





















































































































































Figure 24 provides a closer examination of how turbulence affects power production
during different wind speed ranges for Turbine #1. The differences in power amongst stability
regimes are most extreme at low wind speeds. Over-performance was observed at all wind
speeds during stable or strongly stable conditions but more so at the lower velocities. When
turbulence intensity was moderate to high (17.5% < Iy< 30%) and the atmosphere was
convective, Turbine #1 either over-performed or under-performed depending on the equivalent
wind speed. Under-performance during slightly convective or convective conditions was
observed at moderate and high wind speeds while over-performance was observed at low wind
speeds. During time of very high turbulence, the turbine consistently under-performed

regardless of wind speed.

Although direct comparison to previous power curve studies is not possible, because of
large values of turbulence intensity observed at this site, it is interesting to note that Elliot and
Cadogan (1990) did not find similar patterns of performance. They found over-performance
during neutral regimes, with 10% < Iy < 15%, and consistent under-performance for regimes
with Iy < 10% as opposed to the over-performance found here. Some of the difference may be
ascribed to different turbine technologies; Elliot and Cadogan’s data comes from the two-bladed
MOD-2 turbine, and the turbines in the present study are three-bladed. More similar to what we
observed during slightly convective conditions at our site, Rareshide et al. (2009) present
differences between (5% < Iy < 11%) and (11% < Iy < 17%), with an implied over-performance
at low wind speeds for the (11% < Iy < 17%) regime and implied under-performance at high
wind speeds for the (11% < Iy < 17%) regime; turbine height information is not provided for

their study.
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Figure 24: Mean (+ one standard deviation) normalized power output versus SODAR /;-based stability
class for low (4.5 to 6.5 ms™'), moderate (6.5 to 8.0 m s™) and high (8.0 to 10.5 m s™) wind velocity
(Uequivtr nacetre) ranges during the spring and summer period for Turbine #1. A trend is clearly visible:
power productivity declines as turbulence intensity increases. The largest stability effects are apparent at
low wind speeds.

4.6.4 Stability parameter: TKE

In this section, the power curves are stratified by turbulence kinetic energy, which
includes the vertical component of turbulence as well as the horizontal turbulence components
which were included in turbulence intensity (/). This calculation is possible only because of
access to the 3-dimensional velocity SODAR data, with which TKE was calculated. To our
knowledge, this is the first attempt to stratify power data by a complete measure of turbulence
(e.g., TKE). Figure 25 shows the spring and summer power curves at Turbine #1when TKE is
used to classify stability. Likewise to the [ -stratified power curves (Figures 22 and 23), distinct
power differences are observed when the power data are stratified by SODAR-based 7KE. The

most significant differences occurred between very stable or stable and very convective
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conditions; these differences approach 20%. For example, at 9 ms™, the average capacity factor
was 61% + 9% during stable conditions, compared to 44% + 11% during strongly convective
conditions. At this wind speed, the expected capacity factor is 60%. Figure 26 provides a closer
examination of how turbulence kinetic energy affects power production during different wind
speed ranges for Turbine #1. The power differences amongst stability regimes are most evident
at low to moderate wind speeds, although wind speed appears to have less of an effect on how

TKE-based stability impacts power production than was observed for SODAR Iy (Figure 24).

100 ] —W—TKE<06m’s® .
1.0< TKE<14m®s® LT
1 —@—TKE>1.4m’s? ,'.'-[

80 expected power curve

Capacity factor (%)
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Figure 25. Spring and summer-time stability-dependent power performance curves for Turbine #1 based
on SODAR TKFE at hub-height. Plotted are the mean capacity factor + one standard deviation for each 0.5
m s” wind averaging bin during strongly stable or stable (TKE < 0.6 m> m>, convective (1.0 m* m?<
TKE < 1.4 m* m™), and strongly convective conditions (TKE > 1.4 m* m™). Also plotted is the
manufacturer’s power curve (expected power).
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Figure 26: Mean (+ one standard deviation) normalized power output versus SODAR TKE-based stability
class for low (4.5 to 6.5 ms™'), moderate (6.5 to 8.0 ms™) and high (8.0 to 10.5 m s™") wind velocity
(Uequivtt nacene) ranges during the spring and summer period for Turbine #1. Wind speed has less of an
effect on how stability impacts power production when TKF is used to define stability.

4.6.5 Summary of power dependency on stability regime

The results from stratifying the power curves with different stability parameters are
summarized in Figure 27 for the 6 to 10 m s™ wind speed range. Very convective conditions led
to systematic under-performance of the turbines at this wind farm when the stability parameter
was based on SODAR data. The largest declines in power production occurred when stability
conditions were based on the amount of turbulence present in the rotor disk, either from using
the SODAR Iy or SODAR T7KE to classify the 10-minute power data. Higher amounts of wind
shear in the rotor disk also led to higher power performance. A trend in stability-related power
production is clear at this wind farm: decreasing amounts of power are produced as the boundary

layer transitions from stable to convective regimes.
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Figure 27: Mean (+ one standard deviation) normalized capacity factor for the four stability parameters
according to stability regime. This figure includes only time periods when the nacelle-adjusted “true-
flux” equivalent wind speed was between 6 and 10 m s™".

Power performance at this wind farm is also summarized with the power coefficient, C, ,
calculated with Eq (10). The turbines are most efficient at converting wind into electricity at
moderate wind speeds: 6 to 9 ms™. Figure 28 shows that stability conditions influence the
turbine’s power efficiency, especially at this wind speed range. Power coefficients were much
lower during convective conditions than during stable conditions when stability was based on
either SODAR Iy or TKE and less so when stability was based on wind shear. For example at
the 6 to 9 ms™ wind speed range, average C, during stable conditions was 0.43 = 0.11 and 0.36 +
0.11 during convective conditions when stability was based on SODAR /. In contrast, little to

no differences in C, were observed when stability was based on nacelle /.
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Figure 28: Average (+ one standard deviation) power coefficient as a function of wind speed and stability
parameter during stable or strongly stable and convective or strongly convective conditions at Turbine #1
during spring and summer months. The largest differences in C, between stable and convective
conditions occur when SODAR [, or TKE is used to classify boundary layer stability.
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5. Discussion

With the rapid expansion of wind farms and the significant penetration of wind energy
into power markets, accurate estimates of power availability and the dependence of power on
atmospheric conditions are required, particularly for the industrial-scale turbines with rotor disks
spanning more than 50m. In this study, data from an operating wind farm, in conjunction with a
unique meteorological dataset including remote-sensing SODAR, meteorological tower
anemometers, and an offsite research-grade surface flux station was explored to quantify the
utility of various measures of atmospheric stability as well as document the impact of
atmospheric stability on power collection efficiency.

Most wind farms in the contiguous U.S. exhibit peak power production in January and
lowest production in August (Lu et al. 2009). In contrast, this wind farm exhibited maximum
capacity factors on spring and summer nights. The power season at this location is driven largely
by regional climatology which produces a warm, dry season with strong thermal gradients and
strong on-shore flow, and a cool, wet season with synoptic storm events. The summer peak in
power coincided with higher wind speeds in the rotor swept-area, and in particular, with
maximum wind speeds found at the top of the rotor (100 to 120 m AGL) during stable nighttime
conditions. In most cases, the power law (a = 0.14) did not accurately predict the vertical wind
speed profiles observed in the turbine swept area. Considerable deviation from the power law
profile has also been observed by Antoniou et al. (2006) and Wagner et al. (2009). In our study,
a constant wind shear value of 0.14 underestimated the true wind velocity at the top of the rotor
during stable conditions by up to 2 m's™, while during convective conditions, the power law

overestimated wind speed by an equal amount.

57 of 73



Because of this variability in wind shear, the hub-height wind speed measurement did not
accurately represent the average wind speed over the rotor swept-area except during neutral
conditions. This observation has been made others including Elliott and Cadogan (1990),
Frandsen et al. (2000), and Wagner et al. (2009). Early work by Elliott and Cadogan (1990)
suggested that a significant source of error in power curves is created by the differences between
the true disk-averaged velocity and hub-height velocity. We also found this to be true: the
difference between “true-flux” equivalent wind speed and hub-height wind speed was most acute
during stable conditions at our wind farm and maximum error between the two was on the order
of 1.5to 2 ms™. Power curves in our study therefore relied on the “true-flux” equivalent wind
speed, which accounts for winds across the rotor disk as well as turbulence intensity for the
power curves, and builds on the theory and development of equivalent wind speed found in

Wagner et al. (2009).

A high degree of turbulence intensity was observed with the SODAR located at this wind
farm; maximum [y values exceed those values published in the literature. This disparity can be
attributed to several factors, including a location in mildly complex terrain: other studies have
either been in the relatively flat Midwest (USA) (Rareshide et al. 2009), flat Denmark (Wagner
et al. 2009), or flat pastureland in England (Sumner and Masson 2006). Our hub-height
turbulence intensities ranged from less than 8% to over 30% and were highest during convective
conditions and lowest during stable conditions. During stable conditions, turbulence intensity
decreased with height and increased sharply with height during convective conditions. These
profiles agree with other studies (e.g., Pichugina et al. 2008, Wagner et al. 2009), which observe

that wind conditions tend to differ above and below the turbine hub.
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The on-site wind shear, SODAR-based /Iy and TKE compared well with the more
physically-based Obuhkov length. In contrast, the nacelle-based /7y, which is available at most
wind farms, was in high disagreement with the other stability parameters and greatly
underestimated the frequency of convective conditions. Other studies have determined stability
based on one or two of these parameters (e.g., Motta and Barthelmie 2005, van den Berg 2008)
but ours is the first study of our knowledge to compare such a large set of independent stability
parameters. Measurements of turbulence kinetic energy were available at this wind farm only
because of the presence of the SODAR, although deployment of 3-D sonic anemometers on
meteorological towers could enable quantification of 7KE.

Once the stability parameters were checked for accuracy against the Obukhov length, our
wind farm data were segregated into five classes: strongly stable, stable, neutral, convective, and
strongly convective. In both spring and summer, average capacity factors and power coefficients
exhibited a negative relationship with SODAR turbulence intensity and turbulence kinetic
energy, and positive relationship with wind shear across the entire rotor disk. Large amounts of
turbulence at hub-height inhibited power production while high wind shear across the rotor disk
increased turbine power output. High wind shear increased power production because during
these periods the equivalent wind speed was greater than the hub-height wind speed owing to
faster winds in the upper portion of the rotor. More power produced during times of high wind
shear has likewise been observed by Antoniou et al. (2009b) for multi-MW tall turbines in
moderately complex terrain. In contrast to wind shear and SODAR-based turbulence, a
relationship between power production and nacelle-based turbulence intensity was not found at
our site, probably because of the poor ability of nacelle /iy to predict boundary layer stability.

Power production was also not related to stability during the winter or autumn periods regardless
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of the parameter chosen to define stability. In the winter and autumn months, the stable and
convective vertical wind speed profiles are much more alike than are observed during spring and
summer periods.

After normalizing the actual power output by the expected power amount, it became
apparent that the relationship between turbulence (either horizontal turbulence intensity or
turbulence kinetic energy) and power production was strongest at lower wind speeds although
this is not clearly visible in the power curves because of low capacity factors found in this wind
speed range. The largest stability effects on power production were visible when power was
normalized and the “true flux” equivalent wind speed was less than 6.5 ms™. A weakening of
stability effects on power production at very high winds speeds may be attributable to the fact
that as wind speed increases, the atmospheric stability regime approaches neutral because
thermal gradients dissipate as wind shear increases. During neutral conditions, power production
at this wind farm varied little from the expected values.

Other studies have looked at the influence of wind speed on stability-power curves but
the results are not in universal agreement. Hunter et al. (2001) found that at moderate wind
speeds (~ 5.5 ms™), more power was generated under high wind shear conditions than during
times of little or no wind shear. For wind speeds above 8.5 m s, they observed the opposite
effect: wind shear negatively impacted power production. In comparison, we found that for
every wind speed, wind shear values above 0.2 had a positive effect on power production while
negative wind shear always had a negative impact on power, although lower wind speeds did
appear to amplify the effects of wind shear on stability. In a similar manner, we found that high
amounts of turbulence (either indicated by turbulence intensity or turbulence kinetic energy),

decreased power production, especially at lower wind speeds. This is in contrast with
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observations made by Elliott and Cadogan (1990), whereby they found that higher turbulent
conditions led to more power being produced. It is important to note the differences between our
study and theirs. Elliott and Cadogan (1990) looked at two-bladed turbines and found that the
rotor-averaged wind speed was less than the hub-height wind speed under stable conditions.
Therefore, during stable conditions, less energy was available to the turbine than during
convective conditions. In contrast, our study used modern 3-bladed turbines and we found that
the rotor-averaged wind speed was greater than the hub-height wind speed under stable
conditions. Thus, more energy was available to the turbines in our study during stable conditions
than during convective conditions. We observed a negative impact of turbulence on power
production: the amount of power decreases as the boundary layer becomes more convective,
coinciding with lower “true-flux” equivalent wind speeds, higher turbulence and lower wind
shear throughout the rotor disk than during stable conditions.

Lastly, our stability stratified power curves show the importance of having sophisticated
meteorological measurements instead of relying on cup anemometers for hub-height wind speed
and direction. We found large, fundamental differences between SODAR and cup anemometer
measured turbulence intensity and wind speed. Fundamentally, these two instruments work very
differently. The SODAR measures vectors over a volume average while the cup anemometer
does scalar averaging on a point measurement. Vector averaging can be up to 5% lower than
scalar averaging although the mean difference is around 2 to 3% (Moore and Bailey 2009). Our
SODAR velocity standard deviations were larger than the ones obtained with a cup anemometer.
Wagner et al. (2008) also observed this phenomenon in their power curve study and attributed
the difference to the fact that SODAR measurements are very noisy and the profiles are often

distorted. Precipitation can induce acoustic noise and accounted for our lower data recovery
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during the autumn and winter periods. In order to remove this source of error in the SODAR
data, our study reported findings from the relatively dry spring and summer months. Cup
anemometers have been documented to overestimate the true mean wind velocity (Holling et al.
2007), more so when turbulence intensity is high or wind velocity is low because of non-linearity
effects (Finnigan 2002). A recent study by Kline (2008) showed that cup anemometers
overestimate the true wind velocity by 0.0975% per 1% horizontal turbulence intensity.
Therefore, if the horizontal turbulence intensity is 15% and the actual mean wind speed is 8.0 m
s, the cup anemometers could measure a wind velocity closer to 8.2 ms™. As turbine power is
related to the wind velocity cubed, this error would result in an overestimation of 2.6% from the
amount of power actually produced. At very high turbulence intensities (/y; > 40%), such as
those periodically observed at this wind farm, Yahaya and Frangi (2003) found that the relative
difference between the mean wind velocities measured by a co-located sonic anemometer and
cup anemometer was even higher and approached 6%. Furthermore, cup anemometers are not
suitable for making turbulence measurements because they respond faster to increases in velocity
than to decreases which leads to errors in the turbulence intensity measurement (Weber 1998 and

Yahaya and Frangi (2003).

6. Conclusions

The main conclusions that can be drawn from the analysis are:

(1) Boundary layer stability can be quantified accurately at wind farms in mildly complex
terrain by measuring wind shear, either with a tall tower or SODAR, at multiple heights in the

rotor disk or by measuring turbulence at hub-height with SODAR.
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(2) More accurate power curves are produced when power is plotted as a function of
“true-flux” equivalent wind speed instead of hub-height wind speed. This suggests that both

wind shear and turbulence are important factors in power production at this tall turbine site.

(3) Turbulence-based stability parameters, either turbulence intensity or turbulence
kinetic energy, best explained why a turbine produced more or less power than expected. For a
given wind speed, less power is produced by turbines during convective conditions than during
stable conditions. The relative power differences are most acute when wind speed is low to

moderate.

Our work shows promise for using remote-sensing instrumentation to observe complete
profiles of wind speed, wind direction and turbulence across a nearly 80 m diameter rotor in
mildly complex terrain. Our study also shows evidence that turbulence and wind shear play a
role in power production, and high-resolution instruments such as SODAR are needed to
quantify these parameters across the rotor diameter. The presence of a stable boundary layer in
the spring and summer at this wind farm has the same effect on power performance as increasing
the wind velocity at hub-height by 0.5 to 1 ms™. The opposite is true for strongly convective
conditions: very high amounts of turbulence have the same effect on power performance as
decreasing the wind velocity at hub-height by 0.5 to 1 ms™. Finally, because of this significant
impact of stability on turbine performance, approaches to forecasting wind energy performance
should be well-grounded in meteorological approaches that can successfully forecast
atmospheric stability in the lower boundary layer. This goal can be quite challenging in regions
of complex terrain. Without correct forecasts of stability, errors in predictions of turbulent
mixing or wind shear would likely undermine the performance of a wind energy forecasting

model.
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