for life

Period: 12 October 2023 to 5 December 2023

Verification of the Wind@Sea
LiDAR system WLS866-0183
at the EWTW test site near
meteorological mast MMé6

TNO Public ) TNO 2023 R12269
April 2024



for life

Energy & Materials
Transition
www.tno.nl

+31 888665065
info@tno.nl

) TNO Public

TNO 2023 R12269 - April 2024
Verification of the Wind@Sea LIDAR

system WLS866-0183 at the EWTW test
site near meteorological mast MM6

Period: 12 October 2023 to 5 December 2023

Author(s) G. Bergman and D. A. J. Wouters

Classification report TNO Public

Number of pages 62 (excl. front and back cover)

Number of appendices 2

Sponsor Ministry of Economic Affairs and Climate (EZK)
Project name MinvEZ 2023 Windconditions@northea

Project number 060.55419

) TNO Public


https://www.tno.nl
mailto:info@tno.nl

) TNO Public ) TNO 2023 R12269

All rights reserved

No part of this publication may be reproduced and/or published by print, photoprint,
microfilm or any other means without the previous written consent of TNO.

©2024 TNO

) TNO Public



) TNO Public ) TNO 2023 R12269

Revision

EVA Date Description

1.0 07 Feb 2024 | First release
1.1 11 Apr 2024 | Corrected analysis LiDAR availability filter from 80% to 100%

1: (a) customer request; (b) correction, (c) addition

Archiving

https://365tno.sharepoint.com/teams/P060.55419/

\\\\\\\IIIII,I/,,
@[\ SN
N\ lac=vRA
3
TSI NN
HVA I. 324 ,/"/nh\\“\\
RVA is participant in the ILAC MRA.

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

measurement procedure, FGW TR2, FGW TR5
) NTF/NPC measurements conform to IEC 61400-12-2

) Mechanical loads measurements conform to IEC 61400-13

humidity) conform to IEC 61400-12-1

Appendix L

Practices 18

) Power performance measurements conform to IEC 61400-12-1, MEASNET Power Performance

) Meteorological measurements (wind speed, wind direction, temperature, air pressure and relative

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

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

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 Vaisala WindCube v2.1 with serial number WLS866-0183 was
installed at the EWTW test site near meteorological mast MM6 on 12 October 2023. The LiDAR
was validated before using it for wind field measurements at offshore platform Lichteiland
Goeree.

The official measurement campaign started on 12 October 2023 12:20 UTC and lasted until 5 De-
cember 2023 00:00 UTC, covering 53 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 0.99 and the offset is between
0.02 m/s and 0.05 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.3).

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

A Vaisala WindCube v2.1 with serial number WLS866-0183 was installed at the EWTW test
site near MM6 on 12 October 2023. The LiDAR was verified before using it for wind field
measurements at offshore platform Lichteiland Goeree (LEG) in the Wind@Sea project. This
report presents the verification results.

After verifying correct operation of the LiDAR, the measurement campaign was started on
12 October 2023 12:20 UTC and lasted until 5 December 2023 00:00 UTC.

The results of this verification are based on the IEC 61400-50-2:2022 [1] (formerly Annex L of
the IEC 61400-12-1:2017) standard and the TNO Work instructions for verification RSD (v.3).

) TNO Public 8/62
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2

2.1

Measurement campaign

RSD verification location

The LiDAR system is verified near meteorological mast MM6 at the EWTW test site [2]. The
terrain at the EWTW test site consists mainly of agricultural land, with single farmhouses and
rows of trees as shown in fig. 2.1. It is 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 5m below sea level. The site is considered sufficiently flat
according to IEC 61400-12-5:2022 [3] as demonstrated by the laser altimetry in fig. 2.2.

T N
fiir-os {04

R/ 7N : ; ¢ Google Earth

Source: Google Earth

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

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

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

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

-5.5

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

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

Figure 2.3: Meteorological Mast MM6

) TNO Public 10/62
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2.2

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

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

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

location
MM6 132384m,536649m  52°48.997’N, 5°3.105’E
LiDAR 132343 m,536623m  52°48.982’N, 5°3.068’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 TEC 61400-12-5:2022 [3] using MeasSector
version 2.2.1. In fig. 2.5 the lay-out of the EWTW test site is given with the excluded sectors of
all the relevant obstacles. This information is used to determine the undisturbed measurement
sector.

) TNO Public 11/62
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2.3
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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

Remote Sensing Device

The Remote Sensing Device (RSD) is a WindCube v2.1 LiDAR. This unit has identification number
WLS866-0183 (software version 2.2.2). It is configured to perform measurements at 10 heights:
42m, 61m, 81m, 113 m, 118 m, 121 m, 141 m, 161 m, 181 m and 201 m. The LiDAR has a
cone half-angle of 28°. The comparison heights are specified in table 2.3. During the verification
test the LiDAR was oriented 5° w.r.t. North.

The WindCube v2.1 LiDAR at the RSD verification location is presented in fig. 2.6.

) TNO Public 12/62
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Table 2.3: Measurement heights for verification

comparison height | MM6 height LiDAR height

m m m
1175 117.5 118
81.4 81.4 81
41.9 41.9 42

2.4 Data stream

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

) TNO Public 13/62
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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 12 October 2023 12:20 and ends on
5 December 2023 00:00 UTC. Figures 3.1 and 3.2 show the time series for the wind speed and
wind direction measured by the reference meteorological mast and the LiDAR, prior to filtering.
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Figure 3.1: Unfiltered wind speed time series for the comparison heights by the reference meteorological mast
at the RSD verification location (top) and the LiDAR (bottom)

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

a) Reference meteorological mast free of wakes
The measurement sector is defined in paragraph section 2.2 and the filtering is applied to
the wind direction measurements at each comparison height individually.

b) LiDAR free of wakes
The LiDAR is located 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.
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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)

The resulting ratio between the wind speeds measured by MM6 and the LiDAR at each

comparison height and within the measurement sector, does not show a strong directional
dependency, see fig. A.1.

Anemometers free of mast wake

For measurement heights below the top cup, the influence of the MM6 wake on the reference

cup anemometers is mitigated by combining measurements of two cups on booms at
opposite sides of the mast.

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

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

Precipitation

The LiDAR performance might be affected by precipitation however no filtering on precipi-
tation was undertaken. The IEC 61400-50-2:2022 describes that in general no filtering on
precipitation should be applied unless specifically described by the manufacturers guidelines.
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Figure 3.3: Filter: MEASNET icing criterion
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4 LiDAR verification

This chapter reports the results of the LIDAR verification analysis as defined in clause 7 [1]. The
analysis is performed using the in-house software tool RSDverification version 2.0.13.

4.1 Direct data comparison

A comparison of the horizontal wind speed between the meteorological mast devices and the
LiDAR for each comparison height is presented in figs. 4.1 to 4.3. The format is taken from
figure 6 [1]. Only samples for which the reference wind speed is in the range of 4 m/s to 16 m/s
are used.

4.2 Bin-wise data comparison

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

1175 | 0991 0.055 1.000
81.4 0.993 0.025 1.000
41.9 0.994 0.027 1.000

4.3 Systematic uncertainties

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

) TNO Public 18/62
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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 [1, 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. 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.

) TNO Public 19/62
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Figure 4.3: Wind speed comparison @41.9 m
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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 4.4: 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

413
4.49
4.99
5.52
6.00
6.49
6.99
7.49
8.00
8.50
8.98
9.49
10.01
10.51
10.98
11.49
11.98
12.49
13.00
13.48
13.97
14.52
14.98
15.48
15.87

4.14
4.49
5.00
5.54
5.98
6.50
6.96
7.49
8.01
8.47
8.95
9.43
10.00
10.48
10.96
11.43
11.91
12.51
12.94
13.38
13.93
14.49
14.81
15.35
15.80

data sets

66
190
153
149
171
168
160
166
170
174
161
178
158
194
214
201
158
133
131
129
111
103

83

80

28

Visq Max

m/s

4.67
531
5.59
6.81
7.19
7.58
8.28
8.65
9.62
10.28
10.26
10.63
11.88
11.63
12.19
13.11
13.14
14.03
14.72
15.15
15.64
15.94
16.84
16.35
16.67

Visq Min

m/s

3.56
3.52
4.18
4.75
2.57
5.32
5.68
6.01
7.22
7.41
7.38
7.24
8.89
9.15
9.30
9.00
10.62
11.26
11.59
11.67
12.41
13.10
12.86
12.75
14.62

";sd std

m/s

0.215
0.262
0.247
0.317
0.416
0.296
0.305
0.305
0.353
0.378
0.364
0.417
0.383
0.347
0.351
0.452
0.378
0.430
0.435
0.478
0.462
0.433
0.557
0.557
0.404

0.027
0.019
0.020
0.026
0.032
0.023
0.024
0.024
0.027
0.029
0.029
0.031
0.030
0.025
0.024
0.032
0.030
0.037
0.038
0.042
0.044
0.043
0.061
0.062
0.076

mean
deviation

%

0.193
-0.022

0.108

0.255
-0.353

0.146
-0.443

0.060

0.099
-0.330
-0.282
-0.643
-0.128
-0.254
-0.256
-0.564
-0.643

0.197
-0.446
-0.728
-0.287
-0.181
-1.145
-0.835
-0.439

Ve UNC.

%

1.355
1.279
1.193
1.120
1.067
1.022
0.983
0.949
0.918
0.893
0.871
0.855
0.841
0.829
0.819
0.809
0.801
0.793
0.786
0.780
0.773
0.766
0.761
0.757
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.

%

1.529
1.366
1.282
1.261
1.262
1.113
1.154
1.026
1.009
1.034
0.996
1.142
0.931
0.926
0.913
1.049
1.081
0.898
0.976
1.134
0.910
0.870
1.452
1.217
1.021
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Table 4.3: Uncertainty calculations of the LIDAR @81.4 m

413
4.52
4.98
5.50
6.01
6.50
6.99
7.50
8.01
8.51
8.98
9.50
9.99
10.50
10.97
11.49
12.00
12.50
13.01
13.49
14.00
14.49
15.00
15.50
15.87

4.13
4.49
4.95
5.52
5.97
6.51
6.98
7.50
8.00
8.44
8.96
9.50
9.95
10.41
10.90
11.46
11.95
12.46
12.94
13.40
13.87
14.47
14.86
15.52
15.77

data sets

92
167
191
168
179
157
165
157
175
153
177
220
204
171
175
133
139
115

88

92

74

63

53

33

18

Visq Max

m/s

5.04
5.85
6.04
6.27
6.87
7.54
8.26
8.56
9.49
9.50
10.24
11.21
10.86
12.24
12.23
13.68
13.70
13.35
14.36
14.57
14.75
16.34
16.06
17.02
16.62

Visq Min

m/s

3.47
3.71
3.57
4.82
3.22
5.55
5.50
6.59
6.96
6.32
7.04
7.74
8.72
8.58
9.91
10.35
10.41
11.41
12.03
12.14
11.64
12.61
13.52
14.62
14.39

";sd std

m/s

0.240
0.278
0.296
0.255
0.330
0.309
0.392
0.318
0.335
0.344
0.416
0.391
0.344
0.449
0.418
0.465
0.477
0.372
0.422
0.467
0.469
0.495
0.515
0.542
0.493

0.025
0.021
0.021
0.020
0.025
0.025
0.031
0.025
0.025
0.028
0.031
0.026
0.024
0.034
0.032
0.040
0.040
0.035
0.045
0.049
0.055
0.062
0.071
0.094
0.116

mean
deviation

%

0.162
-0.571
-0.605

0.445
-0.704

0.140
-0.197
-0.099
-0.222
-0.840
-0.244
-0.036
-0.334
-0.849
-0.649
-0.234
-0.431
-0.314
-0.503
-0.693
-0.923
-0.109
-0.918

0.105
-0.613

Ve UNC.

%

1.350
1.278
1.209
1.154
1.108
1.064
1.029
0.991
0.959
0.942
0.920
0.914
0.895
0.881
0.873
0.865
0.849
0.842
0.830
0.827
0.819
0.812
0.822
0.799
0.791

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.

%

1.506
1.495
1.437
1.307
1.394
1.160
1.156
1.075
1.058
1.323
1.038
0.981
1.010
1.286
1.147
0.988
1.035
0.967
1.054
1.159
1.314
0.952
1.338
1.034
1.260
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Table 4.4: Uncertainty calculations of the LIDAR @41.9 m

413
4.49
5.02
5.47
6.02
6.49
6.99
7.50
7.99
8.48
9.01
9.48
10.01
10.49
10.98
11.51
11.97
12.47
12.99
13.45
14.02
14.51
15.00
15.41
15.85

411
4.47
5.03
5.48
6.01
6.51
6.97
7.49
7.98
8.49
8.95
9.44
9.99
10.50
10.93
11.43
11.88
12.41
12.90
13.40
14.01
14.53
14.77
15.41
15.84

data sets

111
232
196
188
187
203
187
180
212
181
182
147
136
136
122
112
85
69
48
51
37
30
30
18

Visq Max

m/s

5.22
511
5.94
6.86
7.03
7.90
8.08
8.47
9.14
10.74
9.87
12.57
11.83
11.98
11.81
13.11
12.79
13.56
14.02
15.34
15.44
16.18
15.79
17.74
15.85

Visq Min

m/s

2.98
3.80
3.45
4.57
4.11
5.00
5.82
5.63
6.33
7.57
7.46
8.38
8.92
9.22
9.10
10.02
10.39
9.98
11.83
11.92
12.84
13.78
13.89
14.15
15.83

";sd std

m/s

0.262
0.263
0.295
0.302
0.349
0.354
0.305
0.394
0.378
0.404
0.420
0.509
0.447
0.452
0.447
0.513
0.485
0.566
0.415
0.546
0.509
0.612
0.512
0.757
0.014

0.025
0.017
0.021
0.022
0.025
0.025
0.022
0.029
0.026
0.030
0.031
0.042
0.038
0.039
0.041
0.048
0.053
0.068
0.060
0.076
0.084
0.112
0.094
0.178
0.010

mean
deviation

%

-0.521
-0.580

0.223

0.275
-0.077

0.339
-0.292
-0.026
-0.158

0.168
-0.631
-0.442
-0.198

0.058
-0.395
-0.647
-0.776
-0.536
-0.691
-0.363
-0.071

0.121
-1.547
-0.019
-0.045

Ve UNC.

%

1.381
1.315
1.230
1.174
1.111
1.067
1.031
0.996
0.971
0.941
0.921
0.910
0.889
0.875
0.874
0.853
0.854
0.843
0.840
0.832
0.823
0.812
0.800
0.791
0.770

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.

%

1.610
1.505
1.338
1.290
1.213
1.204
1.140
1.094
1.060
1.043
1.190
1.126
1.013
0.977
1.052
1.172
1.255
1.161
1.202
1.094
1.044
1.147
1.863
1.420
0.806
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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

0.1715
0.2201
0.2324
0.2839
0.2959
0.2954
0.2869
0.2883
0.2808
0.2884
0.2783
0.2715
0.2760
0.2566
0.2568
0.2441
0.2339
0.2320
0.2281
0.2221
0.2237
0.2213
0.2104
0.2149
0.2253

turbulence
intensity

%
7.23
7.18
6.85
8.12
8.11
7.94
8.56
8.09
8.83
9.11
8.56
9.14
8.98
8.99
8.97
9.77
10.02
10.10
10.16
10.57
10.62
10.32
10.15
10.73
10.47

precipitation

%

7.13
11.57
13.08
11.83

7.34

7.68
11.96
11.28
16.94
14.85
16.01
20.68
19.71
15.94
15.29
18.13
24.39
18.56
23.75
20.14
22.66
25.34
18.76
18.01

7.53

wind direction

241.8
248.5
248.2
257.1
254.5
255.2
255.4
242.7
2579
254.2
239.0
241.1
240.1
235.8
240.0
236.0
236.4
248.0
2453
249.1
248.5
239.4
2333
2373
230.4

air

temperature

°C

8.27
8.32
8.43
8.40
8.74
8.82
8.95
9.34
9.40
9.68
9.69
9.57
9.58
9.74
9.64
9.94
10.06
9.73
9.98
10.39
10.31
10.68
10.69
11.83
12.98

relative
humidity

%

82.29
81.43
80.76
81.20
81.53
81.23
80.84
81.88
79.26
79.39
81.85
80.48
80.44
82.64
81.27
82.44
81.71
80.07
82.16
81.51
82.36
82.52
81.89
80.69
77.80

air density

kg/m?
1.230
1.231
1.228
1.226
1.221
1.221
1.223
1.218
1.219
1.217
1.215
1.216
1.219
1.216
1.217
1.213
1.211
1.213
1.211
1.209
1.212
1.207
1.204
1.201
1.194

flow
inclination

o

0.912
0.830
0.969
1.002
0.942
0.989
1.049
1.053
1.133
1.123
1.113
1.079
1.148
1.052
0.988
1.002
0.965
1.071
1.062
1.145
1.193
1.144
1.035
1.092
1.064

wind veer

i
-0.2343
-0.2193
-0.1773
-0.1747
-0.1499
-0.1358
-0.1052
-0.1055
-0.1044
-0.1016
-0.0952
-0.0771
-0.0706
-0.0599
-0.0540
-0.0483
-0.0427
-0.0432
-0.0379
-0.0369
-0.0364
-0.0346
-0.0341
-0.0336
-0.0332
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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

0.1668
0.2072
0.2401
0.2689
0.2649
0.2677
0.2837
0.2655
0.2756
0.2726
0.2584
0.2665
0.2481
0.2348
0.2290
0.2145
0.2162
0.2263
0.2125
0.2198
0.2158
0.2054
0.2056
0.2042
0.2094

turbulence
intensity

%
8.08
7.66
7.92
8.63
8.65
8.93
9.92
9.95
9.41
9.57
10.34
10.26
10.65
11.35
10.94
11.36
11.80
11.66
12.07
11.83
11.76
11.72
12.22
12.54
13.09

precipitation

%

7.23
18.01
12.12

8.83

9.77
12.35
12.87
15.29
17.05
19.06
21.27
13.63
17.16
24.90
17.78
24.49
19.39
22.27
26.85
15.91
20.63
10.10
12.04

1.12

8.47

wind direction

237.0
235.6
239.2
239.8
240.5
240.3
2453
241.7
230.8
236.0
232.4
236.5
231.2
228.8
229.1
232.5
239.7
2383
237.8
237.8
2213
222.7
2449
253.7
250.9

air

temperature

°C

8.07
8.58
8.53
8.70
8.87
8.86
9.50
9.52
9.83
9.87
9.76
9.92
9.59
9.60
10.08
10.08
10.65
10.64
11.14
11.37
11.79
12.97
11.71
13.17
13.11

relative
humidity

%

80.40
81.72
80.40
81.64
82.37
80.89
80.31
80.93
81.76
79.42
81.85
80.98
83.28
83.72
82.20
81.19
82.32
83.25
83.45
82.69
81.61
79.52
78.34
76.39
78.27

air density

kg/m?
1.231
1.227
1.227
1.222
1.221
1.219
1.217
1.218
1.214
1.214
1.215
1.217
1.216
1.214
1.211
1.211
1.207
1.207
1.203
1.205
1.197
1.193
1.203
1.198
1.198

flow
inclination

o

0.889
0.923
0.966
0.844
0.865
0.983
1.039
1.020
0.994
1.033
1.078
1.051
0.996
0.936
0.862
0.912
1.053
1.073
1.054
1.130
1.014
0.915
0.857
1.212
1.308

wind veer

i
-0.1978
-0.1769
-0.1592
-0.1445
-0.1178
-0.1168
-0.0993
-0.0931
-0.1045
-0.0909
-0.0718
-0.0583
-0.0553
-0.0445
-0.0410
-0.0406
-0.0360
-0.0373
-0.0347
-0.0342
-0.0350
-0.0350
-0.0361
-0.0341
-0.0287
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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

0.1756
0.1938
0.2207
0.2485
0.2614
0.2634
0.2496
0.2598
0.2582
0.2355
0.2375
0.2209
0.2238
0.2161
0.2100
0.2136
0.2065
0.2096
0.1964
0.1909
0.1937
0.1953
0.1897
0.1918
0.2034

turbulence
intensity

%

8.88

9.45
10.22
11.14
11.83
11.37
11.68
12.80
12.53
13.18
13.64
13.25
13.52
13.70
1391
13.91
13.98
13.69
14.10
13.57
14.20
13.80
14.09
13.94
15.01

precipitation

%

12.58
11.82
12.31
10.50
11.21
14.26
14.19
25.01
15.03
27.27
23.24
20.83
26.73
18.98
19.71
17.45
17.31
22.03

9.23

4.03
13.17

3.76
17.11
10.09
76.83

wind direction

232.0
234.9
228.8
228.5
236.4
230.9
225.6
2293
234.7
225.0
2353
225.0
2329
2355
240.4
232.8
238.1
237.0
221.1
241.2
255.6
254.7
247.7
248.4
219.9

air

temperature

°C

8.53
8.60
8.62
9.22
9.49
9.67
9.97
9.64
9.76
9.48
9.66
9.81
10.46
10.67
10.86
11.58
11.74
12.09
12.37
12.25
12.13
12.24
13.32
13.00
18.76

relative
humidity

%

79.26
80.66
81.86
82.68
81.27
79.80
79.14
81.02
81.10
84.70
82.31
84.29
82.13
82.32
82.71
81.36
79.96
80.76
78.28
77.42
77.01
75.68
78.28
77.47
81.32

air density

kg/m?
1.227
1.225
1.222
1.218
1.216
1.216
1.215
1.216
1.218
1.216
1.214
1.212
1.209
1.208
1.207
1.201
1.202
1.200
1.198
1.200
1.203
1.203
1.197
1.196
1.169

flow
inclination

o

0.931
1.041
0.879
0.887
1.052
1.040
1.069
1.055
1.031
0.971
0.993
0.892
1.024
1.017
1.083
1.078
1.141
1.128
0.885
0.891
1.186
1.214
1.203
1.282
1.361

wind veer

i
-0.2117
-0.1755
-0.1226
-0.0901
-0.1010
-0.1085
-0.0983
-0.0665
-0.0529
-0.0487
-0.0446
-0.0411
-0.0410
-0.0354
-0.0337
-0.0342
-0.0334
-0.0355
-0.0340
-0.0324
-0.0289
-0.0292
-0.0295
-0.0308
-0.0330

69¢CTd £20C ONL (2119nd ONL ¢




) TNO Public ) TNO 2023 R12269

5 Sensitivities

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

deviation — Zref — Ursd (5.1)
Ursd

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

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

Uref _ i “
(1) 52

I T

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

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

This variable is height-dependent.

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

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

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

6. Relative humidity [%RH]
The relative humidity is measured at 109 m. (The relative humidity was added to the list of
EVs, because it is used in the MEASNET icing criterion in chapter 3.)
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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.

Wq,37.9 — W 112.5 (5.5)
112.5—37.9 '

wind veer =

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

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

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

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

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

The sensitivity of the LIDAR for an EV is considered as significant if either the sensitivity exceeds
a value of 0.5, or the product of sensitivity and r exceeds 0.1. In table 5.2, the sensitivity criteria
that exceed their threshold value are highlighted in 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 [1]. The results
are presented in table 5.3, which is presented in a similar format as table 8 [1].

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

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

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

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 std m R? sens.x R
m unit %/ unit - %

41.9 0.24 0.08 4441 0352 0.009 0.034

ex;ienognt 81.4 0.24 0.08 0442 0036  0.000 0.000
117.5 0.25 009  -0193 -0018  0.000 0.000

419 | 1207 2.43 0065 0157  0.001 0.004

t‘fr:f:rl]‘;r;;e % 814 | 962 2.84 0080 0227 0004 0014
117.5 8.46 2.67 0050 0134  0.002 0.006

419 | 1517  31.00 0011 0345  0.000 0.007

precipitationt % 814 | 1450 3062 0016 048  0.001 0.017
1175 | 1403  29.96 0014 0425  0.000 0.007

419 |23279  49.09 0004 0190  0.000 0.004

wind direction o 814 [23600 5175 0006 0301 0001 0.008
1175 |24517 5523 0007 0370  0.004 0.024

_ 419 9.73 2.41 0104 0250  0.000 0.005
temp‘;'r'cture °C 81.4 9.60 2.39 0032 0076  0.000 0.000
117.5 9.37 2.39 0006 0015  0.000 0.000

_ 419 | 8137 9.64 0013 0125  0.000 0.002
hrjﬁfg’ify % 814 | 81.53 9.74 0008 0077  0.000 0.001
1175 | 81.12 9.83 0001 0006  0.000 0.000

419 121 002  -2713 -0050 0000  -0.001

airdensity  kg/m? | 814 121 002  -4496  -0.082  0.000 0.000
117.5 1.22 0.02 3181 0059  0.000 0.001

419 1.04 051  -0156 -0.080 0000  -0.001

flowinclination 814 | 099 054 0052 -0.028  0.000 0.000
117.5 1.05 0.58 0336 0194  0.002 0.008

419 | -0.05 003  -0058 -0.002  0.000 0.000

wind veer °/m 814 | -0.06 0.04 1110 0045  0.000 0.000
1175 | -0.06 0.04 0573 0024  0.000 0.000

. 41.9 6.47 153  -0029 -0.04&  0.000 0.000
refef;gjdw'”d m/s 81.4 731 192  -0020 -0.038  0.000 0.000
117.5 8.29 232 -0080 -0.186 0002  -0.009

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

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

) 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 % [1,
Clause 6.5]. The numbers in these columns are highlighted in orange if they cause the variable to be considered significant, otherwise
they are blue.

t  These variables employ a modified bin-count criterion [1, 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 min max bin range | height | covered mx range
unit unit unit unit m % %
41.9 33 5.329
shear 04 0.8 0.05 1.2 814 33 0.530
exponent
117.5 38 -0.232
41.9 52 1355
turbulence % 3 24 1 21 814 57 1.679
intensity
117.5 52 1.056
41.9 100 1112
precipitation % 0 100 10 100 814 100 1.579
117.5 100 1.419
41.9 42 0.698
wind direction ° 0 360 5 180 81.4 43 1.048
117.5 49 1.206
. 41.9 30 4150
ar °C 0 40 2 40 814 30 1.276
temperature
117.5 30 0.259
. 41.9 40 1.297
relative % 0 100 10 100 814 40 0.791
humidity
117.5 40 0.058
41.9 22 ~1.221
airdensity  kg/m? | 0.9 135 0.05 0.45 814 22 -2.023
117.5 22 1.432
41.9 40 ~0.939
flow inclination ° -3 3 0.2 6 81.4 43 -0.314
117.5 47 2.015
41.9 40 -0.023
wind veer °/m -0.3 0.1 0.04 0.4 81.4 50 0.444
117.5 50 0.229
. 41.9 42 ~0.346
referencewind o 4 16 05 12 814 54 -0.238
speed
117.5 62 -0.960

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

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

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

) TNO Public 32/62



) TNO Public ) TNO 2023 R12269

Table 5.4: Distribution of environmental variables used in the LiDAR sensitivity study

variable unit | height i Q1 median
m unit unit
41.9 -2.00 0.14 0.22 0.29 1.31
shear
81.4 -2.00 0.14 0.22 0.29 1.31
exponent
117.5 -2.00 0.14 0.22 0.29 1.31
41.9 1.68 10.30 12.40 14.07 41.72
turbulence % 814 1.83 7.73 10.12 1218 43.54
intensity
117.5 1.44 6.42 8.71 10.99 48.66
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 -1.15 7.07 9.39 10.99 20.20
ar °C 81.4 -1.15 7.07 9.39 10.99 20.20
temperature
117.5 -1.15 7.07 9.39 10.99 20.20
41.9 49.48 75.08 84.14 92.93 101.26
relative
- % 81.4 49.48 75.08 84.14 92.93 101.26
humidity
117.5 49.48 75.08 84.14 92.93 101.26
41.9 1.17 1.20 1.22 1.24 1.28
air density kg/m3 81.4 1.17 1.20 1.22 1.24 1.28
117.5 1.17 1.20 1.22 1.24 1.28
41.9 -22.33 0.17 0.80 1.30 24.14
flow inclination ° 81.4 -22.33 0.17 0.80 1.30 2414
117.5 -22.33 0.17 0.80 1.30 2414
41.9 -2.19 -0.11 -0.05 -0.03 2.05
wind veer °/m 81.4 -2.19 -0.11 -0.05 -0.03 2.05
117.5 -2.19 -0.11 -0.05 -0.03 2.05
) 41.9 4.00 5.87 7.83 10.13 15.90
referse;gsdw'”d m/s 81.4 4.00 6.38 8.88 11.11 15.96
117.5 4.00 6.74 9.43 11.84 15.99

) 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 [1].

1.

Wind tunnel calibration

The wind tunnel uncertainty, with a coverage factor of two (k = 2), is found in the wind
tunnel calibration reports, see section 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 [6]. The
uncertainty in the wind speed due to operational characteristics therefore is

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

V3

. Mounting effects

The default values for the uncertainty associated with the mounting of the anemome-
ter on mast are specified in Annex E.6.3.5 [7]. 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.
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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.

6.2 Remote sensing device

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

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

2. Mean deviation
No correction of the LiDAR wind speed measurement is performed. Therefore, this contri-
bution 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).

(6.1)

g
standard uncertainty, =

4
Where o, is the standard deviation of 10-minute average measurements in wind speed bin
i and n, is the bincount.

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

UyR,mnt,i — 0.1%

The mounting uncertainty is reported in tables 4.2 to 4.4.

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

UyR, flow,i = 0.2%

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

The total LiIDAR 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 LIiDAR verification as presented in chapter 4 is performed in accordance with
IEC 61400-50-2:2022. For this verification campaign the following deviations are noted.

1. The highest wind bin for comparison height 41.9m is included in the analysis with an
insufficient bin count of 2, as the minimum requirement is 3 data sets per wind bin.
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Conclusions

The Wind@Sea LIDAR WindCube v2.1 WLS866-0183 is validated against reference meteoro-
logical 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 12 October 2023 12:20 UTC until 5 Decem-
ber 2023 00:00, spanning 53 days, all data coverage requirements of the IEC 61400-50-2:2022
are met, except for the highest wind speed bin for the lowest measuring height, 42 m, for which
the bin count is 2 instead of the minimum required bin count of 3.

For all comparison heights the regression slope is close to 0.99 and the offset is between
0.02 m/s and 0.05 m/s with an R? close to 1. The LiDAR system underestimates the wind speed
by up to 1.5 %. The sensitivity analysis did not result in any significant sensitivities for the LiDAR.
For the qir 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.

ws, g 1S

Reference wind direction (%]

() 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 magenta 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 [9].

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

) TNO Public 42/62



21gqnd ONL ¢

Table B.2: List of measured signals

location

short name

sensor

unit

installed

rate
Hz

69¢CTd £20C ONL (2119nd ONL ¢

9/eY

wind speed, 117.5m, centre MM6 MM6_H117d5 Ws Q1_m Thies First Class Advanced 4.3352.00.000 m/s TNO 4
wind speed, 112.5m, 140° MM6 MM6 _H112d5B140 Ws Q1 m Thies First Class Advanced 4.3352.00.000 m/s TNO 4
wind speed, 81.4m, 140° MM6 MM6 H081d4B140 Ws Q1 m Thies First Class Advanced 4.3352.00.000 m/s TNO 4
wind speed, 81.4m, 320° MM6 MM6_H081d4B320 Ws Q1 m Thies First Class Advanced 4.3352.00.000 m/s TNO 4
wind speed, 41.9 m, 140° MM6 MM6_H041d9B140_Ws_Q1_m Thies First Class Advanced 4.3352.00.000 m/s TNO 4
wind speed, 41.9 m, 320° MM6 MM6_HO041d9B320 Ws Q1 m Thies First Class Advanced 4.3352.00.000 m/s TNO 4
wind direction, 112.5m, 320° MM6 MM6_H112d5B320_Wd_Q1_m  Thies First Class 4.3150.00.400 ° TNO 4
wind direction, 77.4 m, 320° MM6 MM6_HO077d4B320_Wd_Q1_m  Thies First Class 4.3150.00.400 ° TNO 4
wind direction, 37.9m, 320° MM6 MM6_H037d9B320 Wd_Q1_m Thies First Class 4.3150.00.400 ° TNO 4
air temperature, 109 m MM6 MM6 H109 Temp Q1 m Vaisala RHT probe HMP155D °C TNO 4
relative humidity, 109 m MM6 MM6_H109_RH_Q1_m Vaisala RHT probe HMP155D % TNO 4
air pressure, 109 m MM6 MM6_H109 Pair Q1_m Vaisala digital barometer PTB210 hPa TNO 4
precipitation, 40 m MM6 MM6_HO040_Prec_ Q1 _m Thies precipitation sensor 5.4103.10.000 % TNO 4
precipitation, distro, 36 m MM6 MM6_HO36_Prec_Disdro_Q1_m  Thies LPM 5.4110.00.300 % TNO 4 *
wind speed, sonic u, 108.5m, 140° MM6 MM6 H108d5B140 S U Q5 m  Metek 3D ultrasonic anemometer m/s TNO 4 *
wind speed, sonic v, 108.5 m, 140° MM6 MM6_H108d5B140_S V_Q5_m  Metek 3D ultrasonic anemometer m/s TNO 4 *
wind speed, sonic w, 108.5m, 140° MM6 MM6 _H108d5B140 S W_Q5 m  Metek 3D ultrasonic anemometer m/s TNO 4 *
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Table B.3: List of equipment used per signal

Signal

short name

brand / type

Sensor

gain

offsett

cal. due date*

inst. date

Module

gain

cal. due date

MM6_H117d5_Ws_Q1_m Thies 4.3352.00.000 94025503 4.579e-2 2.375e-1 2024-06-21 2023-06-21 NI 9423 94011863  1.000  0.000 2026-12-11
MM6_H112d5B140_Ws_Q1_m Thies 4.3352.00.000 94025512 4.588e-2 2.243e-1 2024-06-21 2023-06-21 NI 9423 94011863  1.000  0.000 2026-12-11
MM6_H081d4B140_Ws_Q1_m Thies 4.3352.00.000 94025502 4.577e-2 2.330e-1 2024-06-21 2023-06-21 NI 9423 94011863  1.000  0.000 2026-12-11
MM6_H081d4B320_Ws Q1_m Thies 4.3352.00.000 94025517 4.579%e-2 2.350e-1 2024-06-21 2023-06-21 NI 9423 94011863  1.000  0.000 2026-12-11
MM6_H041d9B140_Ws_Q1_m Thies 4.3352.00.000 94025504  4.593e-2 2.172e-1 2024-06-21 2023-06-21 NI 9423 94011863  1.000  0.000 2026-12-11
MM6_H041d9B320_Ws_Q1_m Thies 4.3352.00.000 94025506 4.572e-2 2.376e-1 2024-06-21 2023-06-21 NI 9423 94011863  1.000  0.000 2026-12-11
MM6_H112d5B320_Wd_Q1_m Thies 4.3150.00.400 94012542 1.000e-1 2.528e+2 2024-06-21 2023-06-21 NI 9871 94012138  1.000  0.000 N/A
MM6_H077d4B320_Wd_Q1_m Thies 4.3150.00.400 94012052 1.000e-1 -1.510e+1 2024-06-21 2023-06-21 NI 9871 94012138  1.000  0.000 N/A
MM6_H037d9d9B320_Wd_Q1_m Thies 4.3150.00.400 94012461 1.000e-1 -3.162e+2 2024-06-21 2023-06-21 NI 9871 94012138  1.000  0.000 N/A
MM6_H109_Temp_Q1_m Vaisala HMP155 94012136 1.000e-2 0.000 2024-06-21 2023-06-21 NI 9871 94012165 1.000 0.000 N/A
MM6_H109 RH Q1 _m Vaisala HMP155 94012136 1.000e-2 0.000 2024-06-21 2023-06-21 NI 9871 94012165  1.000  0.000 N/A
MM6_H109_Pair_Q1_m Vaisala PTB210 94012651 1.000e-2 0.000 2024-06-21 2023-06-21 NI 9871 94012138  1.000  0.000 N/A
MM6_HO040_Prec_Q1_m Thies 5.4103.10.000 94012476 1.000 0.000 2024-06-21 2023-06-21 NI 9423 94011863  1.000  0.000 N/A
MM6_H036_Prec_Disdro_Q1_m Thies 5.4110.00.300 94012652 1.000e-3 0.000 2024-10-14 2019-10-14 NI 9871 94012164  1.000  0.000 N/A
MM6_H108d5B140_WsUS_Q1_m Metek 3D ultrasonic 94012039 1.000e-2 0.000 2023-11-28 2020-09-02 NI 9871 94012165  1.000  0.000 N/A
MM6_H108d5B140_WsVS_Q1_m Metek 3D ultrasonic 94012039 1.000e-2 0.000 2023-11-28 2020-09-02 NI 9871 94012165  1.000  0.000 N/A
MM6_H108d5B140_WsWS_Q1_m Metek 3D ultrasonic 94012039 1.000e-2 0.000 2023-11-28 2020-09-02 NI 9871 94012165  1.000  0.000 N/A

.I.
1

For wind vanes the offset is governed by the North alignment of the vane w.r.t. its mounting orientation. Hence it does not reflect the offset reported on the calibration certificate.

For cup anemometers and wind vanes the (annual) calibration due date is based on the installation date (not the wind tunnel calibration date). Note that the campaign end date exceeded the due date of the

sonic anemometer. The sensor is replaced on 27 February 2024.
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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

DEUTSCHE

WINDGUARD IECRE and MEASNET approved test laboratory

Page2/5
Sete

Calil ion Certificate / schein
issued by the calibration laboratory / erstelt durch das Kalibrierlaboratorium

Calibration object Cup Anemometer
Kalbrieregenston

. Galibration procedure 1EC 61400-12-1:2017
i <&, prrsshetla
Deutsche WindGuard Sa ((DAkks g
Wind Tunnel Services GmbH - ovvucre Place of calbration Wind tunnel 1 of Deutsche WindGuard Wind Tunnel Services GmbH, Varel
7 [ - e Roruns
Member of / Mitglied im Test conditions wind tunnel area 10000 cm?
A Vessedngungen
Deutschen Kalibrierdienst DKD DUT frontal area 230cm
dameter of mounting pioe 33,7 mm EN 10217
accredited to / akkreditiert nach Calibration mark blockage ratio ooz
DIN EN ISO/IEC 17025:2018 Kalibrierzeichen
software version P910
This calibration ~certificate documents the o
Object Cup Anemormeter cesly 10 o Amdrd, e s
e
the units of measurement sceording 1o the
Ambient conditions airtemperature 224 £04) - (228:£04)C
Manufacturer Thies Clima Intermationsl sytem o Unts 5) Amblent conditons e [ - )
Hersteller D-37083 Gottingen The DAKKS is signatory to the multilateral air pressure. (1015.4 £ 0.4) hPa - (1015.5 £ 0.4) hPa
agreamerts of the Europesn co-aperation for
Accreditation (EA) and of the International relative air humidity (34.7£6.0)%-(354£6.0) %
a v
Type 335200000 Laboratory Accrecitation Coogeratio ILAC)
the mutual recogiton of calbration cerifcates
Serial number 04201553 The presented results relate only to the t
Fabviat/Senen e calbaart objec. Th s s abiged o hava the Messunsicherheit multiplying the standard uncertainty by the coverage factor =2. It has been
Customer o biec recaibratedat approprate intervals, ined in accordance with EA-4/02 M: 2013. The value of the measurand
pv . Diesr Koltrierschen. dokumentert die uck- les within the assgned range of values with a probabilty o 95%,
2509 JE The Hague - The Netherlands .15 auf nationale Normate zur Dorstellung The reference flow speed measurement is traceable to the German NMI
e P der Eiheiten i berenstinmung it dem peed. I i realized
Setmiimer Internationaen Enhetensystem (5 by using a PTB owned and calirated Laser Doppler Anemometer (Expanded
Die DAKKS it Unterzeichner der muliaterlen uncertanty 0.2%,ke2)
ProjectNo. V220163 Ubereinkommen der Eurapean co.operation for
izt Accredtotion (€4) und der  nterational
Loboratory Accreditation Cooperation (ILAC) zur Certificate 1D SNCUAGAWWQUSZRXbZPD
:“l‘"lmhf’ ?‘ Ppages 5 gegenseitigen Anerkennung der Kalibrierscheine. Zertifikat 1D
neahlder seiten Die dargesteliten Ergebnisse beziehen sich nur
Dateof Calbration  13.04.2022 auf den kalbrirten Gegenstond, Fur de
O e tolrins Eitaltung eier angemessenen Frist ur
Wiederhotung der Kabrerung 5 der Gentzer b
verantwortlich. Zusatzliche Anmerkungen
This calfration certficate may not be eproduced other than i fll except with the permisson ofthe issuing aborstory Revision o
e
Dieser Kaibrirschen dof nar vltindig und umverndert Ausaige ader
Genenmigung des aussellenden Kolbreiaborotoiums. Kalbriersheine ome Unterscht haben keine Gultighert Dieser
Kalbrirscheln wurde lektroischezeugt
o [y y—r— [y
o b e TSy ot
13042022
Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE
WINDGUARD

Oldenburgerstr. 65, D-26316 Varel

(a) Cup anemometer 94025503, page 1/4 (b) Cup anemometer 94025503, page 2/4

Page3/s Paged/s
Sefte Seite
Calibration result Graphical representation of the result

Koltrerergesins Grafsche Dorstllng des Ergebnisses

Reference Combined Testtem Calibration No: 2211676; 04201553;

e 02
A veocty une ot Wi
s s v
To07 =) w B
6077 0050 127120 H 1
100 oot msm H . .
e oose 211725 g .. £
1o o067 553 I et Lo b 2
s oo wwrem 2 .. . . ]
1502 oo s H L H
e ooss 2051 H .
s oam B g s . 01
P o s
70m oot 1a159
son0 asso 105351 o 100 200 300 00
Test tem Output Hz
Celeuated output at 10 mis: 213,220 He
 Rieence seveociy + Residusts
statiticalanalysis  Siope m 004579 (m/5)/(He) £0.00006 (m/s)/(H2)

offset b 02375 m/s 20015 m/s

Standard error (Y) /RSD  0.0189 m/s

Correltion coeffcient A 0.999989

Remarks The caibrated sensor complies with the demanded
linearity of MEASNET
Deutsche WindGuard Wind Tunnel Services GmibH oruTSCHE Deutsche WindGuard Wind Tunnel Services GmbH orurscHe
WINDGUARD WINDGUARD

Oldenburgerstr. 65, D-26316 Varel Oldenburgerstr. 65, D-26316 Varel

(c) Cup anemometer 94025503, page 3/4 (d) Cup anemometer 94025503, 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

ook (( DAKKs
B

Calibration mark
Kolibrierzeichen

Object Cup Anemometer
Gegenstand

Manufacturer Thies Cl

Herstller 0-37083 Gattingen
Type 4:3352.00.000

L

se 04201568
Fabrikat/Seren e DEWS2724
Customer

Autroggeber

Order No. 3100334634
Auftrogsnummer

Project No. V1220221
progktnummer

Number of pages 5

Anzonl der eiten

Date of Calibration 21.08.2022

Dotum der Kabrerung

™0
2509 JE The Hague - The Netherlands

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

™ is signatory to the multiateral
nts of the European co-operation for
Accreditation (EA) and of the International

sboratory Accreditation Cooperation (ILAC) zur
‘gegenseitigen Anerkennung der Kallbrierscheine.
Die dargesteilten Ergebnisse beziehen sich nur
auf den kolibriesten Gegenstond. Fur die
Einhaltung ~ einer _angemessenen Frist  zur
Wiederholung der Kallbierung ist der Benutzer
verantwortlich.

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

Ausziige

ieser Kalbrerschein darf nur volstandi und u

Kalibrierschein wurde elektronisch erzeu

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

Date Frolgeacben durch / Approvol by
Dotum Head of the galleaton aboratory
21042022

Ferson ncharge
Beorbiter

Techniker Anre Krummen

(e) Cup anemometer 94025512, page 1/4

Page3/s
seie

Calibration result
Kallreergebrs

Reference Combined Testem
Arvelcty ne output
s s e
o 00i0 520
s 000 2ra20
2030 ooe1 0.3
10085 00a1 ey
1208 o0ss 257818
10087 o057 01769
16109 0085 347686
15076 0081 22570
1300 o053 s
1105 o0is 235188
s0m2 00u1 19222
so6 oo e
DEUTSCHE

Deutsche WindGuard Wind Tunnel Services GmbH

Oldenburgerstr. 65, D-26316 Varel

WINDGUARD

(g) Cup anemometer 94025512, page 3/4

) TNO Public

Page2/5
Seite

) Appendix B

Calibration object
Kalbriergegenstond
Calibration procedure

Kalbrierverfohren

Place of calibration
ot der alrierung

Test conditions
Messbedingungen

Ambient conditions
Umgebungsbedingungen

Cup Anemometer

IEC 61400-12-1:2017

Wind tunnel 2 of Deutsche WindGuard Wind Tunnel Services GmbH, Varel

wind tunnel area
DUT frontal area

diameter of mounting pipe:
blockage ratio !

Software version

10000 cm*
230em?
33.7 mm EN 10217
002301
910

air temperature:
air pressure

relative air humidity

(215204)°C-(218+0.4) °C
(10161 £0.4) hPa - (1016.1 £0.4) hPa

(320£6.0)%-(32226.0)%

Wessonscherhel

multiplying the standard uncertainty by the coverage factor k=

by

Ithas been

determined in accordance with EA-4/02 M: 2013. 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

speed. Itis realized

by using a PTB owned and calibrated Laser Doppler Anemometer (Expanded

uncertainty 0.2 %, k=2)

Certificate ID
Zerhor D

NAFISphSBWLEIGVASYEBS EEE

Zusatalche Anmerkongen

Revision 0
Revison.

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

(f) Cup anemometer

Paged /5
St

DEUTSCHE

WINDGUARD

94025512, page 2/4

Graphical representation of the result
Grafsche Dorstllng des Exgebnsses

Calibration No: 2221388; 04201568; DEWS2724

20 fan: 2
o
o 15 . 04
£ 5
z . ’ 2
H L0 £
T TN Tt * o 8§
H EE . H
H . : &
H .
2
o
o 0 300

Calculatec output a 10 m's: 213,050 He.

200
Testitem Output/Hz

Reference Alrvelocly  + Residuale

Statistical analysis  Slope m

0.04588 (m/s)/(Hz) £0.00010 (m/s)/(Hz)

Offset b 0.2243 m/s £0.022 m/s
Standard error (Y) /RSO 0.0285 /s,
Correlation coefficient R 0.999976

Remarks The calibrated sensor complies with the demanded

linearity of MEASNET

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

DEUTSCHE

WINDGUARD

(h) Cup anemometer 94025512, 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

‘2 (( DAKKS
: B

Calibration mark
Kolibrierzeichen

Object Cup Anemometer
Gegenstand

Manufacturer Thies Cl

Herstller 0-37083 Gattingen

Type 4:3352.00.000

L

se 04201552

Fabrikat/Seren e

Customer ™o

Auftraggeber 2509 JE The Hague - The Netherlands.

er No. Email 2022-06-24, Danzl
Aufrogsnummer

Project No. V220621

Projekinummer

jumber of pages s
Ansonl e Seiten

Date of Calibration 06.07.2022
Dotum de Kabrerung

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

™ is signatory to the multiateral
nts of the European co-operation for
Accreditation (EA) and of the International

sboratory Accreditation Cooperation (ILAC) zur
‘gegenseitigen Anerkennung der Kallbrierscheine.
Die dargesteilten Ergebnisse beziehen sich nur
auf den kolibriesten Gegenstond. Fur die
Einhaltung ~ einer _angemessenen Frist  zur
Wiederholung der Kallbierung ist der Benutzer
verantwortlich.

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

Ausziige

ieser Kalbrerschein darf nur volstandi und u

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

Kalibrierschein wurde elektronisch erzeu

Date Frolgeacben durch / Approvol by
Dotum Head of the galleaton aboratory
06.07.2022

Ferson ncharge
Beorbiter

S it

Techniker Robert iede!

(i) Cup anemometer 94025502, page 1/4

Page3/s
seie

Calibration result
Kallreergebrs

Reference Combined Testem
Arvelcty ne output
s s e
2506 00i0 7971
o o0u1 w123
8007 ooe1 e
1003 00a1 24790
12089 o0ss 2sa617
14075 o057 02032
16050 0066 346755
15089 0081 20015
1309 oosa 280166
e o0s6 236389
035 00u1 192629
co7s oou1 709
DEUTSCHE

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

WINDGUARD

(k) Cup anemometer 94025502, page 3/4

) Appendix B

Page2/5
Seite

Calibration object Cup Anemometer
Kalbriergegenstond

Calibration procedure IEC 61400-12-1:2017

Kalbrierverfohren

Place of calibration Wind tunnel 2 of Deutsche WindGuard Wind Tunnel Services GmbH, Varel
ng

ot der valieru

Test conditions wind tunnel area 10000 cm*
Messbedingungen
DUT frontal area 230em?

diameter of mounting pipe: 337 mm EN 10217

blockage ratio ! 00231

Software version P_9.1.0_CAN_NI

Ambient conditions air temperature (2090.4)°C~(252£0.4) C
Umpebungsoedingungen

air pressure (1022.9.£0.4) hPa — (10231 £ 0.4) hPa

relative air humidity (3974 6.0)%-(40226.0) %

by
Messursicherhel multiplying the standard uncertainty by the coverage factor ¥=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 probabity of 95%.

The reference flow speed measurement s traceable to the German NMI
speed. Itis realized
by using a PTB owned and calibrated Laser Doppler Anemometer (Expanded
uncertainty 0.2 %, k=2)

Certificate ID CturatNTW8dovNPFYPT37x EgE
Zertfikat 0. @

Additional remarks Calibration before refurbishment

Zusatalche Anmerkongen

Revision 0
Revison.

DEUTSCHE

WINDGUARD

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

(j) Cup anemometer 94025502, page 2/4

Paged /5
St

Graphical representation of the result
Grafsche Dorstllng des Exgebnsses

Calibration No: 2222333; 04201552;

20 s 2
s
. s . 01
3 :
z . 2
H . L . £
R SRR %% I SHE S ]
H L £
£ .
H
o
G 3 ED

200
Testitem Output/Hz
Calculatsc output a 10 m's: 213,780 He.

= Reference Alrvelocty  + Residuals

Statistical analysis  Slope m 0.04569 (m/)/(Hz) £0.00007 (m/s)/(Hz)

Offsetb 0.2331 m/s £0.016 m/s
Standard error (Y) /RSO 0.0202m/s,
Correlation coefficient R 0.999988

Remarks The calibrated sensor complies with the demanded

linearity of MEASNET

DEUTSCHE

WINDGUARD

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

() Cup anemometer 94025502, page 4/4
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DEUTSCHE

WINDGUARD

Calibration Certificate / Kalibrierschein

issued by the calibration laboratory / erstellt durch das Kalibrierlaboratorium

IECRE and MEASNET approved test laboratory

Deutsche WindGuard =2
Wind Tunnel Services GmbH % ( DAKLS |

Narsaersgsatele

Member of / Mitglied im

Deutschen Kalibrierdienst DKD

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

This calibration certficate  documents  the

i Cup Anemometer raceabiity 10 minal stndards, wheh reaite
e uns o measyement sceorang o the
Manufacturer Thie i Ineratons! Sy f i 1)
e e ngen The NGRS sgmtany fo the mullateral
reements of the European co-opraton or
. Recredaton (€A) and f the micmatona
w 4335200000 Laboratory Accrditation Cooperation (LAC)for
e e rcogniion o coliyauon cerficte.
se oaao1sss The resemed resus solate. oy o the
Fabrikot/Serien-1r. calibrated object. The user is obliged to have the
e et recabratedat spproprate el

- 2509 JE The Hague - The Netherlands rur uf nationale Normale zur Darstellung
e npeten in” Oherenstimng . dem

OrderNo. 3100334634 Internationalen Einheitensystern 51
ftragsnds Die DAKKS ist Unterzeichner der multilateralen
Project No. vizoz1 Ubereinkommen der Furopean co-operation for

Projekinummer Accreditation (EA) und der _Intemational
sboratory Accreditation Cooperation (ILAC) zur
‘gegenseitigen Anerkennung der Kallbrierscheine.
Die dargesteilten Ergebnisse beziehen sich nur
Dete of Calibration 21082022 auf den kolibriesten Gegenstond. Fur die
Dotum de Kabrerung Einhaltung ~ einer _angemessenen Frist  zur
Wiederholung der Kallbierung ist der Benutzer

verantwortlich.

jumber of pages s
Ansonl e Seiten

This calibration certfcate may ot be reproduced 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 erzeugt.

Date Frolgeacben durch / Approvol by Ferson ncharge
Dotum Head of the galleaton aboratory Beorbiter
21042022

Techniker Anre Krummen

(m) Cup anemometer 94025517, page 1/4

Page3/s
seie

Calibration result
Kallreergebrs

Reference Combined Testem
Arvelcty ne output
s s e
298 00i0 BE
s 000 27201
sor oo o
0070 00a1 e
12010 o0ss 2508
10115 o057 2
16062 0085 ss6401
15075 0081 0077
13090 o053 20029
11080 o0is 235957
2083 00i0 192270
somr oo ey
Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE

WINDGUARD

Oldenburgerstr. 65, D-26316 Varel

(0) Cup anemometer 94025517, page 3/4

) Appendix B

Page2/5
Seite

Calibration object Cup Anemometer
Kalbriergegenstond

Calibration procedure IEC 61400-12-1:2017

Kalbrierverfohren

Place of calibration Wind tunnel 2 of Deutsche WindGuard Wind Tunnel Services GmbH, Varel
ng

ot der valieru

Test conditions wind tunnel area 10000 cm®
Messbedngungen
DUT frontal area 230emt
diameter of mounting pipe 3.7 mm EN 10217
blockage ratio ! 00231
software version 910

Ambient conditions air temperature (214£0.4)°C-(21.7£0.4) °C
Umgebungsbedingungen
air pressure (1016.1£0.4) hPa — (1016.2 £ 0.4) hPa

relative air humidity (320£6.0)%-(32326.0)%

by
Wessonscherhel

multiplying the standard uncertainty by the coverage factor ¥=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 probabity of 95%.

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

by using a PTB owned and calibrated Laser Doppler Anemometer (Expanded

uncertainty 0.2 %, k=2)

Certificate ID HVLtktpuun|MIRME2ngxWt
Zerhor D

Zusatalche Anmerkongen
Revision 0
Revison.
Deutsche WindGuard Wind Tunnel Services GmbH DeuTSCHE

WINDGUARD

Oldenburgerstr. 65, D-26316 Varel

(n) Cup anemometer 94025517, page 2/4

Paged /5
St

Graphical representation of the result
Grafsche Dorstllng des Exgebnsses

Calibration No: 2221387; 04201564;

Windouans

Reference Air velocity I mis
Residuals /mis

0 100 200 300
Testitem Output/Hz
Calculatsc output a 10 m's: 213,250 He.

= Reference Alrvelocty  + Residuals

Statistical analysis  Slope m 0.04579 (m/s)/(He) £0.00006 (m/s)/(Hz)

Offset b 0.2350 m/s £0.014 m/s
Standard error (Y) /RSD  0.0178 m/s,
Correlation coefficient A 0.999991

Remarks The calibrated sensor complies with the demanded

linearity of MEASNET

DEUTSCHE

WINDGUARD

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

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

WINDGUARD IECRE and MEASNET approved test laboratory

Calibration Certificate / Kalibrierschein

Page2/5
Seite

Calibration object Cup Anemometer
issued by the calibration laboratory / erstellt durch das Kalibrierlaboratorium Kaltriergegenstond
Calibration procedure IEC 61400-12-1:2017

Kalbrierverfohren

Deutsche WindGuard =2 (DA

Wind Tunnel Services GmbH = Dasche Place of calibration Wind tunnel 1 of Deutsche WindGuard Wind Tunnel Services GmbH, Varel
> A e oot
Member of / Mitglied im Test conditions wind tunnel area 10000 e
. eseamangn
Deutschen Kalibrierdienst DKD DUT frontal area 230em?
dameter of mountingpipe 33.7 mm EN 10217
accredited to / akkreditert nach Calibration mark bockage raio s
DIN EN ISO/IEC 17025:2018 Kalibrierzeichen
software version P10
. This calibration certificate documents the B
s Cup Anemometer raceabity to ntionl standards, which relce
the unts of measurement according o the
i 228104 "C-(23.2£04)
Manufacturer Thies clima Internatona System of Uns (). Ambient onditons ar temperature (@28500)°c- (32204 °C
Hersteller D-37083 Géttingen The DAKKS is signatory to the multilateral air pressure. (1015.8 £ 0.4) hPa - (1015.8 £ 0.4) hPa
reements of the Euopean cooperaion for
Tvpe 335200000 hecredtaton (EA) and of the nternaonal relstiveairhumidity (347460 %- (3531 60)%
Y Laboratey Accreditation Cooperation (LAC)for
the mutul recogniton of clbraton cericats, )
ser oaz01560 The presened. resuts relae only 1o the en oy
Fabrikot/senen . calibeated object, The user s bliged t have the Messunsicherhet multiplying the standard uncertainty by the coverage factor k=2. It has been
e abiectrecatraed o pproprat mtenals determined n accordance with EA-4/02 M: 2013. The value of the measurand
b TN e Hagoe.-The Netherangs D" Kolbrirchen dokumentert die Aick les withinthe assgned range ofvalues with a probablty of S5%
8! fiibrung auf nationale Normale zur Darstellung The reference flow speed measurement is traceable to the German NMI
N 00335110 der Einheten in dbereistimmung. it dem e N e
Arogsnamer Internationalen Einheitensystem (5. by using a PTB owned and calibrated Laser Doppler Anemometer (Expanded
Die OAKKS i Unterzeicher der ruliatraien 0y
i VT220163 Ubereinkommen der European co-operation for
o Accrdtaton (E4) und der Itermational
boratory Accreditation Cooperation LAC) 2ur Certfcate 1D Megrnuezeimiswessieze  EEEE
Numberof pages s gegensetigen Anerennung der albrirchene s
ineah der Seiten Die dargesteliten Ergebnisse beziehen sich nur =
osteof Calbration  13.04.2022 auf den kolbvieren Gegenstond. it die
fetebitriin Enholtung  einer angemessenen Fst zur
Widerholing der Kalbrirung ¢ der Benutzer ; "
verantwrtich S emenongen
Thi calration certifcate may nt be eproduced other than In ull except with the permison o th lsuing laboratory Revision 3
oy
Dieser Klbierschein darf nur vlstandiy und Ausalge ode
Genehmigung des ousstelenden Kllieiaboratorums. Kllirschine ohne Unirscht habén keine Gulighet. Deser
Kalbresehel worde slektronisehereugt
[reryy— rern o
Satm i rrepiasiied ot
13002022
Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE
WINDGUARD

Oldenburgerstr. 65, D-26316 Varel

(q) Cup anemometer 94025504, page 1/4 (r) Cup anemometer 94025504, page 2/4

vage3 /5 paged /s
Catbation resut Graphica epresentationofth resit
[— p— Catibration No: 2211679; 04201560;
20 s 2
s s
6075 0051 127441 g 18] . 01
(I S0 SO E N . o 2
1475 0077 206753 H : . E
12875 0072 275452 ©
G 3 20 ED
Test e ouput Hz
Cotulaed cuputa 10mis: 21270 e
T e encenivocty + Rosauas
Statistical analysis Slope m 0.04593 (m/s)/(Hz) +0.00004 (m/s)/(Hz)

Offset b 0.2172 m/s £0.010 m/s.

Standard error (Y) / RSD 0.0123 m/s

Correlaton coefficient A 0999995

Remarks The calbrated sensorcomples with the demanded
ncarty of MEASNET
Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE
Oldenburgerstr. 65, D-26316 Varel WINDGUARD Oldenburgerstr. 65, 0-26316 Varel WINDGUARD

(s) Cup anemometer 94025504, page 3/4 (t) Cup anemometer 94025504, page 4/4

) TNO Public 50/62
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DEUTSCHE

WINDGUARD

Calibration Certificate / Kalibrierschein

issued by the calibration laboratory / erstellt durch das Kalibrierlaboratorium

Page2/5
Seite

IECRE and MEASNET approved test laboratory

Calibration object Cup Anemometer
Kalbriergegenstond

Calibration procedure IEC 61400-12-1:2017

Kalbrierverfohren

Deutsche WindGuard =2
Wind Tunnel Services GmbH e s srten

Wind tunnel 1 of Deutsche WindGuard Wind Tunnel Services GmbH, Varel

Test conditions wind tunnel area 10000 cm*

Member of / Mitglied im
Messbedngungen

Deutschen Kalibrierdienst

DUT frontal area

diameter of mounting pipe:

) TNO Public

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

Calibration mark
Kolibrierzeichen

Object Cup Anemometer
Gegenstand

Manufacturer Thies Cl

Herstller 0-37083 Gattingen

Type 4:3352.00.000

L

se 04201556

Fabrikat/Seren e DEWS2718

Customer ™0

Auiroggeber 2509 JE The Hague - The Netherlands
Order No. -

Auftrogsnummer

Project No. V1220707

progktnummer

Number of pages 5

Anzonl der eiten

Date of Calibration 07.09.2022

Dotum der Kabrerung

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

™ is signatory to the multiateral
nts of the European co-operation for
Accreditation (EA) and of the International

sboratory Accreditation Cooperation (ILAC) zur
‘gegenseitigen Anerkennung der Kallbrierscheine.
Die dargesteilten Ergebnisse beziehen sich nur
auf den kolibriesten Gegenstond. Fur die
Einhaltung ~ einer _angemessenen Frist  zur
Wiederholung der Kallbierung ist der Benutzer
verantwortlich.

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

Ausziige

ieser Kalbrerschein darf nur volstandi und u

Kalibrierschein wurde elektronisch erzeu

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

Date Frolgeacben durch / Approvol by Ferson ncharge
Dotum Head of the galleaton aboratory Beorbiter
07.09.2022

oip.

(u) Cup anemometer 94025506, page 1/4

Page3/s
seie

Calibration result
Kallreergebrs

Reference Combined Testem
Arvelcty ne output
s s e
925 0050 1186
6051 o051 27168
son oos1 ma
9937 0056 1m0
11805 0067 255278
18 oo 207216
15920 008 343165
178 008 20678
12855 oon w756
10503 0051 233099
856 o051 190625
ron o051 1803
DEUTSCHE

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

WINDGUARD

(w) Cup anemometer 94025506, page 3/4

blockage ratio !

)

230em?
33.7 mm EN 10217

002301

Software version P_9.1.0_CAN_NI

Ambient conditions air temperature (237+0.4)°C~ (240 0.4) °C
Umgebungsbedingungen
air pressure (1012.3 £0.4) hPa — (1012.4 £ 0.4) hPa

relative air humidity (4754 6.0)%-(48.426.0)%

by
Messursicherhel multiplying the standard uncertainty by the coverage factor ¥=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 probabity of 95%.

The reference flow speed measurement s traceable to the German NMI
speed. Itis realized
by using a PTB owned and calibrated Laser Doppler Anemometer (Expanded
uncertainty 0.2 %, k=2

Certifcate 1D J6QudlyCzKraTPGMt) EEE
o I

Zusatalche Anmerkongen

Revision 0
Revison.

DEUTSCHE

WINDGUARD

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

(v) Cup anemometer 94025506, page 2/4

Paged /5
St

Graphical representation of the result
Grafsche Dorstllng des Exgebnsses

Calibration No: 2213871; 04201556; DEWS2718

20 s 2
s
. s . 01
3 .
z . 2
] . . £
R - I . oz
H B C E
£ .
H
o
G 3 ED

200
Testitem Output/Hz
Calculatsd output a 10 m's: 213,550 He.

= Reference Alrvelocty  + Residuals

Statistical analysis  Slope m 0.04572 (m/s)/(He) £0.00005 (m/s)/(Hz)

Offset b 0.2376 m/s £0.011 m/s
Standard error (Y) /RS 0.0138 m/s,
Correlation coefficient R 0.999994

Remarks The calibrated sensor complies with the demanded

linearity of MEASNET

Deutsche WindGuard Wind Tunnel Services GmbH oeurscHE

Oldenburgerstr. 65, D-26316 Varel WINDGUARD

(x) Cup anemometer 94025506, page 4/4
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B.1.2 Wind

) TNO Public

vane

DEUTSCHE

WINDGUARD

IECRE and MEASNET approved test laboratory

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

Deutsche WindGuard S
Wind Tunnel Services GmbH =~ ( DAKKS

Member of / Mitglied im

Deutschen Kalibrierdienst DKD

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

This calibration _certiicate  documents

o Wind Vane raceabilty to national standards, which realize
the units of measurement according to. the

Manufacturer Thies Clima InterationalSystem of Units (5)

Herteer 037083 Gottingen e DAWS is signotory o the_multiteral
agreements of the European co-operation for

Type 4315000400 Accrediation (€A) and of the interational

i Laboratory Acereditation Cooperation (ILAC) for

the mutualrecognition of calibation certifiates.

serial number 04120058 The presented results relate only to the

Fabriat/Seren e calibrated object. The useris oblged to have the.
objectrecallbrated at appropriate ntervals

Custom ™o

i 250315 The Hague - Theetherands 0oL L iy
der Einheiten. in Ubercinstimmung it dem

der No. 3100333110 Interotionaten Einheitensyster

Aufuogsnumner Die terzeichner der multicteraien

Project No. V220163 Ubereinkommen der Eoropean co-operation for

Prosamomner Accreditotion (€A) und der Iternationol
Labaratory Accrediation Cocpero

Number of pages 6 gegenseitigen Anerkennung der Kalbierscheine.

ncoder efen Die dorgestelten Exgebrisse besichen sic

DateofCallbration  07.04.2022 auf den kalibrierten Gegenstand. Fur e

Datumder albrerung Ehatung _eier _angemessenen Frst _zur
Wiederholung der Kallbrerung st der Benutzer
verantwortich.

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

Dieser Kalbrierschein dorf nur volstandig und unverdndert weiterverbreitet werden. Auszlige oder Anderungen bedurfen der
Genehmigung des ausstellenden Kalbrielabaratoriums. Kalibrerscheine ohne Unterschrift haben keine Giltigkei. Dieser
Kalibrerschein wurde elektronisch erzeug.

T L~ T <z

Page3/6
Seie

Calibration result (1/3)
Kollrierergebnis (1/3)

Reterence Reterence Reterence Reference Combined Testitem Testitem
sirvelocty une Yowangle ne ne Dirction Desiaton
s s deg des. deg o e
788 00s so1 00 i a2 04
a7 o0e 1000 om0 1 s 0s0
788 006 1500 030 1 1838 03
i 004 2001 00 1 193 089
a8 00 501 om0 1 236 085
788 00¢ 3000 030 m 20 039
i 004 01 00 1 345 036
a8 00 2967 om0 1 3018 049
a8 00e s 0s0 1 s oa2
758 004 5000 030 1 960 010
88 00s sso1 om0 m a6 o
78 00e 5999 030 1 se66 on
789 006 a5 030 1 6465 03
89 004 000 00 1 e 03
78 00e 500 0s0 1 50 a0
789 006 000 030 m 7953 o7
i 004 8500 00 1 sias 052
a8 00e 000 00 1 040 0s0
788 006 9500 030 m 428 on
i 004 10000 00 1 Er om
a8 o0 10500 om0 1 0019 o1
788 006 11000 030 1 10920 030
78 004 11500 00 1 naz7 on
a8 00e 12000 om0 1 1929 on
788 004 12499 030 1 2432 088
788 004 12999 00 1 2939 os1
a8 00e 13500 om0 1 13048 052
249 00e 14000 080 1 13054 o0
758 004 11500 00 1 10455 oas
28 00s 15000 om0 m 10959 010
78 00: 15099 00 1 1546 035
Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE

WINDGUARD

Oldenburgerstr. 65, D-26316 Varel

(c) Wind vane 94012542, page 3/6

Poge2/6
St

) Appendix B

Calibration object
Kalbriergegenstond.

Calibration procedure
Kaltriererfohien

Place o calibration
Ot der Kolbrieung

Wind Vane

1EC 61400-12-1:2017

Wind tunnel 1 of Deutsche WindGuard Wind Tunnel Services GmbH, Varel

Test conditions wind tunnel area 10000 c®
esbedngungen

DUT frontal area 200em?

diameter of mounting pipe 337 mm

blockage ratio ! 0020

software version 910
Ambient conditions airtemperature (19.7£0.4)"C- (202£0.4) °C
Gmgebngsoednoungen

airpressure (676.6+0.4) hPa - (977.9:£ 0.4) hPa

relative air humidity (39.046.0)%-(39.7£6.0)%

assigned to the by

Messumsnrnet

‘Additional remarks
Zusatalche Anmerkongen

e 422, 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 probabity of 95%.

he 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 (Expanded
uncertainty 0.2 %, k=2)

North alignment via north mark

Revision 0
Revison,
Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE

Oldenburgerstr. 65, D-26316 Varel

WINDGUARD

(b) Wind vane 94012542, page 2/6

Paged /6
Soe

Calibration result (2/3)
Kalbrierergebnis (2/3)

Reterence Reference Reference Reference  Combined. Testem Testem
Aievelocty une Yawange ne une Orecton Deviation
s s deg o e deg des.
788 004 15999 om0 e 159565 03
288 oot 16490 os0 N 16062 o3
788 o004 16999 080 1 16953 046
788 o004 w500 om0 1 a7 052
288 oot 12000 030 N ez 08
788 o004 18500 080 m 18632 088
788 o004 13001 080 m 15929 on
288 oot 19500 om0 N 19028 on
288 oot 20000 080 1 19920 on
788 o004 0500 080 1 0834 056
788 oot 0908 om0 N 20039 050
288 o0t e 080 n 2086 053
788 o004 2000 080 1 n957 08
788 oot 99 080 1 2060 030
a8 oot 2000 030 1 2076 o
789 o004 23500 080 m Bes3 o1
788 o004 21000 om0 1 2986 ox
188 oot 200 os0 1 2em o1
788 o004 20998 080 m 2098 015
788 o004 25501 om0 1 2479 oz
a8 oot 25900 os0 N 2073 o2
788 o004 26499 080 m 20470 02
788 o004 00 om0 1 2963 03
288 oot s 030 N s o047
788 o004 7999 080 m 52 047
788 o004 2501 080 m 25049 052
288 oot 2001 080 N w009 052
288 oot 9500 080 wn 20054 o047
788 o004 0001 080 1 29957 04
788 o004 0500 om0 N 0465 03
788 oot 0999 080 i 30970 029

Deutsche WindGuard Wind Tunnel Services GmbH DevTSCHE

Oldenburgerstr. 65, D-26316 Varel

WINDGUARD

(d) Wind vane 94012542, page 4/6

52/62



) TNO Public ) TNO 2023 R12269

) TNO Public

Pages /6
seie

Calibration result (3/3)
Kollierergebs (33)

Reference Reference Reterence Reference Combined Testitem Testitem
Airvelocty une Yowangle une ne Direction Devistion
s s deg deg deg e s
758 00¢ 31500 030 [ 176 o
i 004 2001 00 1 108 o1
a8 00e 2500 om0 m 6 015
788 006 3000 030 m 2987 o1
i 004 01 00 1 36 016
a8 00¢ 001 om0 1 08 "
788 00¢ 501 030 1 30479 on
i 004 35001 00 m 207 02
27 00 501 om0 ey 35067 03

Graphical representation of the result

Grafische Darstelung des Ergebises

Calibration No: 2211573; 04120058;

360 fiyucs. 4
-
s s
L >
H - )
2 s H
%
0 BT
Staistialanalysis  Average ofset 045 deg
Deutsche WindGuard Wind Tunnel Services GbH orurscne
WINDGUARD

Oldenburgerstr. 65, D-26316 Varel

(e) Wind vane 94012542, page 5/6

) Appendix B

Poge6/6
St

Photo of the measurement setup
Foto s Messaufue

—

Remark

~End of document / Ende des Dokuments -

Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE

Oldenburgerstr. 65, D-26316 Varel WINDGUARD

(f) Wind vane 94012542, page 6/6
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DEUTSCHE Page2/6
WINDGUARD IECRE and MEASNET approved test laboratory
Calibration Certificate / Kalibrierschein

ekt \indane

issued by the calibration laboratory / erstellt durch das Kalibrierlaboratorium

Calibration procedure IEC 61400-12-1:2017
Kalbrierverfohren

Deutsche WindGuard =
iacags (( DAKKS
Wind Tunnel Services GmbH AN Deutche Place of calibration Wind tunnel 2 of Deutsche WindGuard Wind Tunnel Services GmbH, Varel
> A e oot
Member of / Mitglied im Test conditions wind tunnel area 10000 cm?
i it i
Deutschen Kalibrierdienst DKD DUT frontal area 200cm?
dameter of mountingpipe 337 mm
accredited to / akkreditiert nach Calibration mark blockage ratio 00201
DIN EN ISO/IEC 17025:2018 Kalibrierzeichen
software version P10
. This calibration certificate documents  the "
ot Wind Vane rscesbity 1 astioal sandads, whih resite
the unts of measurement according o the
i C-(2160.4)
Manufacturer Thies Clima Intermational System f Uns 5) s artemperature (15 2047C- (216 04)°C
Herstller 0-37083 Gattingen The DAKKS s signatory to. the muliatersl air pressure (976.9+0.4) hPa— (977.8 £ 0.4) hPa
agreements o the European cooperaton for
e 4315000400 hecredtaton (EA) and of the nternaonal relaiveairhumidity (352560 % (353260)%
Y Laboratory Accrediation Cooperation (LAC) for
the mutul recogniton of clbraton cericats, )
Serial number 08130089 The presented results relate only to the her by
Fabrikot/seien calibeated object, The user s bliged t have the Messunsicherhet multiplying the standard uncertainty by the coverage factor k=2. It has been
Customer o abjct recabrated at ppropriate menals determined n accordance with EA-4/02 M: 2013. The value of the measurand
hori T L The Hogue - The Netheriands DI Rolbreschein dokumenirt e ek les within the sssgned range o values with  probabilty o 95%,
8! fiibrung auf nationale Normale zur Darstellung The reference flow speed measurement is traceable to the German NMI
N Jio0s33108 der Einheten in dbereistimmung. it dem e
rogsnamer Interationalen Einheitensystem (5. by using a PTB owned and calibrated Laser Doppler Anemometer (Expanded
tragssummer Die DAKKS ist Unt cher de tilaterale
ie DAKKS ist Unterzeichner der multiteralen uncertainty 0.2 %, k=2)
Project No. VT220167 Gbereinkommen der European co-operation for
Featimimmr Accredtation (€4) und  der  nterational
Laboratory Accreditation Cooperation (ILAC) zur Certificate ID DhUKrdeRJjanEbm7ndrm EEE
bt asees ° egenseitigen Anerkennung der Kalbrerscheine. Zemhor i
ineah der Seiten Die dargesteliten Ergebnisse beziehen sich nur &=
osteof Callration  07.04.2022 auf den kaltrierten Gegenstand, Far e 5
fetebitriin ahalung eier angemesanen it zur
Widerholing der Kalbrirung ¢ der Benutzer ; "
verontiwortic Zusatzliche Anmerkungen North alignment via north mark
Ths calrtion certicate may not b reproduced ather than In fll except with the permission of the lsuing laboratory v o
Dieser Kalibrierschein darf nur volistandig und ur Ausziige oder fewsion
Genehmigung des ousstelenden Kllieiaboratorums. Kllirschine ohne Unirscht habén keine Gulighet. Deser
Kalbrirschen wirde elktroischerevgt,
oue [rEyy—r— rern o
Satm i rrepiasiied ot
oroazezs ﬂﬁ/,[\\ (e 94
Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE
Oldenburgersr. 65, 026316 Varel WINDGUARD

(g) Wind vane 94012052, page 1/6 (h) Wind vane 94012052, page 2/6

Page3/s Pages /s
o =
Calibration result (1/3) Calibration result (2/3)
Kaloneergemns 113 e B
Nowerce  teernce Mence  Mace Cmbosd Tetken  Testem Roewoce  eece Neewrce teernce  Combosd Tettam  Testham
Acvsocty Vo ange Orecton bevaton Aeveacy Vo snge orscton bevation

s s s s des s s s s des s s s s
o wor ) ) T P o5 sor aor P om0 m D) o
aon oo 1008 om0 1 s ast oo a0t 10055 om0 1 10075 o
st oo 100 os0 s 108 ose s oot 1009 om0 1 1nsn oss
sos 00 1097 om0 1 1546 oss a0 o0s e o0 1 e om0
a0s oo 2095 om0 1 2w am oo a0t o om0 1 uase 0
w0s oo 002 om0 e 000 oas sor oot o om0 1 155 on
w05 00 2457 om0 i 246 oun s0s o0s 1001 o0 ™ w53 ™
w00 oo 00 om0 1 03 axs a0 oo 1502 oso0 1 15451 ont
w0s oo 00 om0 1 wes ox sor oos 2002 om0 1 152 on
w05 00e s om0 1 o on s o0s 040 o0 1 e ™
55 00 sass as 1 sin on oo a0 wom om0 1 o om0
aos oo w00 om0 1 som o1 s oos 21005 om0 1 e 06
w4 om0 s o s a0s 2008 o0 210
55 0 o0 om0 1 o on a0e o0s 22436 o0 1 e on
a0s oo s om0 1 e on sor aor 2000 om0 1 nem oo
wos o os0 1 s oz aos oot 21 om0 1 22030 oo
55 0 w01 om0 1 s o sos aos 950 om0 1 2985 o
a0s oo w097 om0 1 s os2 oo oot s om0 1 2w o0
s oo ss06 os0 I suas oss aos oot ussn om0 1 s oo
505 00 5535 om0 1 s ™ 505 o0s 457 o0 1 07 om0
a0s oo 10501 om0 1 poy os0 oo oot m99 om0 1 s o
st oo 1007 os0 1 14 oss w0 oot 08 om0 1 20000 o
w05 00 e om0 1 110ss 057 a8 o0t 00 o0 1 w0 o
a0 oo wos om0 1 140 as0 sor a0t o os0 1 s o
w0 oo 10 om0 1 156 on s oot 9 om0 1 mn 06
™ 00 13008 om0 1 w0 on a0 o0 w47 o0 2 w0 om
w00 oo 1500 om0 1 1 oz oo a0t s om0 1 o 0
o oo 1 om0 1 10 o s oot 1500 om0 1 10m on
™ 00e 1495 om0 1 1an o1 s o0 0001 o0 1 one onr
a0 oo 15001 om0 1 wos ass oo aos w0502 o0 1 P o1
a0 oo 100 om0 1 1085 oxr s oot 0996 om0 1 005 on

Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE

Oldenburgerstr. 65, 026316 Varel WINDGUARD Oldenburgerstr. 65, 0-26316 Varel WINDGUARD

(i) Wind vane 94012052, page 3/6 (j) Wind vane 94012052, page 4/6
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Pages /6
seie

) Appendix B

Poge6/6
St

Calibration result (3/3)
Kallieergebnis (33)

Photo of the measurement setup
Foto s Messaufue

Gre20 " Cor Vo Z22TI%0 SN GBvIRD

Weeerce  teeence fele  Relrews  Combned  Tetien  Tesiem
Aoty Yowange Orecion deviation
e s o s ws aes o
wor oo e o fm e o
50 oot s1ss os0 1 s o0
505 oo 320 os0 1 s oo
s oo 32000 oso 12 2986 o
s oot 502 os 1 s o1
50 oo 1000 os0 1 om0 o
wos oo swase aso 1 wan o
s oo 001 os0 1 o o3
50 oo 3549 ox 1 06 o3
Graphiclrepresentation of the result
Jlstasor ptirris b
Calibration No: 2221199; 08130089; ~End of document / Ende des Dokuments -
360 g "
Wiiowrs
L 2
H 1 g
2 12 &
%
W im0 2 ETR—
Reference Yaw angle! deg
+ TestiamDiscton +
Statistical analysis Average offset -0.29 deg
Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE
Oldenburgersr. 65, 0-26316 Varel WINDGUARD Oldenburgersr. 65, 026316 Varel WINDGUARD

(k) Wind vane 94012052, page 5/6

() Wind vane 94012052, page 6/6
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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 Kalibrierzeichen
) s calbraon_cotficate_dorumentsthe
ot Wind Vane rscesbity 1 astioal sandads, whih resite

the units of measurement according to. the

pogacurer sl i et
oo satsooni oo onei
Fabrikot/Serien-1r. calibrated object. The user is obliged to have the
Somsr, T ot et s Tl oot o
‘e Hague - The Netherlands ng auf nationale Normale zur Darstellung
or No. 3100333195 Internationalen Einheitensystem (SI)

Aueogsnmmer Die DAKKS ist Unterzeichner der multilateralen
Project No. VT220167 Gbereinkommen der European co-operation for
iR ool o

jumber of pages 6
Ansonl e Seiten

Date of Calibration 07.08.2022
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

N~ o

(m) Wind vane 94012461, page 1/6

Page3/6
seie

Calibration result (1/3)
Kollieergebnis (1/3)

Reference Reference Reference Reference Combined Testitem Testtem
A velocty ne Yowangle ne ne Dirction Devistion
s s e deg deg e e
01 00¢ 00 030 [ 554 05
01 00¢ 1002 00 1 1049 04
01 00s 1095 0s0 1 1535 040
02 006 1998 030 1 2045 04
01 004 2158 00 1 2545 048
a0 00e 3002 om0 m s 0ss
502 006 502 030 m 356 061
302 004 3965 00 1 a3 089
a0 o0 s om0 12 asea o
502 006 a5 030 1 s067 on
a0 004 sso1 00 12 5579 o7
01 00e s999 om0 12 e om
801 004 08 030 e 550 on
01 004 005 00 1 w7 o7
01 00 501 om0 12 7570 om0
so1 00e 991 0s0 12 s0ss 05t
01 004 s 00 1 549 056
a0 00¢ 5004 om0 12 s0ss 051
802 00e 9506 030 12 9547 oa
01 006 10002 030 1 10047 044
01 00¢ 10501 00 12 10549 047
a0 00e 11000 0s0 12 11050 01
801 006 nso2 030 1 1554 053
a0 004 12000 00 12 1208 058
01 00e 12503 om0 1 256 01
s01 006 13005 030 1 071 0ss
01 004 1502 00 12 577 075
01 00 1992 om0 12 11089 on
502 006 1436 030 1 16580 08¢
01 004 11994 00 12 15079 08s
s 00 15095 om0 12 15579 o8t

Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE

WINDGUARD

Oldenburgerstr. 65, D-26316 Varel

(0) Wind vane 94012461, page 3/6

page2/6
Seite

) Appendix B

Calibration object
Kalbriergegenstond

Calibration procedure
Kalbrierverfohren

Place of calibration
ot der alrierung

Test conditions
Messbedingungen

Ambient conditions
Umgebungsbedingungen

Wind Vane

IEC 61400-12-1:2017

Wind tunnel 2 of Deutsche WindGuard Wind Tunnel Services GmbH, Varel

wind tunnel area 10000 c®
DUT frontal area 200em?

diameter of mounting pipe 3.7 mm

blockage ratio ! 00201

software version 910

air temperature. (21.6£0.4)°C- (217 20.4) °C

air pressure (67754 0.4) hPa~ (978.12 0.4) hPa

relative air humidity (35246.0)%-(35326.0)%

Wessonscherhel

Certificate ID
Zerhor D

by
multiplying the standard uncertainty by the coverage factor ¥=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 probabity of 95%.

The reference flow speed measurement s traceable to the German NMI

Itis realized
by using a PTB owned and calibrated Laser Doppler Anemometer (Expanded
uncertainty 0.2 %, k=2)

CavPxrwrRGXssad  EIERE

Zusatalche Anmerkongen

North alignment via north mark

Revision o
Reviion,
Deutsche WindGuard Wind Tunnel Services GmbH DeuTSCHE

Oldenburgerstr. 65, D-26316 Varel

WINDGUARD

(n) Wind vane 94012461, page 2/6

Paged /6
St

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

Reference Reference Reference Reference  Combined Testem Test e
Aevelodty ne vawange ne une Orecton Deviston
s s deg e e e deg
) 004 16000 050 1 16080 030
202 o004 16499 080 12 16572 on
s01 oot 1008 os0 1 o o
so1 004 1739 080 1 17556 067
502 o004 19006 om0 12 19086 039
202 oot 18505 os0 1 1562 0se
s01 o004 15000 080 112 19055 036
502 o004 19505 om0 12 19562 07
800 oot 2000 os0 1 2057 0s6
502 o004 20497 080 12 20555 038
801 o004 0959 om0 12 206 056
202 oot 2500 030 1 2570 o
so1 o004 2000 080 12 2075 o0
so1 o004 2501 080 12 2578 om
201 oot 2300 os0 1 208 o
502 oot 23196 080 1 2355 085
01 o004 952 080 12 wom os1
s01 oot 28 080 1 2579 oa1
502 oot 25000 080 12 208 o2
802 004 500 080 1 578 o7
201 oot 25000 om0 12 5073 om
s01 oot 28500 080 1 2570 080
502 004 27008 080 1 085 067
502 o004 6 om0 12 s 086
202 oot 23007 030 1 2x06 0s2
502 o004 28498 080 112 w562 o4
502 o004 2008 om0 12 208 065
202 oot 29500 os0 1 20573 080
802 o0t 30000 080 12 30070 om0
502 o004 20505 om0 12 w078 on
s oot 31008 os0 1 s om0

Deutsche WindGuard Wind Tunnel Services GmbH DevrSCHE

Oldenburgerstr. 65, D-26316 Varel

WINDGUARD

(p) Wind vane 94012461, page 4/6
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Poge6/6
St

Calibration result (3/3)
@)

Photo of the measurement setup

ftciiiady TR
Reference Reference Reference Reference Combined Testitem Test item e
Aoy e Yowangi Grecion Deiation
e s o v ws aes o
o oo e o T B o
s 0ot 2001 oo 12 056 o5
s oot 250 o0 2 355 oss
s oot ss000 o0 - 53055 st
s 0ot 500 oo 12 - oss
s oot s oso 12 s oss
sor oot sa055 o0 - s a7
s 0ot s oo 12 062 e
s oot 02 os w2 st 0
Graphiclrepresentation of the result
e e
Calibration No: 2221201; 02110032; - End of document / Ende des Dokuments -
300 o
-
L >
s H
H H
2 s H
%
B w 1m am as BT
Reference Yaw angle | deg
+ TesttomDiecton +
‘Statistical analysis Average offset 0.68 deg.
Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE Deutsche WindGuard Wind Tunnel Services GmbH DEUTSCHE
Oldenburgerst. 65, 026316 Varl WINDGUARD Oldenburgersr. 65, 0-26316 Vel WINDGUARD

(9) Wind vane 94012461, page 5/6

(r) Wind vane 94012461, page 6/6
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B.1.3 Relative humidity and temperature

vy,
N

y,

Certificate number

K008-G03619

) Appendix B

Page 3 (4)

VAISALA

TEMPERATURE CALIBRATION

VAISALA

Vaisala is ISO 9001 and ISO 14001 certfied company. T Pl Accrefiaion Swtie.

"
\

MEASUREMENT STANDARDS LABORATORY %, 7Z~N\\\8 e done inthe L ) of Vaisala Oy on dune 12
ACCREDITED CALIBRATION LABORATORY it K08 (EN ISOEC 17025) and 13,2023
vaues ofthe s44C
19546 °C in a imate chamber.
lowed tostabilze o e ttemperat
least 30 minutes
Temperature vaues were read v srilport with resolton of 001 °
Temperature > 1990, 17590
CERTIFICATE OF CALIBRATION no K008-G03619 "
Measuroment results
the reading val ofatleastten
Table 1. As found resuls temperatre, T
Customer ™o Reference | ReadngT | Corecton | Uncetany | Specficaton |  Conformty
[c] el el el el Statement
w435 440 005 007 025 Pass
B 700 a17 007 o1 AL
e R 021 o07 02 AL
Instrument Humidity and Temperature Probe The comection shall bs 29069 algebraicaly o e eading
Manufacturer Vaisala Oy Table 2 As et resuls temperatue, T
Reference | ReadngT | Covecion | Unceranly | Specfcaton | Conformity
Wodel HP1s5E 1) o) 1c) 1l 1'c) Statement
Sarial musber D 3435 3434 001 007 028 PASS
1 pont 000 007 o1 pass
nstrument number sao12136 4 L firs o o e
Catibration date From June 121013, 2023 The carecton shallbe added agebrarcaly o i readng
Calibration due date August 12, 2024 03
tesuo date June 13, 2023 0z . -
e o
Signature § .
Jamo Suutar R ————— -
Calitraion Engineer 3 . |
Page1(4)
02
Documents attached - o
o ® @ 0w m w6 m w
NoTES The instrument was adjusted during cabraton .

Conditions when received

Reported in Service Report

This Cartficate may only be reproduced i fll. sxcept wih the pr
carmed out .

‘an Accredited !
issued by the Laboratory are raceabie

by
1o natonsl o inermational messuremen standards Measurement Standards Laborstory of Vaisaa Oy s a calibration aboratory K008
sccre

ted by FINAS Fnnish Accrediatin Service, accrediation requirement ISO/IEC 17025. The accreditaton s incuded In the
& MRy of

Vet Oy, 7O B 26, 00421 Hetsirk, Fiors

it napiesk @uasdacom - www vasl.

(a) RHT 94012136, page 1/2

) TNO Public

Figure 1

Final results, temperature [ C |

(b) RHT 94012136, page 2/2
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B.1.4 Air pressure

Ny,
2

VAISALA oo

TN Fiwish Accrditaton Sevice
KIARE K008 (EN ISO/IEC 17025)

Vaisalais ISO 9001 and ISO 14001 certfied company.
MEASUREMENT STANDARDS LABORATORY
ACCREDITED CALIBRATION LABORATORY

CERTIFICATE OF CALIBRATION no K008-G03622

Customer ™0
Instrument Pressure Transmitier
Manufacturer Vaisala Oy

Wodel PTB210A

Serial number H1220002
Instrument number 94012651

Calibration date On June 13,2023

Calibration due date  August 13, 2024
Issue date June 13,2023
Signature 7 lhe
iikka Kotamaki
Technical Manager
Page 1(3)

Documents attached
NOTES Adjusted.

‘Conditions when received Reported in Service Report

T Certfcate may only be reproduced infull, except with the prior witien permission by the issuing Laboratory. The measurements
by anges and
are traceatie

estits 33060 by
to natonsi Measuroment
accredited by Service

B MLA) of

1SO/IEC 17025, nthe

Vit Oy, PO Box 26, 00421 Helsiok, Fisons
Teeghona + 3589 854 91 - Fax + 3688 8549 2227

omcle atas. ke - VAT 1344182 - Busness 10 01244162

(a) Air pressure sensor 94012651, page 1/2

) TNO Public

) Appendix B

VAISA LA Certificate number  K008-G03622 Page3(3)
FINAL RESULTS
‘The reference and the reading din tabl ften
it of the measured
Table 2. Final results
As found
Reference Calculated Correction Calculated Correction Uncertainty
[hPa] [hPa) [hPa)] [hPa) [hPa] [nPa]
110001 110001 000 110002 001 008
105001 1049.88 003 104999 002 008
100002 100001 001 100003 -001 008
95003 95000 003 95002 001 008
85004 85001 003 85004 000 008
75016 75013 003 75017 001 008
65029 65025 004 65030 001 008
55041 55035 005 55041 000 008
50045 50039 007 50045 001 009
‘The correction shall be added algebraically o the reading
030
o
010
| —— -
5 000 — s - —
H 1
g 010
° 020
030 -
40 S0 S50 60 60 700 750 800 850 900 950 1000 1050 1100 1150
Readng
| e Asfond —e—Asiet

Figure 1. Final results

(b) Air pressure sensor 94012651, page 2/2
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B.1.5 Sonic 3D

DEUTSCHE

WINDGUARD

Deutsche WindGuard
Wind Tunnel Services GmbH

IECRE and MEASNET approved test laboratory

accredited by the / akkreditiert durch die

D he Akkrediti le GmbH \f;: (oauis
as calibration laboratory in the / als Kalibrierlaboratorium im o 552‘[5:‘:.%51‘»3“

) Appendix B

Page2/6
Sete

Kalbrieraegenstond

Calibration procedure 1EC 61400-12-1:2017

Kalbrierverfohen
Wind WindGuard WindTunnel Services GmbH, Varel

ot der Kalrierung

Test conditions wind tunnel area 10000 cm*

Messbedingungen

rdienst DKD

Deutschen Kalibi

anemometer frontal area

diameter of mounting pipe:

370cm?

43.0mm EN 10217

Calibration certi
Kalibrierschein

Calibration mark
Kalibrierzeichen

Object 3D Sonic Anemometer
Gegenstand

Manufacturer METEK GmbH
Hersteer

025337 Elmshorn.

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

Type USONIC-3 BASIC Accreditation (EA) and
" Laboratory Aceecitaton Cooperation (ILAC) for
o " P the mutual recogition ofcalibration ceticates,
rial number The r is obliged ave the object
Fbruferen i DEM02203 reclbrated st appropriate e
Diesr Kalibrirschel dokumentiert die Rick-
Customer ™o fibrung auf nationale Normale zur Dorstelling
ufrsggeber 2509 JE The Hague - The Netherlands der Einheten in Usercinstimmung it dem
atonaten Enheiensystem
Order No. 11401 Die DAKKS st Unterzichner der mulilteralen
Auftragsnummer Ubereinkommen der European co-operation for
" accrediotion (€4) derInterationol
Project No. VT181106 e o onel

Projknummer

Number of pages s
o et

Date of Calibration 28.11.2018
Dotum der Kabrerung

Fur di Einhaltung einer angemessenen Frist zur
Wiederholung der Kallbrierung ist der Benutzer
verantwortich.

This callbration certfcate. may not be reproduced other than in full except with the permission of both the German
Accreditation Body and the issuing laboratory. Callration certificates without signature are not vali. This calioration

certfcate has been generated eectronicaly.

werden. Auszige oder.
Kollbrerscheine

oate Head of thecal ration aboratary
batum Lolegdes Kaorieraboratorims
28.11.2018

Dil Phys. Diter Westermann

. ﬂT;YMN

Person ncharee
Beorbeiter

S

(a) Sonic 3D 94012039, page 1/6

Page3/6
Sete

Calibration result
Kollrerergebns

neterence neterence Testiem Testiom Testiem
Arvloty une . v .
s s e s s
3500 o5 vy ey o
sor oos 12508 sise 1m0
so0s aos s steess 1
56 005 2 10731 2031
0w oos 2 101563 assm
1sm aos 16 10280 anser
130 oos o 134388 30300
10 0os ssu 1188 a0
120ms aos 15 — s
10sm1 aos asos s 10381
s 05 e s s
2008 a0s e e o
s aos 1085 soran a0
Deutsche WindGuard orurscHE
Wind Tunnel Services GmbH, Varel WINDGUARD

(c) Sonic 3D 94012039, page 3/6

) TNO Public

blockage ratio ! 00371

Software version 7807

Ambient conditions 205°C£01°C

Umgebungsbedingungen

air temperature:
air pressure 1020.2 hPa £ 0.3 hPa

relative air humidity 345%220%

by
B Ithas been
determined in accordance with DAKKS-DKD-3. The value of the measurand lies
within the assigned range of values with a probability of 95%.

Wessonscherhel

M
It realized
by using a PTB owned and calibrated Laser Doppler Anemometer (Standard
Uncertainty 0.2 %, £=2)

Additional remarks Orientation: 0°

Zusarache Anmerkongen

Deutsche WindGuard oeursche

Wind Tunnel Services GmbH, Varel WINDGUARD

(b) Sonic 3D 94012039, page 2/6

Paged /6
Seite

Photo of the measurement setup
Foto s Mestaufuase

281,201 _Cal.No. 1823950 SN O1060TAGE1  DEWOZI0S

Remark:

Deutsche WindGuard WIBA;EGUARD

Wind Tunnel Services GmbH, Varel

(d) Sonic 3D 94012039, page 4/6

60/62



) TNO Public ) TNO 2023 R12269

) TNO Public

Pages/6
Sele

Sensor contig during calibration (1/2)
Sensarkonfiguration wantend der Klieund (1/2)

@
R:AD=D

RAE=0

RLC=07.11.18 11:11:01
RMD=20

RiNo=
RNI=REPCALLOT1118
RN2=REPCALLO71118
RN3=REPCALLOT1118
RNO=31

Deutsche WindGuard DEUTSCHE
Wind Tunnel Services GmbH, Varel WINDGUARD

(e) Sonic 3D 94012039, page 5/6

) Appendix B

Pages /6

Sensor confi during caliration 2/2)
St e e s 73 1272)

Rar=so

Rsa0

RSF=20000

Rs0-0

Rsv=0

RTC2200

RTI=28.11.18 1027:24

RTR=4000

RIV=0

R¥R-6000

RzR-100

Roversion 5 51b created at 120217145515 selal n0. 0106074061

Deutsche WindGuard oeurscre
Wind Tunnel Services GmbH, Varel WINDGUARD

(f) Sonic 3D 94012039, page 6/6
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L] L] L]
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

(a) Thies cup 4.3352 classification report, page 10/11
62/62
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