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Wind energy is one of the most important types of renewable energy
resources in the world. The wind energy is considered friendly to the
environment and relatively inexpensive power. These advantages are
considered the main reasons to select wind turbines to produce the
electricity in the world. An accurate analysis of the wind data is
considered the main key to select the optimal location and the suitable
wind turbine based on the estimated power and cost. In this research
paper, a new program was built and then developed based on MATLAB to
analyze deeply the wind energy in the selected locations in Iraq. MATLAB
Graphical User Interface (GUI) was used to present the developed
program of “WIND ENERGY ANALYSIS”. This software has the ability to
analyze the wind speed, processing the missing data and find the
correlation coefficients, besides plot the results of this analyis (wind and
Rose). Furthermore, the software presented the full details about the
parameters of the Weibull distribution based on two different methods
(Standard Deviation Method and Energy Pattern Factor) in order to select
the optimal wind turbine in the specific site depending on the minimum
cost per kWh or maximum capacity factor generated from the wind energy
system.

Keywords: Wind Power density, Weibull distribution, economic cost,
Matlab (GUI).

1. INTRODUCTION

After the industrial revolution in the 1970s of last
century and the widely using of fossil energy resources
that affected negatively the environment which led to
appearing some undesired phenomena such as global
warming, desertification, drought, melting of ice and
other signs of climate change. Therefore, the necessary
need for alternative sources of renewable energy those
have less negative effect on the environmental. There
are many types of the renewable energy resources such
as solar, wind, hydro, geothermal, biomass and ocean
thermal power. It can be considered that the wind
energy is one of the most important resources to obtain
the electricity. It is widely used in many countries
especially in Europe. The potential energy of wind
turbines can be calculated by raising the energy
corresponding to possible wind speeds during the
specific period of time. Therefore, the distribution of
wind speed frequency plays a critical role to predict the
output energy of the energy conversion system. Also,
the probability distribution of the wind speeds variation
in the region considered an important element to
achieve the calculations.

During the last two decades, great attentions were
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paid towards the development of the statistical models
to analyze the wind speed frequency distribution.

As seen from the literature, high concentration has
been applied to analyze the wind using the Weibull
function, because it’s a suitable tool to analyze the wind
speed data at the surface and the upper air [1].

In the literature review, there are several criteria
have been presented to select the type of wind turbine
that is most suitable for a specific site. One of the most
popular one which developed by Jangamshetti and Rau,
that achieved based on identifying of the optimum wind
turbine performance index curve and gained from the
wind turbine normalized power curves. It was found
that higher energy production can obtained at the higher
capacity factor [2].

There are many researchers who studied and analy-
zed the wind data using different methods. Rehman and
Ahmad [3] analyzed the wind data for five coastal
locations.

Rocha et al. [4] presented the analysis and com-
parison of seven numerical methods to find the
parameters for Weibull probability distribution. Jowder
[5] developed the statistical model for wind speed and
power at various heights [5]. El Shimy [6] studied the
problem of site matching of wind turbine generator
using the improved formulation of the capacity factor.
Huang and Wan [7] determined the modular approach to
enhance the capacity factor computation of wind turbine
generators. Albadi and El-Saadany [8] proposed a new
method to estimate the capacity factor of the wind
turbines based on the variable speed.
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There are many studies of wind turbine performance
characteristics have been validated based on the
modelling approaches [9-11]. The majority of these
studies contextualize the models within the framework
of classical wind resource locations, i.e. wind farms.

In Iraq, there are many evidences that confirm
existence of the serious pollution in the environment
such as increasing the temperature and dust storms [12].
Therefore, it should be to think critically to use the
renewable energy widely to reduce this pollution. There
are many researchers studied practically the wind ener-
gy in Iraq, started from the 1980s (Al-Assawi & Zaki,
1986 [13]), they estimated the wind power potential in
Iraq using monthly wind speed. Al-Tmimi [14] in 2007
investigated the wind potential using Weibull
distribution and feasibility of installing the wind
turbines in 19 stations in different sites of Iraq. The
results presented the wind characteristics and assess-
ment of the wind power in the selected sites. The results
proved that in Iraq there is more than one promising site
where the wind turbine can be installed and get energy
from it economically.

In this paper, the solution of the coupling problem
between the selection of location and type of wind
turbine based on techno-economic criterion has been
introduced. This analysis is considered an essential
element before the installation of wind energy system in
any country. This approach contains the accurate pro-
cesses to select the optimum location and wind turbine
for proposed locations depending on the minimum cost
of kWh generated from wind energy system. The steps
to achieve the developed approach are consumed time
and effort to obtain the results based on the optimization
processes. Therefore, it was proposed “WIND ENER-
GY ANALYSIS” software to achieve these calculations
in easy way for users. The new software can be applied
in any region (site) of the world because it has the
flexibility to change the economic calculations accor-
ding to any location of any country. Also, it has the po-
tential to address a very large number of data for wind
and turbines.

There are many researchers investigated the problems
of the wind energy in order to find the optimal solutions
by using various theoretical approaches [15-19].

2. MATHEMATICAL FORMULATIONS OF WIND
POWER

This section presents the complete mathematical formu-
lations to determine the wind power density that used to
measure the capacity of wind resources in specified site.
It can be found that the wind power density using the
following formula [20],

WPD:%pV3 (1)

where p (kg/m®) is the density and ¥ (m/s) is the wind
speed. The wind power density based on Weibull distri-
bution can be calculated by [20],
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It can get the intensity of wind energy (WED) by
multiplying the power by times as the following [21],

WED=WPD*T A3)

The Weibull distribution can be characterized using
the probability density function (PDF) and the cumula-
tive distribution function (CDF) as follows [22],

() %[%jk_l exp(— (%jk] @)

FO)=[ y0)av ©

F(U):l—e_(%) (6)

where,
F(U)=0,U>0;k>0,c>0

There are more than seven methods to calculate the
Weibull parameters [4] such as the Standard Deviation
Method (SDM). In this work, the Standard Deviation
Method (SDM) was used to find the Weibull para-
meters. The forms of the Standard Deviation Method
(SDM) are [21]:

—1.086
k :(%] ™)
Um =cl’ (1+%j ®)

The ratio of the total power available in the wind to
the power corresponding to the mean wind speed is
called the Energy pattern factor method (£, [23],

1/niU,.2
By = l:l 2
(l/n ZU[ ]
i=1

)

where,

k=3.957E,%" (10)

Usually, the data of wind speed are available in most
cases on a height of 10m above the ground level. Since
the wind speed tends to increase with height in most
locations. The height of the hub in the energy generation
systems is more than 10m, therefore it’s necessary to
estimate the wind speed at the range of elevations that
corresponding with the wind turbine which possible to
install in the selected site. In order to transfer the
anemometer height to the standard level or other desired
heights, it should be used the power law equation as
follows [24, 25].

U, =U, (—2J (11)
1

The scale factor ¢ and form factor £ of the Weibull
distribution will change as a function of height as the
following expressions [26],
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3. PERFORMANCE CHARACTERIZATION OF WIND
TURBINE

The performance of the wind turbine can be described
based on the power curve; this curve represents the
output of the electric power as a function of the hub
height and wind speed.

Based on this curve, it can be predicted the power
output of wind turbine and the energy production with-
out knowledge the details of the turbine and its compo-
nents [27]. In this study, it was selected two types of
wind turbines (ATB Riva calzoni 500kw and Enercon3
500kw) which fit with the average wind speed of
selected sites. Figure 1 shows the power curve of the
wind turbine (Enercon3 500kw).
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Figure 1. Wind turbine power curve (Enercon 3-500KW)

There are three key points on this curve: (1) cut-in
speed (2.5m/s) where the turbine will not produce
power; (2) rated speed (12 m/s) at this rated power the
wind turbine is produce the power; and (3) cut-off speed
(25 m/s) beyond this value, the wind turbine is not
allowed to deliver power.

The annual energy production (AEP) can be calcu-
lated using the probability density function and the
power curve of the selected wind turbines, it was calcu-
lated in hours by multiplying it by the value (8760) [14].

The capacity factor (CF) is the ratio of the annual
energy generated to the energy produced by the wind
turbine during the rated power during the same period.
The capacity factor is calculated as [28],

AEP

CF = (15)
Rated output *8760

The power coefficient (cp) is a significant parameter
that represents the aerodynamic efficiency of wind tur-
bines to convert the kinetic energy in the wind to the
electrical power [29],
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The cost per kWh of wind turbine that generated
electricity is the essential financial calculation to invest
in the wind energy. In the present work, the simple form
of the cost estimation will present to find the total cost
of the electrical powers per unit time. The details that
needed to find the cost of the electrical power are: the
installation, running cost of the turbine and the lifetime
of the wind turbine. It can be used the following
formula to obtain the total cost [29],

Turbine &other cost + ( Annual recurent costs + lifetime) 17
AEP* Lifetime

Cost | kwh =

4. WIND ANALYSIS DATA USING MATLAB GUI

A graphical user interface based on Matlab software [30]
was built from scratch to find the optimal site and type of
wind turbine. This research paper will present the first
version of “WIND ENERGY ANALYSIS” software.
This software consists of the main menu with windows to
present the results as a plot in addition to the possibility to
obtain or print the results in Excel sheet. The
environment of this software is very friendly for users;
therefore the users need short time to learn the tools and
facilities of the software.

( Start wind energy analysis )

[

Input Data
» Wind speed and Direction.
 Define the selected wind turbine specifications (rotor diameters, cut in
speed, cut out speed, rated output, Turbine price, installation rate, etc).
® Air density. height and Period.

Start Wind data processing

Compute: Mean, median, maximum and
minimum standard deviation

End Wind data processing

I

Compute Weibull Parameters (¢ & k)
Two methods available (Standard Deviation or
Energy Pattern Factor)

T
|

Results Wind Energy Analysis
Time Series Wind Speed; Shape Parameter; Scale Parameter; Wind
Power Density; Wind Energy Intensity; Probability Density Function;
Cumulative Distribution Function & Wind Rose
< End of Wind Energy Analysis )
I
/ Start Wind Turbine Tool >
I
Results Wind Turbine Tools

Annual Energy Production, Capacity Factor, Cost
per Kwh and Selected Optimal Wind Turbine

Is there any wind turbines?
YES
Uselle d?ta L& Is there any other sites?
new site

NO

Use the data
—— for new wind
turbine

Output Results

End of Wind Turbine Tool

Figure 2. Flowchart of the “WIND ENERGY ANALYSIS”
software

VOL. 48, No 1, 2020 = 157



The wind speed was investigated in different sites in
Iraq to find the optimal location to install the wind
turbine, in addition to studying the performance of wind
turbines and selecting the optimum one based on the
power and cost estimations. The help contains the
details of all equations and definitions of the factors and
constants that used in this software to help and guide the
users to understand the theoretical approach that used to
build the software. Figure 2 shows the flowchart of the
“WIND ENERGY ANALYSIS” software.

5. SITES AND OBSERVATIONS

The data collected and used in this study were based on
the daily average of wind speed at 10m high above the
ground level during the period of (2016-2017). These
data were obtained from Iraq meteorological organi-
zation and seismology distributed in different locations
in Iraq. The results of this paper focused on the most
suitable sites in Iraq. Figure 3 illustrates the wind speed
at selected stations in Iraq. The stations located in the
south of Iraq are Amara, Basra, Al-Hay and Nasiriyah
stations at the locations: longitude (47.10, 43.34, 46.02
and 46.14), and latitude (31.50, 32.23, 32.08 and 31.01),
respectively. These stations are almost characterized as
a flat topography with few roughnesses based on the
previous studied (Figure 3).

10m wind speed average (mv's)

0.8-12
15-2
21-25

Figure 3. Map of wind speed at selected stations in Iraq
6. RESULTS AND DISCUSSIONS

This section presents the results of wind analysis in
Amara, Basra, Al-Hay and Nasiriyah stations, and the
optimal wind turbine that was possible to install in these
sites using “WIND ENERGY ANALYSIS” software.
The selection of wind turbine was based on the
minimum cost per kWh or maximum capacity factor
generated from wind energy system. But before started
with this step, a verification case study was done to
show the reliability and accuracy of “WIND ENERGY
ANALYSIS” software.

It can be seen from Figure 4 that the Homepage of
MATLAB GUI software is called “WIND ENERGY
ANALYSIS” and the types of the results that can be
obtained using this software based on the data of “Basra
station”. A message about the data status will appear if
it doesn’t contain any missing data. Otherwise, if it
contains any missing data it will be processed and given
the correlation coefficient of statistical properties.
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Table 1 lists the results of all statistical properties
(Un, D, k, WPD and WEI) using “WIND ENERGY
ANALYSIS” software based on Weibull standard
deviation method.

The monthly shape parameter (k) which indicates
variability or stability of the wind speed, where the
range of k is (k < 1.5) correspond to highly variable or
gusty winds, whereas (1.5 < k£ < 2) corresponds to
moderate wind, and for (k > 3) indicates regular and
steady winds (high value of £ is indicates more stability
in the wind speed) as shown in Figure 5.

The monthly scale parameter which indicats the
large value of (c) shows sites with high wind power as
presented in Figure 6. The variation of the monthly
wind power density and wind energy intensity at S50m
high of the selected stations can be seen in Figures 7
and 8. The results of Figure 9 showed the histogram of
the actual wind data and the Weibull probability density
function using standard deviation method of annual %
and ¢ parameter of the selected stations.

In Figure 10, it can be seen the annual wind rose at
stations for the year 2016. The reference direction in
wind rose plotted in the East= 0, North= 90, West= 180
and south=270. It was found that the main prevailing
wind in the Amara region was in the northern direction,
about 90% of the annual wind data was blowing from
that direction and 10% of the wind direction was north-
western. In the Basra station the main prevailing wind
was from north-western direction, while in the Al-Hay
station the main prevailing wind was north-western
direction also. It was the main prevailing wind in
Nasiriyah station was western direction, about 60% of
the annual wind data was blowing from that direction
and 40% was north-western.

The wind turbines ATB Riva calzone (500kw, 50m
hub) and Enercon3 (500kw, 42/48/65m hub high) were
selected in this paper as a case study, where, C,, F and
AEP per year and cost per kWh was calculated based on
the input Weibull parameters (k, c) for the site as shown
in Figure 4(b). It can be seen from Table 2, the lowest
cost of energy based on the proposed wind turbines in
this analysis were found to be (6.2688, 6.6318, 7.973
and 9.6104 [c$/kwh]) corresponding to the Amara,
Basra, Al-Hay and Nasiriyah stations, respectively. It
was found that lowest cost of energy when used wind
turbine (ATB Riva calzoni) and the costs increased
when used Enercon3 wind turbine.

7. CONCLUSIONS AND REMARKS

This work presented an accurate analysis of wind
characteristics and Weibull wind speed distribution
using standard deviation method. In addition to achieve
the calculations of CF and kWh generated from wind
energy system, the main factors which determined the
feasibility of installation of the wind energy system in
any proposed site is presented. The selection of the
optimum wind turbine for a specific site is considered
the main key to obtain the required power at low cost.
The solution of the coupling problem between the
site and type of wind turbine is an essential step before
starting to install the wind turbines in any country. In
this study, four promising sites in the south of Iraq have
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been presented with optimum wind turbine type for
these sites. The “WIND ENERGY ANALYSIS” soft-
ware was introduced in this paper to analyze the wind
characteristics and to find the optimum site in Iraq and
wind turbine for the optimum site. It was found from the
results that the wind turbine (ATB Riva calzone 500kw)

was the optimum one for the selected sites. Furt-
hermore, it was found based on the developed software,
that the wind rose was dominant in the wind direction
which is an important parameter in the installation and
construction of the wind turbines.

Table 1. The results of wind analysis tool for (Nasiriyah, Al-Hay, Basra and Amara) stations, 2016.
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(a). Input data for wind speed and data processing.
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. Height Um S.D K C
Station WPD (w/m”3) | WEI (kwh/m"2
m | s | s | 0 | (wim’3) | WELC :
10 2.8544 | 0.99249 | 3.2269 | 3.1855 20.3533 178.3951
Nasiriyah 30 3.2243 | 0.1659 | 3.3544 | 3.5918 28.5941 250.6188
50 3.8141 | 0.17948 | 3.53 | 4.2382 45.9286 402.5379
10 2.9233 | 1.2174 | 2.6532 | 3.2825 25.4514 223.6052
AL-Hay 30 3.295 | 0.24456 | 2.7581 | 3.6961 35.2047 309.2455
50 3.8869 | 0.26363 | 2.9025 | 4.3531 55.4467 486.9568
10 3.0054 | 1.4348 | 2.2963 | 3.3745 30.301 265.3181
Basra 30 3.3809 | 0.33546 | 2.387 | 3.7962 41.4907 363.3137
50 3.9783 | 0.35994 | 2.512 | 4.4653 64.5347 565.1294
10 3.0004 | 1.5133 | 2.1413 | 3.38 34.1562 299.5101
Amara 30 3.373 | 0.36065 | 2.2259 | 3.8008 46.2474 405.5264
50 3.9657 | 0.38633 | 2.3425 | 4.4683 70.9133 621.783
Table 2. Wind turbine tool results
Turbine name Station | AEP [kwh] per year | CF (%) | COE [c$/kwh]
Amara 478560.86 10.9186 6.2688
. . Basra 452368.81 10.321 6.6318
ATB Riva calzoni 300kw 37 F o 376271.46 8.5848 7.973
Nasiriyah 312160.97 7.1221 9.6104
Amara 277830.6 10.9186 10.7979
Basra 263729.53 6.0171 11.3753
Enercon3 500kw Al-Hay 222466.93 5.0756 13.4851
Nasiriyah 187917.46 42874 15.9645
Table 3. Wind turbine tool results
Turbine name Station | AEP [kwh] per year | CF (%) | COE [c$/kwh]
Amara 478560.86 10.9186 6.2688
. . Basra 452368.81 10.321 6.6318
ATB Riva calzoni S00kw == 7 - 376271.46 8.5848 7973
Nasiriyah 312160.97 7.1221 9.6104
Amara 277830.6 10.9186 10.7979
Basra 263729.53 6.0171 11.3753
Enercon3 500kw Al-Hay 222466.93 5.0756 13.4851
Nasiriyah 187917.46 4.2874 15.9645
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(c)- The process to analyze of the wind turbine.

Figure 4. Developed software MATLAB GUI “WIND ENERGY ANALYSIS”.
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NOMENCLATURE
A Rotor swept area
AEP Annual Energy Production
C Scale parameter (m/s)
CF Capacity factor
cp Power coefficient
E, Energy pattern factor

AU) Probability density function
F(U) Cumulative distribution function

h Reference height (m)

h, Hub height (m)

k Shape parameter

n Total number of data

P Wind turbine power

S.D Standard deviation

T Time period (s)

U; Wind speed at a height (z;) (m/s)

U, Wind speed at a height {z; }(m/s)

U; Wind speed observation at time (i) (m/s)

Um Mean wind speed (m/s)

WEI Wind Energy Intensity

WPD  Wind Power Density (w/m”)

WPDy  Weibull wind power density
Greek symbols

o Ground surface friction coefficient, the

FME Transactions

one-seventh- power law ratio
r Gamma function
P Air density (1.225 kg/m’)

HNCTPA)KUBAIBE 1 AHAJIM3A OITUMAJIHUX
JJOKAIINJA U ITIEP®@OPMAHCHU
BETPOTYPBHUHA Y UPAKY

Bb. Moxamen, O.1. Adayaax, A.M. An-Tmumu

Enepruja Betpa je jemaH oX Haj3HAYajHAX H3BOpa
oOHOBJbMBe eHepruje. CMaTpa ce Oa je EKOJOIIKH
MPUXBATJbMBA ¥ PENATHBHO je()THH W3BOp CHAre.
HaBexene mnpemHOCTH Cy TJIaBHM pasiior 3a u300p
BETPOTYpOMHA 3a IPOU3BOAIY EJIEKTPHYHE EHeprHje.
IMpeun3na aHanmM3a nNojaTaka O BETPy cMarpa ce
KJbYYHHM (akTOpOM y H300py aleKBaTHe JOKaluje U
BETPOTYPOMHE Ha OCHOBY IIPOLIEHA CHAre W TPOLIKOBA.
Y pamy je mnpukazaH HOBU Iporpam 0Oa3upaH Ha
coprBepy MATLAB 3a aHanu3y eHepruje BeTpa Ha
onabpanuM Jokamujama y Hpaky. Kopucanukm
narepdejc  GUI je xopumheH 3a mpeseHTanM]jy
nporpama ,,AHanuza eHepruje Berpa“. OBaj codTBep
aHanmu3upa Op3uHYy BeTpa, oOpahyje momaTtke Koju
He#oCTajy M yTBphyje KoeduuujeHTe Kopemamnyje,
NOpe YHOLICHa pesyiTaTa aHaimu3e (BeTap M pyxa
BetpoBa). CodTBep mpHKazyje KOMIUIETHE IOJATKE O
napamerpuma BajOyioBe pacrnonene npuMeHOM MeToza
SDM wu EPF y uwby celekuuje ONTHMalIHE
BETPOTYpOHHE Ha opel)eHOj JTOKALUjU Y 3aBUCHOCTH O]
MHHUMaJHUX TpomkoBa no kWh wmm makcumamHor
KalanuTeTa KOjU I'eHEepHIle CHUCTEM 3a eKCIUIoaTalujy
€Hepruje BeTpa.

VOL. 48, No 1, 2020 = 163



