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This paper assesses wind resource characteristics and energy yield for micro wind turbines integrated on noise
barriers. An experimental set-up with sonic anemometers placed on top of the barrier in reference positions is
realized. The effect on wind speed magnitude, inflow angle and turbulence intensity is analysed. The annual
energy yield of a micro wind turbine is estimated and compared using data from a micro-wind turbine wind
tunnel experiment and field data. Electrical energy costs are discussed as well as structural integration cost
reduction and the potential energy yield could decrease costs. It was found that instantaneous wind direction
towards the barrier and the height of observation play an influential role for the results. Wind speed increases in
perpendicular flows while decreases in parallel flow, by þ35% down to �20% from the reference. The azimuth of
the noise barrier expressed in wind field rotation angles was found to be influential resulted in 50%–130%
changes with respect to annual energy yield. A micro wind turbine (0.375 kW) would produce between 100 and
600 kWh annually. Finally, cost analysis with cost reductions due to integration and the energy yield changes due
to the barrier, show a LCOE reduction at 60%–90% of the reference value.
1. Introduction

Structural integration of wind turbines with noise barriers could lead
to cost reduction and energy yield increase. Potential higher winds on top
of the noise barrier might lead to higher wind energy yields. This hy-
pothesis in combination with the strong need for energy yield increase
motivated us to investigate further the wind resource properties of this
concept through an experimental study for urban wind flows and an
energy yield assessment.

This concept exists in patents in China (Luo W. et al. 2016), (Luo W.
et al. 2017) and in Korea vertical axis wind turbine integrated with a
sound barrier and a velocity sensor (Gi, 2009) as well as with horizontal
axis turbines (Changsoo, 2013). Finally, a real world experimentation is
on-going near TU Delft in The Netherlands under the same project grant
of this publication but the results have not been published yet (PZH,
2018). The safe, reliable and efficient operation of wind turbines in the
highly turbulent built environment, where noise barriers are located, is
specialised and technically challenging (van Bussel and Mertens, 2005).
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Beside this there’s also the economically challenging. Micro wind
turbines installed within urban environments have low energy payback
ratios (Allen et al. 2008), low energy output with low (average of 4%)
capacity factors (Encraft, 2009) and the high capital expenditures
ranging from 6700 to 10900 €/kW (2017 equivalent from US Dollars)
(Orrell et al. 2017) while PV is ranging 2500–6700 €/kW (2017 equiv-
alent fromUS Dollars) (Fu et al. 2017). All this result to high costs in up to
1.20 €/kWh (Sunderland et al. 2016) while solar can be as low as
0.25€/kWh for the same rated power capacities. This means that small
wind costs are somewhere in between 3.5 and 4.5 times higher than PV.

Focussing further out we find that there are 590 km of noise barriers
in the Netherlands with potentially suitable foundations for wind tur-
bines (Rijkswaterstaat). Placing 1 turbine every 10 m equals to 59.000
turbines along highway infrastructures. Assuming a 0.375 kW for micro
wind turbines (1.5m diameter), like the Dutch-made (WindLeaf), then
17.700 kW of micro-wind turbines could be installed. However, we do
not know what the energy yield of these systems will be. This lack of
knowledge of how the noise barriers affect the wind flow for micro-wind
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turbine application has led to perform this study. The vision of this study
is animated in Fig. 1 below. Finally, in this article we estimate the sub-
sequent change in energy yield for the noise barrier and together with an
assumed cost reduction we observe the changes in LCOE.

Relevant literature is presented for wind speed, skewed inflow angle,
turbulence intensity and energy yield on top of obstacles which is rele-
vant for the acoustic screens that are investigated in this study. These are
non-porous fences, 10 m high, with a gradient of 10�.

1.1. Wind speed

Wind tunnel work of (Raine, 1974) with 0% permeable fences
showed speed-up at 1.5H–2H on top of the noise barrier and 1H–4H at
the wake of the fence. Wind speed increase is also shown on porous and
solid fence experiments in wind tunnel conditions with fence heights
ranging (5–16 cm). A wind speed increase of 10–20% between heights of
1.24H and 1.60H and in the leeward direction of the windbreak is shown
in (Heisler and Dewalle, 1988) plotting data of (Woodruff N. P. et al.
1959). Wind speed increase ranging from 20 to 50% on top of windscreen
for normal flow to the wind screen is shown in wind tunnel validated 3D
wind flow simulations behind porous fence (Chen et al. 2012). In (Abo-
hela et al. 2013) increase in wind speed for different types of roofs and
directions was found with CFD simulations. Increases ranged from 9.3%
to 53%. (Dierickx et al. 2003). identified as well 10%wind speed increase
for perpendicular flow to a screen (0.25H leeward from barrier) and at
1.50H on top of it. Finally, (Pena et al. 2016) made an extensive
lidar-based analysis of the shelter effects of porous and non-porous ef-
fects with subsequent effects on the wind speed.

There is also work that examines flow over ridges, escarpments and
other topographic features. Whilst not perfectly analogous, there is a
larger focus on the flow above these structures and there are studies that
consider the impact of wind direction and the inclination angle. Ampli-
fied wind flow from 1 to 1.5 times the upstream velocity was observed in
wind tunnel and field tests of (Bowen and Lindley, 1977) for wind flow in
the edge of cliffs. In the wind tunnel study of (Rowcroft et al. 2016) up to
20% speed-up was observed on top of a cliff obstacle exposed into yaw
angles 0o-40� at locations from 0 to 2H on top of the edge. Turbulence
intensity was affected as well. Cliff is a different obstacle to noise barrier
spanning 48h downstream, while noise barrier are thin slices of few
centimetres. The effect of ruggedness was also assessed in (Rowcroft et al.
2019). Finally, the effects of a cliff on the flow for wind turbine operation
are assessed in (Barthelmie and Pryor, 2018), where small speed-up is
observed when a flow is perpendicular to the cliff for a turbine placed
Fig. 1. Visualization of micro wind turbines integrated on a noise barrier.
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nearly 3H downstream of the cliff side. Most of obstacles above are not
similar to noise barrier in terms of aspect ratio but still is an attempt to
utilize similar effects as the ones present in flow acceleration on top of
windbreaks (noise barriers).

1.2. Skewed flow angle

Skewed flow angle is the angle from the horizontal and vertical
components of wind and is important for the performance of micro wind
turbines. (Balduzzi et al. 2012). examined with CFD the effect of skewed
flow on vertical and horizontal axis wind turbines on rooftops. For HAWT
the skew angle had negative effect while for VAWT positive, for skew
angles 00-400. (Bastankhah and Porte-Agel, 2016). also examined tur-
bine’s performance in yawed flow situations in with theoretical estima-
tion and PIV measurements and found that for yawed flow the power
coefficient of the wind turbine is dropping significantly. Finally, (Schreck
and Schepers, 2014), observed in experimental data that with skew angle
increase, the rotor’s Cp (power performance coefficient) is decreasing.

1.3. Turbulence Intensity

Turbulence intensity can affect the energy yield and the performance
of the wind turbine. Specifically, (Honrubia et al. 2012) presents the
anomalous behaviour of power curve for different turbulence intensities.
Power curves vary more when turbulence intensities increase. Also,
(Loganathan et al. 2017) concludes that increase of turbulence intensity
decreased the power output of a multi-bladed Savonius rotor in an
experiment with a constant wind speed of 8 m/s. (Kosasih and Hudin,
2016). observed that the performance of a bare and a diffuser augmented
micro wind turbines showed decrease in performance due to turbulence
intensity increase. (Cochran, 2002). observed that the kinetic energy at a
specific site for small wind turbines can vary by 20% depending on the
levels of T.I. In (Kaiser et al. 2004) a theoretical approach shows increase
in power in low wind speeds and decrease in power at high wind speeds
with high TI and a correction curve is presented only for wind speeds
from 7 to 8 m/s. Also from field test in (Rogers and Omer, 2012) author
suggests decrease in performance due to turbulence intensity. A Zephyr
turbine was used and 20% decreased power was observed with respect to
the manufacturer power curve a turbulence levels of 70%.

1.4. Energy yield

In terms of energy yield, (Abohela et al. 2013) found for various roof
cases and different wind direction the increase in power for wind energy.
In (Kiwata et al. 2011) a higher wind power co-efficient was found for a
cross-flow wind turbine integrated above a porous 60% geometric
shielding rate windbreak fence examined in a wind tunnel. Finally, as
(Drew et al. 2013) agree that urban areas are considered poor sites for
micro wind turbine installation and little work has been done for opti-
mizing the placement of the turbines.

We add on prior art with wind time series annual energy yield esti-
mation for a particular noise barrier near Delft and we perform as well a
sensitivity analysis by rotating the wind rose in increments.

1.5. Research gap

Several publications exist for wind flows on top of porous and non-
porous obstacles and cliffs. However, for noise barriers there is need for
real-world dataset withwind properties to be collected and analysed. This
will bring more insight on wind energy applications. Our research adds
upon the prior knowledge with the addition of results for multiple ori-
entations assessed due to the large dataset given (Chrysochoidis-Antsos,
2019). We emphasize on wind speed on top of the structure and not up-
stream or downstream. We use as well the skewed inflow angle for esti-
mating the energy yield. The results are translated through a real-world
micro wind turbine application into energy yield and cost terms.



Fig. 2. Schematic of the placement of the poles of the set-up together with the
sonic anemometer corresponding heights and the wind speed reference system.

Fig. 3. Top view of the studied noise barrier (bottom left) Wind orientation rose
(red circles filled in black) Poles with the sonic anemometers (black lines and
arrows) The reference system used in this study. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version
of this article.)
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1.6. Novelty

The objective of this article is to propose the integration of micro
wind turbines with noise barrier structures and assesses its potential
benefits in terms of energy yield and cost reduction. The assessment
combines an experimental wind resource study results, together with a
wind tunnel power performance study in an energy yield sensitivity
assessment for micro wind turbine’s installed on top of a noise barrier in a
single article.

1.7. Outline

The outline of this work started with the literature review in Chapter
1, followed by a detailed description of the set-up in Chapter 2, presen-
tation of Results in Chapter 3, discussion of main outcomes in Chapter 4
and finishes with Conclusions and Recommendations.

2. Set-up description

Two set-ups are realized. An outdoor set-up where all wind flow
properties at the noise barrier site are measured and a wind tunnel power
curve measurement test. Both explained below.

2.1. Noise barrier set-up

A set-up with 8 anemometers placed on 2 poles on top of the noise
barrier and 1 pole as a reference point has been designed and built near a
road with a 50 km/h speed limit. The site is on the north side of the ring
road that intersects the N470 (regional Dutch road) and the A13 (Dutch
National Motorway) as seen in Fig. 3. A dataset of 3-dimensional wind
speeds has been collected during the period in 2016–2017 and can be
accessed online (Chrysochoidis-Antsos, 2019). 10-minute averaging is
used for statistical means. Further, binning methodologies are applied in
order to classify the effect of the noise barrier on the wind flow properties
per direction of the wind flow relative to the barrier. The documented
effects are utilized in a case study for the particular barrier to identify the
potential wind turbine energy extracted by the wind turbine model and
an LCOE cost change is assessed. For an artistic impression of the wind
turbine envisioned, refer to Fig. 1.

2.1.1. Equipment selection
Gill Wind Master 3D sonic anemometers are used to record all wind

components. A calibration and measurement validation test was per-
formed for each anemometer, in various angles in all 3 planes (2 hori-
zontal and 1 vertical) as (ISO, 2002) suggests. A correction factor of 1.16
for the vertical velocity component was implemented, as advised by the
manufacturer of the sonic anemometers (which was assessed and vali-
dated through wind tunnel testing) (Gill Instruments).All results should
be treated with the accuracy of the sensors (1.5%RMS at the reference of
12 m/s).

2.1.2. Set-up installation
Dimensions of the set-up and the wind vector reference system are

given in Fig. 2. Eight sonic anemometers are installed on 3 measurement
poles with brackets. There is a reference pole away from the noise bar-
rier, and two poles behind the noise barrier. All sonic anemometers have
cables that guide the signals through underground pipelines to the main
electrical cabinet, where the data are recorded.

Some parameters are taken into account for the design of the set-up.
These are summarized below:

� The anemometers are placed at distance of 10 times the pole diameter
to avoid the aerodynamical blockage of the cylindrical pole
(Bailey and McDonald 1997). This is also validated by comparing
experimental results from various orientations with respect to the
position of the bracket.
3

� Poles are fixed in the soil by 1.5m for structural integrity and
avoidance of oscillations that might affect the measurements from
the relative motion of the tower.

� Passing vehicle effects on wind speed and turbulence are
considered negligible for our set-up, placed on a road passage with a
speed limit of 50 km/h. This is 30 km/h less than the experiment in
(Eskridge and Rao 1983), with vehicle fleet passing with 80 km/h
from a highway. In this they found that for a distance of 15m away
from the road a minimal difference in wind speed of 0.1 m/s (at
heights of 5 m) and 0.06 m/s (at heights of 10 m).

� Reference pole is at a distance of 2 times the height of the noise
barrier as seen in Fig. 2 (Wegley et al. 1980). suggested that flow is
undisturbed in front of small buildings at a distance of 2H. For shel-
terbelt obstacles such as the noise barrier there are some guidelines
but based on empirical assessments. The presence of a road, in Fig. 2,
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limited as well the installation of the reference pole more than 2 times
the height from the noise barrier.

2.1.3. Wind data characteristics
Data are collected with “WindView” software and processed with

MATLAB. During the 13-month period of November 2016 until
November 2017, a total of 3066 h were recorded. This is the 32% of all
the period resulting in 18396 10-min datasets. The rest was not recorded
due to remote connection issues and other limitations. For the recorded
datasets, a 10-min median wind direction is used. Only windward data-
sets are considered and classified (coming from the arc from�90� to 0� to
þ90� in Fig. 3). These datasets are relevant for the study as we examine
the effect on windward flow properties. Outliers are removed (circuitry
failure, power outages, bird interference and ice formation) to avoid
uncertainty on our results. Even if 1 anemometer contained error values
then this specific time-series 10-min dataset is excluded. 1.03% of
datasets was removed. Finally, the total amount of 10-min periods that
are examined is 11.335 (20% of a full year).

2.1.4. Sampling frequency
Data were logged with sampling frequencies of 1Hz (54% of datasets),

2Hz (13% dataset 4Hz (32%of datasets) and 5, 8,16Hz (for the rest 1% of
datasets). Even though the selection seems arbitrary in fact it doesn’t
influence the results. Literature presented that different sampling rates of
the same recorded period (10Hz, 4Hz and 1Hz) do not significantly in-
fluence the values of turbulence intensity and power spectral density. In
particular, changing the sampling rate from 10Hz to 1Hz changed the
characteristic turbulence intensity by at most 0.25% of the reference
value (Tabrizi et al. 2015). Similarly mean wind speed and inflow angle
as well would not be influenced for the purpose of this article which is not
to capture turbulent structures of flow, but to use results for micro wind
turbine energy yield. We compare 1Hz and 4Hz datasets (~80% of all
datasets). Standard deviation of wind speed for sampling frequencies of
1 Hz and 4 Hz can be seen in Fig. 4. This was done for the anemometer
placed on the top of the reference pole (see Fig. 2). Sampled points
(10-min standard deviation) per wind direction ϕ (0) are less for 4Hz than
for 1Hz. But we can make some observations with the help of the grid
lines. For wind speeds 0–2 m/s (red dots) and for both datasets with
different sampling frequency the standard deviation is between 0 and 1.
Same applies for all other wind speed bins where standard deviation is
Fig. 4. (top) Scatter plots of the standard deviation σu of wind speed for different win
1Hz and 4Hz (bottom) Periodogram of 4Hz and 1Hz dataset (resampled from 4Hz).
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within similar ranges for different sampling frequency datasets. Finally
we also present a periodogram (power spectral density) of 4Hz and 1Hz
(which was resampled from 4Hz). Again no significant differences are
observed. Therefore, all datasets of different sampling frequencies are
used in the statistical analysis.

2.1.5. Estimation of wind resource parameters
We compare the data on top of the noise barrier and the data on the

reference pole for the reference domain. Wind speed U (m/s), wind di-
rection ϕ(0) and inflow angle θ(0) are calculated in each measurement
point for each time sample. Input data are the 3 vectors of each
anemometer averaged in 10-min periods. Turbulence intensity TI(%) is
based on this period. 10-minute averaging is common for wind energy
analysis as many handbooks and international standards suggest (Burton
et al. 2001). Shorter averaging periods of 5 and 1min is also used in order
to compare the results with the 10 min averaging but as no great de-
viations were found, they were not considered.

Wind Direction: Results are binned for wind directions. Vector
arctangent function is applied for the horizontal wind components Ux(m/
s) and Uy (m/s) and the median value of 10-min dataset is selected, thus
solving the discontinuity of the degrees (00-3600) (ISO, 2002). Finally we
express the wind direction relative to the noise barrier with 00 being the
perpendicular line as seen in Fig. 3.

2.1.6. Comparison of different pole wind data
Exponential fit is used on 10-min averaged values to estimate wind

properties on heights of comparison on the reference pole. For example in
Fig. 5 below, the reference anemometer near the road (see Fig. 2 as well)
is at a height of 5.6 m while on Pole 1 at 6.1 m. With 3 data points before
the noise barrier and exponential fitting we determine the resulting wind
speed at the projected height of 6.1 m for the reference pole for the sake
of comparison.

2.2. Wind tunnel set-up

Calculation of the wind turbine energy yield is done using an exper-
imentally derived power curve of a commercial downwind micro wind
turbine. The experiment was performed in the Open Jet Facility of TU
Delft (Low Wind Speed tunnel 0–35 m/s) in Fig. 6. The micro wind
turbine is placed in a distance of 3 m from the 2.85 m � 2.85 m nozzle of
d direction and wind speed bins (see legend) and different sampling frequencies of



Fig. 5. Noise barrier set-up photo from Google Earth.
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the wind tunnel, where the control wind speed is calibrated and the
blockage effects are corrected (Krynytzky, 1998). Power is recorded with
specialised electro-technical equipment (voltage and current measure-
ments) which are further processed in order to derive the power pro-
duced (5% error margin). The power fed to the grid is measured
including inverter, generator and other losses (IEC, 2005). Fig. 16 in-
dicates the average power values recorded for several wind speeds
including the 5% error margin of the sensors. Wind speed sweeps were
performed and the average values of Power (W) per wind speed (m/s) are
fitted in the curve below. Wind speed is measured with a Pitot-tube
placed inside the wind tunnel nozzle and corrected for the distance of
the wind turbine from the nozzle.

3. Results

The following chapter presents the equations and the results for all
properties assessed.
Fig. 7. The 3 components of wind speeds (m/s) Ux, Uy and Uz. The horizontal
wind vector Uxy and the Uxyz resultant vector for the magnitude of wind speed
together with the inflow angle θ(o).
3.1. Influence of noise barrier on mean wind speed

3.1.1. Methodology
Sonic anemometers provide 3-dimensional wind velocity compo-

nents. Mathematical equations are applied to estimate the metrics for
assessing the wind flow conditions. In our case, Ux (m/s) horizontal wind
speed component is perpendicular to the noise barrier, Uy (m/s)
Fig. 6. (Right) Micro wind turbine placed in front of the nozzle of O
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horizontal wind speed component is 90� left and Uz (m/s) is the vertical
wind speed component (see legend in Figs. 2 and 7).

Wind speed Uxyz (m/s) is derived from all the Ux, Uy and Uz compo-
nents recorded from the sonic anemometers, see Fig. 7. Then these values
are averaged with nsamples, which are the amount of samples within 10-
min (depending on sampling frequency).

Uxyz¼
Pi¼nsamples

i¼0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

xi
þ U2

yi
þ U2

zi

q
nsamples

(1)

Wind speed vector magnitudes are used to estimate the speed. Then
we compare the wind speed magnitudes at the height h (m) on top of the
noise barrier (UxyzNoiseBarrier) with the reference pole at similar height
(UxyzREFERENCE). Exponential fitting is used for the sonic anemometers
not in the same height of comparison.Wind speedmagnitude is used later
for energy yield calculations of micro-wind turbine installed on top of the
noise barrier. Below is the relative wind speed change ΔUxyz(�).

ΔUxyzðhÞ¼ UxyzNoiseBarrier
UxyzREFERENCE

(2)

3.1.2. Results
A scatter plot of all the 10-min averaged values is shown in Fig. 8 for

the sonic anemometer that is right above the noise barrier at 1.17H
height (6.1 m from ground). The wind speed bin from 0 to 1.5 m/s has a
very large spread. Higher than 1.5 m/s a trend can be observed with wind
speed reductions towards�90� andþ90� which are parallel wind flow in
respect to the barrier. When flow is nearly perpendicular to the noise
barrier (�30� until �15�) a maximum increase is observed.
pen Jet Facility in TU Delft (left) plan drawing of the distances.



Fig. 8. Scatter plot of wind speed relative change (ΔUxyz) for the sonic
anemometer places at 1.17H (Pole 1 at 6.1 m) on top of the noise barrier. All
coloured dots represent different wind speed bins (see legend) with 0� being
perpendicular.
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In Fig. 9, we plot as well the wind speed differences for different
heights. The data are categorized for 10� increments from �90� until
þ90�, which is the windward side of the barrier. The most positive in-
crease is observed in perpendicular flows (�30� until 0�) while is de-
creases in parallel flows in the edges of the graphs. The right part of both
graphs is less steep while the left part is steeper, this might be attributed
to the localized terrain.

The positive change is higher rather than negative with maximum of
1.35 (�20�) and minimum of 0.75 (þ80�).In Fig. 9 we observe that the
maximum changes do not occur in a perfectly perpendicular flow at
0� but at �20�. Similarly at þ20� there are no changes (ΔUxyz~0), but as
we move more parallel then a wind speed reduction is observed for both
sides. These lead to recheck the calibration and positioning of the sensing
Fig. 9. Bar plot of wind speed relative changes for different directions and hei
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equipment as well as the methods to assess the orientation of the barrier
but no abnormalities were found. Therefore, a hypothesis is made that
pressure reduction due to the presence of the bridge shown in Fig. 3 (at
direction �40� until �10�) might lead to this shift of the localized
maxima. Results of Fig. 9 for the wind direction of 0� match well the
references presented in Chapter 1, where most authors observed in-
creases from 5% to 35% in wind speed on top of windbreaks.

3.2. Influence of the noise barrier on inflow angle

3.2.1. Methodology
Inflow angle θ(ο) is used to estimate the wind turbine’s rotor flow

misalignment losses. The θi(0) inflow angle for the time step(i) is calcu-
lated using the resultant vector of the horizontal wind components Ux
and Uy and the vertical wind component Uz with the arc tangent function.
When every angle is estimated for the 10-min period then an averaging is
performed.

Uxyi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

xi
þ U2

yi

q
(3)

θi ¼ arctan
�
Uzi

Uxyi

�
(4)

Several studies have been conducted that investigate the flow
misalignment effects (mostly from yaw misalignment) in loads, power
performance just like in (Schulz et al. 2017) where it is found that power
losses can be as much as 30% at 300 misalignment. Therefore, inflow
angle describes the flow misalignment of a potential installed rotor on
top of the barrier and it used to estimate the affected energy yield. Micro
wind turbines have usually a tip vane or at designed to self-align with the
flow in order to minimize the yaw misalignment losses but when the
inflow angle varies in the vertical component there is not such a mech-
anism to allow the rotor to align. Thereby we estimate this component in
order to derive the losses resulting from the inflow angle θo as in Fig. 10.
The energy yield is further estimated with the magnitude of the Uxyz
(m/s) and the effect of inflow angle θ(0) as a misalignment loss.

3.2.2. Results
Inflow angle θ(0) when skewed affects the power performance of the

micro wind turbine. Fig. 11 presents a time series of 2 s (4Hz sampling) of
the flow field between the reference pole and Pole 1. (Kiya and Sasaki,
1983). and (Largeau and Moriniere, 2007) have visualized the effects on
wind flow in front of wall structures with an emphasis as well on the
periodic swell and shed in front of the noise barrier as well as the sepa-
ration bubble behind the noise barrier. Our intention is different as we
present only data at the installation height of micro wind turbines and do
not focus on more specific flow properties related to turbulence behav-
iour studies.
ghts for the reference arc (�900 until þ90�) with 0� being perpendicular.



Fig. 10. Wind speed Uxyz(m/s) magnitude vector and the inflow angle θ(0),
illustrated for a perpendicular flow indicating the presence of sonic anemome-
ters with red stars in different heights for Pole 1. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

N. Chrysochoidis-Antsos et al. Journal of Wind Engineering & Industrial Aerodynamics 203 (2020) 104206
Contour and arrows are constructed using 6 points (ReferencePole and
Pole 1 anemometer height locations in Fig. 3). First, vertical exponential
fit is performed for the wind shear and second a horizontal fit between
poles. Blue towards yellow contour on the back represents instantaneous
wind speed Uxyz(m/s). Black arrows overlaid represent inflow angle. The
representation is questionably oversimplified and neglects many wind
flow phenomena happening between the 2 poles such as vortexes, espe-
cially in front of the noise barrier. It simply illustrates the averaged flow
parameters. In particular, wind speeds increase (blue contour becomes
yellow) in perpendicular wind directions to the barrier (ϕ¼�5� until ϕ¼
100). Inflowangles θ (black arrows) have a tendency tomove upwards and
surpass the barrier thus high inflow angles. Finally, the variability of wind
speed and the stochastic nature of wind can be seen in these time series.
Fig. 11. Time series (2 s – 4Hz) of wind field contour (blue-yellow) and quiver pl
Distance from barrier is 0 at reference and 10 on top of the barrier. (For interpretation
version of this article.)
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Large variations in inflow angle mean more variations in power due
to the more frequent misalignment of the rotor with the skewed flow
leading to lower aerodynamical performance coming from the reduction
of the cos3θ rule (Manwell et al. 2009). Therefore it is worthwhile pre-
senting the standard deviation of the inflow angle presented in Fig. 12.

Standard deviation of inflow angle θ(0) increases at the edges of the
box plots for Pole 1 which represents the parallel to the barrier flows.
Also in perpendicular flows (near 0�) we observe decrease of the standard
deviation for Pole 1 comparing with the Reference Pole for all heights.
Boxes represent the values in between the 25th and 75th percentile of
each data bin. The line in between the boxplot is the median value. The
whiskers include all values that are in between 1.5 times the interquartile
range, while the outliers are plotted using a spatial randomization with
Jitter function for better visuals.

Fig. 13 presents the 10-min averaged inflow angle for 3 heights h(m)
and different wind direction ϕ(0) bins. For 1.17H a maximum of 220 is
observed at�15� wind direction. For 1.50H inflow angle has a maximum
of 17� and for 1.94H it is 8�. This result could be compared with the wind
tunnel experiment and CFD study (Hagler et al. 2011) which similarly
showed increase in inflow angle on the tip of the barrier. A trend is
observed that in parallel flow (close to �90� and þ90�) inflow angle de-
creases and especially near the�90� region. Due to this dropwe comment
that the terrain next to the installed poles as in Fig. 3 and the complex road
topology with a small bridge and an air-hang noise barrier segment might
be factors of lower wind angles present for both poles above the barrier,
similarly as with the shift of localized maxima for wind speed.
3.3. Influence on turbulence intensity

3.3.1. Methodology
Turbulence intensity TIxyz (%) of the Uxyz (m/s) magnitude is deter-

mined using the ratio of the 10 min average mean magnitude of Uxyz(m/
s) and the Standard Deviation σuxyz(m/s) of each 10-min dataset:

T :I:Uxyz ¼
σUxyz

Uxyz
(5)
ot (black arrows) for the noise barrier near-perpendicular flows ϕ¼(-50þ100).
of the references to colour in this figure legend, the reader is referred to the Web



Fig. 12. Box plots indicating the 10-min standard deviation of the skewed inflow angle θ(0) for the sonic anemometers placed (top) on the reference pole (bottom) and
noise barrier at pole 2 at different heights.

Fig. 13. Box plots of 3 different heights of the 10-min averaged inflow angle θ(0) for different wind directions ϕ(0).
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3.3.2. Results
In Fig. 14 we present a comparison of turbulence intensity of 2 sonic

anemometers. It ranges between 20 and 40% for perpendicular (�300

until þ150) and 40–60% for parallel flows (�75� until �60� and þ60�
8

until þ75�). Spread of TI is greater for wind speeds (<2 m/s). Box plots
are used and their property interpretation is found in chapter 3.1.2.
Parallel flows at the tip of the noise barrier exhibit increases in turbu-
lence intensities. Flow mixing on top of the barrier might lead into more
turbulent flow structures. Decrease of turbulence intensity happens in
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perpendicular flows. A hypothesis is that large pressure difference before
and after the noise barrier leads to increased wind mass flow (thus in-
crease in wind speed) and thereby decreases the turbulence intensity as
its value depends on the average mean wind speed on the denominator.

As discussed in chapter 1, turbulence might lead to power variations.
Positive effect of high turbulence could occur in lower wind speeds,
leading to greater power and more chances for the rotor to continue
idling thus increasing the chances of reconnecting and generating useful
power. Turbulence intensity is a factor to take into account as urban
environment wind speeds tend to be rather low. However, we do not use
it in the energy yield estimation as more detailed modelling approach
would be required to correct the power performance of the wind turbine
for certain ranges of turbulence intensity.
3.4. Annual energy production sensitivity analysis and results

Literature identifies wind resource assessment as very important as
current tools could overestimate the energy yield of wind turbines (Drew
et al. 2013). We perform a sensitivity analysis for the wind turbine yield
and use the corrections from the results of the assessment on wind speed
and inflow angles for the energy yield.

3.4.1. Sensitivity analysis parameters
We estimate Annual Energy Production (AEP) in kWh for 3 different

heights above the noise barrier (1.94H, 1.55H and 1.17H) based on the
heights of the anemometers on Pole 1. We also rotate the annual time
series wind rose in steps of 20� for a full 3600 rotation by keeping the
noise barrier still as in Fig. 15, where δ(0) is the rotation angle that is
applied in each time step of the annual time series. Therefore, for each
wind field rotation angle δ(0)only the relative wind direction ϕi(0) with
respect to the noise barrier would change and the effects on the total
Annual Energy Production are estimated.

3.4.2. Methodology
The baseline Annual Energy Production (AEP) of a micro wind tur-

bine on top of the noise barrier is calculated with a 12-month 10-min
Fig. 14. Box plots of the turbulence intensity TI(�) of the lowest sonic anemometers
25th and 75th percentile).

9

wind speed and direction record from Rotterdam Airport (KNMI, 2015).
Sensitivity could have been assessed by using more annual datasets but
we limited the paper due to size constraints to 1-year. Wind speed
correction is applied for the differences in surface roughness between the
two locations, resulting in wind time series at the reference pole Ui (m/s).
Another correction for effects of the noise barrier on wind speed and
inflow angle is used. Finally through a look up table we find the energy
yield of a reference micro wind turbine (375Watts) for each time step
that corresponds to the corrected wind speed. Energy yield of the wind
turbine is based on wind tunnel measured power curve. Wake losses are
excluded as we evaluate the performance of a single turbine rather many
installed on top of noise barriers. Finally, we sum all time steps to derive
the Annual Energy Yield (AEP) in kWh.

The annual free stream energy yield, AEP0 (kWh) at a height h(m)
from ground is without the influence of noise barrier and is used as a
reference for comparison. The corrected wind speed Ui(m/s) at the height
h(m) of turbine installation is used.

AEP0

 
h

!
¼
Xi¼1

52560

EiðUi

 
h

!!
(6)

The AEP(kWh) is then corrected for speed-up associated effects from
the noise barrier. We apply the wind speed factor ΔUxyz (�) from chapter
3.1.2. This varies as a function of the relative wind direction ϕi(0) and is
applied to the wind speed Ui(m/s). The resulting annual energy yield is
AEP1(kWh), which includes noise barrier wind speed magnitude ΔUxyz
effects and assumes an aligned rotor with the skewed incoming flow on
top of the noise barrier. In reality this is not true, but with this variable
we can isolate the effects due to skewed angle flow misalignment and the
relative change in wind speed due to the noise barrier. AEP1(kWh) is
estimated for different heights h(m) and different wind field rotation
angles δ(0) as part of the sensitivity analysis.

AEP1ðh; δÞ¼
Xi¼1

52560

Ei

�
ΔUxyzðh; δ;ϕiÞ �Ui

�
(7)

Finally, AEP2 (kWh) contains the additional correction for
(5.8m and 6.1m) for the reference pole and the noise barrier (Pole 1) (box area is



Fig. 15. Binned wind speed rose rotation by angle δ (clockwise) for the sensitivity analysis. Black line indicates the noise barrier. Legend indicates the wind
speed bins.

Fig. 16. Power curve of the WindChallenge micro wind turbine recorded in the
OJF wind tunnel experiment and compared with manufacturer’s.

N. Chrysochoidis-Antsos et al. Journal of Wind Engineering & Industrial Aerodynamics 203 (2020) 104206

10
misalignment losses due to the skewed inflow angle. This is done
applying the cos3θ correction at each time step. This is mostly used for
yaw misalignment (Manwell et al. 2009) but in our case we apply it for
the skewed flow misalignment.(Ciri et al. 2018). found cos3θ as a good
approximation for normalized power but it slightly underestimates
power while the cos2θ theory slightly overestimates power. In our
approach we use the more conservative yaw correction cos3θ law. AEP2
(kWh) is estimated for different heights h(m) and different wind field
rotation angles δ(0) as part of the sensitivity analysis.

AEP2

 
h; δ

!
¼
Xi¼1

52560

Ei

�
ΔUxyz

�
h; δ;ϕi

� �Ui

� � cos3θi
!

(8)

The relative impact on AEP of speed-up associated with the noise
barrier can be expressed as: ηaligned (�), which is the ratio that describes
the influence of the noise barrier to the wind speed vector magnitude
expressed in energy terms.

ηalignedðh; δÞ¼
AEP1ðh; δÞ
AEP0ðhÞ (9)

Similarly the relative impact of flow misalignment due to the inflow
angle is expressed as: ηmisaligned (�), which is the ratio of that describes us
the losses in energy due to the misalignment of the rotor with the
incoming skewed flow.



Table 1
Surface parameters of the study area as a function of wind direction sector.
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ηmisalignedðh; δÞ¼
AEP2ðh; δÞ
AEP1ðh; δÞ (10)
Empirical data from �90� until þ90�.For data with asterisk * (WMO, 2010)
classification used.

Sector(o) d(m) zo(m)

(-180�)to(-150�)* 2.30 0.20
(-150�)to(-120�)* 2.00 0.19
(-120�)to(-90�)* 2.60 0.26
(-90�)to(-60�) 3.00 0.75
(-60�)to(-30�) 2.00 0.16
(-30�)to(0�) 3.10 0.09
(0�)to(þ30�) 3.00 0.08
(þ30�)to(þ60�) 2.30 0.22
(þ60�)to(þ90�) 1.70 0.15
(þ90�)to(þ120�)* 1.90 0.18
(þ120�)to(þ150�)* 2.00 0.20
(þ150�)to(þ180�)* 2.20 0.18
Finally, the overall impact on AEP is expressed as: ηnbtotal (�), which
is the ratio that describes the total influence of the noise barrier, taking
into account both the influence to the wind speed but also accounting for
the skewed flowmisalignment effects. See equation (11) below as well as
equation (12).

ηnbtotalðh; δÞ¼
AEP2ðh; δÞ
AEP0ðhÞ (11)

ηnbtotal ¼ ηaligned � ηmisaligned (12)

In order to derive all above mentioned variables we used the
following:

Power curve: Below you can see the measured power curve in the wind
tunnel and the validation with the manufacturer’s data. Whiskers indi-
cate error margins of the sensor equipment and different measurements
performed. Power curve is used as a look-up table for the Annual Energy
Production (AEP) estimations.

Wind speed corrections: Corrections are applied based on local
roughness (the site is 3 km away from the weather station) in order to
translate it for the noise barrier case before applying corrections for the
noise barrier. First we translate the weather station time series wind
speed of time step i to a blending height and then we translate to the
height of the reference pole.

� The wind speed dataset from the airport is translated to a blending
height of 60 m with log wind law. Local roughness parameters are
being taken into account. Rotterdam airport weather station is placed
on flat terrain area without presence of obstacles and therefore the
roughness length is assumed to be 0.03 (WMO, 2010) while
zero-displacement is 0. Blending height h2 (60m) and weather station
height h1 (10m) are used.

� Wind speed at blending height is then translated to the three hub
heights of Pole 1 at the noise barrier. Table 1 presents zero-
displacement height d and roughness length zo which have been
determined with an empirical approach from wind gradient data of
the reference pole for the windward side in Fig. 3. For the downwind
side of the barrier as seen in Fig. 3 they were determined by the
elevation, the terrain and the surrounding landscapes taking into
account the (WMO, 2010) classifications because of lack of reference
data from measurements.

Ui ¼Uref �
ln
�

h2�d
z0

�

ln
�

h1�d
z0

� (13)

Noise barrier correction factors: Corrections on wind speed due to noise
barrier are applied based on results in Fig. 9. Wind speed is multiplied at
each time step with ΔUxyz for the corresponding relative wind direction
ϕi with the barrier which depends on the wind direction from the dataset
used (KNMI, 2015). Effects for the downwind side of the noise barrier
(symmetry) are “mirrored” since we recorded the effects only from the
upwind side of the barrier. Despite the fact that it is a questionable
assumption because the noise barrier is not erected vertically but with a
given angle to the vertical, it had to be assumed because experimental
data are only available for 1 side of the barrier. Thereby, we assume the
same effects on the other 1800 arc behind the barrier. For example, in
Fig. 3 if at a certain time step wind comes fromþ100� then we mirror the
effect and use the correction factors from results that apply for þ80�.
Similarly, from �150� we correct with results from �30�. The correction
factors used are theΔUxyz (ϕi) for wind speed used for AEP1 and AEP2 and
the θ(ϕi) for skew corrections in AEP2. Finally, each relative wind
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direction ϕi is corrected with respect to the wind field rotation angle δ(0)
because the wind direction relative to the noise barrier for each rotation
would change according to the rotation angle and thereby the effects on
wind speed would change accordingly.

3.4.3. Results
Energy yields in top graph of Fig. 17 show the sensitivity of energy

output of a wind turbine on top of a barrier for wind field (wind and
direction dataset) rotations of 20� including the noise barrier effects. The
misaligned energy yield (AEP2) are always lower as they contain effects
on wind speed magnitude and inflow angle. For the aligned energy yield
(AEP1), the effects only on wind speed magnitude are considered
assuming that the rotor is always pointing at the resultant wind vector.
Annual energy production at 1.94H ranges from 400 to 600 kWh with
some localized maximum and minimum points which depend on orien-
tation of the noise barrier (projected from the wind field rotation). For
1.50H installation height, energy ranges from 300 to 550 kWh and for
1.17H ranges at 150–430 kWh. Installing the turbine closer to the barrier
has more uncertainty as the ranges are more widespread. Total annual
energy production is very sensitive to relative noise barrier rotation angle
with the wind rose. In Fig. 17 bottom graph, annual energy production is
compared with the straight line (reference yield). Positive effect is mostly
observed but there are cases with significant drop in energy yield (40�,
60�, 80�, 140�, 220�, 260� and 280�). Importance of site assessment is
shown between 120� and 160�, where only for a range of 400 we observe
a difference from 600 kWh to 400 kWh.

In Fig. 18 we explain the dominant effect on wind energy yields for
each noise barrier orientation. The ηnbtotal(%) is mainly affected by the
wind speed magnitude changes as seen in the left graph with ηaligned(%)
while the flow misalignment ηmisaligned(%) always contributes in a
negative way but to a less extent. In particular, for the effect of the wind
speed magnitude and especially for installation heights of 1.17H, the
energy yield could range from 60% to 150% of the reference total annual
energy yield. For 1.50H, the ranges are 75%–140% and for 1.94H, the
ranges are 85%–120%. The effect of inflow angle leading to a misaligned
rotor to the flow in middle graph of Fig. 18 increases closer to the barrier
as the inflow angle increases. But overall it influences energy yield to a
less extent with respect to the wind speed magnitude changes. For 1.94H,
the total energy yield is ~97% of the reference yield while for 1.75H is
~92% and for 1.55H is ~83%. Finally, the total energy yield with all the
noise barrier related effects is compared with the free stream wind tur-
bine energy yield. This is presented with the ηnbtotal (%) in Fig. 18. The
lowest position at 1.17H noise barrier height is the less profitable
attributed mainly to the flow misalignment losses. The other 2 height
locations are either marginally positive or negative with ranges from
90% to 120%. For the increments from 2500-3000 the performance is
greatly and negatively affected at 30–60% of the free-stream energy.

We conclude from the results that noise barrier can have both nega-
tive and positive influence on energy yield depending on its orientation



Fig. 17. (top graph) Sensitivity analysis of total annual wind turbine yield for an aligned and misaligned flow towards a micro wind turbine installed on top of a noise
barrier at different heights and for 20� increments of wind field rotation (bottom graph) Without Barrier, aligned and misaligned flow total annual wind turbine yields
for 20� increments of wind field rotation.

Fig. 18. (Left) Change in annual energy yield (AEP) on top of the noise barrier as a function of the wind field rotation angle δ(0) (left) not taking into account skewed
inflow angle θ(0). (middle) due to the skewed flow misalignment taking as a reference the energy yield of the aligned flow (right) taking into account both effects.
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to the wind field. Installers should be very careful designing such sys-
tems, paying great attention to the wind resource assessment and energy
yield estimation including noise barrier effects.

Finally Table 2 summarizes the results for the reference case of the
existing noise barrier:

In Table 2, the influence of the noise barrier in the total annual wind
turbine yield for all heights 1.17H, 1.50H and 1.94H is positive. We can
observe respectively an overall increase of 22%, 25% and 20% for these
heights. Increase due to wind speed magnitude is greater than these
numbers but the skewed flow misalignment with the micro wind turbine
12
rotor leads to a slight decrease by 80%, 92% and 96% of the yield that
was estimated taking into account only the wind speed magnitude in-
creases. This case is positive but in a different noise barrier orientation
with the same wind field there is possibility for negative influence of the
energy yield as the case of 60� wind field rotation with the turbine
producing 50%, 70% and 80% of the reference.

4. Discussion

Here we discuss relevant situation where the results are relevant and



Table 2
Case study for the current noise barrier orientation.

Case study of the current noise barrier (corresponding to wind field rotation angle
360�)

1.17H 1.50H 1.94H
Total annual energy yield without noise barrier effects
(kWh)

290 395 505

ηalign (�) 1.51 1.36 1.20
ηmisaligned (�) 0.81 0.92 0.96
ηnbtotal (�) 1.22 1.25 1.15
Noise barrier Influenced Yield (kWh) 354 494 580
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we discuss about the economics of micro wind turbines on noise barrier
with respect to the results.

4.1. Wind resource characteristics

Some noise barriers are placed in complex topologies near highways,
with elevated roundabout and other elements. (Lubitz and White, 2007).
studied effects of such hills in wind tunnel and found that wind speeds
increase when flows are perpendicular to the ridge of hills. However,
expansion of wind resource assessment to cover those cases as well is
needed. Finally, regarding local wind flow characteristics, the shift in
localized maxima (probably explained by the presence of the bridge)
intrigues us to suggest further wind tunnel validation along with nu-
merical modelling and CFD calculations in order to derive a concrete
model for relevant flows.

Designing turbines in different way might alleviate skewed inflow
angle effects. For example, predefined wind turbine hub angles could
alleviate these losses. But new loading types will start affecting the
operation of the turbine (e.g. gravitational). Results in Fig. 13 showed
that the turbine on top of the noise barrier would be mostly exposed to
skewed flow between 5o-25�. As horizontal axis wind turbines under-
perform in skewed flow and vertical axis wind turbines seem to have
better power performance coefficient (Balduzzi et al. 2012). We could
make a hypothesis that there is potential for further energy yield increase
with vertical axis wind turbines.

Turbulence intensity (TI) decreases for perpendicular flows while
wind speeds increase and vice-versa TI decreases for parallel flows while
wind speeds tend to decrease. Literature suggests that increased turbu-
lence intensity might lead to more energy production for low wind speed
ranges of near ground applications and less energy production in higher
wind speeds near rated. So since parallel flows have increased TI and
decreased wind speed and perpendicular flows decreased TI and
increased wind speed, a hypothesis could be made that the changes of the
noise barrier to the Turbulence Intensity could have a positive effect in
energy yield. But this would require further investigation. Finally the
impact of TI(%) in lifetime, fatigue, loading and O&M costs should be
determined as well. As turbulence intensity might induce potential
harmful excitations in the loading of the system and thus decrease life-
time and increase O&M costs.

4.2. Economic analysis and energy yield

Proper siting of turbines and local characteristics can affect greatly
the energy yield. Even a slight change in the relative angle of the noise
barrier with the local wind rose could have dramatic changes in the
energy yield as seen in the results in Fig. 18. This is very relevant for noise
barriers on curved road passages were the relative wind field rotation
angle could vary significantly (such as seeing from top in Fig. 3). This is
quite important for infrastructure designers who need to take decisions to
install energy systems that are financially attractive.

Closing the economic loop in chapter 1, we evaluate the change of
Levelized cost of electricity for a micro wind turbine on top of a noise
barrier with respect to a reference case. It is presented in the equation
below based on (Ragheb, 2017). We assume n ¼ 20 years lifetime of the
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installed turbine and a discount rate i ¼ 0.04. The reference LCOE is
estimated including the It investment costs (or else CAPEX) and the O&M
costs spent in year t. The investment costs It (€) is assumed in the order of
7000 €/kW installed. Annual O&M costs are assumed 1–2% of the CAPEX
(Orrell and Poehlman, 2017). The AEPo is the reference energy yield
excluding the noise barrier.

LCOEreferenceðhÞ¼
Pn
t¼1

ðIt þ O&MtÞ 1
ð1þiÞtPn

t¼1
AEP0ðhÞ

(14)

Then we calculate LCOE of a turbine installed at 3 different heights
h(m) and for various wind field rotations as used before. For the new
LCOE we take into account the annual energy yield AEP2 which includes
the effect of the noise barrier of each height and wind field rotation. We
assume a 20% cost reduction in the investments, due to exclusion of
foundation and allocation of other costs of electrical infrastructure,
installation, permitting, transportation, logistics and other costs as
defined in (Orrell and Poehlman, 2017), and the findings of (Udell et al.
2010) with respect to lowering costs when retrofitting micro wind tur-
bines on roofs.

LCOEðh; δÞ¼
Pn
t¼1

ðIt � κreduction þ O&MtÞ 1
ð1þiÞtPn

t¼1
AEP2ðh; δÞ

(15)

Finally we compare the reference with each calculated LCOE.

LCOEchange ¼ LCOEðh; δÞ
LCOEreferenceðhÞ (16)

LCOE(€/kWh) decreases in most wind field rotation cases and
different heights and is between 60 and 90% of the reference. Even
though this is an overgeneralized interpretation it is a positive result
meaning that with such a cost reduction and installation on a barrier we
can expect higher energy yields and lower electricity costs. However,
there are still cases in Fig. 19 where LCOE increases with a sensitive
deviation such as between δ ¼ 1200 and δ ¼ 1600. Finally, the reference
LCOE are 0.30€/kWh for 1.94H, 0.38€/kWh for 1.50H and 0.52€/kWh
for 1.17H.

As presented in Fig. 19 LCOE could potentially decrease consider-
ably but is very sensitive on the noise barrier relative angle to the wind
rose (expressed in rotation angle δ(0)). This is quite positive for micro
wind energy generation. However, we could potentially have 17.7 MW
of micro wind energy generation on top of noise barriers in the
Netherlands. This is quite a small number comparable to 6 wind tur-
bines of ~3 MW, and is at a very low competitive level comparing to
onshore wind prices of nearly 0.05 €/kWh (IRENA, 2019). This makes
us conclude that viability of such projects is quite limited and further
cost reduction is needed for example by using larger rotors along
highways. However, micro wind energy is still an important part of
wind energy developments where various applications may be
powered.

5. Conclusions

Sonic anemometers were installed on top of a noise barrier and on a
reference location to assess the effect of the noise barrier on the wind
flow for all windward wind directions ϕ(0). The properties of wind speed
magnitude U(m/s), turbulence intensity TI(%) are assessed and
compared. Additionally, the inflow angle θ(0) is being assessed for its
influence on the annual energy production AEP(kWh). A sensitivity
assessment of the annual energy yield with a wind field rotation angle
δ(0) based on these results has been made for the application of a micro
wind turbine installed on top of the noise barrier. Finally, the effect on
the Levelized cost of electricity LCOE(€/kWh) is presented.



Fig. 19. LCOE change for different wind field rotation angles δ(0) and
heights h(m).
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The most important findings are summarized in the following bullet
points:

� Wind speed on top of noise barriers increases in perpendicular flows.
The maximum increase of 36% is found at 1.19H and a 20% increase
at 1.94H, with H representing the height of the barrier.

� Wind speed on top of noise barriers is decreasing in parallel flows
with maximum decrease of 27% at 1.19H and 20% at 1.94H.

� Inflow angle is always skewed for all wind flow direction towards the
barrier. The averages are in the range of 50 (at higher heights) to 250

(at lower height towards the barrier tip).
� Terrain and road network layout near a noise barrier affect the
symmetry of changes that the barrier induces to approaching flows.
Presence of a small bridge next to the barrier probably influences and
shifts the local maxima of the changes, especially for wind speed and
inflow angle.

� Turbulence intensity on top of a noise barrier for perpendicular flows
(�30� untilþ15�) drops with respect to the Reference Pole from 28%-
40% to 22–32%. For parallel flows towards the barrier at (þ60� until
þ90�) the turbulence intensity range increases from 35-45% to
36–55%. For parallel flows (�60� until �90�) and (þ60� until þ90�),
it increases from 25%-35% to 25%–42%, with respect to the free-
stream reference pole turbulence intensity ranges.

� Annual Energy yields could vary greatly even within 20� of wind field
rotation from 110% down to 80% and back to 115% of the reference
yield value. Installers are advised to perform wind resource assess-
ment before installing.

� Effects on wind sped magnitude have the greatest contribution in the
relative change in energy yield ranging from 60% to 150%. Skewed
inflow angle losses should also be included as described before and
range from 80% to 95% as a loss.

� Different combinations of height of installation and noise barrier
(potential) orientation could bring variation in energy yield from 100
to 600 kWh for a 0.375 kW micro wind turbine
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� Electricity cost reduction is possible for micro wind turbines on noise
barriers due to the 20% investment cost reduction from structural
integration and the energy yield increase due to the noise barrier flow
effects. LCOE can drop to 60%–90% of the reference value. When we
rotate the wind field annual time series in order to assess the sensi-
tivity with respect to the noise barrier, we find that LCOE can
dramatically change even in 200 increments of rotation. Finally, when
comparing micro wind energy projects of the like with onshore wind
energy we clearly see that micro wind is more expensive.

6. Recommendations-future studies

Based on results and all insight gained from the experiment and the
data analysis process, we propose the following some of which will be
part of the next series of publications of this project.

1) Micro-wind turbine installation on noise barrier to evaluate the
behaviour and estimate the energy yield.

2) Wind tunnel testing to assess micro wind turbine’s behaviour on
misaligned flow conditions

3) Validation with more noise barrier sites and comparison with
respect to surrounding roughness factors and zero-scale dis-
placements and different year time series to assess the sensitivity

4) Measuring in more detail the influence of turbulence due to
passing vehicles, as the examined noise barrier is placed on low
speed limit road and other noise barriers are in higher speed limit.

5) Experimentation, modelling, analysis and correlation of the tur-
bulent intensity effect of micro wind turbine yields on top of noise
barriers

6) Wake flow studies from the dataset for all other flows
7) Validation of CFD studies of similar obstacles for urban flows or

numerical simulations.
8) Other measurement techniques in order to capture detailed as-

pects of the relevant flows on top of the noise barrier (for example,
smoke visualization, LiDar etc)

9) Experimental or modelling assessment of different turbine rotor
sizes (pico/micro/small) and types, such as Vertical Axis Wind
Turbines (VAWTs) or Diffuser-Augmenter Wind Turbines (DAWTs)

10) Discussion with local authorities for regulations regarding turbine
installation next to highways.

11) Modelling of turbulence intensity impact on fatigue, loading,
lifetime and O&M costs of the micro wind turbine integrated on
top of a noise barrier.

12) Detailed economic analysis and survey with installation com-
panies in order to identify installation, operation andmaintenance
costs of micro wind turbines integrated on noise barriers.

13) Wake losses in multiple turbines installation on noise barriers
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