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Abstract: During a turbine’s lifetime, minimizing the cost of power production should be the primary
aim in addition to attaining high technical efficiency. Thus, this paper was aimed at enhancing the
aerodynamic efficiency of a site-specific small wind turbine considering the cost of energy as one of
the design parameters. The wind distribution of a specific site was employed to characterize the wind
using the Weibull distribution method. The aerodynamics of a typical 5 kW wind turbine blade were
investigated by implementing a blade element method (BEM) using a MATLAB code that applied the
advancements and improvements with different modifications and which was validated by engaging
computational fluid dynamics (Ansys-Fluent). The optimal pitch angle was then employed to further
promote the performance characteristics of the blade. The cost of energy was reformulated in terms of
rated power considering a cost variation of the main components that deviates with the rated power.
Accordingly, the performance parameters were investigated against a varying rated power and the
relative cost of energy, achieving a maximum power coefficient of 55.37% at a lower cost of energy.
Moreover, annual energy production of approximately 18 MWh with a corresponding capacity factor
of approximately 41% was achieved at a lower cost of energy. These findings demonstrate that the
selected modelling, analysis procedures, and modifications enhance the aerodynamic performance
characteristics and lower the cost of energy of the small wind turbine blade, which promotes the
affordability and energy harnessing capability of small wind turbines.

Keywords: aerodynamics; small wind turbine; cost of energy; blade performance characteristics;
blade element method; annual energy production; capacity factor

1. Introduction

Small wind turbines (SWT) receive less attention than their larger counterparts, which
might be the reason leading to their low technology development. The small number of
certified SWT evidences this case [1] and might contribute to a lack of confidence in the
technology towards their intended use of demand. Regardless of this, the SWT global
market is predicted to increase every year [2] and the scarce high potential wind resource
area requirement of the large-scale wind turbines lets researchers look for an alternative in
areas of lower wind potential and lower technology demanding small wind turbines [3].

Most of the earlier research focused on structural analysis rather than aerodynamic opti-
mization. Power coefficients of approximately 25% and 45%, and a capacity factor of 20–40%
and 35–45% are depicted for the small- and large-scale wind turbines, respectively [4–6]. Ad-
vances in aerodynamic performance and optimization of turbines with the readily available
broad application airfoils, which can be used for small wind turbine applications, would
create dramatic developments in the small wind turbine sector [4,7–10]. For example, Delft
University, the Technical University of Denmark, and the National Renewable Energy
Laboratory (NREL) developed several families of airfoils for wind turbine blades. Among
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the different airfoils available, some provided good performance characteristics in the fluid
flow best suited to small-scale wind turbines [8,11,12].

The theory of the ideal design based on the Betz limit is a starting point for a realistic
wind turbine blade design [13,14]. According to the Betz limit, the ideal efficiency of the
wind turbine is approximately 59.3%, with an ideal value of the induction factors and
corresponding chord lengths. Different adaptations are required, as the ideal design has
the massive size of the blade towards the root, where its contribution in creating the torque
is the least. Among the commonly practiced adaptations, simplifying the root part by
drawing a straight line through the 70% and 90% span points simplifies and removes a lot
of material close to the root [14]. It is shown that even though the drag will increase due to
the simplified design at the modified region, the penalty due to small values of the adverse
torque in that region is negligible. Moreover, modification of the ideal design is possible
by simplifying the chord and twist distributions using linearization [15], implementing
a simple control method via modification control points on the rotor geometry of the
ideal design [16]. Furthermore, the tip loss factor is a correction for the induction factors
developed using actuator disk theory, which assumes an infinite number of blades. In
practice, a finite number of blades are used, which leads to the vortex structure change in
the wake of the turbine [17]. Thus, Prandtl initially defined the tip loss factor, which was
latter modified by Glauert [18]. In recent times, Shen further improved it and developed
a modified tip loss correction model for aerodynamic computations of wind turbines,
which better predicts the aerodynamic force distribution in the vicinity of the tip [19],
with the improvement confirmed compared to Glauert’s tip loss correction in [20]. Hence,
implementing these changes with improved tip and root part modifications will help realize
a better wind turbine design.

Another condition that needs due care in wind turbine aerodynamics is parameter
selection. The best design parameters should be selected and implemented to maximize
the performance of the wind turbine. Primarily, the number of blades and tip speed ratio
requires careful nomination. Qualitative comparisons of the power coefficient versus tip
speed ratio for a different number of blades are discussed in [14,21]. Furthermore, the
choice of the design wind speed is another main parameter that requires careful attention.
There are various commonly used ways of design/rated wind speed selection resulting in
different values. The IEC-61400-2 standard is one of the most commonly used for analysis
based on wind class [22] and recommends that the rated wind speed is 40% higher than
the mean wind speed. On the other hand, as a rule of thumb, it is suggested that the rated
wind speed is a factor of 1.5 greater than the site mean wind speed [23,24]. However, based
on wind distribution characteristics, selecting the design wind speed at approximately the
highest wind power distribution is expected to extract the maximum power [25].

Blade element method (BEM) and computational fluid dynamics (CFD) are widely
used numerical analysis tools for the performance prediction of the wind turbines. BEM
helps in determining the axial forces and torque using the linear momentum theory, while
CFD helps in the visualization of flow behavior on the blade surface and the wake re-
gion [26]. BEM is the most frequently used method for aerodynamic and aero-elastic
analysis. In the design of wind turbine blades, different modifications and improvements
have been made for better evaluation of forces and velocities. Among these, the adjustments
made in [26] indicated performance improvement at the inboard and outboard parts of the
turbine. This has the advantage of reducing the flap bending moment to some extent, taking
into account wake expansion and rotation [27]. In solving the flow fields using the CFD,
the two-equation turbulent models of the k-ω and k-ε series and four-equation transition
k-ω SST (shear stress transport) turbulent models are commonly implemented to study
the Reynolds-averaged Navier–Stokes (RANS) equation. The k-ω turbulence model is
appropriate in modeling the boundary layers, whereas the k-ε turbulence model is suitable
for far-field flow simulations. The transition k-ω SST turbulence model has primarily been
used for the aerodynamic investigation of 3D wind turbine blades implementing the k-ε
model for far-field flows and k-ωmodel for boundary layers [28–30].
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Wind turbines that support variable-speed operation utilize pitch control techniques
to achieve desired power outputs. Pitch control is mainly applied in regulating the pitch
angle of wind turbine blades to retain the rated power output for wind speeds above the
rated values [31]. The performance of small wind turbines might be significantly improved
through more effective power regulations implementing advanced pitch-to-feather control
strategies [32]. The effect of pitch angle on the performance of a wind turbine was studied
in [33], correlating the power produced to the stall characteristics. The effect of variable
blade pitch on the aerodynamic performance of a small turbine emphasizing the enhanced
behavior due to the use of a pitch angle controller is also presented in [34]. Thus, pitching is
mainly used in controlling different characteristics of wind turbine operations. Additionally,
attention should be given in using it for correcting twist angle to maximize the aerodynamic
efficiency of wind turbines at the design phase.

On the other hand, a wind turbine is capital intensive with approximately 50% of
its cost of energy related to the turbine cost [35]. Performance improvement without
considering the cost of energy (CoE) might lead to limited use of small wind turbines if
the power gained could not cover the associated cost of power production during the
turbine’s lifetime. The cost of energy is commonly assessed for wind turbines in operation
at individual or wind farm levels [35,36] or used to select existing turbines based on specific
site conditions, including in [37] where the site-specific wind turbine selection method is
presented in terms of the radius of the rotor, hub height, and rated power as variables,
assuming a cost-of-energy model. On the other hand, another study designated a minimum
cost of energy as the better metric in examining common objectives used in wind turbine
optimization problems [38]. Hence, it is important to consider the cost of energy as a design
parameter during the design phase. In a previous study by the authors [39], the site-specific
design of a blade was considered for a SWT. A detail analysis of wind resource data at four
sites was employed to determine the rated power of a turbine to provide the lowest cost
of energy at each site. The same blade design and hub height were assumed for the SWT
for the four sites. Based on average wind speed and the estimated AEP at each site, the
respective rated power at minimum cost of energy was determined.

This current paper presents design processes for a small wind turbine blade that
enhances the aerodynamic performance characteristics at a reduced cost of energy consid-
ering low-to-medium, site-specific wind conditions. It employs the blade element method
applying the advancements and improvements with different modifications that are not
commonly implemented for small wind turbines. Moreover, the cost of energy was con-
sidered as a design parameter, redefining it in terms of rated power to enable designing
low-cost-of-energy blade aerodynamics, which is not commonly considered in small wind
turbine designs. Lastly, different performance measures, including the power coefficient,
annual energy production, and capacity factor, were assessed against a varying rated
power and the relative cost of energy attaining an enhanced performance characteristics
at a minimum cost of energy. The results demonstrate designing high performance and
cost-effective small wind turbines.

2. Materials and Methods
2.1. Defining Blade Design Parameters

Based on wind potential records at a height of 30 m above ground level for sites
around Mekelle, located at a latitude of 13.48◦ N, a longitude of 39.49◦ E and an elevation
of approximately 2200 m above sea level, the wind and power density distributions of four
sites shown in Figure 1, which were evaluated using bins and statistical methods [13,40],
were used for the analysis. Thus, using the method of bins for wind records classified into
Nb bins, the total number of data N and average speed V of the wind were defined as:

N = ∑Nb
i fi, V =

1
N ∑Nb

i=1 vi fi (1)

where fi is the frequency of occurrence in each bin and vi is the midpoint wind speed.
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The standard deviation σV of the wind was then calculated from:

σV=

√
1

N − 1

{
∑Nb

i=1 v2
i fi − NV2

}
(2)

Among existing probability distributions to represent wind behavior, the Weibull
distribution is the most appropriate because it incorporates both the exponential and
Rayleigh distributions and provides a good normal distribution approximation [13,40].
Hence, the Weibull probability density function f (V) and the cumulative distribution
function F(V) were found from:

f (V) = (k/c)(V/c)k−1exp
[
−(V/c)k

]
, F(V) = 1− exp

[
−(V/c)k

]
(3)

representing the shape factor c and the shape parameter k, for 1 ≤ k < 10, as:

c = V/Γ(1 + 1/k), k =
(
σV/V

)−1.086 (4)

where Γ(1 + 1/k) is the gamma function defined as Γ(1 + 1/k) =
∫ ∞

0 e−tt(1+1/k)−1dt.
The average power density P/A and average machine power Pw can then be evalu-

ated as:
P/A =

1
2

ρ
1
N ∑Nb

i=1 v3
i fi, Pw =

1
N ∑Nb

i=1 Pw(vi) fi (5)

where A is the swept area of the rotor, ρ is the density of air, and Pw(vi) is the power
produced defined by the power curve of the rotor.

The annual energy production AEP of the rotor and the capacity factor CF were also
represented as:

AEP = Ew = ∑Nb
i=1 Pw(vi) fi∆t, CF = Pw/Pr (6)

where ∆t is the time of operation in a year and Pr is rated power.
The average representative wind parameter of the four sites was then calculated based

on the weighted average using the power density per unit area of each site as a weighting
factor Wj, defined as:

Wj=
(

P/A
)

j/ ∑n
j=1

(
P/A

)
j, j = 1, 2, 3 . . . n (7)
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where n represents the number of data sites under consideration. The required parameter
was evaluated as the sum of the parameters of each site multiplied by their corresponding
weighting factor Wj. Accordingly, the representative weighted wind distribution, power
density distribution, and cumulative distribution were evaluated, as shown in Figure 2,
and were then used to design and evaluate the performance of the rotor blade.
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To maximize the performance of the rotor, the selection of best design parameters plays
a vital role. The tip speed ratio, number of blades, and design wind speed are the most
influential parameters in designing aerodynamically efficient wind turbines. Therefore,
a tip speed ratio (TSR or λ) of 7 with a three-bladed horizontal-axis wind turbine is the
most efficient combination, as per the qualitative comparisons in power coefficients for
rotors of different configurations [14,21]. Designing for specific wind characteristics, wind
speed around the highest wind power distribution is expected to extract maximum wind
power [25]. Hence, according to the power density distribution shown in Figure 2, selecting
a design wind speed in the range of 8–12 m/sec would be advantageous. This would be
confirmed by varying the design wind speed according to the performance parameters and
cost of energy. Zero pitch angle was also taken during the initial design phase, which is
subject to change after considering its effect.

In addition to these criteria, environmental conditions such as density ρ and the
kinematic viscosity ν of air affect the design of wind turbines. These values were taken
based on the elevation and atmospheric pressure of the selected area. The design parameters
used are shown in Table 1.

Table 1. Design parameters and values.

Atmospheric Parameters and Values Blade Parameters and Values

Density of air, ρ = 0.92 (kg/m3) Power, Pd = 5 (kW)
Viscosity of Air, ν = 1.87 × 10−5 ( m2/s) Tip Speed Ratio, TSR or λ = 7 (-)

Atmospheric Pressure = 780 (hPa) Number of Blades, NBl = 3 (-)
Design Wind Speed, V0 = 8–12 (m/s) Pitch Angle = 0

◦
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Small wind turbines commonly use one airfoil throughout the blade length, which
contributes to their low performance compared to their larger counterparts. Hence, mixed
airfoils were proposed to improve the performance as airfoils have maximum lift-to-drag
coefficient ratios at a specific thickness. Thicker airfoils are required around the root to
withstand the higher moments, while thin airfoils are required around the tip of the blade
to enhance aerodynamic lift forces. Thus, it is better to use different airfoils at different
radial positions according to their thickness variation in the rotor. Accordingly, the S823
and S822 set of airfoils of the NREL, developed for small wind turbines (1–5 m long and
2–20 kW) and having good performance for rough leading edges [9,10], were selected. A
rectangular section was selected as a third airfoil for use in the root part to properly connect
the blade with the hub plate.

Their corresponding lift coefficient Cl and drag coefficient Cd were used at a specific
angle of attack α for S822 and S823 and the recommended force coefficient by IEC 61400-2 [22]
was selected for the rectangular section. According to their aerodynamic behavior and
thickness, the above airfoils were then arranged along the blade span. Moreover, their
corresponding slopes were evaluated at the selected angle of attack α from Cl and Cd data
around the linear region. Hence, Table 2 shows the airfoils used and their corresponding
parameters. Hybrid airfoils were used employing interpolations for radial positions out
of the specified spans. Similarly, the aerodynamic coefficients of the hybrid airfoils were
determined using interpolation based on their radial locations and thicknesses. Figure 3
shows the sample arrangements of the airfoils and the interpolated ones at their respective
radial positions.

Table 2. Aerodynamic parameters of the selected airfoils.

Parameter/Airfoil S822 S823 Rectangular

Airfoil thickness (m) 0.16 0.26 0.30
Lift coefficient, Cl (-) 0.7936 0.8388 0

Drag coefficient, Cd (-) 0.00678 0.0157 1.5
Angle of attack, A (◦) 4.75 6.25 0

Slope (-) 6.2 6.5 0
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2.2. Creating Universal Blade Parameter

The ideal design method based on the Betz limit was used to initiate the design of the
blade. It was defined based on the following relationship, assuming negligible effects of the
drag force as an initial design. Hence, the local speed ratio λr is related to axial induction
factor a and tangential induction factor a′ as:

λr = (4a− 1)
√

1− a/1− 3a , a′ = 1− 3a/4a− 1 (8)

where r is a radial position along the blade span.
The ideal twist angle β is defined in terms of the flow angle ϕ and design angle of

attack αd as:
β = ϕ− αd, ϕ = tan−1[(1− a)V0/(1 + a′

)
ωr] (9)

where ω is angular rotor speed and V0 is the wind speed.
The chord length Lc and the blade design parameter Bep were then defined as:

Bep = 4asinϕ/(1 + a′
) (10)

Lc = Bep[2πV0/NBlCl,dω] = 8πaV0sinϕ/(1 + a′
)

NBlCl,dω (11)

where NBl is the number of blades and Cl,d is the design lift coefficient at the design angle
of attack αd.

Thus, the universal blade parameter Bep was found, given the above ideal relationship
at the ideal values of a = 1/3 and a′ = 0 or close to zero. Once this blade parameter was
found, it was used as a universal value for the rest of the blade design, unless the initial
input design values Pd, Cl,d, NBl , αd, V0, and λ were changed. At this stage, the ideal
blade geometry, in terms of the ideal chord lengths and ideal twist angles, was ready for
further realistic modifications. This ideal design of the blade was then used as an input to
the design modifications with all the input parameters described above.

2.3. Implementation of the Blade Element Method

The definitions of the BEM were according to the explanations in [26,27]. Hence, the
axial and tangential aerodynamic forces were expressed in terms of their corresponding
coefficients, the axial or normal force coefficient Cn, and tangential or rotational force
coefficient Cr as:

Cn = Clcosϕ + Cdsinϕ, Cr = Clsinϕ− Cdcosϕ (12)

The thrust and torque coefficients CT and CQ, respectively, were expressed as:

CT = V2
relCn Lc NBl/2πrV2

0 = σ CnV2
rel/V2

0 (13)

CQ = V2
relCr Lc NBl/2πrV2

0 = σ CrV2
rel/V2

0 = CT(Cr/Cn ) (14)

where Vrel is the relative wind velocity, as shown in Figure 4, which illustrates the rela-
tionships between the aerodynamic forces, velocities, twist, and attack angles. The solidity
factor σ was defined as:

σ = Lc NBl/2πr (15)

The axial induction factor for a < 0.2, can be expressed as:

a = [(8πrFsin2 ϕ/Cr Lc NBl) + 1]−1 (16)

where F is the tip loss factor. Otherwise, the polynomial relationship developed in [26] was
implemented as:

a = k1(CT/F) + k2(CT/F)2 + k3(CT/F)3 (17)
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This empirical relationship was developed for unconed and undeflected rotors, with
the coefficients ki determined from numerical actuator disk analysis as k1 = 0.08921,
k2 = 0.05450, and k3 = 0.25116 [26]. The tangential induction factor a′, which is the same
for all conditions, was expressed as:

a′ = CQ/4(1− a)λr (18)

where λr = ωr/V0.
The Shen tip loss factor, which is the modified version of Glauert‘s tip loss correction

factor, developed to correct the assumption of an infinite number of blades, was selected as
it better predicts the aerodynamic force distribution in the vicinity of the tip [19,20] and
was described as:

F =
2
π

cos−1
(

e−g NBl
2 ( R−r

rsinϕ )
)

(19)

where g is the addition by Shen and is expressed as g = exp[−0.125(NBlλr − 21)] + 0.1.

2.4. Chord Modifications

Prior to applying the BEM, the Shen tip loss factor was applied for the chord modifi-
cation around the blade tip. Moreover, chord modification methods discussed in [15,16]
were included. The control points around the root and the maximum chord were increased.
In addition, more control points were utilized around the starting point of the modified
region, taking the starting point of the chord modification at approximately 60% of the
blade span, as shown in Figure 5. These were applied in MATLAB code in such a way,
selecting the stated control points, that a smooth profile was generated employing Bezier
curve principles facilitating smooth connections between the ideal and modified points of
the root and the hub. It was also used to control or limit the maximum chord value.

The remaining span beyond 60% was taken from the ideal value to maximize the
energy harnessing ability and the performance of the wind turbine blade. Element-wise,
this part of the blade span contributes most of the energy compared to the others. However,
the tip loss correction factor was applied to this part to correct the losses. Figure 5 shows
the ideal and modified blade chord, including the control points for modification around
the root, mid, and tip of the blade spans.
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2.5. Twist Modifications

Affected by the modifications of the blade, the chord length was made to be less than
the ideal one, starting at approximately 60% of the span towards the root of the rotor. Hence,
the ideal angle of attack αd in the modified part results in lower aerodynamic torque due to
deviation of the axial induction factor from the ideal value. Therefore, the twist angle β
was modified by increasing αd to compensate for the axial induction factor. Even though
this modification will increase the Cd, the effect is less than the associated increase of Cl [14].
The twist angle modification was assumed to be within the linear range of the Cl versus α
curve, considering the operating conditions would not exceed this region. Accordingly, the
twist modification was defined as outlined below.

The normal force coefficient Cn, new that would compensate for the deviation of the
ideal induction factor [16] was described as:

Cn,new = 4Fsin2 ϕ/σ

(
1
ad
− 1
)

(20)

With the assumption that the change in Cl is more than the change in Cd in the linear
region, the modified lift coefficient was then defined as:

Cl,new = (Cn,new − Cdsinϕ)/cosϕ (21)

For the linear region change in the angle of attack, α was described as:

∆α = ∆Cl/(∂Cl/∂α) = Cl,new − Cl/(∂Cl/∂α) (22)

The corrected twist angle βnew applied in the iterative loop was then defined as:

βnew = ϕ− (αd + ∆α) (23)



Energies 2022, 15, 8111 10 of 23

2.6. Power and Force Evaluation

After implementing the above modifications in Sections 2.4 and 2.5, the local rotor
thrust force dT and torque dQ were evaluated as:

dT =
1
2

NBLcCnρ
V2(1− a)2

sin2 ϕ
dr, dQ =

1
2

NBLcCrρ
V(1− a)

sin ϕ

rω(1 + a′)
cos ϕ

dr (24)

The total thrust force T, torque Q, and rotor shaft power Protor were defined as:

T =
∫ R

Rhub

dTdr =
Nel

∑
i=1

dTi∆r, Q =
∫ R

Rhub

dQrdr =
Nel

∑
i=1

ridQi∆r, Protor = Qω (25)

The shaft power coefficient Cp and the thrust force coefficient Ct were also repre-
sented as:

Cp = Qω/1
2

ρV3
0 A , Ct = T/1

2
ρV2

0 A (26)

where A is the swept area of the rotor.
Hence, a new value of radius Rnew was defined, given the above expressions and the

design power Pd, to update the radius in the iterative loop as:

Rnew = R
√

Pd/Qω (27)

The angular speed of the rotor, which was updated in the iteration in terms of Rnew,
was then defined as:

ω = λV0/Rnew (28)

2.7. Cost of Energy and Performance Characteristics

Specific wind characteristics represented by the Weibull wind distribution, power
density distribution, and cumulative distributions shown in Figure 2 were considered to
evaluate the performance parameters of the designed blade. The annual energy production
AEP, capacity factor CF, and rated wind speed Vr were analyzed against the rated power
Pr variation. Besides enhancing the technical efficiency, minimizing the cost of power
production should be given priority. Hence, the cost of energy CoE, which represents the
production cost of unit energy [13], was represented as:

CoE = [Cce × FCR + Com]/AEP (29)

where Cce is the wind turbine capital cost, FCR is a fixed charge rate, and Com is the
operations and maintenance costs. With a limited scope of study about the cost impacts,
CoE was analyzed in terms of the rated power using cost elements changing with rated
power variation. Thus, the cost of power electronics and the drive train were anticipated to
vary proportional to the rated power, while the cost of the blade was assumed to vary with
the square root of the rated power [23]. The drive train cost component should be ignored
for direct-drive small wind turbines.

Thus, the turbine capital cost Cce was proposed to be defined as a function of the rated
power based on the cost variation of the main components that deviate with the rated
power as:

Cce =
(

CBl ×
√

Pr + (Cpe + Cdt)× Pr + Coc

)
(30)

where CBl is cost of the blade, Cpe is the cost of power electronics, Cdt is the cost of the drive
train, and Coc is other component costs.

Therefore, the CoE was reformulated up on the proposed relationship of the turbine
capital cost in Equation (30), as:

CoE =
[(

CBl ×
√

Pr + (Cpe + Cdt)× Pr + Coc

)
× FCR + Com

]
/AEP (31)
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To evaluate the CoE, component level contributions for land-based turbines according
to the NREL [35] were converted into percent contributions. The component cost modules
were considered and their relative cost contributions are shown in Table 3. In addition to
these, the realistic FCR of 7.5% was taken according to the NREL [35]. From the rotor and
nacelle modules, the blades, drive train, and power electronics were assumed to vary with
rated power, contributing 9.14%, 9.48%, and 8.27% of the total costs, respectively, and were
taken as an input in Equation (31). The relative-CoE, which is the ratio of the CoE to the
nominal value, was then applied in the analysis and the design parameters Vr and Pr were
varied with relative-CoE to enable evaluation. Finally, these results were investigated to
demonstrate whether the design parameters were at a minimum cost of energy or not.

Table 3. Component cost breakdown of wind turbine [35].

Cost Modules
(-) Module Cost Share % ($/kW) Module Elements

(-) Element Cost Share % ($/kW)

Rotor Module 14.29 Blade 9.14
Pitch assembly 2.97
Hub assembly 2.19

Nacelle Module 24.21 Nacelle structure 4.86
Drive train 9.48

Nacelle electric 8.27
Yaw assembly 1.60

Tower Module 10.65
Balance of System 16

Financial Costs 6
Operation and Maintenance 28.53

2.8. Iterative Processes

Based on the above relationships and conditions, the iterative process used for design-
ing the realistic blade was implemented as follows:

To initiate the iterative process, the tip speed ratio, number of blades, and atmospheric
parameters such as air density and viscosity were taken as constant values. Initial de-
sign wind speed was assumed and the chord lengths evaluated based on the ideal blade
parameter values.

The blade element method was then applied, limiting the induction factors to converge
to the ideal values followed by determining the force coefficients and flow angles element-
wise as variables. Taking these results as input into the next step and with the design power
as the constant constraint, the rotor radius and rotor speed were evaluated as variables till
the previous and latest iteration results converged, achieving a maximum power coefficient.
As a result, blade parameters such as the chord lengths and twist angles element-wise were
updated by modifying the blade geometry. Hence, the blade key parameters, the power,
and thrust coefficients were evaluated and recorded for further processes.

Lastly, the CoE and performance parameters AEP and CF were evaluated based on
the specific wind distribution, examining if minimum cost of energy was achieved at the
selected design wind speed and rated power. The above iterative processes were repeated
till a minimum CoE was achieved at a specific wind speed and rated power for the specified
wind distribution.

2.9. Numerical Performance Prediction and Validation

In this paper, Ansys-Fluent, a widely used CFD modelling software, was used for
validation purposes considering the continuity and Navier–Stokes equations as governing
equations of the flow around the blade. The four-equation turbulence model k-ω SST,
suited for boundary layer and far-field flow modelling, and Reynolds-averaged form of the
continuity and momentum equations were used for solving the flow around the blade.

The computational domain was modelled using a single blade in the 120◦ radial stream
tube domain segment, with periodic faces as boundary conditions to reduce computation
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time. The solution was then extrapolated to other two blades to realize the results for the
three-blade rotor. Hence, the cylindrical computational domain was considered with the
inlet located at the upstream side in front of the blade at three-fold of the rotor radius with
a diameter five times the diameter of the rotor. The outlet of the domain was located at ten
times the radius of the rotor behind the rotor blade at the downstream side with a cylindrical
boundary at seven times the radius of the rotor to avoid unfavorable boundary dependency
effects by allowing wake expansion [41,42]. Moreover, proper boundary conditions were
implemented with the design velocity as the inlet velocity and the atmospheric pressure of
the selected site condition as the outlet pressure. In the computational domain, a rotating
frame was applied to account for the rotor speed assuming a stationary blade as a non-slip
wall boundary condition.

For the simulation to converge and solve smoothly, the computational domain was
meshed employing mesh control selections. Hence, using the global mesh control, the
computational domain was meshed with unstructured mesh using tetrahedral cells, which
are easier to mesh complex geometry and achieve mesh quality. An advanced size function
was then applied to better represent the curves, setting it to proximity and curvature at a
fine relevance center. Using the local mesh control, match control and face sizing were then
applied to the periodic faces and to the surface of the blade, respectively, with element size
of 2mm. Moreover, prismatic type inflation layers were implemented to the blade surface at
a reasonable growth rate to better represent the boundary layer flow. The wall distance y+
was limited to less than one for improved resolution of the flow in the boundary layers [41].
The wall distance y+ is a non-dimensional distance from the wall to the first mesh node
and is used to describe the height of the first grid element next to a wall in the simulation.
Moreover, a sphere of influence was employed at the computational domain around the
blade geometry. These would improve the quality of mesh and enhance the convergence of
the solution. Hence, skewness, which is most recommended for CFD, was implemented to
control the quality of mesh in the simulation, confirming most of the cells to be at lower
values with 0.9 as a limiting value.

Incompressible settings, at the specified design conditions, were applied to the air
around the rotating blade. Incompressible RANS (Reynolds-averaged Navier–Stokes)
equations were solved using a steady-state, pressure-based coupled algorithm with double
precision applying pseudo transient and high-order term relaxation. Moreover, a turbulent
intensity value of 5%, which is sufficient for nominal turbulence through a circular inlet,
and a turbulent viscosity value of 10, which is a typically good value for external flows,
were used in the simulation. The convergence of the solution was also assured, limiting
the residual values for continuity, the velocities, turbulent kinetic energy, and the specific
dissipation rate to less than 10−6, and restricting net mass imbalances in the inlets and
outlets values to less than 0.1% [42–44]. Finally, torques and forces induced by the blade
profile were recorded and used for comparison with the BEM results.

On the other hand, Ashes software (simis.io), which is an analysis software for wind
turbines, was used as an off-design performance prediction tool. Parameters including
twist angle, chord, pitch axis, and airfoils, at their corresponding radial positions, were
provided to Ashes in a table format to predict the performance of the designed blade in
different conditions. The shape files for the selected airfoils, including the interpolated
ones between the nominated positions, were also included. Ashes internally implements
xfoil to determine the lift and drag coefficients of the provided shape files if not provided.
Thus, executing it for different wind speeds, the results of TSR, Cp, and Ct were taken in
table format to evaluate different characteristic curves and for further investigation. The
effect of pitch angle on the performance of the blade was examined using the performance
curves at various pitch angles. The best pitch angle was then selected and used to evaluate
the performance results and further modify the blade geometry.
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3. Results and Discussion
3.1. Element Forces and Parameters

The sectional or element induction factors and flow or twist angles found are shown
in Figure 6. The values of the induction factors were close to the theoretical value in
most sections except at around the root, which was due to the modifications in chord
length and twist angles, as shown in Figure 6a. Around the blade root up to r/R = 0.4,
the axial induction factor “a” was much lower than the theoretical value (a = 1/3), while
the tangential induction factor a′ was higher than its theoretical value (a′ = 0). Beyond
r/R = 0.4, both induction factors were close to the theoretical values, as expected. Figure 6b
shows the results of the twist angle and flow angle. The twist angle had a smooth transition
to zero around the root facilitating proper connection with the hub plate. The difference
between the flow and twist angles shown in Figure 6b revealed the angle of attack. The
angle of attack was constant (at airfoil optimum value) from the tip towards the root and
significantly increased around the root due to the twist modifications implemented and the
transition into the rectangular section.
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Likewise, the results of the element forces dT and dQ were as shown in Figure 7. More
thrust force contributions were from around the tip sections, as shown in Figure 7a, while
the rotating torque was almost constant except at around the root and tip parts. The thrust
force increased linearly from the root section until reaching a peak value of approximately
r/R = 0.9 and decreased due to the tip losses. The span-wise power contribution of
the designed blade was also as shown in Figure 7b, with the span-wise highest power
contribution near the tip region at approximately r/R = 0.9, which decreased almost linearly
towards the root.
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Finally, the blade designed based on the BEM implementation with corrected root
and tip parts developed using the MATLAB code in a 3D plot, in its dimensionless form,
is shown in Figure 8. The designed blade output gives an optimized radius of 2.61 m to
produce 5 kW of power at 10 m/s of wind speed and the other selected design conditions.
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3.2. Performance Characteristics

Different blade parameters at the design wind speed of 10 m/s, pitch angle of zero,
and tip speed ratio of 7 were evaluated, with a power coefficient Cp close to 51% and thrust
coefficient of approximately 82% achieved employing the MATLAB code. Corresponding
torque and thrust forces of approximately 187 Nm and 807 N, respectively, were attained,
as shown in Table 4. Almost the same results were gained with Ashes software, which was
used to further evaluate the performance parameters at the design conditions. Ansys-Fluent
simulation was used to validate the performance characteristics at the design wind speed
of 10 m/s and different tip speed ratios. The results of BEM and Ansys-Fluent were in good
agreement and are also shown in Table 4.
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Table 4. Performance results of the designed blade at design conditions.

Parameters MATLAB
Results Ashes Results Ansys Results Max Cp Results

Cp(%) 50.7 50.46 50.35 51.74
Ct(%) 81.9 81 81.64 89.9

Torque, q (nm) 186.6 186.5 184.83 159.8
Thrust force, t (n) 807.3 802.8 804.45 890.9

Optimized radius, r (m) 2.61 2.61 2.61 2.61
Rotor speed, ´Ω (rpm) 256 256 256 306.3
Tip speed ratio, Λ (-) 7 7 7 8.4

The power coefficient and torque versus tip speed ratio curves using BEM and Ansys-
Fluent for a range of tip speed ratios at zero pitch angle are shown in Figure 9a,b. The
Cp values were close to 50% in the tip speed ratio range of 6.5–10 and would be the preferred
operating range for the designed wind turbine. It can be noted that this was not a narrow
range, implying that there was a wide operation range of the blade in terms of rotor speed
and wind speed with maximum Cp values. In this range, the Ansys-Fluent results agreed
very well with the BEM results, and out of this range, slight deviation between the CFD
and BEM results are observed. The difference could be due to the effects associated with
increased angles of attack at low and high TSR values. Keeping the wind speed at a
constant value, increasing the tip speed ratio will increase the power coefficient unless
stall condition is reached. Therefore, using both BEM and Ansys-Fluent, a maximum
Cp value of 51.74% was attained at a tip speed ratio of 8.4 and wind speed of 10 m/s, with a
corresponding rotor speed of approximately 306 revs/min. Accordingly, in comparison to
the values in most of the literature, an enhanced power coefficient was attained, signifying
that implementation of the combination of the selected design processes would lead to
improved performances of small wind turbines.
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Results of the CFD analysis of the blade shown in Figure 10 illustrated that the pressure
distribution was found to be highest on the pressure side along the leading edge. Similarly,
low pressure was observed on the suction side along the leading edge, while the lowest
pressure was observed towards the tip of the blade. Hence, the differences in surface
pressure between the upper and lower surface of the blade create the driving torque, with
higher contributions around the tip region and decreases while moving towards the root
part, resulting in minimal pressure differences. Furthermore, the flow velocity patterns at
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five cross-sections superposed to the blade from the root to the tip are shown in Figure 11.
At the root section, the velocity streamlines indicate that halfway to the chord of the blade
flow separation is observed. This was expected due to the rectangular section used around
the root of the blade. However, a fully attached flow with no separation was observed in
the other four sections along the length of the blade. This result confirmed that there was
no stall condition at the rated wind speed.
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It is essential to look into different characteristic indicator plots, for a range of tip
speed ratio and rotational speedω of the rotor, to check the features of the designed blade.
Figure 12 shows the power coefficient and thrust coefficient versus TSR for various wind
speeds. As per the power coefficient versus TSR and wind speed plot in Figure 12a, almost
the same Cp values were shown up to TSR of approximately 6 for all wind speeds. At
TSR = 5, the Cp value was approximately 30% for all wind speeds (indicated with the
same color). Beyond TSR = 6, variation of the value of Cp with wind speed was observed
reaching a maximum value at the rated wind speed of 10 m/s. At TSR = 8, the value of Cp
was approximately 45% for low wind speeds and increased to a maximum of just above
50% at 10 m/s. Similar behavior was also observed for the thrust coefficient, as shown in
Figure 12b.
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Similarly, Figure 13a,b shows power and torque versus the rotor speed. For all the
wind speeds, the power curve offered maximum value for some rotor speeds corresponding
to tip speed ratios of approximately 6.5–10. Maximum power tracking control mechanisms
and variable speed generators provide maximum power output at different wind speeds.
Among the power tracking control methods, constant tip speed ratio and maximum Cp
are the most commonly used. Hence, Figure 13a,b shows power and torque characteristic
curves, respectively, implementing a constant tip speed ratio of 7 and maximum power
coefficient Cp-max tracking points. The dotted lines shown in the illustrations represent
variable speed operation beyond the rated wind speed. Beyond the rated wind speed to
keep the turbine at the rated power, the rotor speed must be reduced. For a rated power
of 5 kW and wind speed of 10 m/s (shown in the red curve), the dotted line indicates the
rotor speed reaching approximately 306 rpm. Beyond a wind speed of 10 m/s, the variable
speed control is required to reduce to a rotor speed of approximately 220 rpm to keep the
power at 5 kW. Such methods enable small wind turbines to operate at maximum possible
efficiency. Figure 13b reveals that the maximum power coefficient tracing points were away
from the maximum torque points; this would minimize the applied force to the turbine
structure while obtaining the highest power coefficient at lower torque values, unlike the
Cp values at TSR = 7.
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3.3. Effect of Pitch Angle

The effect of the pitch angle on the performance of the blade, evaluated at the design
wind speed of 10 m/s, is shown in Figure 14. Positive pitch values are represented when
the leading edge was twisted against the wind and negative value means the rotor was
pitching to stall. Figure 14 shows the value of the power coefficient for pitch angles 0◦ to
−5◦. The power coefficient increased with a pitch angle up to −3◦ and then decreased
for −4◦ and −5◦. A finer three-dimensional plot of the power coefficient against the TSR
and pitch angle is shown in Figure 15, including positive pitch values. The Cp value for
a positive pitch angle demonstrated higher values at a higher TSR in comparison to the
others. Regardless of this, the Cp at a pitch angle of −3◦ remains the maximum value. As a
result, a maximum power coefficient of 55.37% was found at a pitch angle of −3◦, TSR of
8.1, and rotational speed of 295.5 rpm. Comparing the results with no pitch, it led to an
increased percentage change in the power coefficient of 6.78%. Hence, a pitch angle of −3◦

was taken as the optimal value to adjust the twist angle to boost the blade’s performance.
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3.4. Relative Cost of Energy

The power performance curve determined from the Cp values at the optimum pitch
angle of −3◦ for a rated power of 5 kW and wind speed of 10 m/s is shown in Figure 16.
The Cp curve and rotor speed variation are also included in Figure 16. As previously
indicated in Figure 13a, rotor speed increases with wind speed until the rated condition is
met and is then reduced to keep the power constant. Similar power curves could be found
if the blade was to employed for different values of rated power. AEP and CF can then be
calculated as a function of the rated power based on the respective power curve shown in
Figure 16 and the site wind conditions, as described previously in Figure 2. AEP and CF as
a function of the rated power are shown in Figure 17. AEP increased with rated power and
became constant at high-rated power. On the other hand, CF decreased at a high rate with
an increase in rated power. At a rated wind speed of 10 m/s and rated power of 5 kW, AEP
of 16.98 MWh and CF of 38.76% were found at zero pitch angle, while AEP of 17.89 MWh
and CF of 40.81% were achieved at a pitch angle of −3◦. Increases in AEP and CF of 5.28%
and 5.15%, respectively, were obtained at a pitch angle of −3◦.
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The relative-CoE was calculated based on Equation (31) and by employing the AEP
values at the respective rated power from Figure 17. In Figure 18, the relative-CoE is shown
as a function of rated power and wind speed. Figure 18a shows the blade being used for a
direct drive system, while in Figure 18b, the same blade is used for a gear drive system. The
values for the direct drive system demonstrate the lowest relative-CoE at the selected design
parameters. Figure 18a confirms that a Pr of 5 kW and Vr of 10 m/s were at the minimum
relative-CoE values. Running the turbine at lower-rated power (<5 kW) would increase the
CoE. This is due to the significant reduction in AEP compared to the reduction in cost at
lower-rated power. Operating at higher-rated power (>5 kW) would also increase the CoE.
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The increase in cost associated with higher-rated power exceeds the gain in AEP. Similarly,
Figure 18b shows that the Pr and Vr values corresponding to the lowest relative-CoE were
at a rated power of 3.8 kW and rated wind speed of approximately 8.9 m/sec, indicating
further iterations are required to reach the optimal values for the geared system leading
to a selection of different design parameters and hence different sizing of the blade. In
comparison, a 2.2% increase in relative-CoE shall be accommodated in case there is a need
to use the designed blade with the gear drive system at the rated power of 5 kW and rated
wind speed of 10 m/s.
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4. Conclusions

A typical 5 kW small wind turbine was designed with enhanced aerodynamic perfor-
mance blade, applying BEM with improvements and modifications using MATLAB code
and considering the cost of energy as a design parameter. The blade was made from two
airfoils (S822 and S823) and their hybrids along the length and rectangular section at the
root. Improvements and modifications of the BEM incorporated in the design included: tip
loss factor, chord modification for a smooth blade profile employing a Bezier curve, and
twist angle modification. The cost of energy, which is the ratio of the overall capital and
operation cost to the AEP, was formulated as a function of the rated power and rated wind
speed. Through iterative analysis, the optimum dimensions of the blade were found to be
2.61 m length, 40 cm maximum chord, and 30 mm maximum thickness.

The results of the BEM blade design analysis at zero pitch angle indicated that a
maximum Cp value of 51.7% was attained at a tip speed ratio of 8.4, corresponding to a
rotor speed of 306 rpm and wind speed of 10 m/s. The performance was further increased
at an optimum pitch angle of −3◦ to a maximum Cp of 55.4% at a tip speed ratio of 8.1 and
corresponding rotor speed of 295 rpm. The blade performance was checked employing
Ashes software and modeled in Ansys software for CFD analysis. The results from both
software for the power coefficient Cp and thrust coefficient Ct were found to be in good
agreement with the BEM results.

Applying variable speed operation together with the maximum power tracing princi-
ples, AEP and CF values of approximately 16.98 MWh and 38.76%, respectively, were found
at the rated power and wind speed with zero pitch angle. Improving the twist angle using
the optimal pitch angle of −3◦, AEP and CF were improved to 17.89 MWh and 40.81%,
with corresponding percentage increments of 5.28% and 5.15%, respectively. Therefore,
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considering the cost of energy as a design parameter, enhanced performance at a lower cost
of energy was achieved, and evaluating it against varying rated power, a lower relative-CoE
was attained at the rated values for a direct drive application. In conclusion, the design
and analysis procedures and modifications have demonstrated that enhanced aerodynamic
performance and hence increased energy harnessing ca-pability of small wind turbines
could be achieved.
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