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6  Abstract

7  Small-scale wind energy applications have shown great promise in terms of their potential
8  contribution to transitions to low carbon economies. However, the energy generation potential of such
9  turbines within built environments has not yet been fully utilised due to the complexity of turbulent

10 urban winds, and the challenges this creates in developing effective scoping tools for viability
11  assessments. Effective scoping tools for turbine systems across sites within built environments require
12 an estimation of power generated by the turbine under turbulent conditions, in addition to more
13 commonly applied assessments based on mean wind speeds. A new methodology is therefore
14  presented here for predicting the power generated by a turbine system operating within an urban wind
15  resource. It was developed by employing high temporal resolution wind measurements from eight
16  potential turbine sites within urban/suburban environments as inputs to a vertical axis wind turbine 2-
17 D double multiple streamtube model. A relationship between turbulence intensity and the unsteady
18  performance coefficient obtained from the turbine model was demonstrated. Hence, an analytical
19  methodology for estimating the unsteady power coefficient at a potential turbine site is proposed. This
20  analytical methodology was combined with an excess energy estimation model to develop a turbine
21 power estimation (TPE) model which is used in predicting the turbine power within urban canopies.
22 Finally, the effect of turbine control response times on the unsteady power coefficient and the turbine
23 power estimation model was assessed. Estimates of turbine performance based on the present

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

25  Keywords: Small-scale wind turbines; Wind power; Urban wind energy; Turbulence intensity;
26  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



64
65
66
67
68
69
70
71
72
73
74
75
76
77
78

79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94

95
96
97
98
99

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 predicted using manufacturer’s power curves and those 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.

The turbine system’s ability to respond to high fluctuations present within the urban wind will be
subject to the response characteristics of the specific system. A few recent studies, including those of
Mclntosh 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

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

direction) and 1, (y-direction) were used in calculating the longitudinal free-stream wind speed (V,,)

and wind direction upstream of the rotor (6,,) and are given as [28]:

0, = tan_l(vuy/uux) (1)

Vi = Uyx cos 8, + vy, sin G, 2)

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

T
o= %Z(V‘“ — 72 (3)
i=1

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

characterizes the sample time period.
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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. 7 = 10 min) [34]. A standard parameter
known as turbulence intensity (7. 1.) is employed in this study. The T.I. parameter in this analysis is
used in characterising the degree of turbulence within a burst, and is defined in Equation 4 as

follows [35]:

T.1. (%) =% x 100% )

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 T.I. values for all observation sites presented within this study were calculated using
Equation 4. As a result of T. I. 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 (GEC) and the Excess
Energy Content (EEC) [28, 36]. The GEC 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]:

VT Q)

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 EEC (which is closely related to the GEC) and is expressed as a

percentage of the total integral energy:

EEC(%) = (GEC — 1) x 100% (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:

P, = Y4pAV3 (7)

where p is the density of air and A is the swept rotor area.
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2.4 Excess Energy Prediction Methodology

In order to estimate the excess energy content (EEC) at a given hub height within a built environment,
the EEC prediction model proposed by Emejeamara and Tomlin [28] was employed. This analytical
model was developed by comparing and analysing the EEC and T.I. 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:

EEC = 4.2B* + 14B3 + 45B% + 99B + 74 (8)

where
B =(T.1.—47)/28.

Hence, the EEC prediction methodology, as defined in Equation 8, was adopted within this study.
Further details on the EEC 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
turbine’s 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.
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The mass flow rate remains the same throughout the streamtube and hence the continuity equation

along the streamtube can be given as:

pAVy = pAVr = pAV, 9)
For steady state flow the mass flow rate across the rotor can be calculated using Equation 10:

m = pAVy (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, the turbine experiences a thrust equal to the change in the wind’s linear momentum. This is
expressed by applying conservation of linear momentum on both sides of the actuator disc rotor (as

expressed in Equation 11):

Fr = m(V, — V3) (11)
where V; and V, are the wind velocities upstream and downstream and m 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, Bernoulli’s
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:

Pry + YopAVE = P, + VoipAVZ (12)

P, + YpAVE = Py, + YpAV? (13)

where Pg, and Py, 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:
AP = Yip(VE = V3) (14)

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

the rotor:

Fy = AAP (15)

where
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AP:PRl_PRZ (16)

Thus, substituting Equation 14 into Equation 15, we have

FT = l/sz(Vlz - VZZ) (17)

The rate at which the force (Fy) does work is expressed as FrVy, where V- 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:
_hth (18)
o2
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
known as the induction factor ‘a’. This is expressed as:

V, 2V,

a=

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

V, can be expressed as:

Ve = (1- a)Vy (20)
V,= (1- 2a)V; (21)

Momentum theory applies up to a = 0.5, with V, becoming negative at higher values of a, 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]:

Fr = (Vi = V2)pAV;(1—a) (22)

where A is the turbine rotor swept area and p is the air density.
Combining Equations 20, 21 and 22, the thrust force can be re-written as:

Fr = 2pAVia(1l — a) (23)

Thus, the thrust coefficient can also be obtained using:
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_ 2pAVia(1—a) (24)

C = 4a(l—a
T l/szvlz ( )
The power extracted by the wind turbine is now given as:
Pr = FpVp = 2pAVia(l — a)? (25)

The performance of a turbine design can be judged using a coefficient known as the turbine power
coefficient (Cp). This is basically defined as the percentage of wind power the turbine can convert to

mechanical power and is mathematically represented by:

(26)

Pr

C. = —
p PW
where Pp is the power captured by the turbine, P, 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:

_ 2pAVPa(1 - a)®
P YopAV3

27

= 4a(1 —a)?

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 (C; and C, respectively) as
a function of the local Reynolds number (Re) and the angle of attack (a). 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 (V;.).

Thus,
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_ (% _ B (1 —a)sind (28)
o= tan™! (Vt) = tan™ ((1 —a)cosO + A)

where 6 is the blade azimuthal angle, V;, and V; are the normal and tangential velocity components

and A represents tip speed ratio (which is defined as V—R , Where w represents the rotational speed of

<]

the rotor and R is the rotor radius).

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

and 30:

1 29
E, = > pncH(Cicosa + Cysina) V> &

1
Fe =7 pncH (Cisina — Cycosa) .2 o

where ¢ represents the chordlength of the blade, C; represents the lift coefficient, C; represents the

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

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

5 pHcRVZCt (D)
ba - Nz

where m 1s the number of stream tubes and 2m 1s the number of AG.

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

o — T (32)
a=7 5
5 PDRHV;,
and the power coefficient can be rewritten as:
Cp=Cq. 4 (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 NACAOQ0** airfoil lift and drag coefficients obtained
from wind tunnel tests by Sheldahl and Klimas [49] and later corrected by Lazauskas [50]. Thus, the
C; and C; are interpolated for the relevant Reynolds number and angle of attack. This model however

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

10
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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 Mclntosh 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 w while responding to the fluctuations in the
incoming wind in order to ensure that the turbine operates within the optimal C,-4 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, acrodynamic 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]:

1 (34)
Pr = > »PAV3

where C,, represents the power coefficient of the turbine system, p represents the air density, A
represents the rotor swept area and V 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

11
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estimation. This has been achieved either by directly using 7.I. 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 manufacturer’s power curve for different turbulence intensity values [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 (7PFE) model and is mathematically given as:
TPE = P proq = 5 CoopAT? (3)
Similar to Equation 34, C, is replaced by a new parameter C;. in Equation 35, which is termed the

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

Cre = Co(EEC + 1) (36)

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

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

The performance coefficient C;. 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 C, for a given VAWT system within a built environment, the C, for a given burst period
of 10 min (i.e. T = 10 min) across the year was obtained using Equation 37 and plotted against the

equivalent binned values of T. I. for the 8 test sites.

fOT Pysc dt (7

C, =
© [TR,dt

where P, 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 P, represents the instantaneous wind power calculated using

Equation 38:

12
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1 (38)
Py = EPAViS
where V; represents the wind speed measurements at a given averaging time (in this case, T, = 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 C;.
would be 0.59 (i.e. C, and EEC 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 O 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 (T;) 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 C, values against T. /. bins as shown
in Figure 6 demonstrate a strong relationship between C, and T.I. with increases in T.I. resulting in
decreased turbine performance at all test sites. An empirical equation for the prediction of C, values
as a function of T.I. was determined using the least square errors approach within MATLAB’s best fit
tool. After various tests to determine the lowest errors, a single-term exponential form was assumed,

hence C, values were approximated using the following empirical relationship:
C, = ae® (39)
where

x=(T.l.—q)/s

Table 1 presents the coefficients derived from best fit of a C, —T.I. curve at a response time of 1 s
(i.e. T, = 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
increased by 20% (represented by ‘J+20% J’ in 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
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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 (7PFE) model

would be useful in future work.

EEC values were calculated using the EEC 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 (Pr ,¢q) and power output obtained from VSC
VAWT model simulations (Py ) at a burst period of 10 mins using wind data from all 8 sites as input
was achieved by using the mean percentage error (MPE) as defined in Equation 40. Figure 8 presents

the MPE at different T. I. bins for all 8 sites.

- PT_pred | (40)

PVSC

1< |P
MPE(%) = 100 XEZ| Vs

As demonstrated in Figure 8, TPE model errors for T.I. 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 T./I. bin (See Appendix 2), thus suggesting reduced level of
model accuracy of the TPE model within 40-60% T.I. bins. Also, TPE model errors within the 20 —
30% T.I. 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
T.I. demonstrated by the T.I. frequency distribution (as shown in Figure 8). Turbine power
predictions at T. I. 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 T.I. 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
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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 T. I. are known.

3.2 Effect of T.on C, 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 (C,) at different response times of 10 s, 20 s and 30 s
within a burst period of 10 min using Equation 37. These C, values plotted against the equivalent
binned values of T.I. at the eight potential turbine sites are presented in Figure 10. The best fit for C, -
T.I. plots at different response times were determined using the least square errors approach within
MATLAB?’s best fit tool. 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, C, values were approximated

using the following empirical relationship:
C, = ae* + be (41)
where

x=(T.1.—q)/s

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 C, - T. 1.
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
approaches 30 s, less significant changes in the turbine’s power output may be observed at higher
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
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the turbulence induced power coefficient (C;.) 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 T. 1.
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 T. 1. below
40%. High TPE model errors were observed at higher turbulence intensities (i.e. T.1. > 50 %) which
represent a very small percentage of the wind resource at the test sites. The 7PE 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% T.I. bin and at
T.1. > 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 (C;.) 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, C,) and excess energy available at a potential turbine site. An
analytical model for predicting C, 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 C;. 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
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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 Anemometer Sampling | Measurement
Site Label Site Cordinat
fte Labe Description fte Lorcinate Type Frequency Height
Houldsworth
building, o .
) University of Research-Grade Building height
Unileeds Lee dsy Lat.: 53.467371°, | Gill Scientific loH, | approximately
H1 Campus Long.: -2.232006° Instruments 24 m, mast
Loe dsp Uk model R3-50 height of 10m
Ref [28]
Houldsworth
building, o .

. University of Research-Grade Building height
Unileeds Lee dsy Lat.: 53.467371°, Gill Scientific 10 Hy approximately
H2 Campus Long.: -2.232006° Instruments 24 m, mast

Lee dspUI’( model R3-50 height of 6m
Ref [28]
The George
Kenyon .
building within | | Gill Windmaster Mast heleh
: : t.: 53. t
Manchester | the University L a . 293200 6’° Pro Sonic 20Hz aspproglr.rllz'e y
of Manchester ong.. -=. Anemometer m’ utlding
height of 49m

South campus
(also known as
the Whitworth
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622
623

624

625

626
627

Meteorological

Observatory.
Ref [28]
Dublin City Campbell
Council Scientific meaii)rt:rlnent
Dublin Building in Lat.: 53.337767° , CSAT3 10 Hyz heioht of
Marrowbone | Marrowbone | Long.:-6.286186° | three-dimension g.
. approximately
Lane. al sonic 7 m
Ref[13] anemometer
Campbell
. St. Pius X Scientific mea:"rt::nem
Dubline National | Lat.: 53.337767°, CSAT3 10ty o
Pius X (Girls) School. | Long.: -60.305283° | three-dimension g.
St Pius ’ approximately
Ref[13] al sonic
12m
anemometer
Mast height
EIO(t)fl-tl(zpr?lf Metek USA-1 approximately
Helsinki © eithifl Lat.: 60.167803°, | three-dimension 10H 2.3 m, total
Urban W . Long.: 24.938689° al ultrasonic z building height
Helsinki city. anemometer approximately
Ref [2
et 29.30] 42.7m
SMEAR III Mast at the
Helsinki Ecos stemg Lat.: 60.202817°, | three-dimension 10 Hyz anemometer
Suburban Y Long.: 24.961128° al ultrasonic
Atmosphere anemometer located on a
Relationships). horizontal
Ref [29, 30] boom
The Mast height
Westminster . approximately
city council Lat.: 51.521588°, aill R3._100 3.5 m, building
London oy sonic 20Hz .
building, Long.: -0.160074° height
anemometer .
London. approximately
Ref [31-33] I15m

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

estimation model (as given in Equation 39).
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Constants
a 23.85
c -0.7476
q 43.32
s 21.32
628
629
630

631  Table 3: Summary of the coefficients for the best fit for C, — T.I. plots at different response times

632 across the 8 sites.

Constants | Turbine Response time (s)
10 20 30
a 19.02 23.51 0.6099
b 3.789 1.045 19.84
c -0.4299 -0.5336 -3.342
d -1.806 -2.881 -0.2464
q 41.19 35.99 35.79
s 21.2 21.03 20.95
633
634
635
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Appendix 3.1

ALPHA

WO NGOOU A WNERO
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100
105

160000
0

0.11
0.22
0.33
0.44
0.55
0.66
0.746
0.8247
0.8527
0.1325
0.1095
0.1533
0.203
0.2546
0.3082
0.362
0.42
0.4768
0.5322
0.587
0.6414
0.6956
0.7497
0.8043
0.8572
0.9109
0.923
0.9593
1.02
1.075
1.085
1.04
0.965
0.875
0.765
0.65
0.515
0.37
0.22
0.07
-0.07
-0.22
-0.37

360000
0

0.11
0.22
0.33
0.44
0.55
0.66
0.77
0.8542
0.9352
0.9811
0.9132
0.4832
0.2759
0.2893
0.3306
0.3792
0.4455
0.5047
0.5591
0.612
0.6643
0.7179
0.7715
0.8246
0.878
0.9313
0.9412
0.9709
1.02
1.075
1.085
1.04
0.965
0.875
0.765
0.65
0.515
0.37
0.22
0.07
-0.07
-0.22
-0.37

Lift

REYNOLDS
700000
0
0.11
0.22
0.33
0.44
0.55
0.66
0.77
0.88
0.9598
1.0343
1.0749
1.039
0.8737
0.6284
0.4907
0.4696
0.5195
0.5584
0.6032
0.6474
0.6949
0.7446
0.7948
0.8462
0.8984
0.9506
0.9583
0.9814
1.02
1.075
1.085
1.04
0.965
0.875
0.765
0.65
0.515
0.37
0.22
0.07
-0.07
-0.22
-0.37

Coefficient
NUMBER

for NACA0012

1000000 2000000 5000000

0

0.11
0.22
0.33
0.44
0.55
0.66
0.77
0.88
0.9661
1.0512
1.1097
1.1212
1.0487
0.8846
0.7108
0.606
0.5906
0.603
0.6334
0.6716
0.7162
0.7613
0.8097
0.8589
0.9093
0.9618
0.9683
0.9878
1.02
1.075
1.085
1.04
0.965
0.875
0.765
0.65
0.515
0.37
0.22
0.07
-0.07
-0.22
-0.37

0

0.11
0.22
0.33
0.44
0.55
0.66
0.77
0.88
0.99
1.0727
1.1539
1.2072
1.2169
1.1614
1.0478
0.9221
0.7826
0.7163
0.7091
0.7269
0.7595
0.7981
0.8429
0.8882
0.9352
0.9842
0.9882
1.002
1.02
1.075
1.085
1.04
0.965
0.875
0.765
0.65
0.515
0.37
0.22
0.07
-0.07
-0.22
-0.37

0

0.11
0.22
0.33
0.44
0.55
0.66
0.77
0.88
0.99
11
1.1842
1.2673
1.3242
1.3423
1.3093
1.2195
1.0365
0.9054
0.8412
0.8233
0.8327
0.8563
0.8903
0.9295
0.9718
1.0193
1.068
0.915
1.02
1.075
1.085
1.04
0.965
0.875
0.765
0.65
0.515
0.37
0.22
0.07
-0.07
-0.22
-0.37



Appendix 3.2

ALPHA

OO NOOU D WNRO

NNNNNNNNRRRRRRRRR R
N oOuU s WNRPROWONOOUVDAWNLERO

30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105

80000
0

0.11
0.22
0.33
0.4186
0.518
0.6048
0.676
0.7189
0.6969
0.6122
0.1642
0.0749
0.0967
0.1382
0.1861
0.2364
0.2873
0.3393
0.3927
0.4463
0.5001
0.5539
0.6078
0.6617
0.7156
0.77
0.8277
0.855
0.98
1.035
1.05
1.02
0.955
0.875
0.76
0.63
0.5
0.365
0.23
0.09
-0.05
-0.185
-0.32

160000
0

0.11
0.22
0.33
0.44
0.55
0.6299
0.715
0.7851
0.8311
0.8322
0.7623
0.5936
0.3548
0.2371
0.2376
0.2665
0.3098
0.3567
0.4066
0.4575
0.5087
0.5611
0.6148
0.6685
0.7224
0.7771
0.8382
0.855
0.98
1.035
1.05
1.02
0.955
0.875
0.76
0.63
0.5
0.365
0.23
0.09
-0.05
-0.185
-0.32

Lift

REYNOLDS
360000
0
0.11
0.22
0.33
0.44
0.55
0.66
0.739
0.824
0.8946
0.944
0.9572
0.9285
0.8562
0.7483
0.635
0.5384
0.4851
0.4782
0.4908
0.5247
0.5616
0.6045
0.6528
0.7015
0.7511
0.8055
0.8788
0.93
0.982
1.035
1.05
1.02
0.955
0.875
0.76
0.63
0.5
0.365
0.23
0.09
-0.05
-0.185
-0.32

Coefficient
NUMBER

700000
0
0.11
0.22
0.33
0.44
0.55
0.66
0.7483
0.8442
0.926
0.9937
1.0363
1.0508
1.0302
0.9801
0.9119
0.8401
0.7799
0.7305
0.7041
0.699
0.7097
0.7298
0.7593
0.7961
0.8353
0.8838
0.9473
0.96
0.98
1.035
1.05
1.02
0.955
0.875
0.76
0.63
0.5
0.365
0.23
0.09
-0.05
-0.185
-0.32

1000000 2000000 5000000 10000000

0

0.11
0.22
0.33
0.44
0.55
0.66
0.77
0.8504
0.9387
1.0141
1.0686
1.0971
1.0957
1.0656
1.0145
0.9567
0.8996
0.8566
0.8226
0.8089
0.8063
0.8189
0.8408
0.8668
0.9023
0.9406
0.9912
1.01
1.02
1.035
1.05
1.02
0.955
0.875
0.76
0.63
0.5
0.365
0.23
0.09
-0.05
-0.185
-0.32

0

0.11
0.22
0.33
0.44
0.55
0.66
0.77
0.88
0.9574
1.0433
1.1138
1.1667
1.1948
1.1962
1.1744
1.1356
1.0921
1.051
1.0173
0.9954
0.9837
0.9827
0.991
1.0078
1.0317
1.0591
1.081
1.07
1.062
1.055
1.05
1.02
0.955
0.875
0.76
0.63
0.5
0.365
0.23
0.09
-0.05
-0.185
-0.32

0

0.11
0.22
0.33
0.44
0.55
0.66
0.77
0.88
0.99
1.0685
1.1553
1.229
1.2847
1.3187
1.3298
1.3186
1.2917
1.2576
1.2242
1.1965
1.1771
1.1647
1.1611
1.1563
1.1322
1.1268
1.1397
1.1
1.08
1.06
1.05
1.02
0.955
0.875
0.76
0.63
0.5
0.365
0.23
0.09
-0.05
-0.185
-0.32

0

0.11
0.22
0.33
0.44
0.55
0.66
0.77
0.88
0.99
11
1.1749
1.2591
1.33
1.3825
1.4136
1.4233
1.4136
1.3897
1.3608
1.3325
1.3077
1.2767
1.1981
1.1538
1.138
1.1374
1.1519
1.12
11
1.07
1.05
1.02
0.955
0.875
0.76
0.63
0.5
0.365
0.23
0.09
-0.05
-0.185
-0.32



Appendix 3.3

ALPHA

OO NOOU D WNRO

NNNNRPRPPRPRRPRRRPERRRBR
NP O WOWNOURAWNIERO

30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125

80000
0
0.0936
0.1833
0.2688
0.3495
0.4117
0.4573
0.4758
0.4428
0.3544
0.2108
0.1124
0.0139
0.0314
0.0489
0.0889
0.1287
0.1758
0.2228
0.2732
0.3236
0.3751
0.4265
0.584
0.855
0.98
1.035
1.05
1.02
0.955
0.875
0.76
0.63
0.5
0.365
0.23
0.09
-0.05
-0.185
-0.32
-0.45
-0.575
-0.67
-0.76

160000
0
0.0889
0.1935
0.2924
0.388
0.4753
0.5615
0.6224
0.6589
0.6606
0.6248
0.5531
0.4408
0.3332
0.2256
0.2142
0.2027
0.2315
0.2603
0.3038
0.3472
0.3951
0.443
0.5963
0.855
0.98
1.035
1.05
1.02
0.955
0.875
0.76
0.63
0.5
0.365
0.23
0.09
-0.05
-0.185
-0.32
-0.45
-0.575
-0.67
-0.76

Lift

REYNOLDS
360000
0
0.11
0.22
0.3088
0.4114
0.5068
0.596
0.6724
0.7373
0.7781
0.7949
0.7852
0.7488
0.6923
0.6237
0.5567
0.4896
0.4549
0.4202
0.4292
0.4382
0.4704
0.5026
0.6321
0.855
0.98
1.035
1.05
1.02
0.955
0.875
0.76
0.63
0.5
0.365
0.23
0.09
-0.05
-0.185
-0.32
-0.45
-0.575
-0.67
-0.76

Coefficient
NUMBER

700000 1000000 2000000 5000000 10000000

0

0.11
0.22
0.33
0.44
0.524
0.6228
0.71
0.7879
0.8526
0.8983
0.9249
0.9279
0.9104
0.8803
0.8405
0.8007
0.7663
0.7319
0.7158
0.6997
0.7024
0.705
0.7724
0.855
0.98
1.035
1.05
1.02
0.955
0.875
0.76
0.63
0.5
0.365
0.23
0.09
-0.05
-0.185
-0.32
-0.45
-0.575
-0.67
-0.76

0

0.11
0.22
0.33
0.44
0.55
0.6328
0.7291
0.8156
0.8904
0.9541
0.9973
1.0245
1.0289
1.0175
0.9938
0.9648
0.9399
0.915
0.9014
0.8877
0.8872
0.8867
0.9326
0.855
0.98
1.035
1.05
1.02
0.955
0.875
0.76
0.63
0.5
0.365
0.23
0.09
-0.05
-0.185
-0.32
-0.45
-0.575
-0.67
-0.76

0

0.11
0.22
0.33
0.44
0.55
0.66
0.7362
0.8256
0.9067
0.9751
1.0284
1.0664
1.0804
1.0793
1.0624
1.0402
1.0181
0.9959
0.9833
0.9707
0.9702
0.9696
1.0107
0.855
0.98
1.035
1.05
1.02
0.955
0.875
0.76
0.63
0.5
0.365
0.23
0.09
-0.05
-0.185
-0.32
-0.45
-0.575
-0.67
-0.76

0

0.11
0.22
0.33
0.44
0.55
0.66
0.7449
0.8439
0.9314
1.0111
1.0772
1.1296
1.1662
1.1813
1.1813
1.1695
1.155
1.1383
1.1278
1.1172
1.115
1.1127
1.1468
0.855
0.98
1.035
1.05
1.02
0.955
0.875
0.76
0.63
0.5
0.365
0.23
0.09
-0.05
-0.185
-0.32
-0.45
-0.575
-0.67
-0.76

0

0.11
0.22
0.33
0.44
0.55
0.66
0.77
0.8538
0.9525
1.0404
1.1211
1.1884
1.243
1.2808
1.3004
1.3067
1.3038
1.296
1.2853
1.2768
1.2741
1.2714
1.2925
0.855
0.98
1.035
1.05
1.02
0.955
0.875
0.76
0.63
0.5
0.365
0.23
0.09
-0.05
-0.185
-0.32
-0.45
-0.575
-0.67
-0.76



Appendix 3.4

ALPHA

OO NOOU D WNRO

NNNNRPRPPRPRRPRRRPERRRBR
NP O WOWNOURAWNIERO

30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125

80000
0
0.0752
0.1465
0.2103
0.273
0.3086
0.3382
0.3427
0.342
0.3162
0.2691
0.2176
0.166
0.1247
0.0833
0.0907
0.0981
0.13
0.1619
0.2017
0.2414
0.288
0.3345
0.4802
0.855
0.98
1.035
1.05
1.02
0.955
0.875
0.76
0.63
0.5
0.365
0.23
0.09
-0.05
-0.185
-0.32
-0.45
-0.575
-0.67
-0.76

160000
0
0.0921
0.1839
0.2731
0.3564
0.4324
0.4953
0.5445
0.5751
0.5874
0.578
0.5564
0.5228
0.4762
0.4296
0.3898
0.3499
0.336
0.3221
0.3348
0.3475
0.3783
0.4091
0.5297
0.855
0.98
1.035
1.05
1.02
0.955
0.875
0.76
0.63
0.5
0.365
0.23
0.09
-0.05
-0.185
-0.32
-0.45
-0.575
-0.67
-0.76

Lift
REYNOLDS
360000
0
0.0842
0.1879
0.2861
0.38
0.4687
0.5486
0.6209
0.6745
0.7148
0.7374
0.7443
0.7363
0.7255
0.6993
0.674
0.6487
0.6293
0.6098
0.6009
0.592
0.5972
0.6023
0.6664
0.855
0.98
1.035
1.05
1.02
0.955
0.875
0.76
0.63
0.5
0.365
0.23
0.09
-0.05
-0.185
-0.32
-0.45
-0.575
-0.67
-0.76

Coefficient
NUMBER
700000
0
0.11
0.22
0.3024
0.4044
0.4998
0.5891
0.6728
0.7434
0.8026
0.85
0.8779
0.8938
0.8973
0.8937
0.884
0.8717
0.8603
0.8489
0.8443
0.8397
0.8425
0.8453
0.8866
0.855
0.98
1.035
1.05
1.02
0.955
0.875
0.76
0.63
0.5
0.365
0.23
0.09
-0.05
-0.185
-0.32
-0.45
-0.575
-0.67
-0.76

1000000 2000000 5000000 10000000

0

0.11
0.22
0.33
0.4128
0.5146
0.61
0.6988
0.7802
0.8498
0.9091
0.9543
0.9843
1.002
1.0122
1.0106
1.0056
0.9973
0.9911
0.9885
0.9858
0.9899
0.994
1.035
0.855
0.98
1.035
1.05
1.02
0.955
0.875
0.76
0.63
0.5
0.365
0.23
0.09
-0.05
-0.185
-0.32
-0.45
-0.575
-0.67
-0.76

0

0.11
0.22
0.33
0.44
0.5192
0.6191
0.7102
0.7939
0.8694
0.9364
0.9862
1.0257
1.0492
1.0657
1.0709
1.069
1.0641
1.0588
1.0571
1.0554
1.0599
1.0644
1.1018
0.855
0.98
1.035
1.05
1.02
0.955
0.875
0.76
0.63
0.5
0.365
0.23
0.09
-0.05
-0.185
-0.32
-0.45
-0.575
-0.67
-0.76

0

0.11
0.22
0.33
0.44
0.55
0.6268
0.7254
0.8143
0.8986
0.9739
1.0398
1.0906
1.1305
1.158
1.1747
1.1823
1.1824
1.1814
1.1797
1.1812
1.1853
1.1893
1.223
0.855
0.98
1.035
1.05
1.02
0.955
0.875
0.76
0.63
0.5
0.365
0.23
0.09
-0.05
-0.185
-0.32
-0.45
-0.575
-0.67
-0.76

0

0.11
0.22
0.33
0.44
0.55
0.66
0.7354
0.8334
0.9222
1.0049
1.0787
1.1453
1.1979
1.241
1.268
1.286
1.2977
1.3031
1.3066
1.3054
1.3092
1.313
1.3476
0.855
0.98
1.035
1.05
1.02
0.955
0.875
0.76
0.63
0.5
0.365
0.23
0.09
-0.05
-0.185
-0.32
-0.45
-0.575
-0.67
-0.76



Appendix 3.5

ALPHA

OO NGOU A WNRO
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100

160000
0.0103
0.0104
0.0108
0.0114
0.0124

0.014
0.0152
0.017
0.0185
0.0203
0.0188
0.076
0.134
0.152
0.171
0.19
0.21
0.231
0.252
0.274
0.297
0.32
0.344
0.369
0.394
0.42
0.446
0.473
0.57
0.745
0.92
1.075
1.215
1.345
1.47
1.575
1.665
1.735
1.78
1.8

1.8
1.78
1.75

Drag

360000
0.0079
0.008
0.0084
0.0089
0.0098
0.0113
0.0125
0.0135
0.0153
0.0167
0.0184
0.0204
0.0217
0.0222
0.106
0.19
0.21
0.231
0.252
0.274
0.297
0.32
0.344
0.369
0.394
0.42
0.446
0.473
0.57
0.745
0.92
1.075
1.215
1.345
1.47
1.575
1.665
1.735
1.78
1.8

1.8
1.78
1.75

Coefficient

REYNOLDS NUMBER
700000 1000000 2000000

0.0067
0.0068
0.007
0.0075
0.0083
0.0097
0.0108
0.0118
0.0128
0.0144
0.0159
0.0175
0.0195
0.0216
0.0236
0.117
0.21
0.23
0.252
0.274
0.297
0.32
0.344
0.369
0.394
0.42
0.446
0.473
0.57
0.745
0.92
1.075
1.215
1.345
1.47
1.575
1.665
1.735
1.78
1.8

1.8
1.78
1.75

0.0065
0.0066
0.0068
0.0071
0.0078
0.0091
0.0101
0.011
0.0119
0.0134
0.0147
0.0162
0.018
0.02
0.0222
0.0245
0.128
0.231
0.252
0.274
0.297
0.32
0.344
0.369
0.394
0.42
0.446
0.473
0.57
0.745
0.92
1.075
1.215
1.345
1.47
1.575
1.665
1.735
1.78
1.8

1.8
1.78
1.75

NACA0012

0.0064
0.0064
0.0066
0.0069
0.0073
0.0081
0.009
0.0097
0.0105
0.0113
0.0128
0.014
0.0155
0.0172
0.0191
0.0213
0.0237
0.138
0.252
0.274
0.297
0.32
0.344
0.369
0.394
0.42
0.446
0.473
0.57
0.745
0.92
1.075
1.215
1.345
1.47
1.575
1.665
1.735
1.78
1.8

1.8
1.78
1.75

5000000
0.0064
0.0064
0.0066
0.0068
0.0072
0.0076
0.0081
0.0086
0.0092
0.0098
0.0106
0.0118

0.013
0.0143
0.0159
0.0177
0.0198
0.0229

0.148

0.274

0.297

0.32

0.344

0.369

0.394

0.42
0.446
0.473
0.57
0.745
0.92

1.075

1.215

1.345

1.47

1.575

1.665

1.735

1.78
1.8
1.8
1.78
1.75



Appendix 3.6

ALPHA 80000
0 0.0147
1 0.0148
2 0.0151
3 0.0156
4 0.0168
5 0.0181
6 0.0197
7 0.0214
8 0.0234
9 0.0255

10 0.0277
11 0.076
12 0.123
13 0.14
14 0.158
15 0.177
16 0.196
17 0.217
18 0.238
19 0.26
20 0.282
21 0.305
22 0.329
23 0.354
24 0.379
25 0.405
26 0.432
27 0.46
30 0.57
35 0.745
40 0.92
45 1.075
50 1.215
55 1.345
60 1.47
65 1.575
70 1.665
75 1.735
80 1.78
85 1.8
90 1.8
95 1.78
100 1.75
105 1.7

Drag

160000
0.0116
0.0117

0.012
0.0124
0.0132
0.0142

0.016
0.0176
0.0193
0.0212
0.0233
0.0256
0.0281
0.0302

0.104

0.177

0.197

0.217

0.238

0.26

0.282

0.305

0.329

0.354

0.379

0.405

0.432

0.46
0.57
0.745
0.92

1.075

1.215

1.345

1.47

1.575

1.665

1.735

1.78
1.8
1.8
1.78
1.75
1.7

Coefficient

REYNOLDS NUMBER
700000 1000000 2000000 5000000 10000000

360000
0.0091
0.0092
0.0094
0.0098
0.0105
0.0114
0.0126
0.0143
0.0157
0.0173
0.0191
0.0211
0.0233
0.0257
0.0283
0.0312

0.124
0.217
0.238
0.26
0.282
0.305
0.329
0.354
0.379
0.405
0.432
0.46
0.57
0.745
0.92
1.075
1.215
1.345
1.47
1.575
1.665
1.735
1.78
1.8
1.8
1.78
1.75
1.7

0.0077
0.0078
0.008
0.0083
0.0089
0.0098
0.0108
0.0122
0.0135
0.0149
0.0164
0.0182
0.02
0.0221
0.0244
0.0269
0.0297
0.134
0.238
0.26
0.282
0.305
0.329
0.354
0.379
0.405
0.432
0.46
0.57
0.745
0.92
1.075
1.215
1.345
1.47
1.575
1.665
1.735
1.78
1.8

1.8
1.78
1.75
1.7

0.0074
0.0075
0.0076
0.0079
0.0083
0.0091
0.0101
0.0111
0.0126
0.0138
0.0152
0.0168
0.0186
0.0205
0.0225
0.0249
0.0275
0.0303
0.145
0.26
0.282
0.305
0.329
0.354
0.379
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Appendix 3.7

Drag

ALPHA
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100
105
110
115
120
125

80000
0.0214
0.0215
0.0219
0.0225
0.0235
0.0247
0.0263
0.0282
0.0303
0.0327

0.062
0.0925
0.123
0.1405
0.158
0.177
0.196
0.217
0.238
0.26
0.282
0.3055
0.329
0.405
0.57
0.745
0.92
1.075
1.215
1.345
1.47
1.575
1.665
1.735
1.78
1.8
1.8
1.78
1.75
1.7
1.635
1.555
1.465
1.35

160000
0.0162
0.0163
0.0167
0.0172
0.0181
0.0192
0.0206
0.0223
0.0242
0.0264
0.0288
0.0315

0.08
0.119
0.158
0.177
0.196
0.217
0.238

0.26
0.282

0.3055
0.329
0.405

0.57
0.745
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1.075
1.215
1.345

1.47
1.575
1.665
1.735
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1.8
1.8
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1.75
1.7
1.635
1.555
1.465
1.35

Coefficient

REYNOLDS NUMBER

360000
0.0128
0.0129
0.0131
0.0137
0.0144
0.0153
0.0166
0.0181
0.0198
0.0217
0.0238
0.0262
0.0288

0.077
0.158
0.177
0.196
0.217
0.238
0.26
0.282
0.3055
0.329
0.405
0.57
0.745
0.92
1.075
1.215
1.345
1.47
1.575
1.665
1.735
1.78
1.8
1.8
1.78
1.75
1.7
1.635
1.555
1.465
1.35

700000
0.0101
0.0102
0.0104
0.0107
0.0112
0.0121
0.0132
0.0145
0.0159
0.0176
0.0194
0.0213
0.0235
0.0259

0.094
0.145
0.196
0.217
0.238
0.26
0.282
0.3055
0.329
0.405
0.57
0.745
0.92
1.075
1.215
1.345
1.47
1.575
1.665
1.735
1.78
1.8
1.8
1.78
1.75
1.7
1.635
1.555
1.465
1.35

1000000 2000000 5000000 10000000

0.0085
0.0087
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0.0102
0.0112
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0.0223
0.0245
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0.217
0.238
0.26
0.282
0.3055
0.329
0.405
0.57
0.745
0.92
1.075
1.215
1.345
1.47
1.575
1.665
1.735
1.78
1.8

1.8
1.78
1.75
1.7
1.635
1.555
1.465
1.35

0.0082
0.0082
0.0083
0.0086
0.0089
0.0095
0.0102
0.0115
0.0126
0.0139
0.0154
0.017
0.0187
0.0206
0.0227
0.0251
0.108
0.173
0.238
0.26
0.282
0.3055
0.329
0.405
0.57
0.745
0.92
1.075
1.215
1.345
1.47
1.575
1.665
1.735
1.78
1.8

1.8
1.78
1.75
1.7
1.635
1.555
1.465
1.35

0.0077
0.0077
0.0078
0.008
0.0084
0.0087
0.0093
0.0101
0.0111
0.0122
0.0134
0.0148
0.0163
0.0179
0.0197
0.0218
0.024
0.12
0.238
0.26
0.282
0.3055
0.329
0.405
0.57
0.745
0.92
1.075
1.215
1.345
1.47
1.575
1.665
1.735
1.78
1.8

1.8
1.78
1.75
1.7
1.635
1.555
1.465
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0.0073
0.0073
0.0075
0.0077
0.0079
0.0083
0.0087
0.0093
0.01
0.0108
0.0117
0.0128
0.014
0.0153
0.0168
0.0185
0.0203
0.0223
0.0244
0.14
0.282
0.3055
0.329
0.405
0.57
0.745
0.92
1.075
1.215
1.345
1.47
1.575
1.665
1.735
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1.8
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Appendix 3.8

Drag

ALPHA
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100
105
110
115
120
125

80000
0.0232
0.0233
0.0237
0.0243
0.0253
0.0264
0.0279
0.0297
0.0319
0.0343

0.062
0.0925
0.123
0.1405
0.158
0.177
0.196
0.217
0.238
0.26
0.282
0.3055
0.329
0.405
0.57
0.745
0.92
1.075
1.215
1.345
1.47
1.575
1.665
1.735
1.78
1.8
1.8
1.78
1.75
1.7
1.635
1.555
1.465
1.35

160000
0.0177
0.0178
0.0181
0.0186
0.0194
0.0204
0.0217
0.0233
0.0252
0.0273
0.0297

0.07
0.123
0.1405
0.158
0.177
0.196
0.217
0.238
0.26
0.282
0.3055
0.329
0.405
0.57
0.745
0.92
1.075
1.215
1.345
1.47
1.575
1.665
1.735
1.78
1.8
1.8
1.78
1.75
1.7
1.635
1.555
1.465
1.35

Coefficient

REYNOLDS NUMBER

360000
0.0139
0.014
0.0143
0.0148
0.0155
0.0163
0.0174
0.0187
0.0204
0.0222
0.0243
0.0266
0.0292
0.086
0.158
0.177
0.196
0.217
0.238
0.26
0.282
0.3055
0.329
0.405
0.57
0.745
0.92
1.075
1.215
1.345
1.47
1.575
1.665
1.735
1.78
1.8

1.8
1.78
1.75
1.7
1.635
1.555
1.465
1.35
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0.0111
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0.0113
0.0117
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0.0149
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0.0215
0.0237

0.026
0.0286
0.104
0.196
0.217
0.238
0.26
0.282
0.3055
0.329
0.405
0.57
0.745
0.92
1.075
1.215
1.345
1.47
1.575
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1.735
1.78
1.8
1.8
1.78
1.75
1.7
1.635
1.555
1.465
1.35
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0.0094
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0.0096
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0.0103
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0.0117
0.0126
0.0138
0.0152
0.0166
0.0184
0.0202
0.0223
0.0244
0.0269
0.0295
0.125
0.238
0.26
0.282
0.3055
0.329
0.405
0.57
0.745
0.92
1.075
1.215
1.345
1.47
1.575
1.665
1.735
1.78
1.8

1.8
1.78
1.75
1.7
1.635
1.555
1.465
1.35

0.0089
0.0089
0.009
0.0092
0.0096
0.0101
0.0108
0.0117
0.0128
0.014
0.0154
0.017
0.0187
0.0206
0.0226
0.0248
0.0273
0.03
0.135
0.2085
0.282
0.3055
0.329
0.405
0.57
0.745
0.92
1.075
1.215
1.345
1.47
1.575
1.665
1.735
1.78
1.8

1.8
1.78
1.75
1.7
1.635
1.555
1.465
1.35

0.0082
0.0083
0.0084
0.0086
0.0089
0.0092
0.0098
0.0105
0.0114
0.0124
0.0135
0.0148
0.0162
0.0179
0.0196
0.0215
0.0236
0.026
0.0285
0.145
0.282
0.3055
0.329
0.405
0.57
0.745
0.92
1.075
1.215
1.345
1.47
1.575
1.665
1.735
1.78
1.8

1.8
1.78
1.75
1.7
1.635
1.555
1.465
135

0.0078
0.0078
0.0079
0.0081
0.0083
0.0086
0.0091
0.0097
0.0104
0.0112
0.0121
0.0132
0.0143
0.0156
0.017
0.0186
0.0205
0.0224
0.0245
0.0268
0.0293
0.1792
0.329
0.405
0.57
0.745
0.92
1.075
1.215
1.345
1.47
1.575
1.665
1.735
1.78
1.8

1.8
1.78
1.75
1.7
1.635
1.555
1.465
1.35
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Figure 10
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Figure

List of Figures

Figure 1: Ariel views of the eight sites; the yellow spot represents the specific location at which

measurements were collected (Google © Earth Maps).
Figure 2: 1D Actuator Disc.

Figure 3: Schematic diagram illustrating the flow velocities of a straight-bladed Darrieus-type

VAWT (Adapted from [26])

Figure 4: Performance of the numerical model (NACAO0012) for different tip speed ratios
highlighting the maximum operating point of the VAWT. (a) red curve represents Mclntosh
numerical model [5] (b) green broken curve represents current numerical model with no dynamic

stall (c) green solid curve represents current numerical model with dynamic stall.

Figure 5: Performance of the VAWT VSC numerical model at different mean wind speeds. Dots

represent 10 min burst periods.

Figure 6: Best fit and data based on observations for binned €, at different T. I. bins for all 8 sites at

T. =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

by J +20%").

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 7PE model versus power outputs from VAWT model for all
sites at different turbulence intensities (coloured symbols) and a response time of 1 s. The solid line

represents a one-to-one relationship.

Figure 10: Plots representing best fit for binned C, at different 7./ bins for all 8 sites at different 7.s
(a) 10 s (b) 20 s (c) 30 s (d) Description for the best fitat 7, =30 .

Figure 11: Power estimation errors and 7./ frequency distribution compared over eight sites at

different response times (a) 10 s (b) 20 s (¢) 30 s.



Figure 12: Overall Average TPE model errors at different response times for all eight potential

turbine sites

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 f 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 (T.) of | s.

APPENDIX 3
Tables of Lift and Drag coefficients for different Reynolds number at varying angle of attack (alpha)
for NACA0012, NACAO0015, NACAO0018 and NACAO0021.
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