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ABSTRACT

Wind flow in urban environments could be seen as a potential source of energy. This form of energy could be exploited by means of micro wind turbines placed along the existing infrastructures. To test this, an outdoor campaign was organised, which recorded the wind characteristics at different locations around a highway noise barrier in Delft, the Netherlands. The real-time data set was validated with a two-dimensional Computational Fluid Dynamics study. Both the influence of the high turbulence and the inflow angle on the positioning of the micro wind turbines are assessed for the case of perpendicular flow towards the plane of the noise barrier. Results indicated that integrating micro wind turbines with the noise barriers proves advantageous due to the flow velocity increment downstream. Lastly, a noise assessment was conducted in order to determine the optimal spacing between micro wind turbines, which impacts its social acceptance. 

 Keywords: CFD, noise assessment, noise barrier, urban environment, wind turbines 1  INTRODUCTION

The impetus to sustainability and advances in technology has shown a constant development in renewable methods for generating energy [1]. Wind energy is an inexhaustible form of energy that is already being harnessed on a large scale, both offshore and onshore [2]. Additionally, high concentrations of wind flow in urban environments could be seen as a potential form of energy [3]. Studies indicate that this unrealised form of energy could be exploited by means of micro wind turbines (MWTs) mounted on existing infrastructures, i.e. the noise barriers framework, from hereon referred to as NB. Results indicate that the NB structures lead to an increase in wind speed downstream and thus provide a viable position for the MWTs [4]. Integrating MWTs into the existing infrastructures could also reduce the overall costs involved in setting up the turbine, and provide power for local applications like street lighting and electrical vehicle charging in the future. This study investigates the integration of MWTs in the urban framework. 

More specifically, a wind site assessment study for wind turbine application is presented. 

Accurate measuring techniques to measure turbulent wind characteristics for wind harvest-ing in urban environments have only recently been developed and experimented upon [4]. 

Insights into the possible applications of MWTs in an urban environment demand a site-specific study, which was achievable through an outdoor measurement campaign. The assessment was further enhanced by combining the measurements with Computational Fluid Dynamics (CFD) simulations to allow the representation of the flow around the NB. A significant concern is that the turbulent nature and the inflow angle of the wind will negatively affect the efficiency of the turbine, and thereby affecting the turbine’s overall performance [5]. 

The operation of micro wind turbines at a community level requires standardisation and social acceptance. NBs have been positioned in order to reduce noise levels near residential areas caused by vehicles and other disturbances along highways [6]. The level of noise produced by wind turbines is a contentious issue and could potentially lead to opposition from local communities. 
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2  METHODOLOGY

The following section presents the description of the test-setup for the outdoor experimental campaign. Also, a detailed description of the CFD methodology and the empirical calculations for the reference wind turbine’s performance are reported in this section. 

2.1  Campaign Site

An outdoor measurement campaign was conducted at the intersection of the provincial road N470 and the A13 highway in Delft, the Netherlands. The test-setup was positioned on an elevated part, next to the 5.20 m tall NB assemblage, which is located 10 m away from the asphalt of the road. Eight WindMaster Pro anemometers (WM) [8] were used for the measurements, which were distributed over three poles and installed at different heights. The test-setup and a section cut are shown in Fig. 1. 

The anemometers record three-dimensional wind speed data (x-, y- and z-directions) and can measure wind velocities up to 65 m/s [8]. Based on the readings, the wind direction in the horizontal plane  (γ +ψ ) and the vertical inflow angle can be defined as shown in Fig. 2. 

The yaw angle (ψ ) is then defined as the difference between the mean wind direction for the two hour data set (γ ) and the present wind direction (γ +ψ ). 

Figure 1:  Aerial image of the test-setup (left) and the section cut indicating the measurements (right). 

Figure 2:  Coordinate system with velocity vector ( U ) and relevant angles. 
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The data acquired by the anemometers was collected at a sampling frequency of 4 Hz over a time interval of two hours. A 3-sigma outlier removal method was used such that every data point outside the range  U±3σ was deleted, with  U and σ being the mean and standard devia-tion of each data set, respectively. For the wind turbine performance analysis, the velocity component of interest is  U . For every anemometer, the  U ,  U  and  U  component were xy

 x

 y

 z

recorded and therefore the  U  velocity component, yaw angle and the turbulence intensity xy

was calculated using a 10 minutes sampling period. The turbulence intensity was calculated using the  xyz velocity vectors. 

2.2  CFD Model

The numerical flow is governed by the continuity and the Navier-Stokes (in the form of momentum conservation) equations (see eqn. (1) and eqn. (2)). A k-ω SST (shear stress trans-port) was used as a turbulence model. Preliminary investigations have shown that the model is suitable for cases involving adverse pressure gradients [9]. 
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The computational domain used for the numerical study is shown in Fig. 3. The domain is discretised using a structured mesh. Bi-geometric bunching law is applied to achieve a finer mesh near the NB geometry, and gradually coarsening as it moves further upstream and further downstream. 

The convergence towards a unique numerical solution is heavily dependent on the implementation of correct boundary conditions suited to the real geometry being modelled. Velocity inlet and pressure outlet boundaries are defined to simulate the far-field flow conditions, as shown in Fig. 3. A quadratic velocity profile is described, which is obtained through the real measurements of the anemometers placed upstream of the NB. This allows a realistic flow Figure 3: Flow domain designed within ANSYS® ICEM with associated boundary conditions. 
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Set 1

Pole 1

WM7

WM9

WM8

Set 2

Pole 2

WM1

-

WM6

Pole 3

WM10

WM4

WM5

Table 2: Boundary conditions and values of the flow domain in the CFD model. 

Boundary

Type

Condition

 yz

Velocity Inlet

V= U (y)

 x=0

 x=0

I=30.67%

 yz

Pressure Outlet

P=101325 Pa

 x=60

I=24.98%

 xz

Pressure Outlet

P=101325 Pa

 y=30

I=24.98%

Surfaces

Wall

V=0

All xy-planes

Symmetry

w.r.t. boundary

Table 3: Mass flux distribution for the numerical solution. 

Boundary

 xz

 yz

 yz

Sum

 y=30

 x=0

 x=60

Mass Flux [kg/s]

-67.657

142.497

-74.839

1.0

field initialisation and improves the solution approximation of the flow downstream, which is of primary interest. The turbulence intensity (I) is set to the average turbulence intensity for Set 1 & 2, which is obtained from the real measurements. The sets and their respective anemometers can be found in Table 1. As the model generated is represented by a two-dimensional profile, the side wall boundary conditions are described by symmetry within a unit distance of one another. 

The solutions of momentum, turbulent kinetic energy and specific dissipation rate were second order accurate based on upwind differential scheme. The boundary conditions used for the CFD model are displayed in Table 2. 

In order to verify the completeness of the CFD solution, the mass flux of the system is calculated. Table 3 indicates the sum of the mass flux within the system. It is notable that there is 1 kg/s of mass flow that is unaccounted for in the residuals. This is close to negligible compared to the entire mass flow of the system which indicates substantial verification of the system when consideration is placed on the relative value. Therefore, the solution is verified. 

2.3  Reference Turbine

The reference turbine used for the analysis is a 1 kW MWT designed by FuturEnergy with a cut-in wind speed of 3 m/s. For the reference case, the power-velocity curve given by the manufacturer is used to compare with the deduced performance under outdoor conditions. 

The power output of the wind turbine is given by eqn. (3). The power generated by a wind turbine ( P ) is dependent on the power coefficient of the wind turbine ( C ρ ), the air density (ρ), the area of the rotor ( A  ) and the free stream velocity ( U ) [10, 11]. 
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Note that for a yawed flow, the maximum power is proportional to cos3 (ψ ). The yaw angle has therefore a direct influence on the power generated [5, 12]. 

2.4  Sound Assessment

Integrating MWTs along highway NBs introduces a new source of sound, which may emit intolerable sound levels into the nearby community. Therefore an optimal spacing has to be determined to ensure that the MWTs do not exceed the allowable 41 dB sound level. Apart from the horizontal wind velocity, the sound level at the nearest facade also depends on the spacing ( b) between the MWTs on the NB as well as its distance ( d) to the nearest facade, as illustrated in Fig. 4. Note that every MWT will be treated as an individual sound source. A relation between the sound power produced and the maximum wind velocity was found by fitting data provided by FuturEnergy, whom have performed a noise assessment on their product [13]. This relation is given by eqn. (4), which gives the maximum sound power ( P  ) in microwatt as function of the maximum wind velocity SW

( V

). 
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It is necessary to take both the sound produced by the highway traffic as well as the sound produced by the MWTs into account. The NB influences the propagation of the sound waves emitted by the highway. Explaining the working principles of a NB in depth, however, goes beyond the scope of this report. The NB lowers the sound level by a certain number (which is typically in the range of 10–40 dB [6, 14]). This number is dependent on the material trans-mission loss factor. By reducing the sound level, the NB effectively lowers the highway noise power which in turn reduces the noise level at the houses. For calculations a sound level of 53.5 dB was assumed [6, 15], this is at a distance of 10 m from the highway and includes the loss due to the NB. 

Wind gusts will only give a temporary high horizontal wind velocity, therefore a 3-sigma confidence interval was used such that the maximum horizontal wind velocity that has to be taken into account is  V

=  U+3σ With the assumption of a spherical sound distribu-max

tion, using an infinite series (eqn. (5)) to calculate the contribution of each individual MWT at a point location (Fig. 4), the total sound intensity at the facade is calculated, as stated in eqn. (6). 

Figure 4: Spacing between the MWTs (b) and the distance of the NB to the nearest facade (d). 
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3  RESULTS

This section initially introduces the mean flow properties after which the CFD model is validated. Using the results, the annual energy production for the reference turbine placed at every anemometer location height in the test-setup was calculated. Finally, results pertaining to the noise assessment and economic impact are described. 

3.1  Mean Flow Properties

Table 4 shows the position, mean wind direction (MWD), loss due to yaw, turbulence intensity (I), mean value of the horizontal velocity component ( U ) and the mean value of the velocity xy

component in the z-direction ( U  ) for each anemometer. By comparing the average loss factor z

due to yaw angle at different heights, it can be concluded that at a height of approximately 6 

m, the loss factor is lower behind the NB compared to the free stream. As the height increases, the loss factor behind the NB decreases, while the loss factor of the pole in the free stream (pole 1) increases. The average turbulence intensity values before and after the NB are 31% 

and 24%, respectively. The higher turbulence intensity before the NB could be due to traffic passing by. Furthermore, it can be observed that  U  decreases with increasing height in the xy

free stream, while for the poles behind the NB, it increases with increasing height. Conversely, the  U  velocity component increases with height in the free stream, but decreases with height z

after the NB. Finally, a noteworthy feature result can be observed for WM10, where the mean wind direction is equal to 1.32°. This appears to be the result of the sample angles being placed almost perfectly symmetrical around 0°. This can also be concluded from the fact that its yaw loss factor is smaller than the others. 

Table 4: Mean flow properties recorded for different anemometers. 

Anemometer (Pole #)

MWD [deg] Yaw loss [-]

I [%]  U  [m/s]

 U  [m/s]

 xy

 z

WM 8 (1)

-12.81

0.82

34

3.50

0.33

WM 9 (1)

-20.80

0.90

28

4.16

0.45

WM 7 (1)

-13.00

0.88

30

3.86

0.55

WM 1 (2)

-23.75

0.78

28

3.97

1.57

WM 6 (2)

-22.45

0.92

25

5.02

0.92

WM 10 (3)

1.32

0.75

24

4.08

1.70

WM 4 (3)

-18.74

0.86

24

4.41

1.13

WM 5 (3)

-15.50

0.90

23

4.73

0.87
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3.2  CFD Analysis Results

The solution to the CFD model was considered converged after residuals fell below the order of 10–5 which provides significant accuracy regarding the discretisation, iteration and round off error in the numerical model. Figure 5 shows that the locations where the anemometers are located are not in the highest magnitude of flow potential. 

Comparison of the velocity profiles before and after the NB in Fig. 6a lead to two observa-tions. Firstly, the velocity magnitude before the NB drops closely to zero at collision with the NB. Secondly, the velocity magnitude at Set 2 shows significant increase, predominantly at a greater height. 

Figure 5:  Velocity magnitude contours plotted using ANSYS® Fluent showing anemometer sets. The right-most red color of the legend represents the greatest magnitude in velocity and the left-most blue color, the lowest. 

Figure 6: Wind velocity analyses on the CFD model from the velocity contours in Fig. 5. The crosses (×) depict the anemometer locations. 

[image: Image 8]
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Physical [m/s]

Model error [%]

Location

Model [m/s]

Pole 2

Pole 3

Pole 2

Pole 3

WM5/WM6

5.182

5.06

4.77

2.35

7.95

WM4

4.893

-

4.43

-

9.46

WM10/WM1

4.167

3.98

4.10

4.49

1.61

3.2.1  Validation of CFD Model

Values deduced from CFD are compared to the values of Set 2 of the anemometers providing an estimation of the model uncertainty. Table 5 shows that the model errors fall below 10%, wherein, the largest error occurs for WM4 at pole 3 (9.46%). 

With the limited amount of data points available in the data sets, the level of model error is considered reasonable. 

3.3  Potential Annual Energy Production (AEP)

As discussed in subsection 3.1, Table 4 displays the yaw loss for every anemometer. To obtain a power curve for every anemometer that takes into account the yaw loss, the power curve provided by the manufacturer (theoretical ceiling) [11] has to be multiplied with the yaw loss. 

This results into a comparison power curve for every location. The one for WM6 is given in Fig. 7. Using the method of moments, a Weibull distribution for the different anemometers was plotted to obtain a probability density function [16, 17]. 

Multiplying each Weibull distribution with the corresponding power curve under yaw conditions results in a graph, which upon integration gives the expected power output. From this value, the AEP can be obtained in kWh. Note that this annual energy estimation is still theoretical as it does not take turbulence intensity into account. If the turbulence intensity is higher than 21% on a ten minute interval, the theoretical power will be increased by 4% [18]. From subsection 3.1, it can be seen that the turbulence intensity is higher than 21% at every location, and therefore an increase in power of 4% has to be taken into account when estimating the real AEP. 

Figure 7: Power produced as a function of wind speed for the position of WM6. 
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Table 6: Theoretical AEP for different anemometers. 

Windmaster

WM1

WM4

WM5

WM6

WM7

WM8

WM9

WM10

Energy [kWh]

450.2

650.1

827.4

1024.1

458.9

339.2

588.3

454.2

The final AEP for every anemometer location has been displayed at Table 6. It can be deduced that the produced power decreases with height for the free stream pole (pole 1). For the two poles behind the NB however, the power generated increases with increasing height. 

From Table 6, it can be deduced that the maximum power output occurs at the position where WM6 is located. However, from Fig. 5, it can be seen that WM6 is not the place where a maximum wind velocity occurs. A maximum wind velocity of 6.2 m/s can be obtained 22 m behind the noise barrier. Using this mean velocity, a resulting AEP of 1553.1 kWh was found. 

3.4  Socio-Economic Impact

The socio-economic impact will first give the effects on the sound level due to the MWTs. 

Not only the sound level is an important concern, but also the feasibility of the implementation of MWTs. Therefore, the economic perspective of integrating MWTs in the urban framework will be considered. 

3.4.1  Sound Assessment

From subsection 2.4, a horizontal wind velocity of 9.25 m/s was found for WM6. Using eqn. (4), this results in a turbine sound power of 0.0625 mW. Furthermore, the sound power of the highway can be calculated to be 0.2813 mW. The total intensity can then be calculated by adding the sound intensity due to the MWT ( I  ) and the sound intensity due to the W

highway ( I  ). Given a horizontal wind velocity of 9.25 m/s, a contour plot of the sound H

level based on the spacing of the wind turbines and the distance to the NB can be produced. 

The contour plot is shown in Fig. 8. 

For the test location in Delft, the distance to the nearest facade is 40 m. This results in a minimal spacing of 100 m to stay under the noise level limit. If the spacing is lower than this minimal spacing, the allowed noise level is surpassed. 

Figure 8:  Contour plot providing sound levels, levels of interest (47 dB (left) and 41 dB 

(right)) are accentuated. Sound levels are in function of the spacing b and the distance d. 

[image: Image 10]
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3.4.2  Economic Impact

In order to make the installation of MWTs an economically viable plan, it needs to be con-firmed that the power produced by these micro wind turbines generates sufficient income to amortise the purchase and maintenance costs of the MWTs. To visualise the economic bene-fit of the MWTs, Fig. 9 shows the operating income of the MWTs as a function of time. Note that this is calculated for the best-case scenario, where the MWTs are placed at a region of maximum velocity obtained from the CFD model, being 6.2 m/s, at a distance of 22 m from the noise barrier (see Fig. 5). 

The assumption is made that the energy produced can be directly used, saving the costs of buying electricity at the price of 0.18190 EUR/kWh, while estimated electricity network costs (to put electricity on the net) are 0.061 EUR/kWh [19]. The FuturEnergy 1 kW MWT 

currently costs 1200 GBP (circa 1428 EUR at present). According to article 3.14 of the Dutch civil code for environment, all forms of wind energy devices need a performance and maintenance check at least once a year [7]. Thus, after this initial purchase cost, about every three years a total maintenance cost of 150 GBP (circa 178 EUR) can be expected [20]. Within the range of ten years, the inverter of a MWT also needs replacement, which has a cost estimated to be 750 GBP (circa 893 EUR). At the end of its lifespan, about 20 years, the MWTs have to be replaced [21]. It can be seen that the turbine starts to generate a net revenue after 17 years. 

Note that the costs are taken very conservatively. 

4  CONCLUSION

From the analysis of the data set, it can be concluded that the best position for placing a micro wind turbine (MWT) is at a height of 10 m downstream of the noise barrier (NB), which corresponds to WindMaster 6. At this position, the annual energy production (AEP) of the MWT is estimated to be 1024.08 kWh. However, further downstream of the NB assemblage a region of even greater flow potential is obtained. This is done using the validated Computational Fluid Dynamics (CFD) model. The AEP at this position will then be 1553.1 kWh. It is therefore apparent that the optimal position for placing a MWT will be within this region. 

As NBs are primarily designed to reduce the noise emitted by highway traffic, adding another source of sound (the MWT) on top of the NBs is not beneficial. Using data provided by the manufacturer and the data set obtained from the measurements, a minimum spacing of 
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100 m between two MWTs was found to ensure that the legal sound limit of 41 dB will not be surpassed at the nearest house. Regarding economic sustainability, the current estimations for power output at the optimal location according to the CFD model outweigh the cost estimates for the turbine upkeep and maintenance cost provided by the manufacturer after 17 

years. Note that these costs are taken conservatively. The wind turbine would generate revenue sooner, especially when MWTs are deployed on a large scale. Ultimately, this report has demonstrated that the flow over a NB increases its velocity, which in turn increases the power output of a MWT placed behind it. The research has shown that the implementation of MWTs in an urban environment is a feasible future energy solution. 

5  RECOMMENDATIONS

With the goal to further improve on this research, a few additions that were considered to be added to this article will be listed in this section. These considerations were beyond the scope of the original question answered and could therefore lead to potential topics for further research. 

The effect of the vertical inflow angle on the MWT’s performance was ignored. The vertical inflow angle and the wind directivity will realistically cause a fluctuation in the energy output of the MWT; the significance of the performance fluctuation could be investigated by using a 3D CFD model over the currently used 2D CFD model. 

Furthermore, the cost analysis performed in this study was executed using conservative values for maintenance and inverter replacements. One could consider doing an experiment in which a MWT is placed in similar conditions and record the costs that are required for one MWT in operating conditions throughout one year. A detailed cost assessment of various aspects involved would give a better view on the economical viability. 

Finally, in this study, only two hours of measurements were taken due to facility limita-tions. By using longer measurements throughout the year, it is possible to include measurements through all weather conditions. Generating an annual energy production based on data recorded over the span of an entire year, would allow for better insight into the effectiveness and feasibility of MWTs in an urban environment. 
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WIND ASSESSMENT FOR MICRO WIND
TURBINES IN AN URBAN ENVIRONMENT

SIMON VAN OVEREEM, LOUIS ALEN, YAIR BROUWER, ANDRE D. VAN DAM, GLENN M. VAN
DEKKEN, GEOFFREY H. GARRETT, SVEN GEBOERS, JELLE A. W. POLAND, HARRY W. S
ALDRIDGE, VINIT V. DIGHE & NIKOLAOS CHRYSOCHOIDIS-ANTSOS
Delft University of Technology, The Netherlands.

ABSTRACT

Wind flow in urban environments could be seen as a potential source of energy. This form of energy
could be exploited by means of micro wind turbines placed along the existing infrastructures. To test
this, an outdoor campaign was organised, which recorded the wind characteristics at different locations
around a highway noise barrier in Delft, the Netherlands. The real-time data set was validated with a
two-dimensional Computational Fluid Dynamics study. Both the influence of the high turbulence and
the inflow angle on the positioning of the micro wind turbines are assessed for the case of perpendicular
flow towards the plane of the noise barrier. Results indicated that integrating micro wind turbines with
the noise barriers proves advantageous due to the flow velocity increment downstream. Lastly, a noise
assessment was conducted in order to determine the optimal spacing between micro wind turbines,
which impacts its social acceptance.

Keywords: CFD, noise assessment, noise barrier, urban environment, wind turbines

1 INTRODUCTION

The impetus to sustainability and advances in technology has shown a constant development in
renewable methods for generating energy [1]. Wind energy is an inexhaustible form of energy
that is already being harnessed on a large scale, both offshore and onshore [2]. Additionally,
high concentrations of wind flow in urban environments could be seen as a potential form of
energy [3]. Studies indicate that this unrealised form of energy could be exploited by means of
micro wind turbines (MWTs) mounted on existing infrastructures, i.e. the noise barriers frame-
work, from hereon referred to as NB. Results indicate that the NB structures lead to an increase
in wind speed downstream and thus provide a viable position for the MWTs [4]. Integrating
MWTs into the existing infrastructures could also reduce the overall costs involved in setting up
the turbine, and provide power for local applications like street lighting and electrical vehicle
charging in the future. This study investigates the integration of MWTs in the urban framework.
More specifically, a wind site assessment study for wind turbine application is presented.

Accurate measuring techniques to measure turbulent wind characteristics for wind harvest-
ing in urban environments have only recently been developed and experimented upon [4].
Insights into the possible applications of MWTs in an urban environment demand a site-
specific study, which was achievable through an outdoor measurement campaign. The assess-
ment was further enhanced by combining the measurements with Computational Fluid
Dynamics (CFD) simulations to allow the representation of the flow around the NB. A signif-
icant concern is that the turbulent nature and the inflow angle of the wind will negatively affect
the efficiency of the turbine, and thereby affecting the turbine’s overall performance [5].

The operation of micro wind turbines at a community level requires standardisation and social
acceptance. NBs have been positioned in order to reduce noise levels near residential areas caused
by vehicles and other disturbances along highways [6]. The level of noise produced by wind tur-
bines is a contentious issue and could potentially lead to opposition from local communities.

©2017 WIT Press, www.witpress.com
ISSN: 2056-3272 (paper format), ISSN: 2056-3280 (online), hitp://www.witpress.com/journals
DOL: 10.2495/EQ-V2-N4-327-338
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(b) Velocity profile upstream of the NB at an x-
coordinate of 135 m depicting a location of
greater wind velocities than that of the loca-
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