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ABSTRACT 11 
 12 
As the global wind energy industry advances to larger wind turbine systems, there still remains 13 
opportunities for deploying single medium-to-large-scale wind turbines in distributed wind energy 14 
applications. These include community wind farms and “behind-the-meter” wind applications. Such sites 15 
tend to be closer to population centres at lower elevations that have more complex wind regimes due to 16 
surrounding orography, local terrain and obstacles such as buildings. This research case study examines 17 
the regional mesoscale influences and local microscale influences on the post construction measured energy 18 
performance of an 850 kW rated wind turbine, with a 60 m hub height, at a peri-urban coastal location. The 19 
remodelled Irish wind atlas is used to characterise mesoscale and microscale influences on wind resource 20 
around the wind turbine site.  A directional analysis of modelled predicted annual energy is compared to 21 
the measured wind turbine electrical energy rose. Data from a nine month LiDAR measurement campaign 22 
is used to assess directional wind shear profiles at the site. The shear profiles are examined with respect to 23 
local buildings obstacles to gain insights into the microscale sources of discrepancies between the predicted 24 
energy from the wind atlas and actual energy output of the wind turbine. 25 
 26 
 27 
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 31 

Abbreviations 32 

AEP  Annual Energy Production 33 
a.g.l.   Above ground level 34 
a.s.l.   Above sea level 35 
CFD  Computational Fluid Dynamics 36 
DkIT  Dundalk Institute of Technology 37 
DM  Dual Mode 38 
EER  Electrical Energy Rose 39 
ECMWF  European Centre for Medium-Range Forecasts 40 
ERA  ECMWF Re-Analysis 41 
JMA  Japanese Meteorological Agency 42 
LiDAR  Light Detection and Ranging 43 
LOS  Line of sight 44 
NASA  National Aeronautics and Space Administration (USA) 45 
NECEP  National Centre for Environmental Prediction (USA) 46 
NWP   Numerical Weather Prediction 47 
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SCADA  Supervisory Control and Data Acquisition 48 
SEAI  Sustainable Energy Authority of Ireland 49 
MetUM  Met Office Unified atmospheric Model (UK) 50 
WAsP  Wind Atlas Applications Program 51 
WED  Wind Energy Density 52 
WRF  Weather Research and Forecasting Model 53 
WPD   Wind Power Density 54 
WT  Wind turbine 55 
 56 
 57 
 58 
1. Introduction 59 
 60 
Wind energy worldwide continues to grow year on year with a reported global installed capacity 61 
of almost 591 GW at the end of 2018 (Dyrholm, 2019). Wind turbine sizes have increased 62 
dramatically in the past decade with 10 MW rated wind turbines now coming to the market 63 
(Whitmarsh, 2018; Wiser and Bolinger, 2018). This has been advanced by reducing costs in large 64 
wind turbine technology and is leading to an increasing move towards offshore wind (Higgins 65 
and Foley, 2014; IRENA, 2019). Despite these trends, there are now new opportunities emerging 66 
in further onshore distributed wind deployment. These include community owned wind turbines, 67 
small wind farms and behind-the-meter onsite generation at large energy user sites (Forsyth et 68 
al., 2017; Gorroño et al, 2015; Lantz et al., 2016; Oteri et al., 2018) This is supported in Europe by 69 
EU directives and Governments in countries like Ireland that are designing policies for 70 
communities and citizens to become energy engaged as prosumers (DCENR, 2015). However, 71 
these emerging distributed wind markets still face a number of challenges in their development. 72 
One challenge is that suitable wind turbine sizes, typically up to about 1 MW in rated capacity, are 73 
not widely manufactured today, as newly available wind turbines have become larger.  Another 74 
challenge is that onshore distributed wind sites will likely be at lower elevations near populated 75 
areas where the wind resource is reduced and has more complex wind flow characteristics. 76 
Regional topographic features at the mesoscale, such as hills, land/sea influences, and local 77 
microscale obstacles, such as trees and buildings, can impact on the energy and economic 78 
performance of a given project and need careful consideration at the outset  (Kalmikov et al., 79 
2010; Zhang, 2015). Accurate wind resource assessment can involve expensive measurement 80 
campaigns and computer modelling that bring increased upfront project costs. These costs may 81 
financially constrain or inhibit some types of distributed wind projects such as behind-the-meter 82 
deployments and small community owned wind farms. On the other hand, the impact of less 83 
accurate wind energy prediction may lead to projects not meeting their energy output and 84 
expected returns on investment, particularly at more complex sites. 85 
 86 
A variety of low cost wind resource assessment tools have been developed for distributed wind 87 
energy applications. Early approaches, that are still used today, involve extrapolating data from 88 
nearby reference masts using linear microscale models such as Wind Atlas Application Program 89 
(WAsP) to estimate the annual energy production (AEP) at the site of interest (Landberg et al., 90 
2003; Petersen and Troen, 2012). WAsP is based on models for orographic height variations, 91 
terrain roughness and sheltering obstacles that were used in the development of the first 92 
European Wind Atlas (Troen and Lundtang Petersen, 1989). A practical limitation is that nearby 93 
reference masts with data of sufficient quantity and quality may not always be available.  An 94 
alternative approach is the use of Numerical weather prediction (NWP) models that can estimate 95 
the wind resource over large regions. NWP models are increasingly being refined for wind 96 
resource assessment in the wind industry to give high resolution wind climatology and wind data 97 
at the regional mesoscale level (Kalverla et al., 2018; Mann et al., 2017). This has been made 98 
possible with the availability of satellite weather observation data over recent years and decades. 99 
In hind cast mode, these data are reanalysed to generate gridded reanalysis global data sets of a 100 
variety of meteorological parameters, including, wind speed and direction at multiple heights in 101 
the atmosphere. Reanalysis data sets are provided by organisation such as ECMWF, NASA, NCEP 102 
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and JMA for a range of time and spatial resolutions, in some cases down to 1 hour time resolution 103 
and 50 km spatial resolution (Kim et al., 2018). Mesoscale modelling tools, such as WRF, 104 
HARMONIE and UM, use reanalysis data as input to NWP models that downscale meteorological 105 
parameters from the global reanalysis data sets to horizontal resolutions of a few km covering 106 
areas of a few hundred km2 (Olsen et al., 2017).  The downscaling process uses physical models 107 
of the atmosphere with sets of equations that model the atmospheric process and its interactions 108 
with regional features such as land masses and oceans (Badger et al., 2014). Further downscaling 109 
of the data to microscale resolutions in the order of ~ 100m  can then be carried out using 110 
statistical approaches with tools such as WAsP or with CFD simulations nested in the mesoscale 111 
model (Gasset et al., 2012; Rodrigo et al., 2018; Talbot et al., 2012). 112 
 113 
In 2013, an open source Irish onshore and offshore wind atlas was remodelled by the UK Met 114 
Office, under contract to the Sustainable Energy Authority of Ireland (SEAI), specifically for wind 115 
energy development. It gives hourly wind data at 8 end user heights, namely; 20 m, 30 m, 40 m, 116 
50 m, 75 m, 100 m, 125 m and 150 m; at any location within the Irish onshore and offshore space.  117 
The wind atlas is based on the UK met office unified atmospheric model (MetUM) (Davies et al., 118 
2005; Standen et al., 2017). The MetUM model can be used for NWP modelling from global scale 119 
to mesoscale. Bilinear interpolation methods are used to further downscale from the mesoscale 120 
to the microscale level. In the development of the Irish wind atlas the ERA-Interim global 121 
reanalysis data set from the ECMWF was used to initialise the global model with a 60 km 122 
horizontal resolution and 50 vertical levels. This then provided the initial and spatial boundary 123 
conditions for a 12 km model of Western Europe with 38 vertical levels. This in turn drove three 124 
4 km domains with 70 vertical levels, one of which was centred over Ireland and UK, to give 125 
hourly wind speed components with 4 km resolution at each level. Six of the 70 levels were below 126 
150 m at heights of 2.5 m, 13.33 m, 33.33 m, 60 m, 93.33 m and 133.33 m. The 4 km wind 127 
components of the 70 model levels were downscaled onto a 1 km microscale grid using horizontal 128 
bilinear interpolation. Logarithmic wind shear profiles and neutral atmospheric conditions were 129 
then assumed to calculate the specified 8 end user heights from the six original downscaled levels 130 
below 150 m. The earth’s surface properties were deduced from the Corine land database from 131 
which surface roughness values were derived (Silva et al., 2007).  For each of the 8 end user 132 
heights, Weibull scale and shape factors and a representative year of time series hourly wind 133 
speed and direction can be extracted for any  given location. Open source wind tools such as this 134 
can be very useful for distributed and behind-the-meter wind projects in reducing resource 135 
assessment costs.  However, there remain ongoing challenges in wind resource assessment for 136 
wind energy projects at all scales in understanding how mesoscale effects between 10 s and 100 137 
s of km2 couple to the microscale down to 100 m2 to improve the accuracy of wind resource 138 
assessments. Some of these challenges include validation and verification of models with 139 
observations, uncertainty analysis and building a common wind resource assessment framework 140 
within the wind industry (Sanz Rodrigo et al., 2017). 141 
 142 
This research case study compares the AEP using the Irish wind atlas to the measured post-143 
construction energy performance of an 850 kW rated wind turbine, with a 60 m hub height and 144 
52 m rotor diameter, in a peri-urban costal location in Ireland. (Byrne et al., 2018) showed that 145 
the measured wind turbine electrical energy rose (EER) at the site, based on 5 years of 10-minute 146 
time series wind turbine SCADA data, had distinct directional characteristics. In this study, the 147 
energy impact of mesoscale and microscale features around wind turbine site are examined in 148 
the context of how they each contribute to the shape measured wind turbine EER. As the spatial 149 
downscaling resolution of the Irish wind atlas is 1 km, mesoscale influences are assessed at 150 150 
m  above ground level (a.g.l.) in 16 directional sectors, where local obstacles are assumed to have 151 
little influence. At the 60 m wind turbine hub height, the directional differences between the 152 
predicted and measured energy are compared to examine the site specific microscale obstacle 153 
impacts on the turbine’s energy performance. In addition, onsite directional wind shear profiles 154 
from Light Detection and Ranging (LiDAR) measurements are investigated to give further insights 155 
into the directional differences between the energy predictions using the wind atlas and the 156 
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measured EER. The study demonstrates some of the limitations of the Irish wind atlas in 157 
capturing the influence of local obstacles that may be of use to prospective distributed wind 158 
project developments in peri-urban locations in Ireland. 159 
 160 
 161 
2. Site Description 162 
 163 
2.2 Site location 164 
 165 
The wind turbine at Dundalk Institute of Technology (DkIT) is located in a peri-urban area, 13 m 166 
above sea level (a.s.l.), on the east coast of Ireland as shown in Fig. 1. The turbine is a Vestas V52 167 
rated at 850 kW with a hub height of 60 m and a rotor diameter of 52 m. In Ireland the general 168 
prevailing winds are from the south west (Dwyer, 2012). However, proximity of the site to the 169 
Irish Sea to the east means that coastal influences may have an impact. 170 
 171 

          172 
Fig. 1.  a) Wind turbine location                                                         b) Wind turbine on the DkIT campus 173 
 174 
The upper part of Fig. 2 shows more details of the regional and local features surrounding the 175 
wind turbine site “WT”. Dundalk town lies to the north. At the regional scale there are hills “A” 176 
approximately 7 km to northeast with relatively open terrain from the west to the south. Dundalk 177 
bay to the east of the site opens out to the Irish Sea.  In addition to the wind turbine site, the points 178 
M1, OS1 and OS2 mark locations, both on and offshore, where one-year wind atlas hourly data is 179 
used to assess the coastal and regional orographic influences on wind resource at 150 m a.g.l. The 180 
coordinates and distances of these points from the wind turbine location are given in Table 1.   181 
 182 
There are a variety of local obstacle features comprising of buildings of various types and 183 
densities surrounding the wind turbine site. The lower part of Fig. 2 shows the local area where 184 
the principal building obstacles are outlined. The physical and spatial details of the obstacles are 185 
given in Table 2. The points M2, M3 and M4 mark locations in the local area where wind atlas data 186 
are used to asses the influence of local obstacles on the wind resource at 60 m as well as at the 60 187 
m hub height of the wind turbine location itself.  188 
 189 
 190 
 191 
 192 

 193 
 194 

 195 
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 197 
 198 

 199 
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 200 

 201 
Fig. 2.  Site features around the wind turbine “WT” location: regional (upper) and local (lower)  202 
 203 
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Table 1 
Site locations for wind atlas mesoscale and microscale analysis 

Site Coordinates 
Elevation a.s.l. 
(m) 

LOS distance to 
WT (km) 

WT 53.983542°N , 6.391389°W 13 m - 

OS1 53.961977°N, 6.308429°W 0 m 5.8 km 

OS2 53.920155°N, 5.819431°W 0 m 38 km 

M1 53.953000° N, 6.569000°W 60 m 12.2 km 

M2 53.979837°N, 6.407429°W 12 m 1130 m 

M3 53.975234°N, 6.388389°W 20 m 950 m 

M4 53.968265° N, 6.407595°W 23 m 2000 m 
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Table 2 
Local building obstacles 

     

Obstacles Description Distance from 
turbine (m) 

Height a.g.l. 
(m) 

Cross sectional 
width as viewed 
from wind turbine 
(m) 

 

A Industrial 
building 
 

 151 - 315 7 150  

B Tall hotel   335 -  420 
 

47 
 

70 
 

 

C Student 
apartments 
 

 241 - 312 13 90  

D 
 

Office blocks  520 - 670 8-13 420  

E Cluster of 
industrial 
buildings 
 

 550 - 1100 12 635  

F Campus 
building 

 80-330 11 240  

G Row of houses 
 

 487 - 728 7 320  

H Houses  225-650 7 600  

       

 207 

3. Methods 208 
 209 
Firstly, the mesoscale influences from regional orographic and the land-sea interface area are 210 
assessed from the Irish wind atlas data, at selected locations, in the region around the wind 211 
turbine site. Secondly, a directional breakdown of the wind turbine AEP predicted from the wind 212 
atlas, as would be done at the prefeasibility stage of a project, is compared to the actual post-213 
construction EER of the wind turbine. Thirdly, insights into the differences between the predicted 214 
and measured directional energy are given with the aid of onsite directional wind shear 215 
measurements up to 300 m using a Doppler LiDAR.  216 
 217 
 218 
3.1 Mesoscale assessment method 219 
 220 
Mesoscale influences from regional orographic and the land-sea interface area are assessed from 221 
the Irish wind atlas data at the selected locations WT, M1, OS1 and OS2 outlined in Fig. 2. An 222 
hourly time series of wind speed and direction data, over a representative year, at the maximum 223 
available height of 150 m from the wind atlas is analysed.  Annual wind roses and directional wind 224 
energy density (WED) plots in 16 directional sectors are produced for each location. The 225 
directional WED is estimated from the mean wind power density (WPD) derived as follows: 226 
 227 

Given that: 228 

P = power (W) 229 

ρ = density of air (kg/m3) 230 

A = intercepted area normal to wind flow (m2) 231 

U = wind speed (m/s) 232 

j = directional sector number 233 
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J = total number of directional sectors (16 in this study) 234 

nj = is the nth wind data point in directional sector j 235 

Nj = total number of wind data points in direction j 236 

Ntot = total number of wind data points in all directions 237 

 238 

Then: 239 

Power available in the wind 240 

𝑃(𝑈, 𝜌, 𝐴) =
1

2
𝜌𝐴𝑈3   (1) 241 

 242 

Wind power density per unit area is: 243 

𝑊𝑃𝐷(𝑈, 𝜌) =
1

2
𝜌𝑈3   (2) 244 

 245 

The mean power density in a given direction j is:  246 

𝑊𝑃𝐷𝑗 =
1

2𝑁𝑗
∑ 𝜌𝑛𝑗

𝑈𝑛𝑗

3𝑛𝑗=𝑁𝑗

𝑛𝑗=1   (3) 247 

 248 

The wind energy density (WED) in a given direction is the mean power density multiplied by the 249 

proportion of total time the wind comes from that direction as: 250 

𝑊𝐸𝐷𝑗 = 𝑊𝑃𝐷𝑗
𝑁𝑗

𝑁𝑡𝑜𝑡
   (4) 251 

The total wind energy density is given by: 252 

𝑊𝐸𝐷𝑡𝑜𝑡 = ∑ 𝑊𝐸𝐷𝑗
𝑗=𝐽
𝑗=1    (5) 253 

 254 
Wind roses and WED plots predicted by the wind atlas, at all four local sites, are compared to 255 
assess the predicted variation of the wind resource across the region.  256 

  257 

3.2 Microscale assessment method 258 

 259 
At the wind turbine hub height of 60 m, the location WT and three other local locations, M2, M3 260 
and M4, around the wind turbine site, are analysed to assess influences of local building obstacles. 261 
An hourly time series of wind speed and direction data, over a representative year, are generated 262 
from the wind atlas at heights of 50 m and 75 m. These are scaled to 60 m wind turbine hub height 263 
based on the log law (6), assuming neutral atmospheric stability, as was used in the wind atlas 264 
itself to generate the 8 end user heights below 150 m, described in the introduction section.  265 

 266 

𝑈(𝑧) =
𝑈∗

𝑘
𝑙𝑛 (

𝑧−𝑑

𝑧𝑜
)   (6) 267 

Where: d = displacement height of the wind flow (m) 268 

z = height above the ground (m) 269 

zo = surface roughness length (m) 270 

U(z) = horizontal wind speed at height z (m/s) 271 

U* = surface friction velocity (m/s) 272 
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k = Von Karman constant (0.4) 273 

 274 
A displacement height of 3 m is chosen based on values applicable to semi-urban fabric and  275 
industrial areas as used in the Irish wind atlas (Best et al., 2008). 276 

 277 

𝑧𝑜 = 𝑒
(

U(𝑧1)ln(𝑧2)−U(𝑧2)ln(𝑧1)

U(𝑧1)−U(𝑧2)
)
  (7) 278 

 279 

Wind roses and WED plots predicted by the wind atlas at all four local sites at 60 m a.g.l. are 280 
compared to assess the variation of the wind resource across the site. At the WT location, 281 
directional wind speed distributions with direction are computed from the wind atlas time series 282 
data. The predicted directional AEP of the wind turbine is assessed using the fitted directional 283 
Weibull scale and shape parameters and the wind turbine power curve. Time series wind data is 284 
characterised by the well-known Weibull distribution described by: 285 

 286 

                  𝑝(𝑈) = (
𝑘

𝑐
) (

𝑈

𝑐
)

𝑘−1

𝑒
−(

𝑈

𝑐
)

𝑘

  (8) 287 

 Where 288 

p(U) = probability density function (dimensionless) 289 

U = mean wind speed (m/s) 290 

c = scale factor (m/s) 291 

k = shape factor (dimensionless) 292 

 293 

The scale factor c and shape k factor can be determined from fitting a Weibull distribution to the 294 

wind speed data distribution using the method of moments (Azad et al., 2014). 295 

 296 

The cumulative density function is described as: 297 

 𝐹(𝑈) = 1 − 𝑒
[−(

𝑈

𝑐
)

𝑘
]
   (9) 298 

 299 

For a given Weibull probability density distribution, the corresponding cumulative density 300 

function gives the portion or fraction of wind speed values that are below a given value of U or 301 

else can be used to determine the proportion of wind speed values between two given wind 302 

speeds. It is used in combination with a wind turbine power curve to calculate the AEP (10). 303 

 304 

𝐴𝐸𝑃 (𝑘𝑊ℎ) = ∑ {𝑒
−[(

𝑈𝑖−1,𝑗

𝑐
)

𝑘

]
− 𝑒

−[(
𝑈𝑖,𝑗

𝑐
)

𝑘

]
} 𝑃𝑤𝑖

(
𝑈𝑖−1,𝑗+𝑈𝑖,𝑗

2
)𝑁𝑖

𝑖 𝑁ℎ  (10) 305 

 306 

Where: 307 

i = wind speed bin number 308 

Ui = mean wind speed in wind speed bin i (m/s) 309 

Pwi = wind turbine average electrical power in a given wind speed bin from its power curve (kW) 310 
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Ni = total number of wind speed bins 311 

Nh = total number of hours in the year 312 

 313 

The directional AEP for a given directional sector bin “j” is based on the fitted Weibull shape and 314 

scale factors of the wind speed distribution for the given direction and the wind turbine power 315 

curve.   This is implemented by the following equation: 316 

 317 

𝐴𝐸𝑃(𝑗) = ∑ {𝑒
−[(

𝑈(𝑗)𝑖−1
𝑐(𝑗)

)
𝑘(𝑗)

]
− 𝑒

−[(
𝑈(𝑗)𝑖
𝑐(𝑗)

)
𝑘(𝑗)

]
} 𝑃𝑤𝑖

(
𝑈(𝑗)𝑖−1+𝑈(𝑗)𝑖

2
)

𝑁(𝑗)𝑖
1 𝑁ℎ(𝑗)    (11) 318 

Where j = 360o/sector angular width  319 

In this study, the angular sector width chosen is 22.5o, giving “j” a total of 16 directional bins. 320 

 321 

The total AEP is the sum of the AEPs in each direction given as: 322 

 323 

𝐴𝐸𝑃 = ∑ 𝐴𝐸𝑃(𝑗)𝐽
𝑗=1   (12)  324 

 325 
The measured EER of the wind turbine from SCADA system data is determined from directional 326 
distributions of 10-minute averaged measurements of wind speed and wind turbine yaw 327 
direction data in combination with the wind turbine power curve. A normalised year of wind data 328 
based on SCADA measurements between 2008 and 2015 is used to minimise the effects of inter-329 
annual variation. The directional breakdown of the wind turbine AEP predicted from the wind 330 
atlas is compared to the normalised 1–year EER of the wind turbine. 331 
 332 
3.3 LiDAR data measurement  333 
 334 
To help understand differences between AEP predictions based on the wind atlas and the wind 335 
turbine EER, a short-term LiDAR measurement campaign over a 9-month period from March to 336 
November 2018 was carried out at the wind turbine site.  The LiDAR is a continuous wave 337 
scanning ZephIR dual mode (DM) LiDAR. A continuous wave LiDAR transmits and focuses an 338 
infra-red laser beam at the desired location and detects the Doppler shifted back scattered beam 339 
from the moving aerosols in the wind flow (Clifton et al, 2013; Peña et al., 2013). The LiDAR is 340 
ground-mounted in this case. The infra-red laser beam is directed at an angle at 30o from the 341 
vertical in order to resolve the horizontal wind velocity and three dimensional wind velocity 342 
components. The transmitted beam is focused at the given height of interest and scans a circle in 343 
50 steps, making a wind measurement at each step, around the circular (conical) scan. 344 
Subsequent data post processing in the LiDAR system determines the wind velocity components 345 
at the given height (Branlard et al., 2013). For practical reasons, in this case, the LiDAR is 346 
positioned approximately 60 m northwest from the base of the wind turbine. Ten-minute 347 
averaged wind speed and direction measurements at 11 heights are taken, namely 10 m, 20 m 34 348 
m, 38 m, 60 m, 72 m, 86 m, 120 m, 200 m, 250 m and 300 m.  Plots of the average horizontal wind 349 
speed against height in 16 directional sectors are produced to give directional vertical wind speed 350 
profiles. The vertical wind speed profiles in each directional sector are examined in relation to 351 
obstacles in each sector as viewed from the wind turbine. 352 
 353 
 354 
 355 
 356 
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4. Results 357 
 358 
4.1 Mesoscale Results 359 
 360 
The wind roses at 150m a.g.l. for locations OS1, OS2, M2 and the wind turbine site WT are shown 361 
in Fig. 3. 362 
 363 
4.1.1 Wind roses  364 
 365 

           366 
 367 
 368 

     369 
 370 
Fig. 3. Wind roses at 150m a.g.l. at locations OS1, OS2, M2 and the wind turbine site WT 371 
 372 
In all cases, a significant proportion of the winds comes from west and west south west, as 373 
expected. Interestingly, the offshore location OS1 that is 38 km to the east of the site shows very 374 
significant winds from the south. The offshore location OS1 in Dundalk Bay, approximately 5.8 375 
km from the wind turbine site, shows significant south easterly winds. This appears to indicate 376 
that southerly offshore winds are being steered through Dundalk Bay by the hills A to the north 377 
of the bay.  The south easterly winds appear significantly reduced at location M1, approximately 378 
12 km inland, where the southwest winds dominate, while the Irish Sea has a much reduced 379 
influence. This may indicate, at a mesoscale level, that normally south westerly winds from the 380 
Atlantic Ocean incident on the south coast of Ireland are being steered northwards up the Irish 381 
Sea between Ireland and Britain, thus increasing the wind potential along the east coast of Ireland. 382 



11 
 

This is also indicated in another study on the nearshore wind and wave potential for Ireland 383 
(Gallagher et al., 2016). 384 
 385 
 386 
4.1.2 Wind energy density (WED) 387 
 388 
Overlaid plots of directional WED in Fig. 4 show a direct comparison of the directional changes 389 
and reduction in the energy available at the mesoscale level. 390 
 391 
 392 

 393 
 394 
Fig. 4. Wind energy density comparison at 150m a.g.l. between the four sites 395 
 396 
 397 
The significant reduction in the WED and its changing directional distribution can be seen moving 398 
from offshore location OS2 to OS1, with further reduction moving on to the wind turbine site WT. 399 
This further illustrates the impact that Dundalk Bay and the hills to the north of the bay may be 400 
having on the wind resource. In all cases, little energy comes from the northeast sectors, as these 401 
are not the prevailing wind directions. In addition, the hills to the northeast may be having a 402 
blocking effect on the lighter winds in these sectors. At the inland location M1, the south easterly 403 
components are significantly reduced, while the southwest sectors contain the dominant energy 404 
sectors. This again highlights the reduced influence of the Irish Sea at this location. 405 
 406 
 407 
4.2 Microscale results 408 
 409 
4.2.1 Wind roses and wind energy density 410 
 411 
The wind roses and directional WED at the wind turbine hub height of 60m a.g.l. are shown in Fig. 412 
5 and Fig. 6, respectively, for the microscale comparisons. 413 
 414 
 415 
 416 
                             417 
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                418 
 419 

          420 
 421 
Fig. 5.  Wind roses at local locations M2, M3, M4 and the wind turbine site WT 422 
 423 
 424 
 425 
 426 

 427 
 428 
Fig. 6. Wind energy density comparison at local sites M2, M3, M4 and the wind turbine site WT 429 
 430 
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Location M4 has the highest energy available in the west southwest sector, but the lowest energy 431 
available in the south southeast sector, while location M3 has the highest energy available in the 432 
south southeast sector. Comparing all four locations, the wind turbine site itself appears to have 433 
the lowest energy available in all directions apart from the south southeast sector where it has 434 
the second lowest energy available. This highlights the influences of local obstacles on the wind 435 
resource at the microscale, such as the buildings around the turbine site.  436 
 437 
 4.2.2 Site directional AEP and EER comparisons 438 
 439 
The predicted wind turbine AEP from the wind atlas is estimated using the Weibull shape and 440 
scale parameters of the directional wind speed distributions with the wind turbine power curve 441 
as discussed in section 3.2. The predicted and measured directional wind speed distributions are 442 
shown in Fig. 7 with the specific Weibull parameter values shown in Table 4. The wind turbine 443 
power curve is shown in Fig. 8.  444 
 445 

      446 
  447 
Fig. 7.  Directional wind distributions at the turbine site predicted by the wind atlas and measured by the wind 448 
turbine SCADA system 449 
 450 

Table 3 
Directional wind speed distribution parameter values 

 Wind Atlas  predicted Derived from measured wind turbine SCADA data 

Sector (o) c k Hours Freq. (%) c k Hours Freq. (%)        

22.5 5.60 2.29 378 4.32 5.56 1.89 383.83 4.69 

45 4.40 2.06 157 1.79 5.08 1.71 215.60 2.63 

67.5 4.51 1.84 92 1.05 4.77 1.47 107.53 1.31 

90 6.93 2.72 162 1.85 6.01 1.49 127.10 1.55 

112.5 7.07 2.09 287 3.28 7.85 2.15 325.87 3.98 

135 5.65 2.40 491 5.61 7.36 2.01 612.93 7.48 

157.5 6.18 1.96 945 10.79 5.84 1.96 611.30 7.46 

180 7.72 1.55 716 8.17 6.91 2.05 623.73 7.61 

202.5 6.67 1.60 559 6.38 5.98 1.86 344.63 4.21 

225 6.63 1.67 594 6.78 7.12 2.03 426.77 5.21 

247.5 6.43 1.77 794 9.06 7.42 2.27 730.87 8.92 

270 6.35 1.92 957 10.92 7.65 2.28 1088.27 13.28 

292.5 6.08 1.80 803 9.17 7.28 2.07 880.47 10.75 

315 6.04 1.94 796 9.09 6.26 1.81 648.30 7.91 

337.5 5.38 1.89 684 7.81 5.69 2.07 641.27 7.83 

360 6.21 1.98 345 3.94 5.50 1.84 424.20 5.18 
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 451 

 452 
Fig. 8. Wind turbine power curve 453 
 454 
 455 
 456 
 457 
Table 4 compares the directional values of the predicted AEP from wind atlas data and measured 458 
wind turbine EER, while Fig. 9 shows the overlay comparison on the site plan view. 459 
 460 

Table 4 
Predicted and measured energy values 

Sector (deg.) Predicted AEP  
(kWh) 

Measured 
EER 
(kWh) 

Difference (Predicted-
Measured)  
(kWh) 

% 
Difference 

22.5 9322 20198 -10876 -117 

45 6610 10184 -3573 -54 

67.5 31076 22043 9034 29 

90 61991 87057 -25066 -40 

112.5 56093 131525 -75432 -134 

135 153248 77431 75818 49 

157.5 192854 118144 74711 39 

180 116737 47354 69382 59 

202.5 120609 87705 32904 27 

225 148020 157395 -9375 -6 

247.5 167082 249880 -82798 -50 

270 130878 183866 -52988 -40 

292.5 122745 99865 22880 19 

315 79825 70549 9276 12 

337.5 56406 47790 8616 15 

360 43143 43104 39 0 

Total 1496639 1454087 42551 3 

 461 
Notably, the measured EER shows significantly higher energy values in the west southwest 462 
sectors, while lower values are seen in the south and south southeast sectors. Higher values are 463 
again seen east in southeast sector.  464 
 465 
 466 
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 467 
Fig. 9. Overlaid plots of the predicted wind turbine AEP (yellow) and the measured EER (red) on plan view 468 
 469 
The total annual electrical energy values in each case are very similar with only a 3% difference 470 
between the total and predicted. However, the difference in the directional distribution indicates 471 
that energy is being steered or enhanced in some directions and reduced in other directions. 472 
 473 
 474 
The directional percentage differences where measured EER exceeds the predicted energy vary 475 
from 6% to 134% with the highest percentage exceedances in the east southeast (112.5o) and 476 
north northeast (22.5o). However, the highest absolute differences in energy exceedance occur in 477 
the west south west (247.5o) and east south east (112.5o) sectors. The directional percentage 478 
differences where the measured energy is less than the predicted energy vary from 12% to 59%. 479 
The highest absolute differences in energy deficit occur from the south southeast (135o) to south 480 
southwest (202.5o) sectors inclusive.  481 
 482 
Fig. 10 shows pictures of some of the main local obstacles, outlined in Table 2, as viewed from the 483 
turbine at hub height. The directions with largest absolute energy deficits occur in the sectors 484 
that contain buildings A, B and E.  Interestingly, the neighbouring sector to the west south west 485 
(247.5o), with the less dense obstacles G, has the highest absolute energy exceedance. It suggests 486 
that in the south west sector the low and broad buildings A and E, that are approximately 20% of 487 
the turbine height and up to 1.1 km away, are having a significant reducing influence on the 488 
energy performance of the wind turbine in the south west sector. However, the energy 489 
exceedance in the west southwest sector also suggests that buildings A and E may be steering 490 
energy into the west southwest sector. 491 
 492 
In the southeast sector, the high energy exceedance difference at (112.5o), combined with a high 493 
energy deficit in the south east sector, suggests the influence of the tall and narrow building B and 494 
lower buildings D both reducing or steering energy to the east.  Interestingly, the measured EER 495 
appears to show two energy peaks in directions to either side of buildings B and D. This suggests 496 
some wind channelling effects along the road between buildings A and B along with some wind 497 
steering to the east of building D. The east and northeast sectors are not in prevailing wind 498 
directions and are more difficult to assess due to the regional hill and coastal influences, as was 499 
described in the mesoscale results. The northwest sectors show small deficits in energy 500 
differences that may be due to the more uniform surface roughness of the town to the north of 501 
the site being underestimated by the wind atlas. 502 
  503 
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 504 
 505 
Fig. 10. Views from wind turbine nacelle at hub height showing some of the local obstacles outlined in Table 2 506 
 507 
 508 
4.2.3 Predicted AEP comparison of WT site with other local locations 509 
 510 
The AEP estimated from the wind atlas at the other local locations, outlined in Fig. 2, are shown 511 
in Table 5. In line with the results shown Fig. 6, the wind turbine location WT appears to be a 512 
poorer performing site compared to M3 and M4.  513 
 514 

Table 5 
AEP comparison at other local location 

Location Predicted AEP  
(kWh) 

% 
Difference 

WT 1496600 - 

M2 1477200 -1 

M3 1600100 +7 

M4 1678800 +12 

 515 
Location M3, which is to the south of the buildings, performs up to 8% better than M2 which is to 516 
the west of the buildings. This shows that a good wind fetch to the east coast can be significant in 517 
the coastal regions despite the general prevailing winds coming from the southwest. In Fig. 6, 518 
location M2 has the poorest WED in the southeast sector. This could be explained by the influence 519 
of the buildings to the east of M2. Although M4 has the highest AEP, the influence of the coast is 520 
less, as it is further inland, but has it has a better fetch to the west due to it being at a slightly more 521 
elevated location. However, a turbine located at M4 would not be a practical possibility for the 522 
DkIT site. Interestingly, the results suggest that location M3 would be preferred over M2, which 523 
highlights the influence of the proximity to Dundalk Bay on the local wind environment. 524 
 525 
 526 
 527 
 528 
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4.3 LiDAR wind shear profiles 529 
 530 
4.3.1 Directional wind shear profiles 531 
 532 
Directional wind shear profiles from the 11 measurement heights for 16 directions at the wind 533 
turbine site WT are shown in Fig. 11.  534 
 535 
 536 

    537 
 538 
 539 

      540 
 541 
Fig. 11.  Directional wind shear profiles from LiDAR measurements at wind turbine site 542 
       543 
In the southwest sectors, the wind speeds at 247.5o are highest at the turbine hub height of 60 m 544 
and up to 150 m. At 202.5o, the hub height wind speed is lower, but the wind shear becomes 545 
greater above approximately 140 m. This is in line with the EER and suggests that winds are being 546 
steered by buildings A and E towards the 247.5o sector, between buildings A and F, with reduced 547 
winds in the 202.5o and 225o sectors.  Wind shear profiles in the southeast sectors show reduced 548 
shear above ~ 100 m a.g.l. at 112.5o and 135o indicating the more open fetch to the sea, but 549 
become complicated at heights below 100 m. These sectors contain obstacles B, C and D 550 
coinciding with reduced energy output in the EER.  The profiles at 135o are in the wind turbine 551 
rotor wake, evident from the wind shear profile from 34 m to 86 m in this sector. The wind speeds 552 
increase again at 157.5o which indicates possible channelling between building obstacles A and 553 
B. This is in line with the energy peak observed the EER in Fig. 9 along the road between buildings 554 
A and B. In the northwest sectors, the west sector (270o) is the most dominant. At 315o, the wind 555 
shear below 100 m becomes more complicated. This may be caused by the effects from lower to 556 
higher surface roughness due to local buildings and town to the north. This agrees with the small 557 
energy deficits observed in the EER.  The northeast to east sectors have less dense local obstacles, 558 
but have the more complex mesoscale features of the hill to the north and the land sea interface 559 
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with Dundalk Bay.  Wind shear profiles centred on 22.5o and 45o are lowest, indicating wind 560 
blocking by the hills to the northeast. Wind speed and shear increases from the north centred at 561 
0o, which may indicate some channelling of winds between building areas F and H matching the 562 
small increase in the EER from the north. At 67.5o, there is a significant increase in wind speed 563 
and wind shear up to 100 m that may indicate the onset steering of wind from the east by the hills 564 
to the north. This is more evident from 90o where the easterly winds from the 2018 spring storm 565 
appear to be steered on to the site.  566 
 567 
 568 
5. Discussion  569 
 570 
It has been shown that both the mesoscale and microscale scale factors influence the energy 571 
performance of a wind turbine, at a given site, in a distributed wind project development.  At the 572 
mesoscale level the geographical size and location of Ireland, Irish Sea and the west coast of 573 
Britain appears to have steering influences on the prevailing south westerly winds northwards 574 
up the Irish Sea i.e. increasing the predicted southerly wind speeds at offshore and onshore 575 
locations near to the east coast. The wind atlas assessment shows a significant southerly 576 
component in the offshore winds approximately 30 km offshore east of the wind turbine site. 577 
Closer to the shore at Dundalk this southerly wind component appears to back to the southeast 578 
creating significant south easterly winds through Dundalk Bay towards the wind turbine site, 579 
which enhances wind energy from this direction. These south easterly winds become significantly 580 
reduced at approximately 10 km inland from the coast indicating that distributed wind projects 581 
closer to the coast will have enhanced energy potential and project viability. Contrary to this, the 582 
hills to the north of Dundalk Bay appear to have an energy reducing impact on any winds from 583 
the northeast, although this is not general prevailing wind direction. Encouragingly, a comparison 584 
of the AEP for the site from the wind atlas data is within 3% of the measured wind turbine EER. 585 
This indicates how beneficial the open source Irish wind atlas is for prefeasibility studies and the 586 
progress that is being made in mesoscale wind atlas development. However, analysis of the EER 587 
from the wind turbine SCADA data shows notable directional differences in comparison with the 588 
directional breakdown of AEP predicted from the wind atlas data. An overlay of wind turbine EER 589 
and the predicted directional AEP on a local plan view highlight directional differences that can 590 
be related to the influence of local features such as building obstacles. These influences can reduce 591 
and/or redistribute the energy with direction. Buildings can have multiple influences on wind 592 
flow at a given location such as wind speed up, channelling, steering and blocking depending on 593 
the building sizes and spatial layout (Hassanli et al., 2019; Toparlar et al., 2017). In this study, it 594 
is observed that a 12 m high broad building cluster, at a distance of 550 m to 1100 m from the 595 
turbine location, has a bigger influence on the turbine energy output compared to a 47 m high 596 
narrow building at a distance of 335 m to 420 m. The horizontal cross-sectional width, as viewed 597 
from the turbine, is 635 m and 70 m for the broad building cluster and taller narrow building 598 
respectively. This is supported by onsite LiDAR measured directional vertical wind shear profiles. 599 
Therefore, obstacles of at least 20% of the wind turbine hub height and within at least 20 times 600 
the turbine hub height can influence the wind turbine energy performance. Energy reductions 601 
due to obstacles can be compensated for through wind steering or channelling depending on their 602 
physical geometries and spatial layout. The downscaling process from mesoscale to microscale in 603 
the Irish wind atlas to a 1 km resolution does not fully capture these local microscale influences. 604 
Therefore, accurate wind turbine micro-siting of medium-to-large-scale wind turbine within peri-605 
urban areas will be critical to optimise project viability by minimising local energy reduction and 606 
taking advantage of local energy gains due to obstacles. For distributed wind energy to become 607 
more cost-effective in peri-urban environments that involve single or a small number of wind 608 
turbines, further research in cost-effective wind resource and energy prediction tools will be 609 
required in order to improve wind turbine micro-siting accuracy. This will require additional 610 
measurements, testing and validation of both linear and CFD models for micro-siting medium and 611 
large scale wind turbines in urbanised environments. 612 
 613 
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6. Conclusions 614 
 615 
The study compares the annual energy prediction using a mesoscale modelled wind atlas with 616 
real wind turbine performance in a peri-urban area and results in agreement with 3% in this case. 617 
Mesoscale influences of regional hills in wind blocking and steering of offshore winds towards 618 
the costal wind turbine site appear to be well represented. Proximity, within 10 km, to the east 619 
coast also gives an enhanced wind resource. The results also show that at the microscale level 620 
more complex directional sensitivities in the directional energy from measurements are not fully 621 
captured by the predictions from the wind atlas. These sensitives are dependent on the spatial 622 
layout of obstacles around the site and can include numerous effects such as wind speed up, 623 
channelling, steering and blocking depending on obstacle features. Buildings with heights as low 624 
as 20% of the turbine hub height within 1 km of the wind turbine location have an influence. It is 625 
seen that wind turbine energy output enhancement in some directions compensates for energy 626 
losses in other directions. The directional sector percentage gains in the measured energy 627 
compared to predicted energy vary from 6% to 134%, while the percentage losses vary from 12% 628 
to 59%.  The study highlights that accurate wind turbine micro-siting of medium-to-large-scale 629 
wind turbine within peri-urban areas will be critical to optimise project viability and the growth 630 
of a distributed wind industry in the future. 631 
 632 
 633 
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