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" BEM and double multiple stream tube models are used.
" Wind data is assessed for Fadashk station in Khorasan in Iran.
" A site-specific small vertical axis wind turbine is designed.
" The maximum power coefficient of 0.472 is achieved.
" The designed H-rotor VAWT was economically evaluated.
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a b s t r a c t

The growing demand for renewable energy with a sustainable and low-energy design is the main topic in
many countries. This could indeed influence in utilizing small wind turbines which incorporate innova-
tive designs and new materials of construction which may provide an attractive prospect of future appli-
cations of power production in the urban environment. In particular, H-rotor type vertical axis wind
turbines (VAWTs) are considered as one of the most attractive solutions due to simplicity and ease of
manufacturing. Optimized site-specific designs proved reductions in cost of energy by increasing in
annual energy yield and a reduction in manufacturing costs. The greatest benefits were reported at sites
with low mean wind speed and low turbulence. The terrain studied here is a site in Fadashk area in the
province of south Khorasan in north east of Iran. The aim of this work is to design and optimize the site
specific H-rotor type VAWT using the blade element momentum theory (BEM) and a double multiple
stream tube model. The results of these analyses were then combined and synthesized for a 1.5 kW H-
rotor VAWT with NACA4415 airfoil sections. The economical feasibility of the designed VAWT is finally
integrated in the design procedure to predict annual production of electricity. Based on current electricity
costs that is 12 cent per kW h in Iran for renewable energies, our evaluation shows a profit of 6 cent per
each kW h generated power by the designed VAWT.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Energy has been the main issue for the mankind for long time.
In the last decade with progress in industry and international com-
munication, energy consumption has been significantly increased.
Electrical energy consumption is expected to be doubled by the
year 2053 compared with the year 2008 [1]. Today, utilization of
fossil fuel resources of energy is becoming more restricted mainly
because of declining in fossil fuel reservoirs, threatening global
warming, and the increase of oil prices. Therefore harnessing clean
and renewable sources of energy is becoming the main worldwide

topic for many researchers. Wind energy is one of the renewable
and clean sources of energy available in many countries.

Iran is among 20 industrial countries that produce 75% of green-
house gases in the world [2]. Pollutions have also created great
health hazards within the country by using mainly fossil fuels for
energy demands [3]. There is abundant source of wind energy
available particularly in the north part of Iran, which is estimated
to generate 6.5 GW of electrical energy from wind [4]. Hence, the
use of this energy can aid prevalent energy crisis in future.

The initial experience in installing wind turbines in Iran, returns
to 1994 when two HAWTs were installed in Manjil and Rodbar cit-
ies, in north of Iran. They had produced 1.8 million kW h electrical
powers annually. In this region, the average wind speed is 15 m/s
for 3700 h in a year. After this successful experience, 27 further
HAWTs were installed in Manjil, Rodbar and Harzvil in 1999 [5].
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Another large wind farm was established in Dizpa in north Khorasan
province in north-east of Iran. Wind flow in this area cover 50 km in
length and 5 km in width and the wind speed reaches to 8.9 m/s [5].
This wind farm has 43 HAWTs with total power production of
28.4 MW.

There are several reasons to use wind energy in Iran such as [6]:

– Exhaustibility of fossil resources.
– Demand for increasing energy security by giving variety to

widespread energy production.
– Creating employment opportunities for new generation.
– Markets for raw materials used in wind turbines industry.
– Opportunities for exporting products to international markets.
– Reducing air pollutions in large cities.

Up to now, different types of wind turbine have been utilized in
the world for producing electrical power. In general, depending on
rotor axis direction, wind turbines can be divided into two major
types, horizontal axis wind turbine (HAWT) and vertical axis wind
turbine (VAWT) [7]. VAWTs have applications in [8]

(1) Electricity production.
(2) Water pumping.
(3) Water treatment.
(4) Hot water utilization.
(5) Warming and cooling with high pressure heat pumps.

The development of innovative small wind turbine technologies
is of growing interest in wind energy community [9–14]. Balduzzi
et al. [15] have conducted a feasibility analysis in Darrieus verti-
cal-axis wind turbine installation in the rooftop of a building. The
technical and economic feasibility study of an innovative wind–so-
lar hybrid renewable energy generation system was also presented
by Chong et al. [16]. Analysis of the furling behavior of small wind
turbines was also given by Audierne et al. [17]. These and other
studies highlight new trends towards utilizing small wind turbines.

Recent works in design of small stall regulated wind turbines has
indicated the need to provide site-specific small wind turbines
which incorporate innovative design and new materials of construc-
tion leading to better performance. Fuglsang et al. [18] reported a
European project on site-specific design and optimization of wind

turbines in which reductions in cost of energy by up to 15% achieved
from an increase in annual energy yield and a reduction in manufac-
turing costs. The greatest benefits were reported at sites with low
mean wind speed and complex terrain [18].

The principle benefits of VAWTs are their independence from
wind directions so that no yaw mechanism is required. VAWTs
are also easier to design and built, compared with HAWTs. In the
straight blade type VAWTs, similar cross sectional airfoils can be
used which reduces manufacturing costs in comparison with
HAWTs blades. It is also noteworthy to mention low maintenance
cost of this type of wind turbines compared with HAWTs. In gen-
eral, VAWTs can produce electrical energy in separate unites or
they can be used as integrated system for connecting to an electri-
cal network.

The vertical axis wind turbine designs were introduced by
Darrieus in 1931 [19]. His patent included both the ‘‘curved blade’’
and ‘‘straight blade’’ VAWTs. In small-scale wind turbine markets,
the straight blade types VAWTs consist of two categories, fixed
pitch and variable pitch [8]. One of the main problems for VAWTs
is their start up deficiency which requires an auxiliary system for
startup or some modification in generating system [20].

Mostafaeipour et al. [21] studied installation of small wind tur-
bine in the city of Shahrebabak in Iran and has analyzed its eco-
nomic impacts. Economic analysis and survey on investment in
renewable energy and especially in the field of wind energy can
persuade the government and industry to use of these types of en-
ergy although this needs international incentives and supports.

In this study, a Darriues, straight blade type VAWT is designed
using double–multiple stream tube modeling and blade element
momentum theory. The city of Fadashk in the south Khorasan is
adopted for designing this site specific wind turbine. The perfor-
mance and power generated by this wind turbine is investigated
parametrically. Wind potential of this province was previously re-
ported by Saeidi et al. [22]. The economical evaluation is also per-
formed for utilizing the designed small wind turbines for the mast
heights of 10 and 40 m at Fadashk area.

1.1. Fadashk wind station

Fadashk is located in the county of Birjand in the province of
south Khorasan. This county is bordered from north to county of

Nomenclature

AP blade projection area (cH)
AS rotor sweep area (2pRH)
c blade chord
CA all cost
CD blade drag coefficient
CF capacity factor
CI initial investment
CN normal force coefficient
COM operation and maintenance cost
CT tangential force coefficient
EI energy generated
FN normal force (in radial direction)
FT tangential force
H height of turbine
I real rate of interest
n number of years
N number of blade NPW(CA) net present worth of all cost
P actual power generated
PR rated power
P1 atmospheric pressure

PW(COM) maintenance and operation cost in initial year
R turbine rotor radius
V1 wind freestream velocity
W relative wind velocity

Greek symbols
a blade angle of attack
k0 tip speed ratio (Rx/V1)
q air density
x angular velocity of turbine
r solidity (Nc/R)
h azimuth angle

Subscripts
dw downwind
e exit
eq reference height
up upwind
1 freestream
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Ghaniat, from east to Sarbishe and Darmian, from south to
Nehbandan county and Kerman province and form west to county
of Tabas and Sarayan [23]. The map of south Khorasan and its dif-
ferent counties is shown in Fig. 1. Fadashk station is located in lon-
gitude of 58�790 and latitude of 32�780 and has 1470 m height from
the sea level. Fadashk area is considered here in this study for
installing small VAWTs due to the wind quality assessments and
the electrical power demands of the region.

2. Vertical axis wind turbines

The vertical axis wind turbines can be generally divided into
three basic types: Savonius, Darrieus, and H-rotor types. Many re-
searches were conducted in design and aerodynamic modeling of
these VAWTs. With these numerous models, the design parameters
and performance of VAWTs can be predicted and optimized for any
site specific applications. The aim of this study is to design a site
specific VAWT by considering both aerodynamic modeling and
wind statistics for Fadashk area.

2.1. H-rotor wind turbines

The H-rotor VAWTs were designed and built in 1970–1980 in
England [8]. These turbines can be controlled by stall or pitch con-
trol. The mathematical modeling of the VAWTs is considered in the
next section using BEM and double stream tube modeling.

2.2. Double–multiple stream tube model

Wind speed boundary layer near the surface is a varied function
of height and the roughness of the area which is expressed by [22]:

Uz

Ueq
¼ Z

Zeq

� �a0

ð1Þ

where Ueq is the reference wind speed at reference height Zeq, Uz is
the wind speed at height Z and a0 is the power coefficient related to
roughness of the area which depends on surface topology and

restricting objects on the ground. The roughness coefficient is esti-
mated to be equals to 0.1848 for Fadashk area [22].

In double–multiple stream tube model, rotor area is divided
into two regions, upstream and downstream as shown in Fig. 2
where air flows through two actuator disks models in a tube. The
actuator disk model is an imaginary infinitesimal thin rotor with
infinite number of blades that its only effect is to drop pressure
without changing wind speed in the rotor area [24–26]. For each
tube the one-dimensional momentum theory is used to relate
the rotor upstream and downstream velocities by defining an axial
induction factor [24–26]. For the upstream �p

2 6 h 6 p
2 and the

downstream p
2 6 h 6 3p

2 , the local upstream velocity, V, the equilib-
rium velocity, Ve, and the downstream velocity, V0, will differ from
the free stream velocity, V1, by [25,26]:

V ¼ uV1 ð2Þ

Ve ¼ ð2u� 1ÞV1 ð3Þ

V 0 ¼ u0ð2u� 1ÞV1 ð4Þ

In these relations, u and u0 are the axial induction factors in the up-
stream and the downstream regions, respectively (always u0 < u).
Ve is the equilibrium velocity in the joining region of both semi
tubes. As shown in Fig. 3, the local relative wind speed for the
upstream section of rotor can be determined by [8,25,26]:

W ¼ V1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðk0 þ u sinðhÞÞ2 þ ðu cosðhÞÞ2

q
ð5Þ

where k0 ¼ Rx
V1

represents local tip speed ratio. The angle of attack is
also determined by:

a ¼ tan�1 u cosðhÞ
k0 þ u sinðhÞ

� �
ð6Þ

Each blade is subdivided into several elemental sections for
which lift and drag coefficients is obtained from experimental
measurements. Blade element theory uses these values for esti-
mating forces on each blade [24]. By combining the blade element
theory and the momentum theory for each stream tube [25,26], the
induction factor, u for the upwind section is calculated from:

Fig. 1. Location of the province of south Khorasan, (a) in map of Iran and (b) its divisional cities; cities ( ), the province center (star) [23].
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Fupu ¼ pð1� uÞ ð7Þ

in which Fup is given by:

Fup ¼
r

2p

Z p
2

�p
2

W
V1

� �2

� CN
cosðhÞ
j cosðhÞj � CT

sinðhÞ
j cosðhÞj

� �
dh ð8Þ

where r = NcH/2RH is called the solidity factor which is measured
by blade swept area divided by the rotor area. Also CN and CT are
the coefficients of normal and tangential components of the resul-
tant force, respectively. These forces coefficients are related to the
angle of attack, a, and the lift and drag coefficients for each airfoil
sections as follow:

CN ¼ CL cosðaÞ þ CD sinðaÞ ð9Þ

CT ¼ CL sinðaÞ � CD cosðaÞ ð10Þ
Depending on type of airfoil is used, lift and drag coefficients are

obtained from experimental measurements. The normal force, FN,
and tangential force, FT, components of the resultant force in up-
stream section of the rotor, as shown in Fig. 4, are determined by
[25,26]:

FNðhÞ ¼
AP

AS
CN

W
V1

� �2

ð11Þ

FTðhÞ ¼
AP

AS
CT

W
V1

� �2

ð12Þ

where AP = cH is the blade projection area, with c as the chord
length and H as the height of rotor. The rotor sweep area is defined
by AS = 2pRH, with R as the rotor radius.

Adding up the moment of tangential component of the resultant
force about the rotor center for each stream tube, the upstream
contribution to total torque is obtained as follow:

TupðhÞ ¼
1
2
qcRHCT W2 ð13Þ

where q is air density. Thus the power coefficient for the upstream
section can be written as:

CPup ¼
r

4p

Z p
2

�p
2

CT
W
V1

� �2

dh ð14Þ

CPup ¼ k0 � CPup ð15Þ

This is repeated for downstream section with the equilibrium
velocity, given by Eq. (3), as the free stream velocity for the second
actuator disk in the downstream section of the stream tube. The

local relative air velocity and the angle of attack in the downstream
section are obtained by [25,26]:

Fig. 2. Double–multiple stream tube models.

Fig. 3. Relative wind speed vectors in upstream and downstream sections of
H-rotor VAWT.

Fig. 4. Forces exerted on an airfoil section of a wind turbine blade [8].
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W 0 ¼ ð2u� 1ÞV1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k0

2u� 1
þ u0 sinðhÞ

� �2

þ ðu0 cosðhÞÞ2
s

ð16Þ

a0 ¼ tan�1 u0 cosðhÞ
k0

2u�1þ u0 sinðhÞ

 !
ð17Þ

Similarly, by combining the blade element theory and the
momentum theory for each stream tube, one can determine the
downstream induction factor, u0 from [25,26]:

Fdwu0 ¼ pð1� u0Þ ð18Þ

where Fdw is given by:

Fdw ¼
r

2p

Z 3p
2

p
2

W 0

V1

� �2

C 0N
cosðhÞ
j cosðhÞj � C 0T

sinðhÞ
j cosðhÞj

� �
dh ð19Þ

In the above relation, C0N and C0T are the coefficients of normal and
tangential components of the resultant force in downstream sec-
tion, respectively; which are related to the angle of attack, a0, and
the lift and drag coefficients as follow:

C 0N ¼ CL cosða0Þ þ CD sinða0Þ ð20Þ

C 0T ¼ CL sinða0Þ � CD cosða0Þ ð21Þ

The normal, FN and tangential, FT components of the resultant
force in downstream section of the rotor are determined by:

FNðhÞ ¼
AP

AS
C 0N

W 0

V1

� �2

ð22Þ

FTðhÞ ¼
AP

AS
C 0T

W 0

V1

� �2

ð23Þ

Adding up the moment of tangential component of the resultant
force about the rotor center for each stream tube, the downstream
contribution to total torque is obtained as follow:

TdwðhÞ ¼
1
2
qcRHC0T W 02 ð24Þ

Thus the power coefficient for the downstream section can be
determined by:

CPdw ¼
r

4p

Z 3p
2

p
2

C 0T
W 0

V1

� �2

dh ð25Þ

CPdw ¼ k0 � CPdw ð26Þ

Adding up the power coefficients in upstream section, CPup and
in downstream section, CPdw, the total power coefficient is obtained
for one cycle as follow:

CP ¼ CPup þ CPdw ð27Þ

The aim is to achieve the maximum power coefficient at rated
speed.

2.3. Numerical procedure

The discussed double multiple stream tube models were pro-
grammed in MATLAB routines. In order to calculate the induction
factors, u and u0, an iterative method is used. In this method, the
upstream induction factor u is initially taken to be unity. Applying
relations 5, 6, 9, 10 and substituting in Eq. (8) determines Fdw.
A new induction factor u is then calculated from Eq. (7). This pro-
cedure is iterated to calculate a new induction factor until the dif-
ference between two consecutive values of the induction factors
converges to an error band of less than 0.0001. Next, the final value

of the induction factor in upstream section is used as initial guess
for determining the induction factor u0 in downstream section. The
above algorithm is then repeated for downstream section until
convergence is achieved. The remaining parameters are subse-
quently determined from the relations explained in the previous
section.

2.4. Numerical verification

For verifying the routines prepared in MATLAB, the results of
modeling is compared with some available experimental data.
The results for dimensionless tangential force obtained for a com-
mercial H-rotor VAWT with uniform airfoil sections of NACA0012,
the solidity value of 0.15 and the tip speed ratio equals to k0 ¼ 5, is
compared in Fig. 5 with the available experimental data [27]. The
results indicate a relatively good match with experimental data ex-
cept in small azimuth angles in downstream sections.

To compare power production, a commercial H-rotor VAWT,
APV-6 model with the rated power of 600 W from Greenergy
Technology Company [28], is compared with the present modeling.
This turbine is made by five blades and is stall controlled. The air-
foil section of the wind turbine is unknown so that as a very rough
estimate we have used NACA0012 as the blade section of this wind
turbine which yields to calculated power of 511 W. Therefore, a
relatively high error of 14.8% is observed between the manufac-
turer power and our calculated power.

Thus, another commercial H-rotor VAWT with rated power of
300 W and available power distribution is considered to assess
present modeling. Information of this H-rotor VAWT [29] is listed
in Table 1 and the power curve of present modeling is compared
in Fig. 6 in very good agreement with experimental data. This sug-
gests that the present routine can accurately predicts power per-
formance of H-rotor VAWTs, if the correct airfoil section is a pre-
known.

3. Site specific wind turbine

The specifications for the designed H-rotor VAWT for Fadashk
area is given in Table 2 and the reasons for selecting the values
of different parameters for VAWT are discussed here.

Fig. 5. Tangential force with respect versus azimuth angle; experiment [27],
analysis (present) (solidity = 0.15, k0 = 5).

Table 1
Turbine of Urbangreenenergy Co. [29].

Model 300 (W) VAWT

Rated power (W) 300
Maximum power (W) 400
Rated wind speed (m/s) 12
Rotor diameter (m) 2
Rotor height (m) 1.38

D. Saeidi et al. / Applied Energy 101 (2013) 765–775 769
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3.1. Airfoil section

In this study, the airfoil section NACA4415 is chosen due to the
relatively high lift to drag ratio of 130 at the angle of attack of 13�
for the design of this site specific H-rotor VAWT. Lift and drag coef-
ficients with respect to angle of attack for this airfoil is obtained by
curve fitting parabolic and cubic functions, respectively, to the
experimental data as follows:

CL ¼ �14:56a2 þ 8:309aþ 0:4262 ð28Þ

CD ¼ 4:814a3 � 1:052a2 þ 0:08317aþ 0:006212 ð29Þ

In customary designs, a linear and a parabolic distribution is
generally used for the lift and drag coefficients, respectively. How-
ever, the above approach allows better predictions in high angle of
attacks when partial to full stall may occur over airfoil surfaces.

3.2. Wind characteristics

Our recent works in design of small stall regulated wind tur-
bines [30] has indicated the need to provide site-specific small
wind turbines. Saeidi et al. [22] studied the potential of wind en-
ergy in four stations, Bojnord, Esfaraein, Fadashk and Nehbandan
in two provinces of north and south Khorasan in Iran. The study
was performed based on the annual wind speed data obtained
from renewable organization (SUNA) in Iran [31]. The results indi-
cated that Fadashk station has better wind potential for setting up
wind farms in the studied provinces. Summary of statistical results
for this station is listed in Table 3.

4. Result and discussion

A parametric study for the designed H-rotor type VAWT for
Fadashk area is conducted to assess the performance of the wind
turbine and to examine different operating conditions.

4.1. Aerodynamic performance

Fig. 7a and b shows variation of the angle of attack with respect
to azimuth angle in the upwind section for different blade tip
speed ratios (TSRs) of 3, 4, and 5 at the fixed solidity value of
0.31 and 0.4, respectively. The results indicate that the highest an-
gle of attack occurs at zero azimuth angles and its value reduces
from 12� at TSR of 3 to the value of 5� for higher TSR of 5. Interest-
ingly as shown in Fig. 7c and d, the drag to lift ratio (CD/CL) in-
creases for the tip speed ratio of TSR = 3 for the same solidity
values of 0.31 and 0.4 at the azimuth angle of 0�. From Fig. 7c
and d, it is also seen that for the airfoil section selected in this
study the desirable TSR should be greater than the value of 3.

The effect of solidity is also shown in Fig. 7c and d. It is observed
that by increasing the solidity from 0.31 to 0.4, the same effects of
decreasing the ratio of drag to lift (CD/CL) is observed at the lower
value of TSR = 3.

Fig. 7e illustrates tangential force for three blades of the VAWT
with respect to azimuth angle for solidity value of 0.4 and TSR = 4.
Each blade contributes equally to the tangential force within 180�
of operation. Within the remaining 180�, each blade generates a
small amount of negative force.

For the full cycle of operating blades, the tangential and normal
forces with respect to azimuth angle are shown in Fig. 8a–c and d–
f, respectively, for solidity values of 0.4, 0.31 and 0.21 at different
values of TSR = 4, 3 and 2. As it is seen from Fig. 8, by increasing
the TSR, the peak value of tangential force coefficient, in Fig. 8a–
c, has slightly changed; however, the peak value of normal force
coefficient, in Fig. 8c–e, has dramatically increased for all solidity
values. Therefore, both aspects of producing higher power genera-
tion from the tangential forces and avoiding higher cyclic loads on
the structure of VAWT due to normal forces should be carefully
considered so that an optimum design is obtained.

In Fig. 9, the power coefficient is depicted as a function of TSR,
and for different solidities. As shown, the maximum power coeffi-
cient value of 0.472 can be achieved for the solidity value of 0.4 and
at TSR = 4. By decreasing the solidity value from 0.4 to the values of
0.31, 0.21, 0.11, and 0.02, the maximum power coefficient de-
creases accordingly; however, the power curves become more flat-
tened and the power capture remains constant for wider values of
tip speed ratios. In an optimization process depending on the wind
characteristics of the area, the choice of an appropriate solidity va-
lue may lead to better performance of the VAWT which may not be
necessarily correspond to the curve with the highest power
coefficient.

4.2. Power oscillation

In vertical axis wind turbines, the output power is cyclic due to
rotational cycles; hence, the electrical devices should be selected
appropriately to cope with output oscillations and to produce desir-
able electrical power. The vertical axis wind turbine with three
blades produces the output power with 120� phase difference.

Fig. 6. Power curve versus wind speed; experiment [29], analysis (present).

Table 2
H-rotor VAWT designed for Fadashk area.

Number of blade 3
Airfoil NACA4415
Solidity 0.4
Tip speed ratio 4
Diameter (m) 3
Height (m) 3
Chord (cm) 0.2

Table 3
Wind characteristics in Fadashk station [22].

Parameter Height (m)

10 20 30

Mean wind speed (m/s) 5.3 6.2 6.3
Root mean cube speed, VRated (m/s) 6.6 7.7 7.8
Standard deviation, ru 2.871 3.246 3.318
Maximum wind speed (m/s) 21.3 40 31.1
Probability density function, P(2.5 m/s < U < 25 m/s) (%) 82.9 88.3 88.7
Shape factor for Weibull probability density function, k 1.934 2.021 2.017
Scale factor for Weibull probability density function, c 5.947 7.006 7.148
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Fig. 10a–c shows the oscillation of the output power for the
solidity values of 0.4, 0.31, and 0.21, with different TSR and blade
radius values and a fixed chord length of 20 cm. As seen in this fig-
ure, the amplitude of oscillations does not considerably change by
changing TSR values; however, the mean value of the output power
is increased by increasing TSR as expected. It is also observed that
the mean value of the output power is greatly dependent on the
TSR. For instance for the solidity value of 0.21, in Fig. 10c, the mean
output power is increased from 450 W to 800 W by increasing TSR
from 2 to 4.

Fig. 10d compares the output power of the VAWT at TSR = 4 for
different solidity values of 0.4, 0.31, and 0.21 and by a fixed blade
radius of R = 3 m. As seen in Fig. 10d, by decreasing solidity, the
mean value of the output power is also reduced. In this example,
the chord length for solidities of 0.4, 0.31 and 0.21 are 40, 30 and
20 cm, respectively.

4.3. Power production

From consideration in the previous section, the designed 3
bladed VAWT was adopted with the solidity value of 0.4,
TSR = 4, rotor radius of 1.5 m, chord length of 20 cm, and the
blade height of 3 m. To calculate power production of the de-
signed wind turbine, the average output power in one cycle is
calculated by

P ¼ T �x ð30Þ

where x is the rotor rotational speed and T is the average wind
turbine torque. To determine annual total power production for
Fadashk station, it is required to obtain the output power distribu-
tion versus wind speed. Adopting pitch control for this VAWT, the
output power variation with respect to wind speed is calculated

Fig. 7. General characteristics of the designed VAWT: (a and b) angle of attack versus azimuth angle; (c and d) drag to lift ratio versus azimuth angle; and (e) tangential force
versus azimuth angle.

D. Saeidi et al. / Applied Energy 101 (2013) 765–775 771
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as shown in Fig. 11. The rated wind speed was calculated to be
12 m/s for Fadashk area [22].

A Gaussian fit function describes power production versus the
wind speed as follow:

PowerðtÞ ¼ 302:2 � exp � t� 16:5
1:242

� �2
 !

þ 1484 � exp � t� 13:69
5:2

� �2
 !

ð31Þ

To determine the net power production annually for Fadashk
area, the Weibull distribution is used as [18]:

f ðmÞ ¼ k
c

v
c

� �k�1
� exp �v

c

� �k
ð32Þ

The power production is then integrated as follow to determine
the total annual power production for the designed VAWT:

Ptotal ¼
Z 1

0
f ðmÞ � PowerðmÞdm

� �
N � Dt ð33Þ

Here N is the number of working hours in 1 year, i.e. 52,560 h, and
Dt = 10 min is the interval of wind data collection from the mast.
For the mast height of 40 m, the annual power production is calcu-
lated to be equals to 3.1 MW h. For the mast height of 10 m, how-
ever, the annual power production reduces to just 2.01 MW h.

Fig. 8. Force characteristics of the designed VAWT: (a–c) tangential force versus azimuth angle and (d–f) normal force versus azimuth angle.
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4.4. Economical evaluation

During the last 15 years, enormous progress has been made to-
wards lower production costs of wind turbines. The early large
experimental wind turbines of the eighties were extremely expen-
sive, individually manufactured prototypes, with the cost focus on
the associated extensive research and development programs. The
first series-produced, relatively small wind turbines installed in
Denmark and at American wind farms shortly in the mid-eighties
were produced for more than 5000 $US per kW rated power.
Today, series-produced commercial wind turbines are available
for less than 1000 $US per kW. This price level allows the economic
use of wind energy even in the lower inland wind regimes [32].
That means the 1.5 kW wind turbine power roughly cost the
$1500. Mathew [33] has analyzed wind energy resources and
economics and included insurance and taxes as other expenses oc-
curred annually. Detail of his studies has led to assigning 1.5–2% of
the annual costs for repair, maintenance, and salaries of workers.

Annual costs of wind turbine during its life span of n years can
be estimated in initial year by

COM ¼ mCI ð34Þ

where CI is initial investment of the project and COM is the operation
and maintenance cost. Also m is the percentage that determines the
COM as function of CI.

Maintenance and operation cost for n year to initial year can be
evaluated by:

PWðCOMÞ1�n ¼ mCI
ð1þ IÞn � 1

Ið1þ IÞn
� �

ð35Þ

where I is the annual interest rate. This varies from one country to
another country and is reported by Mostafaeipour et al. [21] as 17%
in Iran. Also the real rate of interest, I, is currently above 20% based
on the national central bank of Iran [34]. This may be taken as 20%
in this study.

Fig. 9. Power coefficient versus tip speed ratio.

Fig. 10. Power characteristics of three bladed (chord = 20 cm) wind turbine versus azimuth angle for different solidities: (a) radius = 1.5 m; (b) radius = 2 m; (c) radius = 3 m;
and (d) radius = 3 m.

Fig. 11. Power of the designed pitch-control three bladed wind turbine versus wind
speed.
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The net present worth of all cost including operation, mainte-
nance and the initial investment is derived as following:

NPWðCAÞ1�n ¼ CI 1þm
ð1þ IÞn � 1

Ið1þ IÞn
� �� �

ð36Þ

Therefore, yearly cost of operation for the turbine is:

NPWðCAÞ ¼
NPWðCAÞ1�n

n
¼ CI

n
1þm

ð1þ IÞn � 1
Ið1þ IÞn

� �� �
ð37Þ

The energy generated (EI) by the wind turbine in 1 year is accu-
mulated as following:

EI ¼ 8760� PR � CF ð38Þ

where PR and CF are the rated power and capacity factor,
respectively.

The capacity factor, defined by the ratio of the actual power
generated to the rated power output [35].

Capacity factor¼ P MWh
ð365 daysÞ�ð24 h=dayÞ�ð1:5 kWÞ�1 MW=1000 kW

ð39Þ

So, the cost of 1 kW h wind-generated electricity is given by:

C ¼ NPWðCAÞ
EI

¼ CI

8760n
1

PRCF

� �
1þm

ð1þ IÞn � 1
Ið1þ IÞn

� �� �
ð40Þ

As mentioned in previous section the cost of design wind turbine is
$1500. Other initial costs including installation, transportation, cus-
tom fee and grid integration is assumed about 40% of the turbine
cost. Useful life of the system is 15 years. Annual operation and
maintenance costs plus the land rent come to 6% of the turbine cost
[21].

By the above assumption installation cost and total initial
investment for this turbine calculated as following:

Installation cost ¼ 1500� 40
100

¼ 600$

Total initial investment ¼ 1500þ 600 ¼ 2100$

Therefore, the cost of 1 kW h of electricity produced by this
wind turbine would be:

C ¼ 2100
8760� 15

1
1:5� 0:236

� �
1þ 0:06

ð1þ 0:2Þ15 � 1

0:2ð1þ 0:2Þ15

 !" #

’ 0:058$=kW h

In Iran, the electrical power production by any renewable en-
ergy is valued $0.12 per kW h as instructed by renewable organiza-
tion of Iran (SUNA). At present, the main owners of wind turbines
in Iran, i.e. Manjil and Binalood areas are selling electricity at the
rate of 0.13$/kW to the government using their 660 kW to 2 MW
wind turbines. According to power production from the VAWT at
the mast height of 40 m in Fadashk area, the annual electricity pro-
duction is 3.1 MW h. Based upon calculations, the electricity pro-
duction costs is 6 cents per kW h which is about 50% below the
market price. This clearly is beneficial to small manufacturers of
wind turbine in Iran and can reduce the amount of incentives cur-
rently is given by the government to major manufactures of large
wind turbines.

5. Conclusion

In this study, a three bladed H-rotor VAWT is designed for nom-
inal power production of 1.5 kW h for Fadashk station of Khorasan
province in Iran. The designed VAWT was parametrically studied to
evaluate its performance and to derive important characteristics of

this wind turbine. Although no optimization was sought in aero-
elastic design at this stage, the designed VAWT can produce
3.1 MW h power annually if it is installed on the mast height of
40 m. For the mast height of 10 m, the annual electrical power pro-
duction is 2.01 MW h. The results of the economical evaluation for
the designed wind turbine in Fadashk’s area indicates that the pro-
duced electricity costs is about $0.058 for 1 kW h while the price of
1 kW h renewable energy in Iran is $0.12. So the electrical pro-
duced by present wind turbine is about $0.06 lower than the mar-
ket price. This is a promising and encouraging for development of
small scale wind farms in Iran with local technological and
capabilities.
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