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Abstract

There has been a growing demand for energy in the province of Mazandaran in recent years. Considering the capabilities
of the province to generate new energy, recognizing and consuming wind energy as a source of renewable energy should be
a planning priority. In this study, a statistical analysis of daily wind speed and direction at a height of 10 m in 15 synoptic
meteorological stations of Mazandaran Province over a 12-year period (2006 to 2017) was conducted to provide a preliminary
estimate of the extractable energy and spatial capacity of wind flow. In addition, the characteristics of wind speed and direction,
Weibull probability distribution parameters and wind power potential and density of the stations were also determined. ArcGIS
interpolation method (IDW) was used to prepare the calculated layers of the average speed, speed continuity, and power density
of the wind at 10, 30, and 50 m heights. Furthermore, to examine the influence of topography on the wind variables, the Pearson
correlation coefficient was used to evaluate the relationship between altitude, hillslope aspect, and slope indicators with each of
the wind variables. A map of wind speed zones at 50 m height reveals that Baladeh station has a maximum wind speed in July. The
correlation coefficient between wind speed and altitude above sea level was 0.677, indicating a 95 percent positive correlation
(P-value 0.05). Accordingly, as the altitude of the meteorological stations in the province above sea level increases, the wind speed

increases at a height of 10 meters above the ground.
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1. Introduction

Energy sources, which supply 70% of the world's needs as fuel
and uranium fission models, will run out by the end of this century
and could clearly cause numerous concerns for humans [1,2]. The
depletion of fossil and nuclear energy sources has long stimulated
the scientists and authors interest. As a result, extensive researches
are being carried out all over the world to replace new and cleanly-
sources of energy [3-11]. Moreover, rising carbon dioxide and
other greenhouse gases released by the burning of fossil fuels has
threateningly caused unprecedented changes in the earth climate
[12]. Consequently, there is a widespread agreement to reduce
carbon emissions to zero in long-term.

More than a billion people, about 15% of the world's population,
still have no access to electricity [13]. The population of the world
is expected to double by the end of the twenty-first century, leading
to a two-to-fourfold increase in energy consumption. Currently,
the challenge is to meet this enormous energy demand with clean,
safe, and sustainable energy sources. Governments are spending

a lot of resources to generating just one kilowatt of electricity, so
the question is how to reduce consumption and provide cheaper
energy. Despite the fact that new energy sources are virtually
carbon-free and typically more sustainable than fossil and nuclear
fuels, not all of their technologies have developed, and some are
still prohibitively expensive [11,14-17]. In general, renewable
energy sources play an important role in climate change adaptation.
Consequently, they contribute to increase the flexibility of current
energy systems and ensure the supply of energy services under
changing climatic conditions [6,18-22]. One of the most cost-
effective sources of renewable energy is wind power. In addition
to low price fluctuations, it offers minimal environmental impact,
abundance, and permanence, among other benefits. The first step
in expanding the use of wind energy is to identify areas where
wind energy can be optimally exploited and which offer the
necessary conditions for the construction of power plant [19,23-
26,21,22]. It is important to pay special attention to all the features
and environmental conditions that affect the airflow in wind power
generation [18, 27-29].
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The behavior of meteorological phenomena under environmental
constraints leading to complicated mechanisms has received
less attention in the research of Iranian meteorologists and
meteorologists, especially in mountainous regions. Environmental
characteristics such as altitude, slope, and hillslope aspect have
an important influence on the behavior and atmospheric elements.
Wind, as the most influential meteorological phenomenon, has an
impact on topographic landscapes. This is evident in the different
behavior of winds in mountainous and topographic systems,
and in the effect of mountain topography on the generation of
different types of winds [30,31]. The annual average of net energy
achieved and the capacity factor, which have significant variations
in the distribution of wind speed, are indicator parameters for
indicating wind energy potential in specific geographical locations
[20,31-34].

Notwithstanding the economic development of the country

and the improvement of public welfare in Iran, the way energy

resources are exploited has raised concerns about the level of
energy consumption and greenhouse gas emissions. Therefore,
it is desirable to promote the use of renewable energy sources
for the development process of Iran. Due to wind resources and
topographical conditions, wind energy occupies a special place as a
form of renewable energy in Iran. Therefore, this study investigated
the spatial capacity of wind power in Mazandaran Province as a
case study. In this contribution, the aim of the research is to assess
the energy and evaluate the wind potential as well as to create zone
maps with indicators of speed and energy production in order to
find a suitable place for building power plants in the windy regions
of Mazandaran Province.

2. Regional Setting

Mazandaran Province, with an area of 23,756 km2, occupies about
1.46% of Iran, ranking 18th in land area. It lies between latitudes
35°47'to 36° 54’ N and longitudes 50° 34 to 54° 10" E (Figure 1).
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Figure 1: Geographical Location of Mazandaran Province; (A) Topographic Map of Iran Shows Various Physiographic Regions (www.
Worldofmaps.net). (B) Map of Iran with Boundaries of Provinces. (C) Mazandaran Roads Map (https://www.mapsof.net/uploads/static-
maps/mazandaran_road_map.png). (D). Triangulated Irregular Network (TIN) of Mazandaran Province
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Mazandaran Province has a high potential for extractable energy
and spatial capacity of wind flow. This province is characterized
by a particular topography (from -26 to over 2500 m altitude),
a northern hillslope aspects and prevailing winds from west to
northwest to north, all of which provide the conditions for wind
energy evaluation and spatial capacity. The increase of population
in Mazandaran Province as well as its development as the first
tourism hub in Iran have drastically reduced the capacity of
the province in terms of environmental resources utilization.
Therefore, it is necessary to zone different regions of the province,
focus on topographical conditions and identify areas suitable
for wind turbine construction in order to exploit the wind power
potential and meet the replacement demand for cheap renewable
energy instead of expensive fossil fuels.

3. Local Winds (Sea Breeze/Land)

The southern coasts of Caspian Sea are subjected to synoptic/
mesoscale weather systems ranging from locally enhanced sea
breeze formation and small local front systems to synoptic scale
cyclones [35]. Due to Caspian Sea less width and depth than
the oceans and a little temperature difference compared ocean
environment, its daily meteorological characteristics has caused
that the maximum advance of the sea breeze toward the land may
not extend up in long distances. Temperature difference between
shore and sea breeze front determines the depth of the sea breeze
and its distance. So that at times when the temperature difference
between the shore and the sea breeze front is not observed, the
depth of the sea breeze and its progression is less than when the
difference becomes more.

Regional winds prevail in the cold season (activity expansion
in November, December, January, February and March) and
local winds prevail in the warm season (expansion activity in
June, July and August). Western waves are the most important

S1°00°E S2°00°E

atmospheric systems affecting the formation of regional winds
on the Mazandaran coast. In the warm season, the spread of the
Azores or North African high-pressure tongue over the study area
provides favorable conditions for local wind activity. A typical sea
breeze cycle in the southern Caspian is characterized by onshore
winds (the “sea breeze”) generally starting more than 2 h after
sunrise at around 9:00—noon [36-39]. The wind direction changes
to offshore (the “land breeze”) around 16:00-21:00. The maximum
wind speed of about 4 m/s-1 occurs during the sea breeze between
noon and 16:00 after the time of maximum temperature gradient
between sea and land. The strongest and most frequent sea breeze
days occur in areas around AmirAbad where the Mazandaran
coastal plain is widest, and the fewest sea breeze days are observed
around Noshahr [36,38]. In the southern Caspian Sea, the sea
breeze system, with winds of up to 4 m/s-1 and wind stresses of
up to about 0.02 N/m-2 (but on average peaking at 2 m/s-1 and
less than 0.01 N/m-2), is the major diurnal-inertial-period process
in the atmosphere, explaining about two-thirds of high frequency
variance in winds and hence dominating the forcing of coastal
processes at high-frequency [39].

4. Methodology

A descriptive, analytical and field approach is used in this study.
The spatial capability of wind energy in Mazandaran Province
was evaluated using spatial and quantitative data. Wind speed
and direction data from 15 synoptic meteorological stations in
the province were examined to determine the spatial capability of
wind energy. These stations (Table 1; Figure 2) include Ramsar,
Nowshahr, Siahbisheh, Kojoor, Baladeh, Amol, Babolsar,
Gharakhil-e Ghaemshahr, Pol-e Sefid, Alasht, Firoozkooh, Sari,
Kiasar, and Bandar-e Amirabad. Due to vector variable behavior
of wind and the influence of local and atmospheric parameters
on its direction and speed, reconstruction of wind data is either
impossible or fraught with uncertainty.
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Figure 2: Geographical Location of Synoptic Meteorological Stations in Mazandaran Province
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No. | Station Longitude (E) | Latitude (N) | Altitude (m) | Statistical period (year)
1 Ramsar 50040’ 36° 54’ -20 1955-2017
2 Nowshahr 51030’ 36° 39’ -20.9 1977-2017
3 Siahbisheh 51019’ 36°13° 2165 1999-2017
4 Kojoor 51044’ 36°23° 1550 2006-2017
5 Baladeh 51048’ 36° 127 2120 2006-2017
6 Amol 520237 36°028° 23.7 2001-2017
7 Babolsar 52039’ 36°43° -21 1951-2017
8 Gharakhil Ghaemshahr | 52° 46’ 36°27° 14.7 1984-2017
9 Alasht 520517 36°05° 190 2003-2017
10 Firoozkooh 52050’ 35055’ 1975.6 1993-2017
11 Pol-e Sefid 53005’ 36° 08’ 610 2003-2017
12 Sari 530 36° 33’ 23 1999-2017
13 Kiasar 53032’ 36° 14’ 1294.3 2002-2017
14 Amirabad 53022’ 36°51° -20 2005-2017
15 Galoogah 53049’ 36° 47’ -10 2005-2017

Table 1: Location and Characteristics of Synoptic Meteorological Stations in Mazandaran Province [42,43].

Since the windy statistical periods were not the same at all stations,
the range of years with a common statistical period was considered
over the 12 years (2006 to 2017). The wind speed and direction
characteristics and Weibull probability distribution function
parameters, were evaluated after quantitative and qualitative data
control. Then, the wind power potential and density of the studied
stations in the province were calculated at different heights.

The Weibull probability distribution function: this function is
generally used to represent the frequencies of the wind speed.
It also represents the most frequent starting point of stochastic
analysis, simulation, and forecasting of wind speed. Its general
formulation is given as follows (equation 1):

Eq. 1. f(v) = %(E)kilexp(— (—))l (k>0,v>0,c>1)

Where the parameters f(v) probability of occurrence of wind speed
(m/s) v is the wind speed (m/s), and ¢ and k are the scale (m/s) and
shape (unitless), respectively. As the names imply, the k changes
the shape of the curve and not the dimensions, whereas c shifts
the curve toward high or low wind speeds. These two parameters
must be identified for each given location. Their identification
can be performed with use of some classic techniques such as the
minimum square error, the least squares method, and the standard
deviation method that were calculated here using the maximum
likelihood method (equations 2 and 3; Akpinar et al. 2005) [40].

Eq. 2. k= (%)71‘086(1 <k<10)
v

) r (1 + %)

Where k is the Weibull shape factor (unitless), v is the wind speed
(m/s) and o is the standard deviation and is the mean wind speed
(in meter per second) and I" is the Gamma function. The mean
wind speed () is (equation 4). It is based on the numerical iteration
of mean wind speed () andstandard deviations (o) of wind speeds

Eq. 3.

are expressed, where:

AN
Eq. 4. V= H; Vi
Calculation of wind power potential: the power of wind energy
is directly related to the cube of wind speed (equation 5).

1
Eq.5. P(v) = 5p \rhoAv?

Where p\rho is the standard air density (kg/m”3) at sea level with
an average temperature of 15 °C and a pressure of one atmosphere
(1.225), and Av is the average wind speed [41]. According to
the International Standard Atmosphere (ISA) values (15° C at
sea level) the density of dry air is 1.225 kg/m”3 at 15.55°C and
101,325 Pa. Since the air density is a function of the altitude (and
temperature), the temperature deviation from the ISA value at that
pressure altitude needs to be corrected, with lower temperatures
than standard lowering the density altitude and higher temperatures
raising the density altitude which considered in the calculations.
Accordingly, the p\rho of the synoptic stations was found as
the following table (Table 2). This table illustrates p\rho of the
stations calculated using the measured data (average annual of air
temperature, air humidity, biometric pressure and altitude) and
following equations (equations 6 and 7):

L.h_gM
Eq. 6. P=po-(1— ——)RL

0
Eq.7 ho = 21
q.7. p\r 0=RT

Where p (Pa) is the pressure at altitude, p, (Pa) is the sea level
standard atmospheric pressure, T, (k) is the sea level standard
temperature, g (m/s2) is the Earth-surface gravitational
acceleration, L (K/m) is the temperature lapse rate, R (J/(mol.K) is
the universal gas constant, M (kg/mol) is the molar mass of dry air
and p\rho (kg/m”3) is the air density at altitude.
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No. | Station Altitude (m) | Air temperature (C) | Air humidity (%) | Biometric pressure (hPa) | p\rho (kg/m*3)
1 Ramsar -20 16.5 81 1015.64 1.215
2 Nowshahr -20.9 16.5 81 1015.75 1.215
3 Siahbisheh | 2165 11 60 775.85 1.239
4 Kojoor 1550 11.8 61 838.59 0.948
5 Baladeh 2120 9.6 55 779.24 0.957
6 Amol 23.7 17.6 78 1010.43 1.204
7 Babolsar 21 17.6 80 1015.75 1.210
8 Gharakhil 14.7 17.1 79 1011.50 1.207
9 Alasht 190 11.2 67 990.33 1.209
10 Firoozkooh | 1975.6 8.3 71 792.72 0.978
11 Pol-e Sefid | 610 15.4 69 942.18 1.132
12 Sari 23 18.2 76 1010.52 1.201
13 Kiasar 1294.3 133 68 866.31 1.049
14 Amirabad -20 17.2 80 1015.64 1.211
15 Galoogah -10 17.7 75 1014.44 1.208

Table 2: Altitude, Temperature, Humidity and Barometric Pressure and Their Impact on Local Atmospheric Air Density on the

Synoptic Stations

Equation 8 provides the calculated wind energy power at a height
of 10 m.

Eq. 8. P10 = %W(%)

Wind speeds at upper hights are estimated using equations 9 and
10 (a height of 40 m is suitable for building wind turbines, for
example).

Eq.9 v ( . )a
q. 9. =|—
Vref Zref

(Z)(x
V=Vo|l—
OZO

Where v nad vref are the wind speed at height z above the
ground (wind speed at the desired height), the wind reference
speed measured at height zref (wind speed at a height of 10 m),
respectively, and a is as a function of the degree of unevenness of
the earth's surface (calculated using equation 11).

Eq. 10.

[0.37 — 0.088Inv,,]

Eq. 11. a=
B [1 - 0.088In (z,4/10)]

Average Wind Power Potential: is calculated with equation 10
during the windy period.
>r,1/2p\rhov?
N
Where i is the measured 3 hours wind speed, p\rho is the standard

air density (1.225), v is the wind speed (m/s), W is the amount
of energy in joules and N is the total data per year, respectively.
In addition, based on the measured wind speed, the wind power
or energy potential can be calculated by analyzing the Weibull
distribution and equation 13.

Eq.12. WPD =

Pw <1 1 3
Eq. 13. = fo Epv3f(v)dv = Epc3I' (1 + K)

Where Pw refers to the energy obtained, pv refers to the power
curve of wind turbine.

Wind power density: the amount of it can be calculated using
equation 12 for a given site.

Eq. 14 ELoer(1+ d)r
-7 A 2P ( §>

Extractable Energy Estimation: given the threshold of the 660
kW, (4 m/s) turbines and considering the threshold of wind speed
at a height upper than 40 m, the amount of extractable energy and
its confidence percentage are calculated and estimated.

Wind Variability: since the continuity and stability of wind crucial
for electricity power generation, the wind variability is calculated

using equation 15.
Eg. 15. CV =2 % 100

In this equation, CV, , and 6 are the percentage of variability, data
average and standard deviation of the data obtained from equation

16, respectively.
1 ,
o= Ez % — %)

Where, 6, x,, and n are the standard deviation, individual data, data
average and the number of data, respectively.

Eq. 16.

5. Results and Discussion

5.1. Changes Trend of the Wind Speed and Direction

The study examined wind data from 15 synoptic meteorological
stations over a 12-years period (2006 to 2017). It was found is
6 stations, February has the highest average daily wind speed.
Afterwards, March has the highest value of maximum daily wind
speed at the studied stations with 4 frequencies (Table 3).
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Station Average the minimum | Date/ abundance | Average the maximum | Date
wind speed (m/s) wind speed (m/s)

Ramsar 0.125 16 abundances 9.75 2010/02/05
Nowshahr 0.25 9 abundances 9.5 2010/02/05
Siahbisheh | 0.125 2011/10/29 16 2006/02/09
Kojoor 0.2 29 abundances 12.4 2008/03/14
Baladeh 0.4 35 abundances 16.2 2011/04/13
Amol 0.125 5 abundances 11 2007/03/07
Babolsar 0.125 7 abundances 12.125 2007/03/07
Gharakhil 0.125 4 abundances 7.75 2012/03/17
Alasht 0.4 21 abundances 8.8 2006/02/04
Firoozkooh | 0.67 December 2005 4.63 September 2006
Pol-e Sefid | 0.2 3 abundances 12 2016/01/18
Sari 0.125 16 abundances 6.75 2010/02/05
Kiasar 0.125 2013/02/04 12.25 2016/01/18
Amirabad 0.25 28 abundances 9.875 2012/02/02
Galoogah 0.2 13 abundances 14.6 2006/07/30

Table 3: Average the Minimum and Maximum Daily Wind Speed in the Selected Synoptic Meteorological Stations

However, west direction is the prevailing wind in Mazandaran plain
and its coastal strip and generally in all seasons and even during
most months of the year. The main wind direction changes several
times due to local pressure center. However, eastern to northeastern
winds generally tend to prevail. Meanwhile, the northern wind has
the lowest frequency of wind flows (Figure 3). This shows that the
impact of lands and other geographical factors due to temperature
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fluctuations is more than the Caspian Sea. In different seasons, a
local and relatively limited low-pressure center is formed in the
central areas of the Caspian Sea, which acts as a suction center for
wind flows from the surrounding area. Consequently, winds from
the north are weak. While the winds flow from the sea to the land,
under local conditions, can only be perceived as local winds with a
limited intensity of penetration into the Mazandaran plain.
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Figure 3: The Wind Rose Spatial Map Of A Number Of Synoptic Meteorological Stations In Mazandaran Province (based on wind data

2006 to 2017)

In winter, the pattern of wind flow in Mazandaran coastal plain is
mainly influenced by western currents, which account for 17.93%
of the total. Moreover, the second prevailing wind flows from the
east, accounting for 11.65% of all data. Wind frequency in other
geographical aspects is generally insignificant in winter. In the
spring, the frequency of calm wind is 29.62%, while the western
wind prevails with a frequency of 14.66 %. The second prevailing
winds are northeast currents. Also, the strongest and highest winds
accompanied by northwest winds direction with speeds between
5 and 7 m/s. In this season, the southeast wind has the lowest
frequency of 3.68 %. In summer, the wind flow pattern is such
that there is an average of 34.88 % calm air. As to frequency,

the western and southern winds are the prevailing and second
prevailing winds. Accordingly, the strongest wind flows from the
west at a speed of 5 to 7 m/s. In most cases, there is calm wind in
autumn, with a frequency of 37.87 % compared to other seasons. In
autumn, the prevailing and strongest winds are western, while the
second prevailing winds are from the south. Moreover, the autumn
is the season with the lowest frequency of northern wind flows,
with a frequency of 2.79%. According to the daily wind data, the
air condition of coastal plains is calm with a frequency 34.21% of
the year and other times winds flow from different directions. Two
groups of winds produce a breeze with a weak flow, one with an
average speed of 1 to 3 m/s and a frequency of 15.4 %, and the
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other with an average speed of 3 to 5 m/s and a frequency of 39.8
%. About 10.58 % of the winds have an average speed of 5 to 7
m/s which includes a series of relatively strong winds. Throughout
the year, western winds were the prevailing wind direction and
southwestern winds were the second prevailing wind direction,
with a frequency of 14.48 % and 9.0 %, respectively. Southeast
winds, on the other hand, had the lowest flow amount with the
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Figure 4 shows the wind rose of a number of synoptic
meteorological stations in Mazandaran Province. The prevailing
winds at Amirabad and Galoogah stations, which are located in the
coastal and plain regions and are influenced by the general currents
of the region, have western and southwestern currents.
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Figure 4: The wind rose of a Number of Synoptic Meteorological Stations in Mazandaran Province (based on Wind Data 2006 to 2017)

In Amirabad station, there is calm air in 29.8% of the year, while
for the rest of the time, there is wind flow. Due to the northern
wind currents, Amol station, which is located in coastal plain area,
has the northwestern wind prevailing. At Baladeh station, which
is located on a high and mountainous area, the northeastern wind
direction is prevail. Moreover, the air is calm in 19.83% of the year
and the wind does not flow, but 80% of the year the wind flows,
which is one of the positive properties of Baladeh region.

5.2. Frequency and Continuity of the Wind Speed Values

The average hourly continuity values of monthly and annual winds
in different speed categories were calculated. It is obvious that the
total hours of wind continuity in different speed categories in each
year also as an average in each statistical period will be equal to
24x365=8760 hours. The curves and histograms of wind frequency
distribution refer to a height of 10 meters above the ground. Figure
5 shows the frequency histogram and plot of Weibull distribution
curve with the k and ¢ parameters of wind speed mean values in
Mazandaran Province synoptic meteorological stations from 2006
to 2017. Frequency - speed histograms are primarily characterized
by their positive skewness. A positive skewness indicates a low
frequency of high-speed winds, which is unfavorable for the
exploitation of wind energy. Values of skewness that are close
to zero or negative indicate a higher frequency of high-speed
winds, which can be considered more suitable for wind energy
exploitation.

Therefore, the highest skewness is calculated for Ramsar,
Nowshahr, Kiasar, Amol, and Babolsar stations, and the lowest
for Baladeh and Kojoor stations. Baladeh station has the highest
frequency of wind values with speeds above 3 m/s and the highest
values of parameters k and ¢ among the 15 stations studied in
Mazandaran Province. The conditions at Baladeh station are
favorable for turbine installation, which makes it an ideal site for
the construction of a wind power plant. Accordingly, Kojoor, Pol-e
Sefid, Sari, Amirabad, Siahbisheh, and Firoozkooh stations with
the abundance of wind speed values in the categories more than 3
m/s are considered as other suitable locations for the construction
of small wind turbines that could be used for special activities.
However, due to the abundance of low winds and lack of suitable
wind conditions, other stations such as Alasht, Amol, Babolsar,
Galoogah, Kiasar, Nowshahr, and Ramsar cannot be considered
for the construction of a power plant on a priority basis.

The map was prepared using the total continuous wind hours
at a speed of 3 m/s ore more (Table 4), which is considered the
minimum threshold speed for wind turbine construction (Figure 6).
Accordingly, an optimal condition for wind turbine construction
was observed at Baladeh station with wind continuity at a height of
10 m above the ground (5548 hours and a frequency of 63.3%) and
a speed equal to or greater than the mentioned threshold. Kojoor,
Pol-e Sefid, Sari, and Amirabad stations also have relatively
favorable conditions for the construction of some wind turbines,
with duration of 4048, 3932, 3868 and 3640 hours, and frequency
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of 46.2, 44.9, 44.2, and 41.6 %, respectively. On the other hand,
Alasht, Gharakhil-e Ghaemshahr, Amol, Babolsar, Firoozkooh,
Galoogah, Kiasar, Nowshahr and Ramsar stations have low
abundance values of winds continuity of more than 3 m/s, which
makes them unsuitable for wind turbine installation and power
plant construction [42,43].

Generally, Mazandaran Province can be spatially divided into two
parts in terms of suitable conditions for the use of wind energy.
One is unsuitable area for wind turbine installation due to constant
winds with a minimum threshold, include: the western parts of the
province such as Ramsar, Tonekabon, and Chaloos Townships, the

east of Behshahr, Neka, and Sari Townships, the coastline strip of
the province in the townships of Nowshahr, Noor, Mahmoudabad,
Babolsar, and Jooybar and the plain parts of the province in
townships of Ghaemshahr, Babol, and Amol. On the other hand, the
foothills and highlands of Nowshahr, Noor, and Amol Townships,
as well as the nearby areas of Ghaemshahr and Savadkooh and
the western parts of Sari, Neka, and Behshahr Townships are in a
relatively favorable condition in terms of sustained winds of 3 m/s
and more. According to these results, the optimal conditions for
installing wind turbines are in the mountainous and highland areas
of Noor Townships (especially Baladeh region).
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Figure 5: Frequency Histogram and plot of Weibull Distribution Curve, Where the Parameters k and ¢ are the Mean Values of Wind
Speed in Mazandaran Province Synoptic Meteorological Stations Based on Wind Data 2006 to 2017

Station Number of continuous wind hours by speed categories (m/s) Skewness | Hours of useful speed
Skewness coefficient coefficient | continuity (<3m/s)
0-1 1-2 2-3 34 |45 |54 |67 |7-8 |89 Sum | Percentage by year

Alasht 2324 3652 | 2110 | 438 | 126 |56 28 |6 16 | 1.64 678 | 1.7

Amirabad 554 2004 | 2566 | 1954|976 |476 | 142 |66 |18 |1.09 3640 | 41.6

Amol 1662 | 3686 |2100 |834 [294 |126 |34 16 |2 1.8 1316 | 15

Babolsar 1622 | 3620 |2362 |832 |224 |78 16 |4 2 1.7 1158 | 13.2

Baladeh 222 976 1896 | 2134|1670 | 872 | 516 | 202 | 106 | 0.85 5548 | 63.3

Firoozkooh | 558 1980 | 3720 | 2040|360 |0 0 0 0 1.76 2400 | 27.4

Galoogah 2336 3190 | 1868 | 700 |324 |156 |92 |40 |40 |1.48 1368 | 15.6

Gharakhil 1598 | 3586 |2508 |830 |170 |50 12 |6 0 1.66 1068 | 12.2

Kiasar 646 2964 | 3474 1034 328 | 144 |80 |46 |28 |1.82 1678 | 19.2

Kojoor 858 1554 | 2184 |2076 | 1176 | 504 | 180 |64 |34 |0.83 4048 | 46.2
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Pol-e Sefid | 366 1600 | 2866 | 2360 | 1164 | 298 |64 |24 |10 |1.27 3932 | 449
Nowshahr 386 3728 | 3070 | 1064 | 374 | 84 44 |6 1.88 1580 | 18

Ramsar 1286 | 4462 | 2058 | 588 |256 |76 24 10 |2 2.34 958 109
Sari 414 1888 | 2590 | 1816|992 |524 296 | 134 |66 |1.17 3868 | 44.2
Siahbisheh | 1014 |2524 | 2628 | 1424 | 560 |294 |188 |84 |24 |13 2592 | 29.6

Table 4: Wind Speed Characteristics of Mazandaran Province Meteorological Synoptic Stations by Speed Categories At A

Height 10 Meters above the Ground
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Figure 6: Annual Continuous Map of the Number of Wind Speed Hours Equal to or More Than 3 m/s at a Height of 10 Meters above

the Ground [42,43].

5.3. Changing Monthly and Annually Trend of Wind Speed
Average with Increasing Height

The trend of the increase in wind speed changes with increasing
altitude as a function of surface roughness; thus, it is more
pronounced on rough surfaces than on smooth ones. Equations
7 and 8 are used to calculate wind speed at heights greater than
10 meters above the ground. Various heights for wind turbine
masts are given in scientific publications. Most commercial wind
turbines have an axis height of 30 to 80 meters (Mohammadi et
al. 2012; Mojarrad and Hemati 2013), and are often 50 meters
above the ground. However, heights of 120, 150, and sometimes
even 200 meters have also been reported [44,45]. The average
monthly and annual speed values of synoptic meteorological
stations in the province up to a height of 100 meters above the
ground were calculated using wind speed calculations at different

heights. These calculations more accurately identified areas
with high and low potential for wind power generation. Table 5
shows the average monthly wind speed of the stations at a height
of 10 meters above the ground. In most months of the year, the
stations studied clearly do not have the wind speeds required for
the installation of wind turbines. At the stations of Firoozkooh,
Siahbisheh, Kojoor, Baladeh, Amirabad, and Pol-e Sefid, wind
speeds of more than 3 m/s as the minimum threshold for turbine
movement were measured only in some months of the year. The
months number with an average wind speed of 3 m/s or more at
the stations of Baladeh Kojoor, Pol-e Sefid, Firoozkooh, Amirabad
and Siahbisheh is 8, 6, 5, 4, 3 and 1, respectively. Therefore,
Baladeh station has the highest monthly wind speeds. Moreover,
the months of March, April, May, June, July, and August have the
highest average wind speeds in the study area.
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Month/ Station | JAN | FEB | MAR | APR | MAY | JUNE | JULY | AUG |SEP | OCT | NOV | DEC
Baladeh 242 272 |3.57 410 |4.14 |4.50 4.73 442 |4.09 | 380 |2.84 |2.24
Kojoor 1.83 | 257 |3.21 3.59 3.62 |3.50 3.46 345 1284 1247 202 |1.53
Pol-e Sefied 255 283 |3.17 3.02 295 |3.18 323 322 1288 248 |2.17 |236
Amirabad 232 277 [293 2.88 296 |3.30 3.54 3.00 |2.85 247 |234 |241
Siahbisheh 306 297 |294 2.86 238 |2.05 1.76 210 199 1223 |244 |295
Firoozkooh 1.18 | 1.80 |2.31 3.04 |3.09 |3.81 3.45 288 273 |231 |1.75 |1.18
Kiasar 249 1263 |256 231 2.08 |235 2.36 238 1218 | 191 |1.99 |232
Nowshahr 201 |234 |251 240 236 |2.21 2.25 220 1202 [2.03 |192 |1.94
Amol 1.72 1213 | 238 232 2.07 1.71 1.68 192 |1.83 |1.57 | 1.50 |1.62
Babolsar 1.52 | 194 | 212 2.19 220 | 217 2.19 191 |1.75 | 149 | 127 |1.39
Gharaakhil 1.65 | 191 2.13 2.12 2.13 1.98 1.76 1.73 | 1.87 | 156 | 1.46 |1.58
Gagloogah 137 1193 |219 2.21 206 |247 2.35 1.79 |1.63 | 125 |1.17 | 128
Ramsar 1.61 1.77 ] 2.08 2.00 1.82 1.95 2.08 1.87 | 1.78 | 1.62 |1.55 |1.53
Alasht 1.08 279 |2.08 2.29 1.32 1.79 1.23 202 | 1.71 194 | 135 ]0.52
Sari 1.30 | 1.60 1.79 1.74 1.75 1.64 1.59 142 | 140 | 131 |1.15 |1.11

Table 5: Average Monthly Wind Speeds (m/s) of Mazandaran Province Meteorological Synoptic Stations at a Height 10 m Above

the Ground

In the following, the variations in wind speed are calculated by
increasing the height above the ground level to 100 meters as
shown in Table 6. The minimum wind speed to start small turbines,
which is usually between 3 and 4 m/s, varies depending on the
type and design of turbine. Accordingly, there is only Baladeh
station that has a limited possibility of extracting wind power at
different heights. Firoozkooh, Siahbisheh, Kojoor, Amirabad and
Pol-¢ Sefid stations from 20 meters above, Nowshahr and Kiasar
stations from 30 meters above and Amol, Babolsar and Gharakhil-e

Ghaemshahr stations from 40 meters above have limited conditions
for using wind energy. Moreover, a minimum wind speed of 6
m/s, corresponding to the category IV in the classification of wind
turbines based on the international standard IEC61400-1, should
be considered to determine the minimum wind speed. From this
point of view, only in Baladeh station, from a height of about 40
meters onwards, there is suitable conditions for the use of wind
energy, and in all months of the year, the average wind speed is
equal to or greater than the required threshold [42,43].

Height/ Station | 10 20 30 40 50 60 70 80 920 100 | Station height (m)
Alasht 1.57 | 194 220 |241 |2.58 |2.73 |2.86 |298 |3.09 |3.20 |190
Amirabad 2.81 349 396 |433 |4.64 |491 |515 |536 |556 575 |-20
Amol 1.87 232 |2.63 |2.87 |3.08 |3.26 |3.41 356 |3.69 |3.81 |23.7
Babolsar 1.84 229 259 |283 |3.04 |3.21 |3.37 |3.51 |3.64 |3.76 |-21
Baladeh 3.65 452 |513 | 560 |6.01 |635|6.67 |695 |721 |7.45 |2120
Firoozkooh 247 |3.07 |348 |3.80 [4.07 |431 [4.52 |471 |4.89 |5.05 |1975.6
Gagloogah 1.81 [224 254 (278 |298 |3.15|3.31 |344 |3.57 |3.69 |-10
Gharaakhil 1.82 |226 |256 |2.80 |3.00 [3.18 |3.33 |3.47 |3.60 |3.72 |14.7
Kiasar 229 284 [322 |3.52 |3.78 [4.00 |4.19 | 437 |4.53 | 4.68 | 12943
Kojoor 286 |354 |4.02 |439 [471 |498 |523 |545 |5.65 |5.84 | 1550
Nowshahr 218 | 271 |3.07 | 335 |3.59 |3.80 |3.99 |4.16 |431 |4.46 |-20.9
Pol-e Sefied 284 352 399 | 436 |4.67 |494 |519 | 540 |5.61 |579 |610
Ramsar 1.81 224 |254 (277 |297 |3.15|3.30 |3.44 |3.57 |3.69 |-20
Sari 1.48 | 1.84 [2.08 | 228 |244 |258 |2.71 |2.82 293 |3.02 |23
Siahbisheh 248 |3.07 348 |3.80 |4.08 |431 |4.52 472 |4.89 |5.05 |2165

Table 6: Average Monthly Wind Speeds (m/s) of Mazandaran Province Meteorological Synoptic Stations at Height above the

Ground Level to 100 m

Figures 7, 8 and 9 show maps of average annual wind speed for
the study area at heights of 10, 30 and 50 meters. According to
the prepared maps, the maximum wind speed at different heights

corresponds to the southern and mountainous parts of Noor, Amol,
Nowshahr, Savadkooh and to some extent of Chaloos, which the
highest amount is in the southern parts of Noor Township. The
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average annual wind speed is the lowest in the plain and coastal
areas of Mazandaran Province, especially in Jooybar, Babolsar,
Mahmoudabad, Sari, Gharakhil-e Ghaemshahr Townships,
the northern parts of Savadkoohand, Babol and Amol, also the
western parts of the province (Ramsar and Tonekabon) as well
as the eastern parts of Behshahr and Neka Townships. Based on
the map of wind speed zones at a height of 10 m in Mazandaran
Province, Baladeh station has the highest wind speed compared to
other stations in the province, with an average annual wind speed
of 3.65 m/s and an average monthly maximum wind speed of 4.43
m/s in July. Therefore, the wind speed at a height of 10 meters
is greater than 4 m/s for about 6 months of the year, indicating
a favorable location wind turbine installation. Meanwhile,

Firoozkooh and Kojoor stations are in the next phase in June and
May with maximum monthly average wind speeds of 3.81 and
3.62 m/s, respectively. In terms of average monthly wind speed,
Kojoor, Pol-e Sefid and Amirabad stations are in more favorable
situation than other stations in the province after Baladeh station
with 2.84, 2.84, and 2.81 m/s, respectively. Sari, Alasht, Ramsar,
Galoogah, Gharakhil, Babolsar and Amol stations have the lowest
average monthly wind speeds. The lowest average monthly wind
speeds were recorded at Alasht station in December with 0.52 m/s
and in June with 1.08 m/s. Accordingly, Sari station with 1.11 m/s
in December and Galoogah station with 1.17 m/s in November
have the lowest average monthly wind speeds (Figure 7).
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Figure 7: Map of the Average Annual Wind Speed of Mazandaran Province at a Height of 10 Meters Above the Ground

Zoning of wind speed in Mazandaran Province at height of 30
meters above the ground shows that Baladeh station with an
average wind speed 5.13 m/s has the highest average wind speed
(6.64 m/s) in July, which is a good reason for windy conditions
and turbine site installation. During about 8 months of the year,
wind speeds of more than 5 m/s at 30 m are recorded at Baladeh
station, especially during the warmer months (June to September).
Winds with speeds greater than 4 m/s are measured at Pol-e Sefid

and Amirabad stations for about 7 months (March to September),
at Kojoor station for about 6 months (March to August), and at
Siahbisheh station for about 5 months (January to April and
December). During most months of the year, the average wind
speed at height of 30 meters is less than 3 m/s in Sari, Alasht,
Ramsar, Galoogah, Gharakhil, Babolsar and Amol stations (Figure
8).
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Figure 8: Map of the Average Annual Wind Speed of Mazandaran Province at a Height of 30 Meters above the Ground
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The zoning map of wind speed ata height of 50 meters in Mazandaran
Province indicates that Baladeh station has a maximum wind speed
of 7.78 m/s and an average monthly wind speed of 5.98 m/s in July.
Wind speeds of more than 6 m/s are recorded at the station in about
7 months of the year (April to October), especially in the warmer
months. Consequently, year-round wind speeds of more than 3
m/s at a height of 50 meters above the ground at Baladeh station
could indicate the presence of suitable conditions for power plant
installation and power extraction. These results are consistent with
previous studies by Janbaz Ghobadi (2017), that Baladeh station
has the highest wind power density in Mazandaran Province [30].
After Baladeh, Kojoor, Pol-e Sefid, Amirabad, Siahbisheh, and
Firoozkooh stations have better conditions for exploiting wind

S1ouE e

power potential than other stations with average monthly wind
speed of more than 4 m/s. Especially, Kojoor, Pol-e Sefid, and
Amirabad have wind speeds of more than 4 m/s in about 9 months
of the year (February to October). Siahbisheh and Firoozkooh
stations have wind speeds greater than 4 m/s in 6 and 5 months,
respectively. The frequency of wind speeds of more than 4 m/s in
the cold months of the year is a suitable feature for the construction
of wind turbines at the above-mentioned stations. Moreover, the
lowest winds with speeds of more than 3 m/s indicate the lack of
suitable wind conditions and exploitation of wind power potential
at Sari, Alasht, Ramsar, Galoogah, Gharakhil, Babolsar, and Amol
stations (Figure 9).
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Figure 9: Map of the Average Annual Wind Speed of Mazandaran Province at a Height of 50 Meters above the Ground

5.4. Wind Power Density

Wind power density (WPD) is the quantitative amount of wind
energy available at a given location. In addition to wind speed,
WPD also depends on the air density at the desired height relative
to sea level, which is a function of atmospheric pressure and
temperature. WPD relative to wind is an important feature in the
introduction and comparison of power plants because air density
decreases with increasing altitude and air molecules collide less.
The wind density values of the stations calculated by equation 12
and presented in Table 7 are considered as one of the parameters
defining the degree of proportionality in the utilization of wind
power potential. According to the data in the table also Figure 10,
Baladeh station has the highest wind energy density among the

studied stations. This station has a wind energy density of 51 W/
m2 at a height of 10 m above the ground, 142 W/m?2 at a height of
30 m above the ground and 228 W/m?2 at a height of 50 m above
the ground during a statistical period. After the Baladeh station,
Kojoor station has better conditions in terms of wind power
density, with densities of 28, 79 and 103 W/m2 at heights of 10,
30 and 50 m above the ground, respectively. Amirabad, Siahbisheh
and Pol-e Sefid stations follow in Mazandaran Province in terms
of wind power density. Sari station has the lowest wind power
density calculated at 10, 30 and 50 m height with 4, 8 and 12 W/
m2 respectively. Moreover, the WPD values at Alasht, Gharakhil,
Ramsar and Amol stations are also low [42,43].

Height/ Station |10 (20 |30 |40 (50 (60 |70 |80 |90 | 100
Alasht 7 13 20 |26 (|32 |37 |43 |49 |55 |60
Amirabad 25 |48 70 |92 | 113 | 134 | 154 | 175|195 | 215
Amol 10 |19 28 |36 |45 |53 |6l |69 |77 |85
Babolsar 8 16 23 31 |38 |44 |51 |58 |65 |72
Baladeh 51 |97 142 | 185 | 228 | 270 | 312 | 353 | 394 | 435
Firoozkooh 13 125 36 |47 |58 |69 |79 |90 |100 |111
Gagloogah 14 |26 38 |50 |62 |73 |84 |95 |106 | 117
Gharaakhil 7 14 21 27 133 |39 |45 |51 |57 |63
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Kiasar 16 |30 |44 |57 |70 |83 |96 |108|121 |133
Kojoor 28 |54 79 103 | 126 | 150 | 173 | 196 | 218 | 241
Nowshahr 11 |21 31 40 |50 |59 |68 |77 |8 |95
Pol-e Sefied 23 |43 63 83 | 102 | 121 | 139 | 158 | 176 | 194
Ramsar 15 22 |29 |35 |42 |48 |54 |61 |67
Sari 4 8 12 15 |19 |22 |26 |29 |33 |36
Siahbisheh 23 |44 63 83 | 102 | 121 | 140 | 158 | 176 | 195

Table 7: The Values of Wind Power Density (W/m2) in Mazandaran Province Meteorological Synoptic Stations at a Height above

the Ground up to 100 m

The study area is located in the lowest category in terms of
wind power, namely category 1, according to the wind power
classification and 7-category classification of the National
Renewable Energy Laboratory of the USA (NREL). In the first
category, the average annual wind speed is less than 4.4 m/s2 and
the wind power density is less than 100 W/m2 at a height of 10 m.
At a height of 50 m, the average annual wind speed is less than 5.6
m/s2 and the wind power density is less than 200 W/m2. Except

Baladeh station, all stations in the study area belong to the first
category (tables 5 and 6). Regarding Baladeh station, it is worth
mentioning that the average wind speed at a height of 50 m above
the ground is more than 5.6 m/s2 and the wind power density
is more than 200 W/m2, which places it in the second category.
However, with a height of 10 m above the ground, Baladeh station,
like other stations in Mazandaran Province, belongs to the lowest
category in terms of wind power (Table 8).

Station Height 10 m Height 50 m
Average wind | Wind power Wind power | Average wind | Wind power Wind power
speed (m/s) density (W/m2) | category speed (m/s) density (W/m2) | category
Alasht 1.57 7 2.58 32
Amirabad | 2.81 25 4.64 113
Amol 1.87 10 3.08 45 first
Babolsar 1.84 8 3.04 38
Baladeh 3.65 51 6.01 228 second
Firoozkooh | 2.47 13 4.07 58
Galoogah 1.81 14 2.98 62
Gharakhil | 1.82 7 first 3 33
Kiasar 2.29 16 3.78 70
Kojoor 2.86 28 4.71 126
Nowshahr | 2.18 11 3.59 50 first
Pol-e Sefid | 2.84 23 4.67 102
Ramsar 1.81 2.97 35
Sari 1.48 4 2.44 19
Siahbisheh | 2.48 23 4.08 102

Table 8: Classification of Mazandaran Province Meteorological Synoptic Stations Based on Wind Power Density 7-Category
Classification of the National Renewable Energy Laboratory of the USA (NREL)
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Based on the calculations of wind power density and comparison
of annual isodensity maps of wind power at 10, 30 and 50 m above
ground with the zones of wind speed maps, wind power density is
directly dependent on wind speed. Moreover, the highest values
of wind density are recorded at Baladeh, Kojoor, Amirabad, Pol-e
Sefid, Siahbeisheh and Firoozkooh stations while the lowest
values are found at Sari, Alasht, Gharakhil, Ramsar, Babolsar,
Amol and Nowshahr stations. Figure 11 shows the zonal map of
wind power density of meteorological stations in Mazandaran

Province. Baladeh station has a maximum wind power density
of about 51 W/m2 and wind speed of more than 4 m/s during 6
months of the year (especially in the warm months of June and
July). Kojoor, Amirabad, Siahbisheh and Pol-e Sefid stations are in
the next categories of wind power density in the province with 28,
25, 23 and 23 W/m2 respectively. Sari, Alasht, Gharakhil, Ramsar
and Babolsar stations have the lowest wind power density at 10
m height with 4, 7, 7, 8 and 8 W/m2 respectively in the studied
statistical period (2006-2017).
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Figure 11: Annual Wind Power Density (WPD) of Mazandaran Province at a Height of 10 Meters above the Ground [42,43].

Zonation of wind power density of stations in Mazandaran
Province at a height of 30 m above the ground (Figure 12) shows
that Baladeh station has the highest value of wind power density
(~140 W/m2) compared to the other stations in the province with
wind speed more than 6 m/s in 7 months of the year. In addition,
Kojoor, Pol-e Sefid, Amirabad and Siahbisheh stations have wind
power density of 79, 70, 63 and 63 W/m2 respectively with more

SIO0TE SF00E

than 5 months of wind and speed more than 4 m/s in a year. On the
other hand, Sari, Alasht, Gharakhil, Ramsar and Babolsar stations
have wind power densities of 12, 20, 21, 22 and 23 W/m2 with
wind speeds less than 3 m/s during most months of the year. From
this point of view, they account for a relatively modest share of
wind power generation from turbines in the province.
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Figure 12: Annual Wind Power Density (WPD) of Mazandaran Province at a Height of 30 Meters above the Ground

According to the map of wind power density at 50 m above the
ground (Figure 13), Baladeh station has a wind power density of
about 228 W/m2 with a wind speed of more than 5 m/s and the
highest frequency of wind speed values in the range of 3 to 5 m/s.
Baladeh station is in the second category (average) in terms of
classification by turbine height and using the American Energy
Union Wind Atlas. Moreover, the highest wind power density of
up to 200 W/m2 is associated with the warm months of the year,

which provide favorable conditions for turbine installation and
power generation. Kojoor, Amirabad, Siahbisheh and Pol-¢ Sefid
stations have wind power densities of 126, 113, 102 and 102 W/
m2, respectively with wind speeds of about 2 to 5 m/s. The lowest
wind power densities are assigned to Sari, Alasht, Gharakhil,
Ramsar and Babolsar stations with values of 19, 32, 33, 35 and 38
W/m2, respectively.
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Figure 13: Annual Wind Power Density (WPD) of Mazandaran Province at a Height of 50 Meters above the Ground

5.5. Wind Power Extraction

The amount of wind power that can be extracted by wind turbines
depends not only on the speed and continuity of the wind but also
on factors such as the efficiency of the turbine, the hub height,
the rotor sweep height and blade radius. Currently, turbines with a
capacity of 3 to 5 MW are available in the world market. However,
transportation and installation of these turbines require the use
of special equipment and infrastructure. The turbines installed in
Iran with Vestas technology from Denmark have a height of 40
m and a speed range of 4 to 25 m/s. Table 8 shows the results
of the calculations of extractable wind power at a height of 40
m at each of the synoptic meteorological stations in Mazandaran

Province. Baladeh station has the highest percentage of electrical
energy in the province with an average annual wind power of 58.4
kW, an annual produced electricity of about 511452 kWh/year and
a network capacity of 17.7% (Table 9). Therefore, this area is a
suitable place for the installation and construction of wind turbines
in Mazandaran Province. Kojoor, Amirabad, Pol-e Sefid and
Siahbisheh stations belong to the next categories of wind power
potential. Due to lower wind speeds, Sari, Alasht, Gharakhil,
Ramsar and Babolsar stations are not considered as suitable places
for wind power extraction. Figure 14 shows the map of annual
produced electrical energy of the stations in Mazandaran Province
at a height of 40 m above the ground [42,43].

Station Wind speed (m/s) | Wind power (kW) | Average of produced | Network capacity (%)
energy (kWh/yr)
Alasht 241 7.1 62073 2.15
Amirabad 4.33 30.8 269427 9.32
Amol 2.87 11.1 97658 3.38
Babolsar 2.83 9.4 82236 2.84
Baladeh 5.6 58.4 511452 17.69
Firoozkooh 3.8 15.5 136039 4.71
Galoogah 2.78 14.3 125435 434
Gharakhil 2.8 8.4 73549 2.54
Kiasar 3.52 17 149047 5.16
Kojoor 4.39 33.8 295763 10.23
Nowshahr 3.35 12.9 112842 3.9
Pol-e Sefid 436 27.3 239183 8.27
Ramsar 2.77 8.8 77235 2.67
Sari 2.28 4.4 38410 1.33
Siahbisheh 3.8 25.2 220690 7.63

Table 9: Estimation of Wind Power and Output Energy Production at a Height of 40 Meters in Synoptic Meteorological Stations

of Mazandaran Province by Enercon E33 / 330kW Torbine
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Figure 14: Zoning Map of Aannual Produced Eelectrical Energy in Mazandaran Province at a Height of 40 Meters above the Ground

[42,43].

5.6. Topography Eeffect on Wind Variables

To investigate the influence of topography on wind variables such
as wind speed, continuity, and wind power density, the relationship
between height and slope indicators was evaluated with each of the
aforementioned factors. Table 10 shows the Pearson correlation
coefficient between wind variables and topographic indicators.
The correlation coefficient between wind speed and altitude above

sea level was 0.677, indicating a 95 percent positive correlation
(P-value 0.05). Accordingly, as the altitude of the meteorological
stations in the province above sea level increases, the wind speed
increases at a height of 10 meters above the ground. Considering
this correlation coefficient, the effect of altitude on the change of
wind speed is shown in equation 17 and Figure 15.

Variable Correlation coefficient | P-value
Wind speed at a height of 10 meters 0.677 0.001
Wind power density at a height of 10 meters 0.647 0.012
Number of wind speed hours equal to or more than 3 m/s 0.392 0.165

Table 10: Findings of Pearson Correlation Test of Wind Variables in Synoptic Meteorological Stations of Mazandaran Province with

Altitude Index

Eq. 17.

wind speed (m/s) = 0.0004 X altitude (m) + 1.9985
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Figure 15: Regression plot of the wind speed at a height of 10 Meters above Ground with the Synoptic Meteorological Stations Altitude
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Examination of the spatial distribution of wind speed at different
altitudes shows that as the altitude increases, the average wind
speed also increases. This increase results in the average wind
speed increasing from 2.05 m/s at altitudes less than 200 m to 2.52

m/s at altitude 2500 m. The general trend of increase in wind speed
with increasing altitude in Mazandaran Province is shown in Table
11.

Altitude category (m) | Average wind speed (m/s)
<200 2.05

200 - 500 2.19

500 - 1000 2.3

1000 - 1500 2.35

1500 - 2000 241

2000 - 2500 2.52

Table 11: Average Wind Speed at Different Altitudes of Mazandaran Province

The correlation coefficient between wind power density and
altitude is 0.647, indicating 95% positive correlation (P-value 0.05).
Thus, like wind speed, wind power density also increases with by
increasing the altitude. Considering this correlation coefficient,
equation 18 and Figure 16 show the influence of altitude variations

Eq. 18.

60.0

on wind power density at the stations in Mazandaran Province.
However, due to a P-value greater than 0.05, the correlation
between wind hour continuity with a speed 3 m/s and more was
not significant at 95% level. Therefore, changes in altitude have no
significance effect on the continuity of wind hours.

wind power density (W/m?) = 0.0087 x altitude (m) + 0.4195

~ 50.0

40.0

30.0

[
=
=

Wind power density (W/m?

=
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Figure 16: Regression Plot of the Wind Power Density at a Height of 10 Meters above Ground with the Synoptic Meteorological

Stations Altitude

Table 12 shows the correlation coefficients of the wind speed
variable, continuity of wind hours with speeds greater than 3
m/s, and wind power density with the slope index. According to
P-values greater than 0.05, none of the wind variables is correlated

with the slope index. Therefore, changes in the slope values have
no noticeable effect on the wind variables and the correlation
between them cannot be investigated.

Variable Correlation coefficient | P-value
Wind speed at a height of 10 meters 0.374 0.188
Wind power density at a height of 10 meters 0.326 0.255
Number of wind speed hours equal to or more than 3 m/s | 0.124 0.674

Table 12: Findings of Pearson Correlation Test of Wind Variables in Synoptic Meteorological Stations of Mazandaran Province

with Slope Index

Table 13 shows the correlation coefficients of the wind speed
variables, the continuity of wind hours with speeds greater than
3 m/s and the wind power density with the hillslope aspect index.
After P-values greater than 0.05, among the wind variables, only
the number of hours of wind with speeds greater than 3 m/s shows
a strong positive correlation with the hillslope aspect. Thus,

changes in the aspect of hillslopes have a discernible effect on the
continuity of wind hours with speeds greater than 3 m/s at the 95%
confidence level (P-value = 0.039), indicating that the hillslope
aspect variable affects the number of wind hours with high-speeds
in the region.
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Variable Correlation coefficient P-value
Wind speed at a height of 10 meters 0.38 0.18
Wind power density at a height of 10 meters 0.278 0.335
Number of wind speed hours equal to or more than 3 m/s | 0.499 0.039

Table 13: Findings of Pearson Correlation Test of wind Variables in Synoptic Meteorological Stations of Mazandaran Province

with Hillslope Aspect Index

Considering this correlation coefficient, the effect of the hillslope
aspect on the continuity variations of the number of wind hours
with speeds greater than 3 m/s at the stations of Mazandaran
Province is shown in equation 19 and Figure 17. This effect results
in the maximum number of wind hours with speeds greater than 3
m/s occurring in the southwestern hillslopes with 2950 hours. The
southern and southeastern hillslopes, with 2897 and 2740 hours,
respectively, are in the next categories with the highest number of

wind hours with the minimum suitable speed threshold for wind
turbine operation and installation. Hillslopes with no direction
(flat) and those with northwestern direction, with 2336 and 2628
hours, respectively, have the least wind speeds greater than 3 m/s,
(Table 14). The correlation between the wind speed and density
variables with the hillslope aspect index cannot be investigated
because there is no meaningful correlation between them.

Hillslope aspect | Number of wind speed hours
equal to or more than 3 m/s
Flat 2336
North 2690
Northeast 2718
East 2656
Southeast 2740
South 2897
Southwest 2950
West 2732
Northwest 2629

Table 14: The Number of Wind Hours with Speeds Greater than 3 m/s at the Stations of Mazandaran Province at Different

Hillslope Aspect

Northwest
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Figure 17: Regression Plot of the Number of Wind Hours with
Speeds Greater than 3 m/s at the Stations of Mazandaran Province

Eq. 19.

6. Conclusion

Among renewable energy sources, the use of solar and wind
energy seems to be more economical and cost-benefit in Iran. Due
to the high cost of converting solar rays into electrical energy,
several countries around the world, including Iran, have turned
their attention to wind energy. Given the enormous resources
needed to generate one kilowatt of electricity, the question is

with Hillslope Aspect Index

wind speed hours = 6.7293 X hillslope aspect + 2039.1

what should be done to reduce consumption and provide cheaper
energy. Wind energy is one of the most cost-benefit renewable
energy sources for power generation, which is not only polluting
the environment and being abundant and permanent, but also has
the lowest price fluctuations. The objective of the study was to
determine the spatial capability of wind power in Mazandaran
Province, with emphasis on topography. With the increase of
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altitude of meteorological stations of the province, the wind speed
and power density of the station increases at a height of 10 meters
above the ground. Although there is no significant correlation
between the number of wind speed hours equal to or more than 3
m/s and it cannot be assumed that variations in altitude affect wind
hour continuity values. Examination of the spatial distribution of
wind speed with increasing the altitude showed that the average
wind speed increases from 2.05 m/s in the altitude less than 200 m
to 2.52 m/s in the altitude 2500 m. The effect of the hillslope aspect
on the changes in the number of the continuity wind hours with a
speed greater than 3 m/s in Mazandaran Province, is such that its
maximum value occurs in southwestern hillslope with 2950 hours.
This may be influenced by the general pattern of air current in the
region, where west and southwest winds are considered to be the
prevailing winds at all seasons of the year and during most months
of the year. The western, coastal strip, as well as the plain areas
of Mazandaran Province have poor wind continuity conditions,
which are a minimum threshold for wind turbine installation.
The foothills and highlands, on the other hand, are in a relatively
favorable position in terms of the persistence of winds with speeds
of 3 m/s or more. The mountainous and highland areas in Noor
Township are generally considered the best locations for wind
turbine installation. The maximum wind speed occurs at different
heights above the ground, in the southern and high parts of Noor,
Amol, Nowshahr, Savadkooh and to some extent in Chaloos, with
the highest wind speed in the southern parts of Noor. The plains and
coastal areas of Mazandaran Province, particularly the townships
of Jooybar, Babolsar, Mahmoudabad, Sari, Ghaemshahr, the north
of Savadkooh, Babol, Amol and the western parts of Ramsar and
Tonekabon, and the eastern parts of Behshahr and Neka, have the
lowest average annual wind speed.
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