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1 EXECUTIVE SUMMARY

This report summarizes the methodologies employed by CRES, CIEMAT, RES, Forwind and CENER
in the assessment of the Net Annual Energy Production of offshore wind farms and the associated
uncertainties.

To analyze the different gross energy estimation techniques in a homogeneous way FINO 1 site
has selected as test case. With FINO 1 measured data at different height levels and a power curve
as input the participants have calculated mean wind speed, data coverage and wind frequency
distribution after filtering; long term wind speed distribution; hub height (120 m) wind speed
distribution; long-term predicted gross energy (P50) and the estimated uncertainty of the long
term predicted gross energy yield. Participant’s results were independently compared and
contrasted with one another.

In order to analyze the mesoscale outputs as offshore virtual masts the gross annual energy
production has been calculated with data from nearest grid point of Skiron mesoscale model and
added to the results comparison.

The results are discussed within this report, as conclusion the need of clear and common
methodologies and standards to do the wind energy yield assessment in offshore wind farms and
data to validate them.

To obtain Net Annual Energy Production from Gross Annual Energy Production different losses
must be estimated.

RES has done a general analysis of percentage yield lost due to weather window accessibility for a
range of wind farm parameters. They have estimated the energy-based Turbine Availability loss
for a generic 600 MW offshore wind farm for a number of scenarios, using the RES software
SWARM.

ECN presents its O&M Tool (Operation and Maintenance) which has been developed to estimate
the long term annual average costs and downtime of an offshore wind farm; and the OMCE-
Calculator (Operation and Maintenance Cost Estimator) developed to estimate the future O&M
costs of an operating offshore wind farm.

Forwind discussed the power curve deviations between manufacturer and on-site power curves in
offshore sites due to reduced levels of vertical shear and turbulence intensity.

Finally conclusions and good practices will be stated and recommendations on future effort and
investigation given.
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2 INTRODUCTION

The purpose of this report is to describe the work undertaken and the results within work package
3 (WP3).

The aim of WP3 consists of providing means to produce an accurate assessment of the expected
net energy yield from wind farms and clusters of wind farms as well as the associated uncertainty
by integrating results from work package 1 (WP1) and work package 2 (WP2).

This work package aims to checking methodologies and techniques used in the assessment of the
Net Annual Energy Production of offshore wind farms and the associated uncertainties. Given the
lack of available data from operational wind farms it is challenging to validate the proposed
methodologies, especially regarding uncertainty quantification which is very case-specific.
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3 TEST CASE DESCRIPTION: FINO 1

This description has been prepared for EERA-DTOC WP3 activities and presents the main
characteristics of FINO 1 research platform, which is situated in the North Sea, approximately 45
kilometres off the Borkum Island (Figure 3.1.1), at a depth of some 30 meters. The exact site
coordinates are as follows:

N54° 0.86° E6° 35.26°
FINO 1 data can be used as test case for estimating Gross Energy in a hypothetical wind farm.

The FINO 1 platform operates unattended under harsh environmental conditions offshore. To
meet the different requirements of all users, BSH (Bundesamt fiir Seeschifffahrt und
Hydrographie) provides as much data as they can get. Distorted or abnormal measurements are
not excluded as long as it is not proven that they are clearly erroneous. The specifications of the
measurement set up provided in this document have been extracted directly from [3.1] sent by
BSH. More detailed information about the FINO 1 mast and wind conditions can be found in [3.2].

Reinoilnido - g - "'c;'l'.’-remen

Birmingham .E‘r.-;la nd

Niedersachsen

Hannover
.

Figure 3.1.1: Location of FINO1 research platform

3.1 Instrumentation

The database accessible from this website [3.3] contains the results of comprehensive
meteorological and oceanographic measurements made at the offshore test field, as far as they
have become operational.

The height of the measurement mast is 100m. Seven cup anemometers are installed at heights of
30 m to 100 m on booms mounted in southeast direction of the mast. One cup anemometer is
mounted on top of the mast at 100m height. Three ultrasonic anemometers are present at
heights of 40 m, 60 m, and 80 m on north-westerly oriented booms (Figure 3.1.2). Additional
meteorological measurements consist on wind direction, air temperature, moisture, air pressure
and solar irradiation. The oceanographic measurements include waves, wave height, water current
and physical properties of the sea water. A detailed sensor description is provided in ANNEX 1.
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Figure 3.1.2: Location and orientation of FINO1 sensors

Mast shadowing effects need to be considered because of the high distortion effects expected
from such a large tower on the anemometers. Figure 3.1.2 shows the orientation of the sensor
booms with respect to the tower. Flow distortion is also present at the top-mounted anemometer
since it is surrounded by lighting rods at E, W, N and S directions.

3.2 Inputdata

The following data was provided for the AEP comparison based on 10-minute averaging period:

e Time series of controlled! measured mean, standard deviation and maximum wind speed,
mean and standard deviation of wind direction, temperature and pressure.

e Generic power and thrust curves as well for a 2 MW wind turbine, with 80 m rotor diameter
and 120 m hub-height, based on an air density of 1.225 kg/m3. For the purpose of this test
and to avoid dispersion in air density estimation, the mean site air density shall be assumed
to be 1. 225 kg/m3.

1 DEWI, the institute that is in charge of the meteorological measurements at FINO1, controls the data and correct them if
necessary.
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4 METHODOLOGY

In order to provide an accurate value of the expected net energy yield, the offshore wind resource
assessment process has been reviewed (Figure 4.1) as well as the sources of uncertainty
associated to each step.

The gross annual energy prediction (AEP) is derived from either measured or virtual (simulated)
wind speed time series at hub-height, Unuw, integrated over long-term period together with the
power curve from the target wind turbine. Observations need to be filtered out of spurious
registers and eventually require vertical extrapolation to hub-height. In the absence of onsite
measurements, virtual time series generated by a numerical weather prediction (NWP) model and
interpolated to the site and height of interest are used. Long-term extrapolation against historical
observational or virtual data is necessary if the original period is of short duration.

The net annual energy production (AEPNer) is the result of applying various sources of energy
inefficiency to the AEP, notably: from wind farm wake losses, from electrical losses, from
unavailability losses during operation and maintenance (O&M) activities. Wake efficiency is the
object of WP1 while the electricity losses are characterized in WP2.

Alongside the process of AEPNer assessment we need to take into account the different sources of
uncertainty (A) that are propagated in each step. The final outcome of the process is probabilistic
with a probability density function defined in terms of the 50, 75 and 90% percentiles (P50, P75,
P90). These outputs are used by financial models to calculate the expected return of investment
of the project. In brief, the project is more profitable with increasing P50 and less risky with
decreasing P90/P50 ratio.

............................................................

data Wind data

Filtering

Long Term Analysis

\ 4

YWertical extrapolation |

Measured Wind ‘ Long Term Virtual ‘ .

| Long Term Wind Data at Hub Height | : AEP
' Agam

lv |

Figure 4.1: The main components in a offshore wind resource assessment

Based on FINO 1 input data CRES, CIEMAT, RES, Forwind and CENER have estimated the Gross
Annual Energy production using own methodologies. To analyze the different techniques in a
homogeneous way, the next information has been requested to each participant:

1. For each measured level (100, 90, 80, 70, 60, 50, 40 and 33 m) the mean wind speed
for the measured period to make sure that all participants have the same input.
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2. To check the filtering techniques and their impact on the results: mean measured wind
conditions after filtering: mean wind speed and data coverage for each height level, wind
frequency distribution of hours in the year as a function of wind speed and direction for
the 100 meters level and mean turbulence intensity at 100 m.

3. Longterm wind speed distribution and turbulence intensity as a function of wind direction
sector at 100 m level. Long term reference data is not provided as an input such that
each participant can use own reference information (meteorological station or virtual data
from databases like MERRA, GFS, World Wind Atlas Data...); this will allow assessing the
impact from different reference data sources and Measure-Correlate-Predict (MCP)
methods of temporal extrapolation.

4. Vertical extrapolation techniques of the mean wind speed and turbulence intensity will be
analyzed for a prediction height of 120 meters.

5. AEP will be analyzed based on the long-term prediction of gross energy yield in GWh/year,
before wake effects and any other losses.

6. The estimated uncertainty of the long term 10-year equivalent predicted gross AEP,
including a breakdown of the individual uncertainty components that have been
estimated or assumed.

7. Details of how the particular methodology of each participant, in particular on how the
wind speed prediction has been carried out (e.g. MCP technique), if measured or modeled
wind shear was used, etc.

To analyze the NWP outputs as offshore virtual masts the gross annual energy production has
been calculated based on data from nearest grid point of Skiron mesoscale model
simulations.

The wake effects between wind turbines are particularly relevant in offshore environments
where long periods of atmospheric stability conditions make the flow recover more slowly than
in onshore conditions. This information is obtained from WP1 and it is of great importance at
estimating the net energy yield.

Secondly, any cluster of wind farms involves a considerable electrical infrastructure that
inherently will produce a certain amount of electrical losses inside each wind farm, between
wind farms inside the cluster and between the cluster and the shoreline. The procedure for
the estimation of these losses can differ considerably from those at onshore sites and must
also be estimated as accurately as possible. This information is obtained from WP2.

Thirdly, an important factor to be included at the net energy yield estimation is the availability
of wind turbines and wind farms. Availability of wind farms can be affected by the combination
of the vulnerability of wind farm design, weather conditions, wind turbines degradation and
maintenance infrastructure. Availability data of wind farms at different scenarios and
climatology are not available so a general analysis of percentage yield lost due to weather
window accessibility for a range of wind farm parameters will be done by RES. The considered
parameters are:

- Significant wave height limit (between 1.0 meters and 2.0 meters)
- Distance from shore
- Wave conditions (benign, moderate and severe)

The objective of this work package is to estimate the expected energy loss due to wind farm
accessibility depending on the topology and location of the clusters of wind farms.
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The structure of the report is to take each project partner's explained its wind resource
assessment methodology, then to discuss the FINO 1 test case results and synthesis the
different methods and results. The general analysis of percentage yield lost due to weather
window accessibility for a range of wind farm parameters will be explained. Finally conclusions
and good practices will be stated and recommendations on future effort and investigation
given.
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5 METHODOLOGY FROM CIEMAT

On the basis of data provided in the FINO1 research platform, CIEMAT has conducted a series of
steps with the main objective to obtain the Gross Energy (P50) and an estimation of its uncertainty
(P90). To achieve these objectives we have separated the study in the following structure: Quality
Control, Long term, Vertical extrapolation, Gross Energy (P50) and Uncertainty Analysis.

5.1 Quality Control

The Quality Control procedure developed in the present study and applied to the observational
wind dataset is structured in three main steps that involve the detection and suppression of rough
errors: 1) manipulation errors (such as artificial data repetitions); 2) unrealistic values in wind
speed and direction; 3) abnormally low (e.g. long periods of constant values or calms) and high
variations (e.g. extreme values). Furthermore, although no homogenization tests have been
applied, an inspection and correction of systematic errors have also been performed in a fourth
step. The wind speed and wind direction data are assessed independently, although most of the
steps are common for both variables. Most of the techniques applied are based on previous
works by CIEMAT [5.1]. However, it is worth emphasizing that each observational database
presents particular quality problems and requires specific treatment.

The mean wind speed and percentage of remaining data after filtering for each height of
measurement is presented in the Table 5.1.1. The percentage of data with which we are going to
work is greater, in virtually all levels, than 96 %.

Table 5.1.1: Mean wind speed and percentage of data for 100, 90, 80, 70, 60, 50 and 40 meters above
ground level.

Percentage of remaining data after

PR Mean wind speed filtering
[m/s]
[%]
V100 9.84 96.55
VOO0 9.40 96.52
V80 9.32 95.50
V70 9.20 96.60
V60 9.09 96.60
V50 8.89 93.00
V40 8.66 90.87
V33 8.49 89.79
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5.2 Longterm

The annual temporal evolution of the mean wind speed at FINO 1 database is shown in Figure
5.2.1. For the level of 100 meters, the year with less wind was 2010 (9.00 m/s) and the windiest
years were 2007 (10.20 m/s) and 2008 (10.25 m/s). The variability with respect to the mean
value of each of the annual means is smaller than 9 %. The box-plot of the wind speed (Figure
5.2.2) reveals a clear annual evolution. The winds are stronger in winter than in summer. During
the summer, the monthly distributions are more similar. The change in the trend at 50 meters
above the ground level in the year 2008 (yellow line in Figure 5.2.1) should be studied, although it
is not subject to this analysis.

The time length of the FINO 1 database is from 13/01/2005 to 01/07/2012 for this analysis we
have used data from 2005 to 2011 to take into account full years. The only year with missing data
in more than a moth is 2012.

In the wind energy sector, the life-time of the park is considered to be around 20 years. The wind
data do not usually have a tendency and the mean wind at a site is fairly stable in time, from a
certain number of years. In our case, only taking into account 4 years the variability in the wind
mean is less than 2 %. We have therefore considered that the average wind speed of the 7 years
studied can be considered a good estimation of the long term mean and it has been applied only
an increase it by 2% due to FINO 1 mast correction [5.2].

10.5 T T T T T

WIND SPEED (m/s)

75 1 1 1 1 1 1
2005 2006 2007 2008 2009 2010 2011 2012

YEAR

Figure 5.2.1: Annual wind speed at the different heights (see legend).
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Figure 5.2.2: Box and whiskers plots, FINO 1 100 meters about ground level, showing the distribution of the
mean wind speed field for each Month. The central square indicates the median, the lower bases of the
boxes are the 25 percentiles and the upper ones the 75 percentiles. The lower and upper whiskers indicate
the 10 (lower) and 90 (upper).

5.3 Vertical extrapolation

In order to calculate the vertical extrapolation a wind shear profile in power law has been used.

U, (22 )a
U, 'z

Where o (alpha) is the surface roughness exponent, shear exponent, power law coefficient, etc...
that can be obtain by the velocity at two levels.

The main objective is to estimate the wind velocity at 120 meters height above ground (sea) level
from the wind speed at 100 meters. In Figure 5.3.1 CIEMAT has presented the surface roughness
exponent (alpha) in function of height above ground level in the FINO 1 mast. There is an
overestimation for the 100 meters above ground level (100/90).
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Figure 5.3.1: The surface roughness exponent versus ratio of heights above ground level.

This anomaly value may be due to the presence of the tower itself. Figure 5.3.2 shows the 90
meters above ground level wind direction distribution (there is not a wind direction sensor
installed at 100 m) of the alpha coefficient (ten minutes averaged) for the wind speed at 100/90
m above ground level. There is an interval of around sixteen degrees (280° - 340°) in which alpha
has larger values. Since alpha is usually near to O this higher value strongly affects the mean
value. This effect is related to the lightning protection cage and the installation of the tower itself
[5.2].

15 T T T T T T T T T T T T T T T T T

10 . -

alpha

15 1 | 1 | L 1 1 1 1 1 | 1 ! 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360
Wind Direction (degree)

Figure 5.3.2 : The wind direction versus alpha coefficient (100/90 heights above ground level).
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The value of alpha is around 0.07 if we remove the wind velocity for the perturbed directions.
However, how we do not have a measure of the wind direction to 100 meters height, therefore we
cannot 'clean' the inference of the tower in the wind data in this height. Alpha decreases with the
height and a typical value for unstable air above open water surface is 0.06, a conservative value
of 0.03 has been chosen..

5.4 AEP (P50)

The extrapolated wind speed and the power curve provided by the manufacture have been used to
calculate the gross energy production in a typical year (P50). In this case no air density correction
has been done and a value of 1.225 kg/m3 has been used.

In particular, the annual gross energy (P50) have been calculated using the following formula:
Gross Energy yield = Y, Prob(Ui ) * Power (Ui ) *8760 h = 10,64 GWh

Where i correspond to each bin of velocity.

5.5 Uncertainty Analysis
The following typical values for the uncertainties have been taking in account:

*  Wind measurement, mast flow distortion: This uncertainty source arises when measuring
the actual wind speed at the site. Several factor can contribute to errors in the
measurement of wind speed, and therefore in the determination of mean wind speed.
These factors fall into the category of wind speed measurement uncertainty (calibration
uncertainty, dynamic over speeding, vertical flow effects, vertical turbulence effects, tower
effects, boom and mounting effects and data reduction accuracy). For this case a typical
uncertainty, according to our experience in offshore wind farms, of 1.96% is used.

*  Deviation from future (10 years): This uncertainty source arises when the measured wind
resource data are used to estimate the long-term wind resource at a site. Typically, twenty
years is assumed to be a long enough time period to characterize the long-term wind
resource. A typical uncertainty, according to our experience in offshore wind farms, of
1.50% is used.

* Deviation from historical: The actual wind resource over the timelife of the turbine may
not be the same as the true long-term wind resource, which produces additional
uncertainty, in this case a typical uncertainty, according to our experience in offshore
wind farms, of 1.50% is used.

* Extrapolation horizontal: The reference site data used in the called Measure-Correlate-
Predict to estimate the long-term parameters might not in fact be representative of the
true long-term values, for this reason a typical uncertainty, according to our experience in
offshore wind farms, of 1.00% is used.

e Power curve: The three sources of power production uncertainty are: Wind turbine
specimen variation, wind turbine power curve variation and air density uncertainty. For
this case a typical uncertainty, according to our experience in offshore wind farms, of
1.75% is used.

A sensitivity factor has been used to translate the wind speed uncertainties to production
uncertainties. A typical value for an offshore wind farm is 1.02 and is the value that has been
used in this study. Other factors of uncertainty that we can take into account for % of P50 energy
that are not considered in this analysis are turbine availability, blade dirt & icing, Electrical losses,
high-wind hysteresis, array, grid availability, etc...

CIEMAT used the root-sum-square to integrated the independent sources of uncertainty into the
total uncertainty, e=( €2)%/2. Where i is each source of uncertainty.
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P90 was interpreted as the energy production that should be expected with a probability 90% and
was calculated as the 10% quantile of a Gaussian distribution with mean value P50 and standard
deviation €.
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6 METHODOLOGY FROM CRES
6.1 Filtering

The process of filtering the available data consists of automatic and user-applied filters. It is
important to ensure that we do not discard more than the required Filtering is based on the
following:

e Direction:

o0 Discard more than 3 consecutive identical measurements (frozen/stuck vane)

0 Discard measurements where direction SDV = O (frozen/stuck vane)

o0 Discard measurements where direction SDV is unavailable

o0 Discard measurements where direction differs by > 35 degrees from the average
of the other vanes

e Speed

0 Discard measurements where velocity SDV = O

0 Discard measurements where velocity SDV is unavailable

0 Discard measurements where there is no valid direction (as there are multiple
vanes this was relaxed so as not to require the direction at the equivalent height
to be present. Forcing this would discard a lot of measurements at some heights
(40 m) where the direction data is missing, while direction data at other heights
is available. Given that the correlation between heights was generally excellent,
these speed measurements were retained with directions filled in from other
heights)

o0 Discard measurements where the ratio of velocities at different heights exceeds
prescribed limits. A problem with this is that because of the direction of the
booms at other heights the ratios are irregular around the NW direction (see
Figure 6.1.1). Applying the filter would discard the (correct) measurements at
100 m, as they appear incompatible with the (incorrect) measurements at other
heights. For this reason and since the 100 m measurement is the one of real
interest, a very large range was allowed, leading to practically zero filtering.

0 Discard measurements where maximum velocity (gust) < average velocity (error)

Anamomeatar at 90m vs Anemometar at 100m Anemomeatar at E0m vs Anemometar at 100m
U = dmis U > 4mis

Figure 6.1.1: Ratio of velocities at different heights of the FINO 1 platform, plotted for direction.

The final result of the filtering process is summarised in the Table 6.1.1.
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Table 6.1.1.: Filtering of the mast data.

Percentage of remaining data after

SRR Mean wind speed filtering
[m/s]
[%]
V100 9.87 90.70
VOO0 9.45 90.70
V80 9.38 89.75
V70 9.25 90.80
V60 9.15 90.80
V50 8.99 88.80
V40 8.76 85.85
V33 8.61 86.40

6.2 Longterm

With the given measurements covering >7 years we would NOT use any kind of long term
correction, unless it comes from a very close mast with a correlation coefficient of > 95%. In any
other case the added uncertainty is higher than the gain. The only data that was available to CRES
was the NCAR predictions at the nearest station. Using MCP resulted in poor correlation to the
existing dataset and was not used. A correction based simply on monthly averages was applied in
the results (the effect is negligible, dropping the wind speed at 100 m from 9.87 to 9.85 m/s).

We stress that in a real application with > 7 years available we would not use any correction. A
statistical analysis, based on individual events, shows that the uncertainty range as a function of
the Weibull coefficients and the duration of the measuring campaign follows the trend of the
Figure 6.2.1, where for k=2 and 7 years the uncertainty has dropped to ~2%.

Using an MCP correlation will almost invariably introduce a higher uncertainty, unless we have
access to a mast in the same wind farm.

20| Page
(D3.1, Report on procedure for the estimation of expected net energy yield and its associated
uncertainty ranges for offshore wind farms and wind farm clusters)



%ch ,

THESURGRRAN EMCRDY ARSE\RCY
TOOLS FOR OFFSHORE W

12 —
10 —
| k=2.0
o k=1.8
] k=1.6
P —_—
o
S | —— k=12
(]
4 N
2_
0 T T T T 1

1T T T T T T T
1 2 3 4 5 6 7 8 9 10111213 14 15
years

Figure 6.2.1: Uncertainty of the mean of ten-minute averaged wind speeds as a function of the
measurements duration and the Weibull form factor k. Confidence level 95%.

6.3 Vertical extrapolation

For the derivation of the time series at 120 m, the exponents of the power law were calculated
independently for 12 sectors (the average value is ~0.09), based on the measurements. The two
sectors at 300 and 330 degrees had poorer correlations, affected by the boom orientation that
distorts the speed measurements. This effect is obvious in the relative Figure 6.1.1 of the velocity
ratios. It is also worth pointing out the effect on turbulence intensity (see Figure 6.3.1), where the
values for 80, 90 and 100 m are similar except for the affected sector, where the intensity
increases for the two lower heights. For this reason the shear coefficient was calculated neglecting
the 100 m measurement for two of the sectors. Based on the calculated values a “dummy” time
series at 120 m is produced.

T.1.(%) per direction for each height

Smis < U < 11mfs, in 6°wide bins

NW - A ~. " NE

e | | (|

. . -3 S| E o
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Figure 6.3.1: Turbulence intensity per direction for the three highest anemometers

6.4 AEP (P50)

We generally employ one of three (theoretically equivalent) methods to estimate the gross yield,
based on the power curve:

1. Integration of the actual time series with the power curve provided
2. Use of the wind rose at the relative position
3. Use of sector-wise Weibull distributions at the wind turbine position(s).

The method used for this particular application was the first one. A 0.7% production loss was
calculated as a result of hysteresis (operation between cut-off and re-cut-in) based on the given
characteristics. It should be pointed out that no density correction was performed for the power
curve, in order to keep the results comparable, but in real conditions a correction would be made
based on either local measured temperature or a long-term estimate for the temperature.

The result for the energy yield was 9.85GWh/year, corrected to 9.79GWh/y when considering the
non-uniform distribution of missing data around the year.

6.5 Uncertainty Analysis
The following uncertainties have been taking in account:

e Wind Speed Measurements, details for the wind speed measurements that were used in
this study are now known. It is assumed that they were carried out by an accredited for
wind potential measurements organization and a typical uncertainty of 2.0% is used.
Detailed calibration sheets would be needed for a more accurate assessment.

* Long-term Wind Speed Variability, this is based on statistical analysis of the available
measurements. As the period covered is >7years the resulting uncertainty is small

* Wind Data Horizontal and Vertical Extrapolation, horizontal extrapolation is not
considered, as it is assumed that the wind turbine operates at the mast position. For the
vertical extrapolation the measurements from 40-90 m are used to derive the power law
coefficients and the error margin on those. Uncertainty is calculated based on this error
margin.

* Power Curve, a 5% uncertainty was attributed to the power curve. Depending on the
contract signed by the Company and the Manufacturer the guaranteed performance is
often based on the uncertainty of the measured power curve (if such a measurement is
performed), which is not known beforehand. Therefore this particular uncertainty is
subject to verification.

Uncertainties related to wake losses and availability are not considered for the gross production
(they are included in the final net production estimate for a given wind farm).

Power estimate was based on a fixed density, as per the instructions for the case. Normally we
would correct for local temperature/density.

The uncertainties related to wind speed are multiplied by the sensitivity factor to translate them to
production uncertainties.

The wind speed sensitivity factor (i.e. the change in energy production for a unitary change in wind
speed) is calculated from the power curve of the wind turbine. For the numerical estimation of the
sensitivity factor, the production is calculated for mean speeds that differ from the reference one
by +2% and the effect on energy production is calculated. Due to the high wind speed the
sensitivity is lower than one would typically expect for an onshore wind farm (1.029).

Table 6.5.1 summarizes these uncertainties.
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Table 6.5.1: Summary of uncertainty calculations

Measurement uncertainty 0.20 2.00% 0.20 2.05%
Long Term uncertainty 0.13 1.31% 0.13 1.34%
Vertical Extrapolation 0.17 1.70% 0.17 1.74%
Horizontal Extrapolation 0.00 0.00% 0.00 0.00%
Power Curve 0.49 5.00%

Total 0.57 5.84%
P90 9.11 92.50%
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7 METHODOLOGY FROM RES
7.1 Filtering

The data was first quality-controlled to remove any periods of bad or missing data. Reasons for
data removal included anemometers flat-lining (sticking at a constant wind speed reading),
dropping out to zero wind speed, or other erratic behaviour such as wind speed spikes. No clear
evidence of anemometer icing was found.

The 103 m anemometer is affected by the lightening cage. By plotting the ratio of the 103 m and
92 m wind speeds, four distinct peaks can clearly be seen in the NE, SE, SW and NW sectors. The
effects of this cage were removed as much as possible by fitting Gaussian profile to each of the
four affected regions and correcting the wind speed time series for the 103 m anemometer.

7.2 Longterm

The long-term mean wind speed at the 103 m anemometer was estimated using the measure-
correlate-predict methodology. The nearest MERRA node point was used as a reference data
source and was found to be correlated extremely well with the FINO data (r = 0.93). A matrix
method was used to define the correlation between the two data sources.

In order to derive the long-term mean wind speed, RES derived two different estimates and then
combined them. These are described below:

1. An ‘Annual Average Estimate’ (AAE): This is the mean wind speed from the FINO 1
data alone, corrected for seasonal bias, with no long-term reference source. The
AAE for the 103 m anemometer covered the period 13/01/2005 to
01/07/2012.

2. An ‘Historic Estimate’ (HE): This is the mean wind speed predicted from the
MERRA data after applying the correlation, for the period 12/01/1996 to
12/01/2005.

The AAE and the HE represent two separate estimates of the long-term wind speed at the FINO 1
mast. The final long-term mean wind speed was estimated by calculating a weighted-average of
the AAE and the HE. However, it is worth noting that in this case, the AAE and HE were actually
identical, i.e. the mean wind speed during the measurement period was the same as in the
historic reference period.

The long-term wind frequency and directional distributions were taken directly from the measured
data, after correcting for seasonal bias. RES believed that with seven years of measured data, the
measured distribution would be more representative of the site than using the MERRA data.

It should be noted that due to the top anemometer being stub-mounted, RES would usually add a
correction to reduce the mean wind speeds, because it is common for such anemometers to
overestimate the wind speed. However, in this case there was insufficient information about the
anemometer setup to decide what correction should be applied. Therefore, instead of adding a
correction the anemometer measurement uncertainty was increased as described in the
Uncertainty Analysis section below.

The turbulence intensity at 103 m was calculated directly from the 103 m wind speeds and
standard deviations.

RES used the full period of data provided from FINO 1 for this assessment. Although the Alpha
Ventus wind farm was constructed during the measurement period, RES have ignored the effect of
this in the analysis because it was not mentioned in the instructions for the test case.

7.3 \Vertical extrapolation

The wind shear exponent was calculated using the ratio of the measured wind speeds between
the anemometers at 91.5 m and 71.5 m. The 103 m anemometer was not used for the shear
calculation because it is stub-mounted.
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There was a strong tower-shadow effect on this mast. RES removed this effect from the shear
calculation by fitting a Gaussian profile to the affected area and correcting the wind speed ratios.

Both the ‘exponent of means’ and ‘mean of exponents’ methods gave very similar results in this
case. The ‘exponent of means’ was used in the final result because it gave a slightly lower (more
conservative) estimate of the hub height wind speed.

The turbulence intensity measured at 103 m was vertically extrapolated to hub height by
assuming that the wind speed standard deviation remains constant with altitude [7.1]. The
turbulence ratio between measurement height and hub height was therefore the inverse of the
wind speed ratio.

7.4  AEP (P50)

Since no wake model or horizontal extrapolation was required for this analysis, deriving the gross
energy was relatively simple. The turbine power curve was combined with the predicted long-term
wind distribution to produce the gross energy yield, using RES software.

The precise definition of Gross Energy can vary between organisations. Therefore, RES have also
derived the energy yield accounting for high wind speed hysteresis loss. This was calculated using
our internal software.

7.5 Uncertainty Analysis

The ten-year uncertainty in the gross energy yield was calculated as a combination of the following
components:

* Uncertainty in the vertical extrapolation

* Uncertainty in the long term mean wind speed estimate
* Uncertainty in the turbine power curve

* Uncertainty in the mean air density

The two largest uncertainty terms were the wind speed and power curve uncertainties. These
terms dominated the overall uncertainty value. This is partly because with only a single turbine
there is no possibility for power curve variation to average-out across the wind farm.

The uncertainty on the long term mean wind speed is itself made up of a number of component
uncertainties, including:

* Instrumentation uncertainty. This was increased above the usual value because the
103m anemometer was stub-mounted and surrounded by a lightening cage. An extra
uncertainty term was added to account for this.

*  MCP uncertainty: This is the uncertainty associated with the MCP process including
determining the correlation between the FINO mast and MERRA data.

* Historic and AAE uncertainties: These are the uncertainties that arise from assuming that
the historic data period and the measurement period are representative of the long-term
wind speed at the mast and from the removal of seasonal bias.

*  Future wind speed uncertainty: This is the uncertainty caused by the natural variability of
the wind year-to-year. The future uncertainty was derived assuming a ten-year future
averaging time.

An inter-annual variation in mean wind speed of 6% was assumed for the uncertainty analysis.
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8 METHODOLOGY FROM FORWIND

8.1 Filtering

For the filtering of the FINO 1 measurement data the strategy was chosen to discard unreliable
data instead of attempt a correction in the disturbed data. Three criteria were used for filtering the
data. For all cup anemometers only data before 2009-07-14 was used, which means only data
before the construction of Alpha Ventus was considered. For the 103 m cup anemometer the
lightning shielding was taken into account, therefore wind coming from the four cardinal directions
was discarded (e.g., wind between 80 and 100 degrees was discarded). For the cup anemometers
on lower height levels only data of the sector between O and 280 degrees was considered. Figure
8.1.1 shows the difference between the wind speed measured at 103 m and the wind speed
measured at 90 m. The effects of the tower around 300° and of the lightning protection at 0°,
90°, 180° and 270° are clearly seen.

deltameans

0:360

Figure 8.1.1.: Difference of the wind speeds measured at 103 m and 90 m of the FINO 1 platform, plotted as
averages and standard deviations in bins of one degree width. The tower shadow on the 90m anemometer is
clearly visible between 280 and 340 degrees. At the cardinal directions of 0, 90, 180, and 270 degrees the
influence of the lightning protection on the top anemometer generates further deviations.

8.2 Longterm

The long term predicted wind speed was estimated based on a Measure-Correlate-Predict (MCP)
method. NCEP reanalysis data was used as a long term reference. Data from 1979 to 2011 have
been used. The correlation between the filtered data of FINO 1 and the long term reference was
derived for each wind direction sector. Figure 8.2.1 shows an example of the correlation between
FINO 1 and the reference data for monthly averaged wind speed. The figure shows results of one
directional sector. Note that the sectors were selected according to the direction of the reanalysis
data. From the correlation a linear fit is performed to the data. This linear relationship between
FINO 1 and reanalysis data is then used to extend the FINO 1 measurements into a long-term
predicted wind time series.
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Figure 8.2.1: Example of regression analysis between long-term data and filtered FINO 1 measurements for
one directional sector.

8.3 Vertical extrapolation

The long term predicted wind speed time series was vertically extrapolated from 100 m to 120 m
according to measured wind profiles. The wind profiles were estimated for three different seasons
or the year. The seas