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As wind energy continues to expand, new markets for distributed wind applications are expected, including
behind-the-meter deployment at industrial consumer sites in peri-urban areas. The presence of buildings in these
areas can give rise to complex wind regimes. This study compares the measured annual energy output of an
operating Vestas V52 wind turbine, in a peri-urban environment, with predictions from four microscale wind
flow models. The models upscale and downscale onsite LiDAR wind measurements at six heights from 10 m to
200 m. The models consist of a linear shelter model and three RANS CFD approaches, implemented in two widely
used micro-siting tools, namely WAsP and WindSim. Variations from 1.4% to 64% between model predicted and
measured electrical energy output are observed. For low-rise buildings with heights up to 20% of the turbine hub
height, the models are most accurate using wind measurements at ~ 3 times the height of the buildings. In the
case of a tall narrow building, ~ 80% of the hub height, best model predictions are from twice the height of the
building. Wind shear measurements suggest that obstacles down to 20% of the hub height, up to distances of 100
obstacles heights away, are significant.

Introduction

globally. The International Energy Agency (IEA) commenced an inter
national wind research Task in 2018 dedicated to distributed wind [6]. It
focuses on enabling wind to contribute to a distributed energy future,
particularly as electricity systems and grids evolve from centralised to
distributed and the development of micro-grids in remote communities
[3,7]. One market opportunity within the distributed wind sector is the
deployment of medium to large-scale wind turbines in behind-the-meter
applications, such as at large energy consuming industrial facilities,
located in peri-urban areas [8,9]. Unlike wind farm sites, peri-urban
environments will likely have a significant number of building obsta
cles in the vicinity of a prospective wind turbine location that can lead to
complex wind flow regimes. At a project’s prefeasibility stage, the unobstructive deployment of tall met masts may be limited by ground

Distributed wind encompasses small, medium, and the lower end of
large-scale wind turbine technologies (up to ~ 2 MW), deployed as
single wind turbines or as small-scale wind farm projects [1]. This sector
of the wind energy market has had mixed success to date, primarily due
to intermittent government incentives, technological challenges and
competition with solar PV [2,3]. However, new energy policies such as
the EU Commission’s new Clean Energy Package require member states
to create legal frameworks to enable the development of community
energy and energy prosumers by addressing market and regulatory
barriers to participation in electricity markets [4,5]. Such energy pol
icies can give new impetus to further develop distributed wind markets
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spatial requirements, such as the relatively large areas required for mast
guy-wire installations. This can lead met mast installations with shorter
heights, below the desired wind turbine hub height, or may even prevent
the installation of a met mast altogether. Combining these potential
wind measurement limitations with the added complexity of wind flow
regimes means that accurate pre-construction energy prediction of
actual post-construction energy performance becomes challenging. In
the large-scale wind farm industry, improving pre-construction energy
predictions with post-construction energy performance, especially in
complex natural terrain, remains an ongoing research effort that in
volves advanced modelling techniques, across various temporal and
spatial scales, and measurements using met masts and LiDAR technol
ogies [10]. However, these advances can come with additional upfront
project developments costs that may be prohibitive for smaller distrib
uted wind projects, involving single wind turbines.
In the context of urban wind energy, the focus in recent decades has
mainly been on small-scale building mounted wind turbines. This sector
has had limited commercial success due to low levels of financial in
vestment in small-scale wind technology development coupled with
very complex wind flow regimes around building rooftops [11]. In
contrast, few studies exist on the performance of medium and large-scale
wind turbines in peri-urban and urban settings in relation to how preconstruction annual energy production (AEP) estimates compare with
the real-world post-construction energy performance. Therefore, there
exists a knowledge gap in understanding how well current modelling
approaches predict the performance of more mature medium and largescale wind turbine technologies in these environments. Advancements
and the ease of deployment of LiDAR technologies now give the op
portunity to measure winds at multiple heights at such locations where
implementing met masts are more challenging.
This study compares four microscale wind modelling approaches,
one linear and three computational fluid dynamics (CFD) Reynoldsaveraged Navier Stokes (RANS) models, in predicting the AEP of an
operating Vestas V52 wind turbine, in a peri-urban environment, with
its real-world measured energy output over a 1-year period. The turbine
has a hub height of 60 m and rotor diameter of 52 m. The majority of the
surrounding buildings are less than half of the turbine hub height, along
with one building that is approximately 80% of the turbine hub height.
The four models are supplied with on-site LiDAR wind measurements at
various heights over the same 1-year period. The LiDAR measurements
are also used to assess wind roses and wind power density (WPD) at the
various heights as well as directional wind shear profiles. The study
shows the variation in the performance of the four models in predicting
the mean hub-height wind speed and AEP when scaling the LiDAR wind
measurements from the different heights. Wind shear measurements
show that internal boundary layers can form and that the wind turbine
rotor disc may span over more than one internal boundary layer in some
directions, depending on building heights and distances from the turbine
to the rural/urban interface. Wind energy steering at low wind speeds
may occur from relatively blocked directional sectors to neighbouring
open sectors, reducing overall energy losses. The study is not an
exhaustive representation of all modelling or wind turbine siting pro
cedures, but aims to contribute additional insights to ongoing and future
research in this area. The paper is organised as follows: Firstly, a sum
mary literature review of relevant research is followed by the wind
turbine site description, data measurement setup and data description.
Secondly, an overview of the model theory and model setup for the both
the linear and CFD cases are given. Thirdly, comparisons of the pre
dicted energy by the models with the actual turbine energy output are
and examined in relation to LiDAR-measured directional wind shear
profiles, WPD profiles and local site features. Finally, the implications of
the findings for distributed wind deployment, in peri-urban environ
ments are discussed.

Literature review
Site assessment procedures for wind turbines at rural based wind
farms consider the impact of site physical features on the wind resource,
at a range of scales, such as orography, surface roughness and, in some
cases, the impact of forests [12,13]. Obstacles, such as buildings, have
not been a dominant feature at such sites. Many of the best rural wind
sites have been developed leading to new onshore wind farms being
developed in areas of lower wind speeds, lower elevation and closer to
populated areas, where buildings may be more prevalent [14]. Current
IEA Wind recommendations for siting single small scale (<50 kW) wind
turbines near obstacles state that the lowest point of the rotor swept area
should have a height of at least twice the height of the obstacle within a
distance of twenty times the height of the obstacle (IEA [15]). These
recommendations are based on a number of earlier wind tunnel studies
and empirical formulations on the impact of stand-alone obstacles,
treated as two-dimensional obstacles, on wind flow [16–19]. Many of
these studies were not originally intended for wind energy applications,
but other research areas, such as shelterbelts and pollution dispersion.
However, they have been adopted for wind energy related flow models,
such as the WAsP linear IBZ model and the International Electro
technical Commission (IEC) wind turbine performance testing standards
[20,21]. Empirical obstacle models for wind energy have not undergone
significant further development up to now, due to them not being sig
nificant features at wind farm sites. A more recent experimental study of
wind flow in the wake of a solid, 3 m high and 30 m wide fence, treated
as two-dimensional obstacle, was carried out by [22]. It showed that
wake effects of the fence were experienced vertically up to ~ 2.5 times
the height of the fence and horizontally, downwind of the fence, to a
distance ~ 11 times the height of the fence. Standalone threedimensional bluff bodies such as cuboid structures can have complex
impacts on wind including flow detachment, separation cavities and
recirculation zones in the wake, flow reattachment and vortex shedding
[23]. Complex recirculation zones that define the near wake can extend
to 2–6 times the obstacle height, while the far wake may extend to up to
18 times the obstacle height [24,25].
In real-world urban and peri-urban environments with many build
ing obstacles, various complex flow regimes can form depending on
building shapes and packing densities. Numerous studies of urban wind
in cities show the complex nature of wind characteristics in these en
vironments. Urban boundary layers (UBL) can grow up to 200 m at ~ 2
km downwind in from the rural to urban interface, extending to 400 m
over city centres [26,27]. Within a UBL, local internal boundary layers
can form depending on building heights, plan areas, and densities. These
can modify the vertical wind speed profiles and increase turbulence.
These internal boundary layers can consists of a canopy layer (CL) of
complex flow that has a spatially averaged mean wind speed profile that
increases exponentially with height up to heights similar to the building
heights. Above the CL, a roughness sublayer (RSL) can extend from 2 to 5
times the local building heights with a spatially averaged mean wind
speed profile that is logarithmic with height. Above the RSL, an inertial
sublayer (ISL) is assumed to have logarithmic homogenous flow up to
heights of 100 m to 200 m [28]. The actual heights of each sublayer is
variable, depending on location. [29] showed that the exponential shape
of the spatially-averaged mean wind speed profile within the CL may not
always be the case, but the prediction of the roughness length appro
priate for the inertial layer’s logarithmic profile does not critically
depend on an exponential profile in the CL. Small wind turbine
deployment in urban environments remain a challenge as they can be
located in the CL, or the lower end of the RSL, where complex wind flow
is challenging to harness. [30] carried out a techno-economic assess
ment of 33 small wind turbines using the UK’s Energy Saving Trust wind
speed estimator tool. It showed overestimates of wind speeds by up to
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23% in some cases. However, at some high wind speed sites, wind speeds
were underestimated, indicating that the tool could also potentially
eliminate good locations for small wind turbines. [31] showed that
urban rooftop environments experience high levels of gusts that contain
significant energy at high temporal scales and suggest that small wind
turbines designs with high response times and dynamic gust tracking
algorithms could potentially double the energy capture. Further work in
this area introduced a turbulence induced performance coefficient, for
variable speed control of roof mounted vertical axis wind turbines, to
better capture this energy [32]. [33] showed that for high-rise buildings,
that are less obstructed by surrounding features, may be more suitable
locations for roof mounted small wind turbines. A study on roof shapes
by Yang et al. [34] suggests that rounded roof designs produce a
smoother corner expansion flow process giving comparatively lower
turbulence intensity compared to typical rectangular roofs and that the
wind power density may be increased to up to 86.5%.
There are a number microscale modelling approaches that have
varying degrees of accuracy, complexity and cost, ranging from linear
flow to CFD. Diagnostic linear models linearize the Navier Stokes
equations of fluid flow and use wind statistics to parametrize the impact
of site physical features on the wind resource [13]. Linear models are not
computationally intensive and are relatively low cost. Two principal
approaches of CFD are RANS, which is based on the statistical time
averaging of the Navier Stokes equations to give solutions for steady
state flow, and large eddy simulation (LES), which are not time aver
aged, but filter out small scale eddies, in the inertial subrange, and
simulate larger eddies [35,36]. LES is more computational intensive and
correspondingly more costly. Therefore, LES it is not commonly used in
distributed wind project development, whereas linear and RANS ap
proaches are more widely used. Various studies comparing these
modelling approaches in complex rural terrain show mixed results in
accuracy of wind resource predictions, depending on site physical fea
tures and atmospheric conditions. A blind comparison was made of
various microscale flow models, implemented by 57 participants, to
model wind speed-up and turbulence across the Bolund escarpment in
Denmark, with dimensions 120 m wide, 150 m long and 12 m high [37].
The microscale flow models included CFD LES, RANS and linearized
models. Eight measurement masts arranged to cover two directional
transects were used to compare model predictions. The most successful
models were RANS with two-equation closures, with respect to speed-up
and turbulent kinetic energy (TKE) predictions. The reported mean
speed-up error of the RANS two-equation models was 13.6%, with a best
case of 10.2%. Despite its computational superiority, the LES results
were poorer, due to difficulties in applying the specified boundary
conditions. Many assumptions of the linear models were violated
because of recirculation in the flow. [38] carried out a study on Prince
Edward Island in Canada to assess the accuracy of various coupled
mesoscale-microscale wind flow modelling methodologies for wind en
ergy applications. Wind measurements were made using ten, 50 m high,
met masts distributed across the study area. The Canadian mesoscale
compressible community model (MC2), with a 5 km resolution, was
combined and two linear microscale models, namely MsMicro and
WAsP-IBZ. The MC2 and WAsP-IBZ modelling approaches gave best
agreement in mean wind speed predictions with the measurements
across the 10 sites, ranging from − 3.89% to 11.92%. [39] evaluated four
numerical models against high-quality observations to predict the
variation in mean wind speed across sites with a wide range of terrain
complexities, that included US Great Plains, US eastern Rocky Moun
tains and two Canadian sites near the great lakes and the St Lawrence
river. The areas considered ranged from 12 km × 12 km to 17 km × 17
km. The models included linear WAsP-IBZ, Meteodyn CFD-RANS, a
coupled mesoscale numerical weather prediction model (NWP) down
scaled by a mass-consistent model, and a coupled NWP and LES model.
The coupled NWP model and NWP-LES model gave the best predictions
of observed mean wind speeds with a ~ 5.5% difference, while the linear
and CFD RANS were within 8.0% and 9.4% respectively. Interestingly, it

was noted that the linear model performed better than CFD RANS in this
case. [40] studied a 16.5 MW wind farm in complex terrain in the
Ecuadorian Andes. The objective was to compare an actual power pre
dictions using linear WAsP-IBZ model and Meteodyn CFD RANS in. The
CFD RANS approach underestimated the total AEP by 7%, WAsP-IBZ
underestimated it by 8%. It was noted that, in addition to higher
computation demand, CFD RANS modelling required more expertise
than simpler linear model and, in general, a CFD approach may not al
ways justify the extra expense. [41] compared a number models aimed
at the distributed wind industry in the USA. These included the massconservation model, Openwind; simplified Navier-Stokes equation
model, Continuum; and a CFD RANS based tool WindNinja that uses the
OpenFOAM solver. It was found that mean wind speeds were over
estimated from 16% to 28%, compared to met mast measurements,
across two separate sites. However, it was also reported that external
input data to the models from Wind Integration National Database
toolkit [42] contributed to this overestimation. [43] indicated that CFD
detached eddy simulation (DES) showed good evidence of simulation
robustness with anemometer measurements above the rooftops of a well
exposed building and at a partly sheltered building, but stressed that
only a limited number of CFD studies of complex urban environments
have been validated against field measurements.
As indicated previously, few published studies are available of me
dium and large-scale wind turbines in peri-urban and urban environ
ments. This study uses onsite LiDAR wind measurements to evaluate
four flow microscale modelling approaches, including linear and CFD
RANS, in predicting the energy performance of an operating peri-urban
Vestas V52 wind turbine against real-word performance. Unlike the
previous studies in complex terrain, particular focus is given to building
obstacle impacts. The flow models are implemented using two widely
used industry tools, namely WAsP and WindSim. The four modelling
approaches treat building obstacles in different manners. In the linear
case, WAsP-IBZ uses an empirical obstacle model that describes wind
speed reduction in the wake of an obstacle [20]. In the CFD cases, ob
stacles are treated as roughness elements in WAsP-CFD, and in WindSim
as both as roughness elements and as computational mesh blocking el
ements. One year of measured wind turbine time series SCADA data, in
10-minute averages, is used to produce the hub-height mean wind speed
an electrical energy rose (EER) [44]. The four modelling approaches are
used to predict the measured mean wind speed and EER at the wind
turbine hub height, from downscaling and upscaling onsite LiDAR wind
measurements made at six heights between 10 m and 200 m. Wind roses
and WPDs at the six measurement heights are used to assess directional
changes in the wind resource with height. Directions with the biggest
energy discrepancies predicted by the four models with the measured
wind turbine EER are examined in relation to the local obstacles. In
addition, directional wind shear profiles in these directions are
compared to theoretical logarithmic profiles.
Methods
Site description and measurement setup
The Vestas V52 wind turbine operates on the campus of Dundalk
Institute of Technology (DkIT), which is located by the coast in the
northeast of Ireland, Fig. 1. The DkIT campus is located at the southwest
end of Dundalk town, near the transition from the rural to peri-urban
environment. The turbine location coordinates are 53.983520,
− 6.3913908 at an elevation of ~ 13 m above sea level (a.s.l.). The
surrounding rural terrain, within a 20 km radius of the wind turbine site,
is low-lying rolling agricultural land. It has elevations below 50 m. with
sparsely dispersed shelterbelts approximately 3 m high. The coast of
Dundalk bay is approximately 3 km to the east of the site. To the north
and northeast, approximately 7.5 km to 20 km away, there are hills that
range in elevation from 75 m to 563 m. Fig. 2 shows the local built
environment around the wind turbine location. Within approximately a
3
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Fig. 1. a) Wind turbine location b) Wind turbine on the DkIT campus – south-southwest view.

Fig. 2. Local buildings (Circled: yellow 47 m, red 25 m, white 6–13 m), wind turbine (WT), LiDAR (LiD), Met mast (M).

1.1 km radius of the wind turbine there exists a number industrial
buildings. The majority of the buildings, circled in white, range in height
from 7 m to 13 m and of low spatial density. Circled in yellow is a
standout narrow 47 m high building and a 25 m building circled in red.
To the north of the site, the town consists of more dense residential and
commercial area with build heights of ~ 6 m to 7 m.
A ZX dual mode LiDAR is ground mounted, at location (LiD) in Fig. 2,
approximately 60 m from the wind turbine location (WT). It can mea
sure wind at 11, user selected, heights from 10 m to 300 m. The chosen
location for LiDAR placement was constrained by factors concerning
device security and power supply availability. A 34 m met mast (M) is
located in a rural location, on private land, approximately 1140 m west
southwest of the turbine location. The wind turbine and measurement
equipment are shown in Fig. 3 and data acquisition details are outlined
in Table 1.
A Vestas multi-processor (VMP) serves as a SCADA system that

monitors and controls all wind turbine functions and the collection of
wind and power time series data in 10-minute averages. Wind speed and
direction are measured by a nacelle mounted, Thies 2-D ultrasonic,
anemometer. This has a resolution of 0.1 m/s and 1◦ in wind speed and
direction respectively. The turbine system is certified to all relevant IEC
design standards. The ZX LiDAR is a continuous wave scanner that
transmits and focuses an infra-red laser beam in a 50-point conical scan
at a given desired height. The, Doppler shifted, back scattered beam
from the moving aerosols in the wind flow is detected and processed in
the LiDAR system to give the wind velocity components at the given
height [45,46]. The LiDAR logs time series wind data in 10-minute
average values. LiDAR factory acceptance tests carried out by the orig
inal equipment manufacturer (OEM), ZX LiDARS, involve checking ve
locity, direction and signal backscatter ratio against a calibrated moving
belt at speeds up to 5 m/s and subsequent verification against an IEC
compliant meteorological mast with calibrated cup anemometry. Wind
4
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Fig. 3. a) Wind turbine (WT). b) ZX LiDAR (LiD). c) 34 m Met mast (M).
Table 1
Data acquisition details.
Instrument

Location (UTM,
29 U)

Parameters

Measurement heights a.g.l.
(m)

Measurement
period

Data logging
interval

Wind Turbine
SCADA
LiDAR

671042 m E
5984840 m N
671003 m E
5984890 m N
670006 m E
5984390 m N

wind speed, wind speed standard deviation, wind direction,
nacelle direction, power, power standard deviation
horizontal and vertical wind speed, wind speed standard
deviation, wind direction, TI
wind speed, wind speed standard deviation wind direction

60

Feb-2018 to Feb2019
Feb-2018 to Feb2019
Aug 2019 to March
2020

10-minute
averages
10-minute
averages
1-minute
averages

Met Mast

speed is within 0.5% and wind direction is within 3◦ of the references.
The 34 m met, at location M, is equipped with boom mounted NRG 40C
anemometers, NRG 200P wind vanes. The height of the mast is limited
by permitting constraints and the mast guy-wire footprint allowed by
the private landowner. The calibration of direction with voltage and
offset for the wind vanes used here are done in-house by the OEM, NRG
Systems. The cup anemometer calibrations are certified to the IEC
standard by an accredited external test laboratory for the OEM. These
give wind speed with frequency and offset relationships. Each instru
ment has its own unique IEC compliant calibration report, but the
maximum deviation in wind speed is less than 0.06 m/s for the ane
mometers and less than a 1% difference in direction for the wind vanes.
The calibration information is used in the set-up of a Second Wind
Nomad2 data logger that logs all met mast data.
One year of 10-minute time series data from the wind turbine SCADA
is used to produce the wind turbine EER and the directional energy
distributions with wind speed. The LiDAR measurement heights are
chosen to capture wind flow at heights of interest for this study and
future studies. Specifically, the heights of 10 m, 20 m and 30 m are
selected to capture wind flow from the approximate average height of
the building to 2 and 3 times the heights of the buildings. The heights of
34 m, 60 m, 86 m and 120 m represent the minimum blade tip height,
hub height, maximum blade tip height and twice the hub height, and
200 m, 250 m and 300 m are upper level measurements to capture
mesoscale influences, assumed above the local peri-urban microscale
influences, as discussed in the literature review. The measurement
height of 38 m is a fixed additional measurement height made by the
LiDAR regardless of the other user-selected measurement heights. In this
study, wind roses and directional WPD at six heights produced from the
LiDAR measurements over the same 1-year period as the SCADA data
measurements. The six measurements heights are 10 m, 20 m, 30 m, 86

10, 20, 30, 34, 38, 60, 86,120,
200, 250, 300
10, 30

m, 120 m and 200 m. These are used to create annual wind climates as
input required by both the WAsP and WindSim tools. The highest LiDAR
measurement height value of 200 m is chosen based on the maximum
height for which the WAsP tool can accept data measurements for its
wind climate analysis, though it assumed to be above the influence of
the local buildings. The upscaling and downscaling capability of the
models to predict the wind turbine EER at the 60 m hub height are
compared to the measured EER from the SCADA data. Directional wind
shear is also determined from measurements at nine heights, by
including the additional heights of 34 m, 38 m and 60 m, chosen to
capture the effects of the buildings at different heights and to assess
potential sources of discrepancies in the model predictions with respect
to local site features. The met mast wind measurements at 10 m and 30
m are used to determine the background surface roughness that is used
in surface roughness maps required by the modelling tools.
Linear flow model approaches
The linear WAsP-IBZ model is a widely used diagnostic tool that
calculates wind statistics by parametrizing the influence of orography,
roughness and obstacles [47]. It requires measurements from a nearby
reference measurement mast, preferably within 50 km of the wind tur
bine or wind farm location, and predicts the annual energy production
(AEP) of a wind turbine or wind farm. This general approach requires
assessment of the terrain features of both the met mast site and the wind
turbine site. At least one year of met mast data is up-scaled, to create a
terrain independent generalised wind climate for the region. This is done
by accounting for the effects of local obstacles, surface roughness and
orography at the reference mast location, Fig. 4a. It is assumed the
generalised wind climate at the wind turbine location is the same as at
the reference met mast location. It is then downscaled at the wind
5
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Fig. 4. a) General flow diagram in linear model assessment. b) Direct scaling of onsite wind measurements.

turbine location to hub height, accounting for orography, surface
roughness and obstacles. It uses wind turbine power curves to predict a
wind turbine or wind farm AEP.
In this study, onsite LiDAR measurements at multiple levels are used
to create the onsite annual wind climate directly for model initialisation,
Fig. 4b. Orography refers to features such as hills, valleys and more
complex terrain that can influence on the wind. WAsP_IBZ uses the
linear ’BZ-model’ to calculate the wind velocity perturbations in
boundary layer induced by orographic features. It is based on models
related to the Jackson and Hunt theory that involves linearizing the
Naiver-Stokes equations, describing two-dimensional turbulent flow
over low hills [13]. A limitation of the approach is that it cannot account
for flow separation effects in complex terrain with slopes greater than ~
17◦ . Ground surface features such as vegetation and obstacles have a
slowing effect on wind speed close to the ground and can increase tur
bulence in the flow. Surfaces roughness for various types of surfaces are
categorised by a roughness length zo [12]. In areas of very high surface
roughness, e.g. a forest, city, or a densely packed area of obstacles, a
vertical displacement of surface can lead to a vertical displacement of
the whole wind flow regime. The general log law (1) describes hori
zontal wind speed variation with height and can account for displace
ment height at a given location.
(
)
U*
z− d
U(z) =
ln
(1)
zo
κ

Zref - reference measurement height (m)
U(zref) - wind speed measurement at height zref (m/s)
Surface obstacles in close proximity to the site of interest can have
wake effects that can additionally perturb wind flow downwind on the
obstacle. For a given obstacle, if the turbine hub-height is less than 3
times the height of an obstacle and is less than 50 obstacle heights away
from the obstacle then the obstacle is modelled by the WAsP-IBZ shelter
model, otherwise it is treated as a surface roughness element. The shelter
model is based on a refined version a simple two dimensional obstacle of
infinite length, derived from wind tunnel measurements by [18]. A zone
of flow separation is considered to exist within a region defined by a
straight line drawn from the top of the obstacle to the ground from 2
obstacle heights upwind of the obstacle to 5 obstacle heights downwind
of the obstacle. The fractional reduction in wind speed, downwind of the
obstacle is described (4)–(6) [22,47].
( )0.14
ΔUz
H
x
1.5
(4)
= 9.75
(1 − P)ηe(− 0.67η )
h
h
Uh

η=
K=

2K 2
lnzho

(5)
(6)

where:

where:

ΔUz – wind speed reduction at height z (m/s)
Uh - free wind speed at obstacle height (m/s)
Uz - wind speed at height of interest (m) (e.g. turbine hub height)
P- porosity of obstacle (ratio of open area total area)
h- obstacle height (m)
- distance downstream of obstacle (m)
H - height of interest (m) (e.g. turbine hub height)
zo - surface roughness
n - velocity profile exponent of 1/7

U(z) – wind speed at height z (m/s)
U* – surface friction velocity (m/s)
κ – Von Karman constant ~ 0.4
z – height a.g.l. (m)
zo – roughness length (m)
d - displacement height of the wind flow (m)
At a given location, if wind speed measurements U1(z1) and U2(z2)
are made at two heights of z1 and z2 respectively, then zo at that location
can be determined from (2). The wind speed U(z) at any other height of
interest can then be determined from (3).
)
(
U1 (z1 )ln(z2 )− U2 (z2 )ln(z1 )

zo = e

− 1
H ( x )n+2
K
h
h

U1 (z1 )− U2 (z2 )

⎛ ( )⎞
z− d
⎜ln zo ⎟
⎜
(
)⎟
U(z) = U(zref ) ⎝
⎠
z
ln zrefo

The formula has limitations as it assumes normal non-skewed inci
dent wind flow at the obstacle. Multiple obstacles are treated by
considering the obstacle furthest away first and calculating the indi
vidual sheltering by all subsequent downstream obstacles towards the
site of interest. If the zones of separation of very close obstacles overlap
then the relative sheltering is reduced by the fraction of the overlap.

(2)

(3)

WAsP-IBZ setup
WAsP version 11 is used is this study. A 20 km × 20 km digital terrain
elevation map, centred on the wind turbine site, is produced from
Shuttle Radar Topography Mission (SRTM) data. This is projected to the

where:
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World Geodetic System (WGS84) reference system and transformed to
Universal Transverse Mercator (UTM) co-ordinates for Zone 29. The
map is digitised to include background surface roughness of surround
ing, rural, urban and coastal areas area, Fig. 5. Fifty of the buildings, the
maximum number accepted by the tool, are modelled as obstacles,
Fig. 6. The background urban surface roughness value is set to 0.5 m.
The background rural surface roughness, determined from measure
ments from the met mast, at location M, is 0.2 m. This is consistent with
published values for agricultural land with shelterbelts [48].

where:
k = turbulence kinetic energy
δij = Kronecker Delta function
υT = kinematic eddy viscosity
To solve (10) a statistical turbulence model is required. In this case,
the standard k-ε turbulence model is used. The k-ε model uses two model
transport equations that describes turbulence kinetic energy production
k (11) and turbulence dissipation rate ε (12).
(
)
∂
∂ υT ∂k
(Ui k) =
(11)
+ Pk − ε
∂xi
∂xi σ k ∂xi

CFD flow approaches
Numerical CFD models, commonly used in the wind industry, are
based on the RANS equations. Wind speed is considered as fluctuations
superimposed on time-averaged values (7). RANS equations consist of
the continuity (8), momentum (9) and turbulence models Eqs. (10)–(14)
for incompressible fluids without body forces [35,36].

∂Ui
=0
∂xi
( (

)

(12)

cε1 , cε2 , - constants

σ k , σ ε - Prandtl number that connect the diffusivities of k and ε to the

(8)

( − )
∂Ui
1 ∂P ∂
∂Ui ∂Uj
− u’i u’j
= −
+
υ
+
∂xi
ρ ∂xi ∂xj
∂xj ∂xi

)

where:

(7)

u(x, t) = U(x) + u’(x, t)

Ui

(

∂
∂ υT ∂ε
ε
ε2
+ cε1 Pk − cε2
(Ui ε) =
∂xi
∂xi σε ∂xi
k
k

eddy viscosity
Pk , the production of k is the product of the kinematic eddy viscosity
is the modulus mean rate of strain tensor (13).
(
)
∂Ui ∂Uj ∂Ui
Pk = υT
+
(13)
∂xj ∂xi ∂xj

)
(9)

where:

The relationship between production of k and the kinematic eddy
viscosity is

Ui - mean wind speed (m/s)
u’ (x, t) - wind speed fluctuation about the mean (m/s)
P - mean pressure (N/m2)
ρ – density of air (kg/m3)
ν - kinematic viscosity (m2/s)
u’iu’j - Reynolds stresses (m2/s2)

υT = cμ

k2

ε

(14)

where:
cμ - constant

The Boussinesq linear isotropic eddy-viscosity hypothesis gives a
linear relationship between the Reynolds stresses and the mean velocity
gradients (10) [49]. This allows closure of the momentum equation.
(
)
−
∂Ui ∂Uj
2
u’i u’j = − υT
+
(10)
+ kδij
3
∂xj ∂xi

For computation, the RANS equations (8), (9), (11) and (12) are
discretised using finite-volume procedures that define, computationally
independent, spatial mesh sizes As the equations are non-linear, the
coupled algebraic equations are iteratively solved until dimensionless
residuals, monitor points and domain imbalances satisfy specified

Fig. 5. a) Digital elevation map 20 km × 20 km region. b) Local area map digitized for local surface roughness.
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Fig. 6. a) Map of local obstacles. b) Building obstacle layout in WAsP.

criteria i.e. convergence is achieved. This process is applied to each
specified directional sector.

Table 2
WAsP-CFD Grid Setup – Obstacles as roughness elements.
Mesh details

WAsP CFD setup
The digital elevation map, as in the linear mode case, is used.
However, all building obstacles are represented as roughness elements.
Low-rise the low-rise building are a roughness value of 1.0 m, consistent
with industrial zones. The single tall 47 m building is given a value of
3.0 m, consistent with high-rise urban zones [48]. WAsP uses the
EllipSys3D code, which is multi-block finite volume discretisation of the
incompressible RANS equations, as the core solver [50]. Convective
terms are discretised using the third order quadratic upstream interpo
lation for convective kinematics (QUICK) scheme [51]. A zooming 3D
polar grid, or mesh, representing a 15 km radius and 36 directional
sectors calculates velocity perturbations and turnings at all grid points.
The grid is computationally independent and its resolution is highest
close to the centre of the site of interest, where the highest numerical
accuracy is required, and gets progressively lower towards the edge of
the model domain. The vertical computation domain extends to 14 km,
approximating the the top of the troposphere. Fig. 7 shows terrain height
contours of the inner 8 km × 8 km of the domain. Results are given for a
2 km by 2 km central region, denoted by the white square, and at heights
from 5 m to 300 m a.g.l. The details of the computational grid are given
in Table 2. Convergence is achieved when all residual values are below

CFD parameters

No. grid points

7 million

cμ

0.052

Domain height (m)

14,000

1.0

Domain diameter (m)

34,000

σk

Mean horizontal resolution (m)

20.7

Mean vertical resolution (m)

5

σε

1.3

c ε1

1.38

c ε2

1.92

κ

0.4

0.00005. The number of iterations over the 36 directional sectors
required for convergence ranged from 1504 to 1694 per sector.
WindSim model setup
WindSim version 10 is used. It is a CFD based wind resource
assessment tool that solves the RANS equations using the finite volume
method with the PHOENICS CFD model as its core solver [52]. A 3D
rectangular grid is employed that can be refined automatically or
manually to specific regions of interest. A general collocated velocity
method (GCV) helps to ensure converged solutions to the flow equations
by using a multi-block formulation and can handle highly nonorthogonal grids [53]. The convergence of the wind field simulations
is evaluated by inspection of the spot and residual values for the velocity
components the turbulent kinetic energy and its dissipation rate. The
tool default value that all residuals be below for convergence is 0.005.
Buildings can be represented as roughness elements or as volume
blocking elements in the computational grid. Both approaches are
implemented in this study. For the case of buildings as roughness ele
ments, the terrain elevation map, background roughness and building
element roughness values are the same as those used in the WAsP cases,
Fig. 8.
An overview schematic of the computational grid, Fig. 9, shows the
central refined horizontal area and vertical distributions with the nu
merical details given in Table 3. The refined horizontal area contains the
region of interest and gradually stretches to the outer limits of the grid
independent computational domain. In the vertical direction, the grid is
refined near the ground and gradually stretches with height to the top of
the computational domain. The user set height of the computational
domain of 3500 m results from a computational requirement that the
fraction of open area between the ground and the upper boundary
should be larger than 0.95 to avoid flow blocking effects by the terrain.
In this case, part of the hills to the northeast are in the computational
domain that have elevations up to ~ 470 m. The vertical grid shown in

Fig. 7. 8 km × 8 km digital elevation map showing inner 2 km × 2 km WAsP
CFD tile.
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Fig. 8. a) Digital elevation map 20 km × 20 km region. b) Surface roughness map.

Fig. 9. a) Mesh horizontal distribution. b) Mesh vertical distribution (shown from highest to lowest elevation).

In the case of buildings represented as blocking elements in the
computational grid, the UTM co-ordinates of the building corners and
heights of the buildings determine how the grid is refined in the central
area. The grid resolution is higher than in the previous case due to the
proximity of some buildings to each other and to capture the different
building heights. To help reduce the computation requirement, the
overall horizontal computational domain is ~ 12 km × 10 km with a
refined area of interest of approximately 2 km × 2 km, Fig. 10. This
means the hills to the northeast are less of a feature, resulting in the
height of the computational domain being reduced, Fig. 11b. This
reduction is justified in the results section, as the northeast is not a
prevailing wind direction. The details of computational grid are given in
Table 4. A limitation of this approach, with this tool, is that obstacles can
only be defined as orthogonal blocking elements. Simulations are
executed for 16 directional sectors that take between 159 and 795 it
erations to achieve convergence.

Table 3
WindSim Grid Setup – Obstacles as roughness elements.
Mesh details

CFD
parameters

No. grid points

5 million

cμ

0.09

Domain height (m)

3500

1.0

Domain horizontal (km)

20 × 20

σk

Refinement area x-y (m)

2584 ×
2315
13.0–337.8

Horizontal grids spacing × (m)
Horizontal grids spacing y (m)
Vertical grid spacing (m) (First 30
nodes of 60)

13.0–347.6
2.1–64

σε

1.314

cε1

1.38

cε2

1.92

κ

0.4

Fig. 9b displays the distribution of the nodes the in the vertical direction,
relative to the ground, at the position with maximum elevation on the
left to minimum elevation on the right. Simulations are executed for 16
directional sectors and take 85 to 91 iterations per sector to achieve
convergence.

Measured EER, WPD and wind shear
The measured wind turbine directional energy output in kWh from
SCADA data is presented as an EER The electrical energy output, in a
9
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Fig. 10. a) Digital elevation map ~ 12 km × 10 km with buildings as mesh blocking elements over ~ 2 km × 2 km.

Fig. 11. a) Mesh horizontal distribution b) Mesh vertical distribution.
Table 4
WindSim Grid Setup – Obstacles as mesh blocking elements.
Mesh details

Njq
∑

(15)

j=1

CFD parameters

No. grid points

13.5 million

cμ

0.09

Domain height (m)

814

1.0

Domain horizontal (km)

12 × 11

σk

Refinement area x-y (m)
Horizontal grids spacing × (m)

1683 × 1709
2.5–959.5

Horizontal grids spacing y (m)
Vertical grid spacing (m) (24 nodes)

2.5–747.9
1.8–82.4

σε

1.314

c ε1

1.38

c ε2

1.92

κ

Pjq (Δθq ) × tjq

Eq (Δθq ) =
Nq
∑

EERq =

Eq (Δθq )

(16)

q=1

where:
-Njq – number of data points in data set j in sector q
-Nq – number of sectors

0.4

Wind roses and directional WPD at multiple heights at the wind
turbine site are determined from LiDAR measurements at location (LiD)
in Fig. 2. The WPD at the highest two heights of 120 m and 200 m are
used to assess the wind resource, assumed to be above the influence of
the local building obstacles within the 2 km radius. This distance
stretches up to or beyond the rural to urban interface in the directions of
most interest. These and compared with WPD at lower heights down to
10 m to examine reductions and directional changes in WPD that may be
introduce by the local building obstacle. The WPDjq in a given direc
tional sector q (17) is weighted by the ratio number of data points Njq in

given directional sector q of widthΔθq , is expressed as a summation of
the product of the average power valuesPjq , in each data logging time
averaging period tjq , and tjq itself (15). The EER for all directional sectors
is (16) [44]. In this case, the sector width Δθq is 22.5, giving Nk a value
of 16. The Pj values have units of kW and tjq is 10 min or 1/6 h to give
EER values in kWh.
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that sector to the overall total number of data pointsNtot to give the time
weighted WPDq (18). The total time weighted WPDtot is the summation
of WPDk over all sectors to giveWPDtot (19) [54].
WPDjq =

nj =Njq
1 ∑
ρ U3
2Nj nj =1 jq jq

winds can be attributed to the proximity of the site to the east coast, in
particular, mesoscale effects of Dundalk Bay [54]. While the west
southwest sector at 247.5◦ is a dominant wind sector at all heights, there
are some notable changes in the wind directional distribution below 86
m. In particular, relatively higher reductions in wind speed occur in the
157.5◦ , 202.5◦ and 225◦ sectors. Lower wind speeds in sector 180◦ occur
at all heights, which suggests that this is a transition region for the
southwest prevailing winds to the coastal winds from the southeast.
From an energy perspective, the directional WPD comparison at each
level illustrate these directional changes in available energy at each
level, Fig. 13. The WPD in the 157.5◦ sector reduces rapidly, with
decreasing height, from 120 m to the lower levels and to some extent in
the 202.5◦ and 225◦ sectors. These reductions coincide with the tall 47
m building to the southeast and the low-rise broad buildings to the
southwest of the site, outlined in Fig. 2. At heights of 20 m and 10 m the
WPD directional distributions are notably altered, indicating significant
influence from nearby buildings. The 90◦ sector contains high winds
from a rare winter storm event, over 4 days, that occurred in March
2018. This is reflected in high WPD values but lower times of occurrence
in the wind roses for this sector. The north to northeast sectors are nonprevailing wind sectors and therefore not considered in further detail.
Therefore, buildings from the southeast through to the west of the tur
bine location are of most interest in this study.
Table 5 shows the directional WPD values of the plots in Fig. 13 and
also the percentage of each value with respect to its correspond value at
200 m. The highlighted sectors show the higher energy sectors at 200 m
that also have the higher energy reductions at the lower heights, cor
responding to buildings in the south-easterly to westerly sectors.

(17)

where:

ρjq - density of air (kg/m3)
The time weighted WPD in a given direction is:
WPDq = WPDjq

Njq
Ntot

(18)

The total wind energy density is:
Nq
∑

WPDtot =

WPDq

(19)

q=1

Log law profiles (3) are compared to LiDAR measured wind shear
profiles. The surface roughness, zo, values are determined from wind
speed measurements using (2). zo determined from measurement at 120
m and 200 m is used by (3) to downscale the wind shear profile to 10 m,
while zo determined from measurement at 20 m and 30 m is used to
upscale to 200 m. Both scaled and measured profiles are compared in
selected directions where the biggest discrepancies between the model
predicted EERs with the measured wind turbine EER occur.
Results

Wind turbine measured energy and model predictions

Onsite measured wind climate

The background surface roughness at the met mast location (M) in
the rural area is determined from (2) that gives a value of 0.2 m. A fitted
log law plot is shown in Fig. 14. This is the background surface rough
ness value used in the models.
The mean wind speed at the 60 m hub height, measured by the
LiDAR, over the 1-year period is 5.60 m/s. This is in good agreement

LiDAR measured wind roses, in 16 sectors, at six heights from 10 m to
200 m, for the 1-year period are shown in Fig. 12. Wind roses at 200 m
and 120 m show the dominant wind direction to the southwest and
southeast. It is well known that the general prevailing winds in the Irish
climate are from the southwest. The high distribution of south easterly

Fig. 12. Annul wind roses at multiple levels, from LiDAR measurements.
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Fig. 13. Annul WPD at multiple levels, from LiDAR measurements.
Table 5
Directional WPD (W/m2) and the (%) values at each height w.r.t. to the WPD at
200 m.
Sector
(o)

10 m

20 m

30 m

86 m

120 m

0

1.02
(6.3%)
0.44
(6.5%)
0.36
(4.9%)
8.93
(22.6%)
11.73
(13.9%)
6.24
(18.2%)
7.46
(13.1%)
4.07
(3.0%)
2.56
(7.5%)
5.03
(6.1%)
3.33
(4.4%)
8.89
(8.9%)
1.51
(2.2%)
2.20
(5.2%)
2.90
(6.4%)
0.88
(3.1%)

2.15
(13.3%)
0.93
(13.7%)
0.76
(10.3%)
13.09
(33.1%)
18.04
(21.4%)
10.50
(30.6%)
12.52
(22.0%)
9.63
(7.1%)
4.66
(13.7%)
7.89
(9.5%)
8.51
(11.3%)
14.91
(14.9%)
5.06
(7.5%)
4.80
(11.4%)
5.08
(11.2%)
2.01
(7.1%)

3.25
(20.0%)
1.32
(19.4%)
1.07
(14.5%)
15.95
(40.4%)
22.98
(27.3%)
14.24
(41.4%)
14.62
(25.7%)
15.46
(11.4%)
6.90
(20.3%)
10.77
(13.0%)
13.45
(17.9%)
21.35
(21.4%)
9.42
(14.0%)
7.76
(18.4%)
6.97
(15.3%)
3.19
(11.3%)

8.33
(51.3%)
3.24
(47.5%
2.82
(38.2%)
30.43
(77.0%)
53.64
(63.7%)
27.50
(80.0%)
40.22
(70.6%)
60.74
(44.9%)
16.96
(49.8%)
25.40
(30.6%)
32.79
(43.5%)
48.50
(48.5%)
27.91
(41.4%)
19.90
(47.2%)
21.28
(46.8%)
10.00
(35.4%)

10.41
(64.1%)
4.05
(59.4%)
4.26
(57.7%)
36.51
(92.4%)
64.74
(76.9%)
33.42
(97.3%)
53.37
(93.7%)
94.53
(69.8%)
23.65
(69.4%)
39.39
(47.5%)
43.99
(58.5%)
62.47
(62.5%)
38.53
(57.1%)
25.89
(61.4%)
30.71
(67.6%)
15.23
(53.9%)

22.5
45
67.5
90
112.5
135
157.5
180
202.5
225
247.5
270
292.5
315
337.5

200 m
16.24
6.82
7.37
39.52
84.16
34.36
56.96
135.37

Fig. 14. Log law fit to two measurements of 10 m and 30 m at met mast located
at M.

34.06
82.88

Table 6
Annual hub-height mean wind speed predictions and the % differences between
the measured hub-height wind speed of 5.6 m/s.

75.17
99.91
67.49
42.16
45.44
28.27

with the recorded a mean wind speed by the wind turbine SCADA system
of 5.61 m/s. Table 6 compares the measured mean hub-height wind
speed with the predicted hub-height mean wind speed by each of the
four modelling approaches considered that are each driven by LiDAR
data from the other six heights. WAsP-CFD, treating buildings as
roughness elements, gives the best prediction over a wider range of
heights, particularly when upscaling from below the 60 m hub height.
The linear WAsP-IBZ model gives best result when downscaling from 86
m. WindSim gives best results, treating buildings as blocking mesh el
ements when upscaling from 20 m and 30 m below hub height.
Upscaling from 10 m in the linear WAsP-IBZ case, gives a significant
over prediction of hub-height wind speed. This may be explained by the
measurements at 10 m being influenced by complex recirculation region
in the wake of nearby buildings to the southwest, which are less than ~ 5
obstacle heights away. In this case, overestimations of the wind speed

Scaling
Height
(m)

WAsP-IBZ
(Obstacle
Model)

WAsP-CFD
RANS
(Roughness)

WindSim-CFD
RANS
(Roughness)

WindSim-CFD
RANS
(Blocking
mesh)

200
120
86
30
20
10

6.00 (7.1%)
5.78 (3.2%)
5.68 (1.4%)
5.80 (3.6%)
6.26 (11.8%)
9.09 (62.3%)

6.03 (7.7%)
5.86 (4.6%)
5.74 (2.5%)
5.66 (1.1%)
5.64 (0.7%)
5.63 (0.5%)

6.65 (18.8%)
6.22 (11.1%)
5.93 (5.9%)
5.46 (− 2.5%)
5.35 (− 4.5%)
5.29 (− 5.5%)

6.96 (24.3%)
6.38 (13.9%)
6.00 (7.1%)
5.51 (− 1.6%)
5.57 (− 0.5%)
6.14 (9.6%)

deficit by the linear shelter model, as noted in the literature, may result
in wind speed over estimates when scaled up to heights above the in
fluence of the building.
As the electrical energy output is of most importance to wind turbine
end-users, the total measured electrical energy output from the wind
turbine for the 1-year period is 1,447,786 kWh. The EER, Fig. 15a, shows
that dominant directions are the southwest and southeast sectors, as
expected. However, consecutive energy peaks are present in neigh
bouring sectors from 90◦ to 270◦ . Lower energy values occur in sectors at
135◦ , 180◦ and 202.5◦ compared with higher energy values in sectors
112.5◦ , 157.5◦ and 247.5◦ . Comparing the energy distribution with wind
speed, Fig. 15b, relatively higher proportions of energy occur at higher
wind speeds in the east and south easterly sectors, due to higher wind
speeds from the coast. In the southwest sectors, it is interesting to note
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Fig. 15. a) Wind turbine EER b) Directional energy distribution with wind speed.

that more energy in the 202.5◦ sector occurs at higher wind speeds
compared to sector 225◦ . The 202.5◦ sector is occupied by more low-rise
obstacles compared to sector 225◦ . This suggests that the low-rise
building obstacles with heights of 9 m to 25 m, may have more of an
influence on lower wind speeds, below ~ 9 m/s, at the turbine hubheight.
The predicted hub-height EERs for each of the model approaches
from six different heights, initialised with 1 year of LiDAR measure
ments in each case, are compared in Table 7. The percentage difference
in the predictions with the actual measured output value of 1,447,786
kWh are also shown.
Comparing the results of Tables 6 and 7 shows how discrepancies in
the hub-height mean annual wind speed predictions between the models
and the measurements of greater than ~ 2% can result in large AEP
discrepancies, which has a bigger impact on end-users. The linear
obstacle model shows that it has a lower percentage difference in AEP,
when downscaling from above hub height, compared to the other three
CFD approaches assessed in this study. This indicates that linear model
performs better when scaling measured wind data from above the in
fluence of buildings on the flow. On the contrary, the AEPs for each of
the CFD approaches scaled up from 20 m and 30 m give the best results
when buildings are treated as roughness elements or as mesh blocking
elements. The largest differences appear, in the case of upscaling, from

10 m for the linear obstacle model and the CFD blocking mesh, which
may be explained by complex building wake effects at this height not
being well captured in these cases. These results suggest that onsite
measurements taken at approximately three times the height of the local
building heights (7–13 m) give better results consistently across all the
CFD model approaches. Therefore, upscaling any measurements from
heights similar to building heights or at heights well above the site, e.g.
downscaling mesoscale wind atlas data, should be done with caution. It
also highlights the need for well-designed onsite measurement cam
paigns, especially if met mast heights are a constraint.
From a directional perspective, comparisons in the predicted EERs
with the measured wind turbine EER show directional discrepancies,
Fig. 16. The following observations are made:
a) In the prevailing southwest sectors of 202.5◦ , 225◦ and 247.5◦ , the
the upscaling cases of 20 m and 30 m give the closest predictions. For
the 202.5◦ , and 225◦ sectors that contain low-rise buildings, the
three CFD models perform well, but the linear WAsP-IBZ model
performs the poorest. Upscaling from 10 m gives poor results, but
WAsP-CFD gives the better result in this case. In the downscaling
cases, the four models over predict the energy significantly in these
sectors, though WAsP-CFD and linear WAsP-IBZ perform better than
the WindSim models. Therefore, this suggests to get best results,
measurements made 2 to 3 times the height of low rise broad
building. These occur within ~ 1 km from the rural to urban inter
face to turbine location in this sector.
b) In the northwest sectors the four model perform well downscaling
from 86 m. WAsP-CFD and WAsP-IBZ from best when downscaling
from 120 m and 200 m. Both WindSim models over predict the most
from 200 m. The four models, upscaling from 20 m and 30 m notably
under predicts energy at 270◦ , but perform well in the other north
west sectors, with WAsP-IBZ being slightly poorer. This indicates
that some energy is may be getting steered from the southwest sec
tors towards the more open westerly sectors that is not fully captured
by the measurements at 30 m and below. The remaining northwest
sector are occupied larger areas of suburban residential area, with 7
m heights and greater than 2 km to the rural to urban interface. This
suggests flow has fully adjusted to the local surface roughness con
ditions and better captured by the models.
c) The northeast sectors are non-prevailing wind directions and are
sheltered by hills ~ 7 km to the northeast. However, there are energy

Table 7
AEP predictions and % differences to wind turbine EER.
Scaling
Height
(m)

WAsP-IBZ
(Obstacle
Model)

WAsP-CFD
RANS
(Roughness)

WindSim-CFD
RANS
(Roughness)

WindSim-CFD
RANS
(Blocking
mesh)

200

171,800
(+18.7%)
159,300
(+10.0%)
155,000
(+7.1%)
156,800
(+8.3%)
186,100
(+28.5%)
2,904,000
(+201.0%)

1,733,000
(+19.7%)
1,636,000
(+13.0%)
1,588,000
(+9.7%)
1,482,000
(+2.4%)
1,454,000
(+0.4%)
1,442,000
(− 0.4%)

2,159,500
(+49.2%)
1,855,700
(+28.2%)
1,666,700
(+15.1%)
1,395,100
(− 3.6%)
1,358,100
(− 6.2%)
1,354,000
(− 6.5%)

2,382,000
(+64.5%)
1,963,500
(+35.6%)
1,719,800
(+18.7%)
1,427,000
(− 1.4%)
1,489,900
(+2.9%)
1,871,200
(+29.2%)

120
86
30
20
10
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Fig. 16. Comparisons of model predicted EERs, from multiple heights with measured wind turbine EER.
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over predictions by the models at 67◦ and 90◦ . Although these sectors
have less obstacle influences, they contain winds speeds of the,
previously mentioned, winter storm even of March 2018. During this
period, the wind turbine was in shut down, i.e. no electrical energy
was produced. Also, the effects of the land/sea interface in these
directions can have an impact on atmospheric stability that alter
wind shear profiles in a different way than obstacles. Therefore, the
northeast sectors are not considered in detail in this study.
d) In the southeast, the significant energy sector at 157.5◦ is best pre
dicted by the WAsP-CFD downscaling from 200 m and 120 m. The
WindSim models perform best at 157.5◦ when downscaling from 86
m. In in the upscaling cases, none of the four model predict the en
ergy in the 157◦ sector. This can be explained by the wake effect of
47 m high building that is ~ 330 m from the turbine or 7 obstacle
heights away and ~ 80% of the turbine hub height. This can also
explain why downscaling from more than twice the height of this
obstacle gives better predictions.

Table 8
Four worst case directional discrepancies in predicted EERs at 60 m from each
scaling height.
Wind
Turbine
SCADA

WAsP-IBZ
(Obstacle
Model)

200 m
67.5
157.5
202.5
225
247.5

36,768
212,791
102,687
105,057
190,646

− 43791
77,313
82,943
50,354

120 m
67.5
90
157.5
180
202.5
225
247.5
315

36,768
99,585
212,791
47,277
117,309
105,057
190,646
52,119

49,232

86 m
67.5
90
157.5
180
225
247.5

36,768
99,585
212,791
47,277
105,057
190,646

53,232
26,415
− 64791

59,232
38,415
− 41791

39,943

30 m
67.5
90
157.5
180
270

36,768
99,585
212,791
47,277
154,374

20 m
67.5
90
135
157.5
247.5
270

36,768
99,585
108,614
212,791
190,646
154,374

10 m
67.5
90
135
157.5
202.5
247.5
270
292.5
315

36,768
99,585
108,614
212,791
102,687
190,646
154,374
95,389
52,119

Sector
(o)

The four worst-case directional predictions by the four models at the
turbine hub height in Fig. 16 are given in Table 8. They are shown
primarily to occur in the directional sectors occupied by buildings. It
shows that for the downscaling cases, 225◦ is the most common occur
ring direction with poorest prediction across the four models. This is
followed by 67.5◦ , 247.5◦ and 202.5◦ . The WindSim models over pre
dicts the most in the southwest sectors, coinciding with buildings to the
southwest of the site. This suggests that in the southwest sectors the local
RSL may be growing across the buildings from 500 m to 1 km away from
the wind turbine location that is not fully captured in the downscaling
processes. Downscaling from 86 m gives the better predictions, indi
cating a better capture of the RSL in the southwest sectors. For the
upscaling cases, 157.5◦ has the highest under predictions across all
models. The linear WAsP-IBZ performs poorest. This may be attributed
to the wake effect of the tall 47 m building in this sector. This is followed
by 67.5◦ , 270◦ and 90◦ . The under predictions at 270◦ energy may be
due to energy steering into this more open sector, as explained previ
ously. At 67.5◦ and 90◦ , atmospheric instability effects, not well
captured, may be introducing errors in the predictions.
Wind shear profiles
Log law profiles (3) fitted to the LiDAR measured wind shear profiles
for commonly occurring directions with high energy prediction dis
crepancies in Table 8, are shown in Fig. 17. The fitted wind shear profiles
diverge from each other at different heights and by varying amounts
depending on direction. These divergences suggest changes in the log
arithmic flow regimes, which may be explained by variations in the RSL
height. In the south and westerly directions, greater divergence occurs in
sectors 180◦ , 202.5◦ , 225◦ and 315◦ that have low-rise buildings. At
180◦ the wind shear profile height crossover at ~ 50 m. In this direction
a large single large 7 m high that is 170 m long and 100 m wide exists ~
150 m south of the turbine. A similar wind shear profile is observed at
315◦ . In this case there are densely packed buildings 100 m away, with
height a of 9 m covering and area of 220 m long and 80 m, with some 7 m
high residential areas beyond these. Larger wind shear divergences
occur for the 202.5◦ , 225◦ sectors with wind shear crossover heights of
~ 80 m. These sectors have buildings from 550 m away from the turbine
and are occupy an area ~ 600 m long and 480 m wide with heights of ~
11 m, including a single 25 m height building that is 75 m long and 80 m
wide, 1000 m away. Smallest wind shear divergences occurs in the more
open sectors of 247.5◦ and 270◦ that have fewest obstacles. The profile
at 270◦ is matched best with the up-scaled profile up to 200 m, implying
that winds from this direction is in steady state with local roughness

WindSimCFD RANS
(Roughness)

WindSimCFD RANS
(Blocking
mesh)

58,909
121,713
115,643
104,254

62,109
154,413
148,743
147,554

46,732

51,232

48,613
57,343
51,054

66,613
76,543
73,854

44,732

48,232

38,943

32,823
42,943
30,154

34,223
54,643
41,054

56,232
49,415
− 107,791

56,232
56,415
− 104,791

35,579
26,533
− 97,610

37,032

− 40,374

− 50,243

− 47,374

− 7,1391
36,023
− 52,174

62,232

61,232
60,415

42,532

47,132

− 112,791

41,886
− 107,491

40,786
− 78,791

− 72,374

− 79,574

− 61,074

63,232
57,415

50,832

− 50791
42,943

WAsP-CFD
RANS
(Roughness)

42,232
65,313
77,943
43,354
57,232
35,415
23,723
40,943

28,881

71,386
− 114,791
92,354

− 132,791
211,313
362,354
165,881

− 130,791

61,086
− 126,891

− 103,374

− 113,574

80,186
− 97,491
140,554
76,911

conditions, as it is shortest distance to the rural background, with few
buildings. In the easterly sectors of 67.5◦ and 157.5◦ the fitted profiles
do not crossover. The largest divergence occurs in the high wind energy
sector of 157.5◦ , which has the 47 m tall obstacle 330 m away. In
addition, the wind shear in easterly sectors resemble unstable atmo
spheric conditions.
When the wind turbine rotor (WTR) disc is considered, transitions in
the modelled wind shear profiles occur within the rotor disc is some
sectors. The wind shear across the rotor disc in sectors 202.5◦ , 225◦ ,
247.5◦ and 270◦ are more in equilibrium with the up-scaled profiles, but
divergence occurs towards the top of the rotor disc for the 202.5◦ , 225◦
and 247.5◦ sectors. The EER predictions in these sectors are closest to the
measured EER for the up-scaled CFD cases, apart from sector 270◦ . In
contrast, the largest discrepancies in the EER predictions for the
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Fig. 17. Fitted log law profiles to LiDAR measured wind shear profiles (WTR- wind turbine rotor).

downscaled cases occur in these directions. This suggests that the winds
measured at 20 m and 30 m used for upscaling are more adjusted to the
local flow influences of buildings beyond 500 m away. The under pre
diction of wind speed at lower heights from downscaling and the under
prediction of wind speed at upper heights from upscaling in the cases of
sectors 202.5◦ , 225◦ and 247.5◦ suggest that obstacles have less an
impact on higher wind speeds. In other words, there is a higher pro
portion of data points with high wind speed values, at lower heights, in
the sectors with obstacles. This suggests that wind flow at lower wind
speed in these sectors are steered by the obstacles from these sectors into
the neighbouring more open sector of 270◦ , thereby compensating for
some of the perceived energy losses. This may be one reason why the
four model under predict the wind turbine EER in the 270◦ sector in the
upscaling cases, but predict it better when downscaling from 86 m. In
the 180◦ and 315◦ sectors, the downscaled profiles matches the LiDAR
profiles down to the lowest heights, resulting in a split between the upscaled downscaled profiles within the rotor disc area. Upscaling from 30
m and downscaling from 86 m give similar EER predictions. This sug
gests that flow in these sectors have is not fully adjusted at hub-height to
the local surface influences, as the principal building are less than 500 m

of the wind turbine in these two sectors. In the easterly sectors, the highenergy sector at 157.5◦ show high wind speeds above 120 m and reduces
at a faster rate below this to 86 m. Winds measured at 30 m and below,
show much reduced wind speeds. The up-scaled EER predictions are
poorest in this sector owing to wakes or sheltering effects of the 47 m
height building, 330 m away, indicates that using wind measurement
below the heights building obstacles, less than 10 obstacles height away,
lead to poor predictions above the buildings.
The vertical WPD profiles account for the time proportion of wind in
each sector, Fig. 18. In the westerly sectors, the rate of increase of WPD
with height in sector 202.5◦ drops while it increases in the neighbouring
225◦ and 247◦ sectors. Above 120 m, the WPD in 202.5◦ exceeds the
WPD in sector 225◦ . This further suggests that energy may be shifting
from sector 202.5◦ , that has obstacles 550 m to 1100 m away, to its more
open neighbouring sectors. This is also independently reflected in the
electrical energy distribution from the wind turbine SCADA data,
Fig. 15b, where energy in sector 202.5◦ occurs at higher wind speeds
compared to sectors 225◦ , 245.5◦ and 270◦ . However, this requires more
investigation. The reduction in WPD in sector 157.5◦ , particularly across
the rotor disc, in the wake of the 47 m building is evident.
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Fig. 17. (continued).

Fig. 18. Directional WPD profiles.
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Discussion

Conclusions

The energy performance of a Vestas V52 wind turbine, in a periurban environment, has been shown to be influenced by low-rise
broad buildings as well as a narrow high-rise building. Four
commonly used microscale models, based on linear and RANS CFD ap
proaches show discrepancies in EER predictions compared to the realworld EER of the operational wind turbine. Similar to studies outlined
in literature, there is no clear standout best modelling approach covering
all directions from all scaling heights. The WindSim mesh blocking
approach gives a slightly a better result than the WindSim roughness
approach. In contract, WAsP-CFD roughness with the polar grid com
bined with simulations in 10◦ wide sectors performes slightly better that
the rectangular grid used in both WindSim models for simulations in
22.5◦ degree wide sectors. WindSim models tend to performs better in
upscaling cases, while the WAsP models perform better in the down
scaling cases. However, it is observed that the height chosen for wind
measurements is of high importance for how the models perform. This
can be explained by the modified wind shear profiles due to internal
boundary layers that vary in heights from 30 m to 120 m, depending on
obstacle heights and distance from wind turbine location. Largest dis
crepancies occurred when downscaling from 200 m and when upscaling
from a 10 m height i.e. less than twice the height of the low-rise
buildings. The linear model performs the poorest, particularly when
upscaling from 10 m. The findings suggest a number of implications for
distributed wind, especially in the deployment of medium and largescale wind turbines in peri-urban industrial zones. Firstly, obstacles
down to 20% of the turbine hub height and at distances up to 50 ob
stacles heights away can create an internal RSL whose boundary with
the ISL is within the rotor disc area. Similarly, obstacles from 50 to 100
obstacle heights away from the turbine location may create a RSL that
will cover rotor disc area. This is in line internal boundary layers for
mation from the urban rural interface outlined in the literature. There
fore, a desire to have the rotor entirely in the ISL may lead to impractical
turbine tower heights for medium and large-scale wind turbines. For
best model predictions, it would be desirable to have wind measure
ments and the minimum rotor blade tip height to be at least 3 times the
height of broad low-rise buildings, to avoid any CL complex flow effects
and reduce errors in upscaling model processes. Secondly, for tall
buildings with heights of 80% of the turbine height and less than 10
obstacles heights away from the turbine location, mesh blocking and
roughness approaches may give better results when downscaling from
twice the building height. Upscaling from below building heights may
lead to poor model predictions at turbine hub heights above the building
heights. Thirdly, the linear WAsP-IBZ model performs the poorest in all
cases, but is particularly erroneous when upscaling from heights similar
to the building heights, as its shelter model does not capture complex
building wake flow well. It is therefore not recommended to use linear
shelter models in peri-urban areas or areas that have numerous building
obstacles, particularly in prevailing wind directions. Finally, it is
observed that building obstacles in directional sectors that have neigh
bouring open sectors may have a steering effect on incoming winds, so
that energy losses in the more blocked sector may be recovered in the
neighbouring open sector. Therefore, the total annual energy output
may be less impacted by obstacles with open neighbouring areas.
Future research could involve examining alternative approaches to
flow modelling, such as simple low-cost empirical rules developed from
morphological methods [55,56]. In addition, wind turbines whose ro
tors operate across multiple local internal boundary layers, in peri-urban
wind environments, may experience extra fatigue loads and have
different aerodynamic noise characteristics, requiring further research.
It is envisaged that LiDAR technology will play an important future role
in the distributed wind industry.

This study compared the performance of four commonly used wind
flow models, including linear and CFD RANS, in predicting the energy
performance of an operating Vestas V52 wind turbine with a 60 m hub
height in a peri-urban environment, using onsite LiDAR measurements.
Variations in the evaluated models, from 1.4% to 64% between the
model predicted AEPs and the measured wind turbine EER were
observed and shown to be directional dependent. Overall, the linear
shelter model performed the poorest. Low-rise buildings below ~ 1/3 of
wind hub-height appeared to be best represented as roughness elements
in the CFD RANS models rather than as mesh blocking elements. The
model predictions were highly dependent on the height at which wind
measurements, supplied to the models, were taken. For low-rise build
ings, with heights up to 20% of the wind turbine hub height, the eval
uated models were most accurate using wind measurements at ~ 3 times
the height of the buildings. In the case of a tall narrow building, ~ 80%
of the turbine height, the models were more accurate using wind mea
surements from twice the height of the obstacle. Measured directional
wind shear profiles showed the possible existence of internal boundary
layers with heights from 30 m to 120 m influenced by obstacles, down to
20% of the wind turbine hub height, from 50 to 100 obstacle heights
away from the turbine location, within ~ 1 km of the urban–rural
interface. Directional sectors with obstacles appeared to steer energy at
lower wind speeds into open neighbouring sectors, reducing overall
energy losses. Onsite measurements, not only at hub height, but also
across the height of the rotor disc are recommended to capture these
effects. Further peri-urban wind energy research for medium and large
scale wind turbine deployment is suggested in the evaluation of other
modelling approaches, impacts of turbulence, shear and atmospheric
stability as well as alternative low cost assessment methods, such as
morphological approaches. It is envisaged that LiDAR technologies will
be of critical importance in the future for site assessments and opti
mising the deployment of medium and large-scale wind turbines in periurban environments.
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