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1 INTRODUCTION

GL Garrad Hassan Deutschland GmbH (*GH-D"”), a member of the DNV GL Group (*"DNV GL"), has been
assigned on 2018-05-11 by ZephlIR Ltd. ("ZephIR") to prepare an independent analysis and report of a
ZephIR LiDAR performance verification. In this analysis and report the ZephIR LiDAR with the serial
number ZP585 will be discussed. The verification measurements for this device were performed by ZephIR
Ltd. at their test site in Pershore, UK between 2018-04-13 and 2018-04-26.

The met tower was equipped with classical anemometry components (cup anemometers, wind vanes etc.)
serving as the verification reference for the LIiDAR wind speed and wind direction comparisons. Those
comparisons were performed in line with a Remote Sensing (RS) best practice verification approach as
developed within the EU-FP7-Projekt NORSEWIND [2] against corresponding Key Performance Indicators
(KPIs) and Acceptance Criteria (ACs; compare Appendix A).

In addition, a performance verification and uncertainty calculation is carried out in accordance with the
current edition of the reviewed IEC 61400-12-1 standard, Annex L [3].

DNV GL is accredited according to ISO 17025 for measurements on wind turbines and for wind resource
measurements and energy assessments. DNV GL is also a full member of the network of measurement
institutes in Europe ‘MEASNET’ and in the FGW (Férdergesellschaft Windenergie und anderer Erneuerbaren
Energien).

The work has been conducted in compliance with all relevant health and safety legislation. GL Garrad
Hassan Deutschland GmbH operates an Occupational Health and Safety Management System certified
according to the OHSAS 18001:2007.
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2 DESCRIPTION OF THE TEST SITE
2.1 The test site

The following description and figures of the Pershore test site, which is a disused air field, are taken from
a technical report by ZephlIR Ltd. [1]:

The terrain in the vicinity of the mast is flat and covered with sparse low growing vegetation. A freestanding
lattice tower of approximately 40 m in height exists on a bearing of 270° at 230m from the mast. A number
of hangars and outbuildings exist in sectors between 260° and 317° at distances between 300m and 700m
from the mast. These buildings are estimated not to exceed 14m in height. Approximately 500 m to the
North-East lies the small village of Throckmorton which consists of a few scattered farms and houses. 700
m to the South-West of the mast between 190° and 240° lies an area of spoil heaps and filtration pools
associated with a mining operation. On a wider scale the site is surrounded by flat arable land that is
devoid of any dense closed canopy forest. The larger conurbations of Pershore and Evesham lie at distances
of 5km and 9km to the South West and South East respectively.
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Figure 1: Map of the Pershore test site near Throckmorton, UK. The position of the reference
mast is marked by a red dot.

The site specifications given in the above description have been verified during a site visit by a DNV GL
expert on 2015-09-01, see [6]. Further details on the site are given in [1], a 360° photo round is shown
in Appendix B.
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2.2 Measuring equipment

In the following sections technical details and specifications of the measuring equipment are described.
This description covers the meteorological reference mast (met mast) including its sensors and data
acquisition system as well as the tested LiDAR.

The following items regarding the meteorological measurement systems have been verified during the
above mentioned site visit:

e Site suitability and exact positions of mast and LiDAR test stand

e Mast height, measurement levels and boom orientations

e Distribution and mounting of sensors at the mast

e Validity of MEASNET [5] calibrations of cups and correct application of calibration factors and
offsets

e Wind vane offset
e Data acquisition components, logger configuration

o Data storage and data provision

2.2.1 Meteorological mast: layout, sensors distribution and data
acquisition

The following description is taken from [1]:

The mast has been constructed to be fully compliant with the current edition of IEC 61400-12-1 [3] and
the terrain of the test site falls within requirements for testing without a site calibration. All cup
anemometers installed on the reference mast are class 1A instruments as defined by [3] and have
undergone individual rotor specific MEASNET [5] calibration at a MEASNET certified wind tunnel.

All boom and upright dimensions have been determined using the lattice porosity and mast dimensions
provided by the manufacturer and in compliance with [3] to operate within a maximum flow distortion of
0.5% at the wind measurement locations. The directional vane is installed with their North marking aligned
along the booms towards the mast. The boom orientation is compensated for in the data logger.

The main mast installation documents (as presented in [1]) are included for reference in Appendix B and
the instrument calibration certificates are included in Appendix E. Those calibrations belong to the most
recently changed anemometers, hence being valid for the wind speed sensors of the met tower during this
verification campaign.

The met mast is a guyed 90.5 m triangular lattice tower with a face width of 0.7 m. The MEASNET calibrated
[5] cup anemometers (cups) of type Thies Frist Class Advanced (TFCA) are mounted on booms aside the
mast at heights of 20.5 m, 45.5 m and 70.5 m and in a top mounting position at 91.5 m A.G.L., see Figure
2. Those mounting arrangements are consistent with the IEC [3] and IEA [4] recommendations for the
use of cup anemometry at masts.
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Figure 2: Schematic of the sensor level and boom distribution at the 90.5 m mast, as taken
from [1].

Table 1 shows the technical specifications of the mast. Table 2 lists the different sensors and serial numbers.
Respective calibration certificates for each sensor are given in Appendix E. The photo in the right box of
Figure 2 shows mast anemometry levels between 20.5 and 91.5 m AGL.
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The position of the test stand (LiDAR / met mast) in terms of the WGS84 standard is:

Label  Height
(m)
A 915
915

m

a8

a8
705
705
455
455
435
435
205
205

=EmRe-—-—ITOmTMMmMmBD O

=

Lat

Lon

Orientation — Mast to
Instrument (°)

300
120

300

120
300
120
300
120
300
120
300
120

N 52° 08' 35"
W 002° 02' 14"
Instrument Type

Cup Anemometer
Cup Anemometer

3D Sonic Anemometer (Wind
direction & speed reported)

Temperature [ Humidity
Cup Anemometer
Cup Anemometer
Cup Anemometer
Cup Anemometer

Direction Vane

Temperature [ Humidity
Cup Anemometer
Cup Anemometer

Pressure
Data Logger

Instrument Model

Thies First Class Advanced
Thies First Class Advanced

Thies Clima 3D Sonic
Anemometer

Campbell Scientific C5215
Thies First Class Advanced
Thies First Class Advanced
Thies First Class Advanced
Thies First Class Advanced
Vector W200P

Campbell Scientific C5215
Thies First Class Advanced
Thies First Class Advanced
Campbell Scientific CS100
Campbell Scientific CR 1000

Cup to Boom Centre Instrument to Mast
Height (mm) Centre Length (mm)
1520 1025
1500 1025
920 3700
960 3700
915 3700
955 3700
1160 3700
920 3700
960 3700
930 3700

Table 1: List of meteorological sensors and individual anemometers installed at the mast

during verification campaign, as of Appendix B.

Label A B E = (] H K
Channel WS 2R W5S_1M WS_4R Wws_3v WS5_BR WS_EV WS_8R Ws_7v
Thies First Thies First Thies First Thies First Thies First Thies First Thies First Thies First
Model Class Class Class Class Class Class Class Class
Advanced Advanced Advanced Advanced Advanced Advanced Advanced Advanced
SIN 09164177 10164580 10164581 07162397 07162398 10164582 10164583 07162399
Height 915 915 705 705 455 455 205 205
e (;}M“t o 300 120 300 120 300 120 300 120
Calli;)arz;ion 17/08/2016 22{11/2016 22/11/2016 10/10/2017 10/10/2017 22/11/2016 22/11/2016 101072017
Lole Slope 0.04596 0.04589 0.04610 0.04612 0.04609 0.04592 0.04601 0.04609
Offset 0.2519 0.2519 0.2530 02278 0.2392 0.2872 0.2802 0.2273
Applied Slope 0.04596 0.04589 0.04610 0.04612 0.04609 0.04592 0.04601 0.04609
Offset 0.2519 0.2519 0.2530 0.2278 0.2392 02872 0.2802 0.2273

Table 2: List of calibration factors for cup anemometers. The valid calibration certificates are
attached to this report in Appendix E.
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2.2.2The ZephIR LiDAR

The LiDAR under test is a ZephlR of type Z 300 Doppler Wind LiDAR, employing a CW laser (continuous
wave laser) that has specifically been designed to measure wind speeds at heights in the boundary layer
of the atmosphere. The serial number of this individual device is ZP585. During the measurement campaign
the LiDAR system was configured to record wind speed measurements at 9 different levels between 11
and 121 m. The actual LiDAR measurement heights were 11, 21, 39, 45, 70, 88, 91, 106 and 121 m above
ground. The four heights at 21, 45, 70 and 91 m were used for the comparison to the cup/mast reference
measurements.

Figure 3 shows an array of ZephlIR LiDARs under test being typically located to the East of the base of the
met mast, and Table 3 lists wind speed and wind direction measurement and comparison levels as given
and selected for the performance verification.

Figure 3: Typical setup of ZephlIR LiDARs next to the reference mast at Pershore.

Device Measurement Levels [m]
2300 11 21 38 45 70 88 91 106 121
Mast/WS-Cup 20.5 45.5 70.5 91.5
Mast/WD-
Vane/3D Sonic D H

Table 3: Height settings of Z300 LiDAR and reference mast. Levels for wind speed and wind
direction comparisons are highlighted in bold letters.
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3 LIDAR PERFORMANCE VERIFICATION (LPV) APPROACH

3.1 Common test conditions and data filtering

In the process of the LPV trial the following test conditions and filters are applied

e All comparisons are based on 10-minute average wind values returned from wind vanes/3D
Ultrasonic anemometer and MEASNET calibrated cup anemometers installed on the reference mast
(primary reference) and concurrent wind direction and wind speed data from the LiDAR under test.

e All data collected during periods of possible icing at cup anemometers, i.e. with temperatures
below 0.2 °C near mast top height are excluded.

e All other reported data (particularly wind speed) within undisturbed free-stream wind direction
sector relative to the reference mast as well to the LiDAR are used in the comparison analysis.

e For the validation of LiDAR wind speeds against the mast the wind speeds from TFCA cup
anemometers at 20 m, 45 m, 70 m and 91 m are used. The LiDAR data are selected according to
the sector screening of the cup data prior to comparison, see following section.

e No LiDAR specific quality filters are applied to the measured LiDAR data prior to the analysis
conducted.

3.2 Sector filtering

The orientation of cup carrying booms at the mast is to the North West at one side and to the South East
on the other side. Hence, wind speed data need to be screened at wind directions between 85° and 155°
for cups on the Northwest side of the mast and between 265° and 335° for cups on the Southeast side of
the mast. This sector screening of 70° per boom directions accounts for downwind mast wake effects on
the boom mounted instruments, see sector sketch in Figure 4.

If cup data from both boom directions is available (i.e. for wind directions out of the remaining two sectors),
the wind speed average of the two oppositely mounted instruments is used as reference for the comparison
with the LiDAR wind speeds. In this case data are further screened for the wind speed difference between
both cups to exceed 0.3 m/s. Within the two disturbance sectors wind speed data from a single cup, i.e.
from the one mounted on the upwind directed boom is considered valid, only.

Cup data at the 91.5 m and 70.5 m levels are screened against wind direction data from ultrasonic
anemometer at 88.0 m. Instruments at the 45.5 m and 20.5 m are screened against wind direction data
from a vane at 43.5 m.

For the validation of ZephIR wind speeds against the mast, only wind speeds from the cup anemometers
are used as reference.

No LiDAR specific filters were applied to the measured LiDAR data prior to the analysis conducted.
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Figure 4: Wind direction sectors used to select undisturbed wind speed data from oppositely
arranged cup carrying booms for comparison.

3.3 Data coverage requirements for accuracy assessment

The following data coverage definitions are prescribed for the LPV:
e The overall minimum number of 10-minute data points after filtering (according to sections 3.1
and 3.2) for the WS ranges [all > 3 m/s] and [4 to 16 m/s] should not be lower than 600.

e At least 200 10-minute data points should to be in the WS range between 4 and 8 m/s and 200
data points between 8 and 12 m/s.

Those data coverage requirements are regarded as achievable for a typical test period of 4 weeks.

3.4 LPV evaluation

The performance of the LIDAR under test is evaluated for its system and data availability as well as for its
wind data accuracy, based on a number of Key Performance Indicators (KPI) and according Acceptance
Criteria (AC).

The evaluation approach in terms of the applicable KPIs and according ACs is outlined in Appendix A, where
KPIs and ACs for system and data availability are listed in Table 14 those for wind data quality in Table 15.

The performance assessment of the given KPIs and respective Acceptance Criteria regarding Availability
and Accuracy is executed at each reference level present, in this case at each of the four (4) met tower’s
1st Class reference anemometry levels which are 20.5 m, 45.5 m, 70.5 m and 91.5 m a.g.l.
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4 RESULTS

For the treated LiDAR Performance Verification (LPV) campaign data were provided for the period 2018-
04-13 until 2018-04-26. So the campaign was completed after 13 days. The verification trial covered wind
speed ranges of 3 to 16.95 m/s at the upper level (91 m) and 3 to 12.12 m/s at the lower level (21 m).
The data coverage per wind speed range, as defined in section 3.3, can be seen in Table 4.

WS-range 91 70 45 21

All >= 3 m/s 1549 1513 1467 1350
4 -8m/s 751 806 898 948
8-12m/s 560 454 334 175
4 -16 m/s 1412 1350 1294 1175

Table 4: Number of 10 minute data points after filtering used for WS comparison at each of
the four (4) levels.

The completeness requirements as of section 3.3 are fulfilled for almost all WS ranges, with limitation at
the lowest comparison level (20 m) for WS range between 8 and 12 m/s.

4.1 System availability

The system availability as applied to the LiDAR device is defined by a percentage of the maximum possible
number of ten-minute periods within campaign duration of 13 days, which represents 1872 concurrent
data points. As 1872 LiDAR ten-minute data entries were present (regardless of the data validity), the
LiDAR device achieved a system availability of 100 % see Table 5.

v The Acceptance Criterion for System Availability (KPI SAca) to be =95 % is successfully met at all
height.

Max. # of 10-min points in period 1872 1872 1872 1872
After accounting power outages 1872 1872 1872 1872
Data present 1872 1872 1872 1872
System availabiltiy (KPI SAcx) 100.0% 100.0% 100.0% 100.0%
Total # of 10-minute valid data 1818 1835 1848 1854
Data availabiltiy (KPI DAcx) 97.1% 98.0% 98.7% 99.0%
# after external filtering 1549 1513 1467 1350
Data availabiltiy for comparison 82.7% 80.8% 78.4% 72.1%

Table 5: Summary of system and data availabilities
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4.2 Data availability

Table 5 summarizes the period of overlap between met-mast and LiDAR system during the measurement
campaign with the system availability of 100% as stated in the previous section. It shows a data availability
for the treated comparison measurement levels between 20 and 91 m A.G.L. - regardless of the relevance
for wind data comparisons - between 97.12% and 99.04% relative to the net campaign maximum possible
number of ten-minute periods.

v The Acceptance Criterion for Data Availability (KPI DAca) to be 290 % is successfully met for all
measurement levels.

Data for individual heights were treated as available when they show a numeric value in contrast to a
value being flagged as NaN (not a number). The difference in number of available data between the rows
“system” and “data availability” Table 5 reflect the reduction of valid data according to internal system
filtering.

This can be seen in Figure 5 showing the LiDAR system availability and in particular the data recovery rate
at each of the nine (9) measurement heights. The already mentioned system availability of 100 % is - by
definition - the same for all heights (white bars). The total data availability (blue bars) between the lowest
(11 m) and the highest (121 m) measurement level is well above 90 %.

Availability Assessment of Unit: ZP585
Campaign Period: 2018-04-13 to 2018-04-26
n-values: 1872 Net Syst. Avail.: 100.0 %

T T T T T T

T T
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Figure 5: LiDAR system and data availabilities for all measurement levels.

DNV GL - Report No. GLGH-4270 17 14677 258-R-0025, Rev. A - www.dnvgl.com Page 10



4.3 Data filtering

The data from both the LiDAR and the mast were filtered for external parameters:

e wind direction to avoid non-valid wind speed sectors being influenced by e.g. mast wake effects,
compare section 3.2 and

e wind speed, clipping wind speeds below 3 m/s

After the application of those filters the number of ten-minute data points remaining to be processed was
reduced to a percentage between 72.12 % at 21 m and 82.75 % at 91 m, compare Table 5.

4.4 Wind speed comparison

Cup anemometers are regarded as the current industry standard for wind speed measurements at wind
farm sites. Measurements with cup anemometers must therefore be considered the standard reference
against which any new measurement device needs to be judged.

Wind speed as treated in this LPV process are assessed by means of Linear Regressions through the origin
of the form

y=mx+band b=:0

between LiDAR (y-axis) wind speeds and cup (x-axis) wind speeds for the four mentioned height levels
were derived from the comparison of data from the following wind speed ranges

a) all above 3 m/s
b) 4to16m/s!?

according to the following acceptance criteria

1) slope (m) (KPI Xmnws) between 0.98 and 1.02 for all WS ranges a) and b)
2) R? > 0.97 (KPI R%mys) for all WS ranges a) and b)

as prescribed in and Appendix A.

This campaign represents a series performance test of a technology proven Remote Sensing device. As
the test campaign was limited in WS coverage for natural reasons, the core verification concentrates on a
subset of statistically meaningful performance criteria (in terms of amount of available representative data)
being treated relevant for acceptance.

11n consistency with the IEC bin selection criteria the actual range spans from 3.75 to 16.25 since 4 m/s and 16 m/s are the central points of
the corresponding 0.5 m/s wide bins.
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Results of wind speed comparisons

The time series of wind speeds measured by the LIiDAR (for all 4 pre-set heights) covering 13 days is
overlapped by the met mast own measurements. Two comparison heights (20m and 91m) are shown in
Appendix C.

Table 6 summarizes the wind speed regression results for all four (4) comparison heights showing that the
ZephIR LiDAR at hand achieves a high level of accuracy compared to the respective cups in terms of
regression slopes (m) which are close to unity and good regression coefficient R (KPI R%mws). Figure 6
shows the corresponding regression plots for the wind speed range >= 3 m/s (upper row out of 4).

The mean LiDAR wind speeds as averaged over all used values (KPI Cnhwsd) resemble those of the cups
very closely (see columns 5 and 6 of Table 6), yielding a very good relative Campaign Mean WS Differences
(KPI Cnwsd) at all assessed measurement heights for both WS ranges.

Table 7 reflects the results according to the absolute wind speed error criterion. It shows that for the wind
speed range 3 to 16 m/s at all height levels between 20 to 91 m a fraction of 0.52 to 2.91 % of concurrent
10-minute data points exceed the prescribed wind speed difference threshold of 0.5 m/s which is below
the allowed upper limit of 10 %.

With respect to the linear WS regressions, the following KPI's Acceptance Criteria are passed

v' Regression slope (KPI Xmws) between 0.98 and 1.02 at all treated levels and for all WS ranges;
meeting the Acceptance Criteria.

v RZ (KPI R%,,s) > 0.97 at all assessed levels for both the WS ranges a) [all > 3 m/s] and b) [4 to 16
m/s]; meeting the Acceptance Criteria.

v' The Acceptance Criterion for the relative Campaign Mean Wind Speed Difference (KPI Cnwsd) (s€€
Table 6, column 7) is successfully passed at all assessed levels and in both WS ranges.

Furthermore, the following wind speed related Acceptance Criteria were met:

v' Absolute Wind Speed Difference (KPI Awsd) at all comparison levels and for all analysed wind speed
data between 3 and 16 m/s, see Table 7.
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WS-range KPI Xmws  KPI RZmws KPI Crowsd
All >= 3 m/s 1549 0.996 0.993 7.28 7.24 -0.036 -0.50%
4-16 m/s 1412 0.996 0.991 7.65 7.60 -0.041 -0.53%

WS-range KPI Xws KPI R%, s KPI Cpwsd
All >= 3 m/s 1513 0.994 0.994 6.98 6.93 -0.046 -0.66%
4-16m/s 1350 0.994 0.993 7.41 7.36 -0.049 -0.66%

WS-range KPI Xws KPI R?, s KPI Cpwsd
All >= 3 m/s 1467 0.991 0.995 6.54 6.48 -0.060 -0.92%
4-16m/s 1294 0.992 0.994 6.97 6.91 -0.059 -0.84%

WS-range KPI Xws KPI R?, s KPI Cpwsd
All >= 3 m/s 1350 0.993 0.994 5.92 5.88 -0.039 -0.66%
4-16m/s 1175 0.994 0.993 6.30 6.26 -0.038 -0.61%

Table 6: Regression results for comparison; acceptance relevant results are colour shaded.

Height Level total # identified # fraction
91 m 1548 45 2.91%
70 m 1513 28 1.85%
45 m 1467 20 1.36%
21m 1350 7 0.52%

Table 7: Summary of absolute wind speed differences between cups and LiDAR
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Figure 6: Plots of linear wind speed regression results for 20.5, 45.5, 70.5 and 91.5 m
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4.5 Wind direction comparison

By comparing the wind direction as measured by the LiDAR device at its 88 m level with the mast mounted
ultrasonic anemometer at 88 m A.G.L., it is possible to see how well correlated the measures are, providing
confidence in that the LiDAR is ‘seeing’ the same wind direction as the vane. In order to validate this
comparison quantitatively a two variant regression solving for the slope m and the interception of the best-
fit line with the y-axis b (according to y = m x + b) was performed, compare Appendix A.

The results of such regression are shown in the x-y-plots in Figure 7 with the sonic/vane wind direction at
88 and 43.5 m on the x-axis and the LiDAR direction at 88 and 45 m on the y-axis. For this analysis the
data were again filtered for LiDAR and the cup wind speeds at 91 m, i.e. for WS >=3 m/s (to avoid false
readings from the sonic/vane at low wind speeds), but not for possibly disturbed wind directions sectors.

Note that a few 180° wind direction ambiguities were observed, when ZephIR LiDAR data were correlated
to the 3D ultrasonic anemometer readings at 88m and wind vane at 43.5 m (see Appendix D). These
ambiguities were solved using mast vane wind directions at the same heights as reference for correction.
This mast based correction is justified by the assumption, that the few 180° misreading occurrences are
related to lower wind speed in combination with near ground site induced turbulences. Time series of wind
direction present during the course of the campaign together with raw data correlations and WD
distribution statistics can be found in Appendix D.
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Figure 7: Regression plot of wind direction comparisons at 88 m (left) and 43.5 m (right

panel)

The regression plots in Figure 7 reveal a close resemblance between LiDAR and sonic/vane wind direction
measures for both heights at 88 m and 43.5 m with an offset (in terms of a mean difference) of 4.34° and
2.53° which is within typical directional setup uncertainties for wind vanes/sonic and remotes sensing
devices. Table 8 summarizes the WD comparison results for the acceptance relevant WD comparison levels
at 88 and 43.5 m, showing an equally good resemblance slope.

Height level  # values slope offset [°] R?
[m] [-1] KPI Xomwa KPI OFF g KPI R2 g
88 1544 1.003 4.338 0.996
43.5 1467 1.007 2.533 0.998

Table 8: Summary of WD comparison results for both comparison levels
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v' The Acceptance Criteria for the respective KPIs for wind direction assessment (KPIs for Xmwd, OFFmwd,
and R2mwq) are passed for both (43.5 and 88m) assessment levels.

4.6 Performance verification according to revised IEC standard,
Annex L

This subsection represents as a supplement to the standard LIDAR DNV GL / NORSEWInD performance
verification test with respect to a Remote Sensing Devices (RSD) validation approach as described in the
latest edition of the IEC standard for power performance tests [3]. This approach is based on a wind speed
bin averaged procedure in order to compare the horizontal wind speed measurements acquired by the RSD
and the reference sensors at the mast. The objective of the IEC approach is to calculate the bin-wise
deviation of the two sources and report the associated uncertainty.

The bin averaging procedure was performed using 0.5 m/s wide wind speed bins centred on integers of
from 4 to 16 m/s. In order to achieve statistic relevance this IEC approach requires
e a minimum of three (3) 10-minunte values available within each wind speed bin and

e a total amount of 180 hours of valid data (corresponding to a number of 1080 10-min values)

Figures 8 to 11 show scatter plots of the wind speed comparison based on 10 min averages between the
data pairs of the LiDAR and the cups at 20 m, 45 m, 70 m and 91 m, respectively. In addition, the 10-
minute averaged deviation for each data point of the two data sets is plotted (red dots).

Furthermore, the correlation coefficient, mean deviation and standard deviation of the deviations are
shown in Table 9. The relative deviation of the data pairs was calculated in relation to the cup wind speeds
as reference.
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Figure 8: Comparison of the horizontal wind speed component at 20.5 m

DNV GL - Report No. GLGH-4270 17 14677 258-R-0025, Rev. A - www.dnvgl.com Page 16



ZP585 @ 45.5m
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Figure 10: Comparison of the horizontal wind speed component at 70.5 m
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ZP585 @ 91.5m
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Figure 11: Comparison of the horizontal wind speed component at 91.5 m

[m] (R?) [m/s] [%] [%] #
91 0.9928 0.13 1.91% 2.69% 1548
70 0.9944 0.12 1.91% 2.53% 1513
45 0.9952 0.11 1.81% 2.16% 1467
21 0.9943 0.10 1.87% 1.91% 1350

Table 9: Statistical parameters of wind speed deviation

4.6.1 Performance verification uncertainty

Bin-averaged wind speeds of the RSD and the reference measurements are shown in Figures 12 to 15.
The bin-averaged deviation (solid red line in the graphs) can be compared to the standard uncertainty of
the cup anemometers combined with the statistical uncertainty of the comparison for each of the WS bins.
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Figure 12: Bin-wise comparison of the horizontal wind speed component at 20.5 m
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Figure 13: Bin-wise comparison of the horizontal wind speed component at 45.5 m
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According to the IEC standard the verification uncertainty consists of five independent uncertainty
components, which are summarized below:

1. Reference / anemometer uncertainty

2. Mean deviation of the remote sensor measurements and the reference measurements
3. Standard uncertainty of the measurement of the remote sensing device

4. Mounting uncertainty of the remote sensor at the verification test

5. Uncertainty due to nhon-homogenous flow

The different uncertainty components are added in quadrature for each wind speed bin. The uncertainty
due to non-homogenous flow between the measurement volume of the LIiDAR and at the met mast is
assumed to be negligible due to the proximity of the LiDAR to the mast and the benign terrain conditions
at the Pershore test site. Details on the calculation of the separate uncertainty components are described
in Appendix F.

The results of the uncertainty calculation for the IEC compliant verification of the LiDAR device at every
comparison level are plotted in Figures 12 to 15. The finally combined uncertainties of the remote sensing
RSD (Vrsp) for the different WS bins and comparison levels show results values well below 2 % within
most of the bins.

For the current LiDAR verification campaign the completeness requirement to yield 180 hours of valid and
useable concurrent data (which translates into 7.5 days of data) in the WS range 4 and 16 m/s between
the RSD and the reference cup is met for each comparison level.

The additional requirement of yielding a minimum of 3 data pairs in each 0.5 m/s wind speed bin in the
same WS range is fulfilled for most of bins and comparison levels, however, with exceptions at bin center
11.5 m/s and greater at 20 m level, 13.0 m/s and greater at 45 m level, 14.5 m/s and greater at 70 m
level and 15.5 m/s and greater at 91 m level.

In Appendix G, the environmental parameters - present during the performance verification test - are
shown.
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Height level 21m
RSD v Vesp
BIN lower BIN upper | # of 10 min Visd Vinm Vinaxrsd Viinrsd Stdyrsg Stdyrse/ VN Mean deviation Mounting P Uncertainty
[m/s]  [m/s] | datasets  [m/s] [m/s] [m/s] [m/s] [m/s] [m/s] [%] uncertainty  UNEHEMY T (k=1)
[%] (%] [%]
3.75 4.25 107 3.97 3.99 4.41 3.52 0.18 0.017 -0.59% 0.50% 2.21% 2.38%
4.25 4.75 114 4.47 4.50 4.85 4.14 0.18 0.017 -0.46% 0.50% 1.99% 2.13%
4.75 5.25 123 4,98 4.99 5.49 4.56 0.18 0.017 -0.16% 0.50% 1.81% 1.92%
5.25 5.75 131 5.46 5.49 5.96 4.82 0.18 0.016 -0.55% 0.50% 1.67% 1.85%
5.75 6.25 150 5.99 6.01 6.40 5.54 0.18 0.015 -0.46% 0.50% 1.55% 1.71%
6.25 6.75 133 6.49 6.51 6.99 6.00 0.20 0.017 -0.30% 0.50% 1.45% 1.59%
6.75 7.25 119 6.93 7.01 7.38 6.40 0.18 0.016 -1.13% 0.50% 1.37% 1.86%
7.25 7.75 89 7.42 7.45 7.91 7.07 0.20 0.022 -0.46% 0.50% 1.31% 1.50%
7.75 8.25 57 7.88 7.97 8.49 7.51 0.22 0.029 -1.18% 0.50% 1.24% 1.82%
8.25 8.75 51 8.41 8.47 9.38 7.99 0.25 0.036 -0.73% 0.50% 1.19% 1.54%
8.75 9.25 37 8.83 8.95 9.49 8.24 0.25 0.042 1.27% 0.50% 1.15% 1.84%
9.25 9.75 25 9.35 9.46 10.29 8.67 0.30 0.061 1.21% 0.50% 1.10% 1.83%
9.75 10.25 13 9.95 9.95 10.64 9.52 0.32 0.089 -0.03% 0.50% 1.07% 1.48%
10.25 10.75 14 10.41 10.49 10.67 10.08 0.20 0.054 -0.75% 0.50% 1.03% 1.46%
10.75 11.25 9 11.02 10.96 11.45 10.68 0.24 0.081 0.49% 0.50% 1.00% 1.42%
11.25 11.75 1
11.75 12.25 2
12.25 12.75 0
12.75 13.25 0
13.25 13.75 0
13.75 14.25 0
14.25 14.75 0
14.75 15.25 0
15.25 15.75 0
15.75 16.25 0

Table 10: Uncertainty calculation for 20 m level
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Height level 45m
RSD v Vgrsp
BIN lower BIN upper | # of 10 min Visg Vinm Vinaxrsd Vininrsd Stdyrsg Stdyrse/ VN Mean deviation Mounting e Uncertainty
[m/s] [m/s] data sets [m/s] [m/s] [m/s] [m/s] [m/s] [m/s] [%] uncertainty Unce;;‘a'”ty (k=1)
[%] (%] [%]

3.75 4.25 86 3.94 3.99 4.30 3.50 0.19 0.020 -1.27% 0.50% 2.21% 2.65%
4.25 4,75 88 4.45 4.48 5.30 4.01 0.20 0.021 -0.67% 0.50% 1.99% 2.21%
4.75 5.25 96 4.95 5.01 5.27 4.44 0.18 0.018 -1.16% 0.50% 1.81% 2.24%
5.25 5.75 100 5.46 5.52 5.87 4.89 0.21 0.021 -1.07% 0.50% 1.66% 2.08%
5.75 6.25 112 5.95 6.00 6.54 5.45 0.21 0.020 -0.83% 0.50% 1.55% 1.86%
6.25 6.75 133 6.43 6.49 6.94 5.99 0.20 0.017 -0.85% 0.50% 1.46% 1.78%
6.75 7.25 143 6.93 7.01 7.37 6.23 0.18 0.015 -1.15% 0.50% 1.37% 1.87%
7.25 7.75 119 7.45 7.50 8.33 6.88 0.22 0.020 -0.66% 0.50% 1.30% 1.56%
7.75 8.25 120 7.93 7.98 8.78 7.45 0.22 0.020 -0.66% 0.50% 1.24% 1.51%
8.25 8.75 89 8.44 8.48 8.93 8.03 0.19 0.020 -0.57% 0.50% 1.19% 1.43%
8.75 9.25 53 8.93 9.00 10.74 8.55 0.31 0.043 -0.82% 0.50% 1.14% 1.56%
9.25 9.75 43 9.39 9.45 9.79 8.94 0.19 0.028 -0.59% 0.50% 1.10% 1.38%
9.75 10.25 39 9.88 9.97 10.34 9.54 0.19 0.031 -0.91% 0.50% 1.06% 1.52%
10.25 10.75 24 10.34 10.49 10.78 9.87 0.22 0.044 -1.42% 0.50% 1.03% 1.87%
10.75 11.25 11 10.90 10.97 11.35 10.41 0.30 0.089 -0.70% 0.50% 1.00% 1.55%
11.25 11.75 17 11.39 11.46 11.73 11.05 0.23 0.055 -0.66% 0.50% 0.97% 1.36%
11.75 12.25 8 12.01 12.07 12.39 11.65 0.23 0.082 -0.53% 0.50% 0.94% 1.37%
12.25 12.75 10 12.46 12.52 12.99 12.06 0.27 0.084 -0.40% 0.50% 0.92% 1.31%
12.75 13.25 1

13.25 13.75 1

13.75 14.25 1

14.25 14.75 0

14.75 15.25 0

15.25 15.75 0

15.75 16.25 0

Table 11: Uncertainty calculation for 45 m level
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Height level 70m
RSD v Visp
BIN lower BIN upper | # of 10 min Visd Vinm Vinaxrsd Viinrsd Stdyrsg Stdyrse/ VN Mean deviation Mounting P Uncertainty
[m/s]  [m/s] | datasets  [m/s] [m/s] [m/s] [m/s] [m/s] [m/s] [%] uncertainty  UNEHEMY T (k=1)
[%] (%] [%]

3.75 4.25 93 3.94 4.00 4.40 3.04 0.26 0.027 -1.46% 0.50% 2.21% 2.77%
4.25 4.75 83 4.43 4.49 4.84 3.38 0.27 0.030 -1.37% 0.50% 1.99% 2.56%
4.75 5.25 68 4.97 5.01 5.28 4.47 0.18 0.022 -0.73% 0.50% 1.81% 2.06%
5.25 5.75 75 5.45 5.49 5.85 4.99 0.21 0.024 -0.73% 0.50% 1.67% 1.94%
5.75 6.25 99 5.92 5.99 6.35 5.09 0.22 0.022 -1.08% 0.50% 1.56% 2.00%
6.25 6.75 101 6.44 6.49 6.82 5.87 0.20 0.020 -0.79% 0.50% 1.46% 1.76%
6.75 7.25 130 6.94 7.00 7.45 6.33 0.21 0.018 -0.79% 0.50% 1.37% 1.68%
7.25 7.75 143 7.46 7.52 8.48 6.88 0.21 0.017 -0.82% 0.50% 1.30% 1.63%
7.75 8.25 114 7.91 7.98 8.46 7.41 0.20 0.019 -0.77% 0.50% 1.24% 1.56%
8.25 8.75 101 8.46 8.50 9.17 8.01 0.21 0.021 -0.44% 0.50% 1.19% 1.38%
8.75 9.25 84 8.97 9.00 9.44 8.53 0.20 0.022 -0.38% 0.50% 1.14% 1.32%
9.25 9.75 85 9.48 9.48 11.12 8.97 0.28 0.031 -0.03% 0.50% 1.10% 1.25%
9.75 10.25 54 10.04 10.01 11.60 9.50 0.32 0.044 0.29% 0.50% 1.06% 1.28%
10.25 10.75 33 10.50 10.47 10.91 10.25 0.18 0.031 0.30% 0.50% 1.03% 1.229%
10.75 11.25 19 10.89 10.94 12.52 10.34 0.43 0.099 -0.53% 0.50% 1.00% 1.54%
11.25 11.75 25 11.24 11.46 11.58 10.89 0.17 0.033 -1.96% 0.50% 0.97% 2.26%
11.75 12.25 9 12.04 12.08 12.45 11.76 0.23 0.077 -0.41% 0.50% 0.94% 1.31%
12.25 12.75 11 12.31 12.39 12.72 11.57 0.32 0.098 -0.66% 0.50% 0.93% 1.48%
12.75 13.25 8 12.85 13.03 13.18 12.33 0.28 0.099 -1.36% 0.50% 0.90% 1.87%
13.25 13.75 5 13.26 13.34 13.66 12.92 0.27 0.120 -0.55% 0.50% 0.90% 1.48%
13.75 14.25 7 13.97 13.96 14.48 13.68 0.27 0.101 0.04% 0.50% 0.87% 1.24%
14.25 14.75 1

14.75 15.25 1

15.25 15.75 0

15.75 16.25 1

Table 12: Uncertainty calculation for 70 m level
DNV GL - Report No. GLGH-4270 17 14677 258-R-0025, Rev. A - www.dnvgl.com Page 24



Height level 91m
RSD v Visp
BIN lower BIN upper | # of 10 min Visd Vinm Vinaxrsd Viinrsd Stdyrsg Stdyrse/ VN Mean deviation Mounting P Uncertainty
[m/s]  [m/s] | datasets  [m/s] [m/s] [m/s] [m/s] [m/s] [m/s] [%] uncertainty  UNEHEMY T (k=1)
[%] (%] [%]

3.75 4.25 107 3.92 4.00 4.54 2.80 0.25 0.024 -2.01% 0.50% 2.20% 3.09%
4.25 4.75 88 4.43 4.48 4.88 3.65 0.25 0.027 -1.19% 0.50% 1.99% 2.45%
4.75 5.25 80 4.98 5.01 5.42 4.33 0.22 0.024 -0.62% 0.50% 1.81% 2.03%
5.25 5.75 56 5.45 5.51 5.91 4.92 0.20 0.027 -1.02% 0.50% 1.67% 2.08%
5.75 6.25 90 5.93 6.01 6.36 5.30 0.20 0.022 -1.27% 0.50% 1.55% 2.09%
6.25 6.75 80 6.48 6.52 7.30 5.72 0.23 0.026 -0.61% 0.50% 1.45% 1.70%
6.75 7.25 115 6.96 7.01 7.56 6.37 0.20 0.019 -0.69% 0.50% 1.37% 1.64%
7.25 7.75 110 7.48 7.53 7.91 7.11 0.18 0.017 -0.66% 0.50% 1.30% 1.55%
7.75 8.25 140 7.93 7.99 8.44 7.43 0.21 0.017 -0.82% 0.50% 1.24% 1.58%
8.25 8.75 102 8.44 8.49 8.81 7.96 0.19 0.019 -0.60% 0.50% 1.19% 1.44%
8.75 9.25 100 8.98 9.00 9.77 8.52 0.19 0.019 -0.22% 0.50% 1.14% 1.28%
9.25 9.75 81 9.47 9.48 10.03 9.09 0.19 0.021 -0.08% 0.50% 1.10% 1.23%
9.75 10.25 78 10.05 10.00 12.57 9.50 0.52 0.059 0.53% 0.50% 1.06% 1.41%
10.25 10.75 66 10.53 10.46 12.98 10.08 0.45 0.055 0.67% 0.50% 1.03% 1.43%
10.75 11.25 37 10.97 10.96 11.95 10.42 0.32 0.052 0.12% 0.50% 1.00% 1.22%
11.25 11.75 22 11.36 11.50 11.92 10.97 0.22 0.046 -1.18% 0.50% 0.97% 1.66%
11.75 12.25 16 11.76 11.99 12.27 11.50 0.20 0.049 -1.89% 0.50% 0.95% 2.22%
12.25 12.75 12 12.36 12.52 12.53 12.21 0.11 0.031 -1.30% 0.50% 0.92% 1.69%
12.75 13.25 10 12.87 12.90 13.69 12.39 0.38 0.120 -0.18% 0.50% 0.91% 1.41%
13.25 13.75 8 13.34 13.52 13.91 13.04 0.29 0.104 -1.31% 0.50% 0.89% 1.83%
13.75 14.25 4 14.01 13.99 14.07 13.92 0.07 0.034 0.14% 0.50% 0.87% 1.04%
14.25 14.75 5 14.65 14.56 14.92 14.40 0.23 0.102 0.60% 0.50% 0.85% 1.35%
14.75 15.25 4 15.00 14.98 15.21 14.91 0.14 0.070 0.17% 0.50% 0.84% 1.10%
15.25 15.75 1

15.75 16.25 0

Table 13: Uncertainty calculation for 91 m level
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5 IMPORTANT REMARKS AND LIMITATIONS

Independently performed LiDAR Performance Verifications (LPV) of individual LiDAR devices as reported
in this document present a reasonable means to assure overall system integrity of the LiDAR unit after
manufacturing, and are meant to give an indication of the quality of wind data produced by the LiDAR.

Furthermore, the IEC compliant bin-wise uncertainty implementation may serve as a traceable means to
judge the uncertainty of the RSD as determined from a well-defined verification process.

Any statement given in the context of system integrity and data quality related results within this report
are limited to the given test site conditions, to the prevailing atmospheric (in particular wind) conditions
and to the specific LIDAR configuration as selected for this LPV campaign.
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6 CONCLUSION

Concurrent ZephlIR 300 LiDAR and cup anemometer wind measurements were carried out at the Pershore
UK Remote Sensing Test Site to validate LIiDAR wind data quality against a well-known high quality
standard cup anemometer. Measurement heights of 20 m, 45 m, 70 m and 91 m were available for wind
speed correlations (44/88m for wind direction correlation) between a proximate met mast and a ZephIR
300 LiDAR with the serial number ZP585. The duration of the validation was 13 days. The test period and
wind data coverage is considered a bit low but acceptable for the purpose of characterizing the wind data
performance of the ZephlR LiDAR in the context of a LiDAR Performance Verification.

The overall system availability for the mentioned net campaign duration of 13 days was 100 %. The data
availability was well above 90 %. The LiDAR Performance Verification (LPV) data availability after LPV
specific filtering, as explained in section 3, at the selected LiDAR measurement levels 20 m, 45 m, 70 m
and 91 m was in the range of 97.12 to 99.04 %. These data availability figures are relative to the number
of maximum possible ten-minute data points for the net duration of the campaign.

Wind speed (and direction) correlations were carried out for each of the four WS measurement heights
(two for WD) mentioned above. The wind speeds of both techniques at all treated heights correlated very
well, showing a very low level of scatter and an excellent resemblance of LiDAR wind speeds to those of
cups, in terms of linear regression slopes.

In summary the following KPI related Acceptance Criteria are met:
v" The Acceptance Criterion for System Availability (KPI SAca) to be =295 % is successfully passed.

v The Acceptance Criterion for Data Availability (KPI DAca) to be =90 % is successfully met at all
assessment levels.

v' Regression slope (KPI Xmws) between 0.98 and 1.02 at all treated levels and for all WS ranges,
meeting the Acceptance Criteria.

v RZ(KPI R%mnws) > 0.97 at all treated levels for the WS ranges a) [all WS > 3 m/s]and b) [4 to 16 m/s],
meeting the Acceptance Criteria.

v The Acceptance Criterion for the relative Campaign Mean Wind Speed Difference (KPI Cnwsd) (S€€
Table 6, column 7) is successfully passed at all levels assessment (20 m, 45 m, 70m and 91m) for
both WS ranges.

v" Absolute Wind Speed Difference (KPI Awsq) at all comparison levels and for all analysed wind speed
data between 3 and 16 m/s and above 16 m/s.

v' The Acceptance Criteria for the respective KPIs for wind direction assessment (KPIs for Xmwd, OFFmwad,
and R2mwa) are successfully passed at both comparison levels.

The performance verification and uncertainty calculation has been carried out in accordance with the IEC
standard yielding a traceable uncertainty measure. The following deviations from applicable IEC test
conditions are reported:

o Due to the lack of periods of higher wind speeds during the verification campaign, except at bin
center 11.5 m/s and greater at 20 m level, 13.0 m/s and greater at 45 m level, 14.5 m/s and greater
at 70 m level and 15.5 m/s and greater at 91 m level. Hence, no uncertainty was calculated for
these bins.

In summary, this Pershore validation campaign indicates that the ZephIR 300 LiDAR with the serial number
ZP585 is able to reproduce cup anemometer wind speeds and wind directions at an accurate and acceptable
level. DNV GL considers that the ZephIR 300 LiDAR device under test (with the S/N ZP585) can be used
for formal wind potential and long-term wind resource assessments. Specifically, DNV GL concludes that
this LIDAR may be employed as a standalone measurement system - replacing a conventional met mast
- given the following criteria are met:
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(1) The LiDAR is deployed in relatively simple terrain.
(2) The long-term data accuracy stability is assured by either

= recording data for a period sufficient to obtain an adequate in-situ correlation to an
onsite reference (e.g. a short met. mast)

= or - in case of lack of a suitable in-situ reference - by performing a post deployment
performance verification campaign, provided a continuous system operation during the
preceding deployment period.

Finally, DNV GL recommends, that care needs to be taken with respect to the formal use of LiDAR
turbulence and extreme wind speed measures, not treated in this report but known to be different from
classical anemometry measures. DNV GL likes to point out that good measurement and data collection
practices need to be maintained for all wind speed measurements, be they LIiDAR or more conventional
anemometry. Therefore, special care needs to be exercised in the transportation, installation and on-going
maintenance of the LIiDAR as it may be exposed to a wide range of environmental conditions at different
sites over time. A key element of any formal wind study is the traceability of the wind speed data
uncertainty. Hence, a strict uncertainty assessment (which is not part of this report) should be employed.
Furthermore, it is recommended that thorough practices of documenting the salient features of LiDAR
installation and maintenance are instigated from the outset.
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8 GLOSSARY

The following table lists abbreviations and acronyms used in this report.

Abbreviation

Acronym Meaning

AC Acceptance Criterion

a.g.l. Above ground level

DNV GL New company name, successor of legacy GL GH
IEC International Electro-technical Commission
IEA International Energy Agency

GH-D GL Garrad Hassan Deutschland GmbH

KPI Key Performance Indicator

MM Meteorological Mast

PAR Performance Assessment Requirement

LPV LiDAR Performance Verification

TFCA Thies First Class Advanced (cup anemometer)
TI Turbulence Intensity

WD Wind direction

WS Wind speed
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APPENDIX A: KEY PERFORMANCE INDICATORS AND
ACCEPTANCE CRITERIA [2]

Table 14: List of KPIs and ACs relevant for System and Data Availability assessment

KPI

Definition / Rationale

Acceptance Criteria
1

SAca

System Availability

The LiDAR system is ready to function according to
specifications and to deliver data, taking into account all time
stamped data entries in the output data files including
flagged data (e.g. by NaNs or 9999s) for the pre-defined
total campaign length.

The System Availability is the number of these time stamped
data entries relative to the maximum possible number of
data entries (for 10 minute intervals) within the pre-defined
total campaign period.

(Any conditions affecting the test’s data availability outside of
the LIDAR system’s control is not to be included in this
calculation. Such as: power outages, acts of nature causing
system damage, communication outages, maintenance, etc.)

>95%

DAca

Data Availability

The Data Availability is defined as the number of valid data
points returned by the LiDAR unit as compared to maximum
number of possible points that can be acquired during the
test

(Any conditions affecting the test’s data availability outside of
the LIDAR system’s control is not to be included in this
calculation. Such as: power outages, acts of nature causing
system damage, communication outages, maintenance, etc.)

=90%

Acceptance Criteria across total campaign duration
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Table 15: List of KPIs and ACs relevant for Wind Data Accuracy assessment

KPI

Definition / Rationale

Acceptance Criteria !

Best Practice Minimum

mesd

Campaign Mean Wind Speed -
Difference
Absolute difference of mean wind
speeds between LiDAR and reference as
measured over the whole verification
campaign duration, expressed as
percentage relative to the Campaign
Mean Wind Speed
A threshold is imposed on the
Difference.
Analysis shall be applied to wind speed
ranges

a) all above 3 m/s

b) 4to 16 m/s
given achieved data coverage
requirements

<1% 1-15%

Awsd

Absolute Wind Speed Differences
Absolute 10 minute mean wind speed
differences between LiDAR and
reference for all data points treated
after filtering.
A threshold is imposed on the
Difference.
Analysis shall be applied to wind speed
ranges

a) all above 3 m/s

b) 4to 16 m/s
given achieved data coverage
requirements.

a) < 0.5m/s
b) within 5%

Not more than 10% of data to exceed the
criteria above.

mes

Mean Wind Speed - Slope
Slope returned from single variant
regression with the regression analysis
constrained to pass through the origin.
A tolerance is imposed on the Slope
value.
Analysis shall be applied to wind speed
ranges

a) all above 3 m/s

b) 4to 16 m/s
given achieved data coverage
requirements.

0.98 - 1.02 0.97 - 1.03

RszS

Mean Wind Speed - Coefficient of
Determination
Correlation Co-efficient returned from
single variant regression
A threshold is imposed on the
Correlation Co-efficient value.
Analysis shall be applied to wind speed
ranges

a) all above 3 m/s

b) 4to 16 m/s
given achieved data coverage
requirements.

>0.98 >0.97
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Acceptance Criteria !
KPI Definition / Rationale
Best Practice Minimum
Xrmwd Mean Wind Direction - Slope 0.98-1.02 0.97 - 1.03
Slope returned from a two-variant
regression.
A tolerance is imposed on the Slope
value.
Analysis shall be applied to
a) all wind speeds above 3 m/s
regardless of coverage requirements.
OFFmwd Mean Wind Direction - Offset < 5° < 7.5°
(absolute value)
(same as for Mmwd)
R2mwd Mean Wind Direction - Coefficient > 0.97 > 0.95
of Determination
(same as for Mmwd)
1 Acceptance Criteria in the form of “best practise” and "minimum?” allowable tolerances have been imposed

on mean differences, slope and offset values as well as on coefficient of determination returned from each reference
height for KPIs related to the primary parameters of interest; wind speed and wind direction. KPIs outside the best

practise or minimum acceptance criteria are marked as “deviation”
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APPENDIX B: PERSHORE/THROCKMORTON MET MAST DETAILS

360° Panorama Photos, taken on 2015-09-01, see inspection report [6]:

Nesth West Nonh North East

South West Sosth South East

Met Mast Photo:
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Met. Mast Sketch:

North West (300°) A . i South East (120%)
c D
fmem) Notes
E — F Tos | ed3 | Rwusdsame
B | o

Lattice Porostty = 0 67

Met. Mast Sensor Distribution Table 1:

Label Height Orientation — Mast to Instrument Type Instrument Model Cup to Boom Centre Instrument to Mast
(m) Instrument (°) Height (mm) Centre Length (mm)
A 915 300 Cup Anemometer Thies First Class Advanced 1520 1025
B 915 120 Cup Anemometer Thies First Class Advanced 1500 1025
c o - Gwocicn S govdmpoed) | Aoomoneker 20 3700
D a8 120 Temperature [ Humidity Campbell Scientific C5215 - -
E 705 300 Cup Anemometer Thies First Class Advanced 960 3700
F 705 120 Cup Anemometer Thies First Class Advanced 915 3700
G 455 300 Cup Anemometer Thies First Class Advanced 955 3700
H 455 120 Cup Anemometer Thies First Class Advanced 1160 3700
| 435 300 Direction Vane Vector W200P 920 3700
J 435 120 Temperature | Humidity Campbell Scientific C5215 - -
K 205 300 Cup Anemometer Thies First Class Advanced 960 3700
B 205 120 Cup Anemometer Thies First Class Advanced 930 3700
M - - Pressure Campbell Scientific CS100 - -
N - - Data Logger Campbell Scientific CR 1000 - -
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Met. Mast Sensor Distribution Table 2:

Label A B E E G H K L
Channel WS 2R ws_1M WS 4R WS 3V WS 6R WS 5V WS_8R WS_7V
Thies First Thies First Thies First Thies First Thies First Thies First Thies First Thies First
Model Class Class Class Class Class Class Class Class
Advanced Advanced Advanced Advanced Advanced Advanced Advanced Advanced
SIN 09164177 10164580 10164581 07162397 07162398 10164582 10164583 07162399
Height 915 915 705 705 455 455 205 205
f:.:::m‘r’}?(j)mw to 300 120 300 120 300 120 300 120
Caiblion 17082016 22112016 22112016 107102017 10M0R017 2212016 21112016 10102017
e Slope 0.04596 0.04589 0.04610 0.04612 0.04609 0.04592 0.04601 0.04609
Offset 0.2519 02519 02530 02278 02392 02872 0.2802 02273
poplioa S 0.04596 0.04589 0.04610 0.04612 0.04609 0.04592 0.04601 0.04609
Offset 0.2519 02519 02530 02278 02392 02872 0.2802 02273
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APPENDIX C: TIME SERIES OF WIND SPEED

Wind Speed time series for 91 m (upper panel) and 20 m (lower panel). The bottom plot
includes temperature time series (red) from mast sensor.

Wind speed measurements during the verification trial
T T T T T T T T

— e i LiDAR all heights
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E 15 LIDAR @ 91m raw
S Cup @ 91.5m used
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E ¥
= ;

0
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20 T
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+ LIDAR @ 21m used
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n o
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APPENDIX D: WIND DIRECTION

WD time series at 88 m and 43.5 m sonic/vane levels:
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Wind direction / [°]
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o o
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Wind direction measurements during the verification trial
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X-Y-plot of wind direction data for WS > 3 m/s (red dots) and 180° ambiguity corrected data

(green dots) between sonic/wind vane and LiDAR measures
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Wind rose and sector averaged WS distribution for 88/90m and 43.5/45m:

Wind rose @ 88m level - 15° Sectors Wind rose @ 43.5m level - 15° Sectors
# values 1872 # values 1872
NORTH" NORTH

15% - - - Tl 20% -
100 ’ 15%
o
10% -,

5% -,

5% -

TERST

WEST EAST: WEST

18- 21 I 18-21
M 15-18 I 15-18
[J12-15 [J12-15
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APPENDIX E:

CUP CALIBRATION CERTIFICATES

TFCA Cup S/N 09164177 at 91.5 m, 300° orientation (Deutsche WindGuard Calibration)

Deutsche WindGuard

Wind Tunnel Services GmbH, Varel

DEUTSCHE

WINDGUARD

accredited by the / okkreditiert durch die

Deutsche Akkreditierungsstelle GmbH

as calibration laboratory In the / als Kalibrierloboratorium im

Deutschen Kalibrierdienst

Calibration certificate

Kolibrierschein

({ DAKKS
. Dwatsche

Abkred terangavieln

DX-15140-01.00
1615321

DK~
Calibration mark 15140-01-00
Kaolibrierzeichen 10/2016

Object
Gegenstand

Manufacturer
Hersteler

Type
Tyo

Serial number
Fatrikot/Senien-Nr.

Customer
Aufiroggetior
Order No.
Aufragiramenet

Project No.
Projektnummer

Number of pages
Anzahl der Soveew

Date of Calibration
Datum der Kehbrierwng

124048

Thies dima
D-37083 Gottingen

4,3351.10.000
09164177

Ammonit Measurement GmbH
D-10997 Berhin

124048

V71160662

14.10.2016

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

The DAKKS i3 signatory to the multilateral
agreements of the European co-operation for
Accreditation [EA] and of the Mntermational
Laboratory Accreditation Cooperation (WAC| for
the mutual recognition of calibration certificates.
The wser s obiged to have the object
recalibrated at sppropriate intervals.

Dieser Kolbnierscheln dokumentiert die Riock-
fohrung auf nationale Narmaie zur Dorstelung
der Einheiten in Ubereinstimmung mit dem
internationolen Einhedtensystem (S4),

Die DARKS st Unterzeichner der mualrilateroien
Ubereink n der European co operation for
Accreditotion  (EA)  ued  der  nternotional
Loboratary Accreditatian Cooperation (ILAC) zur
gegenseitigen Anerkennung der Kalibwierscheine.
For die Einhaltung eaner cngemessenen Frist zur
Wiederholung der Xolbrerung ist der Benwtzer
verantwortiich,

This calbration certificate may not be reproduced other than In full except with the permission of both the German
Accreditation Body and the issuing laboratory, Calibration certificates without signature are not valid. This calbration
certificate has been generated electronically,

Dieser Kalibrierschein darf nur volistdndig und dert welterverbreitet werden, Auszige oder Anderungen bedirfen der
Genehmigung sowoh! der Deutschen Akkreditierungsstelle ols ouch des ausstellenden Kalibrierfobovotanums. Kalibrierscheing
ohne Unterschrift hoben kelne Gultigkeit. Dieser Kokbrierschein wurde elektronisch erzeugt

Date Head of the calibraton laboratory Perscn in charge
Datum Leiteg des Kohbrieriataratorims Bravbeites

2 ONTNMN /L_'

Digl. Phys. Dieter Westermann Techmker Ardre Krummen

14.10.2016
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1615321
Page2/4 D-K-
Seite 15140-01-00
10/2016
Calibration object L24048
Kolibriergegenstand
Calibration procedure * Deutsche WindGuard Wind Tunnel Services: QM-KL-AK-VA
Kakbrierverfatven Based on following standards:
* MEASNET: Anemometer calibration procedure
* [EC 61400-12-1: Power performance measurements of electricity producing
wind turbines
= |[EC 61400-12-2: Power performance of electricity producing wind turbines
based on nacelle anemometry
* IS0 3966: Measurement of fluid in closed conduits
* 150 16622: Meteorology - Sonic anemometers/thermometers
Place of calibration Windtunnel of Deutsche WindGuard WindTunnel Services GmbH, Vare!
Ort der Kabbnerung
Test conditions wind tunnel area 10000 cm*
Messbedingungen
anemometer frontal area 230 cm?
diameter of mounting pipe 34 mm
blockage ratio Uy 0.023 1]
software version 7.64
Ve to the specal construction af the test section no blockage correction s necessary.
Ambient conditions air temperature 222°Ct0.1°C
Umgebungs n
air pressure 1011.2 hPa £ 0.3 hPa
relative air humidity 419%:2.0%
Measurement uncertainty The expanded uncertainty assigned to the measurement results is obtained by
Messunsicherheit muitiplying the standard uncertainty by the coverage factor k = 2. It has 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%.
The reference flow speed measurement is traceable to the German NMI
{Physikalisch-Technische Bundesanstalt) standard for flow speed. It is realized
by using a PTB owned and callbrated Laser Doppler Anemometer (Standard
Uncertainty 0.2 %, k=2)
Additional remarks
Zustezlche Anmerkungen
Deutsche WindGuard DEUTSCHE
Wind Tunnel Services GmbH, Varel WINDGUARD

DNV GL - Report No. GLGH-4270 17 14677 258-R-0025, Rev. A - www.dnvgl.com Page 41



1615321
Page3 /4 S
Seite 15140-01-00
10/2016
Calibration result
Kahbrierergebnis
Sensor out Tunnel speed Uncertainty (k=2)
Hz m/s mfs
82.265 4.000 0050
123333 5922 0.050
166.986 7.821 0.051
211170 9.956 0051
254817 11973 0,052
9785 13919 0052
10629 15.882 0.053
318022 14,888 0.053
177104 12982 0052
231960 10.940 0052
188912 BO3E 0051
145.684 6.957 0051
102.549 4972 0050
e 1615321
Statistical analysis Slope 0.04596 (m/s)/{Hz) 10.00007 (m/s)/(Hz)
Offset 0.2519 m/s £0.015 m/s
Standard error (Y) 0.015m/s
Correlation coefficient 0.999989
Remarks The calibrated sensor complies with the Qin dGy a
demanded linearity of MEASNET % lor
x 2
& o
2 2
b=
-
W easng)=
\easn™y <
b 3
9 s99yn°
Deutsche WindGuard DEUTSCHE D
Wind Tunnel Services GmbH, Varel WINDGUAR
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1615321

Paged /4 o
Seite 15140-01-00
10/2016

Graphical representation of the result
Grafische Davstellung des Ergebnisses

Calibration No: 1615321; 09164177;

20 [Coutscte 0.2
WindGuard
.
15 . 01
.
g . £
; . : . ;
i 10 e ae & . . & 0 g
@ . . ° k-
; - : :
w . «
.
5 . 0.1
.
0 0.2
0 40 80 120 160 200 240 280 320 360 400

Sensor out / Hz
* Flowspeed * Residuals

Calcuiated output at 10 mvs: 2121 Hz

Photo of the measurement setup

Foto des Messaufbous
T ——— ]
14.10.2016 Cal No.. 1615321 SN 09164177 Guord

Remark: The proportions of the set-up may not be true to scale due to Imaging geometry.

Deutsche WindGuard DEUTSCHE

Wind Tunnel Services GmbH, Varel WINDGUARD
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TFCA Cup S/N 10164580 at 91.5 m, 120° orientation (Deutsche WindGuard Calibration)
THRoek MOR ToMN W S

ZEFPAIR

Deutsche WindGuard
Wind Tunnel Services GmbH, Varel

1M

ql.8m S € (B) (‘t'of’)

DEUTSCHE

WINDGUARD

accredited by the [ okrreditert durch die

Deutsche Akkreditierungsstelle GmbH

"

#asms (( DAKKS

i A - RN Deutscoe
as calibration laboratory in the [ als Kalibrieriaboratarium im 4:’,.?.»/‘ A reditiarangsielle
DK 15 140-01-00
L3
Deutschen Kalibrierdienst DKD e
DK-
Callbration certificate Calibration mark 15140-01-00
Kolibrigeschen Xolibrierzeszhen 11/2016
Object Cup Anemometer This calibration certificste  doccuments  the
Gepenstond traceahility to neteonal standards, which realze
the urits of meaasurement according to the
mg::‘h‘m' Thies Glma' Internatiznal Systam af Linles (S1)
D-37083 Géttingen The DAkkS is signatory to the multilateral
23 = agreerrents of the European co.cperation for
vac 4.3351.12.000 accreditation (EA] and of tae Internatanal
m labaratory Accreditation Ceoperation (1LaL) far
Serial number 10164580 the mutual recegnition of calbestion certificates
Fabriko/Serien- i, The wuser b oblged to have the object
recaliarated at aporapriate ntervsls.
Customer Ammonit Measurement SrmbH Dies=c Xohbrierschain daxumentierr die Rick
Auftragochey 0-10397 Berin Jafvang auf natonale Normale cur Durstelung
der Einheten in Ubereinstimmung it dem
Order No. 124199 intesnerono'en Kiaheitensysrem (S,
Auftragisamier Die GarkS 1 Untereeichvier der muttloterolen
i Upercinkommen der Eurppean wo-operation fov
2"’“‘ N:'y VT161016 Accrediratian  (SA)  und  des  Imternatianst
Lohorstory Accred'tation Cooperobisn {ILAC) zur
Number of pages 4 gegensatigen Anvrennung der Kailidrigrschains.
Agrotd des 3olten Flr die Cinkaltung 2iuer angemessenes Frist an
) Wisderhalong der Yahbvicrung Ist der Benutzer
Date of Calibration 22.11.2016 4 ? =

Dature ey Kohorerong

verant aorihcn.

This celitrzlion certificats may not be reproduced ather than ir fall excopt with the gemmisson of bata =he Greman
nccreditation Body snd the isnuing laboratory, Caiibeation cerlilicates withaut slgnature 2re not vakid. This calibratior
cartificate has been gerereted slectronca iy,

Cleser Kohtbrierschein dorf nur volstdadio und unverandert weitervechreite! werdern. Auszige oder Enderungen nediifen dee
Genehmugung sowohl dor Deatschen Abrediusrungsstelle ols auch Jes pusstelender Xahbrisrlororatariums Xolnvorscheine
shre Unterschnft iaben keing Galtighs. Disser Kalibrisrschain wurde eloktronisch ErZevgl.

e =cac of the calinnation [t sicey

Person o charge
otwry Lavtef des KoUbvigradara ronw s

Techn cer Dirk Hensinges

22112016 5 rﬂ;v

Dipl. Phys Dister Westormann
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1615854
Page2/4 D-K-
Sene 15140-01-C0
11/2016
Calibration object Cup Anememetsr
KaNerveeaensiond

Calibration procedure
KA rerverfidren

Place of callbration
Crt der Kalhaeniang

Test conditions
Mrssbodigudg o

Ambient conditions
Lmgeounostedingur gen

Measurement uncertainty
fAessunsicneshat

Additional remarks

Fusiiai he Anperkungon

Deutsche WindGuard

Wind Tunnel Services GmbH, Vare!

¢ Ceutsche WindGuard 'Wind Tunnel Services: QM-KL-AK-VA

Based on fellaving standzrds

* WEASNET: Aremomcter ¢zl bration procedure

* IEC 61400-12-1: Power performance measurements of electricity oroducing
wina turblres

= |EC 61400-12-2: Pewer performance of electricity pradueing wind turbines
oseed on nacelle anemometry

» IS0 3986: Measurament of lud in clozed condults

* IS0 16622: Metzorolegy - Sonic anemcmeters/thermometers

Windtunne! of Deutsere WincGuard Wind Tunnel Serv ces Gmbil, Varel

wind tunnel aree 10000 em?
gnerrometer frontal area 230cm’
diemeter of meunting pipe 34 mrr
olockegs ratin u 0023 |]
saftwpre versios 764

i

Sueto the spada constraction of 142 test sectizn no blockagn Zrrraction w nevessary.

air temperature 205°C+0.1°C

ar pressure 1008.7 hPa 2 0.3 hPa
431%£20%

relalve aie humidity

Tne expanded uncertainty assigned to the measurement results is obtaired by
mullipyirg the standard urcertainty oy the coverage fuctor k = 2. it has bean
datermined in acrordance with DAKKS-DKD-3, The vilue of the maasurand Fes
within the assigned range of values with  probability of 95%.

The reference flow spered measurement is traceable Lo te German NI
(Physikalsch-Technische B.ndesansta’t) 5zandard for low speed. It is rezlized
by using 3 18 awned and calibrated Laser Doppler Anememelsr (Standare
Uncertainty 0.2 %, k=2)

DEUTSCHE

WINDGUARD
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Page3/4
Seite

Calibration result

Kol el

Sensce oLt

167,453
411,153
255 657
29r.259
380 41
318978
2rra6:
7 A

Statistical analysls

Remarks

Deutsche WindGuard

Wind Tunnel Services GmbH, Varel

1615854
D-K-
15140-01-00
11/2016
Tunnel speed Urcs=amty k=2,
s mfs
2o 050
5924 2050
P ZH 251
2962 1051
11.588 aos2
13,08 0063
15,022 noss
1883 0.083
17 065 0.053
10558 0481
2927 0081
5338 A0S
1,982 0os0
e 1505
Slupe 0.04589 {m/s)/(Hz) =0 DOONS (m/s)/{Hx)
Offsat 0.2653 m/s =0 010 m/s
St3~dard ecrcs iY) 0.010 my/s
Correlation coafficient 0999995
The saiibrated sensor complies with the Y adG Ua
demanaed lizeaity of MEASNET > <
< Z
< i
4 2
- o
« L —
o = =
3 'CIS' >
o~
4-9 8
@ 0 2
SaaLnd
DEUTSCHE

WINDGUARD
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1615854
Page4/4 Dk
Siiie 15140-01-00
11/2016
Graphical representation of the result
Crafische Dorstefivng 2es Ergebmniaag
Calibration No: 1615854; 10164580;
b1} Pe— 0.2
WindGuar {
15 . H0.1

Flow speed / mis
-h
o
e
o
Residuals { m/s

13 - +0.1
0 v 0.2
0 40 80 120 160 200 220 280 320 360 400
Sensor out/ Hz

Caiculated cutput at 10 mis: 212 1 Hz
" Flowspsed + Rosiduals

Photo of the measurement setup
Foto gvs 1A=ssaufbous

e —
22112018 Cal. No.: ‘815054 SN: 10164580 Wind Guard

Remerk: The propotions of the s21.up may nos be true t3 scale dus to Imaging geometry

Deutsche WindGuard DEUTSCHE

Wind Tunnel Services GmbH, Varel WINDGUARD
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TFCA Cup S/N 10164581 at 70.5 m, 300° orientation (Deutsche WindGuard Calibration)

ZePrik : THRoCIK Mo TON wWS. LR 70.5m (N.w.) (E)

Deutsche WindGuard

Wind Tunnel Services GmbH, Varel

DEUTSCHE

WINDGUARD

accredited by the / akkreditiert durch die

Ny,
Deutsche Akkreditierungsstelle GmbH  fasi (( paKks
as calibration laboratory in the / als Kalibrierioboratorium im \‘@ Miredwenagsiste

D K-15140-03-00

. - -
Deutschen Kalibrierdienst DKD 1615853
DX-
Calibration certificate Calibration mark 15340-01-00
Kolibrierschein Kalibrierreichen 11/2016
Object Cup Anemometer This caidvation certificate docurnents  the
Cepemieny traceab bty to national standards, which realze
the unts of measurement according 1o the
Manufacturer Thies Clima v
Herstalter O-87083 Ghtivaan International System of Unats ($4).
L The DARES is sgnratory 0 the multiatersl
sgreements of the Curopean co-cperstion for
T 4.3351.10.000 Accraditation (BA) and of the Internations!
» Laboratory Accreditation Cooperation (ILAD) for
Serial number 10164531 the mutual recogrition of calibration cortificates
Fodeot/SerienNr The user s cbliged W heve the object
recalibrated at appropriate intervals,
Customer Ammonit Measurement GmbH Disser Kolbrlerszhein dokumertiert die Ruck.
Aufrappeder D-10997 Berlin fahrung ouf mationole Normofe zur Darsteliung
der Einheiten o Uderetastimmung mit dem
Order No. L24189 Internationolen Enheitensystom (Si).
Aufreganummer Die DARES 5t Untevzeichnes der mwitiateralen
Ubereinkommen der European co-operation far
m"ﬁ“‘" V1161016 Accreditot'on  (EA) und  der  Internotional
Lobovotary Acacdiiolion Copperotion (AL 2ur
Number of pages 4 gegenselngen Anerkenauag der Kalibrierscheine.
Anrahl der Se‘ten Flr die Clnhaltung einer angemessenen Frist aur
Wiederholung der Kohibrier 15t der Benutzer
Date of Calibration 22.11.2016 N i b
Qatum dev Kalbcavrnng v

The calibration certficate may nol be reproduced other then in full except with the permission of both the German
Accreditation Body end the issung laboratory. Calloration certificates without sgnature are rot valid Ths calibraton
certi‘icate has beer genarated slectromizaly

Dieser Kolibeisrschein darf nar volistandsy und unserdndert wotersprbretet werden. Auszige oder Anderurgen bedurfen der
Genchmigung sowoh! Jer Devischen Akkreaitierungsstelle als such des cusstelienaen Kallbrierloborotonwns Kobbrierschene
ohng Unterschelft hoben keine Gultigker Dveser Kolibrierschers wande elektroasch evzeugt

Date Head of the catibrasion laboratary

Cotem DS KGGOeANGG OO s
22112016 ? OHT;Y 2 %——:ﬁ’

Diol, My Dietar Westarmann

Persan n charge
Aeacbeiter

Tec we’ Tink Meaniyges

DNV GL - Report No. GLGH-4270 17 14677 258-R-0025, Rev. A - www.dnvgl.com

Page 48



Page 2 /4
Seite

Calibration object
Nathnespegenstong

Calibration procedure
Kelbrerverfahven

Place of calibration
Oet dur Xobbrierang

Test conditions
Messcedingungen

Amblent conditions
Umgeoungseediaguagen

Measurement uncertainty
FAussmsal I ol

Additlonal remarks
Zusizuche Anmerkungen

Deutsche WindGuard

Wind Tunne! Services GmbH, Varel

1615853
DK-
15140-01-00

11/2016

Cup Anemometer

» Deutiche WindGuard Wind Turnel Services: QM-KL AK-V4

Rased on following standards:

* MEASNET: An=mometer calibration procedurs

¢ [EC62400-12-1 Power performance messurements of electricity producing
wind turbincs

= |[EC 6140C-12-2: Power performance of ¢lectricity producing wind turbines
sased on nacelle anemametry

* |SO 3956: Measurement of fluid in closed conduits

* SO 16522 Metecrology  Sonic anemumelers/ihermometers

Windtu=ne' of Deutsche WindGuzard WindTunnz! Serv'ces GmaH, Varel

wiind tunnel area 10000 ¢m*
gnemometer frontal area 230 cm?
diamete’ of mounting pipe 25 ~m
hiaccage ratio 00231
software vers on r.64

“'Due toshe 003! CoNSTrLact 00 0F the T25tserticn A5 B okape correct 91 it necessary.

¢ir lemperature 204°C201°C

&ir pressure 1008 4 hPa + 0.3 nPa

reative ale humidity 43,1 % +2.0%

The expanded uncertainty assgned to the measuremant resuits is obtained by
muitiplying the standard uncertainty hy the coverage factor k = 2. It has zeen
determined in accordance with DAKkS-DKD-3. The value of the measurand ligs
within t~e assizned range of values with 2 probdabllity of 953

The reference flow <peed meas.rement is traccable to the Garman NMI
{Physikzlisch-Techrische Bundssarstalt! standard for fow speed. Itis real zed
oy using 3 PTE owned and calibrated Laser Dopple- Ancmomcter (Standard
Uncertainty 0.2 %, ¥=2)

Calibrated with customised spedfic mount

DEUTSCHE

WINDGUARD
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1615853
Fage 3/4 e
selte 151400100
11/2016
Calibration result
Kafibnererpobns
Senzur oy Turrel spead U erta aty (4=2)
Hr mn's mis
52158 4008 3 Ul
123716 S.Mm& 0.350
17108 793% 051
210.287 @983 0351
254890 L1087 nast
293,736 13922 nns?
340.350 15 88 0,052
317727 14.492) nie?
75138 12923 0051
230979 10843 0,051
187535 8.332 0052
146,022 986 0052
101.822 2972 0050
S 1615853
Statistical analysis Slope 0.04610 {m{s)/(Hz] £0.00010 {my/s)/(Hz)
Offsat 0.2530 m/s 0,021 m/s
Standsrd error (¥) 0.022 m/s
Correlation coefficient 0.999376
Remarks The calibraled sensor comglies with the Qin 46 g
demanded linearity of MEASNET ° ‘o
< 2
< -
) E
=, o
a —
=) y = 5 =
) >
- 2d 3
‘99 <3

Deutsche WindGuard
Wind Tunnel Services GmbH, Varel

DEUTSCHE

WINDGUARD

DNV GL - Report No. GLGH-4270 17 14677 258-R-0025, Rev. A - www.dnvgl.com

Page 50



1615853
Faged /4 0-K-
Seite 15140-01-00
11/2016
Graphical representation of the result
Grofseie Darstalong oes Ergefmsses
Cslibration No: 1815853; 10164581;
20 (Gooncre = 0.2
Wind Guard
154 . H.1
. ? »
£ , ; : ¢
. @ -
'§ 10 . . o . o 3
i « fg ' i
- - g
- - «
5 . 101
] -
i |
i
Ol 0.2
0 40 80 120 160 200 240 280 320 380 400
Sensor out/ Hr

CalGulined output 3t 10 In's: 2114 Hz
* Flowspesd + Residusls

Photo of the measurement setup
Fote d'=s Measscufoaus

L
2.11.2016  Cal No. 1815853 SN CD1R45E1

Deutsche WindGuard
Wind Tunnel Services GmbH, Varel

Remark: The peopartions af the cat-up may not be true to scale due to imagi ng geometry

Wind Guard

DEUTSCHE

WINDGUARD
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TFCA Cup S/N 07162397 at 70.5 m, 120° orientation (Deutsche WindGuard Calibration)

ZEFPA &

MAST PesiTionN

THRocc Mok Taernl REAIT L STACGE 1

. Joib

DEUTSCHE

WINDGUARD

Deutsche WindGuard
Wind Tunnel Services GmbH

AL e

IECRE and MEASNET approved test laboratory

accredited by the / akkreditiert durch die

Deutsche Akkreditierungsstelle GmbH  jai (( DAKKs

Deutsche
Akkreditierungsstelle

as calibration laboratory in the / als Kalibrierlaboratorium im
D-K-15140-01-00

Deutschen Kalibrierdienst DKD —
D-K-
Calibration certificate Calibration mark 15140-01-00
Kalibrierschein Kalibrierzeichen 10/2017
Object Cup Anemometer This ca!ibration 'certiﬁcate documgnts {he
Gegenstand traceability to national standards, which realize
the units of measurement according to the
Manufacturer Thies Clima International System of Units (SI).
Hersteller D-37083 Géttingen The DAKKS is signatory to the multilateral
agreements of the European co-operation for
Type 4.3351.10.000 Accreditation (EA) and of the International
Tve Laboratory Accreditation Cooperation ({ILAC) for
the mutual recognition of calibration certificates.
Serial num & 7 ;
Fab”km'/';ﬂ:_eh;’_ 07162397 The _user s obhgeq tq have the object
recalibrated at appropriate intervals
Customer Dulas Ltd Dieser Kalibrierschein dokumentiert die Riick-
Auftraggeber UK SY20 8AX Machynlleth fuhrung auf nationale Normale zur Darstellung
der Einheiten in Ubereinstimmung mit dem
Order No. 25478 In.temalionalen Einheitensystem (SI). y
Auftrogsnummer Q:e DAkkS ist Unterzeichner der multilateralen
Ubereinkommen der European co-operation for
Project No. VT170988 Accreditotion  (EA) und der International
Projektnummer Laboratory Accreditation Cooperation (ILAC) zur
Number o" pages a g?geqse:t':gen Anerke:’nnung der Kahbnerscfreme.
Anzahl der Seiten Fir die Einhaltung einer angemessenen Frist zur
Wiederholung der Kolibrierung ist der Benutzer
Date of Calibration 10.10.2017 verantwortlich.
Datum der Kalibrierung

This calibration certificate may not be reproduced other than in full except with the permission of both the German
Accreditation Body and the issuing laboratory. Calibration certificates without signature are not valid. This calibration
certificate has been generated electronically.

Dieser Kalibrierschein darf nur vollsténdig und unverindert weiterverbreitet werden. Ausziige oder Anderungen bediirfen der
Genehmigung hi der Deutsch als auch des ausstellenden Kalibrierlaboratoriums. Kalibrierscheine
ohne Unterschrift haben keine Giiltigkeit. Dieser Kalibrierschein wurde elektronisch erzeugt.

Akkrediti
kkreditier

Rate Head of the calibration laboratory
Datum Leiteg des Kolibrierloboratoriums

% ”.I;YM—\;

Dipl. Phys, Dieter Westermann

Ferson in charge
Bearbeiter

2 fo—p=s

Techniker Dirk Henninges

10.10.2017
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1714175
D-K-
15140-01-00

10/2017

Calibration object
Kolibriergegenstand

Calibration procedure
Kalibrierverfahren

Place of calibration
Ort der Kalibrierung

Test conditions
Messbedingungen

Ambient conditions
Umgebungsbedingungen

Measurement uncertainty
Messunsicherheit

Additional remarks
Zusdtzliche Anmerkungen

Cup Anemometer

* Deutsche WindGuard Wind Tunnel Services: QM-KI -AK-VA

Based on following standards:

* MEASNET: Anemometer calibration procedure

* IFC 61400-12-1: Power performance measurements of electricity producing
wind Lurbines

* IEC 61400-12-2: Power performance of electricity producing wind turbines
based on nacelle anemometry

* ISO 396b: Measurement of fluid in closed conduits

* ISO 16622: Meteoreology - Sonic anemometers/thermometers

Windtunnel of Deutsche WindGuard WindTunnel Services GmbH, Vare!

wind tunnel area 10000 cm?
anemometer frontal area 230 cm?
diameter of mounting pipe 34 mm
blockage ratio ! 0.023 [-]
software version 7.7

' dye to the special construction of the test section no blockage carrection is necessary.

air temperature 239°C+01°C
air pressure 1011.4 hPa £ 0.2 hPa
relative air humidity 46.9%*2.0%

The expanded uncertainty assigned to the measurement results is obtained by
multiplying the standard uncertainty by the coverage factor k=2. It has 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%.

The reference flow speed measuremnent is traceable to the German NMI
(Physikalisch-Technische Bundesanstalt) standard for flow speed. It is realized
by using a PTB owned and calibrated Laser Doppler Anemometer (Standard
Uncertainty 0.2 %, k=2)

Deutsche WindGuard

Wind Tunnel Services GmbH, Varel

DEUTSCHE

WINDGUARD
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Calibration result

1714175
D-K-
15140-01-00

10/2017

Kalibrierergebnis

Sensor Tunnel Speed Uncertainty

Hz m/s m/s
81.768 3.975 0.050
122.790 3.379 V.UsU
166 419 7.880 0.051
210.089 Q015 0.051
253.221 11.936 n.ns1
295.387 13.866 0.052
339.010 15.832 0.052
316.658 14.833 0.053
275538 12.925 0.052
230.633 10.863 0.051
186.934 8.881 0.051
145.013 6.934 0.051
102.057 4.940 0.050

File: 1714175
Statistical analysis Slope 0.04612 (m/s)/(Hz) +0.00007 (m/s)/(Hz)
Offset 0.2278 m/s +0.016 m/s
Standard error (Y) 0.016 m/s

Remarks

Correlation coefficient 0.999988

The calibrated sensor complies with the \“-\n dG Ua
demanded linearity of MEASNET & lo
< 2
o =
s l o
® —
e méaenty =
‘& S
%% %\
9 584 \ a2

Deutsche WindGuard

DEUTSCHE

Wind Tunnel Services GmbH, Varel WINDGUARD
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1714175
Page 4 /4 b
Seite 15140-01-00
10/2017
Graphical representation of the result
Grafische Darstellung des Ergebnisses
Calibration No: 1714175; 07162397;
20 Dautuche i 0.2
WindGuard
154 . 0.1
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Calculated output at 10 mvs: 211.9 Hz
® TunnelSpeed ¢+ Residuals

Photo of the measurement setup
Foto des Messaufbaus
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10.10.2017 Cal. No.: 1714175 SN: 07162397
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Deutsche WindGuard
Wind Tunnel Services GmbH, Varel
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TFCA Cup S/N 07162398 at 45.5 m, 300° orientation (Deutsche WindGuard Calibration)
P THROCK MoRTON EeF'T A STA%EL

- LG.5

PoSITION

DEUTSCHE

WINDGUARD

Deutsche WindGuard
Wind Tunnel Services GmbH

accredited by the / akkreditiert durch die

W,
R\ "y,

Deutsche Akkreditierungsstelle GmbH g (( DAKKS

o " . . . o ‘1':, ,\‘}: Deutsche

as calibration laboratory in the / als Kalibrierlaboratorium im ~ “ms Akkreditierungsstelle

D-K-15140-01-00
Deutschen Kalibrierdienst DKD SE—

D-K-
Calibration certificate Calibration mark 15140-01-00
Kalibrierschein Kalibrierzeichen 10/2017
Object Cup Anemometer This Lvd.liblatlﬂﬂ »certmcate docum_ents t‘he
Gegenstund traceability to national standards. which realize
the units of measuramant according to the

Manufacturer Thies Clima International System of Units (S1).

Hersteller D-37083 Géttingen The DAKkkS Is signatory to the multilateral
agreements of the European co-operation for
Tvpe 4.3351.10.000 Accreditation (EA) and of the Internatiunal

Typ Laboratory Accreditation Cooperation (ILAC) for
the mutual recognition of calibration certificates.

?5;':;?23;%2% 07162398 The .user is obligeq tc? have the object
recalibrated at appropriate intervals.
Customer Dulas Ltd Dieser Kalibrierschein dokumentiert die Riick-
Auftraggeber UK SY20 8AX Machynlleth fihrung auf nationole Normale zur Darstellung
der Einheiten in Ubereinstimmung mit  dem
Order No. 5478 m‘temarlona.!en Ernhe:tgnsystem {(Si). )
Auftrogsnummer Die DAkkS ist Unterzeichner der muitilateralen
Lihereinkommen der Europcan co-operation for
Project No. VT170988 Accreditutivn  (EA) und der International
Projektnummer Laboratory Accreditation Cooperation (ILAC) zur
Number of pages 4 gngrT:Pir'igen Anerk‘ennung der Kalibricrscfrcine.
Anzahl der Seiten Fir die Einhaltung einer unyermessenen Frist zur
Wiederholung der Kalibrierung ist der Benutzer
Date of Calibration 10.10.2017 verantwortlich.

Datum der Kalibrieruny

This calibration certificate may not be reproduced other than in full except with the permission of both the German
Accreditation Body and the issuing laboratory. Calibration certificates without signature are not valid. This calibration
certificate has been generated electronically.

Dieser Kalibrierschein darf nur vollstindig und unverindert weiterverbreitet werden. Ausziige oder Anderungen bedurfen der
Genehmigung sowohl der Deutschen Akkreditierungsstelle als auch des ousstellenden Kalibrierlaboratoriums. Kalibrierscheine
ohne Unterschrift haben keine Giiltigkeit. Dieser Kalibrierschein wurde elektronisch erzeugt.

Date Head of the calibration laboratory Person in charge
DRatum Leiteg des Kulirierluburatoriums Bearbeiter
10.10.2017 3 ’11;7 &7 -

Dipl. Phys. Dieter Westermann lechniker Dirk Henninges
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1714176
D-K-
15140-01-00

_10/201_7J

Calibration object
Kalibricrgegenstand

Calibration procedure
Kalibrierverfahren

Place of calibration
Ort der Kalibrierung

Test conditions
Messbedingungen

Ambient conditions
Umgebungsbedingungen

Measurement uncertainty
Messunsicherheit

Additional remarks
2usatzliche Anmerkungen

Cup Anemometer

¢ Deutsche WindGuard Wind Tunnel Services: QM-KL-AK-VA

Based on following standards:

* MEASNET: Anemometer calibration procedure

* IEC 61400-12-1: Power performance measurements of electricity producing
wind turbines

* |IEC 61400-12-2: Power performance of electricity producing wind turbines
based on nacelle anemometry

* ISO 3966: Measurement of fluid in closed conduits

* 1SO 16622: Meteorology - Sonic anemometers/thermometers

Windtunnel of Deutsche WindGuard WindTunnel Services GmbH, Varel

wind tunnel area 10000 cm?
ancmometer frontal area 230 um?
dlameter of mounting pipe 34 mm
blockage ratio *! 0.023[-]
software version 7T

Ypye to the special construction of the test section no blockage correction Is necessary.

air temperature 240°C+0.1°C
air pressure 1011.4 hPa £ 0.3 hPa
relative air humidity 468%+2.0%

The expanded uncertainty assigned to the measurement results is obtained by
multiplying the standard uncertainty by the coverage factor k=2. It has been
determined in accordance with DAkkS-DKD-3_ The value of the measurand lies
within the assigned range of values with a probability vl 95%.

The reference flow speed measurement is traceable to the German NMI
(Physikalisch-Technische Bundesanstalt) standard for flow speed. Itis realized
by using 4 PTB uwned and calibrated Laser Doppler Anemometer (Standard
Uncertainty 0.2 %, k=2)

Deutsche WindGuard

Wind Tunnel Services GmbH, Varel

DEUTSCHE

WINDGUARD

Page 57
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1714176
D-K-
15140-01-00

10/2017

Calibration result

Kalibrierergebnis

Sensnr Tunnel Speed uncertanty

Hz m/s m/s
81.445 3.971 0.050
122.962 5.898 0.051
166.326 7.901 0.051
209.879 9.910 0.051
253.444 11.927 0.051
295.193 11 847 0.052
338.868 15.829 0.053
316.031 14.830 0.052
275.8%0 12922 0.051
230,588 10.887 0.051
187.056 8.877 0.051
145.025 6932 0.050
101.747 4,936 0.050

File: 1714176
Statistical analysis Slope 0.04609 (m/s)/(Hz) +0.00007 (m/s)/(Hz)
Offset 0.2392 m/s £0.015 m/s
Standard error (Y) 0.015 m/s

Remarks

Correlation cocfficient 0.999989

Deutsche Wind(;uard
Wind Tunnel Services GmhH, Varel

The calibrated sensor complies with the Q' ndGu,
demanded linearity of MEASNET ® ‘o
< 2
s e
o2 o
= et o
@ -
= \XMeasn-y s
3 >
%, Q
9 ) \r\\
7 DEUISCHE
WINDGUARD
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Paged /4 D-K-
Seite 15140-01-00
10/2017
Graphical representation of the result
Grafische Darstellung des Frgehnisces
Calibration No: 1714176; 07162398;
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Calculated output at 10 mvs: 211.8 Hz
* TunnelSpeed + Residuals

Photo of the measurement setup
Foto des Messoufbaus

S mn
10 10 2017  Cal No.: 1714176 SN: 07162308

- —

Remark: The proportions of the sel-up may not be true 1o scale due to imaging geometry.

Deutsche WindGuard DEUTSCHE

Wind Tunnel Services GmhH, Varel WINDGUARD
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TFCA Cup S/N 10164582 at 45.5 m, 120° orientation (Deutsche WindGuard Calibration)
7 gPVIR | THRocktoRTON WG _ BV £44:5.5m ( S.E) ()
/

DEUTSCHE

WINDGUARD

Deutsche WindGuard
Wind Tunnel Services GmbH, Varel

accredited by the [ okkreditiert durch die

Deutsche Akkreditierungsstelle GmbH i (( pAKKS

as calibration laboratory in the / afs Xalibriertaboratorium im

R .\ﬁ-" Ueitsche
Ay aciteumgastulv
0-K-15140-01C0

Deutschen Kalibrierdienst DKD S—
D-K-
Calibration certificate Calibration mark 15140-01-00
Kaiibrierschein Koifbricrzzichen 11/2016
Object Cup Anemomersar This calbration certificate  documents  the
Gegenstand tracesbility to natona standards, which reslize
. the units of measuresrent secording to the
m:',‘,ﬁm"" Thies Llima > International Systern &f Units |S1).

D-370K3 Gittingen Tha DAKKS is signatory w the multilateral
agresments of the Curozean co-cperation far
Type 4.3351.10.000 Mccreditsticn (CA] anc of the international
vp horatory Acoeditarcn Cooperation {IGAL) for
Serial number 10164582 the mutual r_eo:gmt.ian af ca ibeatian certificates
Fatrikol/Serien-tdr. The user is obliged to have the object

rezalibrated 2t approsriate intervals
Customer Ammonit Measurement GmbH Dieser Kafibrierschaln donumentierr die Rick-

Aufiraggeine

D-10997 Berli~

fithrung auf natwnsle Nermgle 2ur Dorstellung
dac Enboyten in Ubere'nstimmung mit dem

Order No. 124193 internctianalen Finkalransystem 151)
Aufrrogsnummer Qie DAKKS Ist (Interzeichaer dor multifoterolen
1 Joereinkommen der European co-aperation for
?&’ﬁﬁﬂﬁ; V1161016 Accreditation  (EA)  wno  der internationo)
{phoratary Accraditation Casperation (ILAC) s
Number of pages a4 gegenseitigen Anerkennung der Kelibeierscheine,
Anzohl der Saitar FUr die Elnhattung elner ongemessenen Frist zur
: - AMederholung der Kolibrieruny (st der Benwlzer

Date of Calibration 22.11.2015 2

Datewry fer Kalhrevunyg

VErD o Lich,

This calination cotifzate rmay not be rearcducas other than m full ascept with the permission of toth the German
Accreditation Bedy ard the issuing laboramary. Calibraton certificates withous signaturs are rot vaid This celitrstion
certficate has been genarated rlectronically.
Oseser Kalibrizrschewn darf nur volistandig wia unverdndert waiterveroveitel werden. Auszuge oder Anderungen Ledirfen der
Genehmigung sowok! der Devtschen Akbreaitierungsstelie ols auch des cussteYenden Kalibrierlabaratonums. Kolitrierscheine
ohae Unterschelft kaben keine Giiltigieit. Dieser Kol'Erlerschein warde elekteanisch erzeugt

Date H23d of the 28liLratice ko atory Perscnin charpe
enTum Joineg s Kol sanunarnrwns detioeiley
22.11.2016

Dol Prys. Dieter ‘Westamann

Tack 2 car Divk =eaninges
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Sevle

[ 1615852
DK
15140-01-00

11/2016

Calibration object
Kabriergegenstond

Callbration procedure
Konbriervedfehicen

Place of calibration
Ort der Xa\brierung

Test conditions
fesshedinguragen

Ambient conditions
Umgelungsbedaingengen

Measurement uncertainty
Idessunsicherhelt

Additional remarks
dusarnche Anpsrkunigen

Cup Anemameter

= Deutsche WinaGuard Wind T.unnel Sesvices: QM-KL-AK VA

Based on followisg sta=dards:

* MEASNET: Anemometer calbration procsdure

= IEC 61400-12-1: Power performance measurements of electricity producing
wind turzires

« JEC 51400-12-2: Power performance of electricity produsing wird turb nes
based an nacelle anemametry

* 130 3966 Measurement of fuid in clesed conduits

» [SO 16622: Meteorology - Son 't anemometers/tharmoneters

Winctunnel of Deutsche WindGuard WindTurnel Services GmbH, Varel

wind tunnel area 10000 em?
anemometer frontal arsa 230 cm’
diameter of mounting pice 25 mm
blockage rato b 0.023 (]
software version 7.64

“pustotan special constourticn af the bos) <evtion 10 Blockepe Conrectivn s necusss=,.

zlr temperature 202'CL01°C
ir pressure 1008.0hPa £ 0.3 hPa
relative gir humidity 433%=20%

The expanded uncanainty assigned 1o the measuremant results is obtained by
multiplyi=g the standard uncertainty by the coverage facler k=2, 1t has been
determined in 2ccordance with DAkKS BKD-3. The valug of the measurand lies
within the assigned range of values with a prebability of 95%.

The reference flow speed measuremert s Lraceable Lo the German NI
{Physikalsch-Technische Bundesanstalt) standzrd for flow speed. It is reallzed
2y using a PTB owned and calibrated Laser Dopples Anemaometer (Standars
Uncertainty 0.2 %, k=2)

Calizrated with customised specitic mount

Deutsche WindGuard

DEUTSCHE

Wind Tunne! Services GmbH, Varel WINDGUARD
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Page3/4 DK
Saire 151400100
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Calibration result
Nathrieresipebavs
Sersor eut Turerlspees Uncertalinty (s=2)
H: ms e
21568 2006 0250
1id.458 €918 0050
165.840 7828 D051
210821 cuse 0051
253031 11283 oAz
2571720 1393) 0.051
339513 1589 002
219.244 117895 0053
PR 1205 0052
231,083 13,846 nost
187,793 .91 0051
©45.733 5.88C 0051
101672 280 £ox
ol 2615852
Statistical analysis Slope 0.045392 (m/s)/{Hz) 0.20009 {m/<)/{Hz}
Offset 0.2872 m/s =0.021 m/
Standard error (¥) 0.02i m/s
Correlation cocfficient 0.939077
Remarks The caliorated sensor complies wit (he Qin 36 Ua
cemanded lineacity of MEASNET @ 4
< Z
o o
2 2
o A —
(=1 - =
: 'C'S’ >
% 3
90, & N
& g39100°
Deutsche WindGuard DEUTSCHE
Wind Tunnel Services GmoH, Varel WINDGUARD
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1615852
Paged/4 ¥
Seite 15140-01-00

11/2018

Graphical representation of the result

Arofische Dorstefony dey Ergetnisses

Calibration No: 1615852; 10164582;
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Photo of the measurement setup
Forn aes Messoubous
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Remark: The propoetions of the sel-uz may not be true to sle Jue <0 maging geometry

Deutsche WindGuard 7 DEUTSCHE
Wind Tunnel Services GmbH, Varel WINDGUARD
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TFCA Cup S/N 10164583 at 20.5 m, 300° orientation (Deutsche WindGuard Calibration)

 TAROCKMMORTON WS - 4R 20.5m (N'U-> (K>

Deutsche WindGuard

Wind Tunnel Services GmbH, Varel

DEUTSCHE

WINDGUARD

accredited by the / akkreditiert durch die

Deutsche Akkreditierungsstelle GmbH

as calibration laboratory in the / als Kalibrierlaboratorium im i

N
R 5%

"y
o

(( pAKKs

Deutsche
Akkreditierungsstelle
D-K-15140-01-00

W
",

Deutschen Kalibrierdienst DKD P
D-K-

Calibration certificate Calibration mark 15140-01-00
Kalibrierschein Kalibrierzeichen 11/2016
Object Cup Anemometer This calibration certificate documents the
Gegenstand traceability to national standards, which realize
= S the units of measurement according to the

m’asl:et;llgcturer Thies Chm?. . International System of Units (SI).
D-37083 Gottingen The DAKkS is signatory to the multilateral
agreements of the European co-operation for
Iype 4.3351.10.000 Accreditation (EA) and of the International
w Laboratory Accreditation Cooperation (ILAC) for
Serial number 10164583 the mutual recognition of calibration certificates.

Fobrikat/Serien-Nr.

Customer
Auftraggeber

Order No.
Auftrogsnummer

Project No.
Projektnummer

Number of pages
Anzahl der Seiten

Date of Calibration
Oatum der Kalibrierung

Ammonit Measurement GmbH
D-10997 Berlin

124199

VT161016

22.11.2016

The wuser is obliged to have the object
recalibrated at appropriate intervals.

Dieser Kalibrierschein dokumentiert die Rick-
fihrung ouf nationale Normale zur Darstellung
der Einheiten in Ubereinstimmung mit dem
Internationalen Einheitensystem (S1).

Die DAkkS ist Unterzeichner der multilateralen
Ubereinkommen der European co-operation for
Accreditation (EA) und der Internationol
Loboratory Accreditation Cooperation (ILAC) zur
gegenseitigen Anerkennung der Kalibrierscheine.
Fir die Einhaltung einer angemessenen Frist zur
Wiederholung der Kalibrierung ist der Benutzer
verantwortlich.

This calibration certificate may not be reproduced other than in full except with the permission of both the German
Accreditation Body and the issuing laboratory. Calibration certificates without signature are not valid. This calibration
certificate has been generated electronically.
Dieser Kalibrierschein darf nur volisténdig und unverdndert weiterverbreitet werden. Ausziige oder Anderungen bediirfen der
Genehmigung sowohl! der Deutschen Akkreditierungsstelle als auch des ausstellenden Kalibrierloboratoriums. Kalibrierscheine
ohne Unterschrift haben keine Giiltigkeit. Dieser Kalibrierschein wurde elektronisch erzeugt.

Date
Datum

22.11.2016

Head of the calibration laboratory
Leiteg des Kalibrierlaboratoriums

Dipl. Phys. Dieter Westermann

Person in charge
Bearbeiter

2 o=

Techniker Dirk Henninges

DNV GL - Report No. GLGH-4270 17 14677 258-R-0025, Rev. A - www.dnvgl.com
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Seite

Calibration object
Kalibriergegenstand

Calibration procedure
Kolibrierverfohren

Place of calibration
Ort der Kalibrierung

Test conditions
Messbedingungen

Ambient conditions
Umgebungsbedingungen

Measurement uncertainty
Messunsicherheit

Additional remarks

1615851
D-K-
15140-01-00

11/2016

Cup Anemometer

* Deutsche WindGuard Wind Tunnel Services: QM-KL-AK-VA

Based on following standards:

* MEASNET: Anemometer calibration procedure

* |[EC 61400-12-1: Power performance measurements of electricity producing
wind turbines

* |IEC 61400-12-2: Power performance of electricity producing wind turbines
based on nacelle anemometry

* 15O 3966: Measurement of fluid in closed conduits

¢ 1SO 16622: Meteorology - Sonic anemometers/thermometers

Windtunnel of Deutsche WindGuard WindTunnel Services GmbH, Varel

wind tunnel area 10000 cm?
anemometer frontal area 230 cm?
diameter of mounting pipe 25mm
blockage ratio *! 0.023[-]
software version 7.64

" pue to the special construction of the test section no blockage corraction is necessary.

air temperature 20.1°C£0.1°C
air pressure 1007.8 hPa £ 0.3 hPa
relative air humidity 436%+2.0%

The expanded uncertainty assigned to the measurement results is obtained by
multiplying the standard uncertainty by the coverage factor k = 2. It has 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%.

The reference flow speed measurement is traceable to the German NMI
(Physikalisch-Technische Bundesanstalt) standard for flow speed. It is realized
by using a PTB owned and calibrated Laser Doppler Anemometer (Standard
Uncertainty 0.2 %, k=2)

Calibrated with customised specific mount

Zusdatziiche Anmerkungen
Deutsche WindGuard DEUTSCHE
Wind Tunnel Services GmbH, Varel WINDGUARD
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Calibration result
Kalibrierergebnis

1615851

D-K-
15140-01-00

11/2016

Sensor out Tunnel speed Uncertainty (k=2)
Hz m/s m/s
81.737 4.013 0.050
123.199 5.935 0.051
166.642 7.943 0.051
210.778 9.971 0.051
254.564 11994 0.051
296.816 13.922 0.052
339.365 15.891 0.052
318.274 14.905 0.052
275.587 12.980 0.052
230.972 10.943 0.051
188.429 8,945 0.051
145.134 6,994 0.050
102.050 4.984 0.050

File: 1615851

Statistical analysis Slope 0.04601 (m/s)/(Hz) £0.00007 (m/s)/(Hz)
Offset 0.2802 m/s £0.016 m/s
Standard error (Y) 0.016 m/s
Correlation coefficient 0.999987
Remarks The calibrated sensor complies with the \N\ ndG Ug
demanded linearity of MEASNET 2 &
S 2
o >
= e‘ e
@ T 1 —
= \Measnys
)
&9@ &
9 12
NER T
Deutsche WindGuard DEUTSCHE
WINDGUARD

Wind Tunnel Services GmbH, Varel
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1615851
Page 4/ 4 0-K-
Seite 15140-01-00

11/2016

Graphical representation of the result
Grafische Dorstellung des Ergebnisses

Calibration No: 1615851; 10164583;
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WindGuard
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Sensor out/Hz
Calculated output at 10 mvs: 211.2 Hz

* Flowspeed ¢ Residuals

Photo of the measurement setup
Foto des Messoufbous
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WindGuard
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22.11.2018 Cal. No.: 1615851 SN: 10164583
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Deutsche WindGuard DEUTSCHE

Wind Tunnel Services GmbH, Varel WINDGUARD
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TFCA Cup S/N 07162399 at 20.5 m, 120° orientation (Deutsche WindGuard Calibration)

2EPHIR: THROLKMORTON RERT 4

MAST Pos'Tion

DEUTSCHE

. o 20:5

WINDGUARD

Deutsche WindGuard
Wind Tunnel Services GmbH

SThGE L

L

IECRE and MEASNET approved test laboratory

accredited by the / akkreditiert durch die

Deutsche Akkreditierungsstelle GmbH

as calibration laboratory in the / als Kalibrierlaboratorium im

Deutschen Kalibrierdienst

Calibration certificate

DKD 1714177

I,

SN (

ioew# (( DAKKS
o~ Deutsche

ook, N Akkreditierungsstelle

D-K-15140-01-00

D-K-
Calibration mark ~ |15140-01-00
Kalibrierzeichen 10/2017

Kalibrierschein
Object Cup Anemometer
Geégenstand
Manufacturer Thies Clima
HCrS it D 37083 Géttingen
Type 43351 10.000
Typ
Serial number 07162399
Fabrikot/Serien-Nr.
Customer Dulas Ltd
Aufeagueher UK SY20 8AX Machynlleth
Order No. 25478
Auftragsnummer
Project No. VT170988
Projektnummer
Number of pages 4
Anzahl der Seiten
Date of Calibration 10.10.2017

Datum der Kalibrierung

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

The DAKKS is signatory to the multilateral
agreements ot the European co-operation tor
Accreditation (EA) and of the International
Laboratory Accreditation Cooperation (ILAC) for
the mutual recognition of calibration certificates.
The wuser is obliged to have the object
recalibrated at appropriate intervals.

Dieser Kalibrierschein dokumentiert die Rick-
fiuhrung auf nationale Normale zur Darstellung
der Finheiten in (lbereinstimmung mit dem
Internationalen Einheitensystem (S1).

Die DAKKS ist Unterzeichner der multilateralen
Ubereinkommen der European co-operation for
Accreditation (EA) und der International
Luburutory Accreditation Cooperotion (ILAC) zur
gegenseitigen Anerkennung der Kalibrierscheine.
Fiir die Einholtung einer angemessenen Frist zur
Wiederholung der Kalibrierung ist der Benutze:
verantwortlich.

This calibration certificate may not be reproduced other than in full except with the permission of both the German
Accreditation Body and the issuing laboratory. Calibration certificates without signature are not valid. This calibration

certificate has been generated electronically.

Dieser Kalibrierschein darf nur vollsténdig und unveriéndert weiterverbreitet werden. Ausziige oder Anderungen bediirfen der
Genehmigung sowohl der Deutschen Akkreditierungsstelle als auch des ausstellenden Kalibrierlaboratoriums. Kalibrierscheine
ohne Unterschrift haben keine Gliltigkeit. Dieser Kalibrierschein wurde elektronisch erzeugt.

Date Head of the calibration laboratory
Datum Leitey ves Kulibrierivburutorivins
10.10.2017

Dipl. Phys, Dieter Westermann

Person in charge
Beurbeiter

Techniker Dirk Henninges
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1714177
D-K-
15140-01-00

10/2017

Calibration object
Kalibriergegenstand

Calibration procedure
Kalibrierverfohren

Place of calibration
Qrt der Kelibrigrung

Test conditions
Messbedingungen

Ambient conditions
Umgebungsbedingungen

Measurement uncertainty
Messunsicherheit

Additional remarks
Zusatzliche Anmerkungen

Cup Anemometer

* Deutsche WindGuard Wind Tunnel Services: QM-KL-AK-VA

Based on following standards:

* MEASNET: Anemometer calibration procedure

¢ |EC 61400-12-1: Power performance measurements of electricity producing
wind turbines

* [EC 61400-12-2: Power performance of electricity producing wind turbines
based on nacelle anemometry

* 150 3966: Measurement of fluid in closed conduits

* 1SO 16622: Meteorology - Sonic anemometers/thermometers

Windtunnel of Deutsche WindGuard WindTunnel Services GmbH, Varel

wind tunnel area 10000 em?
anemometer frontal arca 230 cm?
diarmeter of mounting plpe 34 mm
blockage ratio 1 0.023 [-]
software version 7.7

Y pye to the special construction of the test section no blockage correction is necessary.

air temperature 24.2°C+0.1°C
air pressure 1011.3 hPa £ 0.3 hPa
relative air hurnidity 46.7 % +2.0%

The expanded uncertainty assigned to the measurement results is ohtained by
multiplying the standard uncertainty by the coverage faclor ¥=2. IL has 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%.

The reference flow speed measurement is traceable to the German NMI
(Physikalisch-Technische Bundesanstalt) standard for flow speed. It is realized
by using a PTD owned and calibrated Laser Duppler Anemometer (Standard
Uncertainty 0.2 %, k=2)

Deutsche WindGuard

Wind Tunnel Services GmbH, Varel

DEUTSCHE

WINDGUARD
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Calibration result

Kalibrierergebnis
Sensor Tunnel Speed Uncertainty
Hz m/s m/s
81.982 3.979 0.050
123.065 5.893 0.050
166.235 7.897 0.051
209.967 9,905 0.051
253.956 11.932 0.051
295.202 13.853 0.082
339.627 15.833 0.053
316.631 14.826 0.052
275.056 12.921 0.052
230.795 10.878 0.052
187.274 8.871 0.051
145136 6.933 0.051
102.322 4,938 0.050
rile: 1714177
Statistical analysis Slope 0.04609 (m/s)/(Hz) £0.00007 (m/s)/(Hz)
Offset 0.2273 m/s +0.016 m/s
Standard error (Y) 0.016 m/s
Correlation coefficient 0.999988
Remarks The calibrated sensor complies with the Qin 4G Us
demanded linearity of MEASNET & g
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Graphical representatian of the result
Grafische Darstellung des Ergebnisses
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Calculated output at 10 m/s: 212 Hz
* TunnelSpeed + Residuals

Photo of the measurement setup
Foto des Messaufbaus
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Remark: The proportions of the set-up may not be true to scale due to imaging geometry.

Deu{s;he WindGuard 7 7 . DEUTSCHE
Wind Tunnel Services GmbH, Varel WINDGUAR
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APPENDIX F: IEC ANNEX L UNCERTAINTY ANALYSES

1. Reference / anemometer uncertainty

The anemometer uncertainty of the specific reference heights is calculated based on the wind tunnel
calibration of the individual anemometer, the anemometer classification and the mounting effect at the
met tower.

2. Mean deviation of the remote sensor measurements and the reference measurements

This is the relative deviation between the bin averages of the RSD and the mast reference measurement
divided by with the reference measurement.

3. Standard uncertainty of the measurement of the remote sensing device

The standard deviation of the measurements was divided by the square root of the number of data
records per bin. The relative uncertainty was calculated by dividing the value by the bin average wind
speed of the mast (reference) measurement.

4. Mounting uncertainty of the remote sensor at the verification test

The uncertainty of the remote sensing device due to non-ideal levelling was estimated to be 0.5 %.
5. Uncertainty due to non-homogenous flow

The LiDAR device is located in close proximity of the met tower just a few m to the East of the tower

base. As a result the uncertainty due to non-homogenous flow within the measurement volume is
considered to be negligible.

DNV GL - Report No. GLGH-4270 17 14677 258-R-0025, Rev. A - www.dnvgl.com Page 72



ENVIRONMENTAL PARAMETERS ACCORDING TO

APPENDIX G

IEC ANNEX L, DURING THE CAMPAIGN, REF. 70 M LEVEL
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ABouT DNV GL

Driven by our purpose of safeguarding life, property and the environment, DNV GL enables organizations
to advance the safety and sustainability of their business. We provide classification and technical assurance
along with software and independent expert advisory services to the maritime, oil and gas, and energy
industries. We also provide certification services to customers across a wide range of industries. Operating
in more than 100 countries, our 16,000 professionals are dedicated to helping our customers make the
world safer, smarter and greener.
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