (Dutch geodetic datum)

RETL Renewable Energy Testing Laboratory

RSD Remote Sensing Device

RvA Raad voor Accreditatie (Dutch Accreditation Council)

std standard deviation

TNO Nederlandse Organisatie voor toegepast-natuurwetenschappelijk onderzoek
(Netherlands Organisation for applied scientific research)

uTc Coordinated Universal Time

VA Vector Averaging

Vhor horizontal wind speed, see equation (5.4)

v, wind speed of shear profile at k,., see equation (5.2)

Vyert vertical wind speed, see equation (5.4)

vy wind direction, see equation (5.5)

WDMS Wind Data Management System
WGS 84 world geodetic system 1984
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Management summary

As part of the Wind@Sea project a ZX Lidars ZX300M with serial number ZX6482 was installed
at the EWTW test site near meteorological mast MM6 on 20 November 2025. The lidar was
verified before being deployed for wind field measurements at offshore platform F2-A-Hanze.

The official measurement campaign started on 20 November 2025 13:30 UTC and lasted
until 16 January 2026 00:00 UTC, covering 56 days. The comparison of the lidar against
meteorological mast MM6 is performed for three measurement heights, 42 m, 81 m and 118 m.
For all comparison heights the regression slope is close to 1 and the offset is up to 0.10m/s
with an R? close to 1. The maximum deviation observed is 2.8 % and the uncertainty is 0.8 %

to 2.9 %. The sensitivity analysis did not result in any significant sensitivity for the lidar.

The results of this verification are based on IEC 61400-50-2:2022 and the TNO Work instructions
for verification of RSD (v.5).

TNO Wind Energy is ISO 17025 accredited for ground based remote sensing device verification.
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1 Introduction

A ZX Lidars ZX300M with serial number ZX6482 was installed at the EWTW test site near MM6 on
20 November 2025. The lidar was verified before being deployed for wind field measurements
at offshore platform F2-A-Hanze in the Wind@Sea project. This report presents the verification
results.

After verifying correct operation of the lidar, the measurement campaign was started on
20 November 2025 13:30 UTC and lasted until 16 January 2026 00:00 UTC.

The results of this verification are based on the IEC 61400-50-2:2022 [1] standard and the TNO
Work instructions for verification of RSD (v.5).
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2

2.1

Measurement campaign

RSD verification location

The lidar is verified near meteorological mast MM6 at the EWTW test site [2]. The terrain at the
EWTW test site consists mainly of agricultural land, with single farmhouses and rows of trees
as shown in fig. 2.1. Itis located in the Wieringermeer, a polder in the north east of the province
of North Holland, 3 km North of the village Medemblik and 1 km West from the vast IJsselmeer
lake. The altitude is 5 m below sea level. The site is considered sufficiently flat according to
IEC 61400-12-5:2022 [3] as demonstrated by the laser altimetry in fig. 2.2.

T N
fiir-os {04

R/ 7N : ; ¢ Google Earth

Source: Google Earth

Figure 2.1: Detailed overview of the south EWTW locations and corresponding meteo mast locations as well as
the nearby obstacles. Meteorological mast MM6 is highlighted by the green circle

The mast is an un-guyed triangular lattice tower with a height of 115.5m, see fig. 2.3. At the
bottom the width of the tower is 5.86 m. On the top of the mast a vertical tube is installed with
a total height of 1.775 m above the mast top. Including the sensor height of 0.225 m this adds
up to a top cup measuring height of 117.5m.

A total of eight booms are mounted on to the mast, as is presented in the layout drawing in
fig. 2.7. Five booms, pointing at 320° in relative to North, support three wind vanes and two cup
anemometers. Three booms, pointing at 140° relative to North, support anemometers. At the
lower and mid measuring heights two cups are installed in opposite directions. Within the large
measurement sector a single cup measurement would result in large wake effects at specific
wind direction. Combined, the influence is reduced. At the lower and mid measuring heights
the vanes are installed on a separate boom 4m below the cup measuring height. The

) TNO Public 10/64
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-5.5

elevation [m] w.r.t. sea level

Source: PDOK / AHN-3 (0.5 m raster DTM)

Figure 2.2: Ground level elevation map of the lidar’s surroundings (radius = 5x117.5m)

Figure 2.3: Meteorological Mast MM6

) TNO Public
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2.2

measuring heights of the cup anemometers are 41.9m, 81.4m, 112.5m and 117.5m. The
measuring heights of the wind vanes are 37.9m, 77.4mand 112.5m. At 108.5m, 4 m below
the cup anemometer, a sonic anemometer is located. The booms can be retracted for
maintenance of the sensors.

In table 2.1 the coordinates of the meteorological mast and lidar locations are summarized.

Table 2.1: Coordinates of the reference mast as well as the lidar

location

MM6 132384m,536649m  52°48.997’N, 5°3.105’E
lidar 132344m,536622m  52°48.982'N, 5°3.069’E
RD Rijksdriehoeksmeting (Dutch geodetic datum)

WGS 84 world geodetic system 1984

In fig. 2.4 the location of the verification location is shown in more detail.

LIDAR location

Source: Google Maps

Figure 2.4: Position of the lidar at 49 m from the meteorological mast; indicated in green is meteorological mast
MM6 and in yellow the verification platform

Measurement sector

The measurement sector is the wind direction sector for which the meteorological mast
measurements and lidar measurements are unaffected by obstacles. The measurement sector
for this verification test is determined based on TIEC 61400-12-5:2022 [3] using MeasSector
version 2.2.1. In fig. 2.5 the lay-out of the EWTW test site is given with the excluded sectors of
all the relevant obstacles. This information is used to determine the undisturbed measurement
sector.

) TNO Public 12/64
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Figure 2.5: Layout of the EWTW test site used to determine the measurement sector

Table 2.2: Excluded sectors per measuring height

excluded sector comparison height origin
117.5m 81.4m 41.9m

0.1° to 104.0° X X X nearby obstacles

119.4°to0 191.2° X X X nearby obstacles

2.3 Remote Sensing Device

The Remote Sensing Device (RSD) is a ZX300M lidar. This unit has identification number ZX6482
(software version 4.5004). It is configured to perform measurements at 10 heights: 22 m, 42 m,
60m, 81 m,100m, 112m, 117 m, 140 m, 160 m, 180 m. The lidar has a cone half-angle of 30°.
The comparison heights are specified in table 2.3. During the verification test the lidar was
oriented 5° w.r.t. North.

Table 2.3: Measurement heights for verification

comparison height | MM6 height lidar height

m m m
1175 1175 117
81.4 81.4 81
41.9 41.9 42

) TNO Public 13/64



) TNO Public ) TNO 2026 R10065

The ZX300M lidar at the RSD verification location is presented in fig. 2.6.

Figure 2.6: ZX300M ZX6482 lidar at the RSD verification location

2.4 Data stream

The Meteorological Mast MM6 is connected via a glass fibre network to the measurement office
at the EWTW test site. From here, the data are transported on a daily basis to the TNO offices in
Petten, where they are stored on a server and imported in a dedicated Wind Data Management
System (WDMS) database. The lidar data are accumulated in the lidar device itself.
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Figure 2.7: Layout of the meteorological mast MM6
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Data selection

The lidar measurement campaign officially starts on 20 November 2025 13:30 and ends on
16 January 2026 00:00 UTC. Figures 3.1 and 3.2 show the time series for the wind speed and
wind direction measured by the reference meteorological mast and the lidar, prior to filtering.
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Figure 3.1: Unfiltered wind speed time series for the comparison heights by the reference meteorological mast
at the RSD verification location (top) and the lidar (bottom)

Filter criteria
The data is filtered in accordance with IEC 61400-50-2:2022 [1, clause 6.3, p.15]:

a) Reference meteorological mast free of wakes

The measurement sector is defined in section 2.2 and the filtering is applied to the wind
direction measurements at each comparison height individually.

b) lidar free of wakes

The lidar is located near the base of MM6 with the North marker aligned to the boom direction
of 320°. Additional measurement filtering is applied where a lidar LOS is in the wake of the
meteorological mast, see section 2.2.
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Figure 3.2: Unfiltered wind direction time series for various heights by the reference meteorological mast at the
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RSD verification location (top) and the lidar (bottom)

The resulting ratio between the wind speeds measured by MM6 and the lidar at each
comparison height and within the measurement sector, does not show a strong directional
dependency, see fig. A.1.

Anemometers free of mast wake

For measurement heights below the top cup, the influence of the MM6 wake on the reference
cup anemometers is mitigated by combining measurements of two cups on booms at
opposite sides of the mast. An additional sector is excluded where both cup measurements
are influenced by the MM6, in line with the boom direction of 320°.

Icing
The MEASNET [4] icing criterion is applied, which eliminates data if the temperature is below
2 °C while the relative humidity is over 80 %. The impact of this criterion is shown in fig. 3.3.

Data availability
All data with lidar availability less than 100 % are filtered from the data set.

Precipitation

The lidar performance might be affected by precipitation however no filtering on precipi-
tation was undertaken. The IEC 61400-50-2:2022 describes that in general no filtering on
precipitation should be applied unless specifically described by the manufacturers guidelines.
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4 Lidar verification

This chapter reports the results of the lidar verification analysis as defined in clause 7 [1]. The
analysis is performed using the in-house software tool RSDverification version 2.3.1.

4.1 Direct data comparison

A comparison of the horizontal wind speed between the meteorological mast devices and
the lidar for each comparison height is presented in figs. 4.1 to 4.3. The format is taken from
figure 6 [1]. Only samples for which the reference wind speed is in the range of 3.75m/s to
16.25m/s are used. Turbulence intensity comparison results for all comparison heights are
found in appendix B.

4.2 Bin-wise data comparison

The bin-wise comparison described in clause 7 [1] first requires binning of the reference wind
speeds measured on the meteorological mast. The prescribed bin width is 0.5 m/s centred on
integer multiples of 0.5 m/s, therefore the range is 3.75m/s to 16.25 m/s.

The resulting bin count histograms are presented in fig. A.3. The bin-wise comparisons for
each measurement height, are presented in figs. 4.4 to 4.6. The results of the regressions are
summarised in table 4.1. The uncertainty intervals shown in these figures are discussed in
section 6.2.

Table 4.1: Lidar verification IEC 61400-50-2 results
height | slope offset e

m - m/s -
1175 | 1.008 -0.101 1.000
81.4 1.001 -0.080 1.000
41.9 0.992 0.027 1.000

4.3 Systematic uncertainties

The results of the systematic uncertainty analysis, as described in section 6.2, are presented for
each comparison height in tables 4.2 to 4.4. The tables are modelled after table 11 [1]. The
total lidar uncertainty is reported in column V4 uncertainty’.

If there are fewer than three data sets in any bin, all statistics (mean and standard deviation)
and derived properties are omitted from the table.

4.4  Environmental conditions

The uncertainty computation for the lidar as part of a future campaign requires the environ-
mental conditions experienced during the lidar verification test [1, clause 11.1, item i].
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The conditions at each comparison height are defined in chapter 5 and reported in tables 4.5
to 4.7. The environmental data is subject to the same filtering steps as the (wind speed) data

used for the verification analysis. The environmental data is binned against the reference wind
speed?.

For the reference wind speed the bin centre is reported, because each environmental condition may have a slightly
different bin-wise mean wind speed depending on the availability of environmental data.
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Figure 4.1: Wind speed comparison @117.5m
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Figure 4.2: Wind speed comparison @81.4 m
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Figure 4.3: Wind speed comparison @41.9 m
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Table 4.2: Uncertainty calculations for the floating lidar system at 118 m

4.03
4.50
5.00
5.52
6.02
6.50
7.01
7.51
8.01
8.51
9.01
9.49
10.00
10.50
10.99
11.48
11.99
12.51
13.00
13.46
13.99
14.45
15.01
15.51
16.08

3.93
bbb
4.94
5.47
5.95
6.47
6.95
7.45
7.97
8.49
8.96
9.48
9.94
10.48
10.96
11.44
12.01
12.51
13.03
13.54
14.05
14.42
15.03
15.46
16.06

data sets

";sd max

m/s
4.22
5.24
5.52
6.46
6.41
7.42
7.89
8.05
9.46
9.41
9.80
10.56
10.72
11.54
12.29
12.59
12.97
13.51
14.59
14.78
15.16
15.00
15.50
15.93
16.44

"Yrsd min

m/s
3.34
3.82
4.40
4.95
5.28
5.65
5.72
6.80
6.78
7.19
7.66
8.28
8.51
9.02
10.17
10.86
11.51
11.97
12.47
12.61
13.45
13.92
14.55
14.96
15.65

0.202
0.223
0.194
0.200
0.190
0.214
0.262
0.223
0.243
0.262
0.279
0.270
0.288
0.269
0.284
0.261
0.274
0.286
0.342
0.337
0.329
0.292
0.216
0.241
0.205

mean

deviation

%
—-2.455
-1.275
-1.130
-0.938
-1.062
-0.469
-0.886
-0.888
-0.549
-0.134
-0.497
-0.159
-0.618
-0.159
-0.302
-0.282

0.136
0.023
0.231
0.582
0.458
-0.197
0.149
-0.300
-0.139

V,.ef UNC.

%
1.379
1.278
1.192
1.121
1.065
1.021
0.981
0.947
0.918
0.893
0.870
0.855
0.841
0.829
0.818
0.809
0.801
0.793
0.786
0.780
0.773
0.767
0.761
0.756
0.751

mounting
unc. rsd

%
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10

V,.sq UNC.

%
2.915
1.898
1.695
1.509
1.542
1.172
1.369
1.334
1.110
0.949
1.046
0.915
1.081
0.887
0.919
0.902
0.861
0.851
0.880
1.035
0.969
0.877
0.845
0.901
0.857
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Table 4.3: Uncertainty calculations for the floating lidar system at 81 m

4.03
4.53
5.01
5.52
6.01
6.49
7.01
7.51
8.00
8.50
9.00
9.51
10.00
10.49
10.99
11.51
11.97
12.46
13.01
13.45
14.01
14.46
14.99
15.52
15.95

3.94
4.45
4.94
5.45
593
6.40
6.95
7.44
7.94
8.43
8.95
9.44
9.91
10.45
10.94
11.49
11.95
12.40
12.92
13.40
13.90
14.36
14.88
15.56
15.86

data sets

";sd max

m/s
4.46
5.13
5.52
6.33
6.52
6.92
7.52
8.62
8.75
9.08
10.04
10.15
10.63
11.01
11.93
12.27
12.69
12.96
13.47
14.00
14.44
14.90
15.17
16.36
16.17

"Yrsd min

m/s
3.45
3.80
3.97
5.01
5.02
5.49
6.22
6.98
7.14
7.00
8.06
7.84
9.24
9.46
10.38
10.83
11.04
11.64
11.74
12.38
13.05
13.88
14.43
14.78
15.13

0.181
0.192
0.214
0.201
0.204
0.207
0.205
0.199
0.214
0.236
0.242
0.258
0.237
0.254
0.275
0.273
0.266
0.278
0.361
0.338
0.282
0.267
0.205
0.444
0.269

mean

deviation

%
-2.239
-1.689
-1.498
-1.290
-1.232
-1.424
-0.940
-0.917
-0.762
-0.870
-0.597
-0.657
-0.860
-0.460
-0.403
-0.173
-0.210
-0.430
-0.694
-0.372
-0.789
-0.675
-0.728

0.214
-0.596

V,.ef UNC.

%
1.368
1.282
1.205
1.149
1.096
1.051
1.008
0.973
0.950
0.924
0.912
0.894
0.877
0.868
0.858
0.839
0.836
0.839
0.839
0.846
0.831
0.814
0.793
0.788
0.760

mounting
unc. rsd

%
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10

V,.sq UNC.

%
2.689
2.168
1.964
1.763
1.684
1.800
1.409
1.365
1.248
1.299
1.124
1.144
1.259
1.024
0.996
0.909
0.915
0.998
1.162
1.047
1.255
1.151
1.154
1.182
1.078
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Table 4.4: Uncertainty calculations for the floating lidar system at 42 m

4.00
4.49
5.01
5.51
6.01
6.50
6.99
7.51
8.00
8.48
9.00
9.50
9.98
10.49
11.00
11.51
11.97
12.43
12.96
13.48
14.00
14.45

15.48

3.96
4.46
4.98
5.47
5.97
6.48
6.96
7.50
7.99
8.47
8.97
9.49
9.96
10.46
10.93
11.48
11.87
12.42
12.85
13.50
13.87
14.29

15.33

data sets

#
178
222
200
221
282
316
290
285
303
243
179
157
138

95

73

57

36

18

26

16

15

O W N O

";sd max

m/s
4.40
5.11
5.54
6.50
6.49
7.05
7.87
8.41
8.77
9.11
9.69
10.13
10.82
10.97
11.55
12.04
12.60
12.98
13.40
13.85
14.20
14.85
14.64
15.37

"Yrsd min

m/s
3.54
3.97
4.54
5.04
5.42
6.02
6.38
6.93
7.44
7.86
8.31
8.86
9.16
9.69
10.14
10.89
11.36
11.81
12.27
12.73
13.15
13.60
14.53
15.27

0.160
0.179
0.184
0.211
0.203
0.205
0.213
0.248
0.230
0.242
0.258
0.249
0.279
0.267
0.247
0.271
0.294
0.302
0.297
0.271
0.272
0.398

0.050

mean

deviation

%
-0.925
-0.836
-0.619
-0.757
-0.550
-0.432
-0.383
-0.115
-0.105
-0.136
-0.251
-0.075
-0.257
-0.329
-0.607
-0.305
-0.779
-0.078
-0.862

0.205
-0.919
-1.068

-1.026

V,.ef UNC.

%
1.423
1.317
1.227
1.161
1.104
1.059
1.022
0.986
0.957
0.937
0.917
0.896
0.882
0.878
0.866
0.863
0.860
0.852
0.834
0.812
0.796
0.849

0.797

mounting
unc. rsd

%
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10

0.10

V,.sq UNC.

%
1.738
1.599
1.416
1.427
1.270
1.179
1.128
1.036
1.002
0.990
1.000
0.950
0.975
0.999
1.112
0.993
1.251
1.054
1.300
1.002
1.333
1.659

1.331
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Table 4.5: Environmental conditions at 118 m

wind speed

m/s
4.000
4.500
5.000
5.500
6.000
6.500
7.000
7.500
8.000
8.500
9.000
9.500

10.000
10.500
11.000
11.500
12.000
12.500
13.000
13.500
14.000
14.500
15.000
15.500
16.000

shear
exponent

#
0.0901
0.1553
0.1983
0.2661
0.3025
0.3033
0.2703
0.2796
0.2837
0.2716
0.2809
0.2768
0.2708
0.2718
0.2709
0.2655
0.2588
0.2458
0.2466
0.2359
0.2253
0.2187
0.2177
0.2045
0.2014

turbulence
intensity

%
7.86
9.33
8.37
7.96
7.71
7.11
6.97
6.95
6.70
7.37
7.46
7.52
7.93
7.65
7.64
7.86
8.11
8.64
8.76
8.96
9.43
9.97

10.89
10.03
9.87

precipitation

%
3.69
3.83
2.77
2.78
4.85
3.77
3.21
5.66
7.46
8.54
5.25
7.76
6.63
6.79
7.83
8.55
10.48

8.26
11.87

9.01
15.15
12.18
18.07
26.73
21.92

wind direction

222.8
229.6
2373
246.2
242.3
252.4
226.1
227.8
227.6
2239
2271
226.3
2229
2153
212.0
218.4
219.4
2239
2313
245.7
251.1
258.0
257.5
260.6
2413

air
temperature

°C

5.23
5.81
5.97
6.61
6.36
6.68
6.07
5.95
6.65
7.01
6.48
6.88
7.02
7.39
6.95
6.89
7.12
7.81
7.95
6.89
5.76
5.95
7.31
7.03
9.78

relative
humidity
%
88.99
84.91
86.17
86.79
86.86
86.14
87.19
87.99
88.96
91.85
89.54
90.33
90.24
91.01
90.93
89.52
87.85
87.53
88.59
85.88
84.25
82.26
81.64
82.66
82.82

air density

kg/m?
1.250
1.249
1.246
1.247
1.248
1.247
1.248
1.244
1.243
1.238
1.240
1.239
1.236
1.235
1.238
1.238
1.237
1.233
1.229
1.231
1.235
1.233
1.225
1.227
1.215

flow

inclination

o

1.064
1.217
1.309
1.132
1.019
1.224
0.946
1.123
1.154
1.105
1.224
1.202
1.118
1.100
1.104
1.181
1.157
1.162
1.251
1.361
1.361
1.469
1.401
1.345
1.385

wind veer

°/m
0.1583
0.1763
0.1821
0.1606
0.1818
0.1619
0.1429
0.1699
0.1527
0.1112
0.1013
0.0905
0.0712
0.0695
0.0651
0.0582
0.0505
0.0463
0.0425
0.0369
0.0330
0.0310
0.0342
0.0305
0.0337
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Table 4.6: Environmental conditions at 81 m

wind speed

m/s
4.000
4.500
5.000
5.500
6.000
6.500
7.000
7.500
8.000
8.500
9.000
9.500

10.000
10.500
11.000
11.500
12.000
12.500
13.000
13.500
14.000
14.500
15.000
15.500
16.000

shear
exponent

#
0.1902
0.2768
0.2800
0.2835
0.2839
0.2565
0.2775
0.2803
0.2772
0.2756
0.2607
0.2554
0.2579
0.2490
0.2423
0.2456
0.2364
0.2244
0.2103
0.2111
0.2048
0.1948
0.1921
0.2112
0.2029

turbulence
intensity

%
8.87
9.47
9.01
8.24
7.80
8.12
7.82
7.67
8.20
8.52
9.03
8.87
8.89
9.35
9.64

10.01
10.14
10.88
11.16
12.16
11.81
11.40
11.47
11.30
10.73

precipitation

%
3.46
3.98
3.10
4.65
3.51
6.00
5.90
7.70
5.05
8.61
6.17
6.88
6.70
9.59
10.76
10.59

7.13
10.31
15.57
25.75
23.76
26.03
20.76
14.09

7.63

wind direction

230.8
249.4
250.7
2533
2419
231.0
2255
221.4
2251
224.8
220.5
213.6
2125
2139
219.2
230.7
236.0
245.2
246.7
259.9
259.2
2533
246.7
237.2
2419

air
temperature
°C
5.30
5.95
6.15
6.42
6.53
5.98
6.45
6.90
6.48
6.87
6.91
7.49
7.18
6.92
7.04
7.84
7.45
7.05
6.30
6.00
6.45
8.04
9.37
9.94
10.93

relative
humidity
%
87.83
85.02
84.57
86.30
85.88
85.59
88.53
90.17
89.79
90.56
89.87
90.70
90.62
90.00
85.67
88.06
86.94
85.82
84.44
83.00
83.92
82.37
82.66
82.23
84.21

air density

kg/m?
1.250
1.249
1.249
1.248
1.248
1.246
1.244
1.239
1.240
1.238
1.238
1.235
1.237
1.238
1.238
1.230
1.231
1.230
1.234
1.231
1.230
1.223
1.216
1.214
1.209

flow

inclination

o

0.926
1.292
1.223
1.126
1.181
1.015
0.969
1.101
1.171
1.206
1.161
1.056
1.046
1.124
1.100
1.227
1.244
1.313
1.442
1.428
1.314
1.372
1.323
1.438
1.472

wind veer

°/m
0.1693
0.1619
0.1534
0.1589
0.1611
0.1696
0.1499
0.1417
0.1055
0.0903
0.0655
0.0641
0.0607
0.0526
0.0433
0.0440
0.0378
0.0348
0.0300
0.0341
0.0325
0.0316
0.0270
0.0314
0.0235
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Table 4.7: Environmental conditions at 42 m

wind speed

m/s
4.000
4.500
5.000
5.500
6.000
6.500
7.000
7.500
8.000
8.500
9.000
9.500

10.000
10.500
11.000
11.500
12.000
12.500
13.000
13.500
14.000
14.500
15.000
15.500
16.000

shear
exponent

#
0.2609
0.2616
0.2800
0.2796
0.2822
0.2797
0.2638
0.2509
0.2475
0.2341
0.2370
0.2351
0.2294
0.2305
0.2081
0.2073
0.1992
0.1914
0.1981
0.2054
0.1906
0.1871

0.1826

turbulence
intensity

%
9.78
9.64
9.39
9.57
9.36

10.14
10.52
11.21
11.27
11.65
11.74
11.89
12.15
12.83
12.24
12.98
12.50
14.70
13.62
12.50
13.06
13.88

14.05

precipitation

%
1.79
444
2.63
4.71
8.75
5.93
7.63
6.74
6.80
6.87
9.58
9.53
10.28
13.72

6.58
21.83
15.39
24.84
24.70
19.43

8.19
28.46

15.78

wind direction

253.8
251.7
233.4
230.6
222.7
220.0
220.7
219.7
215.7
2115
212.4
2235
228.4
240.8
240.5
247.9
254.9
256.2
246.9
241.6
239.8
2753

254.4

air
temperature
°C
5.98
6.35
6.22
6.23
6.44
6.63
6.63
7.27
7.69
7.39
7.09
7.24
7.52
7.09
6.89
6.30
5.80
6.44
8.21
10.11
10.86
6.46

9.76

relative
humidity
%
84.29
85.08
85.86
86.36
88.16
88.74
89.82
90.24
90.32
91.41
89.62
87.19
86.55
86.43
85.17
84.90
83.36
82.99
83.65
82.03
85.21
79.84

84.52

air density

kg/m?
1.252
1.249
1.251
1.247
1.243
1.240
1.240
1.237
1.234
1.236
1.238
1.235
1.233
1.231
1.233
1.233
1.234
1.231
1.221
1.213
1.209
1.225

1.211

flow

inclination

o

1.217
1.409
1.108
1.105
1.129
1.176
1.148
1.173
1.095
1.044
1.091
1.159
1.193
1.262
1.312
1.420
1.483
1.395
1.316
1.405
1.432
1.537

1.211

wind veer

°/m
0.1488
0.1484
0.1441
0.1464
0.1533
0.1122
0.0903
0.0660
0.0590
0.0481
0.0456
0.0408
0.0392
0.0362
0.0302
0.0312
0.0307
0.0357
0.0355
0.0232
0.0254
0.0229

0.0185

G900Td 920 ONL (2119nd ONL ¢




) TNO Public ) TNO 2026 R10065

5 Sensitivities

This chapter investigates the sensitivity of the lidar measurement for various environmental
variables (EVs). The sensitivity analysis is performed in accordance with the classification
analysis specified in clause 6 [1]. However, for this analysis we use the same dataset as for the
verification analysis. As a result the wind speed range is restricted to 3.75m/s to 16.25 m/s.

5.1 Sensitivity analysis

The basis of this analysis is the deviation between the wind speeds measured by the ref, v, and
the rsd, v,.4. The deviation is defined in eq. (5.1). Subsequently the sensitivity of this deviation is
tested against various EVs. The list of variables is based on table 4 [1]. The variables considered
are described below.

deviation — Zref — Ursd (5.1)
Ursd

Unless stated otherwise the EVs are height-independent, meaning the same value was used
for the sensitivity analysis at each comparison height.

1. Shear exponent [-]
The shear exponent, «, is computed by fitting a power law wind shear model through
the vf measurements at 41.9m, 81.4m and 117.5m. For the wind shear, the top cup
measurement is combined with the mast flow distortion corrected [5] signals for the boom
mounted cup measuring heights 41.9 m and 81.4m. This way the measurements at all
heights are effectively undisturbed. The power law is defined by

Uref _ i “
(1) 52

I T

2. Reference turbulence intensity [-]
The reference turbulence intensity, measured on the meteorological mast, is defined by

reference turbulence intensity = m -100 % (5.3)
Uref

This variable is height-dependent.

3. Precipitation [%]
The rain sensor returns a 0 % to 100 % signal indicating the amount of time precipitation
was detected in the 10-minute interval. The precipitation is measured at 40 m.

4. Reference wind direction [°]
The wind direction, as measured on the meteorological mast, is height-dependent.

5. Air temperature [°C]
The air temperature is measured at 109 m.

6. Relative humidity [%RH]
The relative humidity is measured at 109 m. (The relative humidity was added to the list of
EVs, because it is used in the MEASNET icing criterion in chapter 3.)
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7. Air density [kg/m?3]
The air density is computed from the air pressure, air temperature and relative humidity, all
measured at 109 m, in accordance with equation (12) of IEC 61400-12-1:2022.

8. Flow inclination [°]
The flow inclination is defined as

flow inclination = arctan (UV”t) (5.4)

Uhor

The horizontal (vy,,) and vertical (v,.;) Wind speed components are measured by a sonic
anemometer at a height of 108.5m.

9. Wind veer [°/m]
The wind veer is computed as the difference between the wind direction measurements by
meteorological mast at 37.9 m and 112.5 m, divided by the height difference. This definition
was taken from IEC 61400-12-1:2022.

w —w
d,112.5 d,37.9 (55)

wind veer =
112.5—-37.9

10.Reference wind speed [m/s]
This wind speed, as measured on the meteorological mast, is height-dependent.

The sensitivity analysis leads to the results presented in table 5.2, which is presented in the
same format as table 4 [1]. In this table column ‘m’ represents the slope of the two-parameter
regression of the bin-wise averaged data. Column ‘r?’ represents the correlation coefficient of
the two-parameter regression of the scatter data.

For the computation of the bin-wise averages, only those bins are included that meet the
following bin-count requirement, stipulated by the criterion in eq. (5.6) [1, eq. 3]. When the
reference wind speed is used as the EV, also the criterion in equation (4) needs to be applied.

n; > N (5.6)
2- ny
The sensitivity, presented in column ‘sens.’, is defined by
sensitivity = m - std (5.7)

where ‘std’ is the standard deviation of the EV data.

The sensitivity of the lidar for an EV is considered as significant if either the sensitivity exceeds a
value of 0.5, or the product of sensitivity and r exceeds 0.1. In table 5.2, the sensitivity criteria
that exceed their threshold value are highlighted in orange. In case a significant sensitivity for an
EV is observed for at least one comparison height, that EV must be considered as significant for
all comparison heights. Table 5.1 shows that no environmental variable results in a significant
sensitivity. The distribution of the environmental variables is shown in table 5.4.

5.2 Impact on accuracy

The basis for the accuracy class is the product of m, as already presented in table 5.2, and
the range of the EV. Although our interest is not in determining the accuracy class, we are
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Table 5.1: Overview of significant sensitivities, ’-" means the environmental variable is not significant.

environmental variable comparison height overall

117.5m 81.4m 41.9m
-
turbulence intensity - = - -
precipitation - - - -
wind direction - = - -
air temperature - - - .
relative humidity = - = -
air density - - . -
flow inclination - = - -

wind veer - - - -

reference wind speed = = = =

interested in the effect of the significant sensitivities. However, as presented in section 5.1, no
significant sensitivities are found. The EV ranges are largely prescribed by table 5 [1]. The results
are presented in table 5.3, which is presented in a similar format as table 8 [1].

The range is a defined quantity, presented in the column ‘range’ of table 5.3. The IEC 61400-50-2
standard defines the measured range of variation through the ratio of bins that meet the
criterion in eq. (5.6). The result is presented in the column ‘covered range’. The measured range
of variation is considered sufficient if the covered range is at least 25 %.

For the relative humidity no range is prescribed; we used 0 % to 100 %.

The EV air density, for all heights, does not meet the range requirement. This is caused by the
limited variation of air density at the site with respect to the prescribed range.
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Table 5.2: Sensitivity to environmental variables for the lidar

variable unit | height avg std m sens. R? sens.x R
m unit unit %/ unit % - %
419 | 026 007 0274 0020  0.000 0.000
ex;ienognt 814 | 026 0.08 0211 0017  0.000 0.000
1175 | 027 008  -0054 -0.004  0.001 0.000
419 | 10.54 2.41 0136 0328  0.022 0.049
t‘fr:f:rl]‘;r;;e % 814 | 871 2.60 0099 0257 0016 0.032
117.5 7.75 2.43 0029 0071  0.004 0.005
419 | 748 2305 0004 0101  0.001 0.003
precipitationt % 814 | 737 2295 0003 0071  0.001 0.002
117.5 730 22.88 0012 0268  0.012 0.030
419 (22422 4111  -0004 -0.157 0017  -0.021
wind direction ° 814 |22631  43.67 0002 0067  0.001 0.002
1175 |228.02  42.96 0001 0038  0.001 0.001
419 | 701 2.65 0049 0129  0.004 0.008
temp‘;irrature °C 814 | 6.82 2.48 0026 0064  0.003 0.003
117.5 6.83 2.49 0078 0194 0011 0.020
419 | 8591 9.07 0014 0124  0.007 0.010
hrjﬁfg’ify % 814 | 86.11 900  -0020 -0.177 0002  -0.007
1175 | 86.32 891  -0012 -0.106 0001  -0.002
419 1.24 002  -8209 -0.141 0005  -0.010
airdensity  kg/m? | 814 | 1.24 002  -9.767 -0167 0011  -0.018
117.5 1.24 002 -15582  -0263 0024  -0.041
41.9 1.15 042  -0266 -0111 0004  -0.007
flow inclination ~ ° 814 | 116 0.42 0379 0159  0.002 0.007
117.5 117 0.42 0398 0167  0.001 0.006
419 | 007 004  -3685 0161 0006  -0.012
wind veer °/m 814 | 007 005  -2.825 -0150 0006  -0.011
1175 | 0.08 005  -4768 0256 0011  -0.027
419 | 7.10 1.84 0083 0154  0.009 0.014
'eferse;gjdwmd m/s 81.4 8.34 2.07 0172 0355  0.026 0.057
117.5 8.94 2.25 0154 0346 0018 0.047

) TNO Public

The sensitivity, computed as m x std, is reported in column ‘sens.”.

The values for ‘avg’, ‘std’ and R? are derived from a regression of the 10-minute data contained in the bins that have a statistically
significant bin-count, while m is the slope derived from a regression of the bin-wise mean values [1, p.18-19]. (As a result, no slope -
and by extension no sensitivity - can be computed for variables that only yield a single bin with a significant bin-count.)

An environmental variable is considered significant if either the sensitivity exceeds the value of 0.5 %, or the product of the sensitivity
and the correlation coefficient of the regression (sensitity x R), reported in the ultimate column, exceeds the value of 0.1 % [1,
Clause 6.5]. The numbers in these columns are highlighted in orange if they cause the variable to be considered significant, otherwise
they are blue.

This variable employs a modified bin-count criterion [1, eg. 3, p.18]. In order to allow for a sensitivity analysis, the number of data
points (N) is reduced to those data points that have a non-zero value.
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Table 5.3: Maximum influence of environmental variables on the lidar wind speed

variable unit min max bin range | height | covered mx range
unit unit unit unit m % %
41.9 29 -0.329
shear 04 08 0.05 1.2 81.4 33 0.254
exponent
117.5 33 -0.064
41.9 52 2.857
turbulence % 3 2% 1 21 81.4 52 2.080
intensity
117.5 48 0.610
419 100 0.440
precipitation % 0 100 10 100 81.4 100 0.308
117.5 100 1.173
41.9 39 -0.687
wind direction ° 0 360 5 180 81.4 43 0.276
117.5 Ll 0.158
419 30 1.945
ar °C 0 40 2 40 81.4 25 1.031
temperature
117.5 25 3.130
41.9 40 1.369
relative % 0 100 10 100 814 40 ~1.971
humidity
117.5 40 -1.187
41.9 22 -3.694
air density kg/m3 0.9 1.35 0.05 0.45 81.4 22 -4.395
117.5 22 -7.012
41.9 33 -1.598
flow inclination ° -3 3 0.2 6 81.4 33 2.274
117.5 33 2.387
41.9 50 -1.474
wind veer °/m -0.1 0.3 0.04 0.4 81.4 60 -1.130
117.5 60 -1.907
41.9 60 1.001
reference wind o 375 1625 0.5 12 81.4 68 2.060
speed
117.5 72 1.847

) TNO Public

The columns ‘min’, ‘max’ and ‘bin’ report the minimum and maximum value of the binning interval [1, Table 5, p.21], and the
bin width [1, Table 3, p.18], used for the regression. The ‘range’ columns reports the expected natural range of variation for each
environmental variable.

The column ‘covered’ reports the percentage of the range that was covered by bins that meet the bin-count criteria of equations (3)
and (4) [1, p.18-19]. If the covered range is less than 25 %, the sensitivity results for this environmental variable are considered
unrepresentative. Unrepresentative covered ranges are highlighted in orange, otherwise they are blue.

The product of m, the slope of the regression reported in table 5.2, and the full range of variation, reported in the ultimate column,
represents the maximum influence an environmental variable can have on the uncertainty of the horizontal wind speed. Note that
this result is highly dependent on the chosen range value, which may be far greater than the variations actually observed during the
campaign.
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Table 5.4: Distribution of environmental variables used in the floating lidar sensitivity study

variable unit | height i median
m unit
419 -0.57 0.15 0.25 0.38 0.78
shear 81.4 -0.21 0.15 0.25 0.39 0.94
exponent
1175 -0.26 0.15 0.26 0.39 0.94
41.9 2.21 6.84 11.00 13.95 37.05
turbulence % 81.4 1.84 442 8.95 12.61 32.74
intensity
117.5 1.55 3.66 7.77 11.49 36.50
41.9 0.00 0.00 0.00 22.46 100.00
precipitation % 81.4 0.00 0.00 0.00 20.27 100.00
117.5 0.00 0.00 0.00 19.71 100.00
41.9 -136 3.36 6.89 10.50 13.43
ar °C 81.4 -1.26 338 6.81 10.41 13.43
temperature
117.5 -1.26 3.36 6.81 10.28 13.43
419 46.76 73.65 89.32 101.39 104.72
relative % 81.4 46.76 7417 89.53 101.42 104.72
humidity
1175 46.76 74.43 89.73 101.44 104.72
41.9 1.20 1.22 1.24 1.27 1.29
air density kg/m? 81.4 1.20 1.22 1.24 1.27 1.29
117.5 1.20 1.22 1.24 1.27 1.29
419 -2.75 0.49 113 1.92 5.60
flow inclination ° 81.4 -2.75 0.44 1.13 1.93 5.60
117.5 -1.78 0.46 115 1.95 8.68
41.9 ~0.24 0.02 0.06 0.21 0.73
wind veer °/m 81.4 -0.18 0.02 0.07 0.23 0.72
117.5 -0.22 0.02 0.07 0.24 0.72
41.9 3.76 4.59 7.17 10.31 15.55
reference wind o 81.4 3.77 5.29 8.45 11.84 16.24
speed
117.5 3.75 5.67 9.28 12.87 16.23

) The 10th and 90th percentiles are indicated by P10 and P90. The minimum, median and maximum values represent PO, P50 and
P100. These percentiles indicate below what value 0%, 10 %, 50 %, 90 % and 100 % of the data is found.

) The filters described in section 3.1 are also applied to all EVs. Therefore, the EV ranges reported here are limited to the conditions
during the lidar measurements that were actually used in the sensitivity analysis.

) All directional quantities have be omitted from this table, because percentiles are undefined.
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6

6.1

) TNO Public

Uncertainty

This chapter describes the uncertainty contributions to the horizontal wind speed measurement
that were taken into account. These uncertainties are the basis for the lidar verification analysis
reported in chapter 4. The uncertainty analysis is performed for application in the verification
analysis only, therefore the uncertainty analysis is limited to the (horizontal) wind speed
measurements.

All uncertainties are reported with a coverage factor of one (k = 1). To obtain uncertainties for
k = 2 the results have to be doubled.

Reference devices - cup anemometers

The following contributions to the systematic uncertainty of the cup anemometers are taken
into account in accordance with clause 8.2 [1].

1.

Wind tunnel calibration

The wind tunnel uncertainty, with a coverage factor of two (k = 2), is found in the wind
tunnel calibration reports, see section C.1. The standard uncertainty (k = 1) is therefore the
reported uncertainty divided by two.

Effects according to anemometer classification

The classification of the Thies First Class Advanced cup anemometer is 0.9S (heating on),
see section C.2 for the classification results according the IEC 61400-50-1:2022 [6]. The
uncertainty in the wind speed due to operational characteristics therefore is

0.9
Uys, class,i — [0.5 % +0.05 m/s] L=

V3

. Mounting effects

The default values for the uncertainty associated with the mounting of the anemometer
on mast are specified in clause 11.3.5 [6, p.59]. At the height of 117.5m a top mounted
anemometers is used, for which the default uncertainty is

Uys,mnt,i = 0.5 %.

At all other comparison heights, side-mounted anemometers are used. Normally this results
in a 1.5 % mounting uncertainty, however for the verification the ‘true wind speed’ pseudo
signals are used which make use of mast flow corrected wind speed signals. For flow
corrected wind speed signals the uncertainty is determined by the root-sum-square of half
the mean correction applied to the wind speed signal and 0.5 % of the measured signal.
Wake sectors are excluded. So the uncertainty is at least 0.5 %.

Uys mnt,i = 0.5 %.

Data acquisition
The cup is connected to a digital pulse counting module. The uncertainty of the module
together with the anemometer calibration factors lead to the following uncertainty.

u=0.1%-F +0.5Hz.

35/64



) TNO Public ) TNO 2026 R10065

6.2

Table C.3 shows that the gains of all Thies cup anemometers are close to 0.046 m/s/Hz. This
results in an uncertainty of the wind speed of

The total systematic uncertainty of the reference sensor is obtained by adding all contributions
in quadrature. As in TEC 61400-50-2, this is referred to as ‘reference type B’ uncertainty in
fig. A.2.

Remote sensing device

The following contributions to the uncertainty of the lidar wind speed measurements are taken
into account in accordance with clause 8.3 [1].

1. Systematic uncertainty of the reference sensor
This is the systematic uncertainty of the cup anemometer as defined in section 6.1.

2. Mean deviation
No correction of the lidar wind speed measurement is performed. Therefore, this contribution
is defined as the bin-wise average deviation between the reference sensor and the lidar.

3. Standard uncertainty of the lidar measurements
The standard uncertainty is defined by eq. (6.1).

g
standard uncertainty, = —= (6.1)
1 \/TTL
Where o, is the standard deviation of 10-minute average measurements in wind speed bin
i and n, is the bincount.

4. Mounting effects of the lidar
We are using the default magnitude stated in clause E.7.5 [7, p.74].

UyR,mnt,i = 0.1%

The mounting uncertainty is reported in tables 4.2 to 4.4.

5. Non-homogeneous flow
The uncertainty due to non-homogeneous flow in the measurement volume of the lidar is
estimated from a terrain flow assessment [8] based on the terrain information shown in
fig. 2.2.

UVR,flow,i = 0.2%

As the separation distance does not compromise the criteria as stated in clause 6.2, item d [1,
p.14], no additional uncertainty contribution is taken into account.

The total lidar uncertainty is obtained by adding in quadrature the contributions above. The
result is reported in the last column of tables 4.2 to 4.4. An overview of the various uncertainty
contributions is presented in fig. A.2.

The uncertainty interval shown in figs. 4.4 to 4.6 is also obtained by adding in quadrature the
contributions above, but with the exception of the mean deviation.

) TNO Public 36/64



) TNO Public ) TNO 2026 R10065

7 Deviations

The lidar verification as presented in chapter 4 is performed in accordance with
IEC 61400-50-2:2022. No deviations are to be reported in this respect.
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8 Conclusions

The Wind@Sea lidar ZX300M ZX6482 is verified against reference meteorological mast MM6 at
the RSD verification location at the EWTW test site in the Wieringermeer. In this campaign the
lidar is verified at three measurement heights ranging from 42mto 117 m.

During the measurement campaign that ran from 20 November 2025 13:30 UTC until 16 Jan-
uary 2026 00:00, spanning 56 days, all data coverage requirements of the IEC 61400-50-2:2022
are met, except for two wind speed bins for the lowest measuring height, 42 m, for which the
bin count is less than the minimum required bin count of 3.

For all comparison heights the regression slope is close to 1 and the offset is up to 0.10m/s
with an R? close to 1. The maximum deviation observed is 2.8 % and the uncertainty is 0.8 %
to 2.9 %.

The sensitivity analysis did not result in any significant sensitivity for the lidar.
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Appendix A
IEC visualisations

This appendix contains visualizations associated with the IEC analysis reported in chapters 4
and 5 that are not a reporting requirement.

Wy /WSy [
ws,

wake sector. 0.0° - 00" wake sector: 336.7° - 1349°
0 0 o 00 5 a0

F £

sy 1w, ]
e

wake sector: 24.8° - 86.8°

Reforence wind drection [']
(c) 42m

Figure A.1: Influence of the wake of meteorological mast on the lidar. The ratio of the wind speed measured by
the lidar (rsd) and the reference meteorological mast MM6 (ref) is plotted against the wind direction
measured by the reference meteorological mast. The blue line marks the direction for which the wind
flows over the reference meteorological mast MM6 towards the lidar. The orange squares are the

bin-wise average wind speed ratios; these are solid only if the respective bin contains a statistically
significant number of data points.
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Figure A.2: Contributions to the lidar uncertainty
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Figure A.3: Histograms for bin-wise wind speed comparison
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Appendix B

Turbulence intensity
comparison
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Figure B.1: Turbulence intensity comparison
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Appendix C
Instrumentation details

This appendix presents detailed information about the meteorological mast signals and sen-
sors used. More detailed information about meteorological mast MM6 can be found in the
meteorological mast instrumentation report [9].

At the meteorological mast measurement heights, as seen in fig. 2.7, the meteorological mast
measurements are compared to the lidar measurements. Table C.1 lists these comparison
heights and the wind speed and wind direction signals used from both the meteorological mast
and the lidar. All of these signals are 10-minute average statistics.

Some of the statistics are directly derived from measured signals, presented in table C.2. Other
statistics are based on pseudo signals, presented in table C.4, which are calculated signals.

The sensors used to measure these signals and the data acquisition modules they are attached
to are listed in table C.3. This table also presents installation and calibration due dates.

Table C.1: Signals used for each comparison height
height (m) met mast lidar

wind speed

117.5 MM6_H117d5_Ws_Q1_avg Horizontal Wind Speed (m/s) at 118m

81.4 MM6_H081d4 Ws_True Q1 _avg Horizontal Wind Speed (m/s) at 81m

41.9 MM6_HO041d9 Ws_True_Q1_avg Horizontal Wind Speed (m/s) at 42m
g

117.5 MM6_H112d5B320_Wd_Q1_avg Wind Direction (deg) at 118m

81.4 MM6_H077d4B320_Wd_Q1_avg Wind Direction (deg) at 81m

419 MM6_HO037d9B320_Wd_Q1_avg Wind Direction (deg) at 42m
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Table C.2: List of measured signals

location

short name

sensor

installed

rate
Hz

G900Td 920 ONL (2119nd ONL ¢

79/5%

wind speed, 117.5m, centre MM6 MM6 H117d5 Ws Q1 m Thies First Class Advanced 4.3352.00.000 m/s TNO 4
wind speed, 112.5m, 140° MM6 MM6_H112d5B140 Ws Q1 m Thies First Class Advanced 4.3352.00.000 m/s TNO 4
wind speed, 81.4m, 140° MM6 MM6 H081d4B140 Ws Q1 m Thies First Class Advanced 4.3352.00.000 m/s TNO 4
wind speed, 81.4m, 320° MM6 MM6_H081d4B320_Ws_Q1_m Thies First Class Advanced 4.3352.00.000 m/s TNO 4
wind speed, 41.9 m, 140° MM6 MM6 HO041d9B140 Ws Q1 m Thies First Class Advanced 4.3352.00.000 m/s TNO 4
wind speed, 41.9 m, 320° MM6 MM6_H041d9B320_Ws_Q1_m Thies First Class Advanced 4.3352.00.000 m/s TNO 4
wind direction, 112.5m, 320° MM6 MM6_H112d5B320_Wd_Q1_m  Thies First Class 4.3150.00.400 ° TNO 4
wind direction, 77.4 m, 320° MM6 MM6_HO077d4B320_Wd_Q1_m  Thies First Class 4.3150.00.400 ° TNO 4
wind direction, 37.9m, 320° MM6 MM6_H037d9B320 Wd_Q1_m Thies First Class 4.3150.00.400 ° TNO 4
air temperature, 109 m MM6 MM6 H109 Temp Q1 m Vaisala RHT probe HMP155D °C TNO 4
relative humidity, 109 m MM6 MM6_H109_RH_Q1_m Vaisala RHT probe HMP155D % TNO 4
air pressure, 109 m MM6 MM6_H109 Pair_Q1_m Vaisala digital barometer PTB210 hPa TNO 4
precipitation, 40 m MM6 MM6_HO040_Prec_Q1_m Thies precipitation sensor 5.4103.10.000 % TNO 4
precipitation, distro, 36 m MM6 MM6 HO036 Prec Disdro Q1 m  Thies LPM 5.4110.00.300 % TNO 4 *
wind speed, sonic u, 108.5m, 140° MM6 MM6 _H108d5B140 S U Q5 m  Metek 3D ultrasonic anemometer m/s TNO 4 *
wind speed, sonicv, 108.5m, 140° MM6 MM6_H108d5B140_S V_Q5_m  Metek 3D ultrasonic anemometer m/s TNO 4 *
wind speed, sonic w, 108.5m, 140° MM6 MM6 _H108d5B140 S W_Q5 m  Metek 3D ultrasonic anemometer m/s TNO 4 *
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Table C.3: List of equipment used per signal

Signal Sensor

short name brand / type gain offsett cal. due date* inst. date cal. due date

MM6_H117d5_Ws_Q1_m Thies 4.3352.00.000 94025503 4.581e-2 2.185e-1 2026-06-17 2025-06-17 NI 9423 94011863  1.000  0.000 2026-12-11
MM6_H112d5B140_Ws_Q1_m Thies 4.3352.00.000 94025512 4.588e-2 2.0919e-1 2026-06-17 2025-06-17 NI 9423 94011863  1.000  0.000 2026-12-11
MM6_H081d4B140_Ws_Q1_m Thies 4.3352.00.000 94025513 4.573e-2 2.2527e-1 2026-06-17 2025-06-17 NI 9423 94011863  1.000  0.000 2026-12-11
MM6_H081d4B320_Ws_Q1_m Thies 4.3352.00.000 94025517 4.583e-2 2.1895e-1 2026-06-17 2025-06-17 NI 9423 94011863  1.000  0.000 2026-12-11
MM6_H041d9B140_Ws_Q1_m Thies 4.3352.00.000 94025502 4.584e-2 2.0885e-1 2026-06-17 2025-06-17 NI 9423 94011863  1.000  0.000 2026-12-11
MM6_H041d9B320_Ws_Q1_m Thies 4.3352.00.000 21004567 4.578e-2 2.1532e-1 2026-06-17 2025-06-17 NI 9423 94011863  1.000  0.000 2026-12-11
MM6_H112d5B320_ Wd_Q1_m Thies 4.3150.00.400 94012542 1.000e-1 2.0-1 2026-06-17 2025-06-17 NI 9871 94012138  1.000  0.000 N/A
MM6_HO077d4B320_Wd_Q1_m Thies 4.3150.00.400 94012052 1.000e-1 -1.166e+2 2026-06-17 2025-06-17 NI 9871 94012138  1.000  0.000 N/A
MM6_H037d9d9B320_Wd_Q1_m Thies 4.3150.00.400 94012461 1.000e-1 -4.98e+1 2026-06-17 2025-06-17 NI 9871 94012138  1.000  0.000 N/A
MM6_H109_Temp_Q1_m Vaisala HMP155 94012136 1.000e-2 0.000 2026-06-17 2025-06-17 NI 9871 94012165 1.000 0.000 N/A
MM6_H109_RH_Q1_m Vaisala HMP155 94012136 1.000e-2 0.000 2026-06-17 2025-06-17 NI 9871 94012165  1.000  0.000 N/A
MM6_H109_Pair_Q1_m Vaisala PTB210 94012651 1.000e-2 0.000 2026-06-17 2025-06-17 NI 9871 94012138  1.000  0.000 N/A
MM6_HO040_Prec_Q1_m Thies 5.4103.10.000 94012476 1.000 0.000 2026-06-17 2023-06-21 NI 9423 94011863  1.000  0.000 N/A
MM6_H108d5B140_WsUS_Q1_m Metek 3D ultrasonic 94012039 1.000e-2 0.000 2029-08-2 2024-06-25 NI 9871 94012165  1.000  0.000 N/A
MM6_H108d5B140_WsVS_Q1_m Metek 3D ultrasonic 94012039 1.000e-2 0.000 2029-08-2 2024-06-25 NI 9871 94012165  1.000  0.000 N/A
MM6_H108d5B140_WsWS_Q1_m Metek 3D ultrasonic 94012039 1.000e-2 0.000 2029-08-28 2024-06-25 NI 9871 94012165  1.000  0.000 N/A

1 For wind vanes the offset is governed by the North alignment of the vane w.r.t. its mounting orientation. Hence it does not reflect the offset reported on the calibration certificate.
1 For cup anemometers and wind vanes the (annual) calibration due date is based on the installation date (not the wind tunnel calibration date).
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Table C.4: List of calculated (pseudo) signals

short name constituents/derivation

MM6_H077d4B320 Wd_Q1

wind speed, 81.4m MM6_H081d4 Ws_True Q1 m/s 4 * MM6_H081d4B140 Ws_MFDC_Q1_m C.1
MM6_H081d4B320_Ws MFDC_Q1_m

MM6_H037d9 wd Q1
wind speed, 41.9m MM6_H041d9 Ws True Q1 mis 4 x| MM6_HO41d9B140 Ws MFDC Q1 m  C.2
MM6_HO041d9B320 Ws MFDC Q1 m

. : MM6_H108d5B140_WsUSon_Q1_m
ho”.zongg ;V'”d sPeed, 6 H108d5B140 WsHor Q1 mis 4 * 3
sonic, 1Us.om MM6_H108d5B140 WsVSon Q1 m

 [#2, if50.45° < #1 < 230.45°

J#L, #2,#3) = {#3, otherwise (1)
[#2, if49.84° < #1 < 229.84°

L #2,#3) = {#3, otherwise (c2)

F(F#1,#2) = /#12 + #22 (C.3)

) TNO Public 47164



) TNO Public ) TNO 2026 R10065

C.1 Calibration sheets

C.1.1 Cup anemometer

) TNO Public

) Appendix C

DEUTSCHE

WINDGUARD

Calibration Certificate / Kalibrierschein

issued by the calibration laboratory / erstellt durch das Kalibrierlaboratorium

IECRE and MEASNET approved test laboratory

Deutsche WindGuard ;BQ“ (( DAKKS

Wind Tunnel Services GmbH

Member of / Mitglied im

Deutschen Kalibrierdienst DKD

accredited to / akkreditiert nach Calibration mark
DIN EN ISO/IEC 17025:2018 Kalibrierzeichen

Device under test (DUT) ~ Cup Anemometer
Gegenstand.

Manufacturer Thies CLIMA International System of Units (SI).
Nenveter The DAKKS is signatory to. the muliateral
n uropean co-cperaton for
Type 4335200000 Accreditation (€A) and of the Interntiona
Laboratory Accreditation Cooperation (LAC) for
Serial number 04201553 the mutual recopiton of cafration certfictes.
Rt Sren - The  presented resuts relate anly 1o the
alitrated abjec. The user s oblged 0 hve the
Customer ™o abjectrecalibrated at sppropiae ntervas
Adfirogacter NL- 1755 LE Petten Dieser Kalibrierschein dokumentiert die Riick-
fibrung ouf nationale Normale zur Darstelling
rder No. 3100501837 der Emhtten in Unerenstimmung. it
Auftrogsnummer Internationalen Einheitensystem (S/)
projectNo. radoeas e DS it U er mutitroln
Prosamomner ereinkommen der Eoropean co-operti
Accrediotion (€4) er_nterotional
Number of pages 6 Loboratery Accreditaion Cooperotin (LAC) 2ur
Anzahl der seiten gegenseitigen Anerkennung der Kalibrierscheine.
ibrati Die dorgeselen rgcbnisse bezihen sich nur
Date of Glibration ~ 2024.09-25
Date of Calibration auf den kalbrierten Gegenstond. Fur die
Eipaltung einer angemessenen Frit
Widerholung der Kalirerung st der Benutzer
verontwartich

This calibration certifcate may ot be reproduced other than in full except with the permission of the fssuing laboratory.

a Ausziige oder Anderungen bedirfen der
Genehmigung des ausstellenden Kafbrilaboratoriums. Kalibrierscheine ohne Unterschrift haben keine Giltigkei, Dieser
Kalibrierschein wurde elektronisch erzeugt.

20260925 ﬂﬂ/lﬁ_\ £ Kyes

Page2/6
Seite

Galibation procedure
oibmenonn

EC 61400-50-1:2022 section 8 (formerly IEC 61400-12-1:2017 Annex F)

Summary of procedure The device (oun) /. ounted perps
flowin of the wind tunnel. If possible, the measurement
volume of the DUT i centered within the wind tunnel test section. For
directionally sensitive DUTs, the predefined orientation is aligned with the
flow centerline. In this step, care is taken to minimize angular deviations to
increase reproducibiity.

Before the calibration procedure begins, the wind tunnel s set to an air
velocity of 10 my/s for a minimum of 5 minutes. For each test point, the wind
tunnel is set to a ixed air velocity. After an appropriate stabilization period,
the DUT and reference air velocities are sampled simultaneously for at least 30
seconds, averaged, and reported.

Place of calibration ‘Wind tunnel WK1 of Deutsche WindGuard Wind Tunnel Services GmbH, Varel
Ot der valrierng

Test conditions wind tunnel test sectionarea 1000 mm x 1000 mm
Melsbedingungen

mounting diameter 337mm

mounting length 250 mm

insertion depth? 500 mm

blockage ratio? 0034

software version 10215

n

2

Ambient conditions air temperature (220£0.4)'C-(226£0.4) °C
Umgebungsbedingungen
air pressure (10013 £0.4) hPa - (1001.7 £ 0.4) hPa
elative air humidity (55.56.0)%~(57.6£6.0) %
Measurement uncertainty The expanded uncertainty assigned to the measurement results is obtained by

Messusicherhor multiplying the standard uncertainty by the coverage factor £=2. It h

determined in accordance with EA-4/02 M: 2022. The value of the measurand
lies within the assigned range of values with a probability of 95%

The reference flow speed measurement s traceable to the German NM|

Itis realized

e
by using a PTB owned and calibrated Laser Doppler Anemometer.

rifcae 0 G7RKSPZrbgBboyIGKPOXK E#E
Deutsche WindGuard Wind Tunnel Services GmbH DevrscHE
Oldenburgerstr, 65, 0-26316 Varel WINDGUARD

(a) Cup anemometer 94025503, page 1/4

(b) Cup anemometer 94025503, page 2/4

Paged /6
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Calibration result
Kollierergebiis

DUT ndiction
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Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE

Oldenburgerstr. 65, D-26316 Varel WINDGUARD
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Graphical representation of the result
Grafsche Dorstllng des Ergebnisses

— Uinear regression

o
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DUTndcation wind speds
Uinear regressionanlysis for DUTndication »Wind speed
Slope m (0.04581 £ 0.00007) (m/s)/Hz
Offsetb (021800 £ 0.01613) m/s
Standard error (Y) / RSD. 0.02078 m/s
Contationcoefficent 0sso9s7
Remarks Thecallrated sensor compleswith

the demanded linearity of MEASNET

Deutsche WindGuard Wind Tunnel Services GmbH DevrSCHE
Oldenburgerstr. 65, 0-26316 Varel WINDGUARD

(c) Cup anemometer 94025503, page 3/4

(d) Cup anemometer 94025503, page 4/4
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DEUTSCHE @

WINDGUARD IECRE and MEASNET approved tes aboratory

Calibration Certificate / Kalibrierschein
issued by the calibration laboratory / erstellt durch das Kalibrierlaboratorium

Deutsche WindGuard

Wind Tunnel Services GmbH sy ((DAKKS

Member of / Mitglied im

Deutschen Kalibrierdienst DKD

accredited to / akkreditiert nach Calibration mark
DIN EN ISO/IEC 17025:2018 Kalibrierzeichen

This callbration certificate documents  the
Device under test(OUT)  Cup Anemometer

eaens the units of measurement according to the
Manufacturer Thies CLIMA International System of Units (5.
Nersler The DAKKS s signatory to the muliatera
agreements of the European co-operation for
Tree 43352.00.000 Accredtation () and of the Internationsl
Laboratory Aceecitaion Cooperation (ILAC)for
Serial number oa201568 the mutual recogition of calbration cerifcates.
Fobrat/Seen . The presented resuts relate orly to the
calibrated object. The usr is ablged o have the
C"“"“‘i’ T™NO ‘object recalibrated at appropriate intervals.
Auduengcber NL-1755 LE Petten Dieser Kalbrierschein dokumentiert die Ak
fhrung auf nationale Normale zur Darstellng
Order No. 3100501837 der Einheiten in Obereistimmung. mi
Auftragsnummer Internationalen Einheitensystem (SI).
e Unterzeichner der mutiaeraien
Prfekummer \T2a0e28 kommen der Eurapean co-operation for
accrediat un Internationol
Number of pages s Laboratory Acreditation Cooperation (AC)
Anuoh] der seiten gegenseitigen Anerkennung der Kalibrierscheine.
Die dargestelen Exgebnisse besiehen sich
Dile of Calibration 2024-09-25 o o

Date of Calibration ouf den kolibrierten  Gegenstand. Far die

Einhaltung ciner _angemessenen  Frist
Wiederholung der Kallbierung ist der Benutzer
verantwortiic

This calibation certifcate may ot be reproduced other than in full except with the permission of the issuing laboratory.

Deser Kbl o vl urdunerners
o o ovtteondon Klbtoasortorime. Kaloioncheing shne Lririhy haben bt Sageet. s
Remraen warde ctoneeh ey

e T T

S ST, e

20000925 lﬂ/‘h_ L. Mges
s
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Calibration procedure
Kalbriererfohren

EC 61400-50-1:2022 section 8 (formerly IEC 61400-12-1:2017 Annex F)

Summary of procedure The device )/ anemometer the

Zusammenfossung des Verfahrens lowin the test section o te wind tonnel. I possible, the measurement
volume of the DUT i centered within the wind tunnel test section. For
directionally sensitive DUTs, the predefined orientation is aigned with the.
flow centerline. In this step, care s taken to minimize angular deviations to
increase reproducibiity.

3 n air
velocity of 10 my/s for a minimum of 5 minutes. For each test point, the wind
tunnel i set to a fixed air velocity. After an appropriate stabilization period,
the DUT and reference air velocities are sampled simultaneously for at least 30
seconds, averaged, and reported.

Place of calibration Wind tunnel WK1 of Deutsche WindGuard Wind Tunnel Services GmbH, Varel
Ot der Kalbrierung
Test conditions wind tunnel test section area 1000 mm x 1000 mm.
Messbedingungen
mounting diameter 33.7mm
mounting length 250mm
insertion depth”) 500 mm
blockage ratio”! 0.034
software version 10215
)
2)
Ambient conditions air temperature (22.2£0.0)°C~ (22.80.4) °C
Ugebungsbedingungen
air pressure (10013 +0.4) hPa— (10016 +0.4) hPa
relative air humidity (55.3£6.0)%~(57.226.0)%
ssurement uncertainty ‘The expanded uncertainty assigned to the measurement results is obtained by
Messunsicherhel multiplying the standard uncertainty by the coverage factor k=2. It has been
determined in accordance with EA-4/02 M: 2022. The value of the measurand
lies within the assigned range of values with a probability of 95%.
‘The reference flow speed measurement is traceable to the German NMI
speed. Itis realized
by using a PTB owned and calibrated Laser Doppler Anemometer.
Certificate ID FBABPNXkNS62Ynocmhbub
Zertfkot 10 o]
Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE

WINDGUARD

Oldenburgerstr. 65, D-26316 Varel

(e) Cup anemometer 94025512, page 1/4

(f) Cup anemometer 94025512, page 2/4
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Calibration result
Kaltrierergebnis
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Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE

Oldenburgerstr. 65, D-26316 Varel WINDGUARD
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Sole

raphical representation of the result
fbtatha b

— Linear regression
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Residuals of

Linear Regres

Reference air velocity
Vaer
mis

20 20
DUT Indication »Wind speed

Linear regression analysis for DUT Indication »Wind speed«

Slope m (0.04588 £0.00005) (m/s)/Hz
offset b (020919 +0.01144) m/s

Standard error (Y) / RSD 001473 m/s

Correlation coefficient & 0999993

Remarks The calibrated sensor complies with

the demanded linearity of MEASNET

Deuitsche WindGuard Wind Tunnel Services GmbH Deursche

Oldenburgerstr. 65, D-26316 Varel WINDGUARD

(g9) Cup anemometer 94025512, page 3/4

(h) Cup anemometer 94025512, page 4/4
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DEUTSCHE @

WINDGUARD

Calibration Certificate / Kalibrierschein
issued by the calibration laboratory / erstellt durch das Kalibrierlaboratorium

IECRE and MEASNET approved test laboratory

Deutsche WindGuard

Wind Tunnel Services GmbH sy ((DAKKS

Member of / Mitglied im

Deutschen Kalibrierdienst DKD

accredited to / akkreditiert nach Calibration mark
DIN EN ISO/IEC 17025:2018 Kalibrierzeichen

This callbration certificate documents  the
Device under test(OUT)  Cup Anemometer

eaens the units of measurement according to the

Manufacturer ‘Thies CLIMA International System of Units (SI).

Herseler The DAKKS s signatory to the multatera
agreements of the European co-operation for

Tipe 4335200000 Accredtation (EA) and o the International
boratory Aceeditation Cooperation (ILAC) for

Serial number 04201569

the mutua recognition of caliration certificates.

Fabriat/senen e 04025513 The presented resuts relate only 1o the
calibrated object. The user i obliged to have the.

objectrecalibrated at appropriate ntervals

Customer Dieser Kallbrierschein dokumentiert die. Ruck-

Adftraggeber NL- 1755 LE Petten

Qrdarflo. 3100409804 Itermationalen Einheitensysten 5).

e ie Untereichner der multiateralen
Project No. VT240267 Ubereinkommen der European co-operation for
Prjekiummer Accreditotion (£4) und der _International

Number of pages. 6
Anzon!derSeten
Dateof Catbration 20240517 ouf den kolibrierten  Gegenstand. Far die
i der Kallbrerung Einhaltung Frst
Wiederholung der Kallbierung ist der Benutzer
verantwortiic

This calibation certifcate may ot be reproduced other than in full except with the permission of the issuing laboratory.

Deser Kbl o vl urdunerners
o o ovtteondon Klbtoasortorime. Kaloioncheing shne Lririhy haben bt Sageet. s
Remraen warde ctoneeh ey

e relgescben durch / Approvol by Person n charge
ootum Head of the calraion sboratory Bearberter

. /ﬂ/j\\\‘ LFednmenn

Janika Bachmann
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Calibration procedure EC 61400-50-1:2022 section 8 (formerly IEC 61400-12-1:2017 Annex F)
Kaltrieresfohien

Summary of procedure The device )/ anemometer the
Zusammenfossung des Verfahrens lowin the test section o te wind tonnel. I possible, the measurement

volume of the DUT i centered within the wind tunnel test section. For
directionally sensitive DUTs, the predefined orientation is aigned with the.
flow centerline. In this step, care s taken to minimize angular deviations to
increase reproducibiity.

3 n air
velocity of 10 my/s for a minimum of 5 minutes. For each test point, the wind
tunnel i set to a fixed air velocity. After an appropriate stabilization period,
the DUT and reference air velocities are sampled simultaneously for at least 30
seconds, averaged, and reported.

Place of calibration Wind tunnel WK1 of Deutsche WindGuard Wind Tunnel Services GmbH, Varel
Ot der Kalbrierung
Test conditions wind tunnel test section area 1000 mm x 1000 mm.
Messbedingungen
mounting diameter 33.7mm
mounting length 250mm
insertion depth”) 500 mm
blockage ratio”! 0.034
software version 10213
)
2)
Ambient conditions air temperature (23.4£0.0)°C- (24.00.4) °C
Ugebungsbedingungen
air pressure (10073 +0.4) hPa— (10076 +0.4) hPa
relative air humidity (43.8£6.0)%~(45526.0)%
ssurement uncertainty ‘The expanded uncertainty assigned to the measurement results is obtained by
Messunsicherhel multiplying the standard uncertainty by the coverage factor k=2. It has been
determined in accordance with EA-4/02 M: 2022. The value of the measurand
lies within the assigned range of values with a probability of 95%.
‘The reference flow speed measurement is traceable to the German NMI
speed. Itis realized
by using a PTB owned and calibrated Laser Doppler Anemometer.
Certificate ID cbeqHLMNqTbGEUKVFRRda
Zertfkot 10

DEUTSCHE

WINDGUARD

Deutsche WindGuard Wind Tunnel Services GmbH
Oldenburgerstr. 65, D-26316 Varel

(i) Cup anemometer 94025513, page 1/4

(j) Cup anemometer 94025513, page 2/4
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Calibration result
Kaltrierergebnis
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Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE

Oldenburgerstr. 65, D-26316 Varel WINDGUARD
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raphical representation of the result
fbtatha b

— Linear regression
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Linear regression analyssfor DUT Indication »Wind speedic
Slope m {0.04573 + 0.00006) (m/s)/Hz
Offsetb. 0.22527 £0.01291) m/s.
Standard error (Y) / RSD 0.01664 m/s.
Correlation coefficient R 0399992
Remarks The calbrated sensor complies with

the demanded linearity of MEASNET

Deuitsche WindGuard Wind Tunnel Services GmbH Deursche

Oldenburgerstr. 65, D-26316 Varel WINDGUARD

(k) Cup anemometer 94025513, page 3/4

(I) Cup anemometer 94025513, page 4/4
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DEUTSCHE

WINDGUARD

@

IECRE and MEASNET approved test laboratory

Deutsche WindGuard
Wind Tunnel Services GmbH

Member of / Mitglied im
Deutschen Kalibrierdienst

accredited to / akkreditiert nach
DIN EN ISO/IEC 17025:2018

Calibration Certificate / Kalibrierschein
issued by the calibration laboratory / erstellt durch das Kalibrierlaboratorium

Sackes (( DAKKS

Calibration mark
Kalibrierzeichen

Device under test(OUT)  Cup Anemometer

Gegens
Manufacturer Thies CLIMA
Herstller
Type 4.3352.00.000
™
Serial number 04201564
Fabriat/senen e
Customer ™o
Aulroggeber NL-1755 LE Petten
Order No. 3100501837
Aufrogsnummer

) VT240628
Proktnummer
Number of pages 6
Sntonl der Seiten
Date of Calbration 2024-09-25

Dotum der Kabrerung

This callbration certificate documents  the

DAS s signatory o the multiateral
agreements of the European co-operation for
Accreditation (EA) and of the International
Laboratory Accreditation Cooperation (ILAC) for
the mutua recognition of caliration certificates.
The presented resuts relate only to the
calibrated object. The user i obliged to have the.
objectrecalibrated at appropriate ntervals

Dieser Kallbrierschein dokumentiert die. Ruck-

ouf den kolibrierten  Gegenstand. Far die
Einhaltung ciner _angemessenen  Frist
Wiederholung der Kallbierung ist der Benutzer
verantwortiic

This calibation certifcate may ot be reproduced other than in full except with the permission of the issuing laboratory.

Remraen warde ctoneeh ey

Deser Kbl o vl urdunerners
o o ovtteondon Klbtoasortorime. Kaloioncheing shne Lririhy haben bt Sageet. s

oue Trogessben duch A T

Bavim e e g ooy iy

20240925 L. Kyas
s oas
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Calibration procedure EC 61400-50-1:2022 section 8 (formerly IEC 61400-12-1:2017 Annex F)

Kalbriererfohren

Summary of procedure The device )/ anemometer the

Zusammenfossung des Verfahrens lowin the test section o te wind tonnel. I possible, the measurement
volume of the DUT i centered within the wind tunnel test section. For
directionally sensitive DUTs, the predefined orientation is aigned with the.
flow centerline. In this step, care s taken to minimize angular deviations to
increase reproducibiity.

3 n air
velocity of 10 my/s for a minimum of 5 minutes. For each test point, the wind
tunnel i set to a fixed air velocity. After an appropriate stabilization period,
the DUT and reference air velocities are sampled simultaneously for at least 30
seconds, averaged, and reported.

Place of calibration Wind tunnel WK1 of Deutsche WindGuard Wind Tunnel Services GmbH, Varel
ot der alrierung

Test conditions wind tunnel test sectionarea 1000 mm x 1000 mm

Mesbedingungen

mounting diameter 337mm
mounting length 250 mm
insertion depth? 500 mm
blockage ratio”! 0,034
software version 10215
1

2

Ambient conditions (2260.4)°C~(232£0.4) C

Umgebungsbedingungen

air temperature.
air pressure (1000.9 £0.4) hPa— (10013 £ 0.4) hPa

relative air humidity (54326.0)%—(56.926.0) %

surement uncertainty The expanded uncertainty assigned to the measurement results is obtained by

Messunsicherhelt multiplying the standard uncertainty by the coverage factor k=2. It has been
determined in accordance with EA-4/02 M: 2022. The value of the measurand
Vs within the assigned range of values with a probabilty of 95%,
The reference flow speed measurement s raceable to the German NMI
speed. It realzed
by using a PTB owned and calibrated Laser Doppler Anemometer.
Gerticte KpanzelszMCByXugINaDLH  [EEIE]

DEUTSCHE

WINDGUARD

Deutsche WindGuard Wind Tunnel Services GmbH
Oldenburgerstr. 65, D-26316 Varel

(m) Cup anemometer 94025517, page 1/4

(n) Cup anemometer 94025517, page 2/4
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Calibration result
Kaltrierergebnis
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Oldenburgerstr. 65, D-26316 Varel

DEUTSCHE

WINDGUARD
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raphical representation of the result
fbtatha b

— Linear regression
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Linear regression analysis for DUT Indication »Wind speed«

Slope m (0.04583 £0.00007) (m/s)/Hz
offset b (021895 £0.01541) m/s

Standard error (Y) / RSD 001992 m/s

Correlation coefficient & 0999988

Remarks The calibrated sensor complies with

the demanded linearity of MEASNET

DEUTSCHE

WINDGUARD

Deuitsche WindGuard Wind Tunnel Services GmbH
Oldenburgerstr. 65, D-26316 Varel

(0) Cup anemometer 94025517, page 3/4

) TNO Public

(p) Cup anemometer 94025517, page 4/4
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DEUTSCHE @

WINDGUARD IECRE and MEASNET approved tes aboratory

Calibration Certificate / Kalibrierschein
issued by the calibration laboratory / erstellt durch das Kalibrierlaboratorium

Deutsche WindGuard

Wind Tunnel Services GmbH sy ((DAKKS

Member of / Mitglied im

Deutschen Kalibrierdienst DKD

accredited to / akkreditiert nach Calibration mark
DIN EN ISO/IEC 17025:2018 Kalibrierzeichen

This callbration certificate documents  the
Device under test(OUT)  Cup Anemometer

eaens the units of measurement according to the
Manufacturer ‘Thies CLIMA International System of Units (S1).
Nersler The DAKKS s signatory to the muliatera
agreements of the European co-operation for
Tree 43352.00.000 Accredtation () and of the Internationsl
Laboratory Aceecitaion Cooperation (ILAC)for
Serial number oaz01552 the mutual recogition of calbration cerifcates.
Fobrat/Seen . The presented. resuls relate only o the
calibrated object. The usr is ablged o have the
Customer T™NO ‘object recalibrated at appropriate intervals.
Auduengcber NL-1755 LE Petten Dieser Kalbrierschein dokumentiert die Ak
fhrung auf nationale Normale zur Darstellng
Order No. 3100501837 der Einheiten in Obereistimmung. mi
Auftragsnummer Internationalen Einheitensystem (SI).
e i e T
8 Accreditatic une Internationol
Number of pages s Laboratory Acreditation Cooperation (AC)
Anuoh] der seiten gegenseitigen Anerkennung der Kalibrierscheine.
bmeoiCatbrsion 20260825 Die dargestelen Ergebisse beciehen sich ru

Date of Calibration ouf den kolibrierten  Gegenstand. Far die

Einhaltung ciner _angemessenen  Frist
Wiederholung der Kallbierung ist der Benutzer
verantwortiic

This calibation certifcate may ot be reproduced other than in full except with the permission of the issuing laboratory.

Deser Kbl o vl urdunerners
o o ovtteondon Klbtoasortorime. Kaloioncheing shne Lririhy haben bt Sageet. s
Remraen warde ctoneeh ey

o s ey e

e RS, o

20200925 Lo £ Wyas
unmtos
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Calibration procedure EC 61400-50-1:2022 section 8 (formerly IEC 61400-12-1:2017 Annex F)

Kalbriererfohren

Summary of procedure The device )/ anemometer the

Zusammenfossung des Verfahrens lowin the test section o te wind tonnel. I possible, the measurement
volume of the DUT i centered within the wind tunnel test section. For
directionally sensitive DUTs, the predefined orientation is aigned with the.
flow centerline. In this step, care s taken to minimize angular deviations to
increase reproducibiity.

3 n air
velocity of 10 my/s for a minimum of 5 minutes. For each test point, the wind
tunnel i set to a fixed air velocity. After an appropriate stabilization period,
the DUT and reference air velocities are sampled simultaneously for at least 30
seconds, averaged, and reported.

Place of calibration Wind tunnel WK1 of Deutsche WindGuard Wind Tunnel Services GmbH, Varel
Ot der Kalbrierung
Test conditions wind tunnel test section area 1000 mm x 1000 mm.
Messbedingungen
mounting diameter 33.7mm
mounting length 250mm
insertion depth”) 500 mm
blockage ratio”! 0.034
software version 10215
)
2)
Ambient conditions air temperature (22.5£0.0)°C-(23.10.4) °C
Ugebungsbedingungen
air pressure (1001.0+0.4) hPa— (10013 £0.4) hPa
relative air humidity (54.5£6.0)%~(57.226.0)%
ssurement uncertainty ‘The expanded uncertainty assigned to the measurement results is obtained by
Messunsicherhel multiplying the standard uncertainty by the coverage factor k=2. It has been

determined in accordance with EA-4/02 M: 2022. The value of the measurand

lies within the assigned range of values with a probabilty of 95%.

“The reference flow speed measurement s traceable to the German NMI
speed. Itis realized

by using a PTB owned and calibrated Laser Doppler Anemometer.

Certificate ID ‘S2DACIGmQhBagXAYKETtpy
Zrtfkot 1D

DEUTSCHE

WINDGUARD

Deutsche WindGuard Wind Tunnel Services GmbH
Oldenburgerstr. 65, D-26316 Varel

(q) Cup anemometer 94025502, page 1/4

(r) Cup anemometer 94025502, page 2/4
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Calibration result
Kaltrierergebnis

Reference oUT ndication wwing speede Devation
ncex arveociy »Wind speede lieg scating) our, vt
s e s

i e Utner) vour, Ulvour) o v
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6 wou  oom mn os 10 0om0 oo oom
s 1001 008 mm o 15005 0027 o003 oow
B om0 w0 os s ooms oo oom
0 1w ooer T e oom oo ooss
n s ooso 19088 049 ssss oom oo ooss
2 G ooso ues3 o3 s oo oo oos:
n so ooso 0065 o0 ass oo oo oos2

gl oy of s bl s ttoched o the ROFwrsionof i et

Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE

Oldenburgerstr. 65, D-26316 Varel WINDGUARD

Page5/6
Sole

raphical representation of the result
fbtatha b

— Linear regression
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DUT Idicaton »Wind speed
[
Linear regression analyssfor DUT Indication »Wind speedic
Slope m {0.04584 + 0.00006) (m/s)/Hz
Offsetb (0.20885 + 0.01435) m/s
Standard error () / RSD 0.01846 m/s.
Correlation coefficient R 0399990
Remarks The calbrated sensor comples with

the demanded linearity of MEASNET

DEUTSCHE

WINDGUARD

Deuitsche WindGuard Wind Tunnel Services GmbH
Oldenburgerstr. 65, D-26316 Varel

(s) Cup anemometer 94025502, page 3/4

(t) Cup anemometer 94025502, page 4/4
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DEUTSCHE @

WINDGUARD

Calibration Certificate / Kalibrierschein
issued by the calibration laboratory / erstellt durch das Kalibrierlaboratorium

IECRE and MEASNET approved test laboratory

Deutsche WindGuard

Wind Tunnel Services GmbH sy ((DAKKS

Member of / Mitglied im

Deutschen Kalibrierdienst DKD

accredited to / akkreditiert nach Calibration mark
DIN EN ISO/IEC 17025:2018 Kalibrierzeichen

This callbration certificate documents  the
Device under test(OUT)  Cup Anemometer

eaens the units of measurement according to the

Manufacturer ‘Thies CLIMA International System of Units (SI).

Herseler The DAKKS s signatory to the multatera
agreements of the European co-operation for

Tipe 4335200000 Accredtation (EA) and o the International
boratory Aceeditation Cooperation (ILAC) for

Serial number 03212143

the mutua recognition of caliration certificates.

Fabriat/senen e 21004567 The presented resuts relate only 1o the
calibrated object. The user i obliged to have the.

objectrecalibrated at appropriate ntervals

Customer Dieser Kallbrierschein dokumentiert die. Ruck-

Adftraggeber NL- 1755 LE Petten

Qrdarflo. 3100505170 Itermationalen Einheitensysten 5).
e ie Untereichner der multiateralen
Project No. VT2a0741 Ubereinkommen der European co-operation for
Prjekiummer Accreditotion (£4) und der _International
Laboratory Accrediation Cooperoti
Number of pages 6 gegenseitigen Anerkennung der Kallbrerscheine.
e cer eien Dle dargestelen Ergebisse beziehen sich ru
DatectCalbratn 20241017 auf denkallbrieten Gegenstand. Fir  die
i der Kllrirun Einhattung eier_angemessenen  Frist

Wiederholung der Kallbierung ist der Benutzer
verantwortiic

This calibation certifcate may ot be reproduced other than in full except with the permission of the issuing laboratory.

Deser Kbl o vl urdunerners
o o ovtteondon Klbtoasortorime. Kaloioncheing shne Lririhy haben bt Sageet. s
Remraen warde ctoneeh ey

relgescben durch / Approvol by Person n charge
ootum Head of the calraion sboratory Bearberter
20241017

o Kruger
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Calibration procedure EC 61400-50-1:2022 section 8 (formerly IEC 61400-12-1:2017 Annex F)

Kalbriererfohren

Summary of procedure The device )/ anemometer the

Zusammenfossung des Verfahrens lowin the test section o te wind tonnel. I possible, the measurement
volume of the DUT i centered within the wind tunnel test section. For
directionally sensitive DUTs, the predefined orientation is aigned with the.
flow centerline. In this step, care s taken to minimize angular deviations to
increase reproducibiity.

3 n air
velocity of 10 my/s for a minimum of 5 minutes. For each test point, the wind
tunnel i set to a fixed air velocity. After an appropriate stabilization period,
the DUT and reference air velocities are sampled simultaneously for at least 30
seconds, averaged, and reported.

Place of callbration Wind tunnel WK3 of Deutsche WindGuard Wind Tunnel Services GmbH, Varel
Oreder Kaiienng
Test conditions wind tunnel test section area 1000 mm x 1000 mm
Nessbednaungen
mounting diameter 337mm
mounting length 250mm
insertion depth!) 500 mm
blockage ratio®! 0.034
software version 10215
n
2
Ambient conditions air temperature (217204)"C- (223 0.4) C
Omoetungsoedngungen
air pressure. (1011.5 £ 0.4) hPa - (1011.9 + 0.4) hPa
relative air humidity (46.5£6.0)% - (48.2£6.0)%
surement uncertainty  The expanded uncertainty assigned to the measurement resuls s obtained by
Messunsicherhelt multiplying the standard uncertainty by the coverage factor k=2. It has been
determined in accordance with EA-4/02 M: 2022. The value of the measurand
Vs within the assigned range of values with a probabilty of 95%.
The reference flow speed measurement s raceable to the German NMI
specd. Itis realized
by using a PTB owned and calibrated Laser Doppler Anemometer.
Certficate ID YhiGksd2pevwkRh2KTNpE? (IR E]
Zrtfkt 1D i )
BN
Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE

WINDGUARD

Oldenburgerstr. 65, D-26316 Varel

(u) Cup anemometer 21004567, page 1/4

(v) Cup anemometer 21004567, page 2/4
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Calibration result
Kaltrierergebnis

Reference oUT ndication wwing speede Devation
ndex arvelociy »Wind speede lieg scating) our, vt
s e s s
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n som ooso 04162 0090 soms oous oo ooso

gl oy of s bl s ttoched o the ROFwrsionof i et

DEUTSCHE

WINDGUARD

Deutsche WindGuard Wind Tunnel Services GmbH
Oldenburgerstr. 65, D-26316 Varel

Page5/6
Sole

raphical representation of the result
fbtatha b

— Linear regression
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.
.
.
.
.

2V our, - Vaere

jon

Residuals of

Linear Regres

Reference air velocity
Vaer
mis

20 20
DUT Indication »Wind speed

Linear regression analysis for DUT Indication »Wind speed«

Slope m (004578 +0.00008) (m/s)/Hz
offset b (021532 4001772) m/s

Standard error (Y) / RSD 0.02281 m/s

Correlation coefficient & 0999984

Remarks The calibrated sensor complies with

the demanded linearity of MEASNET

Deuitsche WindGuard Wind Tunnel Services GmbH Deursche

Oldenburgerstr. 65, D-26316 Varel WINDGUARD

(w) Cup anemometer 21004567, page 3/4

(x) Cup anemometer 21004567, page 4/4
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DEUTSCHE

WINDGUARD

IECRE and MEASNET approved test laboratory

Deutsche WindGuard

Member of / Mitglied im

accredited to / akkreditiert nach
DIN EN ISO/IEC 17025:2018

Wind Tunnel Services GmbH

Deutschen Kalibrierdienst

Calibration Certificate / Kalibrierschein
issued by the calibration laboratory / erstellt durch das Kalibrierlaboratorium

(( pAKKS

Calibration mark
Kalibrierzeichen

Device under test (DUT)  Wind Vane

otum der Kaibrerung

Gegenstand.
Manufacturer Thies CLIMA
Hertler

Type 4:3150.00.400

™

Serial number 04120064
Fabriat/Seienr. 1012666
Customer ™0

Adftraggeber NL- 1755 LE Petten
Order No. 3100505170
Aufrogsmummer

Project No. V240741
projktnummer

Number of pages 7

Anzonl dr etten

Date o Calibr 20241017

This calibrationcertificatedocuments

traceabilty to national standards, which realize

the units of measurement according to the
s

Laboratory Accreditation Cooperation (ILAC) for
the mutualrecognition of calibration certificates.
The presented results relate only to the
calibrated object, The user is obliged to have the.
objectrecallbrated at appropriate ntervals

Dieser Kalbrirschein dokumentiert die Auck-

der Einheiten in Ubereinstimmung mit
Internationalen Einheitensystem (5.

ie DAKKS ist Unterzeichner der muliateralen
Ubereinkommen der European co-operati
Accreditation (EA) und der International
Laboratory Accreditation Cooperation (ILAC) zur
‘gegenseitigen Anerkennung der Kallbrierscheine.
Die dargestellten Ergebrisse bezichen sic

Einhaltung einer _angemessenen Frist zur
Wiederholung der Kallbrierung ist der Benutzer
verantwortiih.

This calibration certificate may ot be reproduced other than in full except with the permission of the issuing faboratory.

Genehmig.
Kalibrerschein wurde elektronisch erzeugt.

Dieser Kallbrierschein darf nur volstandig und unveréndert wer
hmigung des ausstellenden Kalibrierlaboratoriums. Kalbrerscheine ohne Unterschrift haben keine Gltigkeit. Dieser

den. Auszige oder

OO

Page2/7

Calibration procedure
Kalbriererfohren

Summary of procedure
Zusommenfossung des Verftrens

Place of calibration
i der alrierng

Test conditions
Mesbedingungen

Ambient conditions
Umgebungsbedingungen

surement uncertainty
Wessunscherhel

Certificate ID
Zenfkoe D

IEC 61400-50-1:2022 Annex A (formerly IEC 61400-12-1:2017 Annex N)

The device under test (DUT) is mounted perpendicular o the flow in the test
section of the wind tunnel. If possible, the measurement volume of the DUT is
centered within the wind tunnel test section. The DUT orientation reference

mark (north mark) is aligned with the flow centerline. In this step, care s taken

“The wind tunnel is set to a fixed air velocity and, after a suitable stabilization
period, the DUT 3 fixed rate.  the
procedureis repeated in the opposite direction. Once the rotation is complete,
the DUT reading and the reference angle are bin-averaged and reported.

‘Wind tunnel WKS of Deutsche WindGuard Wind Tunnel Services GmbH, Varel

wind tunnel test sectionarea 1000 mm x 1000 mm
mounting diameter 337mm

mounting length 250 mm

insertion depth? 500 mm

blockage ratio”! 0016

Software version 10215

)

2

air temperature. (21240.0)°C-(21.40.4) °C

air pressure (1010.0£0.4) hPa (10105 £ 0.4) hPa

elative air humidity. (48.76.0)%(49.426.0) %
‘The expanded uncertainty assigned to the measurement results is obtained by
multiplying the standard uncertainty by the coverage factor =2. It has been
determined in accordance with EA-4/02 M: 2022. The value of the measurand
lies within the assigned range of values with a probabilty of 95%.
The reference flow speed measurement s traceable to the German NMI
speed. Itis realized
by using a PTB owned and calibrated Laser Doppler Anemometer.

Rediw342PborvXp3dsUKwy

Deutsche WindGuard Wind Tunnel Services GmbH oeurscHe

Oldenburgerstr. 65, D-26316 Varel

WINDGUARD

(a) Wind vane 94012666, page 1/6

(b) Wind vane 94012666, page 2/6
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Revision o
Reviion

Remarks and Definitions
Edouterungen und Defiianen

General remarks

Yaw orientation
anee/ deg

Reference air velocity
vier [ mfs

DUT Indication »Wind direction«
avur, / deg

Deviation »apur, - anes«

Residuals

North alignment via DUT reference mark
Calibration after refurbishment

The measured reference direction (yaw) or angle of
attack. A value of 90 deg is equivalent to wind coming
from east to west. The uncertainty is given as the
expanded uncertainty with a coverage factor of k=2.

The reference air velocity. The uncertainty is given as
the expanded uncertainty with a coverage factor of

The indication of the device under test. The
uncertainty s given as the expanded uncertainty with a
coverage factor of k=2. The following uncertainty

onents are taken into account: short-term
stability (repeatability), resolution.

The difference between DUT Indication »Wind
direction and the reference orientation (yaw). The
given uncertainty U(Aapur,)is the combined
‘expanded uncertainty with a coverage factor of k=2.

The remaining deviation between the DUT indication
after applying a inear regression correction and the
reference.

Oldenburgerstr. 65, D-26316 Varel

Deutsche WindGuard Wind Tunnel Services GmbH

DEUTSCHE

WINDGUARD

Paged /7
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Calibration result (1/3)
Koftrirergebnis (1/3)
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Deutsche WindGuard Wind Tunnel Services GmbH DeuTSCHE

Oldenburgerstr. 65, D-26316 Varel

WINDGUARD

(c) Wind vane 94012666, page 3/6

) TNO Public

(d) Wind vane 94012666, page 4/6
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Calibration result (2/3)
Kollierergebnis (2/3)
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Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE
Oldenburgerstr. 65, D-26316 Varel WINDGUARD
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Calibration result (3/3)
Kalbrirergebnis (3/3)

Reference oUT ndication Devistion
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Graphical representation of the result
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(e) Wind vane 94012666, page 5/6

(f) Wind vane 94012666, page 6/6
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DEUTSCHE

WINDGUARD IECRE and MEASNET approved tes aboratory

Calibration Certificate / Kalibrierschein .
issued by the calibration laboratory / erstellt durch das Kalibrierlaboratorium Kalibrierverfahren

Page2/7
Seie

3 (formerly IEC 7 Annex N)

Summary of procedurt The device under test (OUT) is mounted perpendicular to the flow n th test
e g6 Veoes section of the wind tunnel. If possible, the measurement volume of the DUT is
( DAKKS centered within the wind tunnel test section. The DUT orientation reference.
mark (north mark) is aligned with the flow centerline. In this step, care is taken
in

7

i

Deutsche WindGuard
Wind Tunnel Services GmbH

e

Member of / Mitglied im e unnl st o e vl an, e s aleion

ibri period, the DUT afived ra . the
Deutschen Kalibrierdienst DKD rocer s apenedinsh opposhe ahecion Onc e oraton s compion
the DUT reading and th reference angle are bi-averaged and reporte.

accredited to / akkreditiert nach Calibration mark
DIN EN ISO/IEC 17025:2018 Kalibrierzeichen Place of callbration ‘Wind tunnel WKS of Deutsche WindGuard Wind Tunnel Services GmbH, Varel
Orter Klirierng
This caliration _certficate documents  the it 1000 mm x 1000 mm
Dot g der tast (DUT)  Wind Vane traceabilty to national standards, which realize Messhednaungen
the units of measurement according to. the mounting diameter 337mm
Manufacturer Thies CLIMA International System o Units (1.
Hersteler The DAKKS s signatory fo. the mutiateral mounting length 250mm
agreements of the European co-operati 2
Type 4.3150.00.400 Pecrdiaton (EA) and o e mtermationst insertion depth’! 500mm
e
boratory Aceeditation Cooperation (ILAC) for blockage ratio? 0016
Serial number 08130088 ihe mtualecogiton of calbraton cerficates
FabrkatSenen . 94012051 The pre: relat software version 10215
Caraed e o e ol 0 b the
objectrecaibrated at appropriate nteval. B
< ™o
Aufrogocber 2 etten Dieser Kalbrierschein dokumentiert die Ack-
NL- 1755 LE et frng auf ntiocle Normale ur Dorseling am
der Einheiten in Ubereinstimmung mit ©
Qrdarflo. 3100505170 Internationalen Eiheitensystern 5) ;
Die DAKKS ist Unterzechner der multiteralen Ambient conditons air temperature, (209£04)'C-(212£0.4)
” Ubereinkommen der European co-operaion for imocbungsbedingungen
it Vraaoral Accreditation (€A] und der _Interational air pressure (1009.6 £0.4) hPa~(1010.0 £ 0.4) hPa
1y Accreditation x . .
Number of pages 7 egenseitigen Anerkennung der Kaliriescheine. relativesic humidity (485200)%-(492£60)%
ot der seten Die dargestelten Ergebnisse beziehen sich nur
Date of Calibration 20241017 auf den kalibierten Gegenstard. Fir die Messurementuncerinty - The expnded by
ot der Ralbrerang Einhaltung ciner angemessenen Frist zur Messunsherrec g the standard Ithas been
Wiederholung der Kallrierung ist der Benutzer et inkandsnc with o102 M 3033 T el f e messurand
verantwortich

lies within the assigned range of values with a probabilty of 95%.
“The reference flow speed measurement s traceable to the German NMI

This calibation certifcate may ot be reproduced other than in full except with the permission of the issuing laboratory. eed. Itis realized
by using a PTB owned and calibrated Laser Doppler Anemometer.

Genthigun o avsiaendon Kelbotoportomt Koletchon S Snerch baben bne catel.isr
Kalibrerschein wurde elektronisch erzeugt.

Certifcate 1D moEFePGUQWIAQEESTY IR
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luterangen und efintionen Reterence ouT indiction Deviation
interial Yaworentation arveloity sWind directione o ass
General remarks North alignment via DUT reference mark s o s o P
Calibration after refurbishment
i P ) v U] eour, Ulewur) s uaa)
Yaw orfentation The measured reference direction (yaw) or angle of o FET—— PP a—— P Ta—— Py a——
aner / deg attack. A value of 90 deg is equivalent to wind coming
from east to west. The uncertainty s given s the 125,751 S0 0% B 0050 a5 00w o5 0%
expanded uncertainty with a coverage factor of k=2. 75,125 9% om0 a1ss oos0 o1 00w o om0
msvs 0 os a1 ooso s oo 0 o
Reference air velocity The reference ai velocity. The uncertainty i given as k !
viee / m/s the expanded uncertainty with a coverage factor of wszs 2w om a1 00s0 1189 00n 0l o0
= @257 wsm om a1 ooso w9 oo 079 om0
DUT Indication »Wind direction« The indication of the device under test. The @szs o om0 et o0s0 w0 000 02 0%
avur, / deg uncertainty s given as the expanded uncertainty with a psws mo om0 a1 oos sm oon on o
coverage factor of k=2. The following uncertainty saes  me om 8157 oos smos 00 s om0
components are taken into account: short-term
Ceabiity repeatabilty), resolution. wsws  asm om a7 oos e oom 05 om0
wsss o om a7 oos sus  oom 055 o
Deviation »apur, - asere The difference between DUT Indication »Wind s o o o oom s oon o o
8 direction« and the reference orientation (yaw). The
given uncertainty Ufdapur,) is the combined 565 s om0 a1 ooso ss 006 0 om0
‘expanded uncertainty with a coverage factor of k=2. w565 eso om0 a1 ooso sass 0081 0 os
Residuals The remaining deviation between the DUT indication (@725 e om0 B 000 fose o0k od om0
after applying a linear regression correction and the ms7s o om a1 00s0 ez aom 055 om0
reference. mses o om0 a0 oos man oom 051 om0
wsEs sm om0 15 0050 w2 oo 0 o
@555 s om0 8157 ooso w0 005 0 om0
w505 o om0 ase ooso swon oom 03 o8
75,0025 999 080 st oos 906 0on 0% o
(0251075 w500 o0 8157 oos 10359 0083 1 o
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w2s 78 s 080 a1 00s aos oo 02 o
w5125 usss om0 a0 o0s0 nows 006t 0 om0
w255 mse s a0 ooso i 0o0s 07 om0
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nasis  msol om0 a1 o0s0 s oon 0% om0
135025 w000 om0 a7 ooso 1os63 0061 s om0
25,1075 wso0 o0 a7 oos wes  oon 03 o
75125 15000 om0 15 oos e oom 0% om
Deutsche WindGuard Wind Tunnel Services GmbH S = UARD Deutsche WindGuard Wind Tunnel Services GmbH R CUARD
Oldenburgersr. 65, 026316 Varel U Oldenburgersr. 65, D-26316 Varel UA
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DEUTSCHE

WINDGUARD

IECRE and MEASNET approved test laboratory

Calibration Certificate / Kalibrierschein
issued by the calibration laboratory / erstellt durch das Kalibrierlaboratorium

Deutsche WindGuard
Wind Tunnel Services GmbH

Member of / Mitglied im
Deutschen Kalibrierdienst

accredited to / akkreditiert nach
DIN EN ISO/IEC 17025:2018

7

i

(( pAKKS

e

Calibration mark
Kalibrierzeichen

Device under test (DUT)  Wind Vane

Gegens
Manufacturer Thies CLIMA
Herstller

Type 4.3150.00.400

™

Serial number 04120058
Fabriat/senen e 1012542
Customer

Adftraggeber NL- 1755 LE Petten
Order No. 3100501837
Autrogsnummer

Project No. V1240628
Projtnummer

Number of pages. 7

Anzon!derSeten

Date of Calibration 202409-23

ot der Kallbrerung

This callbration certificate  documents th
traceabilty to national standards, which realize

e DAKES s signatory to the multiateral
agreements of the European co-operation for
Recedaton. (€A) and of the miematona
Laboratory Accreditation Cooperation (ILAC) for
e mutal recogniton of bt et
The *pres elat

rred st 1ot vt oiged o et
objectrecalibrated at appropriate ntervals
Dieser Kalbrierschein dokumentiert die Ruck-

Einhaltung einer _angemessenen Frist zur
Wiederholung der Kallbierung ist der Benutzer
verantwartiich.

This calibation certifcate may ot be reproduced other than in full except with the permission of the issuing laboratory.

Genthigun o avsiaendon Kelbotoportomt Koletchon S Snerch baben bne catel.isr

Kalibrerschein wurde elektronisch erzeugt.

one relgescben durch / Approvol by person n charge
ootum s of the galfraton aborstory Bearberter
20261022

i Krager

Page2/7
Seie

.
Kalbriererfohren

Summary of procedurt
Eisammenosarg de eforens

Place of calibration
Ot der valrierung

3 (formerly IEC 7 Annex N)

The device under test (DUT) is mounted perpendicular to the flow in the test

section of the wind tunnel. If possible, the measurement volume of the DUT is

centered within the wind tunnel test section The DUT orientation reference.

mark (north mar) i aligned with the flow centerline. In this step, care s taken
in

Thewind ol 5610 e i uloityand after 3 suiaesabilztion
period, the DUT 3 fixed rat  the
procedureis repeated in the opposite direction. e he rtatonis complete,
the DUT reading and the reference angle are bin-averaged and reported.

‘Wind tunnel WKS of Deutsche WindGuard Wind Tunnel Services GmbH, Varel

it 1000 mm x 1000 mm
Messbedingungen

mounting diameter 337mm

mounting length 250 mm

insertion depth? 500 mm

blockage ratio®! 0016

Software version 10215

Ambient cond
Omeungsvedngungen

Measurement uncertainty
Mescunscnemet

Certificate ID
Zentpkor D

B

2

air temperature (222:04)°C-(2250.4)

air pressure (1006.5 £0.4) hPa - (1006.9 £ 0.4) hPa

relative air humidity (57546.0)%=(583£6.0)%
The expanded by
standard Ithas been

et secardance with EA4/08 M 022, T vlveof e messand

lies within the assigned range of values with a probabilty of 95%.

“The reference flow speed measurement s traceable to the German NMI
eed. Itis realized

by using a PTB owned and calibrated Laser Doppler Anemometer.

XmieigssiaUdwEnBxLIufS EIfEE

Ok

Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE

Oldenburgerstr. 65, D-26316 Varel

WINDGUARD

(m) Wind vane 94012461, page 1/6

(n) Wind vane 94012461, page 2/6
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Revision 1 (replaces revision 0)

Change History:

~corrected statistical analysis

Remarks and Definitions
Edauterungen und Definitonen

General remarks

Yaw orientation
ager.

Reference air velocity.

ver /.

DUT Indication »Wind direction«
aour,/ deg

Deviation »aour, - ages«
3

Residuals

North alignment via DUT reference mark
Calibration after refurbishment

The measured reference direction (yaw) or angle of
attack. A value of 90 deg is equivalent to wind coming
from east to west. The uncertainty is given as the

expanded uncertainty with a coverage factor of

The reference air velocity. The uncertainty is given as
the expanded uncertainty with a coverage factor of
k=2,

‘The indication of the device under test. The
uncertainty s given as the expanded uncertainty with a
coverage factor of k=2. The following uncertainty.
‘components are taken into account: short-term
stability (repeatabiliy), resolution.

The difference between DUT Indication »Wind
hscione ndhe frecs reaton o) The
given uncertainty U(Aapur, s the com

Eepandedancrtin i s covroge for o k2.

The remaining deviation befween the DUT indication
after applying a linear regression correction and the
reference.

Deutsche WindGuard Wind Tunnel Services GmbH
Oldenburgerstr. 65, D-26316 Varel

DEUTSCHE

WINDGUARD
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Calibration result (1/3)
Kalbrierergebnis (1/3)
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Graphical representation of the result
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A

VAISALA &

L

Vaisala is ISO 9001 and ISO 14001 certified company. ey
MEASUREMENT STANDARDS LABORATORY %72\ st Aceredation Service
ACCREDITED CALIBRATION LABORATORY LIRS K008 (EN ISONIEC 17025)

CERTIFICATE OF CALIBRATION no K008-J02702

Customer TNO Wind Energy
Westerduinweg 3
1755 LE Petten

Instrument Humidity and Temperature Probe
Manufacturer Vaisala Oyj
Model HMP155E
Serial number Fads0014
Instrument number 94012447
Calibration date From May 15 to 16, 2025
Calibration due date July 15,2026
Issue date May 16, 2025
signature v
Dani Lattnen
Calbration Engineer
Page 1(4)
Documents attached -
NOTES The instrument was adjusted during calibration.

Conditions when received Reported in Service Report

“oxcopt o
carried out and the Certiicates of ¥ W on angesand
1o nsinal o ntoratond mosuremont slanciri. Mosscamont Standarcs Lanoratory of vasola Ol 58 calbration obratory KOO8
accrodited by ISOMEC 17025,

(EAMLA) of

‘Valasla Oy}, PO Box 26, 700421 Helsioi, iniand
Telphans + 358 9 894 91 - Fax + 350 9 8949 2227

o hldesk @i com - w

Comicre Votan, Fnd - VAT FO1244162 - Susinss 10 01244162

Certificate number  K008-J02702 Page2(4)

VAISALA

DESCRIPTION
Tho measurament esuts waro cbaine fom the measured valos o th reslsvero calclated from the measured
values by using adjustment coefficients
The instrument's configuration, semngs and coeficients were read flom the nstrument’s memory.
allowed to stabilize of the laboratory for at least 1 hour
with 24,0 VC 0,3 VDC power supply on.
The instrument was configured to use pressure 1013,25 hPa settings for the time of the calibration ifthere is a
pressure compensation setting in the instrument
REFERENCES USED DURING TEMPERATURE CALIBRATION
TMP1 / AM1612 Temperature Probe, serial number W3144135, due date 2026-Apr-30
TMP1 / AM1612 Temperature Probe, serial number W3144136, due date 2026-Apr-30
REFERENCES USED DURING HUMIDITY CALIBRATION
TMP1 / AM1612 Temperature Probe, serial number W3144135, due date 2026-Apr-30
Thunder 2500 Humidity generator, serial number 1209917, due date 2026~Jan-31
PTB330 Digital Barometer, serial number $1920488, due date 2025-Oct-31

TRACEABILITY

f units (S1) metrology institutes

aceable to
(NIST in USA or equivalent) or accredited calibration laboratories.

CALIBRATION PROCEDURE

DOC233127 temperature. DOC230528 humidity.

UNCERTAINTY

The reported expanded uncertainty of measurement is stated as the standard uncertainty of measurement

e b he covergo fcor = 2 whic for ol ko coreaponds . coverage robablly of
%. The standard been determined

Publication EA-4/02.

The

of calibration. When using the
and stabilty of the UUC shall be

pr the situation at the
uy ind at different time the effect of
evaluated separately.

y ng the measured insrument and points only
k ted to under calibration.

vi

the calibration uncertainty is marked with the text ** dueioa large instrument reading error, due to the possibilty

of digital or analog output freezing to output a constant reading near the upper or lower limit of the output rang

ordue o quivalnt nsrumontrlate roasan I hecaso of marking **, the calbration reariaity i gven
reasons on sults.

STATEMENT OF CONFORMITY
results and of

and the calibration points.

The statement of conformity is based on simple acceptance, whether the calibration result is within or outside the

manufacturer's specification. The calibration uncertainty is not taken into account in the statement of conformity.

The probabiy u i rejecting a be as large as 50 % with

specification relate only to the calibrated instrument

imit,
Pass The canhraucn muu is equal o wihin the manuvmuvefs spemrcaucn
Fail =
There is no specified swem(:ahw\ vmen the specification is. mzvked with None'.
AMBIENT CONDITIONS
Temperature 23°C+3°C
Humidity 35 %rh +32 %rh

(a) RHT 94012447, page 1/2

(b) RHT 94012447, page 2/2
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VAISALA acurs F?N AS

Vaisala s 1O 9001 and ISO 14001 certified company. 74///§\? Finnish Accreditation Service

MEASUREMENT STANDARDS LABORATORY "/ul..l.‘\.- > K008 (EN ISONIEC 17025)
ACCREDITED CALIBRATION LABORATORY

CERTIFICATE OF CALIBRATION no K008-J02698

Customer TNO Wind Energy
Westerduinweg 3
1755 LE Petten

Instrument Pressure Transmitter
Manufacturer Vaisala Oy}

Model PTE210A

Serial number F4950002
Instrument number 94012584
Calibration date On May 15,2025

Calibration due date  July 15, 2026

ssue date May 16, 2025
Signature e
likka Kotamaki
Technical Manager
Page1(3)

Documents attached -
NOTES Adjusted.

Conditions when received Reported in Service Report.

17025,

Vaisala Oy, PO Box 26, 00421 Wik, Fntand
oo 35838481 un 889830221
Emai hoipdesk 2 vas

Do Vot Fand- VAT POTIAIE - Buines 1D 01244162

VAl SALA Certificate number  K008-J02698 Page 2(3)
CONFIGURATION
Before the f and setting; read from ‘s memory.

Table 1. Configuration and settings

Setups read from the memory

Software version PTB210 Ver 201
iber F4960002

Meas per minute 0
Averaging o
Pressure Min...Max 490 1110

PRESSURE CALIBRATION
The above described instrument was calibrated from 500 to 1100 absolute pressure in the

Measurement Standards Laboratory (MSL) of Vaisala Oyj on May 15, 2025.

The pressure readings o the instrument were compared {0 the values of the reference.

‘The measurement results were obtained from the measured values or the results were calculated from the measured
values by using adjustment coefficients.

Before was allowed to stabilize
with power supply on.

The used pressure transmitting medium was air and/or nitrogen.

the laboratory for at least 1 hour

REFERENCES USED DURING PRESSURE CALIBRATION
DHI PPC3/ Hi Pressure Controller/Calibrator, sno 722 / 105064, due date 2025-Oct-31.

TRACEABILITY
‘The measurement resutts are traceable to the international system of units (1) through national metrology institutes
(NIST in USA or equivalent) or accredited calibration laboratories.

CALIBRATION PROCEDURE
DOC236240

UNCERTAINTY
The reported expanded uncertainty of measurement is stated as the standard uncertainty of measurement
multiplied by the coverage factor k = 2, which for a normal distribution corresponds to a coverage probability

" has beer EA

o
Publication EA-4/02.
- The uncertainty is calculated from the uncertainties caused from the reference equipment, calibration process
and unit under calibration (UUC) including resolution, stabilty (short term), linearity, repeatabilty, hysteresis.
and rounding o the inal resuts.
- The interpolated between point
The measurement uncenam-y represents the situation at the time and conditions of calibration.
‘When using the UUC a different conditions and at different time the effect of the conditions and stabilty of the
U shallbe evalated separatey

sults and uncertainty are repr g the measured instrument and points only.

CALIBRATION CONDITIONS
Temperature 23°C23°C
Humidity 35 %th + 32 %rh

(a) Air pressure sensor 94012584, page 1/2

(b) Air pressure sensor 94012584, page 2/2
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C.1.5 Sonic 3D

) Appendix C

DEUTSCHE

WINDGUARD

IECRE and MEASNET approved test laboratory

Deutsche WindGuard
Wind Tunnel Services GmbH

Member of / Mitglied im
Deutschen Kalibrierdienst

accredited to / akkreditiert nach
DIN EN ISO/IEC 17025:2018

Calibration Certificate / Kalibrierschein

issued by the calibration laboratory / erstellt durch das Kalibrierlaboratorium

(G
it

Calibration mark
Kalibrierzeichen

Device under test (DUT)  Ultrasonic Anemometer
Gegenstand.

Manufacturer METEK
Hersteller

Type uSonic-3 Sci
™

serial number 0111107372

Fabriat/Seren e

Auftagacber NL-1755 LE Petten
Order No. 3100409804
Aufrogsmummer

Project No. V1240267
Progimummer

Number of pages 10

Anzonl dr eiten

Date of Calibration 20240522
Dotum der Kaibrerung

This callbration certiicate documents  the.
traceabilty to national standards, which realize
the

the mutual recognition of caliration certificates.
The presented results relate only to th
calibrated object, The user is obliged to have the
objectrecalibrated at appropriate ntervals.
Dieser Kallbrerschein dokumentiert die Rick-
fihrung auf nationale Normale zur Dorstellung
der Einheiten in Ubereinstimmung mit dem
Internationalen Einheitensystem (5.

Die DAKKS ist Unterzeichner der muliateralen

Einhaltung  einer angemessenen  Frst
Wiederholung der Kalirierung ist der Benutzer
verantwortih.

This calibation certifcate may not be reproduced other than in full except with the permission of the fssuing laboratory.

Genehmigung des ausstellenden Kalbrirloboratoriums.
Kallbrierschein wurde elektronisch erzeugt

Ausziige oder Anderungen bedrfen de
Kalibrerscheine ohne Unterschrift haben keine Gltigkei. Dieser

Dt rolgessben durch / Approval by
batum Head of the caleaton boratory

20260524

Helko Westermann

Person mcharge
Beorbeiter

crst

Alina oty

Page2/10
Sete

Calibration procedure IEC 61400-50-1:2022 section 8 (formerly IEC 61400-12-1:2017 Annex F)

Kalriererforen

Summary of procedure The device (0UT) / anemometer

Zusammenossung des Vefahrens flow i the test section of the wind tunnel. If possible, the measurement
Volume of the DUT i centered within the wind tunnel test section. For
directionally sensitive DUTs, the predefined orientation is aligned with the.
flow centerline. In this step, care is taken to minimize angular deviations to
increase reproducibiity.

3 anair
velocity of 10 my/s for a minimum of 5 minutes. For each test point, the wind
tunnel is set to a fixed air velocity. After an appropriate stabilization period,
the DUT and reference air velocities are sampled simultaneously for at least 30
seconds, averaged, and reported.

Place of calibration Wind tunnel WK2 of Deutsche WindGuard Wind Tunnel Services GmbH, Varel

Ot der valbrierung

iti 1000 mm x 1000 mm
Messbedingungen

mounting diameter a2.4mm
mounting length not applicable
insertion depth? 535 mm
blockage ratio? 0.025

DUT yaw orientation 00"
software version 10213

n

2

Ambient conditions
Umgebungsbedingungen

air temperature (226£0.4)°C-(2320.4)C
air pressure (10056 £0.4) hPa - (1005.9 + 0.4) hPa

elative air humidity (50.4£6.0)% (527 £ 6.0) %

Measurement uncertainty The expanded to t
Messunscherhel ' the standard (=2, It has been
determined in accordance with EA-4/02 M; 2022. The value of the measurand
lies within the assigned range of values with a probabilty of 95%
‘The reference flow speed measurement is traceable to the German NM:
(Physikalisch-Technische Bundesanstalt) standard for flow speed. It i realized
by using a PTB owned and calibrated Laser Doppler Anemometer.

Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE

Oldenburgerstr. 65, D-26316 Varel WINDGUARD

(a) Sonic 3D 94012345, page 1/6

(b) Sonic 3D 94012345, page 2/6
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Zerhot D

Certiicate 1D mmAzoPcakQMabulbmzwitp  [EIKEE

Deutsche WindGuard Wind Tunnel Services GmbH
Oldenburgerstr. 65, D-26316 Varel

DEUTSCHE

WINDGUARD

Page 4/10
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Revision 0
Reision

Remarks and Definitions
Enautervngen und Definitonen

General remarks North alignment via DUT geometry

The reference air velocity. The uncertainty is given as

Reference air velocity
Vs the expanded uncertainty with a coverage factor of
k=2,

vier [ my

DUT Indication »wouriye The indication of the device under test converted to

VouTy/ /s the horizontal wind speed vour,, with vectorial
averaging according to 150 16622:2002 from DUT
Indication »x« (calculated) and DUT Indication »y«
(calculated). The expanded uncertainty is given with a
coverage factor of k=2.

The difference between DUT Indication »our« and
the reference air velocity. The given uncertainty
UlAvour,,)is the combined expanded uncertainty
with a coverage factor of k=2.

Deviation »vouT,y - VR«

DUT Indication »xe The indication of the device under test, The
vour, / cm/s uncertainty i given as the expanded uncertainty with a

mponents are taken into account: short-term
stability (repeatability),resolution.

DUT Indication »x« (calculated) The DUT Indication converted to the reference unit
Vour,/ m/s with the following equation: vour, - 0.01. No
uncertainties are considered for this conversion.

The indication of the device under test, The
uncertainty is given as the expanded uncertainty with a
coverage factor of k=2. The following uncertainty
components are taken into account: short-term
stability (repeatability),resolution.

DUT Indication y«
vour, / em/s

DUT Indication »y« (calculated) The DUT Indication converted to the reference unit
Vour,/ m/s with the following equation: vour, - 0.01. No
uncertainties are considered for this conversion.

DUT Indication »z« The indication of the device under test, The

vour, / em/s uncertainty is given as the expanded uncertainty with a
coverage factor of k=2. The following uncertainty
components are taken into account: short-term
stability (repeatability), resolution.

DUT Indication »z« (calculated) The DUT Indication converted to the reference unit
Vour/ m/s with the following equation: vour, - 0.01. No
uncertainties are considered for this conversion.

Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE

Oldenburgerstr. 65, D-26316 Varel WINDGUARD

(c) Sonic 3D 94012345, page 3/6

) TNO Public

(d) Sonic 3D 94012345, page 4/6
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Pages /10

DUT Indication »apuryy«
avury,

Residuals.

according to 150 16622:2002 from "DUT Indication »x«
(calculated)" and "DUT Indication »y« (calculated)".
The expanded uncertainty is given with a coverage
factor of k=2

The remaining deviation between the DUT indication
after applying a linear regression correction and the.
reference.

Deutsche WindGuard Wind Tunnel Services GmbH

Oldenburgerstr. 65, D-26316 Varel

DEUTSCHE

WINDGUARD

Page 6/10

Calibration result
Kalbrirergebnis

ndex

Reference oUT ndiction Deviston
sirwlocty e r—
s s s

er U] voury, Uboura) o v
e oo ) o066 o0i0
so1e oo Gosse 00080 o6 ool
750 oo 79350 00081 ooz oo
sss oo 008 00061 00w oo
a0 oo ows 000 0w oo
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s oos 160580 00065 oom o084
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nos 00w 106 00062 005 oom
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so2 oo 20007 00080 000 00w
asm oo s0621 00061 oo oon
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Deutsche WindGuard Wind Tunnel Services GmbH
Oldenburgerstr. 65, D-26316 Varel

DEUTSCHE

WINDGUARD

(e) Sonic 3D 94012345, page 5/6

(f) Sonic 3D 94012345, page 6/6
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Graphical representation of the result
Grafsche Dorstellung des Exgebrisses

— Uinear regression
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Linear regression analysis for DUT Indication »vouri
slope m

Offset b

Standard error (Y) / RSD
Correlation coefficient &

Remarks

s
DUT Indication »our,, ¢
Vour,

(0.99955 £0.00133) (m/s)/(m/s)

(005134 £ 0.01423) m/s

0.01801 m/s

0999990

The calibrated sensor complies with
the demanded linearity of MEASNET

Deutsche WindGuard Wind Tunnel Services GmbH
Oldenburgerstr. 65, D-26316 Varel

DEUTSCHE

WINDGUARD

(g) Sonic 3D 94012345, page 6/6
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C.2 Thies cup classification sheet

Class S Classification

FCA 11 - SN 01130001 - heating on

Reference: 0.15
—Class 0.9 P
IEC 61400-12-1 Edition 2.0 2. B o
Wind Turbine Power Performance Testing S 005 A " i = +—1 3 2
2017-03 @ ' § & &=
2 0.0 ‘ 4 —it
- Jli EE B
Result: g = :
Figure showing the calculated total deviation E 0.10 e —— -
of the Thies First Class Advanced s | i
anemometer type 4.3352.00.000 taking into S s 10 . 2
account all influencing parameters according )
to Class S definition. Wiedspead/ mfs
Internal shaft heating ON
Classification index: S 0.9
(average of five sensors)
Class S Classification FCA Il - SN 01130001 - heating off
Reference: 03087 ——
s » 020 - ——
IEC 61400-12-1 Edition 2.0 T T o
Wind Turbine Power Performance Testing o 010 1 i = 1 3 R 1A
M
5 .00 1t 1 ] : : !
Result: £ 010 o
Figure showing the calculated total deviation | £ 520 - i S
of the Thies First Class Advanced | @
anemometer type 4.3352.00.000 taking into -0.30
account all influencing parameters according " o i "d::h = =
to Class S definition. "
Internal shaft heating OFF
Classification index: S 1.7
(average of five sensors)

Figure C.1: Thies cup 4.3352 classification report, Class S

) TNO Public
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