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Abstract- Knowing the potential of wind and solar energy resources is vital to determine significant information of sizing,
installing and implementation of renewable energy systems in a given region. The present study identifies wind and solar
energy properties of a studied area located in Tehran, Iran, using input meteorological data measured for one year period
provided by the Iran Renewable Energy Organization from a ground station, Letman Jungle. Many prior studies are limited in
using average wind speed without classification of the resource. However, the present paper adopts the random fluctuations of
wind speed data for classification purpose. Furthermore, it utilizes a temperature-based method to estimate solar energy
potential of the region. In this regard, daily and monthly average amounts of global solar irradiation on horizontal surface are
calculated all around a year. Regarding wind energy resource properties, the most probable wind speed and its direction, the
velocity which carries the maximum energy, the average wind power density, and the wind energy density of the region are all
calculated and discussed. Investigation of the results indicates harnessing solar energy would be more favourable for the
studied region.
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1. Introduction

The rapid rising amount of energy consumption as a
result of modernity besides industrial and agricultural
development has been a main issue of energy discussions
recently. Based on current reserves and consumption rate of
fossil resources, the world will sustain 122 years for coal, 42
years for oil and 60 years for natural gas [1]. Global
warming, depletion of fossil resources, population growth
and environmental awareness plus  increasing energy
demands are of the vital factors to consider utilization clean
energy much promising [2, 3]. Figs. 1-2, provided by the
World Renewables Report 2011, illustrate the growth of
employing wind and solar energy in recent years. During
2010, the new capacity added for wind power has reached by
39 GW, and almost 17 GW of photovoltaic capacity was
added globally in 2010 comparing to 7.3 GW in 2009 [4].

Estimating potential of these resources has been the
interested field of a number of researchers throughout the
literature. Kamau et al. [5] employed 6 years of wind data to
estimate wind energy potential and found Marsabit as a

suitable location for stand-alone and grid connected power
generation. To estimate wind mean power density, which is
of the preliminary information of installing feasible wind
farms, statistical investigations have been performed in Hong
Kong, UK, South Africa and Eastern Mediterranean [6-9]. In
other studies, Rumachandra et al. [10] and Sliz-Szkliniarz et
al. [11] utilized GIS-based methods to investigate wind
energy potential in India and Germany, respectively. In a
comparison thorough 7 numerical methods, Paulo Alexandre
Costa Rocha reached smaller errors in fitting Weibull
distribution curves via employing numerical approaches
based on mathematical iterations for defining shape and scale
parameters [12].

Different TB methods has been developed and modified
through the history of solar radiation research. In this regard,
Table 1 presents an overview where most of the proposed
methods are derived from the Hargreaves model. The
difference between TB models with same parameters is due
to their various empirical coefficients and the calculation
way of their constituting parameters.
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Fig. 1. Wind power-Existing world capacity (1996-2010) [4]
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Fig. 2. Solar PV-Existing world capacity (1996-2010) [4]

In the present study, the renewable energy potential of
wind and solar energy resources and their relevant properties
are evaluated via using input meteorological data measured
for one year period from the studied ground station, Letman
Jungle, located in the west of Tehran city. For this, a TB
method is used for estimation of global solar irradiation on a
horizontal surface, and the wind energy properties of the
region are obtained via utilizing a statistical approach.

2. Analytic Methods
2.1. Wind Analysis

The power per unit area transported by a fluid system is
related to the cube of the fluid speed [5]:

P(v) = % PP AVE (1)

In the above equation, power of the wind that flows at
speed v through a blade sweep area A (m?) and £ density
can be calculated. p equals 1.225 kg/m*® which is the
standard air density at the sea level with mean ambient
temperature of 15 “C and 1 atmospheric pressure. In order to
decide which statistical distribution or probability density
function (PDF) fits to wind speed data: a) a null hypothesis is
set, b) test statistic is obtained, and c) considering decision
rule (of the null hypothesis) decision regarding acceptance or
rejection of the fitness alternate PDF is made. The Null
hypothesis is considered as: HO: Estimated PDF of wind
speed data set. Decision rules for acceptation or rejection of
the mentioned hypothesis are given: if the calculated p-value
based on applying a proper goodness of fit test is greater than
the significant level (i.e. 0.05) accept HO; otherwise reject it
[18].

Table 1. Temperature-based models

Model .
(Authorsetal)  Year Indicators
Almorox 2011 H. Tmax ' Tm.n
Duat 2011 Ho T T,
Mahmood 2002 H.T_.T. . ¢, DOY,LDY
Annandale 2002 H. T T..Z
Winslow 2000  H T T T Hay ¢
Goodin 1999 H T T,
Donatelli 1998 HoT T
Allen 1997 HoT T
Bristow 1984 Hoo T T
Hargreaves 1982 me J Tm.n

H  extraterrestrial solar radiation, Tmax daily maximum air temperature,

T . daily minimum air temperature, T mean annual temperature, 4
latitude, DOY day of year, LDY longest DOY, Hg.y half-day length

fitness alternate PDF is made. The Null hypothesis is
considered as: HO: Estimated PDF of wind speed data set.
Decision rules for acceptation or rejection of the mentioned
hypothesis are given: if the calculated p-value based on
applying a proper goodness of fit test is greater than the
significant level (i.e. 0.05) accept HO; otherwise reject it
[18].

In many cases among all density functions, the Weibull
distribution could act as an appropriate fitness alternative for
wind speed PDF [19]. Weibull function has flexibility and
simplicity and provides a logical fit to experimental data
when applying to wind data [20]. Eq. 2 represents the
Weibull probability function with shape and scale parameters
of k and c respectively:

() =% () texpl-()'] .

To indicate the fraction of time the wind speed is equal or
lower than speed v, the cumulative distribution function
(CDF) of velocity is:

F@) =1—exp[—(vg>k] @)

The average wind velocity and its variance of wind can be
calculated using the measured data via Eqgs. 4-5.

1 n
V==2V, @
ni=s
2 _ 1 )2
o ——n_liZ:;(vi V) (5)

As follows in Eq. 6, the Weibull function parameters, k
(shape factor) and c (scale factor), can be approximated:
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where the gamma function (I") can be obtained via utilizing
Stirling approximation as follows:;

I'(x)= je “u*'du (8)

The average power density based on the Weibull PDF is
given as:

P %1 1o k+3 ©)
—A_bpvf(v)olv_2 Cr(—)

Knowing wind power density (P/A), wind energy density for
a favorable duration of T, can be obtained via Eqg. 10.

E_1 k+3

— 3F(—)T (10)
A 2

After the scale and shape parameters of Weibull function are
yielded, the most probable wind speed (V) and the wind
speed which carries the maximum energy Vmae Can be
calculated as represented in the following Egs.:

1

1 =
Vi =¢(1- E)k (11)

Vv

max,E

2 1
= c(L+ )" (12)

2.2. Solar Analysis

Using the ambient temperature difference, Hargreaves and
Samani [21] suggested Eg. 13 to estimate global solar

irradiation R;.

R =K, (T, -T.)R, (13)

max min

In the above-mentioned Eq., K,

and R, is the extraterrestrial radiation. K,

coefficient which varies for different atmospheric conditions
and can be taken equal to 0.17 for arid and semi-arid
climates, respectively. It also presented by Hargreaves equal
to 0.16 and 0.19 for interior and coastal regions, respectively
[21]. Later on, Allen [22] introduced a correction factor for

K which can be seen in Eq. 14.

is an empirical coefficient

is an unit-less

p 0.5
K, =K.(=) 14
0 (14)

0
where P and P, are the mean atmospheric pressure of the
site and the mean atmospheric pressure at sea level, 101.3

kPa, respectively. Mean pressure of the site, can be either
considered using the measured data of the site or the
estimated values according to Burman equation as it follows
[23]. For the purpose of the current study, measured mean
pressure data is employed.

5 (293-0.00652 o2 (15)

° 293
where Z would be the height in m. In Eq. 14, the value of

empirical coefficient K a €quals 0.17 and 0.2, suggested by

Allen for interior and coastal regions respectively [22]. It is
notable that Eq. 14 performs inefficient for elevations higher
than 1500 meters [15] in contrast with the elevation of the

studied region. Another way to calculate K is to use

Samani’s modified form via using maximum and minimum
ambient temperature differences as given in Eq. 16:

—0.00185(T T )*-0.0433(T  ~T_)+04023 (16)
360

& = 23.45sin[— (284 + n)] (%))
365

In Eq. 17, the sun declination angle (&), is the angle between
the joining line of the centers of the sun and the earth and its
projection on the equatorial plane, and depends on the nth
day of the year. Introducing the hour angle () which the
earth must rotate to take meridian plane under the sun, the

sunset hour angle ( o, ) will be as follows:

oy = cos” (-TangTano) (18)

where ¢ is latitude of the location. As follows, Eqg. 19

defines the angle between the sun’s ray and perpendicular
line to the horizontal plane called Zenith (Polar) angle.

cosé, = cos(#)cos(8)sin(w, ) + w,sin(4)sin(5) (19)
The solar radiation outside the atmosphere on a horizontal
plane ( | ) for nth day of the year, considering the | (solar

w
constant) which is defined equal to 1367 — by the world
m

meteorological organization (WMO) standard, is given in Eq.
20 [16, 17].

360 (20)

I, =1[1+0. 033cos( )]cose

To calculate the integrated daily extraterrestrial radiation on
a horizontal surface ( Ra ), EQ. 21 can be employed.

24 % 3600 |

e @
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3. Area and Using Data

Tehran, a populated city and the capital of Iran is located
at altitude of 1190.8 m from the sea level. The utilized data
of the study is measured for one year period by the Iran
Renewable Energy Organization from a ground station,
Letman Jungle, located in the west of Tehran. The input
utilized data include maximum, minimum and average of the
daily ambient temperature, and the pressure to evaluate the
status of global solar irradiation on horizontal surface. Also,
wind velocity data with 1 hour intervals are utilized to obtain
wind energy properties of the region. In this regards, monthly
maximum, minimum and average atmospheric pressures and
ambient temperatures are shown in Table 2 via using the
measured daily data. Also, Figs. 3-4 illustrate the changes
regarding monthly mean wind velocity and monthly mean
ambient temperature, respectively. From the average of daily
measured data, it can be seen that Tehran experiences its

coldest and hottest months in January (-4 'C ) and July (42
‘C)) respectively.
Table 2. The monthly maximum, minimum ambient

temperature and average atmospheric pressure of the
collected data

Max Min

Temp Temp Mean P
Jan 13 -4 101.85
Feb 14 -4 101.25
Mar 23 -2 101.73
Apr 23 7 101.43
May 36 14 101.45
Jun 39 19 100.94
Jul 42 24 101.06
Aug 40 15 101.1
Sep 34 17 101.43
Oct 31 6 101.81
Nov 18 -1 101.9
Dec 13 -1 102.28

Maximum of the mean wind speed occurs at March
(5.20 m/s) which may result highest wind potential in this
month depending on Weibull function parameters. Yearly
average of wind speed equals 4.09 m/s and the monthly mean
wind speed exhibits its biggest variation from February to
March and April to May.

To handle the uncertainties caused by the discontinuous
nature of wind velocity, the fitted PDF over histogram of the
measured wind data of the region is plotted in Fig. 5. As can
be seen, the PDF follows the Weibull function’s general
pattern appropriately. Also, the plot for Weibull parametric
cumulative distribution is shown in Fig. 6 which indicates
the probability where wind speed is equal or lower than
speed v. The monthly calculated values of Vy, and Viaxe are
plotted in Fig. 7 via using the shape and scale parameters of
the Weibull function.

Mean wind speed (m/s)
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Fig. 3. The monthly mean wind speed changes of the
collected data
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Fig. 4. The temperature changes of the collected data
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Fig. 5. Weibull pdf curve and the collected wind velocity
data histogram
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Fig. 6. The cumulative distribution function of the collected
wind velocity data
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Fig. 7. The monthly mean Vy, and Vaxe
4. Results and Discussion

Via using the mentioned equations of the solar analysis
section, Fig. 8-9 illustrate the yielded status of monthly and

daily global solar irradiation on horizontal surface (R, ) in
2011 for the studied region. As can be seen in Fig. 9, lower
values of R; are obtained in colder seasons (October to

March), which is logical due to lower difference of
temperatures according to Fig. 4 and Hargreaves Equation.
Also due to the same reason; although the highest and the
lowest ambient temperatures occur in July and January, the
highest and the lowest average of the received global solar
radiation on horizontal surface occur at June (7.46 kWh/m?
/day) and December (2.46 kWh/m? /day), respectively. The
amount of the total annual received global solar radiation on
horizontal surface for the studied region resulted in 1.85
MWh/m?/year for 2011. The high solar potential of the
region makes it acceptable to invest more on solar energy
systems projects.

As illustrated in Fig. 7, the maximum values of V,, and
Vmaxe May not occur at same months and the possibility of
blowing lower but more continual (more energy is being
carried) wind can be a logical reason of this issue. As can be
seen, the most probable wind speed obtains its highest value
(3.86 m/s) in June in comparing to other months. However,
maximum value of the wind which carries the maximum
energy occurs in March (9.21 m/s). Table 3 presents the
results of mean velocity, standard deviation, shape and scale
parameters of Weibull function throughout the besides the
calculated wind power density (W/m?® and the energy
density (kWh/m?/year).
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Fig. 8. Estimated daily global solar irradiation on horizontal
surface

The highest value of wind power density equals 202.03
W/m? and its lowest value is 50.91 W/m?, occurred in March
and July respectively. The wind energy density ranges
between 445.83-1769.12 kWh/m?/year in Tehran.
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Fig. 9. Estimated monthly daily average global solar
irradiation on horizontal surface
Table 3. Calculated monthly wind properties
Month Xz Mean V K C P/IA E/A
Jan 253 3.82 157 426 9153 80147
Feb  2.47 3.98 168 445 9259  810.74
Mar 3.9 5.20 1.70 583 202.03 1769.12
Apr 279 481 181 541 14363 1257.70
May 181 3.86 228 435 5804 50823
un  1.76 417 255 469 6530 571.81
Jul 1.56 3.89 271 438 5091 44583
Aug  1.68 411 265 463 6137 537.42
Sep  1.83 4.20 247 474 6991 61213
Oct 151 4.10 296 459 5945 52054
Nov  1.87 354 200 399 5366  469.84
Dec 273 3.42 128 369 9105 797.31

The European Wind Energy Association (EWEA) [24]
has categorized wind characteristics as follows in Table 4
and another wind density classification for 10 m height is
presented in Table 5 via considering Min and Max of wind
speed as well as wind power density [25].

Table 4. Wind categories based on EWEA classification

Category Wind Characteristics
Fairly good 6.5 (m/s) = (300-400 W/m?)
Good 7.5 (m/s) = (500-600 W/m?)
Very Good 8.5 (m/s) = (700-800 W/m?)

Table 5. Wind power classifications (10 m) [25]

Wind class Minwind ~ Maxwind Min wind powgr Min wind ,
speed (m/s) speed (m/s) density (W/m%)  power density (W/m")

1 0 4.4 0 100

2 4.4 51 100 150

3 5.1 5.6 150 200

4 5.6 6.0 200 250

5 6.0 6.4 250 300

6 6.4 7.0 300 400

7 7.0 9.4 400 1000

In Fig. 10, measured wind data of the studied site is
classified via considering the standards mentioned in Table
5. As can be seen, almost 60% of the existed wind in Tehran
is classified in class 1. According to Table 5, Table 4 and the
calculated mean wind power density in Table 3, Tehran is
not suitable for installing large scale wind turbines. Tehran is
a city surrounded by mountains and this would be a cause of
low wind potential besides meteorological parameters which
result in air convections. However, small scale wind turbines
can be employed to supply electricity to off-grid systems
such as chargers, electric fans, lightening and mechanical
applications in agricultural activities like water pumping. In
order to analyze wind energy properly, determining wind
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direction accompanied by its other properties is a significant
issue in wind energy systems research. To illustrate wind
direction accompanied by its velocity, wind roses which are
polar diagrams are helpful tools in wind energy
investigations. Based on wind direction data which is
measured clock wise in degrees, wind frequencies (%) are
plotted in a polar diagram with respect to the cardinal point
from which the wind blows. The wind rose is divided to 16
sectors and each of them covers an arc of 22.5° Fig. 11
illustrates the wind rose of the studied region, and Fig. 12
plots it on the location where the utilized wind data of the
study was provided from. From Fig. 11 it can be seen that the
most probable wind direction of the region is in the quadrant
which correspond to the south east.

70
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|
Calms ©00-44 44-51 51-56 56-60 60-64 64-70 >=
Wind Class (m/s)

o

Fig. 10. Classification of existed wind velocities in Tehran
based on Table 5
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Fig. 11. Wind rose of the studied region

F|g 12. 3D Wind Rose of the studied region

5. Conclusions

Wind and solar energy are renewable and
environmental-friendly. They are alternate clean energy
sources associated to the fossil fuels that contaminate our
atmosphere. Via using the available measured data provided
by a ground meteorological station in Tehran, Iran, this study
evaluated the status of solar and wind energy potential. The
daily and monthly global solar irradiation on horizontal
surface and various wind energy properties were assessed
using a temperature-based method and Weibull distribution
function, respectively. To investigate the most probable
direction of the wind, wind direction and velocity data were
employed to plot the 2D and 3D wind roses of the region.
The sum of received annual global solar radiation on
horizontal surface yielded 1.85 MWh/m?*/year for 2011. The
highest and the lowest ambient temperatures occurred in July
and January but the highest and the lowest average of global
solar irradiation were estimated in June (7.46 kWh/m? /day)
and December (2.46 kWh/m?/day), respectively. Wind
analysis indicated that the region experiences its maximum
average velocity in March, April and February. The yearly
mean wind speed ranged between 3.42-5.2 m/s values related
to December and March. The yearly average of wind speed
was equal to 4.09 m/s and the biggest variations of monthly
mean wind speed were observed from February to March and
April to May. The most probable wind speed direction was at
the quadrant which corresponded to the south east. The
yearly average wind power density ranged between 50.91
and 202.03 W/m? which is not desirable for using large scale
wind turbines but it will be sufficient for using small scale
turbines for small size non-grid electricity generation.
Although the investigations demonstrate higher solar energy
potential in comparison with wind energy density in Tehran,
it is notable that for the months with lower irradiation such as
January, February, March and April, the wind energy density
reaches to its highest values. This can support probable
feasibility of employing reliable PV-wind hybrid energy
systems in the region to be evaluated. Also, economic
programming and developing policies to employ the
investigated resources in an optimized way merit further
investigations via considering the renewable energy
characteristics of the region.
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