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Abstract.

In order to provide optimal sitting of wind turbines, a reliable
estimate of the wind resource over a given area is required. This
paper compared the performance of two models, WAsP and
WindSim in predicting the power production of individual
turbines. The prediction accuracy is determined as function of
wind direction (terrain), turbine spacing and turbulence.
Recommendations are made as to the reliability and suitability
of these models for different situations.
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1. Introduction

Renewable energy sources are increasing being looked to
in order to provide power with minimal environmental
impact. The most commercially advanced of these at
present is wind power.

One of the challenges to effective sitting of wind turbines
is the ability to make reliable and accurate predictions of
the wind power resource. This challenge becomes more
difficult in areas of complex terrain where numerical
modelling of the wind flow is non-trivial. There are a
number of commercial wind resource assessment
programs that have been developed in order to give
estimates of site wind speed at potential wind farm sites,
including such as WAsP and MS-Micro. It is generally
accepted that such models produce reasonable results
when the terrain is fairly flat with only gentle hills.
However, if the wind farm is to be situated in
mountainous terrain, which is quite common in countries
like Spain, the results become less reliable.

There have been a number of studies describing the
applicability of WASsP in various different types of
terrain. However, there is increasing interest in applying
more complete Navier Stokes models to flow in complex
terrain, given that the required computing power is now
more affordable and can produce results in a reasonable
time-frame with an acceptable spatial resolution.

The purpose of this paper is to compare the accuracy with
regard to wind resource assessment of the commonly
used WASsP package with a relatively new wind resource
assessment program, WindSim which uses a more
complete Navier Stokes solver based on the PHOENICS
code which should give more accurate results in complex
terrain. We present the particular results at one wind farm
site in Spain.

The intention of this paper is to provide some guidance as
to the expected improvement in accuracy over the
commonly used linear WAsP model by using the
WindSim package as well as an indication of some of the
limitations of the two models.

2. The wind resource evaluation
methods

Perhaps the first serious software package that has been
developed in order to assess wind resource was the
WASP program [1]. This is generally considered to be the
reference wind resource program at the present time.

The program is based on similar boundary layer physics
to the MS-Micro package using the 3D extension by
Mason and Sykes of the original linear 2D equations by
Jackson and Hunt for wind flow over low hills [2,3]. In
addition, the WASP model includes a roughness change
and shelter model to cater for the effect of obstacles. The
model employs a zooming polar coordinate grid for
optimum resolution at the point of interest.

Recent research has been carried out using more
complete Navier-Stokes solvers. One of the first
commercial programs to use such a solver is the
WindSim model developed by Vector AS [4]. This
package uses the computational fluid dynamics (CFD)
model PHOENICS as it core solver. Potentially, the
program is capable of more accurate results over steep
hills than the WAsP model.



3. Methodology

To study the limitations that the different software
packages have in assessing the wind power production at
a site, several wind farms situated in varying degrees of
complex terrain have been studied. The models are used
to predict the expected wind energy production at each
wind turbine in the farms and this is compared with the
actual production. This paper focuses on the accurate
study of one wind farm located in a semi-mountainous
terrain. In this case, the complexity is mainly due to
important changes of elevation, and high steepness.
Another parameter influent on the study of a site is
roughness changes; in this case is relatively constant.
Regarding to the European Wind Atlas [9], selected wind
farm roughness is relatively constant ( a value of 0,05 m
for roughness length) is assigned at most of the parts of
the model.

The Wind Farm consists of 33 Wind Turbines, with a hub
height of 55m, variable speed and stall control, a nominal
potential power of 750 KW, a maximum power of 900
KW which totalize 24,75 MW of installed capacity.

This analysis gives a general picture of how well the two
models are able to predict the overall power production
but does not necessarily indicate what are the principal
sources of any error. Therefore, we present a breakdown
of the power production errors as a function of:

e  Wind direction probability

e  Wind shear and distribution

e  Turbine spacing

e  Grid resolution in the case of the CFD model.

Some overall conclusions are then drawn as to the
relative accuracy of the two models and what factors
affect the degree of accuracy.

Both software allows the conversion of time history wind
measurements (speed and direction). However, they do
not integrate any temporal verification, considering data
as annual complete cycles. Thus, it is necessary to
analyse the wind data measured, clean them and select
the study data series. Beside, one of the main
characteristics of wind is its variability annual, diurnal
and situational. That means that its mean velocity could
change a lot from one year to another and consequently
the wind potential of a determined site. In order to well
evaluate an elected zone wind potential, it is necessary to
get a large set of annually wind data [6]. This example
only have available four years of measurements before
the wind farm started to operate and one year of data
from the operation meteorological mast.

4. Data analysis and discussion

In order to compare how different models or empirical
calculus performs, it is sought to estimate the wind
climate at meteorological mast position, over a reference
period elected. In this case, a two complete annual cycles
had been elected.

More accurately, to know values of wind speed and
direction at wind turbines hub height, it is necessary to
reduce approximations about wind profile and
distribution in direction at maximum mast height. The
data used to perform this comparison study has been
filtered in order to assure their quality.

4.1 Wind frequency

An important parameter in wind distribution modelling is
the repartition in function of wind direction, especially in
a complex terrain, where important changes in velocity
could be due to eventual speed-ups created by orography.
The wind rose of Figure 1 shows the difference in wind
frequency between both models compared to the
statistical treatment of the meteorological mast using
long term series data. The statistical analysis of the mast
data was performed using wind speed measurements at
two different heights (30 and 10m).

Wind frequency at Meteo. Mast E0302, 30m

Figure 1: Wind Direction Frequencies by Binned Sectors
Statistical, WAsP, Windsim Model.

It appears that WAsP has a tendency to over estimate the
frequency of wind except in the most energetic sector.
This is mainly due to a equal repartition to each direction
sector of the zero wind speed data. Windsim tends to give
results closer to measured model in almost all sectors.

Table 1: Wind frequency at different height, WasP and
Windsim models..

Model [Height] N NNE NE ENE ESE SE SSW | SW | wsw W NW IW INW
0| E [320%] 5 3.60%] 4.00%] 8.10%] 11.00%] 12.90%| 11.30%| 14.30%] 8.80%.

3.70%] 4.30%) 8.60%] 11.40%) 12.50%) 10.50%] 13.90% 9.10%
3.70%] 4.10%] 8.30%] 112096 [ 12.70%] 10.90%] 14.10%] 8.90%
350%] 3.80%] 7.200| 11.40% | 14.20%] 10.40%] 17.00%] 8.40%

3.50%] 4.10%| 7.30%| 11.20%] 14.10% 10.40% 16.70%] 8.40%.

3.60%] 4.509%] 7.30%| 11.10%] 13.90% 10.30% | 16.40% | 8.30%.

WASP.

Windsim |55 _|4.70%| 1.90%] 1.00% | 0.90%] 3.20%)

We observed that at hub height (55m), the highest values
of frequency, for both model, seem to slightly decrease.
This is mainly due to a less sensitivity to the ground
effects, speed-ups and deflection. However, the same
differences between models appears: Windsim keeps
giving an higher value of frequency for the most
energetic sectors and lower for the less energetic sectors.

4.2 Vertical wind profile

A statistical analysis of the mast data was done using
wind speed measurements at two different heights (30
and 10m). As the mast permits two level of
measurements, it is possible to determine the alpha
coefficient defined by the Power Law following equation,



which is commonly used in most of the cases that require
height extrapolation.
U(z) = Urx (z/ z)a Equation(1)

Where U and Ur represent wind speed at z and zr height,

being z the top measure height and zr the low measure
height.

The concurrent data from both measure heights are
binned and classified in sectors according to the reference
wind direction. Therefore, it is calculated a value of a for
each of the sectors considered

The standard logarithmic velocity profile is used as a
basis in WAsP wind profile calculus. However, this
profile is modified to take into account the effects of non-
neutral stability and up-wind roughness changes. [1]
Observing WASsP representation of wind profile (fig 2),
only sectors E, ESE WNW seem to present a reverse
profile, which could correspond to a low value a,
following the a power law interpretation.

These values are logic, considering the important speed-
ups in that directions, due to an important elevation
down-stream respect to the meteorological mast. Indeed,
hills exert a profound influence on the flow, which is
taken into account in the WAsP model of the vertical
wind profile. We know that, the hill-upstream profile
could be logarithmic but introducing a “knee” at the
height of relative speed-up, as shown on the following
representation.

The highest value of speed-up is found for sector WSW,
which is also one of the more energetic sectors. That is
why the reverse wind profile appears in a stronger form.
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Figure 2. WASsP vertical wind profile, by direction binned
sectors.

As a CFD model, Windsim wind profile do not come
from a modification of logarithmic law. Figure 3 shows
the vertical wind profile calculated by Windsim for each
direction binned sector. It appears clearly that on the two
wind shear graphs, in most of the direction sectors,
WASsSP over evaluate the wind velocity respect to
Windsim. Windsim give a lower value of the mean wind
speed, especially at hub height. Indeed, this over
estimation that WAsP does, is mainly due to vertical
wind profile applied, too close to the logarithmic law.
The terrain of the selected wind farm present a high

complexity more in terms of orography than roughness,
parameter well taken into account in WASP calculations.
Consequently, a 3D Navier-Stokes model, in this case,
gives results closer to reality. Table present comparison
between WAsP and Windsim respect to statistical power
law results.
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Figure 3. Windsim wind shear, by direction binned
sectors

Table 1 presents the discrepancies between the
extrapolation at several heights of this statistical calculus
and the results given by the linear WAsP model

and the CFD Windsim model:

Table 1: Discrepancies between Numerical and
Calculated WasP/ Windsim wind shear.

N NNE NE ENE E ESE SE SSE
5m WASP 13% 16% | 42% 15% 12% 8% 4% 8%
Windsim 3% 9% 1% 1% 7% 17% 6% 7%
0m WASP 19% 22% 34% 23% 6% 2% 7% 8%
Windsim 3% 6% 7% 3% 11% 10% 3% 2%
20m WASP 20% 22% 1% 25% 3% 0% 6% 3%
Windsim 3% 3% 6% 1% 3% 2% 1% 2%
om WASP 21% 22% 15% 27% 1% 2% 5% 0%
Windsim 2% 1% 0% 1% 0% 0% 1% 0%
om WASP 21% 22% 11% 28% 1% 3% 5% 1%
Windsim 3% 2% 4% 2% 1% 1% 1% 2%
s5m WASP 22% 23% 7% 31% % 5% 6% 3%
Windsim 2% 2% 7% 3% 1% 1% 0% 5%
SSW. SW WSW. W WRNW. NW NNW.
om WASP 7 12% 4% 17% 9% 13% 1% 2%
Windsim 8% 2% ~10% 9% 1% 3% 1% 13%
0m WASP [l 5% 3% “12% 9% 16% 2% 5%
Windsim 3% 2% 7% 6% 0% 0% 2% 9%
20m WASP 6% 2% 7% ~10% 5% 15% 1% 3%
Windsim 1% 1% 2% 1% 1% 2% 3% 7%
om WASP 2% 0% 9% ~10% 3% 15% 0% 2%
Windsim 0% 0% 0% 0% 1% 19 2% 3%
Zom WASP 3% 2% 11% 9% 2% 16° 1% 196
Windsim 2% 2% 3% 1% 3% 19 0% 0%
s5m WASP 2% % 13% 9% 1% 1i7° 1% 1%
Windsim 3% % 6% 2% 5% o 2% 3%

Important differences are found close to ground. These
observations are mainly due to the lack of accuracy of
power law at ground level.

For the most energetic sectors, we can see that WAsP
present values of wind speed always superior to
Windsim, except in sector WSW, which is the most
powerful sector (9% inferior to the statistic power law
value at hub height). At the same time, Windsim keeps
being very close to the value calculated statistically
(inferior in a 2% at hub height).

We can notice that generally, at measurement mast height
of 30 m, Windsim values keep being very close to the
statistical data (between —1% to 3%), keeping in mind
that the statistical values at 30 m are real and not
generated following power law.

Windsim seem to reproduce better the vertical wind
profile than WAsP. However, both models tends to over
estimate wind velocity at hub height, in comparison with
the calculus who followed the power law.




As a CFD model, Windsim reproduce in a much better
way all effects of orography and simple roughness who
acts significantly on vertical wind profile.

Using WASP to estimate wind speed at hub height will
involve an over estimation of the power extractable.
Respect to statistic data power law correlation, Windsim
seem to underestimate the wind speed at hub height, but
in a very reasonable margin.

4.3 Wind distribution ( Weibull parameters)

In order to perform a suitable comparison between both
numerical models of wind at the met mast, it is necessary
to study both, shape and scale, Weibull parameters, in
function of direction binned sectors. These are
summarized in Tables 3 and 4.

Table 3: Calculated Weibull Shape Factor
Measured, WAsP and Windsim model

Model |Height] N NNE NE ENE E ESE SE SSE S
Measured| 30 168 | 216 [ 1.88 | 191 | 203 | 221 | 192 | 2.26 | 2.34
30 169 | 156 | 167 | 191 | 204 | 210 | 189 | 2.06 | 2.10
WAsP 40 1771 164 | 176 | 201 | 215 | 221 | 198 | 214 | 2.20
55 185 | 1.72 | 1.86 | 2.11 | 226 | 2.31 [ 2.07 | 2.22 | 2.29
30 174 | 232 | 212 | 224 | 202 | 2.06 | 1.78 | 2.28 | 231
Windsim | 40 171 | 201 | 2.08 | 210 | 201 | 2.05 | 1.77 | 2.25 | 227
55 170 | 182 | 2.05 | 203 | 200 | 2.05 [ 177 | 223 | 2.28
Model |Height] SSW | sw [wsw]| W |WNwW | NW | NNW | MEAN VALUE

Measured| 30 2.37 | 239 | 214 | 1.77 | 1.83 | 2.33 | 2.00 1.63
30 210 ] 195 | 202 ] 188 | 172 | 251 | 217 1.69

WAsP 40 221 | 198 | 206 | 192 | 1.79 [ 2.64 | 2.29 173
55 231 | 2.02 | 211 | 1.98 | 1.85 [ 2.77 | 2.42 1.79

30 225 | 231 | 214 | 197 | 1.76 | 264 | 2.28 1.62

Windsim | 40 219 | 225 | 214 | 196 | 1.76 | 2.63 | 2.29 1.63
55 215 | 220 | 213 | 1.96 | 1.76 | 2.63 | 2.29 1.64

Table 4: Calculated Weibull Scale Factor Parameters
Measured, WAsP And Windsim Model

Model |Height] N NNE NE ENE E ESE SE SSE S
Measured| 30 6.54 | 437 | 334 | 343 | 493 | 488 [ 466 [ 579 | 6.64
30 790 | 520 | 3.80 | 430 | 490 | 500 [ 490 | 5.80 | 6.90
WAsP 40 8.30 | 550 | 4.00 | 450 | 5.00 | 500 [ 500 | 5.90 | 7.20
55 8.70 | 5.90 | 420 | 470 | 520 | 520 [ 5.10 | 6.10 | 7.50
30 685 | 454 | 348 | 357 | 492 | 484 | 460 | 581 | 6.66
Windsim | 40 .7.15 4.78 | 3.60 | 3.75 | 499 | 490 [ 469 | 593 | 6.89
55 [7.47 | 501 ] 375 ] 390 | 5.03 | 491 | 474 | 6.02 | 7.13

Model |Height] SSW | SW | WSW W | WNW [ NW | NNW | MEAN VALUE
Measured| 30 7.85 | 10.25 [ 13.56 | 10.97 | 7.39 | 10.83 | 9.84 8.88

30 790 | 11.20)12.20] 11.30 | 8.50 | 10.90 [ 10.00 9.10

WAsP 40 8.30 | 11.60| 12.50| 11.50 | 8.60 | 11.10 [ 10.40 9.30
55 8.80 | 12.00 | 12.90 ] 11.60 ] 8.70 | 11.40 [ 10.80 9.60

30 7.80 | 1020 1352|1132 | 7.40 | 11.22 | 10.41 8.85

Windsim | 40 8.20 | 10.65| 13.67 ] 11.35| 7.42 | 11.26 | 10.53 8.09
55 8.68 | 11.19 | 13.81] 11.35| 7.41 | 11.30 | 10.68 9.11

When comparing the measured and modelled Weibull C
scale parameters, it seems like WASP model has a
tendency to slightly over predict the C parameter at 30m
height. The same process is observed for the Windsim
model but results keep being closer to statistics
calculations of C parameter. WAsSP gives an inferior
value to the Windsim for mainly all most powerful
sectors: WSW, W, NW and NNW.

Concerning the K shape factor, we can see on the
previous fig 20 that Windsim is closer to the measured
model than WASP, at least in the mean sectors. We can
notice that concerning sector NW, which present the
highest frequency, both models over estimate the shape
parameter, introducing a sharper peak in the distribution,
thus indicating a lower wind speed variation than the
measured data model. In this case the linear model give a
better result.

The same tendency is observed at higher levels (40 m and
55m). In most of sectors, Windsim gives a lower value of

scale factor and higher values of shape factor, which
means that Windsim model accept a higher wind speed
variation. This tendency increases for the less energetic
sectors.

Finally, if we consider the global distribution of Weibull,
not binned in function of sectors, we notice that Windsim
model give a distribution very close to the one calculated
from measured data: a positive discrepancy of 0,7% for
K factor and negative of 0,4% for C factor. In
comparison WAsP model give a discrepancy of +3,6%
for K factor and + 3,4 % for C factor.

4.4 Production estimations and comparison

A first study was carried out, comparing results between
a defined year total production and a long-term
estimation. In that case, WASP overestimate the
production in a 21% whereas Windsim give an
overestimation of 15%. Both models are far from the real
output production obtained with a significant positive
error. However, numerous parameters are not taken into
account in the long term/defined year comparison, on
both sides of the comparative analysis: wind flow model
and also production data used.

Indeed, it is absolutely necessary to define several
methods of correction of the different approximations
done in this first comparison, with the purpose of refining
our comparison between that two models.

Correction apply on meteorological and production year
2004 data: The numerical simulations were performed
using meteorological data measured on site during the
operation of the wind farm. Then the mast concerned is
affected by the wake effect due to the rotation of each
wind turbine rotor. A brief correlation using WAsP was
performed to determine a correction factor to apply on
the measured wind speed to obtain a correct data to enter
as input of both software.

Just as it was necessary to correct the wind data entered
as input at meteorological mast level, we need also to
verify the quality of the output production data. In order
to approximate losses not taken into account by the wind
resource assessment programs (due to grid connections,
grid cuts, indisponibility, etc...), it is common to
introduce a corrective factor of 6 to 8 % of losses, which
is applied on the annual production estimations.
However, these values are too approximative to perform
a correct comparison between the two models and the
real production of the wind farm. Consequently , we need
to applied a filtering process on the output production
data. We will apply the Robust Data Filtering Method [7]
on the data of each wind turbine of the selected Wind
farm. However, it is necessary to see that this process
tends to slightly overestimate the annual total production.

Final Results of the year 2004 Production comparison:

Table 5 shows that the overall results given by WAsP and
Windsim model are relatively close to reality. WAsP
seem to keep overestimating the total estimated annual
production but in more reasonable form. Windsim is



more close to the value expected (real filtered power
production is a little over estimated).

Table 5. Year 2004 Power Production
Real filtered, WAsP, Windsim, Windsim Refined Models

Wind Tuhing Prodctionpower | Anncel poner cit | WASP2004 | Windm2004|  WindSm2004 Wesp Winckim | Wincsimnested|
dHafitered podoion | Podoion | Podoion | nested Rodudion | dsoepanoy |
1 4BR 18653 e 200461 191074 1% 9% 40%
2 478 =22 jleivg 164 827 9% 101% 3™
3 1365 125 193 174533 168756 -15% Q™% 127%
4 114890 16097 161 181027 1o 1% 71% 4
5 136@ 16616 61 1751 122 2L0% 1% 3
13860 lopgr 288 1848 20874 5% 66% 1
15007 1963 190 1924 1940 3% 46% 5
8 18857 18 3 2% 2B 3% 4% Q2%
9 165623 21810 207 183067 22111 Q2% -108% 11%
10 1637% 2086 28 208 276 A% 20% 1%
1071 192861 287 1918% 1215 826 0% 0¥
1588 19829 198 17 185768 28% 468% A%
13 180756 19348 217 167561 19188 646 -158% 35%
14 16013 20057 243 2% 20113 4™ 28% 02%
5 19188 1176 250 297 230 30% 20% 65%
16 19 pecikic] 281 20037 255 A% 2% R/
g 131960 om7 25 1703 8437 S5%% -13%% 18%
18 105 18391 28 B2% 1856 128% 3% 1%
19 150758 21.% 1= 131946 54 71% 3% 41%
16147 2210 prs 1977, 1840 10% %% -1568%
1376 pesitsy 28 154 22397 8%% -18%% -158%6
1912 232 20 2317. 223 o A% 45%
1917.77 22056 2307 2214 20004 S0% |8 %
2 1809 0% 287 243 2z2r21 41% 21% 4™
5 19118 2466 0 BUZ AR 4% 2% 21%
191472 A7L57 9 2017 2012 2™ 8% RO/
19663 25010 507 24159 2240 2% 1% 52
17764 230606 415 23068 28748 48% 3P 74
jleariee 257,12 215 216884 2218 9% L% 9%
19561 24763 245 BXHB 25151 0% 56% -L0%
17 B2 28 2690 M4 A% 08% 286
A1 0% 2% 20671 215606 A% -181% 40%
191911 200 2497 51367 X086 2% 5%% o[}
WINDFARM| 565471 71683382306 752 6551387 BA06% 28% A% 3%

As observed in the previous long-term - year 2004
comparison, WAsP give its best results for the Wind
Turbines located close to the meteorological mast
(Turbine 7 to 10), WASsP keeps predicting worse the wind
turbines farther away from the meteorological mast. This
problem might be caused by the fact that WAsP does not
take into account recirculation processes, because of the
linearization of Navier-Stokes equations simplifications,
quite frequent in terrain with complex orography. The
performance of WASsP is higher in sites with complex
roughness and simple orography. On the contrary,
Windsim seem to improve handling of the orography

Nevertheless. two nesting processes in Windsim were
necessary to get a relatively good accuracy in
reproducing wind comportment in the selected wind farm
site.

The first model, including a very large scale (covering
the four wind farm of the region) gave us very bad
results, not summarized in. Table 5 summarize only the
two finest model (wind farm scale model and wind farm
parted in three). Refining the model, using nesting
procedure, gives definitively more accuracy to the model.
On the previous table, it is possible to see a real
improvement of the Windsim estimation (global
discrepancy decrease in a 1,4%). In spite of this, it is
important to notice that results obtained close to the
boundaries of the model need to be treated carefully. For
example, the finest model of Windsim performed parts
the wind farm in three. The turbine 23 is located very
close to the limit on the third reduced map and
consequently we observe a real increscent of discrepancy
with the second nested model.

Finally, in the case of year 2004, the meteorological mast
used as predictor in both simulations has a measurement

height of 55m, which is equal to wind turbine hub height.
That is one of the reason of WASsP increscent of
performance. The extrapolation until turbine hub height
is much more reduced (still present because of changes in
altitude in function of terrain) than in the long term study
case, where the reference mast has a measurement height
of 30m. The errors due to the application of a logarithmic
profile are significantly reduced

4. Conclusion

The paper discusses the relative accuracy of the two
models indicating where a more complex Navier Stokes
model can produce more accurate results in complex
terrain and also details the limitation of this code and the
simpler linearised WASsP code to give guidance on the
conditions under which each code is likely to produce
reliable results.

The comparison on the way that the WAsP and Windsim
reproduce wind flow at the reference meteorological mast
are logic. Indeed, in the case of sites presenting a simple
roughness and a high steepness, the CFD model was
expected to be closer to reality. WAsP applying the
logarithmic law to define the wind shear profile, usually
gives an overestimated value of wind speed at wind
turbine hub height. The consequence of this error is an
overestimation of the wind turbines production in the
long term study.

In terms of real production, the CFD model Windsim
keeps being closer to reality than a linear model such as
WASP, because its better way to reproduce wind flow in
steep terrain (including recirculation process). However,
it is necessary to keep in mind that Windsim commits
several errors.

First of all, it does not offer any model of calculus of
wake effect. Consequently, it is necessary to apply a
calculated coefficient or export a resource grid file to
another software (WAsP or WindPro) in order to take
into account these losses which could be very important
in some wind farm layouts.

Moreover, the grid resolution is an high factor of
prediction accuracy in the case of the CFD model. It is
obvious that a refined model usually generate a better
model of the wind flow, without avoiding recirculation,
but could introduce troubles at boundaries. It is important
also, to keep in mind that several nesting processes
increases calculation time and then the simulation cost.
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