
This is a repository copy of A Method for Estimating the Potential Power Available to 
Building Mounted Wind Turbines within Turbulent Urban Air Flows.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/156109/

Version: Accepted Version

Article:

Emejeamara, F and Tomlin, AS orcid.org/0000-0001-6621-9492 (2020) A Method for 
Estimating the Potential Power Available to Building Mounted Wind Turbines within 
Turbulent Urban Air Flows. Renewable Energy, 153. pp. 787-800. ISSN 0960-1481 

https://doi.org/10.1016/j.renene.2020.01.123

©2020 Published by Elsevier Ltd. Licensed under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International License 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs 
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long 
as you credit the authors, but you can’t change the article in any way or use it commercially. More 
information and the full terms of the licence here: https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 



A Method for Estimating the Potential Power Available to Building Mounted Wind Turbines 
within Turbulent Urban Air Flows 

F. C. Emejeamara, A.S. Tomlin* 

Low Carbon Energy Research Group, SCAPE, University of Leeds, Leeds, LS2 9JT, UK 

 

Abstract  
Small-scale wind energy applications have shown great promise in terms of their potential 

contribution to transitions to low carbon economies. However, the energy generation potential of such 

turbines within built environments has not yet been fully utilised due to the complexity of turbulent 

urban winds, and the challenges this creates in developing effective scoping tools for viability 

assessments. Effective scoping tools for turbine systems across sites within built environments require 

an estimation of power generated by the turbine under turbulent conditions, in addition to more 

commonly applied assessments based on mean wind speeds. A new methodology is therefore 

presented here for predicting the power generated by a turbine system operating within an urban wind 

resource. It was developed by employing high temporal resolution wind measurements from eight 

potential turbine sites within urban/suburban environments as inputs to a vertical axis wind turbine 2-

D double multiple streamtube model. A relationship between turbulence intensity and the unsteady 

performance coefficient obtained from the turbine model was demonstrated. Hence, an analytical 

methodology for estimating the unsteady power coefficient at a potential turbine site is proposed. This 

analytical methodology was combined with an excess energy estimation model to develop a turbine 

power estimation (TPE) model which is used in predicting the turbine power within urban canopies. 

Finally, the effect of turbine control response times on the unsteady power coefficient and the turbine 

power estimation model was assessed. Estimates of turbine performance based on the present 

methodology allow a more comprehensive assessment of potential urban wind projects. 

Keywords: Small-scale wind turbines; Wind power; Urban wind energy; Turbulence intensity; 

Excess energy content 
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1.0 Introduction 
 

As global energy demands continue to grow, especially in urban areas, renewable energy sources such 

as solar, wind, etc., must be encouraged to share this energy burden [1, 2]. With the global energy 

demand in 2010 being expected to increase by 30% by 2040 [3], small wind systems are expected to 

serve as vital Renewable Energy Sources (RES) that are likely to represent significant portion of the 

energy generation mix in many power systems around the world [4, 5]. The wind resource within a 

built environment is characterised by highly turbulent, fluctuating winds due to enhanced local 

roughness, thus making it challenging to extract wind energy within such environments [6]. Siting of 

urban wind systems requires detailed planning and design to be able to take maximum advantage of 

the urban wind within a built environment. Various studies have highlighted the improvements in 

wind turbine output in the last 2-3 decades [7, 8]. Hence, advances in structural dynamics, 

aerodynamics, micrometeorology, noise level, etc., have encouraged the integration of wind systems 

within urban architectural designs and planning, thus suggesting the important role small wind 

systems will likely play in the holistic and comprehensive design of smart-city energy mix models [3, 

9-11].  There are several economic and environmental benefits that arise from the integration of 

micro-wind systems within a suburban/urban area. To achieve this, an effective scoping tool is 

required to efficiently harness the available additional energy within turbulent winds, thereby 

reducing generation load and transmission infrastructure as well as the impact of factors such as 

variability, unpredictability and complexities of urban wind resource on power generation within the 

built environment [4, 5]. 

Although wind energy applications within built environments have displayed some distinct benefits, 

they are faced with many challenges. The complicated nature of the urban wind resource and the 

inability to accurately predict the potential energy generation within a built environment may lead to 

reduced markets as well as yields from small-scale wind technologies installed within suburban/urban 

areas.  However, more accurate estimations of the potential annual energy generated by small-scale 

wind technologies may improve confidence within the market, potentially increasing wind power 

penetration into the electricity grid and assisting in electricity trading [12].  Increased integration of 

wind energy into the power grid may lead to significant social, environmental, technical and 

economic impacts.  

Several studies have indicated that turbine systems operating within urban environments are subject to 

high levels of turbulence, and thus can underperform when compared to comparable turbine systems 

operating in less turbulent environments [13, 14]. Due to the high cost of field testing and data 



collection, a common approach to assessing the potential for power generation from wind turbines at a 

particular site is the use of power curves that have been obtained under controlled conditions, which 

may not perfectly reflect the conditions at the proposed site [12-19]. As a result of several 

investigations, it is broadly acknowledged that the power curve of a given wind turbine system is 

influenced by several meteorological and topographical factors like wind shear, turbulence and 

inclined airflow, etc. [20, 21]. Notable discrepancies are often observed between small-scale wind 

turbine performances ose obtained through site 

specific measurements [22, 23]. A major shortcoming in most wind power assessment studies is that 

the wind measurements used in the development of these power curves may not fully represent the 

complex, fluctuating urban wind resource thus making most power curves site dependent [24]. Hence, 

uncertainties may arise from assumptions based on local atmospheric conditions while developing 

these turbine power curves. These uncertainties may lead to under or over-prediction of the turbine 

power output should generic power curves be applied within built environments. This, in turn, may 

have significant implications on the viability of urban wind projects and the wind turbine market at 

large.  

within the urban wind will be 

subject to the response characteristics of the specific system. A few recent studies, including those of 

McIntosh et al [25], Kooiman and Tullis [26] and Nguyen and Metzger [27], have highlighted the 

importance of turbine response time and its influence on energy capture within a built environment. 

However, to date there are no general methodologies that allow for the influence of turbulence 

characteristics and turbine response times on power production to be taken into account for sites 

across suburban/urban areas. The present work therefore attempts to fill this gap by proposing a 

methodology for estimating the power capabilities of small-scale wind turbine systems within a built-

up area while considering the influence of local turbulence and turbine response time. A new turbine 

performance parameter (the turbulence induced performance coefficient) will be developed which 

aims to assess the performance of a turbine system while taking into account the effects of turbulence 

and the excess energy available at short time-scales for a potential turbine site. Field data from eight 

suburban/urban sites with differing characteristics will be used to develop an analytical model for 

predicting turbulence induced performance across different levels of turbulence intensity using a 

double multiple streamtube model. The influence of turbine response time on power production will 

then be investigated.  

The paper is structured as follows. Section 2 briefly introduces the wind data employed. A brief 

description of the excess energy estimation model as well as a simple description of the 2-D double 

multiple streamtube model employed within this study are also presented in Section 2. A new model 

known as the turbine power estimation model (TPE), which comprises the excess energy coefficient 

( ) model and the unsteady turbine performance coefficient, is presented in Section 3.1. This 



model takes into account local turbulence effects and the excess energy available through turbine 

controls in response to turbulent fluctuations within a given suburban/urban environment. Section 3.2 

considers the effect of response time on the unsteady turbine performance coefficient and turbine 

power estimation model. Finally, the main conclusions are presented in Section 4. 

 

2.0 Methodology and Data Processing 

2.1 Site description and Instrumentation 
Based on the availability of suitable urban data sets as discussed in Ref [28], eight high-resolution 

wind datasets acquired  from five different cities namely Leeds, Manchester, London, Dublin and 

Helsinki were employed in this work. Brief descriptions of these wind measurement sites are provided 

in Table 1 below.  Detailed description of the sites are published in Ref [28]. 

 

2.2 Scope of data collected and analysis 
The urban/suburban wind data employed within this study were obtained from eight sites described 

earlier between the years 2008 and 2011, with a year-long dataset for each site selected for analysis in 

this paper. For the purpose of the current analysis, these urban/suburban sites are considered as 

potential turbine sites based on evaluation of their mean wind speeds. Due to the unavailability of data 

across the chosen period (2008-2011), the datasets selected are not entirely overlapping but this does 

not compromise the analysis carried out in this paper. The horizontal wind components,  (x-

direction) and  (y-direction) were used in calculating the longitudinal free-stream wind speed ( ) 

and wind direction upstream of the rotor ( ) and are given as [28]: 

           (1) 

 

        (2) 

while the standard deviation of the longitudinal wind speed can be calculated using Equation 3.  

 

 
  (3) 

where   represents the free-stream wind speed upstream,   is the mean wind speed, and T 

characterizes the sample time period.  



The high resolution wind data, obtained from all sites selected in this paper, was averaged at a sample 

frequency of 1 Hz to ensure data consistency between different sites, and to eliminate very fast 

transients. In accordance with the wind energy industry certification standards, the high resolution 

wind data was then parsed into contiguous 10-min bursts (i.e. T  = 10 min) [34]. A standard parameter 

known as turbulence intensity ( ) is employed in this study. The  parameter in this analysis is 

used in characterising the degree of turbulence within a burst, and is defined in Equation 4 as 

follows [35]: 

   (4) 

As represented in Equation 4, the standard deviation of the fluctuating component of the wind speed 

provides a measure of the degree to which the magnitude of the wind is changing during a given burst 

period. The  values for all observation sites presented within this study were calculated using 

Equation 4. As a result of  sensitivity to averaging time, turbulence intensities obtained within this 

study were compared for equivalent burst durations [36].  However, there exists extra energy within 

shorter frequencies in these high fluctuating complex urban wind conditions which is usually under-

reported due to the use of mean wind speeds in calculating the wind power over a given period. This 

can be defined by two parameters known as the Gust Energy Coefficient (  and the Excess 

Energy Content ( ) [28, 36]. The  is defined as the ratio of the total integral kinetic energy in 

the wind over a given period of time to the assumed energy by only considering the mean of the wind 

speed within the same period [37]: 

 
 

  (5) 

where T represents the burst period. 

The extra energy contained within transient fluctuation about the mean over a given burst period is 

represented in this paper as  (which is closely related to the ) and is expressed as a 

percentage of the total integral energy: 

   (6) 

 

The values of EEC will be sensitive to the length of the burst period chosen which in this study is    T 

= 10 min. From herein, for simplicity we drop the overbar when discussing mean wind speeds. 

The average power available in the wind is calculated using Equation 7:  

   (7) 

where  is the density of air and  is the swept rotor area. 



 

2.4 Excess Energy Prediction Methodology 

In order to estimate the excess energy content ( ) at a given hub height within a built environment, 

the  prediction model proposed by Emejeamara and Tomlin [28] was employed. This analytical 

model was developed by comparing and analysing the  and  values calculated using high 

resolution wind measurements from potential suburban/urban turbine sites. Hence, the study 

suggested that the excess energy at a given hub height within a built environment at different 

turbulence intensities can be estimated using an empirical relationship given as:  

  

 

(8) 

where  

 . 

Hence, the  prediction methodology, as defined in Equation 8, was adopted within this study. 

Further details on the  prediction model can be found in Refs [28, 36].  

 

2.5 Wind Turbine Model 
Various numerical models have been developed to predict and analyse the power performance of a 

vertical axis wind turbine system (VAWT) [38-41]. Advanced computational fluid dynamics (CFD) 

approaches have been used in several wind turbine studies to overcome the limitations of accuracy in 

aerodynamic databases for low Reynolds numbers.  CFD models have the ability to calculate the 

aerodynamic components by integration of the Navier-Stokes equations in the 

neighbourhood of the wind turbine blade profile [42]. However, these CFD models have been found 

to be very expensive and unable to fully capture a realistic basic structure of the flow field around the 

blades and inside the rotor volume of the turbine when considering the selection of the meshing 

accuracy, physical models and the turbulence models [43]. This type of CFD approach is therefore 

still an area of development rather than providing a well-established, efficient and reliable technique. 

Since the aim of this study is to develop a scoping model for complex terrains (i.e. built environments 

across large cities), an analytical computationally efficient approach is required. Thus, this study 

employs a 2D double multiple straight-bladed VAWT streamtube model, and Blade Element 

Momentum (BEM) theory as the foundation for the performance model of the wind turbine system. 

For this analysis, three points (i.e. the free-stream region, the blade region and the wake region) as 

illustrated in Figure 2 will be considered.  

 



The mass flow rate remains the same throughout the streamtube and hence the continuity equation 

along the streamtube can be given as: 

(9) 

For steady state flow the mass flow rate across the rotor can be calculated using Equation 10: 

(10) 

Given that the mass flow rate must be the same across the streamtube, the upstream cross-sectional 

area of the streamtube enclosing the disc becomes smaller than the downstream cross-sectional area. 

Hence, 

expressed by applying conservation of linear momentum on both sides of the actuator disc rotor (as 

expressed in Equation 11): 

(11) 

where  and  are the wind velocities upstream and downstream and  is the mass flow rate of air 

across the turbine rotor. 

Since the flow is assumed to be frictionless and there is no work or energy transfer done, 

equation can be applied on both sides of the rotor. Thus, applying energy conservation using the 

Bernoulli equation on both sides of the rotor will result in Equations 12 and 13: 

(12) 

(13) 

where  and  are the pressures at both sides of the actuator disc as shown in Figure 2. 

Combining Equations 12 and 13 gives the pressure decrease as: 

(14) 

The thrust acting on the actuator disc rotor can be calculated as the sum of the forces on each side of 

the rotor: 

(15) 

where  



(16) 

Thus, substituting Equation 14 into Equation 15, we have 

(17) 

 

The rate at which the force ( ) does work is expressed as , where  is the wind velocity across 

the wind turbine (which is represented as an actuator disc) and can be expressed by combining 

Equations  10, 11 and 17. Thus, the wind velocity across the rotor is given as:  

 (18) 

We could however, express the wind velocity downstream relative to the wind velocity upstream, 

giving the fractional decrease in wind speed across the wind turbine in terms of a reference factor 

 

 (19) 

Hence from Equation 19, the wind velocity at the actuator disc  and the wind velocity downstream 

 can be expressed as:  

 (20) 

 (21) 

Momentum theory applies up to   =  0.5, with  becoming negative at higher values of  , which is 

obviously impossible [35, 44]. Therefore, the force of the actuator disc on flow as a result of the 

pressure drop introduced by the actuator disc (i.e. thrust force) can be expressed as [44]: 

 (22) 

where  is the turbine rotor swept area and  is the air density. 

Combining Equations 20, 21 and 22, the thrust force can be re-written as: 

 (23) 

Thus, the thrust coefficient can also be obtained using: 



 
(24) 

The power extracted by the wind turbine is now given as:  

 (25) 

The performance of a turbine design can be judged using a coefficient known as the turbine power 

coefficient ( ). This is basically defined as the percentage of wind power the turbine can convert to 

mechanical power and is mathematically represented by: 

 (26) 

where is the power captured by the turbine,  is the power available in the wind for the size of 

turbine.  

Substituting Equations 7 and 25 into Equation 26, the power coefficient can then be expressed as: 

(27) 

Thus, while assuming the control volume boundaries are the surface of a streamtube (as shown in 

Figure 2), the BEM theory basically utilises the actuator disc method which is based on a control 

volume analysis to calculate the momentum deficit downstream [27, 35, 45]. This is combined with 

empirical lift and drag coefficients of the turbine blades (airfoil sections) in order to calculate the 

power performance of the turbine employed in this study [25, 39].  

Although straight-bladed Darrieus type vertical axis wind turbine (VAWT) is known as the simplest 

wind turbine, its aerodynamic analysis is quite complex. The dynamic stall VAWT turbine modelling 

work within this study is based on the previous works of McIntosh et al [25], Beri and Yao [45] and 

Homicz [46]. In order to accomplish this, the turbine is divided into multiple strips and the lift and 

drag forces at the corresponding angle of attack acting on the turbine blades can be calculated using 

the empirical lift and drag coefficient data appropriate for the blade (airfoil) type or section. This is 

achieved by using a look-up table containing the lift and drag coefficients (  and  respectively) as 

a function of the local Reynolds number ( ) and the angle of attack ( ). Figure A.1 presents a simple 

description of the forces (i.e. the lift and drag forces) acting on the turbine blade (See Appendix 1). 

From Figure 3, the angle of attack is shown to be dependent on the relative velocity ( ). 

Thus,  



 
(28) 

where  is the blade azimuthal angle,  and  are the normal and tangential velocity components 

and  represents tip speed ratio (which is defined as  , where  represents the rotational speed of 

the rotor and  is the rotor radius).  

The normal and tangential forces acting on the turbine blades can be calculated using Equations 29 

and 30: 

 (29) 

 (30) 

where  represents the chordlength of the blade,  represents the lift coefficient,  represents the 

drag coefficient,  denotes the blade height and  is the number of turbine blades.  

The average torque on the turbine rotor in a full revolution can be estimated using Equation 31:  

 
(31) 

where  is  the number of stream tubes and  is the number of . 

The torque and power coefficients can then be derived from Equations 32 and 33: 

 (32) 

and the power coefficient can be rewritten as: 

 (33) 

For this study, a NACA airfoil with a chordlength of 0.08815 m and a turbine rotor diameter and 

blade height of 1.5 m was considered. This study includes the dynamic stall model presented by 

Ref [48] with corrections from Refs [39,40].   As shown by other BEM models [25, 27, 35, 39, 45, 

46], the VAWT model uses a database of static NACA00** airfoil lift and drag coefficients obtained 

from wind tunnel tests by Sheldahl and Klimas [49] and later corrected by Lazauskas [50]. Thus, the 

 and  are interpolated for the relevant Reynolds number and angle of attack. This model however 

does not consider wind shear, electrical, aerodynamic and tower losses. As shown in Figure 4, the 



VAWT model performance showed good agreement with predicted power coefficients over a range of 

tip speed ratios for data obtained for a VAWT numerical model presented by McIntosh et al [25].  

 

For the purposes of this study, a 600 W variable speed control (VSC) VAWT system was considered, 

thus representing a micro-wind turbine system for domestic electricity generation [51]. The turbine 

system considered is assumed to be a three straight-bladed NACA0015 VAWT. This study also 

employs an ideal tip speed ratio controller, which allows the turbine system to respond 

instantaneously to fluctuations in the wind, thereby extracting the maximum amount of energy 

available from the wind. Thus, the controller adjusts the  while responding to the fluctuations in the 

incoming wind in order to ensure that the turbine operates within the optimal -  setting. In practice, 

power electronics are used in variable speed control operations. Although more advanced controls can 

be found in commercial wind turbine systems, a simple feedback control is used within this study. In 

reality, the response time for a wind turbine system depends on the mass moment of inertia of the 

turbine as well as the gain constant of the controller [25, 27, 44]. With real-time wind data as inputs, 

the time varying rotational speed, tip speed ratio, aerodynamic torque and power were determined as a 

function of time from the BEM model described above. Within practical systems, additional losses 

such as electrical, aerodynamic and tower losses will be experienced [35, 52, 53]. Such additional 

losses have not been directly addressed within the current work which is focussed around the 

influence of turbulent wind profiles. Further modifications to the power coefficient due to such losses 

for specific turbine designs could be added within the practical application of such a model but this 

extends beyond the scope of the present work.  Figure 5 demonstrates the performance of the VAWT 

numerical model as described above. 

 

3.0 Results and Discussion 

 

3.1 Turbine Power Estimation Model 
Generally, power generated by a turbine can be rewritten as [15]: 

 (34) 

where  represents the power coefficient of the turbine system,  represents the air density,  

represents the rotor swept area and  is the mean wind speed over a burst period. Various studies have 

adopted Equation 34 in their power assessment studies and also demonstrated the effect of turbulence 

on turbine power by adopting measures of factoring turbulence intensity into turbine power 



estimation. This has been achieved either by directly using  as a form of heuristic safety factor 

(i.e. reducing the turbine power estimation by its percentage value [51]) or by adjusting or correcting 

the man [13]. These require complex 

methodologies which may not be user-friendly or readily accessible to micro-turbine purchasers or 

investors. It should be noted that turbine manufacturers are currently not required (by an industry 

standard or practice) to rate their turbine systems for an arbitrary or more realistic turbulence 

intensity. As turbulence levels within an urban wind resource increase or decrease, the  (as 

represented in Equation 34) has to be adjusted to account for inherent local turbulence. In order to 

estimate the power generated by the VAWT within a characteristic urban wind resource, a 

methodology is proposed herein. This methodology, which estimates the turbine power from averaged 

wind over a built environment within a given burst period, is referred to as the turbine power 

estimation (TPE) model and is mathematically given as: 

 (35) 

Similar to Equation 34,  is replaced by a new parameter  in Equation 35, which is termed the 

turbulence induced performance coefficient of the turbine system.  is mathematically given as: 

 (36) 

where  is the excess energy content at a given burst period within the potential turbine site 

(defined by Equation 8) and  is the unsteady turbine performance coefficient.  

The performance coefficient  takes into account the effect of turbulence and response time on the 

turbine performance while also considering the excess energy content available to the turbine. In order 

to predict the  for a given VAWT system within a built environment, the  for a given burst period 

of 10 min (i.e.  = 10 min) across the year was obtained using Equation 37 and plotted against the 

equivalent binned values of  for the 8 test sites.  

 
(37) 

where  represents the instantaneous VAWT power outputs from model simulations using the 

turbine system model (as presented in Section 2.5) at response time of 1 s using the wind datasets 

from the eight sites as inputs, and  represents the instantaneous wind power calculated using 

Equation 38: 



 (38) 

where  represents the wind speed measurements at a given averaging time (in this case,  = 1 s).  

The wind speed measurements were obtained as described in Section 2.2.  

For an ideal (i.e. perfect) turbine operation within an idealised steady wind environment, the  

would be 0.59 (i.e.   and  would be 0.59 (the Betz limit for HAWT whereas that for VAWT is 

somewhat lower primarily due to a drag-based, as opposed to a lift-based, operating system [35, 38, 

54]) and 0 respectively). This indicates that the excess energy and turbine performance calculated, 

reflects the time-series integral. However, due to real world gustiness and losses encountered by the 

turbine system while operating at potential sites (for example, transmission losses, electrical losses, 

etc.), this may not be realised. When analysing the unsteady turbine performance, the turbine response 

was first assumed to be 1 s and the raw wind data was also filtered at an averaging time ( ) of 1 s, as 

stated earlier. Losses encountered in turbine operations (i.e. electrical losses, strut losses, mechanical 

losses, etc.) were not considered herein and hence the estimations are likely to be the upper limit 

compared to what might be realised in practice. Plots of binned  values against  bins as shown 

in Figure 6 demonstrate a strong relationship between  and  with increases in  resulting in 

decreased turbine performance at all test sites. An empirical equation for the prediction of  values 

as a function of  

tool. After various tests to determine the lowest errors, a single-term exponential form was assumed, 

hence  values were approximated using the following empirical relationship: 

 (39) 

where 

 

Table 1 presents the coefficients derived from best fit of a   curve at a response time of 1 s 

(i.e.  = 1) shown in Figure 6. This suggests that from the knowledge of turbulence intensities, the 

performance of a given turbine design could be estimated. However, further analysis showed that 

increasing the turbine inertia may lead to a decrease in the power generated by the turbine system. 

This is demonstrated in Figure 7, by comparing the performance of the turbine system having a 

standard baseline inertia (J) with the turbine performance when the standard baseline inertia is 

J + 20% J  Figure 7). Results show a significant decrease of 

approximately 24.4% in turbine performance observed at the Leeds (H1) site should the turbine 

system experience a 20% increase in its inertia. Hence, from Equations 35 and 36, one can deduce a 

decrease of 24.4% in the power predicted using the TPE model should the turbine inertia be increased 



by 20%. This, however, suggests that the turbine inertia has a big impact on the power generated by 

turbine system, as well as the overall economic benefits for potential urban wind projects. Thus, 

further sensitivity analysis testing the effects of inertia on the turbine power estimation (TPE) model 

would be useful in future work. 

 values were calculated using the  model as proposed in Section 2.4. Thus, incorporating 

Equation 8 and Equation 39 into Equations 36, the turbine power output at a potential site which takes 

into account the effect of local turbulence can be estimated using Equation 35. A comparison of errors 

between the turbine power estimation model values ( ) and power output obtained from VSC 

VAWT model simulations ( ) at a burst period of 10 mins using wind data from all 8 sites as input 

was achieved by using the mean percentage error ( ) as defined in Equation 40. Figure 8 presents 

the  at different  bins for all 8 sites.  

 
(40) 

 

As demonstrated in Figure 8, TPE model errors for  between 40  60% were shown to be as low 

as 15.7%. A wide range of turbulence intensities were seen in the experimental data. Whilst it may not 

be common for sites to experience high levels of T.I. > 50% these values are possible and were 

demonstrated in Figure 6 to occur within several cities. They are likely to occur under low mean wind 

speed conditions, when local sources of turbulence such as building induced eddies, buoyancy effects 

and possibly even traffic induced turbulence may dominate over mean wind effects.  Their low 

frequency of occurrence presents a challenge for the model and further  analysis showed higher TPE 

model errors within Dublin Marrowbone and Helsinki Suburban sites. This may have resulted from a 

lower occurrence of data within this  bin (See Appendix 2), thus suggesting reduced level of 

model accuracy of the TPE model within 40-60%  bins. Also, TPE model errors within the 20  

30%  bin were observed to be low across all sites except the London site where the occurrence of 

such conditions were less frequent (See Appendix 2). Hence, the TPE model showed fairly good 

performance at all sites for turbulence intensities between 20  60%, which represented the dominant 

 demonstrated by the  frequency distribution (as shown in Figure 8). Turbine power 

predictions at  less than 20% and also within the 60  70% bin resulted in errors as high as 25.6%. 

A poor performance was also observed at  higher than 70% across all sites. This was expected at 

these turbulence intensities as the occurrence of such turbulent conditions will be less frequent within 

built environments (as demonstrated in Figure 8 and Appendix 2). As shown in Figure 9, the average 

power output estimation using TPE model is found to have a positive correlation with VAWT power 

outputs thus implying better turbine power estimation. It will be interesting to compare average power 

outputs from turbines using advanced controls and the TPE model. Hence, these results suggest the 



possibility of predicting turbine power fairly well by using a simple model within a built environment 

as long as the local mean wind speed and  are known.  

 

3.2 Effect of   on   and Turbine Power Estimation 
Turbine response time has been shown to significantly influence the energy capture within an urban 

wind resource [27]. Considering the influence of various factors such as turbine inertia, higher local 

gust frequencies, time lag experienced by controllers, etc., on turbine operations, turbine systems with 

a response time of 1 s may not be feasible in real world applications within built environments. 

Hence, different response times were considered to assess the effect on turbine power output within 

an urban wind resource for potentially different VAWT designs. This is demonstrated by calculating 

the unsteady turbine performance coefficient ( ) at different response times of 10 s, 20 s and 30 s 

within a burst period of 10 min using Equation 37. These  values plotted against the equivalent 

binned values of  at the eight potential turbine sites are presented in Figure 10. The best fit for  - 

 plots at different response times were determined using the least square errors approach within 

MA After various tests to determine the lowest errors, a two-term exponential 

form was assumed for response times of 10 s, 20 s and 30 s. Hence,  values were approximated 

using the following empirical relationship: 

 (41) 

where 

 

A summary of the coefficients of the two-term exponential for the different response times are 

provided in Table 2. The maximum response time considered within this study was 30 s above which 

the turbine system may be considered uneconomical for operations within a built environment. 

As shown in Figure 10, it was observed that as the response time of the turbine increased, the  -  

curve was observed to be steeper at lower turbulence intensities (represented by the first term of the 

exponential in Equation 41) and flatter at higher turbulence intensities (represented by the second 

term of the exponential). A simple plot distinguishing the first and second terms of the exponential in 

Equation 41 is demonstrated in Figure 10d. Thus, Figure 10 suggests that as the response time 

turbulence intensities, whereas a steep increase in power may be observed at lower turbulence 

intensities as the turbine becomes less sensitive to wind fluctuations. These relationships obtained at 

different response times (as represented by the coefficients in Table 2) were employed in calculating 



the turbulence induced power coefficient ( ) using Equation 36.  Thus, they served as inputs in 

estimating turbine power across the 8 potential sites using Equation 35.   

The VAWT model power outputs across the 8 potential sites were obtained by using wind data 

filtered at averaging times of 10 s, 20 s and 30 s as input to the turbine model with VSC controls. 

These outputs were compared with turbine power prediction model outputs using the mean percentage 

error (MPE) parameter defined by Equation 40. Figure 11 presents MPE plots across different  

bins at different response times for all eight sites. Results show good TPE performance at a response 

time of 10 s, with power prediction errors less than 16% at turbulence intensities below 40%. Further 

analysis showed over 90% of the wind resource across the 8 test sites to have occurred at  below 

40%. High TPE model errors were observed at higher turbulence intensities (i.e.  > 50 %) which 

represent a very small percentage of the wind resource at the test sites. The TPE model demonstrated 

good power predictions at the response times of 20 s and 30 s (as shown in Figure 10). However, 

higher errors were observed in less frequent turbulence intensity bins (i.e. 10  20%  bin and at  

 > 50%).  This is in agreement with results obtained at a response time of 10 s (as shown in 

Figure 11 a). Further analysis showed these high errors were as a result of poor model accuracy at 

Helsinki (suburban and urban) and Dublin Marrowbone sites due to these turbulence intensity bins 

being less frequent. Figure 12 presents the overall average MPE for different response times at all 

eight sites with average model errors of 14.11%, 14.51%, 15.64% and 13.33% at response times of 1 

s, 10 s, 20 s and 30 s respectively. 

 

4.0 Conclusions 

Developing power curves used in performance assessment studies from assumptions based on local 

atmospheric conditions may lead to various uncertainties such as under-prediction or over-prediction 

of the actual power generated by urban wind applications. These uncertainties can be reduced by 

incorporating factors such as turbulence, inertia, and turbine response time when estimating the power 

generated by the turbine system. A new turbine performance parameter known as the turbulence 

induced performance coefficient ( ) was introduced in this paper. This parameter aims to assess the 

performance of a turbine system while taking into account the effect of turbulence (as represented by 

the unsteady performance coefficient, ) and excess energy available at a potential turbine site. An 

analytical model for predicting  at different turbulence intensities was developed using data 

collected from eight suburban/urban sites as inputs within a micro wind turbine VSC VAWT model. 

Hence, a methodology for estimating the turbine power output within a gusty wind resource was 

proposed by multiplying the  value with the wind energy available to the turbine system for a 

given burst period. The effect on turbine response time on turbine performance was also presented 



and discussed. Hence, considering factors such as turbulence intensity and response time, results 

presented in this paper demonstrated the possibility of estimating power that would be generated by a 

turbine system thus encouraging effective assessment of the viability of urban wind projects. It would 

be useful in future work to test the viability of this methodology for various types of wind turbine 

control systems. The methodology proposed also provides the opportunity to map the potential power 

generated by a turbine system for different mast heights over city regions assuming the mean wind 

speed and turbulence intensities can be estimated. This will be addressed in future work, allowing the 

assessment of the viability of urban wind projects by mapping the capacity factor over built 

environments that takes into account the spatial variability in not just the mean winds, but also the 

turbulence intensities.  
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Table 1: Brief description of the wind measurement sites 

Site Label Site 
Description Site Cordinate Anemometer 

Type 
Sampling 
Frequency 

Measurement 
Height 

Unileeds 

H1 

Houldsworth 
building, 

University of 
Leeds 

Campus, 
Leeds, UK. 

Ref [28] 

Long.: -  

Research-Grade 
Gill Scientific 
Instruments 

model R3-50 

10 Hz 

Building height 
approximately 

24 m, mast 
height of 10m

Unileeds 

H2 

Houldsworth 
building, 

University of 
Leeds 

Campus, 
Leeds, UK. 

Ref [28] 

Long.: -  

Research-Grade 
Gill Scientific 
Instruments 

model R3-50 

10 Hz 

Building height 
approximately 

24 m, mast 
height of 6m 

Manchester 

The George 
Kenyon 

building within 
the University 
of Manchester 
South campus 
(also known as 
the Whitworth 

Long.: -  

Gill Windmaster 
Pro Sonic 

Anemometer 
20Hz 

Mast height 
approximately 
5 m, building 
height of 49m



Meteorological 
Observatory. 

Ref [28] 

Dublin 
Marrowbone 

Dublin City 
Council 

Building in 
Marrowbone 

Lane.          
Ref [13] 

Lat.: 53.337767  , 
Long.: -6.286186  

Campbell 
Scientific 
CSAT3 

three-dimension
al sonic 

anemometer 

10 Hz 

Total 
measurement 

height of 
approximately 

17 m 

Dubline 

St Pius X 

St. Pius X 
National 

(Girls) School. 
Ref [13] 

Lat.: 53.337767  , 
Long.: -60.305283  

Campbell 
Scientific 
CSAT3 

three-dimension
al sonic 

anemometer 

10 Hz 

Total 
measurement 

height of 
approximately 

12 m 

Helsinki 
Urban 

Roof-top of 
Hotel Torni 

within 
Helsinki city. 
Ref [29, 30] 

Lat.: 60.167803  , 
Long.: 24.938689  

Metek USA-1 
three-dimension

al ultrasonic 
anemometer 

10 Hz 

Mast height 
approximately 

2.3 m, total 
building height 
approximately 

42.7 m 

Helsinki 
Suburban 

SMEAR III 
(Station for 
Measuring 
Ecosystem-
Atmosphere 

Relationships). 
Ref [29, 30] 

Lat.: 60.202817 , 
Long.: 24.961128  

Metek USA-1 
three-dimension

al ultrasonic 
anemometer 

10 Hz 

Mast at the 
height of 31 m 

with the 
anemometer 
located on a 
horizontal 

boom 

London 

The 
Westminster 
city council 

building, 
London.      

Ref [31-33] 

Lat.: 
Long.: -  

Gill R3-100 
sonic 

anemometer 
20Hz 

Mast height 
approximately 
3.5 m, building 

height 
approximately 

15 m 

 

 

Table 2: Coefficients used in predicting the unsteady power coefficient required for the power 

estimation model (as given in Equation 39).  



Constants  

 23.85 

 -0.7476 

 43.32 

 21.32 

 

Table 3: Summary of the coefficients for the best fit for      plots at different response times 

across the 8 sites.  

Constants Turbine Response time (s) 

10 20 30 

 19.02 23.51 0.6099 

 3.789 1.045 19.84 

 -0.4299 -0.5336 -3.342 

 -1.806 -2.881 -0.2464 

 41.19 35.99 35.79 

 21.2 21.03 20.95 
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represent 10 min burst periods. 

Figure 6: Best fit and data based on observations for binned   at different   bins for all 8 sites at 

 = 1 s (as shown in Equation 40 and Table 1). 

Figure 7: Effect of increase in inertia on turbine performance at the Leeds (H1) site; solid line 

represents the best fit for turbine operation with standard baseline inertia (J), and broken line 

represents the best fit for turbine operation when the baseline inertia is increased by 20% (represented 
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Figure 8: Power estimation errors and frequency distribution compared over eight sites at a response 

time of 1 s.  

Figure 9: Predicted power output from TPE model versus power outputs from VAWT model for all 
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represents a one-to-one relationship. 

Figure 10: Plots representing best fit for binned  at different  bins for all 8 sites at different  
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APPENDIX 1 
Figure A. 1: Forces acting on a blade, also demonstrating the chord and the angle of attack relative to 

the blade as well as the direction of the positive forces described by the direction of the 

arrows  represents the blade chord length and  represents the pitch angle (Adapted from [55] ) 

APPENDIX 2 
Figure A. 2: Mean Percentage Error (MPE) for turbine power prediction model across all 8 sites at 

averaging time ( ) of 1 s. 

APPENDIX 3 
Tables of Lift and Drag coefficients for different Reynolds number at varying angle of attack (alpha) 

for NACA0012, NACA0015, NACA0018 and NACA0021. 
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