
Citation: Asadbeigi, M.; Ghafoorian,

F.; Mehrpooya, M.; Chegini, S.;

Jarrahian, A. A 3D Study of the

Darrieus Wind Turbine with

Auxiliary Blades and Economic

Analysis Based on an Optimal Design

from a Parametric Investigation.

Sustainability 2023, 15, 4684.

https://doi.org/10.3390/su15054684

Academic Editors: Paolo Sdringola

and Umberto Desideri

Received: 6 February 2023

Revised: 2 March 2023

Accepted: 3 March 2023

Published: 6 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

A 3D Study of the Darrieus Wind Turbine with Auxiliary Blades
and Economic Analysis Based on an Optimal Design from a
Parametric Investigation
Mohammadreza Asadbeigi 1, Farzad Ghafoorian 2, Mehdi Mehrpooya 1,3,*, Sahel Chegini 1 and Azad Jarrahian 4

1 Hydrogen and Fuel Cell Laboratory, Faculty of New Sciences and Technologies, University of Tehran,
Tehran 14399-56191, Iran

2 Turbomachinery Research Laboratory, Department of Energy Conversion, School of Mechanical Engineering,
Iran University of Science and Technology, Tehran 13114-16846, Iran

3 Renewable Energies and Environment Department, Faculty of New Sciences and Technologies,
University of Tehran, Tehran 14399-56191, Iran

4 Department of Petroleum Engineering, Kish International Campus, University of Tehran,
Kish 79416-39982, Iran

* Correspondence: mehrpoya@ut.ac.ir

Abstract: Due to the high consumption of energy in recent years and global efforts to replace fossil
fuels with clean energy, the need for high-efficiency renewable energy systems has become necessary.
Small VAWTs are suitable candidates for clean energy production, due to their advantages over
other power systems; nevertheless, their aerodynamic performance is modest. This paper attempts
to improve the Darrieus VAWT performance by examining the turbine design parameters through
the CFD method by adopting the SST k-ω turbulence model and finding the optimum turbine by
utilizing the Kriging optimization model. Finally, by using the suggested optimized turbine, the
economic analysis conducted to assess the total net present cost indicated the ideal hybrid power.
The CFD results from different parameters show that the three-bladed turbine achieved maximum Cp

and turbine with σ = 1.2 and optimal Cp by 34.4% compared to the medium solidity. The symmetrical
airfoil t/c of 21% registered 19% and 48% performance enhancement at λ = 2.5 in comparison to
t/c = 15% and 12%, respectively. Increasing the H/D ratio results in a better performance at the
initial TSR, while a low H/D attained the highest Cp value. The stall condition can be delayed in low
TSRs with toe-out blades upstream and obtained an increase of 22.4% in power obtained by β= −6◦

compared to the zero pitch angle. The assistance of auxiliary blades working in a wider range of
TSR is shown and the turbine starting power augmented by 75.8%. The Kriging optimization model
predicted the optimal Cp = 0.457, which can be attained with an optimal turbine with N = 3, σ = 1.2,
NACA 0021 airfoil, AR = 0.8, and β= −6◦ operating at λ = 2.8. Finally, the results of the economic
analysis indicate that the hybrid energy system consisting of a VAWT, a battery, and a converter
can be applied for satisfying the site load demand with a lower net present cost and cost of energy
compared to other feasible hybrid energy systems.

Keywords: Darrieus wind turbine; economic analysis; power coefficient; optimization; CFD
simulation; tip speed ratio

1. Introduction

The growing trend of greenhouse gases and global warming has led scientists to
research the use of renewable energy as a suitable alternative to fossil fuels. In recent years,
wind energy has been recognized as one of the most prominent types of renewable energy,
and the process of using this energy source has grown significantly in different countries [1].
Wind turbines are used as incompressible turbomachines to extract power from wind energy.
Wind turbines are divided according to different parameters, among which the classification
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based on the rotating axis of the rotor is very common [2]. Horizontal-axis wind turbines
(HAWTs), which move based on lift forces, are widely used; however, their disadvantages,
including the high cost of installation and maintenance, have increased the interest in
vertical-axis wind turbines (VAWTs) [3]. There are different types of VAWTs. The first group
that rotates with drag force is called the Savonius turbine. Although these turbines have a
self-starting capability, the optimal generated power is insufficient for electricity-generating
applications [4]. Another type of VAWT is Darrieus wind turbines, which operate based
on lift force and are produced in different shapes by various companies [5]. For instance,
the 17 m Sandia’s giant turbine, which includes two or three egg-shaped blades, was
presented by the US Department of Energy, and by applying changes in its geometry, the
power coefficient was increased to 0.43 [6]. Although the output power of these turbines
is acceptable, disadvantages such as initial torque for starting have created limitations
for this turbine; therefore, various methods have been adopted to solve this problem and
increase the efficiency of this turbine. An efficient method is to combine a Savonius rotor
with a Darrieus one to increase the initial torque [7]. Additionally, the use of helical blades
instead of straight blades improved the performance of the Darrieus VAWT in large TSRs.
Moreover, the results showed that the helical angle of 60 degrees was the best condition
for the tested turbine [8]. Another geometric parameter that has a significant impact on
the performance of the turbine is the number of rotor blades. In a numerical study on an
H-type Darrieus VAWT, the results showed that the turbine with more blades performs
better in low TSRs; however, when TSR values increased, the turbine with a lower number
of blades attained a higher power coefficient [9]. In another study, the results proved that
a three-blade turbine has the highest torque, while a four-blade turbine creates the least
destructive vibration in the gearbox [10]. Another design parameter that has a remarkable
effect on the solidity of VAWTs is blade chord length. The results of an experimental
study illustrated that a turbine with a smaller chord length has a better performance in
larger TSRs, while in the initial TSRs, a larger chord length had a higher output power [11].
Additionally, the results of a numerical simulation on a Darrieus VAWT showed that, with
the increase in blade chord length, the wind speed in the downstream area of the rotor
declined and, subsequently, the power coefficient raised [12]. The blade airfoil profile also
has a significant effect on the VAWT performance. The results of a numerical simulation on
a three-blade Darrieus showed that NACA0012 and NACA0030 had the lowest and highest
power coefficient values due to maximum thickness, respectively [13]. Additionally, the
numerical results proved that the Darrieus VAWT consisting of the common NACA0015
airfoil profile had a lower power coefficient and torque compared to the turbine with a blade
made of J-shape NACA0015 [14]. Moreover, an innovative design for a Darrieus VAWT,
including an EN0005 airfoil profile, showed that this configuration has a better performance
by increasing the lift force and, thus, the self-starting ability significantly increased [15].
The aspect ratio, which is the relation between the radius and the height of the rotor, has
a significant effect on the efficiency of the turbine. The results illustrated that, with the
reduction in the aspect ratio, the Reynolds number increased, and as a result, the efficiency
of the VAWT grew [16]. The pitch angle, which is the position of the blades’ leading
edge and has a direct effect on the angle of attack, is considered a design parameter. The
obtained results of a study showed that the negative pitch angle has the best performance
and, with the increase in the pitch angle, the Cp values dwindled [17]. It should be noted
that using a proper turbulence model in numerical simulations affects the obtained results,
and it has been shown that the k-omega SST turbulence model produced more accurate Cp
results than the k-epsilon realizable model [18]. Various approaches have been adopted
to analyze the performance of wind turbines. Various numerical methods were selected
for the analysis due to the low cost of this approach [19]. The most promising method
of numerical simulation approaches is a method based on computational fluid dynamics
(CFD), which is the discretization of the Navier–Stokes equation. Although the CFD method
includes a series of assumptions and simplifications, this method is more acceptable for
many engineering applications [20]. Regarding numerical studies, it should be mentioned
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that 2D transition turbulence numerical modeling has been used due to the lower cost of
calculation and acceptable flow prediction [21], while the more accurate behavior of the
wind flow downstream of the turbine and the wake flow in the mentioned area, which is
modeled by the 3D approach, is more valid [22]. The optimization methods have a wide
application in wind turbines and obtaining a proper model would reduce costs and time
in simulations. By comparing surrogate-based optimization with the Kriging model, the
former model showed more accurate results and was selected to optimize airfoil shapes [23].
The energy cost evaluation for various power system is essential. HOMER Pro is one of the
most commonly used software that suggests the optimized system configuration. Charabi
et al. [24] simulation indicated that DW54 is the most efficient turbine with an electricity
generation of USD 0.119/kW in northern Oman.

In the current study, a full-scale 3D URANS numerical simulation is performed. To
achieve this aim, CFD simulation by Ansys CFD commercial software is conducted. As
the Ansys workbench application also provides a platform for optimization, of the differ-
ent optimization approaches, the Kriging method was selected to discover the optimum
rotor configuration. However, for the final step, which is the techno-economic analysis,
the HOMER Pro 3.14.2 software, which has a powerful library of different geographical
information such as wind speed and solar radiation during a year, was selected. In the
existing literature, a comprehensive investigation of the design parameter’s influence on
aerodynamic behavior and power production is carried out. Additionally, a brief analysis
of the improvement of the self-starting capacity is provided by considering the effect of
different parameters. The novelty of this study is the design and modeling of a standard
Darrieus turbine with auxiliary blades, the investigation of the flow behavior around the
blades, and the evaluation of the proposed turbine performance in a wide TSR range.
Finally, most papers have studied CFD, optimization, and economic analysis separately.
Conversely, in this paper, we study all steps in an integrated manner and reach both an
optimal design and power system generation. In general, the final goal of this numerical
study is to provide an optimal geometry compared to other studies and to provide a feasible
method for installing and operating the designed rotor in an industrial or commercial site.
Thus, the reason for the study and its practicality are self-explanatory. The techno-economic
analysis results can help to encourage investors to use small-scale VAWTs to generate
power in buildings in areas that have favorable wind potential; as a result, it not only
reduces fossil fuel consumption but also helps to control air pollution.

2. Problem Description and Solution Strategy

In this numerical simulation, the 3D aerodynamic efficiency of a Darrieus rotor and
flow impact on power generation was investigated; therefore, the rotor hub, blade arms,
and shaft were omitted. The computational domain consists of rotational and stationary
domains, as shown in Figure 1, with proper dimensions to diminish the blockage effect
around the turbine and ensure wake development. The cylindrical body, as the rotational
domain, contains the blades. The stator width was set to 10D, the height to 15D, and the
length to 30D, and the distance from the inlet to the rotor axis was 5D. These dimensions
were set to be sufficiently large to ensure that the boundaries do not influence the flow
around the rotor. The features of the turbine rotor tested by M. Raciti Castelli et al. [25] are
listed in Table 1.

Table 1. Dimensions and main geometric features of the analyzed turbine.

Parameters Value

1 Number of blades 3
2 Blade airfoil NACA 0021
3 Blade chord 0.0858 (m)
4 Rotor radius 0.515 (m)
5 Blade height 1.4564 (m)
6 Solidity 0.5
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Figure 1. Schematic of the computational domain.

In this simulation, unstructured meshing was employed. Additionally, the all triangles
method was used for both rotating zones with a fine grid and stationary zones with a
medium grid. To compromise between the results’ accuracy and computational time, the
rotor and stator interface were proportionally sized. Moreover, to achieve more accurate
CFD results and capture the effects of fluid flow separation around the blades, especially
around the trailing edge, a suitable grid size and boundary layer mesh were used. The
adopted grid features are listed in Table 2. The generated mesh in the computational
domain is shown in Figure 2.
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Figure 2. Mesh discretization: (a) rotor; (b) blade boundary layer; and (c) single blade.

Table 2. Mesh independence analysis.

Mesh Features Mesh 1 Mesh 2 Mesh 3

Number of total elements 1,535,824 1,960,509 2,425,623
Airfoil grid size [m] 0.006 0.005 0.004

First layer height [mm] 0.0871 0.0581 0.0261
Inflation growth rate 1.2 1.1 1.09

Inflation layers 11 15 26
y+ average 2 1.2 0.9

Average aspect ratio 2.34 1.57 1.21
Cp 0.150 0.146 0.139

3. Governing Equations
3.1. Turbulence Modeling

In this CFD analysis, the simulation was based on incompressible, viscous Navier–
Stokes equations governing the flow around the Darrieus turbine rotor. The velocity term
consists of two terms, u and u′, which are shown in Equation (1) and represent the time-
averaged mean flow velocity (u) and the fluctuating velocity components ( u′). Equation (2)
derives time-averaged mean flow velocity. Furthermore, Equations (3) and (4) represent
the continuity and momentum equations, respectively, of Unsteady Reynolds-Averaged
Navier–Stokes (URANS) [26].

u = u + u′ (1)

u =
1
T

∫
T

u(t)dt (2)

∂ui
∂xi

= 0 (3)

∂ui
∂t

+ uj
∂ui
∂xj

= −1
ρ

∂p
∂xi

+ ν
∂2ui

∂2x2
j
− u′ j

∂u′ i
∂xj

(4)

where u is the velocity of fluid flow (m/s), p is pressure (Pa), and ρ (kg/m3) is the fluid
density.

In CFD, two commonly used two-equation turbulence models are k-ε and k-ω. The
k-ε model is useful for free-shear layer-flow away surfaces with small pressure gradients.
However, the k-εmodel predicts turbulence in the boundary layer sub-layer and is used near
the wall region. To take advantage of these two models, and given that stall phenomena is
crucial at low Reynold numbers where VAWTs work, the SST k-ω model, which combines
two previous models, offers a better prediction of the blades’ aerodynamic behavior. This
model adequately captures behavior in the near wall and separated flow regions. The
k-ω model is near the wall and transitions to a k-ε model away from the wall. The SST
k-two equation model resolves the transport equation for turbulent kinetic energy (k)
and turbulent specific dissipation (ω). Additionally, by obtaining the specific turbulent
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dissipation, the turbulent length scale can be defined. The SST k-ω model is expressed
as [27]:

∂k
∂t

+ Ui
∂k
∂xi

=
∂

∂xi

[
(v + σkvt)

∂k
∂xi

]
+ Pk − Cµωk (5)

∂ω

∂t
+ Ui

∂ω

∂xi
=

∂

∂xi

[
(v + σωvt)

∂ω

∂xi

]
+ γ

ω

k
Pk − βω2 + (1− F1)

2σω

ω

∂k
∂xi

∂ω

∂xi
(6)

The coefficients of transport equations are blended forms of two models. The blending
function F1 is:

F1 = tanh(arg1
4) (7)

where

arg1 = min[max

( √
k

Cµωy
′500v

y2ω

)
′ 4ρσω2 k
CDkωy2 ] (8)

where y is the normal distance to the wall and CDkω is defined as the positive part of the
cross-diffusion term:

CDkω = max
(

2ρσω2
1
ω

∂k
∂xi

∂ω

∂xi
, 10−20

)
(9)

The coefficients σk, σω , β, and γ represented in Equations (5) and (6) are calculated by:

φ = F1φ1 + (1− F1)φ2 (10)

φ1 and φ2 correspond to the coefficients of the k-ω and k-ε models, respectively. Ac-
cording to the SST model, the eddy viscosity is:

vt =
a1k

max(a1ω, ΩF2)
(11)

where Ω is the vorticity vector’s magnitude. The first phrase in the denominator is taken
from the conventional definition of eddy viscosity, and the performance of the model for
adverse pressure gradients is demonstrated by the second phrase in the denominator. The
coefficient F2 is calculated by the following equation:

F2 = tanh(arg2
2) (12)

where

arg2 = max

(
2
√

k
Cµω

′500v
y2ω

)
(13)

The shear stress relation is:
− u′v′ = a1k (14)

The constants of the SST model Cµ and a1 are 0.09 and 0.31, respectively. It should be
noted that this model is known as the shear stress transport (SST) model since it uses the
shear stress relation to define the eddy viscosity of Equation (11).

3.2. Mathematical Equations

The tip speed ratio (TSR), an essential factor of efficiency, is defined by the ratio of the
blade tip velocity to the free stream velocity as follows:

TSR =
R×ω

Vin
(15)
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The dimensionless power coefficient (Cp) parameter, expressed as a ratio of the maxi-
mum generated power to the kinetic energy flux amount passing the turbine front section,
can be written as follows:

CP =
P

1
2 ρAV3

∞
(16)

where ρ (kg/m3) is the air density, V∞ (m/s) is the wind speed, and A (m2) is the swept
area.

The mechanical power (P) is the product of the generated torque (T) on the rotor axis
to the angular velocity.

Solidity is a crucial parameter to define rotor geometry and evaluate turbine perfor-
mance, which is calculated by:

σ = nc/R (17)

where n is the number of blades and c is the blade chord length.
The aspect ratio is considered a geometrical parameter and is defined as:

AR = H/2R (18)

The angle of attack is a means of increasing the aerodynamic performance of the
turbine, which is related to tip speed λ and azimuth angle θ:

α = arctan
[

sin θ

λ + cos θ

]
(19)

Note that α is the sum of the pitch angle β and the flow angle ϕ.

4. Numerical Modeling and Simulation
4.1. Boundary Condition and Solver Setting

This 3D CFD simulation was studied on Ansys CFX. A transient approach was per-
formed due to the interactions between the blade’s movement and the wake flow and
the unsteady nature of the problem; therefore, an unsteady simulation cannot predict the
fluid flow behavior around the blades and rotor domain. The blade’s surface was modeled
as a non-slip wall. The inlet of the stator, which is upstream of turbine, was defined as
the velocity inlet boundary condition with medium turbulence intensity. This means that
the wind flow blows uniformly and at a constant velocity over time, perpendicular to
the rotation axis of the rotor and blades. The downstream of the turbine was set as a
pressure outlet with 1atm average static pressure. The lateral sides were considered as
the symmetry boundary condition, which have no effect on the simulation results due to
their large distance from the rotor. The rotor interface was appropriately coupled to the
stator interface as a fluid–fluid interface. This boundary condition provides the ability to
simulate the rotation of the rotor due to the wind force inside the stator. This boundary
condition is necessary for transient modeling. In this numerical study, RMS was chosen as
the convergence criteria with a residual of 10−5. Additionally, a high-resolution advection
scheme was adopted, and a second-order backward Euler was obtained as a transient
scheme. The time step, which was selected as 0.5 deg of turbine rotation, provided a more
accurate solution for transient simulation and was determined for all simulations.

4.2. Validation and Grid Independence

The experimental results of a three-blade Darrieus VAWT, which was reported by
Castelli et al. [25], was used to validate the present CFD simulation. Based on the experi-
mental data, the inlet velocity of 9 (m/s) was adopted in a wind tunnel. The comparison
between the numerical output and experimental study at four different TSRs are illustrated.
The validation results for Cp are shown in Figure 3.
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As shown in Figure 3, the CFD results showed an acceptable agreement with the
experimental study data, and at λ = 2.5, both CFD and experimental results had the highest
Cp value. Therefore, the validity of the numerical analysis can be verified. In the next
step, the grid independence was performed to ensure the independence of the results from
mesh resolution and considering that computational time and coarse, medium, and fine
unstructured grids were initialized at TSR 2. The characteristics of the generated grids
are listed in Table 2. Due to the significant impact of the blades and boundary layer grid
structure on the results’ accuracy and prediction of tip effects, the airfoil grid size was
gradually made smaller. The inflation layer features were carefully determined to guarantee
that inflation layers capture the physical viscous layer.

As shown in Table 2, the Cp values had not significantly changed from each other.
The obtained Cp value for medium mesh was higher 4.4% than for fine mesh. Also, the y+
dimensionless parameter was introduced to evaluate mesh resolution around the blades.
To have proper flow behavior prediction around the airfoils, a y+ value of around 1 is
required for the SST k-ω turbulence model. For a better comparison, Figure 4 shows the
torque curve for the three blades at λ = 2 for three mesh resolutions, corresponding to one
revolution.
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As shown, the torque values of the fine and medium grids are close. Additionally, the
coarser grid shows a slight overprediction in torque values. Therefore, to obtain a sufficient
compromise between the results’ accuracy and simulation time, Mesh 2 was selected as the
basis of the following numerical simulation.

5. Results and Discussion

In this section, the effect of geometrical parameters is investigated by CFD simulations.
The studied parameters were the number of blades, solidity, airfoil profile, aspect ratio,
and pitch angle. The Cp results, which represent the aerodynamic performance of the
turbine, were evaluated for comparison. Additionally, the flow behavior is discussed
comprehensively for each parameter. Finally, the study of the innovative Darrieus turbine
with auxiliary blades is provided and the advantage of this configuration is discussed.

5.1. Effect of Number of Blades

The power extraction performance of the Darrieus turbine significantly depends on
the blade number due to the effect on global torque. The higher number of turbine blades
increases the oscillation frequency in the rotor torque, which reduces fluctuations and
smoothes the torque on the shaft. However, a turbine with a higher blade number has more
connecting arms, increasing the turbine drag, which has not been accounted for. Figure 5
represents the power coefficient of the three analyzed rotor configurations.

As it can be seen, increasing turbine solidity by increasing the blade number lowers the
power coefficient peak. By placing the three-blade turbine as a reference, the four-blade and
five-blade turbines registered a 14% and 23% decrease in performance at the optimal TSR,
respectively. Additionally, a higher number of blades gained maximum power coefficient
for a lower angular velocity, hence improving the turbine’s self-starting ability. The power
coefficient increased by 11% at the initial tip speed ratio for the four-blade turbine and 23%
for the five-blade turbine.

As clearly shown in Figure 6, as the blade number increases, the frequency of fluctua-
tions increases and lowers the torque peaks because the higher blade number has a higher
number of periods in one rotor revolution. Generally, a higher solidity turbine, which
can be attained by increasing the blade numbers, generates a higher power at low TSRs.
Similarly, the five-blade turbine generated more torque at the initial tip speed ratio in all
azimuthal positions. However, the three-blade turbine showed a better performance in
the upwind revolution than the four-blade turbine due to experiencing a high angle of
attack, but the average torque is slightly higher. The velocity contours for the three rotor
configurations for θ = 0◦ at λ = 2 are shown in Figure 7.

As depicted, no significant difference in blade 1 at θ = 0◦ was observed in different
configurations. At a high rotational speed, the three-blade turbine experienced less blade-
to-blade interaction, which improved the turbine performance. However, the five-blade
turbine had the lowest efficiency because each blade wake was not replaced with the clean
stream rapidly; therefore, the subsequent blade had no efficient angle of attack to create
a lift force. The rotor with higher solidity impeded the upstream flow and stretched the
frontal stagnation area forward, developing an unfavorable pressure gradient. In contrast,
it caused diffusing upstream flow to the turbine’s sides, which makes a favorable pressure
gradient. However, side velocity lowers rotor performance due to the turbine’s high
solidity.
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5.2. Effect of Solidity

In this study, the effect of solidity was studied by varying blade chord length while
keeping blade number and rotor radius constant. Therefore, solidity values of 0.5, 0.9, and
1.2, corresponding to blade Reynolds numbers of about 53 k, 92 k, and 123 k at an upstream
velocity of 9 (m/s), were investigated. Figure 8 reports the power coefficient versus TSR for
three different solidities.
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As it is known, increasing the Reynolds number increases the blade’s lift-to-drag ratio
mainly in the high angle of attack. Consequently, as illustrated in Figure 8, increasing the
blade Reynolds number due to larger chord lengths led to higher Cp values. The optimal
Cp was achieved at λ = 2.5 around 0.45, corresponding to σ = 1.2. Figure 7 also shows that,
with an increase in solidity from σ = 0.5 to 1.2, Cp was boosted by 34.4%. The secondary
effect of the high-solidity turbine is that a larger blade area engages with the wind, resulting
in a higher energy extraction. However, in a higher rotational speed, the turbine’s Cp with
σ = 1.2 drops rapidly due to facing a high blade–vortex interaction. It is notable that, by
adopting a high solidity turbine with σ = 1.2, turbine performance in low TSRs, particularly
at the starting point, is enhanced and more than doubles the power coefficient at the initial
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TSR, compared to the turbine with σ = 0.5. Furthermore, to analyze the flow behavior
better, the velocity contours for various configurations at θ = 0◦ are shown in Figure 9.

Figure 9 depicts the velocity distribution around the rotor and the blades. As it is
shown, by increasing solidity, a low-velocity region forms in the rotor and downstream,
which exhibits the extraction of more energy by the high-solidity turbine. Additionally, a
higher chord length means higher favorable pressure gradients between blade sides, which
contributes to lift force generation. A larger chord length also makes the turbine more able
to generate power in the rotor downstream compared to low-solidity turbines. However, at
a high TSR, a blockage effect occurs in high-solidity turbines where a high-pressure field
forms at the frontal area and obstructs the air flow, resulting in a turbine performance drop.
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5.3. Effect of Airfoil

Different symmetrical airfoils were adopted for this simulation to study the aerody-
namic performance of the turbine. Since the typical maximum of blade thickness is between
10% and 25%, NACA 0012, NACA 0015, and NACA 0021 were used for the investigation.
The shapes of the studied airfoils are depicted in Figure 10.
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As shown in Figure 10, the adopted airfoils varied in relative maximum thickness,
t/c (%), in the range of 12–21%, with the constant chordwise position of maximum thickness,
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xt/c (%), of 30%. Figure 11 illustrates the Cp values’ variation as a function of λ for the
adopted airfoils for the three-blade configuration.

It can be seen from Figure 11 that increasing blade thickness will boost the power coef-
ficient in all TSRs because blades become more capable of extracting power and producing
a lift force. This improvement is more significant at the optimal tip speed ratio. However, it
can be said that increasing blade thickness too much makes the drag force more significant.
The NACA 0021 assigned 19% and 48% increment in power coefficient at λ = 2.5 vs. NACA
0015 and NACA 0012, respectively, and 13% and 36% at the initial tip speed ratio, which
contributes to the turbine’s self-starting ability. The torque plot of the analyzed airfoils is
shown in Figure 12 to provide more information at the initial TSR.

As seen in Figure 12, NACA 0021 generated a higher average torque in one rotation.
However, from θ = 104◦ to 156◦ and θ = 250◦ to 284◦, NACA 0015 experienced the
highest torque value. It also can be observed that there is a smoother torque production
in two thinner airfoils, NACA 0015 and NACA 0012, as a result of the lower pressure
gradients. It should be noted that, since a high angle of attack occurs at low TSRs, when
stall phenomena become critical, pressure contours for different airfoils at the initial TSR
are shown in Figure 13.

In general, increasing t/c results in a higher favorable pressure gradient along the
blades, which is visible in Figure 13 at θ = 0◦, where NACA 0021 experiences more negative
pressure on the suction side of the blade. At the same time, in NACA 0015, this case is
almost negligible compared to that of NACA 0012. The other effect of increasing blade
thickness is delaying stall and reducing resultant fluctuations, which is distinguishable
at θ = 90◦. In addition, NACA 0015 achieved the most negative pressure at the trailing
edge, and NACA 0021 formed the highest positive pressure at the leading edge. At the
downstream, the pressure distribution around the blades is almost identical, and the effect
of the t/c parameter is negligible after the stall regime.
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5.4. Effect of Aspect Ratio

The effect of aspect ratio was studied by varying the turbine height and radius with a
constant blade chord length by keeping the turbine’s swept area consistent. Aspect ratio
values of 0.8 and 2, in addition to 1.4, which correspond to the main turbine geometry, were
considered to analyze the effect of this parameter. Figure 14 shows the power coefficient
for different aspect ratios.
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The results from the numerical simulations reveal that the lower aspect ratio obtained
the largest power coefficient in higher TSRs and contributed positively to H-rotor perfor-
mance. The turbine with an aspect ratio of 0.8 significantly boosted performance at the
optimal tip speed ratio by 23% and 58%, corresponding to 1.4 and 2 aspect ratios. In general,
varying aspect ratios, along with changing turbine blade span and diameter, change solidity,
significantly affecting turbine performance. As the aspect ratio decreases, increasing the
rotor diameter with the same swept area results in less solidity. Therefore, with a higher
solidity, by increasing the aspect ratio, the turbine produces more power and helps the
self-starting ability in low TSRs. Additionally, a higher turbine blade span reduces tip
losses significantly, making the turbine aerodynamically efficient. Figure 15 illustrates this
phenomenon at the initial TSR.

As shown in Figure 15, the turbine with a larger aspect ratio has the highest average
torque in one revolution. In addition, the average torque production of AR = 1.4 is slightly
larger than AR = 0.8 in the initial tip speed ratio. However, between θ = 0◦ and 30◦,
AR = 0.8 was able to produce a higher torque value. In the following, from θ = 110◦ to
θ = 150◦ and θ = 236◦ to θ = 284◦, AR = 0.8 registered a greater torque value in contrast to
AR = 1.4.
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As illustrated in Figure 16, as the aspect ratio increases, the blades are closer to each
other, causing the formation of a low-pressure region inside the rotor and contributing
to vortex creation. This fact clarifies the power coefficient drop at higher TSRs at lower
aspect ratios. From the figure, it can be observed that increasing the aspect ratio caused a
high-pressure field at the turbine upstream. Alternatively, a turbine with a considerable
aspect ratio produces a negative effect and makes a clear flow pass through the rotor and
blades without effectively harnessing wind power. It should be noted that a larger aspect
ratio decreases the ratio of induced drag to lift produced by the blade tip vortices. The
vorticity figure shows that, at low TSRs, the blade vorticity formation of the higher aspect
ratio is remarkably lower compared to other cases, making the turbine more capable of
self-starting.
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5.5. Effect of Fixed Pitch Angle

Studies have shown that, by adopting a blade pitch angle, the turbine’s self-starting
ability will improve primarily in low TSRs, in which the rotor experiences the highest
angle of attack and, as a result, stall. The angle of attack is defined as the angle between



Sustainability 2023, 15, 4684 18 of 31

the relative wind and the blade chord line. Additionally, the angle of attack α value is
the sum of the pitch angle β and relative wind ϕ. The positive pitch angle is defined as
a toe-in angle (inward rotation of the blade-leading edge), and the negative pitch angle
is the opposite. Therefore, the effect of various pitch angles was studied with β = −6◦ to
β = +6◦. Using Equation (19), the angle of attack for the critical tip speed ratio of λ = 1.5 for
different pitch angles in one rotation is represented in Figure 17.
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Figure 17. The angle of attack as a function of the azimuth angle for different pitch angles at λ = 1.5.

The NACA 0021 static stall at Re ≈ 60K [28] is also shown in Figure 17. It can be
stated that a great part of the angles of attack are higher than the static stall condition
for λ = 1.5, where varying the pitch angle assists power generation in lower TSRs. From
Figure 17, which represents the theory of angle of attack, the negative pitch angles delayed
stall upstream. Conversely, the positive pitch angles showed an efficient angle of attack
downstream. The power coefficient results for the different pitch angles at different TSRs
are depicted in Figure 18.

From the results of Figure 18, the turbine with negative pitch angles achieved higher
Cp in all TSRs compared to the positive pitch angles, and the turbine with β = 0◦ performed
in the middle. As seen in Figure 17, by increasing the negative pitch angle upstream, where
the majority of torque is generated, the highest torque was achieved by delaying the stall
condition. However, positive pitch angles performed more efficiently at the second half of
the rotor, in which the blades are in contact with the low-velocity region. Consequently, the
net torque of the negative pitch angles was greater than that of the positive pitch angles
in the entire rotation, and the overall performance increased. At initial TSR, the β = −6◦

increased the performance by 22.4% in comparison to the β = 0◦, providing a self-starting
capability. Figure 19 provides a better illustration of this phenomenon with different blade
angles.
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As depicted in Figure 19 at θ = 0◦, the flow is attached to the toe-out blades (negative
pitch angles). In contrast, in the positive pitch angles, the flow separates from the leading
edge and decreases the lift force generation. At θ = 120◦, when the blades experience stall,
for the negative pitch angles compared to the positive angles, a weaker flow is formed
at the blade upper side and a high-velocity flow at the lower side of the blade, which
still creates a positive pressure gradient in a stall condition. At the turbine downstream
θ = 240◦, the blade’s lower side of the β= +6◦ is in the contact with wake region and, on the
other side, a high-velocity flow is formed. Additionally, at the leading edge, the velocity is
higher than that of other cases and this flow behavior contributes to a low positive torque
production compared to the negative pitch angles.
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5.6. Darrieus Turbine with Auxiliary Blades

This configuration is composed of the main turbine with three auxiliary blades. The
schematic of this configuration is presented in Figure 20. The chord length of the auxiliary
blades was 51.3 mm, and the angle of attack of both airfoils was considered at 13◦. The
distance of auxiliary blades along the chord line, x, and the distance between two blades, y,
were 34.2 mm and 25.6 mm, respectively.
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Figure 20. The schematic details of the Darrieus turbine with the auxiliary blades.

The power coefficient of the Darrieus turbine with the auxiliary blades compared to
the main turbine in various TSR ranges is represented in Figure 21.
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It can be observed from Figure 11 that the Darrieus turbine with the auxiliary blades
is more suitable in low TSRs, and it is capable of generating power in a wider TSR range
compared to the simple Darrieus turbine. Compared with the experimental results from
M. Raciti Castelli et al. [25], it is concluded that the power of the Darrieus turbine prac-
tically reached zero at λ = 1.4; in contrast, the double-blade turbine is able to produce a
considerable power at very-low tip speed ratios. It can also be observed that this configura-
tion remarkably improved the turbine’s self-starting ability, which enhanced Cp, 75.8% in
λ = 1.5. The optimal Cp value of the double-blade turbine is achieved at λ = 2.25, equal to
0.453, and registered a 33.4% increase in power coefficient compared to the maximum Cp of
the standard Darrieus. Subsequent to reaching its optimal value, the turbine power drops
at higher TSRs and reaches lower values than those of the standard turbine. Consequently,
the simple Darreius turbine works better and attains a higher power in high TSRs.
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As it can be seen from the velocity contour represented in Figure 22, by placing
auxiliary blades next to the main blades, a particular flow structure is formed, which
reattaches separated flow on blades, particularly at a high angle of attack. This configuration
compensates for lift loss at a high angle of attack for the main blades. Additionally, auxiliary
blades improve the lift production of the main blades by forming a high-velocity field
depicted in different rotational angles. At θ = 300◦, the flow on the main blade starts the
separation again and forms a low-velocity regime on the lower surface of the blades, which
decreases the generated torque.
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different angles at the optimal TSR.

6. Optimization

In this section, for the CFD parametric modeling of the Darrieus turbine, an efficient
optimization model was employed to estimate the optimal design parameter and maximum
power coefficient of the proposed turbine. Among the well-used models, the response sur-
face model (RSM) and the Kriging model were selected for approximation and an efficient
method was chosen to study. Response surface uses second-order polynomials for approxi-
mation and Kriging is represented as an alternative based on the statistical approximation
method. These two models determine the design parameters and optimization output Cp
relation. According to previous CFD results, 44 groups of design points were considered
for optimization. Note that blade airfoil and auxiliary blades were not taken into account.
Table 3 represents the error analysis of the two studied models.
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Table 3. Error analysis.

Model Coefficient of Determination Root MSE

Second-order RS 0.974 0.017892
Kriging model 1 3.1699 × 10−9

Based on Table 3, it can be stated that, since the Kriging model has a lower root-mean-
squared error and a higher coefficient of determination, this model approximation is more
accurate than the second-order response surface. Therefore, the Kriging model was selected
for the optimization method to attain optimal parameters. Figure 23 indicates the graphical
response Cp curves for different conditions based on the Kriging method.
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and (d) pitch angle.

In addition, the local sensitivity of the Cp to the studied parameters was obtained, and
the results are represented in a pie chart in Figure 24.

As clearly shown in Figure 24, by considering the geometrical parameters, solidity
registered the highest sensitivity of Cp, which was predictable. In the second place, power
coefficient sensitivity to pitch angle was 16.2% and it can be concluded that the blade
number parameter was insignificant in the results. It should be noted that, by taking
the relative weight into account, the obtained results may change, and the pitch angle
parameter can have the highest percentage. Finally, the optimal design using the Kriging
model is listed in Table 4.
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Table 4. Optimal design based on the Kriging model.

Design Parameters Optimum Design

1 Blade number 3
2 Solidity 1.2
3 Aspect ratio 0.8
4 Pitch angle −6
5 TSR 2.8

It is noteworthy that the design points were based on the NACA 0021 airfoil and the
predicted Cp value for the optimal design was 0.457.

7. Economic Analysis

In this section, the economic analysis was performed using the HOMER Pro application
introduced by National Renewable Energy Laboratory in the United States. This software
uses the Net Present Cost (NPC) approach to select the optimum combination of initial
investment, replacement, and maintenance costs [29]. Furthermore, sensitivity analysis
for variables with uncertain values can be performed by this software. The HOMER
Pro software allows users to investigate the effect of changing a parameter on the entire
system [30].

7.1. Model Description and Components

To perform the economic analysis, a simple small hybrid power supply system, which
is located in the southeast of Iran in the Zabul region and supplies the electrical power
for the instrumentation of the water transmission line of a farm and guardroom, was
considered as the prototype. The project lifetime was considered 10 years, with a nominal
discount and expected inflation rates of about 25% and 30%, respectively. This power
supply system consists of an electric load, a solar panel (PV), a wind turbine, a converter,
and a battery. The schematic of the power supply system is depicted in Figure 25.
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7.1.1. Load Demand

The average electrical energy consumption of the instrumentation on the site is
4.16 kWh/d, with a calculated peak load of 0.24 kWh/d. Figure 26 represents the daily
load profile during the year.
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7.1.2. Solar Radiation Information and Solar Panel

The solar energy data for the selected region was obtained from Solar Energy and
Surface Meteorology, NASA [31]. The average daily radiation (kWh/m2/day) data for the
mentioned area is illustrated in Figure 27.

Regarding the solar energy information, the annual average radiation in the selected
area was 5.27kWh/m2/day. The chosen solar panel for the power supply system was a
simple flat panel type (Sharp ND-250QCS), which operates without a tracking system, with
the general specification of the HOMER library. This model of PV has a capital cost of
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25,000,000 IRR per kilowatt. The replacement and operation and maintenance (O&M) costs
were considered to be 10,000,000 IRR and 1,000,000 IRR per year, respectively. According to
the manufacturer’s information, the lifetime of the solar panel was assumed as 25 years.
A derating factor of 80% was applied to the electric generation from each solar panel. In
this simulation, the temperature effect was considered; therefore, a reduction of about
0.485%/◦C was assumed in the system output.
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7.1.3. Wind Speed Information and Turbine

Additionally, wind resource data for this area were adopted from NASA’s prediction
of worldwide energy resources [32]. Figure 28 shows the monthly average wind speed in
the Zabul province.
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According to the optimal design of the Kriging model optimization and the local
sensitivity obtained in Section 6, and considering the power–cost ratio of the turbine, since
a high-solidity turbine, different aspect ratio, and turbine with auxiliary blades increases
the cost significantly, the optimal turbine geometry is that with three blades with a pitch
angle of β = −6◦, which achieved the highest Cp with the same material. Therefore, the
proposed Darrieus turbine was selected for this power supply system. The capital cost,
replacement, and O&M costs of the Darrieus VAWT are 8,000,000 IRR, 4,000,000 IRR, and
500,000 IRR, respectively, and the lifetime of the turbine is equal to 20 years. This Darrieus
VAWT output power for various wind speeds is shown in Figure 29.
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7.1.4. Battery

For the energy storage component, a lithium-ion battery (Generic 1kWh Li-ion) with
a nominal capacity of 1 kWh was chosen for this study. It is a low-maintenance energy
storage solution that offers significant benefits in terms of cost per cycle, combined with
the highest level of reliability and performance even for remote installations where long
discharges occur and excellent recharging properties are essential. This model of Li-ion
battery has capital and replacement costs of 10,000,000 IRR and 5,000,000 IRR per kilowatt,
respectively, and the lifetime of this energy storage system is estimated at about 15 years.

7.1.5. Converter

To harmonize the AC and DC outputs of the different components, a converter system
was used. A 1 kW converter’s capital, replacement, and O & M costs were obtained at
8,000,000 IRR, 4,000,000 IRR, and 1,000,000 IRR, respectively. Regarding the manufacturer’s
data, the lifetime of this type of converter is about 15 years and the efficiency of the inverter
is estimated to be about 95%.

7.2. Results

To accommodate the load demand, the NPC approach was adopted from the HOMER
Pro software to explore and find an optimum combination of components. In this simula-
tion, two different combinations of components were suggested as a power reservoir to
provide the required electrical power:

• VAWT, Battery, and Converter

In this arrangement, the power supply system consists of a single Darrieus turbine, a
battery, and a 0.259 kW converter. The total net present cost, cost of energy, initial capital
cost, and operating cost of the system were 31,148,970 IRR, 2,066.68 IRR, 30,074,436 IRR,
and 86,056.28 IRR, respectively. The NPC and an inclusive perspective of the system’s
performance during the project lifetime (over 10 years) are presented in Tables 5 and 6,
respectively.
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Table 5. Net costs.

Component Capital
(IRR)

O&M
(IRR)

Replacement
(IRR)

Salvage
(IRR)

Total
(IRR)

Darrieus turbine 8,000,000 6,243,175 0.00 −2,960,488 11,282,687
Battery 20,000,000 0.00 0.00 −4,934,147 15,065,852

Converter 2,074,436 3,237,768 0.00 −511,778 4,800,426
System 30,074,436 9,480,944 0.00 −8,406,415 31,148,965

Table 6. Optimization results for the Darrieus VAWT system.

Quantity Value Units

Total production 1715 kWh/yr
Hours of operation 7989 hr/yr
Capacity shortage 35 kWh/yr

Renewable fraction 100 %
CO2 Emission 0 kg/yr

The share of the different costs of the system in total NPC is illustrated in Figure 30.
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• VAWT, solar panel, battery, and converter

In the second scenario, a solar panel was added to the arrangement of the power
generation system. The current system consisted of a 0.25 kW PV panel, a Darrieus wind
turbine, a battery, and a 0.178 kW converter. The total net present cost, cost of energy, initial
capital cost, and operating cost of the system were 57,744,720 IRR, 3755 IRR, 59,423,331 IRR,
and 134,495 IRR, respectively. The NPC and an inclusive perspective of the system’s
performance during the project lifetime (over 10 years) are presented in Tables 7 and 8,
respectively.
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Table 7. Net costs.

Component Capital
(IRR) O&M (IRR) Replacement

(IRR)
Salvage

(IRR)
Total
(IRR)

Solar panel 40,000,000 12,486,351 0.00 −17,762,931 34,723,419
Darrieus turbine 8,000,000 6,243,175 0.00 −2,960,488 11,282,687

Battery 10,000,000 0.00 0.00 −1,555,100 8,444,899
Converter 1,423,331 2,221,526 0.00 −351,146 3,293,711

System 59,423,331 20,951,053 0.00 −22,629,667 57,744,717

Table 8. Optimization results for the Darrieus VAWT system.

Quantity Value Units

Total production of VAWT 1715 kWh/yr
Hours of operation of VAWT 7989 hr/yr

Total production of PV 459 kWh/yr
Hours of operation of PV 4374 hr/yr

Capacity shortage 40.5 kWh/yr
Renewable fraction 100 %

CO2 Emission 0 kg/yr

Regarding the information in Table 8, most of the electricity is produced by solar
panels (78.9%) and worked more hours during the year; however, the solar panel provided
a smaller share of electrical energy (21.1%). The share of the different costs of the system in
the total NPC is illustrated in Figure 31.
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According to Figure 31, the capital cost of installing a solar panel is more than that
of the Darrieus VAWT, and the operating cost of a solar panel is slightly more than the
Darrieus VAWT’s operating cost, and finally, at the end of the project, the solar panel,
turbine, and converter salvage generate income. To sum up, in the first scenario with
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a Darrieus VAWT, the NPC and COE are lower than in the second arrangement with a
solar panel. In other words, an arrangement including a Darrieus VAWT, battery, and
converter are suitable for the power supply system, and adding a solar panel only adds to
the project’s cost.

8. Conclusions

The purpose of this study was CFD investigation, optimization, and economic analysis
of a Darrieus VAWT and the illustration of the aerodynamic design and optimization
stages, to suggest the most efficient and economically feasible turbine configuration for the
particular application. The main conclusion results are as follows:

• The three-blade turbine achieved a maximum Cp at the optimal TSR, which regis-
tered 14% and 23% power increments compared to the four- and five-blade turbines,
respectively.

• Adopting a high-solidity turbine with σ = 1.2 increased the blades’ energy extraction
from the wind. Consequently, turbine performance and maximum Cp increased
significantly by 34.4% in comparison to σ = 0.5.

• The blade’s maximum thickness in symmetrical airfoils is associated with the lift-to-
drag ratio, with with the optimal value of the blade thickness of 21%, self-starting
ability, and overall rotor performance having increased.

• The influence of the aspect ratio (H/D) was different in low and optimal TSR due to the
blade tip effect. The AR = 0.8 enhanced the maximum Cp of the main turbine by 23%;
conversely, AR = 2 performed better at the initial TSR by a 17.1% Cp enhancement.

• The variation in the angle of attack in a revolution and the importance of stall in
particular low TSRs led to adopting a negative pitch angle by delaying stall upstream.
It was found that, because of a favorable flow behavior around the blades with β < 0,
a 22.4% performance improvement was registered with β = −6.

• The 3D analysis of the innovative turbine configuration by placing auxiliary blades
alongside the main blades indicated that the turbine is able to produce power in
a wider range of TSR and self-starting boosts near 75% compared to the standard
Darrieus.

• The Kriging optimization method suggested that a high-solidity three-blade turbine
with NACA0021 airfoil, AR = 0.8, and β = −6◦ can attain the highest Cp of 0.457 at
λ = 2.8. Additionally, the varying parameters of turbine solidity and pitch angle have
the most contributions to power production.

• The HOMER simulation determined that using the combination of VAWT, a battery,
and a converter satisfied the required load of the facility’s instrumentation equipment
for a local water transmission pipeline and guardroom with a net cost and levelized
cost of energy of 31,148,970 IRR and 2066.68 IRR, respectively.
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Nomenclature

Symbols Subscript
V∞ Inlet flow velocity (m/s) t Turbulence
N Number of rotations (rpm) Abbreviations

T Torque (N.m) URANS
Unsteady Reynolds-Averaged
Naiver–Stokes

P Output power (W) CFD Computational fluid dynamic
R Rotor radius (m) HAWT Horizontal-axis wind turbine
H Rotor height (m) VAWT Vertical-axis wind turbine
A Swept area (m2) DMST Double multi-stream tube
Φ Relative wind angle TSR Tip speed ratio
Cp Power coefficient
c Blade chord (m)
N Number of blades
AR Aspect ratio
Greek
µ Viscosity (Pa.s)
ω Angular velocity (rad/s)
ρ Density (kg/m3)
σ Solidity
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