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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 61400-12-1

) Verification of ground-based or nacelle-mounted Remote Sensing Devices conform to IEC 61400-12-1,
Appendix L

) Verification of Floating LiDAR Systems conform to IEC 61400-12-1, Appendix L and IEA Recommended
Practices 18

Adaptation of scope for remote sensing verification to IEC 61400-50-2 by RvA is currently pending.

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

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

, number of bins, see equation (5.6)

n; bin-count for bin 7, 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

Vhor horizontal wind speed, see equation (5.4)

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

Vyert vertical wind speed, see equation (5.4)

Vg 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 ZX 300M with serial number ZX1524 was installed
at the EWTW test site near meteorological mast MM6 on 21 November 2024. The lidar was
verified after being deployed for wind field measurements at offshore platform K13-A.

The official measurement campaign started on 22 November 2024 00:00 UTC and lasted until
7 January 2025 00:00 UTC, covering 46 days. The comparison of the lidar against meteorological
mast MM6 is performed for 3 measurement heights, 42 m, 81 mand 118 m.

For all comparison heights the regression slope is close to 1.00 and the offset is up to 0.12 m/s
with an R? close to 1. The maximum deviation observed is 1.5 %. The sensitivity analysis did

not result in any significant sensitivities for the lidar.

The results of this verification are based on IEC 61400-50-2:2022 (formerly Annex L of the
IEC 61400-12-1:2017) standard and the TNO Work instructions for verification RSD (v.4).

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

) TNO Public 7162



) TNO Public ) TNO 2025 R10084

1 Introduction

A ZX Lidars ZX 300M with serial number ZX1524 was installed at the EWTW test site near MM6
on 21 November 2024. The lidar was verified after being deployed for wind field measurements
at offshore platform K13-A in the Wind@Sea project [1]. This report presents the verification
results.

After verifying correct operation of the lidar, the measurement campaign was started on
22 November 2024 00:00 UTC and lasted until 7 January 2025 00:00 UTC.

The results of this verification are based on the IEC 61400-50-2:2022 [2] (formerly Annex L of
the IEC 61400-12-1:2017) standard and the TNO Work instructions for verification RSD (v.4).

) TNO Public 8/62
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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 [3]. 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 [4] 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 4 m below the cup measuring height. The measuring

) TNO Public 9/62
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elevation [m] w.r.1. sea level

55

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
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2.2

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, 77.4m and 112.5m. At 108.5m, 4m 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 platform 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 the meteorological
mast 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 IEC 61400-12-5:2022 [4] 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.
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Figure 2.5: Layout of the EWTW test site used to determine the measurement sector

The measurement sector is height dependent as for the boom mounted measuring heights an
extra sector is excluded where the wind direction is in line with the boom orientation, 320°+10°,
see table 2.2.

Table 2.2: Excluded sectors per measuring height.

Excluded sector comparison height
117.5m 81.4m 41.9m

0.1°to 104.0° X X X

119.4°to 191.2° X X X

310°to 330° X X

2.3 Remote Sensing Device

The Remote Sensing Device (RSD) is a ZX 300M lidar. This unit has identification number ZX1524
(software version 3.2003). It is configured to perform measurements at 10 heights: 21 m, 42 m,
61m,81m, 101 m, 113 m, 118 m, 141 m, 161 m and 181 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.

The ZX 300M lidar at the RSD verification location is presented in fig. 2.6.
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2.4

Table 2.3: Measurement heights for verification

comparison height | MM6 height lidar measuring height  lidar configured height

m m m
1175 117.5 118 117
81.4 81.4 81 80
41.9 41.9 42 41

|

L

Figure 2.6: ZX 300M ZX1524 (right lidar in yellow) at the RSD verification location.

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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3 Data selection

The lidar measurement campaign officially starts on 22 November 2024 00:00 and ends on
7 January 2025 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.

——MM6_H117d5_Ws_Q1_avg
~ A ——MM6_H081d4_WsTrue_Q1_avg

MM6_H041d3_WsTrue_Q1_avg

Wind speed [m/s]
e

0 I I I I I
22 Nov 2024 29 Nov 2024 06 Dec 2024 13 Dec 2024 20 Dec 2024 27 Dec 2024 03 Jan 2025

N
S
T

| ——ZX1524_HorWS_at_117m
——ZX1524_HorWS_at_80m
N | ZX1524_HorWS_at_41m

Wind speed [m/s]
-

0 I I I I I
22 Nov 2024 29 Nov 2024 06 Dec 2024 13 Dec 2024 20 Dec 2024 27 Dec 2024 03 Jan 2025

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)
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Figure 3.2: Unfiltered wind direction time series for various heights by the reference meteorological mast at the
RSD verification location (top) and the lidar (bottom)
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3.1 Filter criteria

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

a) Reference meteorological mast free of wakes
The measurement sector is defined in paragraph 2.3 and the filtering is applied to the wind
direction measurements at each comparison height individually.

b) lidar free of wakes
The lidar is located 49 m from the base of MM6. At 117.5m MM6 is inside the (circular)
measurement volume of the lidar. Due to the cone angle of the lidar, the radius of this circle
increases with measurement height.

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.

c) 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.

d) Icing
The MEASNET [5] 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.

e) Data availability
For the LiDAR system no availability filtering is applied, other than the data that is being
rejected by the LiDAR system itself.

f) 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.

- passed - rejected ——thresholds

110 T T T

90 —

70 —

Relative humidity [%]

e
60 '

50 (- - -

Air temperature [°C]

Figure 3.3: Filter: MEASNET icing criterion
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a

4.1

4.2

4.3

lidar verification

This chapter reports the results of the lidar verification analysis as defined in clause 7 [2]. The
analysis is performed using the in-house software tool RSDverification version 2.0.21.

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 [2]. Only samples for which the reference wind speed is in the range of 4 m/s to 16 m/s
are used.

Bin-wise data comparison

The bin-wise comparison described in clause 7 [2] 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. Because the range is 4 m/s to 16 m/s, the first and last bin are
given half the prescribed width and are centred at 4.125m/s and 15.875 m/s respectively.

The resulting bin count histograms are presented in fig. A.3. Due to the smaller bin width, the
first and last bin have a significantly lower bin count.

The resulting 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

m/s
117.5 1.013 -0.121 1.000
81.4 1.001 -0.049 1.000
419 0.991 0.038 1.000

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 [2]. The
total lidar uncertainty is reported in column V.4 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.
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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 [2, clause 11.1, item i].

The conditions at each comparison height are defined in chapter 5 and reported in tables 4.5
to 4.7. These tables covers all the measured environmental variables. However, the DNV-GL
classification report [6] for the ZX300 lidar names seven significant environmental variables in
the conclusion, among which ‘temperature gradient’ is not measured in this verification.

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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Figure 4.4: Bin-wise wind speed comparison @117.5m
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Figure 4.5: Bin-wise wind speed comparison @81.4m
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Figure 4.6: Bin-wise wind speed comparison @41.9m
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Table 4.2: Uncertainty calculations of the lidar @117.5m

4.14
4.50
5.03
5.52
6.00
6.52
6.99
7.49
8.00
8.50
8.99
9.51
10.01
10.49
11.00
11.49
11.98
12.52
13.01
13.51
13.99
14.52
15.00
15.54
15.88

411
4.46
4.96
5.50
5.94
6.49
6.95
7.46
7.96
8.49
8.96
9.49
10.00
10.50
11.00
11.57
12.01
12.57
13.11
13.58
14.00
14.59
15.13
15.59
15.95

data sets

24

64

86
118
170
168
187
151
190
207
187
174
129
153
165
160
124
171
174
165
130
107
111

95

30

Visq Max

m/s

4.41
491
5.36
6.06
6.51
7.54
7.53
8.37
8.62
9.11
9.64
10.48
11.11
11.31
11.92
13.01
13.86
13.76
15.66
15.14
15.21
16.22
16.59
17.57
17.05

Visq Min

m/s

3.89
3.52
391
5.00
5.17
5.49
6.32
6.72
6.84
7.76
7.78
8.29
8.74
9.40
9.80
10.45
10.59
11.52
11.82
12.99
13.04
13.08
14.17
14.44
15.35

";sd std

m/s

0.159
0.228
0.227
0.206
0.213
0.253
0.224
0.237
0.224
0.209
0.287
0.301
0.316
0.315
0.322
0.330
0.360
0.336
0.391
0.333
0.311
0.402
0.424
0.376
0.383

0.033
0.029
0.024
0.019
0.016
0.020
0.016
0.019
0.016
0.015
0.021
0.023
0.028
0.025
0.025
0.026
0.032
0.026
0.030
0.026
0.027
0.039
0.040
0.039
0.070

mean
deviation

%

-0.832
-0.966
-1.488
-0.379
-1.072
-0.380
-0.615
-0.464
-0.456
-0.129
-0.255
-0.174
-0.151
0.112
0.008
0.663
0.289
0.402
0.787
0.520
0.050
0.456
0.893
0.346
0.490

Ve UNC.

%

1.353
1.278
1.188
1.120
1.066
1.019
0.983
0.948
0.918
0.893
0.871
0.855
0.841
0.829
0.818
0.809
0.801
0.793
0.786
0.779
0.773
0.766
0.761
0.756
0.753

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

Visq UNC.

%

1.786
1.737
1.977
1.251
1.552
1.150
1.204
1.110
1.069
0.945
0.963
0.932
0.926
0.900
0.878
1.094
0.921
0.939
1.157
0.982
0.829
0.957
1.224
0.896
1.025
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Table 4.3: Uncertainty calculations of the lidar @81.4 m

data sets Visq Max Visg Min Vieq Std £ mean Vef UNC. mounting Vieq UNC.
deviation unc. rsd
m/s m/s m/s % % % %
4.12 4.07 43 4.40 3.79 0.130 0.020 -1.228 1.343 0.10 1.896
4.54 4.49 89 4.97 4.03 0.204 0.022 -1.139 1.270 0.10 1.785
5.00 4.95 156 5.52 441 0.184 0.015 -1.013 1.202 0.10 1.615
5.53 5.47 181 6.00 5.04 0.176 0.013 -0.991 1.135 0.10 1.542
6.01 5.96 197 6.84 5.29 0.217 0.015 -0.820 1.090 0.10 1.406
6.49 6.43 211 6.99 5.83 0.212 0.015 -0.917 1.042 0.10 1.424
6.99 6.95 218 7.36 6.33 0.224 0.015 -0.600 1.020 0.10 1.224
7.51 7.46 204 8.08 6.85 0.207 0.014 -0.614 0.990 0.10 1.202
7.99 7.93 187 8.43 7.52 0.180 0.013 -0.796 0.962 0.10 1.279
8.47 8.43 148 9.13 7.78 0.221 0.018 -0.368 0.934 0.10 1.051
9.01 8.99 140 9.63 8.50 0.226 0.019 -0.140 0.906 0.10 0.967
9.52 9.51 158 10.48 8.94 0.248 0.020 -0.131 0.888 0.10 0.948
10.01 9.97 149 10.56 9.04 0.238 0.019 -0.327 0.867 0.10 0.973
10.49 10.48 150 11.50 9.88 0.269 0.022 -0.155 0.858 0.10 0.924
11.02 11.01 134 12.11 10.26 0.269 0.023 -0.094 0.855 0.10 0.913
11.50 11.52 181 13.39 10.65 0.332 0.025 0.164 0.853 0.10 0.922
12.00 12.00 159 13.82 11.13 0.365 0.029 0.002 0.846 0.10 0.908
12.49 12.45 127 13.28 11.74 0.248 0.022 -0.310 0.841 0.10 0.941
13.01 12.99 109 14.26 12.18 0.313 0.030 -0.157 0.824 0.10 0.898
13.49 13.51 104 14.94 12.84 0.316 0.031 0.152 0.820 0.10 0.893
13.97 13.91 91 15.85 13.10 0.341 0.036 -0.416 0.814 0.10 0.976
14.47 14.44 85 15.23 13.78 0.266 0.029 -0.227 0.813 0.10 0.895
14.97 14.92 74 16.32 14.27 0.336 0.039 -0.342 0.793 0.10 0.930
15.50 15.41 71 16.07 14.19 0.341 0.040 -0.561 0.807 0.10 1.041
15.87 15.82 37 16.92 15.26 0.337 0.055 -0.315 0.792 0.10 0.948
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Table 4.4: Uncertainty calculations of the lidar @41.9 m

data sets Visq Max Visg Min Vieq Std £ mean Vef UNC. mounting Vieq UNC.
deviation unc. rsd
m/s m/s m/s % % % %
4.13 4.10 97 4.35 3.66 0.120 0.012 -0.653 1.385 0.10 1.576
4.49 447 218 5.04 4.04 0.176 0.012 -0.427 1.310 0.10 1.421
5.01 5.01 227 5.71 4.51 0.210 0.014 0.012 1.218 0.10 1.269
5.50 5.49 225 6.24 4.83 0.222 0.015 -0.208 1.165 0.10 1.234
5.99 5.97 243 6.63 5.53 0.209 0.013 -0.315 1.112 0.10 1.198
6.48 6.47 187 7.36 5.92 0.223 0.016 -0.082 1.065 0.10 1.120
7.00 6.96 188 7.45 6.46 0.197 0.014 -0.507 1.022 0.10 1.180
7.49 7.47 151 8.22 6.92 0.231 0.019 -0.176 0.988 0.10 1.058
8.00 7.99 174 8.77 7.35 0.235 0.018 -0.078 0.953 0.10 1.007
8.52 8.48 167 9.10 7.92 0.217 0.017 -0.388 0.926 0.10 1.047
9.02 8.99 149 9.77 8.34 0.263 0.022 -0.306 0.911 0.10 1.015
9.51 9.49 155 10.01 8.73 0.242 0.019 -0.173 0.895 0.10 0.960
10.00 9.96 163 10.68 9.31 0.266 0.021 -0.409 0.882 0.10 1.019
10.50 10.42 166 11.38 9.29 0.278 0.022 -0.739 0.878 0.10 1.187
11.00 10.94 130 11.76 10.09 0.315 0.028 -0.579 0.864 0.10 1.093
11.49 11.44 129 12.00 10.84 0.265 0.023 -0.500 0.854 0.10 1.035
12.00 11.97 109 12.64 11.31 0.310 0.030 -0.236 0.848 0.10 0.941
12.51 12.43 90 13.48 11.74 0.286 0.030 -0.650 0.843 0.10 1.114
13.02 12.98 71 13.80 12.10 0.299 0.035 -0.305 0.834 0.10 0.955
13.49 13.43 77 14.39 12.76 0.357 0.041 -0.414 0.822 0.10 0.994
13.98 13.84 59 14.71 12.35 0.388 0.051 -0.988 0.826 0.10 1.356
14.51 14.43 45 15.03 13.54 0.313 0.047 -0.562 0.807 0.10 1.059
15.01 14.82 32 15.56 14.37 0.254 0.045 -1.235 0.798 0.10 1.517
15.48 15.40 38 16.41 14.55 0.393 0.064 -0.530 0.798 0.10 1.067
15.88 15.82 8 16.39 15.15 0.407 0.144 -0.380 0.801 0.10 1.288
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Table 4.5: Environmental conditions @117.5m

wind speed

m/s
4.125
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
15.875

shear
exponent

0.2654
0.2631
0.2775
0.2690
0.2600
0.2863
0.3212
0.2975
0.2973
0.2903
0.2903
0.2718
0.2576
0.2563
0.2561
0.2488
0.2334
0.2363
0.2334
0.2292
0.2213
0.2207
0.2130
0.2163
0.2180

turbulence
intensity

%
8.89
8.01
6.82
7.35
6.98
7.54
7.20
7.85
8.11
8.33
8.73
9.13
9.04
8.76
8.94
8.84
10.02
9.75
9.91
10.16
9.66
9.76
9.89
9.69
9.53

precipitation

%
0.00
0.51
0.65
1.50
2.54
4.39
6.36
6.68
5.28
7.01
9.69
14.89
13.77
17.07
12.56
11.21
12.77
13.03
10.57
13.57
17.05
23.44
27.42
32.09
30.48

wind direction

262.9
261.7
250.8
253.4
250.7
261.4
258.1
258.6
265.2
259.1
259.8
257.8
247.4
239.0
247.8
247.6
263.7
254.9
252.4
256.6
2535
252.7
240.3
241.8
227.2

air

temperature

°C

5.78
5.62
5.50
5.72
6.27
6.50
5.94
6.30
6.29
6.63
6.50
6.86
7.01
6.97
6.93
7.25
6.92
7.43
7.64
7.60
7.82
7.73
8.16
8.16
8.93

relative
humidity

%

83.10
81.80
83.37
88.62
86.83
85.63
83.79
85.23
82.51
84.15
85.17
84.44
83.59
86.28
84.96
86.32
83.27
85.51
85.37
84.27
83.89
85.53
85.57
86.93
85.21

air density

kg/m?
1.263
1.262
1.263
1.260
1.255
1.254
1.254
1.250
1.248
1.248
1.248
1.244
1.241
1.242
1.243
1.241
1.240
1.238
1.237
1.235
1.233
1.230
1.226
1.223
1.214

flow
inclination

o

1.377
1.719
1.447
1.440
1.390
1.495
1.615
1.569
1.609
1.528
1.557
1.598
1.500
1.352
1.507
1.429
1.658
1.492
1.506
1.568
1.487
1.473
1.457
1.486
1.364

wind veer

i
-0.1956
-0.2389
-0.2253
-0.1962
-0.1896
-0.1479
-0.1651
-0.1260
-0.1090
-0.0928
-0.0848
-0.0763
-0.0724
-0.0684
-0.0626
-0.0578
-0.0542
-0.0478
-0.0482
-0.0457
-0.0419
-0.0460
-0.0461
-0.0481
-0.0468
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Table 4.6: Environmental conditions @81.4 m

wind speed

m/s
4.125
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
15.875

shear
exponent

0.2313
0.2515
0.2852
0.2846
0.2994
0.2724
0.2868
0.2895
0.2732
0.2654
0.2483
0.2480
0.2519
0.2388
0.2377
0.2339
0.2294
0.2189
0.2178
0.2213
0.2132
0.2144
0.2034
0.2106
0.2100

turbulence
intensity

%
8.51
7.66
8.02
7.99
7.84
8.56
9.12
9.58
9.11
10.18
10.11
10.05
9.94
10.33
10.67
11.38
10.97
11.59
11.26
10.80
11.08
10.96
10.54
10.74
10.70

precipitation

%
0.16
0.07
1.05
2.61
3.18
8.43
5.15
7.16
7.87
9.99
17.97
18.10
15.33
8.76
9.96
12.64
13.45
13.53
24.57
22.37
31.87
25.44
26.77
30.72
27.78

wind direction

244.6
2423
243.9
249.7
2523
240.8
250.5
2525
246.1
249.0
235.5
232.4
238.6
238.6
243.8
245.4
244.6
250.1
243.8
2315
2339
231.6
228.7
220.8
2229

air

temperature

°C

5.55
5.89
5.74
6.35
6.55
6.22
6.50
6.68
6.45
7.09
7.35
7.13
7.08
7.11
7.53
7.65
7.58
7.71
7.76
8.35
8.07
8.64
8.58
9.36
10.05

relative
humidity

%

84.33
84.28
86.47
87.58
85.00
87.33
85.41
85.09
85.88
84.14
86.71
86.46
86.51
88.13
87.03
87.19
86.44
84.54
86.12
86.54
86.23
84.70
85.35
82.79
84.14

air density

kg/m?
1.265
1.261
1.259
1.254
1.253
1.253
1.249
1.248
1.247
1.243
1.240
1.240
1.241
1.241
1.240
1.237
1.238
1.235
1.231
1.227
1.224
1.219
1.220
1.214
1.210

flow
inclination

o

1.450
1.534
1.423
1.359
1.514
1.300
1.435
1.443
1.370
1.338
1.279
1.171
1.288
1.321
1.353
1.326
1.381
1.384
1.338
1.386
1.338
1.377
1.336
1.339
1.385

wind veer

i
-0.179%4
-0.2200
-0.2063
-0.1896
-0.1554
-0.1462
-0.1155
-0.0992
-0.0962
-0.0758
-0.0730
-0.0681
-0.0638
-0.0580
-0.0559
-0.0479
-0.0443
-0.0425
-0.0451
-0.0482
-0.0469
-0.0481
-0.0475
-0.0443
-0.0388
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Table 4.7: Environmental conditions @41.9m

wind speed

m/s
4.125
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
15.875

shear
exponent

0.3128
0.2862
0.2846
0.2818
0.2726
0.2523
0.2495
0.2551
0.2472
0.2444
0.2369
0.2356
0.2352
0.2199
0.2165
0.2166
0.2143
0.2101
0.2054
0.2107
0.2031
0.1978
0.1896
0.1824
0.1857

turbulence
intensity

%

9.15

8.76

9.93
10.92
11.36
11.63
11.67
11.81
11.86
12.12
12.48
12.42
12.54
12.92
12.81
12.75
12.73
13.07
12.97
12.63
13.40
13.17
13.40
13.51
13.22

precipitation

%
2.03
3.15
6.54
8.42
4.54
5.43
7.72
12.31
18.48
14.36
12.98
8.77
10.70
11.66
16.45
22.35
30.24
28.47
20.25
28.99
24.48
22.40
28.84
34.36
14.35

wind direction

247.1
239.4
238.8
2443
240.7
240.8
242.0
239.6
231.0
231.0
238.4
242.3
243.6
243.6
242.0
236.3
2283
229.8
2329
2189
226.2
225.0
234.3
237.1
244.6

air

temperature

°C

6.07
5.98
6.66
6.14
6.38
6.72
7.00
7.20
7.32
7.17
7.14
7.51
7.63
7.60
7.59
8.16
7.89
8.31
8.30
9.21
9.91
9.74
9.17
9.52
9.09

relative
humidity

%

83.14
84.54
86.98
85.38
86.71
86.50
84.98
82.90
86.71
87.83
88.17
87.47
86.38
86.58
85.82
85.62
88.20
85.99
83.44
84.62
80.36
84.58
86.05
87.65
85.13

air density

kg/m?
1.255
1.254
1.251
1.252
1.251
1.248
1.243
1.241
1.240
1.241
1.239
1.241
1.240
1.239
1.235
1.229
1.229
1.224
1.219
1.215
1.219
1.210
1.213
1.211
1.209

flow
inclination

o

1.720
1.610
1.468
1.518
1.373
1.293
1.333
1.283
1.214
1.287
1.377
1.413
1.368
1.401
1.353
1.416
1.346
1.337
1.404
1.365
1.325
1.316
1.272
1.339
1.436

wind veer

i
-0.2275
-0.2201
-0.1569
-0.1256
-0.1045
-0.0905
-0.0847
-0.0779
-0.0638
-0.0641
-0.0583
-0.0514
-0.0477
-0.0445
-0.0429
-0.0456
-0.0486
-0.0478
-0.0458
-0.0445
-0.0436
-0.0437
-0.0404
-0.0431
-0.0389
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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 [2]. However, for this analysis we use the same dataset as for the
verification analysis. As a result the wind speed range is restricted to 4 m/s to 16 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 [2]. The variables considered
are described below.

deviation — rsd — Uref (5.1)
Uref

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 [7] 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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5.2

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,37.9 d,112.5 (5.5)

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 [2]. 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) [2, 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 red. 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 none of the environmental variables result in a
significant sensitivity. The distribution of the environmental variables is shown in table 5.4.

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
shear exponent - - . ,
turbulence intensity - - = .
precipitation - - - -
wind direction - = . ,
air temperature - - - -
relative humidity - = - -
air density - - - -
flow inclination - = : i,

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 [2]. The results
are presented in table 5.3, which is presented in a similar format as table 8 [2].

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.

The last column of table 5.3 represents the contribution to the preliminary accuracy class for

each EV. From this we can draw the conclusion that shear has the highest influence on the
accuracy.
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Table 5.2: Sensitivity to environmental variables for the lidar

variable unit | height m R? sens.x R
m %/unit - %

419 | 025 0.07 2117 0145  0.008 0.013

ex;ienognt 81.4 0.26 008  -1918 -0.149 0004  -0.010
117.5 0.26 008  -3478 -0275 0015  -0.034

419 | 11.59 2.42 0069 0167  0.004 0.011

t‘fr:f:rl]‘;r;;e % 814 | 950 2.67 0063 0168 0007 0014
117.5 8.45 2.49 0068 0169  0.009 0.016

419 | 1261  29.69 0000 -0.009  0.000 0.000

precipitationt % 814 | 11.84  29.09 0007 0203 0015 0.024
1175 | 1134 2816 0002 0065  0.004 0.004

419 |23860 3667  -0.001 -0045 0001  -0.001

wind direction o 814 [24279 3731  -0005 -0.198 0016  -0.025
1175 [256.03 4345  -0010 -0426 0023  —-0.064

_ 419 7.13 2.24 0050 0112  0.002 0.005
temp‘;'r'cture °C 81.4 7.01 221 0100 0220  0.005 0.015
117.5 6.82 213 0227 0484  0.025 0.076

_ 419 | 8506  10.65 0001 0010  0.000 0.000
hrjﬁfg’ify % 814 | 8483  10.83 0004 0041  0.002 0.002
1175 | 8322 1090 0024 0258  0.026 0.042

419 1.24 002  -2585 -0042 0002  -0.002

airdensity  kg/m? | 814 124 002 -14000 -0228 0021  -0.033
117.5 124 002 -26370 -0405 0023  -0.061

419 136 045  -0.092 -0.041  0.000 0.000

flowinclination 81.4 137 0.46 0192 0088  0.001 0.003
117.5 148 055  -0176 -0.097 0002  -0.004

419 | -0.06 0.03 0759 0022  0.000 0.000

wind veer °/m 814 | -0.06 004  -0534 -0.020  0.000 0.000
1175 | -0.06 0.04 3741 0144 0.003 0.007

. 41.9 8.02 260 003 -0.088 0001  -0.003
refef;gjdw'”d m/s 81.4 8.93 2.82 0110 0311  0.022 0.046
117.5 9.68 2.63 0162 0426 0030 0.073

) 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 [2, 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.)

) Anenvironmental 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 % [2,
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.

t  These variables employ a modified bin-count criterion [2, eg. 3, p.18]. In order to allow for a sensitivity analysis, the number of data
points (V) 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 2.540
shear 04 0.8 0.05 1.2 814 33 -2.302
exponent
117.5 33 ~4174
41.9 57 1.455
turbulence % 3 24 1 21 814 57 1323
intensity
117.5 52 1.420
41.9 100 ~0.031
precipitation % 0 100 10 100 814 100 0.697
117.5 100 0.231
41.9 38 -0.219
wind direction ° 0 360 5 180 814 38 -0.958
117.5 44 -1.766
. 41.9 25 2.000
ar °C 0 40 2 40 814 25 3.996
temperature
117.5 25 9.098
. 41.9 40 0.098
relative % 0 100 10 100 814 40 0376
humidity
117.5 40 2364
41.9 22 -1.163
airdensity  kg/m? | 0.9 135 0.05 0.45 814 22 -6.300
117.5 22 -11.867
41.9 37 ~0.550
flow inclination ° -3 3 0.2 6 81.4 37 1.153
117.5 43 -1.057
41.9 40 0.304
wind veer °/m -0.3 0.1 0.04 0.4 81.4 50 -0.213
117.5 50 1.496
. 41.9 79 ~0.406
referencewind o 4 16 05 12 814 88 1321
speed
117.5 79 1.945

) The columns ‘min’, ‘max’ and ‘bin’ report the minimum and maximum value of the binning interval [2, Table 5, p.21], and the
bin width [2, 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) [2, 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 lidar sensitivity study

variable unit | height i Q1 median
m unit unit
41.9 -0.91 0.16 0.22 0.28 1.04
shear
81.4 -0.91 0.16 0.22 0.28 1.04
exponent
117.5 -0.91 0.16 0.22 0.28 1.04
41.9 2.21 10.26 11.86 13.37 39.36
turbulence % 81.4 1.89 7.94 9.90 11.64 36.65
intensity
117.5 1.77 6.64 8.60 10.45 34.39
41.9 0.00 0.00 0.00 0.00 100.00
precipitation % 81.4 0.00 0.00 0.00 0.00 100.00
117.5 0.00 0.00 0.00 0.00 100.00
) 41.9 -0.86 4.54 6.19 8.01 16.47
ar °C 81.4 -0.86 4.5 6.19 8.01 16.47
temperature
117.5 -0.86 4.54 6.19 8.01 16.47
41.9 40.01 77.60 87.93 96.43 101.20
relative
- % 81.4 40.01 77.60 87.93 96.43 101.20
humidity
117.5 40.01 77.60 87.93 96.43 101.20
41.9 1.17 1.24 1.25 1.26 1.30
air density kg/m3 81.4 1.17 1.24 1.25 1.26 1.30
117.5 1.17 1.24 1.25 1.26 1.30
41.9 -12.76 0.72 1.24 1.73 21.47
flow inclination ° 81.4 -12.76 0.72 1.24 1.73 21.47
117.5 -12.76 0.72 1.24 1.73 21.47
41.9 -1.19 -0.10 -0.06 -0.04 2.07
wind veer °/m 81.4 -1.19 -0.10 -0.06 -0.04 2.07
117.5 -1.19 -0.10 -0.06 -0.04 2.07
) 41.9 4.00 5.86 8.09 10.63 15.96
referse;gsdw'”d m/s 81.4 4.00 6.68 8.98 11.76 15.99
117.5 4.01 7.14 9.50 12.51 16.00

) The lower and upper quartiles are indicated by Q1 and Q3. The minimum, median and maximum values represent Q0, Q2 and Q&4.
These quartiles indicate below what value 0%, 25 %, 50 %, 75 % and 100 % of the data is found.

) The filters described in section 3.1 are only applied to the wind-related variables: rsd availability, reference wind speed, wind direction
and - by extension - shear exponent, wind veer and turbulence intensity. All other variables are not filtered.

) All wind-related variables data is discarded when the wind speed is less than 2 m/s. At very low wind speeds, differences in the
measured wind speed between the lidar and the reference meteorological mast lead to high percentage deviations that could skew
the sensitivity regression. This filtering also causes the reference wind speed variable to not contain values below 2 m/s.

) Wind direction is omitted from this table, because it is a directional quantity.
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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 [2].

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 B.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 B.2 for the classification results according the IEC 61400-50-1:2022 [8]. 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 anemome-
ter on mast are specified in Annex E.6.3.5 [9]. 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.

34/62



) TNO Public ) TNO 2025 R10084

6.2

Table B.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 [2].

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 [9, p.74].

UVR,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 [10] 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 [2,
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.
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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 ZX 300M ZX1524 is validated against reference meteorological mast MM6
at the RSD verification location at the EWTW test site in the Wieringermeer. In this campaign
the lidar is validated at three measurement heights ranging from 42 m to 118 m.

During the measurement campaign that ran from 22 November 2024 00:00 UTC until 7 Jan-
uary 2025 00:00, spanning 46 days, all data coverage requirements of the IEC 61400-50-2:2022
are met.

For all comparison heights the regression slope is close to 1.00 and the offset is up to 0.12 m/s
with an R? close to 1. The maximum deviation observed is 1.5 %. The sensitivity analysis did
not result in any significant sensitivities for the lidar. For the air density at all comparison heights
the range covered was insufficient.
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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.

+ ratio (outside wake)
©)

wake sector. 0.0°-0.0° wake sector. 350.8° - 120.8°
a0

0 =0 o s E 0 =0 =0 E)
Reference wind direction [*] Reference wind direction [*]

(a) 118m (b) 81 m

Reference wind direction [‘]

(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
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 [11].

At the meteorological mast measurement heights, as seen in fig. 2.7, the meteorological mast
measurements are compared to the lidar measurements. Table B.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 B.2. Other
statistics are based on pseudo signals, presented in table B.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 B.3. This table also presents installation and calibration due dates.

Table B.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

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

name

wind speed, 117.5m, centre
wind speed, 112.5m, 140°
wind speed, 81.4 m, 140°
wind speed, 81.4m, 320°
wind speed, 41.9 m, 140°
wind speed, 41.9 m, 320°
wind direction, 112.5m, 320°
wind direction, 77.4m, 320°
wind direction, 37.9m, 320°
air temperature, 109 m
relative humidity, 109 m

air pressure, 109 m

precipitation, 40 m

wind speed, sonic u, 108.5m, 140°
wind speed, sonic v, 108.5 m, 140°
wind speed, sonic w, 108.5m, 140°

location

MM6
MM6
MM6
MM6
MM6
MM6
MM6
MM6
MM6
MM6
MM6
MM6
MM6
MM6
MM6
MM6

short name

MM6_H117d5 Ws Q1 _m

MM6 H112d5B140 Ws Q1 m
MM6 _H081d4B140 Ws Q1 m
MM6_H081d4B320_Ws_Q1_m
MM6_H041d9B140_Ws Q1 m
MM6_H041d9B320_Ws_Q1_m
MM6_H112d5B320_Wd_Q1_m
MM6_HO077d4B320_Wd_Q1_m
MM6_H037d9B320 Wd_Q1 m
MM6_H109 Temp_Q1_m
MM6_H109_RH_Q1_m
MM6_H109 Pair_ Q1 _m
MM6_HO040 Prec Q1 m

MM6_H108d5B140 S U Q5_m
MM6_H108d5B140 S V_ Q5 m
MM6_H108d5B140 S W_Q5_m

sensor

Thies First Class Advanced 4.3352.00.000
Thies First Class Advanced 4.3352.00.000
Thies First Class Advanced 4.3352.00.000
Thies First Class Advanced 4.3352.00.000
Thies First Class Advanced 4.3352.00.000
Thies First Class Advanced 4.3352.00.000
Thies First Class 4.3150.00.400

Thies First Class 4.3150.00.400

Thies First Class 4.3150.00.400

Vaisala RHT probe HMP155D

Vaisala RHT probe HMP155D

Vaisala digital barometer PTB210

Thies precipitation sensor 5.4103.10.000
Metek 3D ultrasonic anemometer

Metek 3D ultrasonic anemometer

Metek 3D ultrasonic anemometer

unit

m/s
m/s
m/s
m/s
m/s

m/s

°C

%
hPa

%
m/s
m/s

m/s

installed

TNO
TNO
TNO
TNO
TNO
TNO
TNO
TNO
TNO
TNO
TNO
TNO
TNO
TNO
TNO
TNO

rate
Hz
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Table B.3: List of equipment used per signal

N[e[glet Sensor Module
short name brand / type gain offset® cal. due datet inst. date gain cal. due date
MM6_H117d5_Ws_Q1_m Thies 4.3352.00.000 94025518  4.579e-2 2.2051e-1 2025-06-25 2024-06-25 NI 9423 94011863  1.000  0.000 2026-12-11
MM6_H112d5B140_Ws_Q1_m Thies 4.3352.00.000 94025509  4.586e-2  1.9731e-1 2025-06-25 2024-06-25 NI 9423 94011863  1.000  0.000 2026-12-11
MM6_H081d4B140_Ws_Q1_m Thies 4.3352.00.000 94028566  4.587e-2 2.1863e-1 2025-06-25 2024-06-25 NI 9423 94011863  1.000  0.000 2026-12-11
MM6_H081d4B320_Ws_Q1_m Thies 4.3352.00.000 94025507  4.5769e-2 2.229%e-1 2025-06-25 2024-06-25 NI 9423 94011863  1.000  0.000 2026-12-11
MM6_H041d9B140_Ws_Q1_m Thies 4.3352.00.000 94028568  4.582e-2 2.0849e-1 2025-06-25 2024-06-25 NI 9423 94011863  1.000  0.000 2026-12-11
MM6_H041d9B320_Ws_Q1_m Thies 4.3352.00.000 94025516  4.579e-2  2.0694e-1 2025-06-25 2024-06-25 NI 9423 94011863  1.000  0.000 2026-12-11
MM6_H112d5B320_Wd_Q1_m Thies 4.3150.00.400 94012496 1.000e-1 -2.54e+1 2025-06-25 2024-06-25 NI 9871 94012138  1.000  0.000 N/A
MM6_H077d4B320_Wd_Q1_m Thies 4.3150.00.400 94012006  1.000e-1 -3.91e+1 2025-06-25 2024-06-25 NI 9871 94012138  1.000  0.000 N/A
MM6_H037d9d9B320_Wd_Q1_m Thies 4.3150.00.400 94012544  1.000e-1 2.892e+2 2025-06-25 2024-06-25 NI 9871 94012138  1.000  0.000 N/A
MM6_H109_Temp_Q1_m Vaisala HMP155 94012135  1.000e-2 0.000 2025-06-25 2024-06-25 NI 9871 94012165  1.000  0.000 N/A
MM6_H109_RH_Q1_m Vaisala HMP155 94012135 1.000e-2 0.000 2025-06-25 2024-06-25 NI 9871 94012165  1.000  0.000 N/A
MM6_H109_Pair_Q1_m Vaisala PTB210 94012574 1.000e-2 0.000 2025-06-25 2024-06-25 NI 9871 94012138  1.000  0.000 N/A
MM6_HO040_Prec_Q1_m Thies 5.4103.10.000 94012476 1.000 0.000 2025-06-25 2024-06-25 NI 9423 94011863  1.000  0.000 N/A
MM6_H108d5B140_WsUS_Q1_m Metek 3D ultrasonic 94012345  1.000e-2 0.000 2025-03-30 2029-05-22 NI 9871 94012165  1.000  0.000 N/A
MM6_H108d5B140_WsVS_Q1_m Metek 3D ultrasonic 94012345  1.000e-2 0.000 2025-03-30 2029-05-22 NI 9871 94012165 1.000  0.000 N/A
MM6_H108d5B140_WsWS_Q1_m Metek 3D ultrasonic 94012345  1.000e-2 0.000 2025-03-30 2029-05-22 NI 9871 94012165  1.000  0.000 N/A

t  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 B.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  B.1
MM6_H081d4B320_Ws_MFDC_Q1_m

MM6_H037d9_Wd_Q1
wind speed, 41.9m MM6_H041d9_Ws_True_Q1 m/s 4 * MM6_H041d9B140_Ws_MFDC_Q1_m B.2
MM6_H041d9B320_Ws_MFDC_Q1_m

. ; MM6_H108d5B140 WsUSon Q1 m
ho”.zoqg’; ‘;V'”d Peed VMG H108d5B140 WeHor Q1 mis 4 * B3
sonic, 1Us.om MM6 _H108d5B140 WsVSon Q1_m

(#2, if50.45° < #1 < 230.45°

JHL#2,#3) = {#3’ otherwise (B.1)
[#2, if49.84° < #1 < 229.84°

J#L,#2,#3) = {#3, otherwise (B.2)

L #2) = V#12 + #2° (B.3)
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B.1 Calibration sheets

B.1.1 Cup anemometer

) TNO Public

DEUTSCHE

WINDGUARD

IECRE and MEASNET approved test laboratory

Calil ion Certificate /

issued by the calibration laboratory / erstellt durch das Kalibrierlaboratorium

Deutsche WindGuard
Wind Tunnel Services GmbH

Member of / Mitglied im
Deutschen Kalibrierdienst

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

lacmA (( pAKKs

Calibration mark
Kalibrierzeichen

Device under test (UT) ~ Cup Anemometer
Gegenstand

Manufacturer Thies CLIMA
Hersteer

Type 43352.00.000
Serial number 04201562
Fabriat/Seren e 04025518
Customer ™0

Auroggeber NL-1755 LE Petten
Order No. 3100409804
Aufrogsnummer

Project No. V1240267
proektnmmer

Number of pages 6

Antoh der eiten

Date of Calibration 20240517
Datum der Rabrerung

This calibration certificate documents  the.
ety to nationa standarts, wih el
the units of messurement according t
International System of Units (51

s s signatory 1o the multateral
sareemens of e Sopen cocpersion o
peedtaton (@) . of the et

Dieser Kalbrirschein dokumentiert die Rick-
fihrung auf nationale Normate zur Dorstellung
der Einheiten in Ubereinstimmung mit dem
Internationalen Einheitensystem (5

Die DAKKS ist Unterzeichner der multiateralen

ingemessenen  Frist
Wederhoung der Kaorering ¢ et Senuter
verantwortich,

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

Dieser Kaibrierschein darf nur volstandig und unveréndert

Coveamgons e vaatendon et Kot Shoe e e ke St e

Kallbrierschein wurde elektronisch erzeug.

ome risashen uen dppovl by
Datum s o1 the alration aboratory

202405-17

Helko Westermann

Person ncharee
Bearbeter

E%anmm

ks Bschmann

(a) Cup anemometer 94025518, page 1/4

Page3/6
Sete

Revision o
Resion

Remarks and Definitions
Eneuterungen und Defintionen
General remarks
Reference air velocity.

7

vier [ mfs

DUT Indication »Wind speede
vour, / He

DUT Indication »Wind speed (linreg scaling)
vour, /

Deviation »vlour, - vher
av/mfs

Residuals

Calibration after refurbishment

“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 i given as the expanded uncertainty with a
coverage factor of k=2. The following uncertaint
components are taken into account: short-term
stability (repeatability), data acquisition (frequency).

The DUT Indication converted with the following
equation: vour, - m + b, where m as the siope and b as
the offset as taken from the linear regression analysis
No uncertainties are considered for this conversion.

The difference between DUT Indication »Wind speedic
(linreg scaling) and the reference air velocity. The given
uncertainty U(Aviour i the combined expanded
uncertainy with 3 coverage factor of 2.

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

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

DEVTSCHE

WINDGUARD

(c) Cup anemometer 94025518, page 3/4

) Appendix B

Page2/6
Sete

ibrati IEc section 8 (formerly IEC 7 Annex F)
Kalbrierverfohren
y of pi )/
flowin the wind tunnel. If possible, the measurement
volume of the DUT i centered within the wind tunnel test section. For

dectonally seritue DUT, theprecefied orentton'sagned with the
erline. I this step, care s taken to minimize angular deviations to
Inrens repraducibiy.

Before the calibration procedure begins, the wind tunnel s set to an air
velocity of 10 ms 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.

ibrati of Deutsche Tunnel , Varel
ortder Kllorierung.
Test conditions wind tunnel test section area 1000 mm x 1000 mm.
Messbedingungen
mounting diameter 337mm
mounting length 250 mm
insertion depth?) 500 mm
blockage ratio”! 0034
software version 10213
ki
2
Ambient conditions air temperature (23.1£0.4)°C~(23.6204)°C
webungsbedingungen
air pressure (1007.6 £ 0.4) hPa — (1007.9 £ 0.4) hPa
relative air humidity (44.346.0) %~ (45.6 £ 6.0) %
igned to the measurement results s obtained by
Messunsicherhet =2, It has been

Getermined inaccordonce with EA4/05 M 2032.Tre valu o the measurand
Ties within the assigned range of values with a probability of 95%

The reference flow speed measurement s traceable to the German NMII
(Physikalisch-Technische Bundesanstalt) standard for flow speed. It i realized
by using a PTB owned and calibrated Laser Doppler Anemometer.

Certificate ID 2r6V96LKHYaVYNPAGQY496
Zerhar D

=

DEUTSCHE

WINDGUARD

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

(b) Cup anemometer 94025518, page 2/4

Paged /6
Seite

Calibration result

Kalbrirergebnis
OUT ndication
Reterence OUT ndicaton Wind speede Devistion
ndex arvlociy Wind speede nveg scalng) Vour, v
s e s s

et e vour, _ ivoury) Vour,  Uour) o o

1 a0 oos0 R ) oo oost

2 se  oos0 151 0z sose oo ooz oos2
3 79m 00s0 w0 0 7o oo oois 005
s 104 0055 w0 100515 00318 oo oost
s e 0o FERCRT s ons oo oom

6 w03 oom w07 om0 18 000 o000 oo
7 15851 oom wa  on 1560 o031 oo oo

i s oom s ose 10035 oow2 oou oos
0 1087 0061 s 0s 1o0ss o028 o8 ooss
u ass  00s0 19045 040 sows oo oms  oos
5 s o050 0815 om asu oosz oo _oos2

A ol ooy of i e s tachc o the PO versiono ohisdcament.

DEUTSCHE

WINDGUARD

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

(d) Cup anemometer 94025518, page 4/4
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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

fasies ((DAKKS

7 Narsaersgsatele

Calibration mark
Kolibrierzeichen

Device under test (DUT) - Cup Anemometer
Gegenstand

Manufacturer Thies CLIMA
Herstller

Type 4.3352.00.000
4

Serial number 04201559
Fabriat/senen 91025500

Customer ™o
Adfiraggeber NL-1755 LE Petten
er No. 3100409804

Aufrogsnummer
Project No. V240267
Projekinummer

jumber of pages 6
Ansonl e Seiten
Date of Calibration 20240517

Dotum de Kabrerung

This calibration certificate documents  the.
traceabilty to national standards, which realize
the units of measurement according to. the
International System of Units (5)

The DAKKS is signatory to the multatersl

inhaltung einer angemessenen Frist zur
Wiederholung der Kallbierung ist der Benutzer
verantwortict

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

us

ieser Kalbrerschein darf nur volstandi und u

seige oder
Genehmigung des ausstellenden Kaflbrierlaboratoriums. Kalibrerscheine ohne Unterschrift haben keine Gultigkei. Dieser
at.

Kalibrerschein wurde elektronisch erzeu

Date Frolgeacben durch / Approvol by
Dotum Head of the galleaton aboratory

20240517

Ferson ncharge
Beorbiter

g%bdmmm

Janika Bachmann

page2/6
Seite

) Appendix B

Iec section 8 (formerly IEC 7 Annex F)

.
Kaltriererfohien

the

Place of calibration
Ot der Kaliierung

)/
flowin the wind tunnel. If possible, the measurement
volume of the DUT is 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 reproducibiiy.

o . the wind air
velocity of 10 m/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.

‘Wind tunnel WK1 of Deutsche WindGuard Wind Tunnel Services GmbH, Varel

Wesbedingungen

Ambient conditions
Umpetungsvedingunge

1000 mm x 1000 mm

mounting diameter 337mm
mounting length 250 mm
insertion depth? 500 mm
blockage ratio”! 0034

software version 10213

1

2

air temperature (229+0.4)°C-(23540.4)°C

air pressure (1007.6 £0.4) hPa — (1008.0 £ 0.4) hPa

relative air humidity (44.426.0)%-(46.426.0)%

Wessonscherer

Certificate ID
Zeruiat 1D

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 probabity of 95%.

The reference flow speed measurement s traceable to the German NMI

It realized

by using a PTB owned and calibrated Laser Doppler Anemometer.

FareTENsbUskey  EpEE
3

(o2

DEUTSCHE

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

WINDGUARD

(e) Cup anemometer 940255009, page 1/4 (f) Cup anemometer 94025509, page 2/4

Residuals

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

Page3/s paged /s
5 s
" Calbrationresult
Remarks and Definitons
i rooamme ouTdearen
eterence - jesbipen vevaion
General remarks Calbration aferrefurbishment s vy ot {ies i o e
" w e e
Reference irvelocty The eferenceair velociy. The uncertinty is given as
v/ mis the expanded uncertinty with 3 coverage facor of ] we G W) v e us
ke f G0 oo [T w0t ooosn G003 oost
DUT Indicaton »Wind speed The ndication o the device under st The 2 sss omo msa ow sem o oo ome oo
vour, / He uncertainty i given s the expanded uncertainty with a 3 7586 0050 825 03 o2 oow0 oon oo
couerage factorof =2, e falowing uncertainty . oss  oms  auos s oows oom  oon  omo
stability (repeatability), data acquisition (frequency). s 11978 0066, 5743 o061 12003 00278 0025, o072
. wor  oom  ama om  wom  oowe oo oms
DUT Indication »Wind speeds (linreg scaling) The DUT Indication converted with the following.
Vioury / m/s ‘equation: vour, - m + b, where m as the slope and b as. 7 15956 oos s 074 saazz 00339 o009 o0
the offet a5 taken rom th finar regression analyss, . W om ms o o omy  oon  oom
No uncertaintie are consdered for tis conversion s b oo mmeo o nem oo oms  oms
Deviation »'ouT; - VRer« The difference between DUT Indication »Wind speed 10 1095 006t w0 083 10%8s o022 0004 008
[ m/s (linreg scaling) and the reference air velocity. The given 1 8978 0050 19232 043 9.0178 00199 0088 0054
uncertainty U(av ur,) i the combined expanded u w0 oow s 0w s omn  oos  oos
uncertainty with  coverage factor of k2.
u sou  oow s om  _sow  oows  _oow  oom

Aot cop of i tble s ttoch o e POF verionof thisdoament.

DEUTSCHE

DEUTSCHE

WINDGUARD

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

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

WINDGUARD

(g) Cup anemometer 94025509, page 3/4 (h) Cup anemometer 94025509, 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 T ( DAKLS |

o Narsaersgsatele

Member of / Mitglied im

Deutschen Kalibrierdienst DKD

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

This calibration certificate documents  the.

Device under test (DUT) - Cup Anemometer traceabilty to national standards, which realize

Ceveons
the unt of messurement. according 1o the

Manufacturer Thies cLimA Internationa Sytem of Unts (),

Nerter The DA s sgnatoy to the_mullateral
sgreements of the European cooperation for

Type 4335200000 Aecredtation. EA) and of the International

" Laboratory Accreditation Cooperation (ILAC) for

Seril number 10191176 the mutual recogniton of calbratoncerfcats.

Fabriat/senen 94028566 The presented results relate only 1o the

e
OrderNo. 3100409804 Internationalen Einheitensystern 51
Project No. \VT240267 Gbereinkommen der European co-operation for

jumber of pages 6
Ansonl e Seiten

Date of Calibration 20240517
Dotum de Kabrerung inhaltung einer angemessenen Frist zur
Wiederholung der Kallbierung ist der Benutzer
verantwortict

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

ieser Kalbrerschein darf nur volstandi und u Auszige oder
Genehmigung des ausstellenden Kaflbrierlaboratoriums. Kalibrerscheine ohne Unterschrift haben keine Gultigkei. Dieser
Kalibrerschein wurde elektronisch erzeug.

Date Frolgeacben durch / Approvol by Ferson ncharge
Dotum Head of the galleaton aboratory Beorbiter

. /ﬁ/,[;_ L ednmeann

Janika Bachmann

(i) Cup anemometer 94028566, page 1/4

Page3/6
seie

Revision 0
Revsion

Remarks and Definitions.

Edouterungen und Defitionen

General remarks Calibration before refurbishment

The reference air velocity. The uncertainty is given as

Reference air velocity.
Vs the expanded uncertainty with a coverage factor of
ke

vier / my

DUT Indication »Wind speedc The indicaton of the device under test. The
voun,/ He uncertainty i given as the expanded uncertainty with 2
coverage factor of k=2. The following uncertanty
Ken into account: short.term
stability (repeatability), data acquisition (frequency).

DUT Indication »Wind speed lnreg scaling) The DUT Indication converted with the following

Vour, /mfs equation: vour, - m + b, where m as the slope and b as
the offset as taken from the linear regression analysis.
No uncertainties are considered for this conversion.

The difference between DUT Indication »Wind speedi
(linreg scaling) and the reference air velocity. The given
uncertainty U(Av'pur,) is the combined expanded
uncertainty with a coverage factor of k=2.

Deviation »iour, - Ve«
Jmis

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

Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE

WINDGUARD

Oldenburgerstr. 65, D-26316 Varel

(k) Cup anemometer 94028566, page 3/4

) Appendix B

page2/6
Seite

c Iec section 8 (formerly IEC 7 Annex F)
Kaltriererfohien

the

)/
flowin the wind tunnel. If possible, the measurement
volume of the DUT is 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 reproducibiiy.

o . the wind air
velocity of 10 m/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

i der Klrerung

it 1000 mm x 1000 mm
Wesbedingungen

mounting diameter 33.7mm
mounting length 250 mm
insertion depth®) 500 mm
blockage ratio”! 0.034
software version 10213
)
2
Ambient conditions air temperature. (23640.4)°C-(24.2£0.4) °C
Umgebungsbedingun
air pressure (10073 £0.4) hPa - (1007.6 £ 0.4) hPa
relative air humidity (435£6.0) %~ (45126.0)%
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
lies within the assigned range of values with a probability of 95%.
The reference flow speed measurement is traceable to the German NMI
Itis realized
by using a PTB owned and calibrated Laser Doppler Anemometer.
Certificate ID TRLUGWURIITNRAVELUGESK
Zertfkot D

DEUTSCHE

WINDGUARD

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

(j) Cup anemometer 94028566, page 2/4

Paged /6
St

Calibration result

Kalbrirergebnis
OUT ndication
Reterence ouTndication aWind speede Deviaton
Index arvlocity Wi speeds lveg scalng) o, v
s e s s
i e Ut vour,_ Ulvpur) Vour, _Uvour) o v
1 a0 000 Wi ox aos oo oo oost
2 so 00s0 wsn om se7 oo oos o053
3 793 oos0 w0 79 oo ooz oos2
s 1054 008 s s w00 oo o6 oose
s ns oo 2579 065 ness 00w oo oo
6 om0 w0 0se w0z oos ooz oom
7 193 oo me om sa oow oo ooss
5 s 0om e 056 187 oo ooor o086
5 s oon e 0m nos  oos ooz oo
0 o0 oot msy o nor oo o6 ooss
n sos 0050 w0 o0ss so0  oos oos 0056
2 o8 0050 usrs  om 6505 oo o005 0053
5 4% oos0 0o om asy oo oow  oos
Aot cop of i tble s ttoch o e POF verionof thisdoament.
Deutsche WindGuard Wind Tunnel Services GmbH DevrSCHE

WINDGUARD

Oldenburgerstr. 65, D-26316 Varel

() Cup anemometer 94028566, page 4/4
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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

fasies ((DAKKS

o Narsaersgsatele

Calibration mark
Kolibrierzeichen

Device under test (DUT) - Cup Anemometer

Gegenstand

Manufacturer Thies CLIMA

Herstller

Type 4.3352.00.000

4

Serial number 04201554

Fabriat/senen 91025507

Customer ™o

Adfiraggeber NL-1755 LE Petten
er No. 3100409804

Aufrogsnummer

Project No. V240267

Projekinummer

jumber of pages 6
Ansonl e Seiten
Date of Calibration 20240517

Dotum de Kabrerung

This calibration certificate documents  the.
traceabilty to national standards, which realize
the units of measurement according to. the
International System of Units (5)

The DAKKS is signatory to the multatersl

inhaltung einer angemessenen Frist zur
Wiederholung der Kallbierung ist der Benutzer
verantwortict

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

ieser Kalbrerschein darf nur volstandi und u

Kalibrerschein wurde elektronisch erzeu

us

seige oder
Genehmigung des ausstellenden Kaflbrierlaboratoriums. Kalibrerscheine ohne Unterschrift haben keine Gultigkei. Dieser
at.

Date Frolgeacben durch / Approvol by
Dotum Head of the galleaton aboratory

20240517

Ferson ncharge
Beorbiter

g%bdmmm

Janika Bachmann

(m) Cup anemometer 94025507, page 1/4

Page3/6
seie

Revision 0
Revsion
Remarks and Definitions.
Edouterungen und Defitionen
General remarks
Reference air velocity.

Vs

vier / my

DUT Indication »Wind speed
vour, / He

DUT Indication »Wind speed lnreg scaling)
Vour,/m/s

Deviation »iour, - Ve«
Jmis

Residuals

Calibration after refurbishment

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

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

ke into account: short-term
stability (repeatability), data acquisition (frequency).

‘The DUT Indication converted with the following
equation: vour, - m + b, where m as the siope and b as
the offset as taken from the inear regression analysis
No uncertainties are considered for this conversion.

The difference between DUT Indication »Wind speedi
(linreg scaling) and the reference air velocity. The given
uncertainty U(Av'pur,) 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.

Deutsche WindGuard Wind Tunnel Services GmbH

Oldenburgerstr. 65, D-26316 Varel

DEUTSCHE

WINDGUARD

(0) Cup anemometer 94025507, page 3/4

) TNO Public

page2/6
Seite

) Appendix B

.
Kaltriererfohien

Iec section 8 (formerly IEC 7 Annex F)

flowin

)/
he wind tunnel. If possible, the measurement

the

volume of the DUT is 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 reproducibiiy.

. the wind air

velocity of 10 m/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
i der Klrerung

‘Wind tunnel WK1 of Deutsche WindGuard Wind Tunnel Services GmbH, Varel

Wesbedingungen
mounting diameter
mounting length
insertion depth?
blockage ratio”!

software version

1000 mm x 1000 mm
337 mm

250mm

500 mm

0034

10213

1

2

Ambient conditions air temperature
Umpetungsvedingunge
air pressure

relative air humidity

(227+0.4)°C-(2320.4) °C
(1007.5 £0.4) hPa - (1007.8 £ 0.4) hPa

(4452 6.0)%-(46526.0)%

by
Mesaunscherhel 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 probabity of 95%.
The reference flow speed measurement s traceable to the German NMI
It realized

by using a PTB owned and calibrated Laser Doppler Anemometer.

canticte D PRTRUS——
e EgE
Seutche Windouard Wind Tanmel Serviees G

WINDGUARD

Oldenburgerstr. 65, D-26316 Varel

(n) Cup anemometer 94025507, page 2/4

Paged /6
St

Calibration result

Kalbrirergebnis
OUT ndication
Reterence ouTndication aWind speede Deviaton
Index arvlocity Wi speeds lveg scalng) o, v
s e s s
i e Ut vour,_ Ulvpur) Vour, _Uvour) o v
1 a0 oo @ o aom ooz oo oost
2 se7 00s0 usw om ss0 oo oons  oos2
3 79 o050 w0 o 793 oow o7 oosa
s 1054 008 wzs 0s oo oo oos 0080
s nsss oo 3695 050 s ooy o8 oom
6 FETET w7 o Bas oo o0m oo
7 1% oo s s w00 0on oon oom
5 w1 oom wn om 189 00n ooor  ooss
5 nas  oon s os sy oms oo oo
0 wes oo 24 0s nom oo o7 0066
n son  o0s0 w088 0s2 soss oo oom  oose
2 6507 o0s0 usss o ss7 oo oo ooss
5 sois oos0 ws2s o som  oon oo oos2
Aot cop of i tble s ttoch o e POF verionof thisdoament.
Deutsche WindGuard Wind Tunnel Services GmbH DevrSCHE

WINDGUARD

Oldenburgerstr. 65, D-26316 Varel

(p) Cup anemometer 94025507, page 4/4
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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

fasies ((DAKKS

7 Narsaersgsatele

Calibration mark
Kolibrierzeichen

Device under test (DUT) - Cup Anemometer
Gegenstand

Manufacturer Thies CLIMA
Herstller

Type 4.3352.00.000
4

Serial number 04201567
Fabriat/senen 91028568

Customer ™o
Adfiraggeber NL-1755 LE Petten
er No. 3100409804

Aufrogsnummer
Project No. V240267
Projekinummer

jumber of pages 6
Ansonl e Seiten
Date of Calibration 20240517

Dotum de Kabrerung

This calibration certificate documents  the.
traceabilty to national standards, which realize
the units of measurement according to. the
International System of Units (51

The DAKKS is signatory to the multatersl

inhaltung einer angemessenen Frist zur
Wiederholung der Kallbierung ist der Benutzer

page2/6
Seite

) Appendix B

7 Annex F)

.
Kaltriererfohien

IEC section 8 formerly IEC

the

Place of calibration
Ot der Kaliierung

)/
flowin the wind tunnel. If possible, the measurement
volume of the DUT is 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 reproducibiiy.

o . the wind air
velocity of 10 m/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.

‘Wind tunnel WK1 of Deutsche WindGuard Wind Tunnel Services GmbH, Varel

Wesbedingungen

Ambient conditions
Umpetungsvedingunge

1000 mm x 1000 mm

mounting diameter 337mm
mounting length 250 mm
insertion depth? 500 mm
blockage ratio”! 0034

software version 10213

1

2

air temperature (231£0.4)°C- (2382 0.4)°C

air pressure (1007.4 £0.4) hPa — (1007.7 £ 0.4) hPa

relative air humidity (44.16.0)%-(45826.0) %

by

verantwortic Messunsicherheit multiplying the standard uncertainty by the coverage factor k=2. It has been

et in ekartanc with /0 M 3053 e el of e s
s cllaton ot may ot b reproduced b hn il et i th i of e i bortory e withinth asgned anse of vlues wih 3 probableyof 956,

The reference fow speed mesatement  acesle o he Gorman M
e ettt ot vty ord pibai s reszed
g s ot s oo o S e e e Do [
prosticrichmbigormiipo

Certificate ID NavXEFoehH[72vrpweely EE
BN e, g
2020517 z Foednmaon ’
Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE
WINDGUARD

Oldenburgerstr. 65, D-26316 Varel

(@) Cup anemometer 94028568, page 1/4 (r) Cup anemometer 94028568, page 2/4

) TNO Public

Residuals

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

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

DEUTSCHE

WINDGUARD

(s) Cup anemometer 94028568, page 3/4

— vage /6
) Cabration rest
Remarks and Defintions
Generl remarks Calbration atr refurbishment i it
i v s s

Reference aivelocty The reference airvelocty. The uncrtinty s given as

/e {he oxpanded uncertamty Wi  coverags facorof ] P R
ke f a0 oo sor oz aoss oo cos  oost

OUTindiction »Windspeede e ndiction o the deviceunder tst. The 2

vour, / He uncertainty is given as the expanded uncertainty with a 3 7910 0os0 1810 038 795 oos 006 0053
coverage factor of i‘z Tfe '"”"W‘;'_g ‘;":f"“‘"“ s 0051 ooss 2 08 05 oo 007 0059
stability (repeatability), data acquisition (frequency). s 11,987, 0067, 25795 o060 12028 o027 0042 o072

DUT Indication »Wind speeds (linreg scaling) The DUT Indication converted with the following.

viour, [ mfs ‘equation: vour, - m + b, where m as the slope and b as. 7 5980 oos a0 80 980 0037 o020 0035
e afst s aken romthe fncor regresson anlyss . wer oms s o  mow  om  omo  oom

Deviation »'ouT; - VRer« The difference between DUT Indication »Wind speed 10 1099 006t @ 0e now o0 oo 008

I m/s (linreg scaling) and the reference air velocity. The given 1 8972 0.050 190.76. 046 8949 0021 0.023 0.054

uncetainty U(avur) s the combined expanded w cwmom e os ews  om  oon o
ncerainy with  coverage factor of k2.

Aot cop of i tble s ttoch o e POF verionof thisdoament.

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

DEUTSCHE

WINDGUARD

(t) Cup anemometer 94028568, 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 T ( DAKLS |

7 Narsaersgsatele

Member of / Mitglied im

Deutschen Kalibrierdienst DKD

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

This calibration certificate documents  the.

Device under test (DUT) - Cup Anemometer traceabilty to national standards, which realize

Ceveons
the unt of messurement. according 1o the

Manufacturer Thies cLimA Internationa Sytem of Unts (),

Nerter The DA s sgnatoy to the_mullateral
sgreements of the European cooperation for

Type 4335200000 Aecredtation. EA) and of the International

" Laboratory Accreditation Cooperation (ILAC) for

Seril number on201565 the mutual recogniton of calbratoncerfcats.

Fabriat/senen 4025516 The presented results relate only 1o the

e
OrderNo. 3100409804 Internationalen Einheitensystern 51
Project No. \VT240267 Gbereinkommen der European co-operation for

jumber of pages 6
Ansonl e Seiten

Date of Calibration 20240517
Dotum de Kabrerung inhaltung einer angemessenen Frist zur
Wiederholung der Kallbierung ist der Benutzer
verantwortict

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

ieser Kalbrerschein darf nur volstandi und u Auszige oder
Genehmigung des ausstellenden Kaflbrierlaboratoriums. Kalibrerscheine ohne Unterschrift haben keine Gultigkei. Dieser
Kalibrerschein wurde elektronisch erzeug.

Date Frolgeacben durch / Approvol by Ferson ncharge
Dotum Head of the galleaton aboratory Beorbiter

. /ﬁ/,[;_ L ednmeann

Janika Bachmann

(u) Cup anemometer 94025516, page 1/4

Page3/6
seie

Revision 0
Revsion

Remarks and Definitions.

Edouterungen und Defitionen

General remarks Calibration after refurbishment

The reference air velocity. The uncertainty is given as

Reference air velocity.
Vs the expanded uncertainty with a coverage factor of
ke

vier / my

DUT Indication »Wind speedc The indicaton of the device under test. The
voun,/ He uncertainty i given as the expanded uncertainty with 2
coverage factor of k=2. The following uncertanty
Ken into account: short.term
stability (repeatability), data acquisition (frequency).

DUT Indication »Wind speed lnreg scaling) The DUT Indication converted with the following

Vour, /mfs equation: vour, - m + b, where m as the slope and b as
the offset as taken from the linear regression analysis.
No uncertainties are considered for this conversion.

The difference between DUT Indication »Wind speedi
(linreg scaling) and the reference air velocity. The given
uncertainty U(Av'pur,) is the combined expanded
uncertainty with a coverage factor of k=2.

Deviation »iour, - Ve«
Jmis

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

Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE

WINDGUARD

Oldenburgerstr. 65, D-26316 Varel

(w) Cup anemometer 94025516, page 3/4

) Appendix B

page2/6
Seite

c Iec section 8 (formerly IEC 7 Annex F)
Kaltriererfohien

the

)/
flowin the wind tunnel. If possible, the measurement
volume of the DUT is 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 reproducibiiy.

o . the wind air
velocity of 10 m/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

i der Klrerung

it 1000 mm x 1000 mm
Wesbedingungen

mounting diameter 33.7mm
mounting length 250 mm
insertion depth®) 500 mm
blockage ratio”! 0.034
software version 10213
)
2
Ambient conditions air temperature. (23.140.4)°C-(23.840.4) °C
Umgebungsbedingun
air pressure (1007.5+0.4) hPa— (1007.9.£0.4) hPa
relative air humidity (437 £6.0) %~ (45.426.0)%
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
lies within the assigned range of values with a probability of 95%.
The reference flow speed measurement is traceable to the German NMI
Itis realized
by using a PTB owned and calibrated Laser Doppler Anemometer.
Certificate ID AWSSU2y2wsDedTSFw7Wijo
Zertfkot D

DEUTSCHE

WINDGUARD

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

(v) Cup anemometer 94025516, page 2/4

Paged /6
St

Calibration result

Kalbrirergebnis
OUT ndication
Reterence ouTndication aWind speede Deviaton
Index arvlocity Wi speeds lveg scalng) o, v
s e s s
i e Ut vour,_ Ulvpur) Vour, _Uvour) o v
1 a0 oo @m0 aos oo oo oost
2 so 00%0 wsn 0w sos oo oo oos2
3 795 o0s0 w03 799 oo ooz o053
s 100 008 w0 0w w06 oon oo oose
s ns oo w8 0s2 2o oo oo oon
6 w0 oo mas os6 w00 00m ooz oom
7 195 oo s s 195 oo oo oom
5 1995 008 mn o o6 0o o009 008
5 nws oon s 0w e oos oo oo
0 1o oot 20 0s0 o oo oo ooes
n soe 0050 w105 059 sess oo o007 0057
2 6o 00s0 ue1s o3 6s9 oo ooz ooss
5 asm oos0 w0 asmi oon ooz oos2

Aot cop of i tble s ttoch o e POF verionof thisdoament.

DEUTSCHE

WINDGUARD

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

(x) Cup anemometer 94025516, page 4/4
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B.1.2 Wind vane

DEUTSCHE

WINDGUARD IECRE and MEASNET approved tes aboratory

Calibration Certificate / Kalibrierschein

Poge2/7
St

c ec (formerly EC Annex )
issued by the calibration laboratory / erstellt durch das Kalibrierlaboratorium olirvegauen
D he WindGuard < oo ) test
eutsche WindGuar L, section of- Ifpossible, the DUT s
- N lacHra (( DAKKS centered within the wind tunnel test section. The DUT orientation reference
Wind Tunnel Services GmbH 3 o mark (north mark) i aligned with the flow centerline. In this step, care s taken
: o increase
Member of / Mitglied im ‘The wind tunnel is set to a fixed air velocity and, after a suitable stabilization
ibri period, the DUT is rotated continuously at a fixed rate. After a full rotation, the
Deutschen Kalibrierdienst DKD eeiaeraencd e ppone e, O oo o,
the DUT reading and the reference angle are bin-averaged and reported.
accredited to / akkreditiert nach Calibration mark
DIN EN ISO/IEC 17025:2018 Kalibrerzeichen Place of calibration Wind tunnel WKS of Deutsche WindGuard Wind Tunnel Servces GmbH, Varel

Ot der Kalierung

This calibration _certiicate  documents 1000 mm x 1000 mm

e wpdertest (OUT)  Wind Vane raceabilty to national standards, which realize Nesshednaungen
the units of measurement according to. the mounting diameter 337mm
Manufacturer Thies CLMA International System of Units ().
Herseler The DAKKS is signatory fo. the muitateral mounting length 250mm
agreements of the European co-operation for 3
w
Laboratory Acereditation Cooperation (ILAC) for blockage ratio? 0016
Serial number 06110043 the mutual recognition of callratin certifcates
FabrkatSenen . The presented results relate only to the software version 10213
calbraed object. The ser is bliged to have the
Customer ™o objectrecaibrated at appropriate interval. il
Aufcoggeter NL-1755 LE Petten Dieser Kollbrirschein dokumentiert. die Aick-
jprung au nationale Normale zur Dorstelung an
Order No. 3100409804 der Enheiten inUereinstimmung
Aufrsgsnummer Intermotionaten Einheitensyster (5)

y e terzeichner der multiateralen Ambient conditions airtemperature (215£04)°C- (217£0.4) C
Projektnummer coreditot u mtemational air pressure (1008.4 £0.4) hPa —(1008.12 0.4) hPa
Number of pages 7 Labaratory Accreditotion Cooperotion (LAC) zur relative air humidi £60)%-(519%

Aol der efen egenseitigen Anerkennung der Kalirierscheine. fotie alr humicty (51026015~ {519260)%
Die dorgestelten Ergebisse becichen sich nur
Date ofCalbration  2024.05.21 auf “denFoliwierten. Gegerstond a1 die the oy
Einhattung _einer _ angemessenen _Frist zur Messunsherhet multiplying the standard uncertainty by the coverage factor £=2. It has been
Wiederholung der Kallbierung st der Benutzer determined in accordance with EA-4/02 M: 2022. The value of the measurand
verantwortich. s within the assigned range of values with a probability of 95%
The reference flow speed measurement s traceable to the German NMI
This calibraton certficate may nt be reproduced other than in ful except with the permission of the isuing laboratory. peed. It s realized
by using a PTB owned and calibated Laser Doppler Anemometer.
Dieser Kllbrirschein darf nur volstondig und unvercindert weierverbretet werden. Auszige oder Anderungen bedirfen der
Genehmigung des ausstellenden Kalierlaborotoriums. Kalibrerscheine ohne Unterschrift haben kene Gltgkeit. Dieser y
Kolitrerschein warde elektronischerzeugt. Sertificata 1D 9CTeSVdATPaXLiilgahnap EPEE
i
oute ragsasben dur Aol Person nchrge [E%ny
Dotom e o th ol ration sty Beorberer
2020521
Ghitriger
Deutsche WindGuard Wind Tunnel Services GmbH peuTSCHE
Oldenburgerstr. 65, 0.26316 Varel WINDGUARD

(a) Wind vane 94012496, page 1/6 (b) Wind vane 94012496, page 2/6

Page3/7 Pagea /7
seie soie
n 0 Calibration resuit (1/3)
iy Kalbrereraebris (1/5)
Remarks and Definitions
routerangen nd Defntionen Reference ouT indction Deviation
interial Vawerientation arveloity aWind irectons oo - anse
Generalremarks North alignment via DUT reference mark i . s o o
Calibrati ment
i awr e e Ul a0, Ulanur) ]
Yaw orientation The measured reference direction (yaw) or angle of PErrr) o om P —— e a—. Y R——
aner | deg attack. A value of 90 deg is equivalent to wind coming
from east to west. The uncertainty i given as the 125,751 s o 8157 00%0 st 00 o 0%
expanded uncertainty with a coverage factor of k=2, pszs wo  om 8157 o0so o4 00w 02 om0
125,175 w9 om0 a5 ooso i 0o 055 o
Reference air velocity The reference air velocity. The uncertainty i given as k !
vagr / mfs the expanded uncertainty with a coverage factor of wszs 1 0% a1 0050 140 00n0 02 o080
k=2 @257 s om0 a1 00s0 % 00w 00 om0
DUT Indication »Wind direction The indication of the device under test. The e I g6 00%0 w000 i om0
avur, / deg uncertainty i given as the expanded uncertainty with a p2sws mm om0 s ooso s oon 04 om0
coverage factor of k=2. The following uncertainty. wss  wes  om et oos a2 oom 0s oso
c ts are taken into account: short.term
Stabiity repeatabilty), resolation wesas as om0 a5 ooso wss oos 0 os
wsss  sa om0 s ooso sss oon 03 om0
Deviation »apur, - asere The difference between DUT Indication »Wind snwm mm o e oom s oo 0 o
/deg direction« and the reference orientation (yaw). The
given uncertainty Ufdapur,)is the combined ses  swm o a1 ooso se7 0o 03 o
‘expanded uncertainty with a coverage factor of k=2. 5675 eso om0 a1 ooso s oom o3 om0
Residuals The remaining deviation between the DUT indication BsRg oo 0% 8183 00%0 oasTa oon 04 om0
after applying a linear regression correction and the 257 s om0 a1 o050 e aom 00 om0
reference. msses  me  om a2 oos ma0  ooe 051 om0
s s om0 8153 00s0 s oone 05 o8
5525 s om0 a1 o050 w25 oom 07 om0
w2505 om0 om0 a1 ooso 91 008 s om0
75,1025 1000 080 a1t o0s 154 005 08 o8
10251075 1045 080 a1 0050 w12 oom 05 o8
nosms % om0 a1 ooso 10909 0063 s om0
mesars asw om0 a1 00%0 w00 om0
mwsws w0 om0 15 00s0 nsa  oom 075 om0
mswrs  wso om0 a2 oose s 006 an om0
wrs s 0w om0 ast ooso o366 0083 s om0
wswrs) s om0 a2 o0s0 e oon 055 o8
wss % 0s a1 ooso a0 0062 05t os
na2saars) 00 080 a7 ooso a8 008 e om0
751525 1000 080 8155 oos 19615 00wt 0% om
Deutsche WindGuard Wind Tunnel Services GmbH S ARD Deutsche WindGuard Wind Tunnel Services GmbH e CUARD
Oldenburgerst. 65, 026316 Varl U Oldenburgersr. 65, D-26316 Varel UA

(c) Wind vane 94012496, page 3/6 (d) Wind vane 94012496, page 4/6
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Pages /7
seie

Calibration result (2/3)
Kollierergebnis (2/3)

DUT ndiction oeviation
nterval Yaw orietation sirwlocty swind directions saour, - ansre
e deg s o deg
i awr Ulawe) er U aour,  Uleour,) sa use)
25575 150 080 a1 oos0 Er) o om0
751625 16000 080 s1ss oos0 sose 0082 ou om0
e2s1675)  d6es9 080 s1s7 oos0 166508 0062 0% om0
uers 25 1o oso s1s3 ooso 1953 0082 o om0
wns s wse oso a1 ooso ass 008 oar om0
wses  1s01 080 s1ss oos0 953 0on2 0@ om0
s2sm5) 1500 080 a1ss oos0 18057 0082 oa om0
s 125 1sess 080 siss ooso w52 008 o om0
po2s1075) 19499 080 s12 000 196578 0063 om om0
o525 20000 080 a1t oos0 199579 0082 0@ om0
po2sa0rs s o8 siss ooso 200651 0083 0% om0
porsazs 200 080 s1se 0os0 200807 0064 o015 om0
@nsars 250 o8 s17 oos0 ners 0os1 oz om
s 2w o a1t ooso s oo 06 om0
pns s uam om0 s1s5 0os0 2086 0063 o2 om0
s s 200 os s1s5 o050 nIss0 00w o0s om0
pnsas 2ol o s1ss ooso 2001 005t oos om0
psa2s 20 080 s1s 0os0 20005 0063 oos om0
Rases s 080 a1 0os0 2asm 0062 o om0
s 20 os s1ss ooso usm o061 oo om0
ps2ss5 st 080 a1 ooso msn o0s o om0
@755 26000 080 s12 oos0 976 0062 om om0
2565 2o 080 a5 oos0 ween 006 om om0
persams e oso s1s7 oos0 w0605 0082 01 om0
wnsams  was os s1 0os0 asu 006 o om0
s 2w os s1ss oos0 wsan o6 o2 om0
s s 080 a1 ooso w0457 oost o0ss om0
wsrsaos 29000 080 s15 0os0 w041 0062 o5 om0
@575 20 080 s15 00s0 02 0061 ost om0
o755 00 o8 s1ss ooso w50 oo oas om0
10253075 309 080 s1st oo 304568 0062 os om0
Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE

Oldenburgerstr. 65, D-26316 Varel

WINDGUARD

(e) Wind vane 94012496, page 5/6

Poge6/7
St

) Appendix B

Calibration result (3/3)
Kalbrirergebnis (3/3)
Reference OUT ndication Devistion
ntenal Yaworientation arveociy wind directons s -
deg e s deg o
i s Ufans) e e aour,  laour) s e
Bors3s)  awsss o0 a2 oos0 e oo on om0
pssus) 0 080 s16 0050 suese 0051 on om0
B s om0 s1e o0s0 e 0052 0 os0
pusas) s om0 ais6 o050 e oo on om0
By 00 080 s10 0050 e 0o w3 om
Bas3s) ol om0 B157 0050 sz oo on om0
s s om0 a1 o050 376 00R2 0% om0
a5 sy 0s0 sis1 00s0 suess 0053 on om
ars3s25) %000 080 B13 0050 soes 0082 0% os0
on  om

Bs25,3575) 3500 080 a1 o050 34595 0051

Aditof copy of s el ttaches o e POF versionof his docment.

Graphical representation of the result
Grafacne Dorstéung des Exgebmses
Angular sensitiity
Deviation
»apur, - Gere

.
s -
w
a5 -
1
o omain  — . R
L
2% »
4
5 T thus o
2
o s w s we ws m w w

Yaw orientation

deg

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

DEUTSCHE

WINDGUARD

(f) Wind vane 94012496, page 6/6
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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

e (( DAKKS
s st

Narsaersgsatele

Calibration mark
Kolibrierzeichen

Device under test (DUT)  Wind Vane

Gegenstand
Manufacturer Thies CLIMA
Herstller

Type 43150.00.400

4

Serial number 07130078
Fabriat/senen e

Customer ™0

Auiroggeber NL-1755 LE Petten
Order No. 3100409804
Aufrogsnummer

Project No. V240267
proktnummer

Number of pages 7

o et

Date of Calibration 20240521

Dotum der Kabrerung

This calibration certificate documents  the.
traceabilty to national standards, which realize
the units of measurement according to. the
International System of Units (5)

The DAKKS is signatory to the multatersl

inhaltung einer angemessenen Frist zur
Wiederholung der Kallbierung ist der Benutzer
verantwortict

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

ieser Kalbrerschein darf nur volstandi und u

us

seige oder
Genehmigung des ausstellenden Kaflbrierlaboratoriums. Kalibrerscheine ohne Unterschrift haben keine Gultigkei. Dieser
ot

Kalibrerschein wurde elektronisch erzeu

Date Frolgeacben durch / Approvol by Ferson ncharge
Dotum Head of the galleaton aboratory Beorbiter
20240521

i Rriger
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Revision 0
Revsion
Remarks and Definitions.

Edouterungen und Defitionen

General remarks

Yaw orientation
aner/ deg.

Reference air velocity
vier [ mfs

DUT Indication »Wind direction«
aour,/ deg

Deviation »aour, - ages«
4/ deg

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 i 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 i given as the expanded uncertainty with a
coverage factor of k=2. The following uncertainty.

« 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=

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

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

DEUTSCHE

WINDGUARD

(i) Wind vane 94012006, page 3/6

) Appendix B

page2/7
Seite

c: Iec (formerly IEC 7 Annex N)
Kalbriererfbren

P ) test
section of If possible, the DUTs
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

increase

is setto a fixed  after
period, the DUT s rotated continuously at a fixed rate. After a full rotation, the
procedure is repeated in the opposite direction. Once the rotation is complete,
the DUT reading and the reference angle are bin-averaged and reported.

i of Deutsche T  varel
Ot der Kolrieruny
it 1000 mm x 1000 mm
Welsbedngungen
mounting diameter 337mm
mounting length 250 mm
insertion depth? 500 mm
blockage ratio?! 0016
Software version 10213

W

Ambient conditions
Umaebungsbedingungen

air temperature: (21.0£0.4)°C-(21320.4)°C
air pressure (1010.3 £0.4) hPa - (10108 £ 0.4) hPa

elative air humidity (515£6.0)%~(529£6.0)%

he measurems

Hesundcherhel 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
Ties within the assigned range of values with a probability of 95%
The reference flow speed measurement s traceable to the German NMI
peed. It s realized
by using a PTB owned and calibrated Laser Doppler Anemometer.
Certificate ID dpfBEIWgoWKChseGiemy IR
Zomior D et
=
Deutsche WindGuard Wind Tunnel Services GmbH DETSCHE
WINDGUARD

Oldenburgerstr. 65, D-26316 Varel

(h) Wind vane 94012006, page 2/6

Poged /7
St

Calibration resul (1/3)
Kalbrirergebnis (1/3)

Reference OUT ndication Devistion
nteral Vaworientaton arveociy swind directions e e
deg o s deg o
i s Ufans) e e aour,  Ulaour) s use)
(25.25) o0 os ss oos0 373 0o 02 om0
25,75 s0 080 s 0050 aws oom 03 os
73,125 00 o8 s 0050 959 00m 0% os0
wss) 1m0 om a1 o0s0 10 00 0 om0
wsas) 1 om0 s 0050 w49 00n 0ss  os0
@575 e om s 0050 w40 008 07 os0
@sas)  mes om s o050 a7 oom 01 om0
535 e om0 s 00s0 sasis oon o om
wsas  mes  om B 0050 25 oon o8 om0
wse7s)  aso0 om0 s oos0 e 00R2 o3 om0
wsss) e om0 s o0s0 e 008 on om0
25575 o om0 B0 o0s0 ez 00% 0% os0
5825 w0 om sl o050 766 00m 0 om0
@se7s)  so om s o0so s o 02 om
@575 9% om0 B0 0050 s 0083 0% os0
m2s7s e om0 s16 0050 7ass 00m on om0
prsms)  mes om s ooso mes 00s 0% om
25,575 s om0 s 0050 sees 00s P
@595 w0 om si o0s0 s oo 0% om0
[@2s975) s om0 s ooso s 0082 01 om0
s 028 9% 080 s 0050 a0 0082 s os
nozs1075) 10500 080 s 0050 100005 002 o om0
Hors125) 1000 030 a1 o050 109398 0054 o om0
nsizs) s 080 s 0050 s 005 ose om0
w7125 12000 00 s oos0 a0 002 01 os0
2515 wass o0 a0 o0s0 wisis 0o oss om0
mrsims) s 0s0 s o0s0 w53 008 an om
251375 13500 080 sis o0s0 14708 0083 0 os0
7515 1sss 00 a1 0050 19709 0051 0 om0
na2s17s) s 0s0 s o0s0 wa7s 005 on om0
e as2s) _1es9 0% s1s 0050 19305 00w o1 om0
Deutsche WindGuard Wind Tunnel Services GmbH DevrSCHE

WINDGUARD

Oldenburgerstr. 65, D-26316 Varel

(j) Wind vane 94012006, page 4/6
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seie St

result (3/3)

Calibration result (2/3) Calibration
@) Kalbrirergebnis (3/3)

Kallrrergebns,

Jr— oeion - —— sedaton
e worentin st nddrecioms el Yowodenation oo o dreons
- v - e v v e " v e
; o o) ws U aan  Uew) s use) ) wo  Uow)  we Ul Ve s use
Tsws mm  om | sm ome mow e om  om Bosaus s oo wm  ooe | wmss om | om o
sims s o awm omo  mm e om om0 usas  sus ok s ooe  uss o om o
hesiws o om  sm omo s o o;m  om buswas  sse % s oow  wems  om oo as
wsims s o sm ome  wms ow  om  om pasaws  me oo sm ooe  msm om oo os
wmsms s om  aw omo  wams o oo om rsams s ok mm oow ot oms oo o
wrsms  mem  om s omo  wses o om  om brsws  wsw % s oow s om  on o
fmsiws  ms 0w s omo s e om 0w usaes  wewr om0 s ooe  wmsms  oms oo as
pwsses s o am omo  uwssw e 0@ om Besws  wso o s oow  wse om0k o
osios s 0w  sws omo  sees o om  om posws  sow  as s oow  wems  oms o o
hsams  mm om  sm omo s owe  om  om Rsiws)  msw  aw  sm  oow  mow  om _on  aw
pozs00s)  208s 00 a8 oo ot 00 o om0 At cop o i e et e P vrionof s document
saas  mom  om s omo  awrs o om  om
masans  mso om s omo  aess oo o om craphica represntation ofthe resut
posams  mem  om s omo  assw o  on  om G B s reses
pasans  mso om  sw omo  aeem o om  om Angular sensitiy
pusans  me 0w sw  ome  mon  ow oo om
12375, 2425) 24002 080 8185 0050 240117 0.062 010 080 o
(2425, 247.5) 24501 0.80 8184 0,050 245.113. 0063 010 0580 st 40
posams  wm  om s ome s ows o om
pasams  mso om  sw omo  msow o oo om - "
psams  mmo o wm omo a0 om
psawms s om s omo e e 0w om
posims s om s ome  mas e on  om as 1
pmsams mem o am omo  awms o om  om w0
prsams s om s omo s ow  om  om o o woanw .
pmsaws  mm  om  sw omo  am o om  om L s
wsams  wm o s om  asws o om  om i oo
p2sams w0 s o e o on om0 52 o
puswns  wso om s omo s o on  om g
s s s me w0 w %
Vaw orientation
4
Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE
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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

Calibration certificate
Kalibrierschein

s (( DAKKS
2 fo=a—

Calibration mark
Kolibrierzeichen

This calibration certificate documents  the.

ot wind Vane rscesbity 1 astioal sandads, whih resite
e uns o measyement sceorang o the
Manufacturer Thes Clima Inerations! Sy of s
e Boss Catingen [ ——
s of the Europeon coaperaion for
e 1315000400 Rcadaton (6 ond o1 he e
e e rcogniion o coliyauon cerficte.
Seral number 0420057 e resemed e 1ol .
Fabrikat/Serien-1r. DEWRS211 calibrated object. The user is obliged to have the
e recatbated o approrte el
custormer ™o Dicser Kabisehen doramentire de. i
St 7505 1ETheHague - The Netheriands  ohng uf ratanse Norrle . Dol
e npeten in” Oherenstimng . dem
Order No. 3100287001 Internationalen Einheitensystern 51
s mer Die DA it Unerekhrr dor mlicterlen
Orerenkommen det Ewropeen coaperat
projct No. V200850 Acaedronon(68) i der memations
Projektnummer creditation Cooperation (I 2ur
. oevensenoen Anetkennongder Kairehein.
b hasees ° Die dorgestelten Ergebnisse beziehen sich
cibirten Gegensonds Fir die
Date ofCalbation15.102020 ot

Datum der Rabrerung

inhaltung einer angemessenen Frist zur
Wiederholung der Kallbierung ist der Benutzer
verantwortict

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

ieser Kalbrerschein darf nur volstandi und u

us

Kalibrerschein wurde elektronisch erzeu

seige oder
Genehmigung des ausstellenden Kaflbrierlaboratoriums. Kolibrerscheine ohne Unterschrift haben keine Gultigkei. Dieser
at.

Date Tiead of the cal braton aboratory
Dotum Leitegdes Kajbriraboratorims

19102020

Dil Phys.Diter Westermann

. Uritovpue—

Ferson ncharge
Beorbiter

Techniker Anre Krummen

(m) Wind vane 94012544, page 1/6
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Calibration result (1/3)
Kollieergebnis (1/3)

Reference Reference Reference Reference Test e Testtem
Aievelosty une Yaw e ne Diection Deviaton
s s deg e deg e
0 3 oas, 00 o 036
295 005 00 080 sS04 000
295 005 996 00 1009 on
295 005 1036 00 52 026
29 005 1953 080 2006 053
295 005 2496 00 57 076
290 005 298 00 08 I
295 005 3500 080 3599 09
295 005 a0 00 w05 091
295 005 ason 00 566 0ss
298 005 003 00 sose o1
790 005 sa58 00 5553 055
294 005 sase 00 6051 ]
298 005 513 00 s om0
790 005 7008 00 w77 089
294 00s 7508 00 7500 on
298 005 005 00 s 103
290 005 8455 00 w1 035
295 005 993 00 081 o
295 005 9456 00 967 on
295 005 9999 00 10057 058
295 005 10451 00 10558 056
298 005 10989 00 11087 o
295 005 1141 00 nss0 089
79 005 1952 00 12058 106
294 005 1195 00 1607 1
298 005 12998 080 1107 109
79 005 157 00 1588 0%
295 005 13996 00 1052 Y]
290 005 1500 0s0 s on
295 005 15001 00 15039 059

Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE

Oldenburgerstr. 65, D-26316 Varel

WINDGUARD

(0) Wind vane 94012544, page 3/6
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Calibration object Wind Vane
Gibrirgeginstond
Calibration procedure 1EC 61400-12-1:2017
Karemeronen
Place of calibration Wind tunnel 2 of Deutsche WindGuard Wind Tunnel Services GmbH, Varel
o e olovring
Test conditions wind tunnel area 10000 cm®
Messseangungen
anemometer frontal area 200em?
Giameter of mounting pipe 337 mm
blockage ratio ! 002011
software version 901
Ambient conditions airtemperature (207£02)°C-(208202)°C
Gmesungsaaunger
airpressure (1020.0£03) hPa (10204 £ 0.3) P
relative air humidity (40.1£20)% - (40.3£20)%
assigned to the brained by
Messnscherhet e fctor =2. It has been
determined in accordance with EA-4/02 M: 2013. 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 NI
(Physikalsch-Technische Bundesanstalt)standard for flow speed. I i realized
by using a PTB owned and calirated Laser Doppler Anemometer (tandard
Uncertainty 0.2 %, k=2)
Additional remarks Bent fin

Zusatalche Anmerkongen

Revision o
Deutsche WindGuard Wind Tunnel Services GmbH DeuTSCHE

WINDGUARD

Oldenburgerstr. 65, D-26316 Varel

(n) Wind vane 94012544, page 2/6
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Calibration result (2/3)
Kalbrirergebnis (2/3)

Reference Reference Reterence Reference Testtem Testem
Airvelocty une Yowangle ne Dirction Deviation
s s e deg deg deg
795 3 15500 00 15571 o
798 005 16001 030 16085 o8
798 005 16057 00 16578 o1
795 005 16992 om0 o om
795 005 175 030 51 036
755 005 e 00 19036 03
795 005 18094 om0 52 02
795 005 18993 030 19013 o1
795 005 19857 030 19529 on
795 005 19939 om0 20054 0ss
705 005 20509 030 2089 057
798 005 1002 030 21085 on2
798 005 a0 om0 us87 oss
208 005 2000 om0 22077 3
795 005 245 030 w67 088
795 005 2000 00 203 o
205 005 505 om0 23530 02
798 005 24006 030 20033 o027
795 005 w01 00 241 01
758 005 s00 om0 25071 080
795 005 25506 030 w58 o076
795 005 26007 00 25030 om
798 005 w507 om0 26590 om
798 005 2008 030 2079 om0
755 005 w1 00 w578 056
795 005 2010 om0 2061 0s1
708 005 28500 080 2553 oas
798 005 29003 030 29057 o34
798 005 250 om0 2561 0se
705 005 20099 030 30052 08
795 005 0503 080 30572 08

Deutsche WindGuard Wind Tunnel Services GmbH DevrSCHE

WINDGUARD

Oldenburgerstr. 65, D-26316 Varel

(p) Wind vane 94012544, page 4/6
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Sete sie

Calibration result (3/3)
Kallieergebnis (33)
Photo of the measurement setup

Foto des Messoufs
Reference Reference Reference Reterence Testitem Testitem
A velodty une Yawange ne diection Deviaton 1910202 _Col No: 2023244 _SN.O4TIOST | DEWRSETT
s s dog e deg e
2 3 31003 00 305 050
290 005 31500 080 a2 0s2
294 005 31955 00 025 on
295 005 9 00 2515 on
295 005 2052 00 33037 045
295 005 fe 00 348 051
295 005 3908 00 w070 on
295 005 500 0s0 sz on
295 005 24959 00 35055 055
294 005 35097 00 50 047
290 005 sest 00 a0 o2
Statistical analysis Average offset 0.63 deg setup.

~End of document / Ende des Dokuments -
Graphical representation of the result
Grofische Darstelung des Ergebrisses

Calibration No: 2023244; 04120057; DEWR5211
360

Windeuard

s . §
£ 135 &8

% 4

3 %0 180 )
Direction / deg
+ Yowange + Daviton

Deutsche WindGuard Wind Tunnel Services GmbH oursCHE Deutsche WindGuard Wind Tunnel Services GmbH orursCHE
Oldenburgerstr. 65, D-26316 Varel WINDGUARD Oldenburgerstr. 65, 026316 Varel WINDGUARD
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B.1.3 Relative humidity and temperature

) TNO Public

¥
W

VAISALA <

Ly

Vaisala is ISO 9001 and ISO 14001 certified company. T . e e
MEASUREMENT STANDARDS LABORATORY 144//3\\\\0\‘ Finnish Accreditation Service
ACCREDITED CALIBRATION LABORATORY el K008 (EN ISONEC 17026)

CERTIFICATE OF CALIBRATION no K008-H01321

Customer TNO Wind Energy.
Westerduinweg 3
1755 LE Petten
‘The Netheriands

Instrument Humidity and Temperature Probe
Manufacturer Vaisala Oy

Model HMP155E

Serial number M1141113

Instrument number 94012135

Calibration date On March 09, 2024
Calibration due date May 09, 2025

Issue date March 09, 2024

Sergei Fedorov
Calibration Engineer

Page 1(4)

Documents attached -

NOTES ‘The instrument was adjusted during calibration.

Conditions when received Reported in Service Report.

s Gerlfcate may orly be reproduced n ull_exceat with {he prior written permission by the fssuing Laboratory. The measurements
carried out and the Certiicates of Calbation issusd by an Accredited Calibration Laboratory comply with the measurement ranges and
Uncertaintes agproved by FINAS Finnish Accrediation Service. The measuremen resuls fssued by the Laboratory are raceable.

to national o intemational measurement standards. M

accredited by FINAS Fi Y 1SO/IEC 17025 is included in the
(EANILA) o the for Accreditaion (EA).

Vaisla Oy}, PO Box 26, FLO0I21 Hasink, Frland
Teloone + 358 9 894 91 + Fax + 358 9 8949 2227

Emal helpdesk@vesal.com + wiw.vasal.com

Domicie Vantaa, Finand + VAT FI0T264162 - Busines 1D 0126416:2

(a) RHT 94012135, page 1/2

VAISALA

DESCRIPTION

Certificate number  K008-H01321 Page 2 (4)

The measurement results were obtained from the measured values or the results were calculated from the measured

values by using adjustment coefficients.

The instrument's configuration, settings and coefficients were read from the instrument's memor

Before measurements the instrument was allowed to stabilize to the conditions of the laboratory for at least 1 hour

with 24,0 VDC £ 0,3 VDC power supply on.

The instrument was configured to use pressure 1013,25 hPa settings for the time of the calibration if there is a

pressure compensation setting in the instrument.

REFERENCES USED DURING TEMPERATURE CALIBRATION

PTU30T Pressure and Temperature Transmitter, serial number U1020819, due date 2024-May-31

REFERENCES USED DURING HUMIDITY CALIBRATION

PTU30T Pressure and Temperature Transmitter, serial number U1020819, due date 2024-May-31

Thunder 2500 Humidity Generator, serial number 9711111, due date 2024-May-31

PTB330 Digital Barometer, serial number U1320322, due date 2024-May-31

TRACEABILITY

The measurement resuls are traceable to the international system of units (SI) through national metrology institutes

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

CALIBRATION PROCEDURE

DOC233127 temperature. DOC230528 hurnidity.

UNCERTAINTY

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

multiplied by the coverage factor k = 2, which for a normal distribution corresponds to a coverage probabilty of
%. The standard has been determined in accordance with EA

Publication EA-4/02

The measurement uncertainty represents the situation at the time and conditions of calibration. When using the

UUC at different conditions and at different time the effect of the conditions and stabilty of the UUC shall be

evaluated separately.

The measurement results and uncertainty are representing the measured instrument and measurement points only.

The calibration uncertainty includes known uncertainty components related to the instrument under calibration.

The instrument-dependent calibration uncertainty of the calibration point has not been defined entirely when

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

of digial or analog output freezing to output a constant reading near the upper or lower limit of the output range

or due to equivalent instrument-related reason. In the case of marking **, the calibration uncertainty is given

without considering the effect of above-mentioned not exactly known reasons on the calibration results.

STATEMENT OF CONFORMITY

The calibration results and the statement of conformity with specification relate only to the calibrated instrument

and the calibration points.

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

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

The probabilty of accepting a non-conforming result or rejecting a conforming result can be as large s 50 % with

this acceptance rule when the calibration resultis close to the specification limit

Pass = The calibration resultis equal o within the manufacturer's specification.

‘The calbration resultis outside the manufacturer's specification.

There is no specified specification when the specification is marked with ‘None'

AMBIENT CONDITIONS

Temperature 23°C23°C

Humidity 35 %rh + 32 %rh

(b) RHT 94012135, page 2/2
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B.1.4 Air pressure

) TNO Public

SO
Wy,
S, (o)
SN
VAISALA ibewx FINAS
eSS A
Valsa\a‘s \509001 and ISO 14001 certified company. %/ N\ Finnish Accreditation Service

EMENT STANDARDS LABORATORY %,/ 1 A\ K008 (EN ISO/NIEC 17025)
ACCREDITED CALIBRATION LABORATORY

CERTIFICATE OF CALIBRATION no K008-H02077

Customer TNO Wind Energy
Westerduinweg 3
1755 LE Petten
The Netherlands

Instrument Pressure Transmitter
Manufacturer Vaisala Oyj

Model PTB210A

Serial number K1630003
Instrument number 94012574
Calibration date On April 13, 2024

Calibration due date  June 13,2025

Issue date April 13, 2024

Signature
Sergei Fedorov
Calibration Engineer

Page 1(3)

Documents attached -

NOTES Adjusted.

Conditions when received Reported in Service Report

™ xcopt po by the issuing Laboratory.
carried out ranges and
i
o national or inferational Measuroment of Vaisala
roditod by Fi ISO/IEC 17025. inthe
EAMLA) of

Vasal Oy, PO Box 26, 700421 Helsni, Firind
Telphona + 358 9 894 91 - Fax + 358 9 8949 2227

Emd heipdesk @vaiesa.com + ww vaissa com

Dorcte Vantaa, Fand - VAT FOT244152 - Businsss 1D 0124416:2

(a) Air pressure sensor 94012574, page 1/2

) Appendix B

Certificate number K008-H02077 Page 2(3)

VAISALA

CONFIGURATION
Before the measurements the instrument's configuration and settings were read from the instrument's memory.

Table 1. Configuration and settings

Setups read from the memory.
Software version PTB210 Ver 201
CPU seral number

Maltpoint corr oN

Meas per minute 60
Averaging o
Pressure Min...Max 40 1110

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

Measurement Standards Laboratory (MSL) of Vaisala Oyj on April 13, 2024.

The pressure readings of the instrument were compared to the values of the reference.

The measurement resuls were obtained from the measured values o the results were calculated from the measured
values by using adjustment coefficients.

Before measurements the instrument was allowed to stabilize to the conditions of the laboratory for at least 1 hour
with power supply on.

‘The used pressure transmitting medium was air andor nitrogen.

REFERENCES USED DURING PRESSURE CALIBRATION
DHIPPC3 / LO Pressure Controller/Calibrator, sno 723 / 102622, due date 2024-09.

TRACEAEII.ITV

ults are traceable system of units (S)
(msr in USA or equivalent) or e catbraon aborions

metrology institutes

CALIBRATION PROCEDURE
DOC236240

UNCERTAINTY

The reported expanded uncertainty of measurement is stated as the standard uncertainty of measurement
multplied by the coverage factor ich for a normal distribution corresponds to a coverage probability
of . The standard has ined in EA

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, stabiity (short term), linearity, repeatabilty, hysteresis
and rounding of the final results.

- The measurement results and uncertainty may be interpolated between measurement points

‘The measurement uncertainty represents the situation at the time and conditions of calibration

When using the UUC at different conditions and at different time the effect of the conditions and stabilty of the
UUC shall be evaluated separately.
The d

P the measured points only.
CALIBRATION CONDITIONS
Temperature 23°C+3°C
Humidity 35 %rh + 32 %rh

(b) Air pressure sensor 94012574, page 2/2
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B.1.5 Sonic 3D

DEUTSCHE @

WINDGUARD IECRE and MEASNET approved test laboratory

ion Certificate / Kalibrierscheil

issued by the calibration laboratory / erstellt durch das Kalibrierlaboratorium

Deutsche WindGuard
Wind Tunnel Services GmbH

et An—

Member of / Mitglied im

Deutschen Kalibrierdienst DKD

d to / akkreditiert nach Calibration mark
DIN EN 1SO/IEC 17025:2018 Kalibrierzeichen

) TNO Public

This calibration certificate documents  the.

Device under test (UT) - Ultrasonic Anemorneter traceabilty to national standards, which realize

ot
7 the units of measurement according to the
Manufacturer werec Ienatina Sy of Unts (5,
e The DAGS i3 sgnatory o the_ mliterst
sreements of th Euopean co-apeaton o
Type ssonic3 s Rereanaton (©) ana o the ermaton!
shoratory Acredtaton Cooaraton (L5)fo
Seisl number ounonn2 e mutua rcognition of calbration ercte,
ot i The preenea esuts et any o e
Clbrtes clect. To uer 5 ot t e the
Customer O object recalibrated at appropriate intervals.
Auftragaeber NL- 1755 LE Petten Dieser Kolibrierschein dokumentiert die Rck-
fuhre uf nationale Normale zur Dorstellung
Order No. 3100409804 de Eihetenin Gberestmmng it dem
Auftragsnummer Internationalen Einheitensystem (Si).
ot o, 026 0 st U e it
it ersinommen de uropa ¢ aperai
acccaotion(E4) g dr mematonol
Numberofpages 10 aratary Acretaton Coopraon (L4C) ur
Anizah der Seften gegenseitigen Anerkennung der Kalibrierscheine.
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ibrati IEc 1 tion 8 (formerly IEC 61400-12-1:2017 Annex )
Kaltriererfohien

/
flowin he wind tunnel. If possible, the measurement
e of the DUT s contered wihin e wind sunnel s seson 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 reproducibility.

b . the wind anair
velocity of 10 m/s for a minimum of 5 minutes. For each test poin, 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.

ibrati of Deutsche b , Varel
Ort der Kalbrierung
1000 mm x 1000 mm
Messbedingungen
mounting diameter 424mm
mounting length not applicable:
insertion depth 535mm
blockage ratio®! 0025
DUT yaw orientation 00
Software version 10213
1
2
Ambient conditions air temperature. (22640.4)°C~(23.2£0.4)°C
aebungsbedingungen
air pressure (1005.6 +0.4) hPa - (1005.9 £ 0.4) hPa

relative air humidity (50.4£6.0) %~ (5272 6.0) %

igned to the measurement s obtained by
Mecsunsicnemet 3. 1t s boan
etermined inaccordonce with EA4/05 M 2022.Thevalu o the measurand
Ties within the assigned range of values with a probability of 95%

The reference flow speed measurement s traceable to the German NMII
(Physikalisch-Technische Bundesanstalt) standard for flow speed. It i realized
by using a PTB owned and calibrated Laser Doppler Anemometer.
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Revision o
Revison,

Remarks and Definitions
Enuterongen und Oefinionen

General remarks North alignment via DUT geometry

Reference air velocity The reference air velocity. The uncertainty is given as
vier [ m/s the expanded uncertainty with a coverage factor of
=

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

vouT/ /s the horizontal wind speed voury, with vectorial
averaging according to IS0 16622:2002 from DUT
Indication »x (calculated) and DUT Indication »y«
(calculated). The expanded uncertainty is given with a
coverage factor of k=2

Th diference between DUT ndction outye g
the reference air velocity. The given uncertainty.
Ultvour) s the combined expanded uncertainty
with a coverage factor of k=2.

Devation »ouTty - VREF«
w/mfs

DUT Indication »xe The indication of the device under test, The

vour, /s uncertainty is given as the expanded uncertainty with a
coverage factor of k=2. The following uncertainty
components are taken into account: shortterm
stabilty (repeatabilty), resolution.

DUT Indication »x« (calculated) The OUT ndiction converted tothe refernce i
Vour,/ mfs with the following equation: vour;
uncertainties are considered for this conversion.

DUT Indication sy« The indication of the device under test. Th

vour, / cm/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 »y« (calculated) The DUT Indication converted to the reference unit
Vour, / mfs 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
vours / em/s uncertainty i given as the expanded uncertainty with a
coverage factor of k=2. The following uncertainty
components are taken into account: short-term
stabilty repeatability), resolution.
DUT Indication »z« (calculated) TheDUT ndicaton converted o the referenc ui
Vours /m/s with the following equation: vour,
uncertainties are considered for this conversion.

DEUTSCHE

WINDGUARD

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

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

60/62



) TNO Public ) TNO 2025 R10084

) TNO Public

Pages/10
Sete

DUT Indication »apuryu
aouryy/ deg

Residuals

(calculated)" and "DUT Indication »y« (calculated)”.
The expanded uncertainty s given with a coverage.
factor of k=2,

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

ndex

Reference DUT ndiction oeviation
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B.2 Thies cup classification sheet
DEUTSCHE
Summary report of cup anemometer classification Wi NDGUARD
Class S Classification ECA Il - SN 01130001 - heating on
Reference: 0.15
—Class 0.9 e

IEC 61400-12-1 Edition 2.0 % ===
Wind Turbine Power Performance Testing = 00s i" — 1t i
2017-03 g i Ay K X s

4 R T B S
Result: g oo =: At
Figure showing the calculated total deviation "§ 0.10 - B ——-
of the Thies First Class Advanced T i
anemometer type 4.3352.00.000 taking into B 5 0 55 PR
account all influencing parameters according )
to Class S definition. Wind speed / m/s
Internal shaft heating ON
Classification index: S 0.9
(average of five sensors)
Class S Classification FCA Il - SN 01130001 - heating off
Reference: aa

—Class 1.7

IEC 61400-12-1 Edition 2.0 2 % — A
Wind Turbine Power Performance Testing > 010 [ =k I : AL 1A
2017-03 P H I ] l H

& 0.00 i+ & & 4§

“ . A

E
Result: i ==
Figure showing the calculated total deviation | 2 .p.20 S e T
of the Thies First Class Advanced | =
anemometer type 4.3352.00.000 taking into -0.30 K .
account all influencing parameters according PP ﬂ;?m s »
to Class S definition. pet
Internal shaft heating OFF
Classification index: S 1.7
(average of five sensors)
Deutsche WindGuard Wind Tunnel Services GmbH Page 10 of 11
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