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A B S T R A C T

There is a need to compare wind tunnel results with field measurement wind data in order to examine the validity of wind
tunnel data in providing realistic estimates of urban wind energy potential and assess the probable errors involved. The
paper refers to and discusses two Montreal building cases with different upstream roughness homogeneity. In the first
case, field wind speed measurements are used to calculate the wind energy potential for a building with upstream rather
homogeneous suburban type of terrain. In the second case, the building upstream terrain is very rough and highly non-
homogeneous. The calculated wind energy potential based on the field measurements was compared with the estimated
value based on respective boundary layer wind tunnel data. In the first case, where the upstream terrain is homogeneous,
the difference between the estimation of wind energy potential and the calculation using the field measurements is less
than 5%. However, in the second case with the nonhomogeneous upstream terrain conditions, the difference between the
estimation of the wind energy potential and the calculation using the field measurements is increased by up to 20%.
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1. Introduction

Urban energy generation such as that produced by reduced-scale
wind turbines installed on or around buildings can be defined as mi-
cro-generation. Recently, there is a growing interest in the use of wind
energy in buildings for distributed generation. Since the generated
power is a function of the cube of the wind speed, a small increase in
the wind speed leads to a large difference in wind energy generation.

The prediction of the wind speed in the built environment is diffi-
cult, due to the roughness and the frictional effects, which reduce the
wind speed close to the ground. In addition, several adjacent buildings
influence the wind regime around a specific building in the urban en-
vironment. The most dependable method for the wind assessment in
the urban environment is to directly measure the wind speed, ideally
at the position and the height of the proposed wind turbine. However,
measuring the wind speed at a site is both time consuming and expen-
sive, i.e. normally not appropriate for the early stages of wind energy
development. Fortunately, several methods are available for the initial
assessment of wind resource in urban areas, with varying degrees of
resolution and accuracy. These are, in order of increasing accuracy,
wind atlases, numerical methods including CFD, wind tunnel mod-
eling and direct wind resource measurement (European Commission,
2007).

A wide range of wind atlases is available at the continental and
national level. In Canada, the Canadian wind energy atlas - http://
www.windatlas.ca - covers a wide area but its low resolution means

⁎⁎ Corresponding author.

that it can only give a general picture of the wind resource. Another
issue is that the wind atlases cannot take into account the local varia-
tions and their effect on the wind distribution.

On a more refined scale, wind speeds can be determined by using
wind tunnel models, which must be combined with data at known lo-
cations. This role is usually fulfilled by local meteorological station
measurements, other weather-related recorded data or airport data.
The wind tunnel tests are used to give a more accurate estimate of
wind without actually undertaking a wind measurement campaign.

The performance of a wind turbine in the built environment is
only successful when there is adequate wind supply for it. There-
fore, buildings exposed to either undisturbed or, even better, accel-
erated wind flows would be expected to augment their wind energy
potential, as also mentioned by Arriago (2009) referring to buildings
higher than their directly adjacent buildings. Many different types of
wind turbines exist for the urban environment and they can be di-
vided into two main groups depending on the orientation of their
axis of rotation: Horizontal Axis Wind Turbine (HAWT) and Verti-
cal Axis Wind Turbine (VAWT). A typical example of HAWTs as-
sociated with the Bahrain World Trade Center is shown in Fig. 1. It
has been reported that these turbines provide about 11–15% of the
building's power consumption (https://commons.wikimedia.org/wiki/
File:Bahrain_World_Trade_Center.jpg?uselang=nl).

This paper is organized as follows: Section 2 refers to wind model-
ing and describes the wind tunnel facility and the instrumentation used
in the measurements of this study, Section 3 describes the method-
ology used in the estimation of the wind energy and in Sections
4 and 5 this methodology has been tested using rather homo

http://dx.doi.org/10.1016/j.jweia.2016.08.011
0167-6105/© 2016 Published by Elsevier Ltd.
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Fig. 1. : Urban Wind Turbines: Bahrain World Trade Center Towers. (https://
commons.wikimedia.org/wiki/File:Bahrain_World_Trade_Center.jpg?uselang=nl).

geneous and nonhomogeneous case studies prior to concluding in
Section 6.

2. Wind modeling and experimental facilities

For winds near the ground surface, frictional effects play a signif-
icant role. Ground obstructions retard the movement of air close to
the ground surface, causing a reduction in wind speed. At some height
above ground, the movement of air is no longer affected by ground
obstruction. This height is called gradient height which is a func-
tion of ground roughness. The unobstructed wind speed is called gra-
dient wind speed, and it is considered to be constant above gradi-
ent height. The power law, which is used by some engineers to repre-
sent the variation of wind speed with height, is an empirical equation,
which for the case of mean speeds takes the form of:

where:

Gradient height
Power-law exponent
Both variables are functions of the ground roughness. Typical val-

ues of and are given in Table 1. Fig. 2 shows typical varia-
tions of wind speeds above different ground roughness (Stathopoulos,
2007).

Table 1
Suggested Values of and for Various Terrain Conditions (Davenport, 1960,
modified).

Terrain description Gradient height Power-law exponent

Rough sea 250 0.12
Open grassland 300 0.15
Forest and suburban areas 370 0.22
City centers 460 0.33

Fig. 2. : Variation of Wind Speed with Height (Stathopoulos, 2007).

Wind tunnels have been a key element in scientific research in
a number of fields. Since the 19th century, experimenting with race
cars, airplanes, weather patterns, and various other areas has been
made much easier because of this development. Moreover, wind tun-
nels have a variety of important uses in the world today including the
design of buildings (Vasan and Stathopoulos, 2014). A photo of the
atmospheric boundary layer wind tunnel of Concordia University is
shown in Fig. 3. This wind tunnel is 12.2 m in length and 1.8 m in
width with a suspended roof that allows the height to be adjusted be-
tween 1.4 m and 1.8 m. The wind tunnel can be operated at veloci-
ties from 3 m/s to 14 m/s. A turntable, 1.6 m diameter, at the test sec-
tion allows the model to be rotated to account for different wind direc-
tions. Details regarding this wind tunnel, its roughness features used

Fig. 3. : View of Test Section and Upstream Fetch of Atmospheric Boundary Layer
Wind Tunnel at Concordia University.

(1)
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to generate the atmospheric boundary layer profiles and turbulence
characteristics can be found in Stathopoulos (1984); additional discus-
sion and applications in Mathew et al. (2002).

Graphical user interface and data acquisition software of the instru-
ment enable the control of the measurement process and display of the
data on a computer screen in real time. The software stores these data
in text files that can easily be imported into a spreadsheet (Vasan and
Stathopoulos, 2014). A three-dimensional (3-D) traversing-gear sys-
tem attached to the wind tunnel ceiling above the test section enables
accurate positioning of velocity measurement devices at points of in-
terest on the model. During the wind tunnel tests, a Cobra probe is
mounted onto the 3-D traversing arm and positioned on the model us-
ing a control system whereby Cartesian co-ordinates of the points of
interest are entered.

A standard 3-cup anemometer was used for all field wind velocity
measurements carried out in this study.

3. Methodology for wind energy estimation

Consider a case of wind energy estimation above the roof of a
building in a city, say Montreal. The wind speed is measured in me-
teorological stations or at airports usually at 10 m height from the
ground level, as established by the World Meteorological Organiza-
tion (WMO). In this case the wind speed is measured at Montreal's
Dorval (Pierre Elliott Trudeau, PET) Airport and denoted by . The
target is to estimate the wind velocity over a specific position at the
roof of building X denoted by , as shown schematically in Fig. 4. At
Dorval (PET) Airport in Montreal, the 10's degree convention is used
to determine the direction of the wind speed in which 9 means 90 de-
grees true or an east wind, and 36 means 360 degrees true or a wind
blowing from the north. A value of zero denotes a calm wind. Fig. 5
shows the yearly wind rose of Montreal, where the wind direction dis-
tribution is presented in a percentage form.

In Montreal the prevailing wind direction is variable but coming
mainly from south-west (SW). According to the 10's degree conven-
tion, the SW fetch is characterized by a number between 18 (South)
and 27 (West). In order to obtain the best estimation of wind energy,
all wind directions from the south west fetch will be considered, i.e.
numbers from 18 to 27, and every two steps from other directions i.e.
numbers 1, 3, 5, …, 15 and 18–27, then 29, 31, 33, 35 (Al-Quraan et
al., 2014a, 2014b).

where:
wind speed at Dorval (PET) Airport.

gradient wind speed.
gradient height for open terrain.
power-law exponent for open terrain exposure.

The wind speed upstream of the site of interest ( ) can be esti-
mated by considering urban upstream roughness as follows:

where:
wind speed upstream the site of interest at the same level of the

assumed anemometer above the roof.
gradient height for urban area.

height of the installed anemometer over the building roof.
power-law exponent for urban terrain.

Fig. 4. : Schematic for Wind Energy Potential Estimation by using (a) Computations based on Meteorological Data. (b) Wind Tunnel Modeling Approach.

(2)

(3)
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Fig. 5. : Yearly Wind Rose of Montreal [Wind Direction Distribution in %] (based
on data from 2007 to 2016) (http://www.windfinder.com/windstatistics/
dorval_lake_saint_louis).

By dividing Eqs. (3) and (2), the relation between ( ) and ( )
can be obtained as follows:

The wind speed at a specific position on top of the building roof
can be calculated as follows:

where this ratio can be obtained using wind tunnel tests as follows:

and:

wind speed measured in the wind tunnel at a specific position
above the roof of building X in the model.

wind speed measured in the wind tunnel at the corresponding po-
sition upstream of the site of interest.

In order to find these ratios, physical models for building X and the
surroundings have to be built and tested in the wind tunnel, as shown
schematically in Fig. 4(b).

Using this methodology, a complete local wind rose at a specific
position above the roof can be obtained to be used in the wind energy
estimation as follows:

where:

wind energy above the roof of building X produced in T hours

This is the theoretically estimated value. However Betz's law pro-
vides the maximum energy that can be extracted from the wind. Ac-
cording to this limit, no HAWT can capture more than 16/27 (59.3%)
of the kinetic energy in wind. For VAWT, some recent theoretical re-
search (Lecanu et al., 2016) has shown that active lift turbines can de-
liver power coefficients greater than defined by Betz for classical ver-
tical axis Darrieus type turbines. Practically, wind turbines cannot ex-
tract more than 75–80% of the Betz limit. However, this paper dis-
cusses the estimation of the wind energy potential rather than the ac-
tually extracted energy by the wind turbine(s). Also, in order to study
the variation of the data from their average values, the standard devia-
tion ( ) has been used to implement this effect.

This methodology was tested for two building cases with different
surroundings and upstream terrains, one homogenous, the other non-
homogeneous in Montreal:

• EV building case (rather homogeneous terrain).
• Equiterre building case (nonhomogeneous terrain).

4. Testing the methodology using a rather homogeneous terrain

A case study of wind energy estimation using the wind tunnel has
been applied to the EV building, which is the engineering complex of
Concordia University. The height of the EV building is around 76 m.
Fig. 6 shows the location of the EV building and the surrounding ar-
eas.

In order to compare the calculated wind energy using the field
measurements over the EV building roof and the estimated value us-
ing the proposed methodology, a three-cup anemometer was installed
in one roof corner at a height of 2 m above the roof. The anemometer
was programed to take one measurement every 5 s. The field measure-
ment data were collected from the beginning of August 2013 to the
end of October 2013. The obtained data were used to calculate the to-
tal wind energy for the corresponding period. Fig. 7(a) and (b) show
the monthly average wind speed above the roof of the EV building and
the calculated total wind energy respectively using the field measure-
ment data. The corresponding error bars based on the variability of the
data are also shown in Fig. 7(a) and (b).

One year of wind speed data was obtained from Dorval (PET)
Airport sensor from the beginning of November 2012 to the end
of October 2013 for use in the energy estimation above the roof
of the EV building (http://climate.weather.gc.ca/climateData/
hourlydata_e.html?timeframe=1&Prov=QUE&StationID=5415&hlyRange=1953-01-01|2013-02
14&Year=2012&Month=11&Day=2). The wind tunnel tests in this
case were carried out using the model of the EV building available in
the wind tunnel laboratory of Concordia University. Fig. 8 shows the
EV building model and the surrounding area. Using Eq. (4) and by
considering a power-law exponent ( ) of 0.22 which is applicable in
this case, a correction factor was used to estimate the wind speed in
the upstream of the roof of the EV building at the same height of
the installed anemometer. This correction factor is calculated as fol-
lows:

(4)

(5)

(6)

(7)
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Fig. 6. : 3D Perspective View of the EV Building and the Surrounding Area (https://www.google.ca/maps).

where:

Height of the installed anemometer above the roof of the EV
building (measured
from the ground).

The wind speed upstream the EV building ( ) can then be cal-
culated as:

The ratios of the upstream wind speed to the wind speed above the
roof of the EV building from different directions were measured us-
ing the wind tunnel tests. These ratios - shown in Table 2 - were in-
cluded in the estimation of the wind speed at the same position of the
anemometer by using Eq. (5) to obtain a complete hourly wind rose
for the duration of one year. Then the hourly wind speeds were aver-
aged for each month to be used in energy estimation. Comparisons be-
tween the field measurements of wind speed and corresponding wind
energy and their estimation are shown in Fig. 9(a) and (b) respec-
tively. It can be shown that the error in the wind energy, evaluated by
[(field – estimated)/field]*100%, is less than 5%, as shown in Table 3
which means that this methodology is sufficiently accurate to be used,
at least in the case of homogeneous terrain. Using the estimated wind
speed profile for a duration of one year, the wind energy potential was
evaluated for the corresponding period using Eq. (7). Fig. 10(a) and
(b) show the estimated wind speed and potential wind energy for this
building.

5. Testing the methodology using a nonhomogeneous terrain

In order to generalize the use of this methodology, another case
study was applied to Equiterre building, which is the Center for Sus-
tainable Development, a nonprofit organization whose mission is to
build and operate a certified green building. This demonstration pro-
ject aims to share space and resources with other social and envi-
ronmental organizations and provide citizens, businesses and govern-
ments with information on sustainable development in Canada. Eq-
uiterre building is 23 m high and it is surrounded by three high-rise
buildings, as shown in Fig. 11. These buildings are:

• Hydro-Quebec building which is 113 m tall.
• Complex Desjardins, which consists of two separate buildings:

1. Building 1 which is 123 m tall.
2. Building 2 which is 100 m tall.

The Equiterre building is around 20 km North-East from Dorval
(PET) Airport.

A three-cup anemometer was installed in one corner above the roof
of the Equiterre building, identical to the one on the roof of the EV
building and with the same settings. The field measurement data -
magnitude of the wind speed only - were collected for a 3-month pe-
riod: November 1, 2012 to January 31, 2013. These field data were
used for wind energy calculations. Fig. 12(a) and (b) show the average
wind speed and the total wind energy above the roof of the Equiterre
building. These data were significantly reduced in comparison to those
obtained from the EV building - see Fig. 7 - but this was expected due
to the lower height and the sheltering of the Equiterre building.

For the corresponding period of the field measurement data, the
wind speed and the wind energy were also estimated using the same
methodology. Using Eq. (4) again and by considering the fourth cat-
egory in Table 1, which is applicable to this case, a correction fac-
tor of , evaluated as in the case of the homogeneous terrain, was
used to estimate the wind speed upstream of the building at the same

(8)

(9)
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Fig. 7. : Field Measurement Data above the Roof of EV Building with the Correspond-
ing Error Bars. (a) Average Wind Speed. (b) Total Wind Energy Potential per Unit Area.

height with the installed anemometer above the roof of Equiterre
building:

where:

wind speed upstream the building at the same height of the in-
stalled anemometer over Equiterre building.

In order to estimate the wind speed above this building, wind tun-
nel measurements were again carried out to find the ratio between the
wind speed upstream to the wind speed above the roof of the Equiterre
building. For this purpose a complete model of the Equiterre Building
and the surroundings was built to a scale of 1:400 and tested in the
wind tunnel, as shown in Fig. 13. The simulated wind flow in the wind
tunnel was used to evaluate the ratios from several wind directions as
in the case of the homogeneous terrain. Table 4, similarly with Table
2, shows the wind directions and their corresponding ratios. It can be
shown from Table 4 that there is a significant variation in the ratios
of the Equiterre building case. This is due to the inhomogeneity in the
surrounded buildings, as previously discussed.

Fig. 8. : EV Building model with surroundings above the turntable in the wind tunnel
(Direction of the wind is South-West).

Table 2
Wind directions in the Wind Tunnel Tests and Corresponding Ratios for EV Building
(Eq. (6)).

Direction Ratio Direction Ratio

1 0.98 21 1.06
3 0.95 22 0.99
5 0.98 23 0.94
7 1.07 24 0.91
9 1.10 25 1.01
11 1.13 26 1.06
13 0.93 27 1.17
15 1.06 29 1.02
18 0.96 31 1.09
19 1.11 33 0.98
20 1.02 35 0.93

If is the wind speed profile for one year estimated above the
roof of Equiterre building, then:

As in the previously discussed rather homogeneous terrain case, a
complete hourly wind speed profile for one year was obtained. Then
the wind speeds were averaged for each month to be used for power
and energy estimation. A comparison between the estimated wind
speeds and estimated wind energy with the field measurement values
are shown in Fig. 14(a) and (b), as in the previous case.

The obtained results show that the error between the wind energy
field measurement and the estimation using the wind tunnel is less
than 20%, as shown in Table 5, which means that this method can be
used in the case of nonhomogeneous upstream terrain but for initial
stages of potential wind energy estimation only. Using the estimated
wind speeds for a duration of one year, the potential wind energy was
evaluated for the corresponding period using Eq. (7), as in the previ-
ous case. Fig. 15(a) and (b) show the estimated monthly average wind
speed and total energy for the Equiterre building case.

(10)

(11)
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Fig. 9. : Field Measurement Data and Estimated Values above the Roof of EV Building
with the Corresponding Error Bars. (a) Average Wind Speed. (b) Total Wind Energy
Potential per Unit Area.

Table 3
Error in the Estimation of Potential Wind Energy at the Roof of EV Building – found
by Comparison with Full Scale Results.

Month Error (%)

August 2013 4.8
September 2013 3.8
October 2013 3.0

6. Conclusion and recommendations

This paper compares wind tunnel results with corresponding field
measurement wind data in order to examine the validity of wind tun-
nel in providing realistic estimates of urban wind energy potential
and assess the probable errors involved in the process. Two build-
ing case studies in Montreal were discussed in this paper. In the case
of rather homogeneous terrain, the results show high correlation be-
tween the estimation of the wind energy using the wind tunnel ap-
proach and the calculation based on field measurements above the
roof of a building. In the second case, where the terrain is highly non

Fig. 10. : Estimated Values above the Roof of EV Building for a One-Year Duration
with the Corresponding Error Bars. (a) Average Wind Speed. (b) Total Wind Energy
Potential per Unit Area.

homogeneous, the discrepancy is higher but may still be acceptable for
purposes of initial evaluation.

In general, the accuracy of the wind tunnel approach depends on
the complexity of the upstream terrain. The error of estimating poten-
tial wind energy varies from 5% to 20%. This approach is very use-
ful to estimate the wind potential before a building is built or before
a wind turbine installation takes place, so that a decision can be made
on the type of renewable energy power generation to be used.

Further research would be desirable to examine different wind cli-
mates and the effect of turbulence intensity, the high values of which
in the urban environment is presently a deterrent for the utilization
of urban wind energy. Any means to reduce the turbulence intensity
by streamlining the oncoming wind flow prior to interacting with the
wind energy generator deserve further study and investigation.
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Fig. 11. : 3D Perspective View of Equiterre Building and the Surrounding Area (https://www.google.ca/maps).
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Fig. 12. : Field Measurement Data above the Roof of Equiterre Building and the Corre-
sponding Error Bars. (a) Average Wind Speed. (b) Total Wind Energy per Unit Area.
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Fig. 13. : Equiterre Building Model: (a) with Surrounding Buildings. (b) Rooftop Location of 3-Cup Anemometer.

Table 4
Wind Directions in the Wind Tunnel Tests and Corresponding Ratios for Equiterre
Building (Eq. (6)).

Direction Ratio Direction Ratio

1 0.98 21 0.46
3 0.95 22 0.49
5 0.98 23 0.54
7 1.07 24 0.91
9 1.10 25 1.00
11 1.00 26 1.10
13 0.56 27 0.93
15 0.20 29 1.00
18 0.36 31 1.10
19 0.45 33 0.98
20 0.50 35 0.93
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Fig. 14. : Field Measurement Data and Estimated Values above the Roof of Equiterre
Building with the Corresponding Error Bars. (a) Average Wind Speed. (b) Total Wind
Energy Potential per Unit Area.

Table 5
Error in the Estimation of Potential Wind Energy at the Roof of Equiterre Building –
found by Comparison with Full Scale Results.

Month Error (%)

August 2013 19.9
September 2013 17.8
October 2013 17.9
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