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Summary

In the past few years, the world has witnessed a rush towards the use of clean
renewable energy sources in order to reduce environmental pollution, energy cost, fuel
consuming. Therefore, this work focused toward an important sector in renewable
energy, which is wind energy, where the work was divided into four objectives
namely;

- Wind statistics: This item presents a statistical analysis of the wind
resources at five selected sites (Ali Al-karbee, Baghdad, Basrah, Nasiriya, Kerbala)
conducted on annual and monthly basis. The statistical of wind data sets were analyzed
using Weibull distribution functions, thus, nine analytical methods were considered to
estimate Weibull parameters. The results show that the new presented method
equivalent energy method (EEM) gives the best power density estimation. The
SUZLON S64-950 is our virtual chosen wind turbine whose capacity factor is the
criterion used for pairing between each site and wind turbine, where it is equal to 0.12,
0.03, 0.05, 0.08, 0.09 for Ali Al-karbee, Baghdad, Basrah, Nasiriya, and Kerbala sites
respectively.

- Turbulence intensity (TI): It is very important factor in determining the
performance and productivity of the wind turbines. This means, an appropriate turbine
class must be known before setting a turbine in a wind farm. In this work we calculate
mean Tl (50" quantile) and representative TI (90" quantile) at the provinces of
Nasiriya and Kerbala, in addition to determine the wind turbine category after
comparison with the normal turbulence model which belongs to IEC standards. The
results confirm that category C is suitable for wind turbine installation at the selected
sites.

- Wake effect: The effects of upstream wind turbines on the performance of the
downstream (reference) wind turbine are calculated through effective turbulence
intensity (lef) factor at Nasiriya site. Frandsen model for SUZLON S64-950 wind
turbine with 71m rotor diameter is used. These effects include the number of upstream
wind turbines and the distance of separation between them. In addition, le also is
estimated for 8 sectors at the selected site. The study shows how the I could be
increased by increasing the number turbines surrounding the reference one, or
decreased by installing an upstream turbine at far distance from the reference one.

- Financial analysis: Three methods have been used for economics, namely

= Cost of energy which depends on kWh of electricity generated.

= The ratio of the total returns from electricity to the total costs of the turbine.

= The payback period.

Vi
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Chapter One Introduction and Literature Review

CHAPTER ONE

Introduction and Literature Review

1.1 Introduction

Energy is a requirement of any house, building, and city. Nation without
energy, the world would cease to exist since almost everything in developed
countries relies on power for its existence (either directly or indirectly). As a
result, society is faced with the challenge of meeting this unceasing demand for
energy and must determine how to generate enough power to meet the
immediate demands, but also to plan for the supply of energy into the future,
[Shal2].

Energy comes from different sources and is produced in large enough quantities
to meet the increasing demand. This is achieved through the development of
large scale power plants, towards the end of the nineteenth and early twentieth
century, designed to produce energy in one location and send it over electrical
power lines to the source of the demand. Originally, many power plants used
water or coal to generated power, both of which were resources that were
available in abundance. Most recently, in the later half of the twentieth century,
development was focused on nuclear power, [And07].

Anyway, it is known that coal and oil reserves are being depleted as a result of
huge consumption demands, but it has also been seen that burning coal or oil to
generate power produces harmful pollutant that add into the atmosphere.
Furthermore, the world consumption of these types of resources is occurring
faster than they can naturally be replenished and, as a result, is not a sustainable
behavior, [Shal2].

With the two preceding issues of environmental impact and sustainable fuel
supply, different types of energy production technologies have been developed.
Recently, there has been a shift towards green energy; the most common forms
of green energy generation are hydro, wind, and solar photovoltaic (PV), while
there are others, such as tidal and biomass. These forms of renewable energy use
energy resources that renew at a faster rate, or at least at pace, with our demand
as long as the consumption of the resources are managed appropriately, [Shal2].
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1.2 Energy Sources

Energy can take a wide variety of forms, heat (thermal), light (radiant),
mechanical, electrical, chemical, and nuclear energy. The forms of energy can
be classified in two general categories: potential and Kinetic. Potential energy is
energy stored in an object; chemical, mechanical, nuclear, gravitational, and
electrical are all stored energy. Kinetic energy does work like motion and sound.
The process of changing energy from one form into another is called energy
transformation and systems do it in different efficiencies.

Primary energy sources (meaning energy is created directly from the actual
resource) can be classified in two groups: nonrenewable and renewable,
[AIKO7]:

e Non-Renewable Energy Sources— Energy from the ground that has
limited supplies, either in the form of gas, liquid or solid is called
nonrenewable resources. They cannot be replenished, or made again, in a
short period of time. Examples include: oil (petroleum), natural gas, coal
and uranium (nuclear). Oil, natural gas and coal are called “fossil fuels”
because they have been formed from the organic remains of prehistoric
plants and animals.

e Renewable Energy Sources — Energy that comes from a source that’s
constantly renewed, such as the sun and wind, can be replenished
naturally in a short period of time. Because of this we do not have to
worry about them running out. Examples include: solar, wind, biomass
and hydropower.

On the other hand, energy that is converted from primary sources is secondary
sources of energy. Secondary sources of energy are used to store, move, and
deliver energy in an easily usable form. Examples include electricity and
hydrogen.

1.3 Renewable Energy and Global Status
Around the world, policy support and investment in renewable energy

have continued to focus primarily on the electricity sector. Consequently,
renewables have accounted for a growth rating share of electric generation
capacity added globally each year. In 2013 only, renewables made up more than

2
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56% of net additions to global power capacity and represented far higher shares
of capacity added in several countries around the world, [REN14].

At the end of the previous year (2013), renewables estimated by 26.4% of the
world’s power generating capacity. This was enough to supply an estimated
22.1% of global electricity, with wind power providing about 2.9% (see Fig.
1.1). While renewable capacity continues to rise at a rapid rate from year to
year, renewable electricity’s share of global generation is increasing more
slowly. This is in large part because overall demand keeps rising rapidly and
also because much of the renewable capacity being added is variable, [REN14].

I Wind 2.9%
Renewable
electricity Bio-power 1.8%
22.1% .
soarrv 0.7%
Geothermal,

CSP and
Ocean 0.4%

Fossil fuels and nuclear

77.9%

Fig. 1.1 Estimated renewable energy share of global electricity
production, end-2013, [REN14].

China, United States, Brazil, Canada, and Germany remained the top countries
for total installed renewable electric capacity in the end of the year 2013. China
was home about 24% of the world’s renewable power capacity, including an
estimated 260 GW of hydropower. The top countries for non-hydro capacity are
again China, United States, and Germany, followed by Spain, Italy, and India.
(see Fig. 1.2).

The wind industry continued to be challenged by downward pressure on prices,
increased competition among turbine manufacturers, competition with low-cost
gas in some markets, and declines in key markets. At the same time, falling
capital costs and technological advances increased capacity factors, improving
the cost-competitiveness of wind-generated electricity relative to fossil fuels.



Chapter One Introduction and Literature Review

Gigawatts
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Gigawatts Geothermal power
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Fig. 1.2 Renewable power capacities in the world, EU-28, BRICS, and top six countries,
2013, [REN14].

Thus, more than 35 GW of wind power capacity was added in 2013, bringing
the global total above 318 GW (see Fig. 1.3). Following several record years,
the wind power market declined nearly 10 GW compared to 2012, at the end of
2013, at least 85 countries had seen commercial wind activity, while at least 71
had more than 10 MW of reported capacity by year’s end, and 24 had more than
1 GW in operation. Annual growth rates of cumulative wind power capacity
have averaged 21.4% since the end of 2008, and global capacity has increased
eightfold over the past decade, [REN14].

.
3':';“’3“5 World Total
318 Gigawatts
300 283
250 238
200 e
159
150
121
100 %4
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50 3 39 48
0

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
Fig. 1.3 Wind power total world capacity, 2000-2013, [REN14].
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1.4 Facts on Wind Energy

In fact, there is no practical upper limit to the percentage of wind that can
be integrated into the electricity system. It has been estimated that the total solar
power received by the earth is approximately 1.8 x 10" MW. Of this solar input,
only 2% (i.e. 3.6 x 10° MW) is converted into wind energy and about 35% of
wind energy is dissipated within 1000m of the earth’s surface. Therefore, the
available wind power that can be converted into other forms of energy is
approximately 1.26 x 10° MW. Because this value represents 20 times the rate
of the present global energy consumption, wind energy in principle could meet
entire energy needs of the world, [Ton10].

Compared with traditional energy sources, wind energy has a number of benefits
and advantages, unlike fossil fuels that emit harmful gases and nuclear power
that generates radioactive wastes, wind power is a clean and environmentally
friendly energy source. As an inexhaustible and free energy source, it is
available and plentiful in most regions of the earth. In addition, more extensive
use of wind power would help reduce the demands for fossil fuels, which may
run out in this century, according to their present consumptions. Thus, as the
most promising energy source, wind energy is believed to play a critical role in
global power supply in the 21% century, [Ton10].

Wind energy converts kinetic energy that is present in the wind into more useful
forms of energy such as mechanical energy or electricity. The amount of
potential energy depends mainly on wind speed, but is also affected slightly by
the density of air, which is determined by the air temperature, pressure and
altitude, [Shal3].

Wind energy is the least cost type of renewable energy technology, yet it is a
huge source and according to the reports from United Nations, the total potential
for wind energy alone can satisfy the electricity world demand by 20 times. In
the past few years, the economics of wind energy has improved dramatically in
many developed countries, such that it is now the least expensive option among
all energy technologies, [AlIk07].
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Table 1.1: Wind energy potential in MENA countries, [AlkO7].

Full load hours per year (h/y)

Egypt 3,015
Morocco 2,708
Oman 2,463
Libya 1,912
Iraq 1,789
Saudi Arabia 1,789
Syria 1,789
Algeria 1,789
Tunisia 1,789
Kuwait 1,605
Jordan 1,483
Yemen 1,483
Qatar 1,421
Bahrain 1,360
Lebanon 1,176
UAE 1,176

Country

It is important to know that areas with annual full load hours over 1,400 h/year
were considered as economic potential. Accordingly, Middle East and North
Africa countries (MENA) have good wind energy resources. The full load hours
per year for these countries is shown in Table 1.1, it is obvious that all MENA
countries have good wind energy potential especially Egypt, Morocco and
Oman, [Shal3].

1.5 Wind Energy in Iraq

Iraq does suffer from a growing shortage of electrical energy because of
an increasing rise in demand especially after 2003. Electrical power generation
stations fail to comply with the demand for power because of limited production
capabilities and numerous defects due to corruption.
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This prompts the Iraqis to look for alternatives such as generators, large or
small, which in turn constitute consuming extra money, fuel, and the harm
caused to human life and the lives of future generations. Green sources like
wind, solar and biomass energies are not being utilized sufficiently at present,
but these energies could play an important role in the future of Iraq’s renewable
energy. Additionally, the potential of offshore-wind energy in the Gulf (near
Basrah in the southern part of Irag) needs to be investigated, [Kaz12].

O@Q@@@@@(DQOOIO..OOOQOOQO

Fig. 1.4 Mean wind speed in Irag at 10m above ground, [Ahm10].

Wind energy in Irag can be divided into three zones, 48% of Iraq has low annual
wind speed, 35% has annual wind speed 3.1-4.9 m/sec, 8% has relatively high
annual wind speed and the residual has calm values. The diurnal pattern of wind
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speed in Iraq has peak values at mid-day and early hours of the morning, the
peak values of wind speed varies in range 5-10 m/sec (Fig. 1.4), [Ahm10].

The approximate power densities for wind territories are as follows:

174 W/m? in Al-Emarra, 194 W/m? in Al-Nekhaib, 337 W/m? in AlKout, 353
W/m? in Ana, and 378 W/m? in Nasiriya. From these results, an average energy
of approximately 287.2 W/m? can be obtained, [Ahm10].

1.6 Aim of Study

The aim of research is to study the basic elements that important in
constructing an integrated wind energy project. These elements include
statistical methods based on Weibull distribution function for the purpose of
obtaining accurate results. In addition to know the effects that the turbine is
experienced at its location and the effects between turbine and another in a wind
farm.

1.7 Study Importance

The search for alternatives to traditional fuel such as wind power must
give satisfactory results and success in life, to achieve this purpose, it is essential
to build a scientific basis for wind energy work. Therefore, the importance of
this research is laying in draw scientific bases to the following issues:

1- Building a program able to deal with wind data in various time-date series.

2- Find out wind speed time variation charts, by which it is possible to locate the
zeros values, missing values, and errors in the data.

3- Determining the direction of wind blow in addition to the direction that gives
most energy, which can be used for taking the appropriate wind farm layout.

4- Determining the best technique for Weibull parameters estimation.

5-This study clarifies how Weibull parameters could be used for wind power
calculations.

6- By calculating capacity factor the suitability of the turbine with the site could
be found out.

7- Estimating the output energy from wind turbine by noting the reducing in
wind potential energy.

8- Calculating the hours of power generation.



Chapter One Introduction and Literature Review

9- Declaring how fatigue load could be reduced.

10- Declaring how wake effect could be reduced.

11- Defining the finance option in graphical format.

12- Using short term wind data for estimating wind energy potential of
prospective sites, since most preceding studies made long term data for energy
estimation.

1.8 Literature Survey

The energies of wind, sun and water have been used for thousands of
years for several purposes, but in the past century, especially the last three
decades, a lot of studies were intensified for the use of these energies in
electricity generation. Globally, the interest is increased in wind energy (the
fastest growing) for electric power generation surpassing other alternatives such
as solar and tidal energy.
The following are some of the studies and researches divided according to main
topics of the thesis, most of which come as university theses, as well as research
in magazines and scientific journals, which are:

= Studies on probability distribution
Corotis R.B. et al., 1978, [Cor78]: employed the Weibull pdf in various
regions of the world in the evaluation of wind energy potential; or to be more
precise, in the statistical analyses of wind characteristics and wind power
density.
Koeppl G.W., 1982, [Koe82]: prospected for large wind turbine generators,
suggested his probabilistic models, a number of significant models have been
proposed to represent wind speed probability density functions.
Oliva R.B., 1997, [OIli97]: pointed that the characteristics of the two parameter
Weibull distribution have given rise to it becoming the most widely used and
accepted probability distribution in the specialized literature on wind energy and
other renewable energy sources
Chadee J.C. and Sharma C., 2001, [ChaO1l]: pointed out that the added
location parameter introduces difficulties in the estimation, and a positive value
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for it gives rise to an unrealistic condition of zero probability of wind speeds less
than the parameter value.

Sinan A. and Ebru K.A., 2009, [Sin09]: represent a theoretical approach of
wind speed frequency distributions observed in the region of study through
applications of two component mixture Weibull distributions and offer less
relative errors in determining the annual mean wind power density. The
parameters of the distributions are estimated using the least squares method and
Statistica software.

Chang T.P., 2011, [Chall]: compared the MEP and mixture pdf's such as the
WW and NW with other two mixture functions proposed for the first time to
wind energy field, i.e. the GW and NN.

The results show that for wind speed distributions, the proposed GW pdf
describes best according to the Kolmogorov—-Smirnov test followed by the NW
and WW pdf's, while the NN pdf performs worst. As for wind power density,
the MEP and GW pdf's perform best followed by the WW and NW pdf's. The
GW pdf could be a useful alternative to the conventional Weibull function in
estimating wind energy potential.

Wu J. et al., 2013, [Wuj13]: employed three probability density functions, i.e.,
two-parameter Weibull, Logistic and Lognormal to wind speed distribution
modeling using data measured at a typical site in Inner Mongolia, China, from
2009 to 2011. The performance of the Weibull function is worse than the
Logistic function. The Logistic function provides a more adequate result in wind
speed distribution modeling. Therefore, the Logistic function is applied to the
consequent wind energy assessment through the availability factor, capacity
factor, and turbine efficiency of a wind turbine.

= Studies on wind energy
Pelka D.G. et al., 1978, [Pel78]: discussed the large-scale generation of
electrical power by wind turbine fields. It is shown that the maximum power
which can be extracted by a wind turbine is 16/27 or 59.3% of the power
available in the wind.
Richardson R.D. and McNerney G.M., 1993, [Ric93]: presented a brief
discussion of wind energy development, and the operating and design principles
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are discussed. Development of a wind energy system and the impacts on the
utility network including frequency stability, voltage stability, and power quality
are discussed.

Ahmed M.A. and Ahmed F., 2004, [AhmO04]: published a study to evaluate
wind power in coastal areas in Pakistan depending on the distribution of Weibull
and the use of different diameters of the blades; they found that promising areas
are Jivani and Pasni.

Sovacool B.K., 2013, [Sov13]: assesses the number of birds killed per kwh
generated for wind electricity, fossil fuel, and nuclear power systems. The study
estimates that wind farms and nuclear power stations are responsible each for
between 0.3 and 0.4 fatalities per GWh of electricity while fossil fueled power
stations are responsible for about 5.2 fatalities per GWh. Within the
uncertainties of the data used, the estimate means that wind farms killed
approximately 20,000 birds in the United States in 2009 but nuclear plants killed
about 330,000 and fossil fueled power plants more than 14 million.

= Researches on Turbulence
Scruton C. and Rogers E.W.E., 1971, [Scr71]: discuss the relevant
characteristics of turbulence and their dependence on the local terrain. For
designing based on unsteady loadings due to turbulence are assessed through the
concept of aerodynamic.
Elliot D. L. and Cadogan J. B, 1990, [EII90]: discover the importance of other
variables in an analysis of power curves for three 2.5 MW wind turbines. When
the power curves were stratified by turbulence intensity, the observed output
power for a given hub-height wind speed increased substantially with turbulence
intensity.
Park M. and Park S., 2006, [Par06]: examined the effects of the topographical
slope angle and atmospheric stratification on turbulence intensity of surface-
layer. It is found that both the friction velocity and the variance for each
component of wind normalized by the mean wind speed decrease with increase
in the topographical slope angle.
Rodrigues C.V. et al., 2010, [Rod10]: present an alternative criterion for
determining the wind speed at which the turbulence intensity must be referred

11
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to, this is also extended and successfully tested in the case of the wind shear
factor.

Ernst B. and Seume J.R., 2012, [Ern12]: investigated the turbulence intensity
and the wind shear exponent using data from the FINO 1 research platform, the
results are analyzed and compared with the IEC standard 61400-3. Based on this
analysis, simulations are performed to determine the effect of wind field on the
fatigue and the extreme loads on the rotor blades.

= Studies on wake effect
Elliott D.L. 1991, [EII91]: examined the status of current knowledge about
wake effects and array losses and suggests future research.
Huang H.S. and Chiang C.T. 2006, [Hua06]: evaluated the reliability worth of
a distribution system with large wind farm and the wake effect between wind
turbines is considered. According to reliability worth indices, the proper wind
farm capacity, layout, engineering parameters and connection point with
distribution feeders are chosen.
Yongxing L. and Feng X., 2010, [Yon10]: analyzed wake flow factors, which
are important for establishing wake flow model, and then discuss several models
used presently.
Husiena W. et al., 2013, [Hus13]: studied the modeling of the wake effect on
the energy extracted from the wind farms. It covers the wake effect of the
interaction of the upstream wind rotor with/without the upstream right and/or
upstream left wind rotor. A mathematical model representing a single wake
model based on the linear description of the wake is developed in order to
predict the wind speed inside the wake region at any downstream distance
within the wind farm.

= Studies in Irag and other Arab countries
Al-Azzawi S.I. and Zeki N.A., 1986, [Ala86]: published research to evaluate
the wind energy potential in Irag using monthly and annual average wind speed
for some meteorological stations in Irag.
Radwan A., 1987, [Rad87]: assesses wind power using Weibull distribution,
also have found that shape parameter ranging from (7.1 to 7.2) and between
(3.0-6.0) for scale parameter.

12
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Darwish A. S. and Sayigh A. A., 1988, [Dar88]: studied the potential of wind
energy in Irag. Nine selected metrological stations were used to draw the
regional distribution of mean wind speed in Iraq. The study shows that Annah
and Najaf districts have very good average wind speed (about 5m/s). A full
statistical analysis has been carried out for each station which involved monthly
average speed, annual values of shape and scale parameters of Weibull
distribution. An important result of the study is that one sixth of the country
enjoys annual wind speed is greater than 5.0 m/sec, which is suitable to
establishing wind farms.

Pallabazzer R . and Gabow A., 1991, [Pal9l]: studied the possibility of
generating energy in the surrounding areas of the Red Sea and the Gulf of Aden,
where they found that the coastal areas are promising locations.

Abboud B. A., 2000, [Abb00]: exploited renewable energies in the human
settlements serving in remote areas, dealing with the definition of renewable
energy, including wind power and the justifications for use in remote areas and
exploited in Anbar province.

Hirat 1.A., 2006, [Hir06]: addressed the possibility of using wind to generate
electrical power through the study of types of surface winds for different regions
in Iraq.

Mohammed G. K. and Aboelyazied M. K., 2007, [MohOQ7]: described the
annual wind speed variability in Hurghada city for the period 1973-2001. The
wind speed and direction were measured at the latitude of masts as 10, 24.5, and
31m. The research concluded that if the annual mean wind speed varies by
+10% around a long-term value the corresponding natural variability of the
available wind energy is about £25%.

Mohammed A. 1., 2007, [Mod07]: analyzed the average month speed for the
period from 1970 to 2000 for 19 stations in Irag. Data were subjected to
different analyses foremost of them  Weibull distribution. The energy density,
roughness length and the class where also calculated in terms of this
distribution, also calculating the persistence of the speed in terms of elements
with continuous and discontinuous nature. The study also deals with the
feasibility of wind speed at 40 m height for (V47-660 kW) turbine. She is found
that each of Telafar, Kut & Al-Hai are most promising area.

13
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Shaban A. H., 2013, [Shal3]: used Geographical information systems to
produce maps for wind speed monitoring; also many image processing and
remote sensing techniques were applied to perform the project's task.

Joudah H. G., 2014, [Joul4]:The study investigates the variation in speed and
direction of wind in the area south latitude 330 in Iraq to explore the possibility
of generating electricity from wind, nine climate stations located in this area
were selected for this purpose. The probability of seasonal and annual wind
speed density was calculated using Weibull distribution by applying the Wind
Power Density equation. It appears that Ali Al-Gharbi, Nasiriya and Basra
stations were ideal areas in which a high density is available that is suitable to
generate electricity at the seasonal and annual level.

1.9 Dissertation Layout

Dissertation is divided into four chapters.

Chapter one: presents introduction to renewable energy share of global
electricity, facts on wind energy, and a literature review of relevant publications.
Chapter two: produces a strong mathematical foundation for equations which
will be used in chapter three.

Chapter three: describes regions of interest and available data in addition to the
experimental results with their discussion are involved.

Chapter four: summarizes and concludes the main results in this work. Future
direction is also discussed.
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CHAPTER TWO

Wind Energy Assessment Methodology
and Siting Preliminaries

2.1 Introduction

Wind energy is the most promising energy source which is believed to
play an important role in global power supply in the 21* century. Compared
with traditional energy sources, wind energy has a number of benefits and
advantages. Unlike fossil fuels that emit harmful gases and nuclear power that
generates radioactive wastes, wind power is a clean and environmentally
friendly energy source. As an inexhaustible and free energy source, it is
available and plentiful in most regions of the earth. In addition, more extensive
use of wind power would help reduce the demands for fossil fuels, which may
run out sometime in this century, according to their present consumptions,
[AliOT7].

2.2 The Wind

Wind results from the movement of air due to change in temperature by
san radiation which cause a difference in atmospheric pressure. Wind flows
from regions of higher to lower pressure in an attempt to equalize imbalance in
air pressure. The weight of the air above different regions varies and, hence, so
does the atmospheric pressure. If the pressure gradient force were the only force
acting upon air, we would always find wind blowing directly from higher
toward lower pressure regions, and the air will move in response to equalize the
differences in pressure (see Fig. 2.1). The letter L in the map indicates a region
of low atmospheric pressure while the letter H in the map represents regions of
high atmospheric pressure, [Azal0, Ahr01].
The solar radiation received by the earth heats up the atmospheric air. The
intensity of sun radiation will be more at the equator region (0° latitude) as the
sun is directly overhead. Air around the poles region gets less warm, as the angle
at which the radiation reaches the surface is less. Thus, differences in pressure
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between the equator and poles (result from the differential heating of the surface
of the earth) will produce general circulation of the atmosphere.

997 mb
(29.4 in. Hg)

1028 mb
(30.4 in. Hg)

Fig. 2.1 Pressure difference causes air flow, [Ahr01].

With the assumption of single cell model the general circulation of the
atmosphere would look much like the representation in Fig. 2.2, [Ahr01,

Mat06].
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Fig. 2.2 Wind motion affected by earth temperature difference, [Ahr01].

In general, the pressure gradient force is the force that causes the wind to blow.
But, if the pressure gradient force were the only force acting upon air, then we
would always find wind blowing directly from higher toward lower pressure.
Actually, the wind does not always blows directly from high to low pressure,
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because the movement of air is controlled not only by pressure differences but
also by other forces as well, such as Coriolis force, [Ahr01, Dan10].

The Coriolis force is an apparent force because the rotation of the earth causes
the wind to deflect to the right of its intended path in the northern hemisphere
and to the left of its intended path in the southern hemisphere, see Fig. 2.3.

ninced pEh

Fig. 2.3 The inclination of wind direction due to Coriolis force [Ahr01]

As the wind speed increases, the Coriolis force increases; hence, the stronger the
wind, the greater the deflection. Additionally, the Coriolis force increases for all
wind speeds from a value of zero at the equator to a maximum at the poles.

On the other hand, surface of the earth is subject to unequal solar radiation on
each part of the world, producing different types of wind. The closed circulation
of air between the equator and the poles as shown in Fig. 2.3 is not the proper
model for a rotating earth. Thus, to describe air movement, meteorologists have
divided the earth in six zones as shown in Fig. 2.4, [Ahr01].

In large-scale atmospheric movements, the combination of the pressure gradient
due to the uneven solar radiation and the Coriolis force due to the earth’s self-
rotation causes the single cell to break up into three convectional cells in each
hemisphere: the Hadley cell, the Mid-latitude cell, and the Polar cell (Fig. 2.4).
Each cell has its own characteristic circulation and the pattern is called three cell
model, [Azal0, Ahr01].
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Hadley cell
Intertropical

convergence
zone 0°

Hadley cell

Polar cell

Fig. 2.4 ldealized atmospheric circulations, [Lif].

2.3 Wind Structure

Wind structure can be classified in terms of basic cause into, [Shal3]:

- Geotropic wind: wind at altitudes greater than 1km, the pressure and
Coriolis force are equal and independent of surface topography.

- Earth's surface wind: The surface of the Earth exerts a frictional drag on
the air blowing just above it and results in a no slip condition such that
wind speed is zero.

- Boundary layer: it is exists between geotropic and earth's surface wind,
in which wind speed increases from zero to its geotropic value at the top
of the boundary layer. Surface roughness determines the thickness of the
boundary layer, such that over rough terrain this layer is thicker then that
over flat terrain.

2.4 Wind Direction

Direction of wind is an important factor in the siting of a wind energy
conversion system. It is reported by the direction from which it originates. For
example, a northerly wind blows from the north to the south. Wind direction is
usually reported in cardinal directions or in azimuth degrees. For example, a
wind coming from the south is given as 180 degrees; one from the east is 90
degrees. If we receive the major share of energy available in the wind from a
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certain direction, it is important to avoid any obstructions to the wind flow from
this side. Fluctuation in the wind direction with time is shown below (Fig. 2.5).
Recently, anemometers are used to identify the wind direction. However, most
of the anemometers used today have provisions to record the direction of wind
along with its speed, [Ahr01, Mat01].

:Z”:rw WWTMW« m/ W"WWWWU “m'vwwr WWW ,wn " FWW

1804

S

Deg [0]

1204

Time (Sec.)
Fig. 2.5 Fluctuations in the wind direction, [Was].

2.5 The Wind Rose
Information on the speed and direction of wind, in a combined form, can

be presented in the wind roses. The wind rose is a chart which indicates the
distribution of wind in different directions. The chart may be divided into 8, 12
or even 16 equally spaced sectors representing different directions. If wind rose
presents the percentage of time for which we receive wind from a particular
direction, then it is called frequency rose. Wind direction frequency information
Is important because, [Brol2]:

e it shows us the direction from which we get most of our wind.

e it optimizes the layout of wind turbines within a wind farm

e it is used for carrying out wake modeling.
The product of above percentage and the average wind speed in this direction
will give us the average strength of the wind spectra. Typical wind rose for a
location is shown in Fig. 2.6, [Mat06]. Radial lines lengths are proportional to
the frequency of the wind from the compass point, with the circles forming a
scale. The frequency of calm conditions is indicated sometimes in the center.
The longest lines identify the prevailing wind directions. Wind roses generally
are used to represent annual, seasonal, or monthly data, [Man02].
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Wind speed scale (m/sec) 0 115

Fig. 2.6 Wind rose showing the distribution of frequency or speed
in different directions, [Mat06].

2.6 Wind Speed

Wind speed is one of the most critical characteristics in wind power
generation. In fact, wind speed varies in both time and space, determined by
many factors such as geographic and weather conditions. Table 2.1 relates wind
speed to observed conditions at land; its full name is the Beaufort wind scale.

Table 2.1: Beaufort wind scale and state of the land, [Ahr01].

Beaufort
Scale

0.0-0.4

0.4-1.8

1.8-3.6

3.6-5.8

5.8-8.5

8.5-11

Wind speed
at10 m
height m/s

Description

Calm
Light air
Light breeze

Gentle breeze

Moderate
breeze

Fresh breeze

Land conditions

Calm. Smoke rises vertically.

Smoke drift indicates wind direction. Leaves
and wind vanes are stationary.

Wind felt on exposed skin. Leaves rustle.
Wind vanes begin to move.

Leaves and small twigs constantly moving,
light flags extended.

Dust and loose paper raised. Small branches
begin to move.

Branches of a moderate size move. Small
trees begin to sway.
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Large branches in motion. Whistling heard

11-14 Strong breeze in overhead wires. Umbrella use becomes
difficult.

14-17 Moderate Whole trees in motion. Effort needed to walk

gale against the wind.

17-21 Fresh gale Some twigs broken from trees. Cars veer on
road. Progress on foot is seriously impeded.

21-25 Strong gale Some branches break off, and some small
trees blow over.

25-29 Storm Structural damage.

29-34 Violent Widespread vegetation and structural
damage.

>34 Hurricane  Severe widespread damage to vegetation and

structures.

Because wind speed is a random parameter, measuring wind speed data are
usually used statistical methods.

2.7 Statistical Analysis of Wind Data

For estimating the wind energy potential of a site, the wind data collected
from the location should be properly analyzed and interpreted. The data are
grouped over time spans in which we are interested in. For example, if we want
to estimate the energy available at different hours, then the data should be
grouped in an hourly basis. The data may also be categorized on daily, monthly
or yearly bases, [Gar06].
Long term wind data from the meteorological stations near to the candidate site
can be used for making preliminary estimates. This data, which may be available
for long periods, should be carefully extrapolated to represent the wind profile at
the site. One year wind data recorded at the site is sufficient to represent the long
term variations in the wind profile.
One worthwhile statistical quantity that will be studied first is the average or
arithmetic mean.

21



Chapter Two Wind Energy Assessment Methodology and Siting Preliminaries

2.7.1 Mean wind speed
Modern wind measurement systems give the mean wind speed at the site

averaged over a pre-fixed time period. Ten minutes average is very common as
most of the standard wind analysis softwares which tuned to handle data over
ten minutes. This short term wind data are further grouped and analyzed with the
help of models and softwares to make precise estimates on the energy available
in the wind.
If we have a set of numbers, such as a set of measured wind speeds v;, the mean
of the set is defined as [Mat06]:

11X

v=- z v; (2.1)

where n is the number of wind data.

However, for wind power calculations, averaging the speed using Eq. 2.1 is a
misleading. For example, 1 hour wind data from a site collected at 10 minutes
interval are shown in Table 2.2. As per Eq. 2.1, the average wind speed is 6.45
m/sec, taking the air density as 1.24 kg/m?®, the corresponding average power is
166.37 W/m®. If we calculate the power density corresponding to individual
velocities and then take the average, the result would be 207 W/m?. This means
that, by calculating the average using Eqg. 2.1 is under estimating the wind
power density by 20%, [Mat06].

Table 2.2: Wind speed at 10 minutes interval

4.3 79.51 49.29
4.7 103.82 64.37
8.3 571.79 354.51
6.2 238.33 147.76
5.9 205.38 127.33
9.3 804.36 498.70
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Thus, for wind energy calculations, the speed should be weighed for its power
content while computing the average. The average wind speed represented by
the root mean cube is, [Mat06]:

1\
= = 3 2.2
Urme (712 Vi > (2.2)

i=1

If we use Eq. 2.2, the average speed in the previous example is 6.94 m/sec and
the corresponding power is 207 W/m?. This shows that due to the cubic speed
power relationship, the weighted average expressed in Eq. 2.2 should be used in
wind energy analysis.

Wind speeds are observed many times during a year of observations. The
numbers of observations of a specific wind speed v; will be defined as m;, then

the mean is [Pat06]:
w
5= 1 2.3
V= nz m;v; (2.3)
=1

where w is the number of different values of wind speed observed and n is still
the total number of observations. In general we use Eq. 2.3 when we deal with
the histogram intervals.

2.7.2 Mod and median speed
We now define the following terms applicable to wind speed, [Wuj13]:
- Mod speed: is defined as the speed corresponding to the hump in the
distribution function. This is the speed of the wind most of the time.
- Median wind speed: if n is odd, the median is the middle number after all
the numbers have been arranged in order of size. If n is even the median is
halfway between the two middle numbers when we rank the numbers.

2.7.3 Variance of wind speed

Arithmetic mean to set of numbers does not tell us the deviation from the
mean. The Variance ¢ 2 to that set of data describes this variability by square
each deviation to get all positive quantities as, [Pat06]:
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n—1

0% = = z(vi — 7)? (2.4)
i=1

In term of frequency intervals the variance o2 is represented by, [Pat06]:

w w 2
5 1 L, 1 )
0" =—"7 zmivi - Zmivi (2.5)
i=1 i=1

The two terms inside the brackets are nearly equal to each other so full precision
needs to be maintained during the computation.

2.7.4 Standard deviation of wind speed data
The standard deviation o is then defined as the square root of the variance
[Pat06]:

o = Vvariance (2.6)

2.7.5 Skewness and kurtosis

To grasp the characteristics of the data better, the distributional pattern of
the data were surveyed and researched by two statistics: Skewness and Kurtosis,
the expression of these two statistics are shown in the following equations,
[Nan04]:

1 n
Skewness = le (v; — )3/03 (2.7)
i
n
Kurtosis = [LZ (v; —v)*/o*] -3
n—1¢ - ' (2.8)
i=

where ¥ and ¢ are defined by Eqs’. 2.1 and 2.6, respectively.

Skewness is a description of the symmetrical characteristic of the data, where
Skewness=0 means the distributions of the data is symmetric, or else, it is not
symmetric, Positive skewness indicates a distribution with an asymmetric tail
extending toward more positive values. Negative skewness indicates a
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distribution with an asymmetric tail extending toward more negative values.
Kurtosis is a measure of the relative peakedness of its frequency curve, where
Kurtosis=0 means the data is the same as the standard normal distribution,
positive kurtosis indicates a peaked distribution and negative kurtosis indicates a
flat distribution.

2.8 Wind Speed Frequency Distribution

Apart from the distribution of the wind speeds over a day or a year it is
important to know the number of times per month or per year during which the
given wind speeds occurred, i.e. the frequency distribution of the wind speeds.
To arrive at this frequency distribution we must divide the wind speed domain
into a number of intervals, mostly of equal width of 1 m/sec or 0.5 m/sec. Then
starting at the first interval of say 0-1 m/sec, the number of times is counted in
the period concerned that the wind speed was in this interval. When the number
of hours in each interval (or distribution) is plotted against the wind speed, the
frequency distribution emerges as a histogram (see Fig. 2.7-a), [Qam09].
The sorting of the data into narrow wind speed bands is called binning of the
data. In our case a bin width of 1m/sec has been used. The central value of each
bin i.e. 0.5 m/sec, 1.5 m/sec etc. The histogram provides information about how
often the wind is blowing for each wind speed bin, [Azal0, Azall].
Cumulative histogram is constructed by plotting the cumulative time for which
the wind speed is below the upper limit of the wind class interval. The
cumulative histogram of the above data (Fig. 2.7-a) is shown in Fig. 2.7-b,
[Ahr01].
If we join the midpoints of the frequency and cumulative histograms in Fig. 2.7
we get smooth curves with a well-defined pattern represent probability density
(or distribution function) as shown in Figs. 2.7-a and 2.7-b respectively (blue
curves). This shows that it is logical to represent the wind speed distributions by
standard statistical functions. Various probability functions were fitted with the
field data to identify suitable statistical distributions for representing wind
regimes. It is found that the Weibull and Rayleigh distributions can be used to
describe the wind variations in a regime with an acceptable accuracy level,
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[Mat06]. To obtain wind speed frequency distribution the following two
procedures are necessary, [Qam09].
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(a) Ordinary histogram (b) Cumulative histogram

Fig. 2.7 An ordinary and cumulative histograms of the same data, [Tak].

e Binning of data: explained above.

e Finding relative frequency: It is proportional to wind speed recurrence in
each bin. It can be viewed as the estimate of probability of a given wind
speed in each bin. Relative frequency is defined as in Eq. 2.9 below,
[Azall]:

R Frequency of given wind speed
f =

Total period (2.9)
2.9 Weibull Distribution

When the percentage frequency distribution is plotted against the wind
speed, the frequency distribution emerges as a curve. The top of this curve is the
most frequent wind speed. This frequency distribution is used also to identify
the most suitable wind turbine for the site. The Weibull distribution (named after
the Swedish physicist W. Weibull, who applied it when studying material
strength in tension and fatigue in 1930s) provides a close approximation to the
probability laws of many natural phenomena. For more than half a century
the Weibull’s distribution has attracted the attention of statisticians working
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on theory and methods as well as various fields of statistics. Hundreds or even
thousands of papers have been written on this distribution and the research is
ongoing. Together with the normal, exponential distributions, the Weibull’s
distribution is without any doubt, the most popular model in statistics. It is of
utmost interest to theory orientated statisticians because of its great
number of special features which enable to fit, in addition to its ability to fit
data from various fields such as life data, weather data, economics, business
administration, health, physical, social sciences, hydrology, biology, and
engineering sciences, [Azal2, Sunl2].

For wind data analysis, prior studies have also shown that statistical methods
such as the Weibull and Rayleigh (a special case of Weibull) distribution models
can equally be used, but Weibull is a two parameters distribution while the
Rayleigh has only one parameter. This makes the Weibull somewhat more
versatile and the Rayleigh somewhat simpler to use. The two-parameter Weibull
probability distribution function is the most appropriate, accepted and
recommended distribution function for wind speed data analysis, and it forms
the basis for commercial wind energy applications and software, such as the
Wind Atlas Analysis and Application Program (WAsP) and the recently
developed Nigerian Wind Energy Information System (WIS) software. This is
because it gives a better fit for measured probability density distributions than
other statistical functions.

In Weibull distribution, the variation in wind speed is characterized by two
functions; The probability density function and the cumulative distribution
function, which are plotted as blue curves in Figs. 2.7-a and 2.7-b, respectively,
[Mat06, Mod07].

2.9.1 Two parameters probability density function (pdf)
The two-parameter Weibull distribution is given by,

exp (— (g)k> (2.10)

k=1

F =2 ()

Cc

where, f(v) =20,v=0; k>0,c>0
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And:

f (v) = the probability of observing wind speed v.

k = the dimensionless Weibull shape parameter (or factor).

c = the scale parameter in the units of wind speed (m/sec).
There is also a special case of the Weibull distribution known as Rayleigh
distribution (one-parameter Weibull distribution). This in fact takes the same
form as the two-parameter Weibull pdf, the only difference being that the value
of k is assumed to be 2.0, [UIlg02, Bry06].

2.9.2 Three parameter probability density function (pdf)

Here, the location parameter is added, and it can take positive or negative
values. When location parameter is equal to zero, the pdf equation reduces to
two parameter Weibull function. The variation in wind speed at a particular site
can be best described using the Weibull distribution density function, which
illustrates the probability of different wind speeds occurring at the site during a
period of time. Three-parameters Weibull distribution expression can be
expressed as, [Ulg02]:

=5 (Y Ten(- (D) e

c

where, g = the location parameter, and g < v.

2.10 Weibill Parameters
The most general expression of the Weibull pdf is given by the three-
parameters. An important aspect of the Weibull pdf is how each of
- the shape parameter Kk,
- the scale parameter c,
- the location parameter g,
- and the wind speed variable v.
affects the pdf curve. These effects will be shown below.
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2.10.1 Weibull shape parameter, k
Shape factor is a measurement of the width of the distribution. Different
values of the shape parameter can have effects on the behavior of the
distribution. This is demonstrated in Fig. 2.8. In fact, some values of the shape
parameter will cause the distribution equations to reduce to those of other
distributions. For example, [Lys83]: if
The Weibull distribution is equivalent

k=1 to the exponential distribution.

The Weibull distribution is equivalent
to the Rayleigh distribution.

k=2

The Weibull distribution which
approximates the normal distribution
provides the best estimation.

k is between 3 and 4

The Weibull distribution approximates

k=5 the peaked normal distribution.
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Fig. 2.8 Effect of Weibull shape parameter on probability plot, [work of researcher].

2.10.2 Weibull scale parameter, ¢
Scale factor is closely related to the mean wind speed. Increasing the
value of scale parameter while holding shape parameter constant has the effect
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of stretching out the pdf. Since the area under a pdf curve is a constant value
equal one, the peak of the pdf curve will decrease with the increase inc, as
indicated in Fig. 2.9.
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c=1m/s c=1.5m/s c=2m/s c=2.5m/s : Shape parameter=2

Wind speed in m/sec

Fig. 2.9 Effect of Weibull scale parameter on probability plot, [work of researcher].

Scale parameter has the folloeing properties, [UIg02]:
= [fcis increased, while k and g are kept the same, the distribution gets
stretched out to the right and its height decreases.
= |fcis decreased, while k and g are kept the same, the distribution gets
pushed in towards the left (i.e. towards its beginning or towards 0), and its
height increases.
» ¢ has the same unit as wind speed.

2.10.3 Weibull locatin parameter, g

The location parameter g, as the name implies, locates the distribution
along the wind speed axis. Changing the value of g has the effect of sliding the
distribution and its associated function either to the right (if g > 0) or to the left

(if g <0).
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Fig. 2.10 Effect of Weibull location parameter on probability plot, [work of researcher].

Location parameter has the following properties, [UIg02]:
» if g =0 the distribution starts at v = 0 or at the origin.
= If g > 0 the distribution starts at the location g to the right of the origin
(see Fig. 2.10).
= If g <0 the distribution starts at the location g to the left of the origin.
= The parameter g may assume all values.
= g has the same units as v.

2.11 Cumulative Distribution Function
The cumulative distribution function F(v) (for v = 0), indicating the time
fraction or probability that the wind speed v is smaller than or equal to a given
wind speed v, [Qam09]:
Fwv)=Pw < v) (2.12)

Cumulative distribution function is the integration of Weibull density function
(pdf). It is the cumulative of relative frequency of each speed interval. The
equation of cumulative Weibull Function is given by, [Reill]:

F(v) = j vf(v) dv (2.13)
0

or,
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als

Py =1—e(2) (2.14)

Average wind speed of a regime which following the Weibull distribution is
given as first raw moment by, [Mat06]:

(79 =J vf(v)dv (2.15)
0
By substituting Eq. 2.10, we get
“ k v k-1
— —(= - (V¥
Um jv c(c) e” '/ dv (2.16)
0
In another form,
[ - (Ve )*
Uy = kj (Z) e” /el dv (2.17)
0

Taking following representations,

12\ c (1_;

Substituting (2.18) in Eq. 2.17 we get,

(ee)

Uy = cf e=* x 'k dx (2.19)
0
The form of standared gamma function is given by,

I'n = j e ¥x™ 1 dx (2.20)
0
Hence, from Eq. 2.19, the average wind speed can be expressed as
1
p=cr(1+) (2.21)

Now, the second raw moment is represented by
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Uy = J v? f(v)dv (2.22)
0
The standard deviation of wind speed following the Weibull distribution is:

o, = (u, — 92)72 (2.23)

Substituting the two-parameter pdf in Eq. 2.22 and solve the result, we will get

Uy = CZJ e~ x/k dx (2.24)
0
Thus, the 2" raw moment can be expressed as a gamma function in the form

2
U, =c%T (1 + E) (2.25)

By the same method the 3™ and the 4™ raw moment can be expressed in the
following two forms

3
Uy = 3T (1 + E) (2.26)

py=c*T (1 + %) (2.27)
It is important to know that 1% raw moment is equal to the conventional mean
and also useful for measure distribution location, while 2", 3rd, and 4" raw
moments have useful measures for spread, skewness, and Kurtosis (Peakedness)
respectively, [Reill].

The cumulative distribution function can be used for estimating the time for
which wind is within a certain speed interval. Probability of wind speed being
between v; and v, is given by the difference of cumulative probabilities
corresponding to v, and v;. Thus

P(vi<v<vy)=F(v2)-F(v1) (2.28)

That is
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P (v<v<v,)=e- (Vo) o= (%) (2.29)

We may be interested to know the possibilities of extreme wind at a potential
location, so that the system can be designed to sustain the maximum probable
loads. The probability for wind speed v being equal to or greater than v, is

Pv=v,)=1- (1 — e (vx/c)k> o () (2.30)

After multiplying Eq. 2.29 by (8760.25 hour), it's possible to estimate the
number of hours per year that the wind speed will be between v; and v,. By the
same way, it is also possible to estimate the number of hours per year that the
wind speed is greater than or equal to v, using Eq. 2.30.

2.12 Common Weibull Statistics

The formulas below represent common Weibull statistical properties with
the shape, scale and location parameters equal to k, ¢ and zero respectively. The
mean, median and mod of the wind data can be calculated as follows [Pat06 ,
Ulg02]:

Mean; defined in Eq.2.21
Median = ¢ - In(2) (2.31)
Mod = 0 for k=1 (232)

The wind speed vy, is the speed which produces more energy than any other
wind speed, which is given by:

k + 2\'/k
v, = ( ) (2.33)
k
Therefore, the maximum energy obtained from v,,,, wind speed is:
1 3
Emax = Ep Area Ve f(Vine)(8760) (2.34)

Finally, the most probable wind speed can be given by, [Odo12]:
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v = Mod = ¢ (%) for k>1 (2.35)
The most probable wind speed (modal speed) corresponds to the hump in the
distribution function. This is the speed of the wind most of the time, while the
wind speed carrying maximum energy can be used to estimate the wind turbine
design or rated wind speed, [Wuj13].
Once the vg and the v, wind speeds are known, the wind turbine operating
range can be estimated and is given by, [Ayol12].

Vme < Vo < (2to4) vy,
(1.5t03) vy < V. <V, (2.36)

03vp <V, <08vp

where Vo is the wind speed at which the wind turbine shuts down (cutout wind
speed), V, is the wind speed at which the wind turbine starts to produce power
known as cutin wind speed and V, is the wind speed at which the wind turbine
operates at full rating.

Prior studies have shown that wind turbine system operates most efficiently at
its rated wind speed. Therefore, it is required that the rated wind speed and the
wind speed carrying maximum energy should be as close as possible, [Mod07].
The standard deviation of the Weibull density function can be shown to be:

2
o (Standard Deviation) = c¢ - \/F (1 + %) — <F (1 + %)) (2.37)
2 1 ’
using Eqg. above and Eq. (2.21) we \/F (1 + E) - <F (1 + E)) (2.38)

<l Q

get,

The relation between %and k is shown in Fig. 2.11, [Scr71]:
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Fig. 2.11: The relative standard deviation of a Weibull distributionas
a function of the Weibull shape factor k, [work of researcher].

If the mean wind speed and standard deviation of the distribution is calculated
then the corresponding k-value can be found from Fig. 2.11.

The relation in Eq. 2.38 also called coefficient of variation, one should use the
coefficient of variation instead of the standard deviation for comparison between
data sets with different units or widely different means.

2.13 Methods for Estimating Weibull Parameters

Weibull parameters regulate the wind speed distribution to optimize the
performance of a wind conversion system. It is therefore, very essential to
accurately estimate the parameters for any candidate site for installation of wind
energy conversion systems. Various methods have been proposed for estimating
the parameters and the suitability of each method varies with sample data, which
in turn, varies from location to location, [Sall13].
Our adopted methods for estimating k and c are:

1. Standard deviation method (SDM)

2. Energy pattern factor method (EPFM)

3. Maximum likelihood estimation (MLE) using Newton-Raphson

method (MLE-NRM)
4. MLE using iterative method (MLE-IM)
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MLE using frequency dependent iterative method (MLE-FDM)
MLE using modified iterative method (MLE-MIM)

Linear least square method (LLSM)

Modified linear least square method (MLLSM)

Equivalent energy method (EEM)

© o N o O

2.13.1 Standard deviation method (SDM)

This method is useful where only the mean wind speed and standard
deviation are available. In addition, it has relatively simple expressions when
compared with other methods. Moreover, it is unlike most of the other methods
that may require more detailed wind data (which, in some cases, are not readily
available) for the determination of the Weibull distribution shape and scale
parameters. The shape and scale factors are thus computed from the mean and
standard deviation of wind data as an acceptable approximation in forms,
[Mod07, 1br13]:

k= (%) (2.39)

= @ (2.40)

To be more accurate, scale factor can be determined from the following
expressions given by, [Odol12]:

v k2.6674

= 0.184 + 0.816 k273855 (2.41)

C

Eq. 2.41 is used in this study to estimate the monthly and annual scale factor.

2.13.2 Energy pattern factor method (EPFM)

Energy pattern factor (EPF) or Cube Factor is the ratio between the
total power available in the wind and the power corresponding to the
cube of the mean wind speed, [1br13]:
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Total amount of power available in the wind

Epr = .
PE Power calclated by mean cube speed (2.42)

In terms of wind speed we have:

1w 1
Epp = EZ ”?/<;Z vl-) (2.43)
i=1 i=1

Once the energy pattern factor for a regime is found from the wind data, an
approximate solution for k is:

k = 3.957 Epp~ 8% (2.44)

2.13.3 MLE using Newton-Raphson method (MLE-NRM)

Let vy, V5, V3,......., V, be a random sample of size n drawn from a
probability density function f(v,8) where 6 is an unknown parameter. The
likelihood function of this random sample is the joint of the n random variables
and is a function of the unknown parameter, thus [Myu03]:

L= ]rw.o (2.45)
i=1

is the likelihood function. The MLE is the value of 6 that maximizes L or,
equivalently, the logarithm of L.
dlog L
o
Now, we apply the MLE to estimate the Weibull parameters, namely the shape
parameter and the scale parameters. Consider the Weibull probability density
function (pdf) given in Eq. (2.10), then likelihood function will be:

; AN exp <— (g)k> (2.47)

L k,c)= «

(v, vy, -, Uk, ) = 1_[; (Z)
i=1

Taking the logarithms of Eq. (2.47), differentiating with respect to k and ¢ in

turn and equating to zero, we obtain the estimating equations:

(2.46)
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n
dlnL n
=t val——zvf‘lnvi=0 (2.48)
i=1 i=1
dlnL —mn 1 . K
ac =T+C—2 V; =0 (249)
i=1

Eliminating c between these two above equations and simplifying the results,
yields

novkmy, 1 121 (2.50)
———— nv; =

which may be solved to estimate k. This can be accomplished by the use of
standard iterative procedures (that is, Newton-Raphson method), which can be
written in the form, [Ibr13, Par10]:

k
(Newton-Raphson) Koy =k — ]]:’((km)) (2.51)
m
where,
k n
Ky = Lvilny, 101 | 552
f (k) ok w nv; (2.52)
=171 i=1
and,

£ =) vk (nwy?
=1 , (2.53)

1O, 1% )
—ﬁZvi (klnv; —1) — EZlnvi (Zvi Inv;)
i=1 i=1 i=1
Once k is determined, ¢ can be estimated as:

1
n /
c = <L”lk> " (2.54)

n

Here, v; is the wind speed in time step i and n the number of nonzero wind speed
data points, [Par10, Vey05].
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2.13.4 MLE using iterative method (MLE-IM)
After rearranging Eq. 2.50, it is possible to estimate the shape factor as
follows, [Vey05, AhmQ9]:

n ok . n Nt
k = ( i=1:i lnk(vl) i l=1ln(vl)> (255)
i=1 Vi n

The above equation must be solved using iterative procedure, after which
Eq. 2.54 is applied in order to estimate scale parameter. Care must be taken to
apply Eq. 2.55 only to the nonzero wind speed data points.

2.13.5 MLE using frequency dependent iterative method (MLE-FDM)

It is applied by converting the wind speed time series in frequency
distribution format. The shape parameter k and the scale parameter c are
estimated using the following relationship, [Rin09]:

Bk 0 (h) P(b. 7 5\
" ( 1 lflk(vl) P l=11f1(vz)> (2.56)
i=1 Vi P() n
7 i
1
I ok (2.57)
‘ ﬁ*P(ﬁi)Zvl
i=

where v is the wind speed central to the bin i, 71 is the number of bins, P(v = 0)
is the probability for wind speed equal to or exceeding zero. Eq. 2.57 is solved
using iterative procedure by guessing a suitable initial value of k Eq. 2.57 is then
solved explicitly to estimate c.

2.13.6 MLE using modified iterative method (MLE-MIM)

It is another modification to the MLE method, which considers a new way
for parameters finding. This modification is based on estimation of the best three
Weibull parameters for pdf representation; accordingly, it is possible to have a
very good fitting between pdf and histogram (wind speed distribution) of the
site.

From a three—parameter Weibull distribution (c,k,g) given by Eq. 2.11, [Rin09]:
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_ﬂJli(”i_g)k:o (2.58)

c c c
i=1

By simplifying above gives:

n k
1
c= lE Z(vi _ g)k] (2.59)

After some substitutions and arrangements available in reference [Rin09], shape
parameter is given by:

(o (B9 ni-g) TLinmi-9)\ T,
S (i - g)F n

As mentioned before, - ve. of g will slide the curve to the left direction, while
+ve. of g will slide the curve to the right direction.

2.13.7 Linear least square method (LLSM)

This method is also called Graphical Method. With the help of this
method the parameters are estimated with the regression line equation by using
cumulative density function. The cumulative density function of Weibull
distribution with two parameters is given by Eq. 2.14, [Ahm09]:

Fw)=1—e" (g)k (2.14)

Then, it could perform the necessary mathematical operations on Eq. 2.14 to
linearize it in order to minimize the least squared error between the linearized
ideal curve and the actual data points. The process is somewhat of an art and
there may be more than one procedure which will yield a satisfactory result.
Whether the result is satisfactory or not has to be judged by the agreement
between the Weibull curve and the actual data, [Pat06].

Rearranging Eq. 2.14 in terms of wind speed i yields:

1-F(vy) = e_(%)k (2.61)

Now taking the logarithm of Eq. 2.61 twice, [Gar06, Vey05]:
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In[—n(1-FWw)]=klnv;,—klinc (2.62)
This is in the form of an equation of a straight line
yi =ax;+b (2.63)

where x; and y; are variables, a is the slope, and b is the intercept of the line on
the y axis, such that:

yi = In[—In(1 - F(v))]

a=k (2.64)
x; =lIlnv;
b=-kinc

The idea is to find the values of a and b in EqQ. 2.63 such that a straight line
drawn through the (x;, y;) points has the best possible fit. Parameters k and c are
given by, [Gar06, Vey05]:

n n n
MY XY — X Xi Mi=1 Vi

2

KTy — 3y
c= exp( D=1 x;k D=1 yl) (2.66)

k (2.65)

2.13.8 Modified linear least square method (MLLSM)

The linear least square method could be modified by limiting the upper
and lower data points of y; values in Eq. 2.64. This process may work to isolate
the anomalous points which may give adequate results. Then, it is possible to
follow chart and verify the best straight line passing through the points.

2.13.9 Equivalent energy method (EEM)

A new method for the estimation of Weibull parameters, called the
Equivalent Energy Method, is based on the energy content of the distribution
and it has been developed to improve the accuracy of the parameters. This new
method uses optimized procedure to determine the Weibull parameters which
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best fit the measured wind speed frequency distribution and equals the cube of
the wind speed, i.e. the energy content of the wind, [Sil05].
According to the Weibull distribution, the probability of wind speed occurrences
IS greater than or equal to a specific value, v, is defined by:

P() = e~ @" (2.67)

Now the probability of having wind speeds greater than or equal to v-1 and
lower than v (v-1 <v <) is, [Sil05]:

P(V) = P(v—1) — P(v) (2.68)

-1
P(v) = e Ca" — e @" (2.69)
Statistically a stochastic variable P, represented by the probability function P
can be defined as:

v—1 v
P,=P(v)+¢e= (e'(T)k — e'(E)k) + € (2.70)
where & corresponds to the stochastic term.
Using the condition of energy content equivalence between the observed wind
speeds and the Weibull distribution, the scale factor, ¢, can be written from the
mean cube expression as, [Sil05]:

1
7\
I+ E)
Substituting Eq. 2.71 in Eq. 2.70 yields:
1 k 1 k
3.\3 3.\3
(v—=1) (T(1+3) v TI'(1+3)
_ (1_7 k ) _ ( > k ) (272)
P,=e —e + ¢

The Weibull shape factor, k, can be estimated by applying the least squares
technique to the following expression:
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17 (2.73)

= zn:(gi)z
i=1

P,, = the probability of having wind speeds for i™ bin,

n = the number of bins of the wind speed histogram,

v; = the highest wind speed value of the i bin,

73 = the mean cube (observed).

After k is compute, the scale factor is calculated from Eq. 2.71.

2.14 Goodness of Fit

To examine whether a theoretical probability density function is suitable
to describe the wind speed data or not, several tests are used for validating
the accuracy of the predicted wind speed distribution obtained from Weibull
probability density function; such as the root mean square error test (RMSE),
Chi-square test ( x?), correlation coefficient test (R), and Coefficient of
Determination (COD). Using multiple statistics tests helps to avoid biased
results.

2.14.1 Root mean square error (RMSE)

The RMSE has been used for measuring the difference between the
predicted and the actual (measured) values. The root mean square error value is
defined as, [Laol2, Alb06]:

4 1,
RMSE = nl Z(yi — x;)2 (2.74)
i=1

where,
yi = is the i™ actual wind distribution (measured data).
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= is the predicted wind distribution from the Weibull.
7 = is the number of wind speed dataset (bins).

2.14.2 Chi-square test ( x?)

Also, the Chi-Square method is used for testing the predicted wind
distribution with respect to the actual wind distribution. The mathematical
expression for the Chi-square test “y?” is defined as, [Lao12, Alb06]:

i . — )2
X2 — (yl xl) (2.75)
=

Where x;, y; and 7 are defined in Eq. (2.74).

2.14.3 Correlation coefficient (R)

The correlation coefficient is a statistical technique that is used to
determine the linear relationship between two datasets. The mathematical
equation for R is defined as, [Lao12, Kol12]:

R = T,l Z 1(YL l 1yl Zl 1xl
= — p 5 (2.76)
\/n Z?:lyi 1 1yl \/ Zl 1 l ':1 xi)

where X;, yi and 7 are defined in Eq. 2.74. The values of R always lie between -1
and 1.

2.14.4 Coefficient of determination (COD or R?)

The square of R is defined as the coefficient of determination COD or R
The value of R? measures the strength of the linear relationship between the
estimated and actual frequencies of the bins; R?is smaller than the values of R.
In general, the more distribution function can be selected according to the lowest
values of RMSE and y? and highest values of R and COD, [Lao12].

45



Chapter Two Wind Energy Assessment Methodology and Siting Preliminaries

2.14.5 Percentage error

The percentage error (%) of a variable X is defined as, [Kol12]:

Error(%) = e = Xal 1000 2.77)
Xa

Where,

X = estimated variable

Xa = actual variable evaluated from measured data.
On the other hand, the annual error (%) in calculating variable X is calculated by

the following equation, [Kol12]:

12
1 X, —X

Error(%):EZ—' - Al 100% (2.78)
i=1 A

2.15 Planetary Boundary Layer

The Planetary Boundary Layer is the lowest layer of the troposphere. In
this layer, wind is influenced by friction. The wind is more gusty and
turbulent within this layer because of friction against vegetation and
surface topography, from which turbulent eddies and a chaotic flow
develop in the wind flow pattern. Above the PBL, the wind speed is much
stronger and uniform because of the significant decrease in friction, [Hos11,
Carll].
The wind speed profile in the PBL has a logarithmic form due to the friction at
the surface. All surfaces have some degree of roughness exerting a frictional
force on the air above it.
Friction acts to resist the wind flow and forces it to move at the same speed as
the surface that it is in contact with. This force is called shearing stress and it is
responsible for the deceleration near the surface so that the mean wind speed
reaches zero near the ground, which gives rise to a large wind speed gradient,
[Yan06].
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ABL

Urban canopy

Fig. 2.12 The PBL above an urban area, [Carll].

Fig. 2.12 shows the PBL above an urban area. Wind turbines have to operate
within this atmospheric boundary layer. The properties and intensity of this air
flow determine the amount of extractable energy and also the loads on the wind
turbines, [Gas12].

2.16 Roughness Length and Classes

The roughness of a surface depends on the sizes and distribution of the so
called roughness elements. The roughness elements can have the size of gravel
to the size of trees or houses and be distributed far away from each other or very
dense. In this layer, the vertical wind profile takes an exponential form but it is
completely dependent on the geometry of the roughness elements and cannot be
generally described, [Yan06].
Roughness length and roughness classes are characteristic of the landscape used
to evaluate wind conditions at a wind turbine site. Where, roughness length
describes the roughness characterization of a terrain, it represents the height
above the surface at which the mean logarithmic wind profile theoretically
reaches zero, thus it uses length scale to characterize the roughness of a terrain.
Also, it affects wind speed, wind direction, friction speed and atmospheric
stability, [Ern12].
It is possible to determine the roughness length, as shown below:
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v,lnz, —v,Ilnz
Inge=——"2 2" "1 (2.79)
V1 — 7V,

The roughness class (RC) is defined in term of the roughness length in meters,
according to, [UIg02, Sil06]:

= 1. .<0.
RC = 1.699823015 + —— for z. < 0.03
- (2.80)
RC = 3912489289 + ;———=  forz.>0.03

The relationship between roughness class and roughness length is illustrated in
Table 2.3, in addition to photos and descriptions of the landscape for each
roughness class; this procedure will help the reader to get a clear idea of these
classes.

Table 2.3: Roughness classes and the associated roughness lengths, [Mod07, Sil06].

0 0.0002 Water surface

Completely open terrain with a
0.5 0.0024 smooth surface, i.e. concrete

runways in airports, grass, etc.

Open agricultural area without
fences and very scattered
buildings. Only softly rounded
hills

1 0.03

Agricultural land with some
houses and 8 metre tall
sheltering hedgerows with a
distance of approx. 1250 metres

15 0.055

Non-irrigated land; Permanently
irrigated land

48



Chapter Two Wind Energy Assessment Methodology and Siting Preliminaries

Annual crops associated with

25 0.2 .
permanent crops; Fruit trees
Villages, small towns,
agricultural land with many or tall

3 0.4 sheltering hedgerows, forests
and very rough and uneven
terrain
Broad-leaved forest; Mixed

3.5 0.8
forest

4 1.6 Continues urban fabric

2.17 Extrapolation of Wind Speed at Different Hub Heights

The reduced speed at lower elevations also reduces the overall mass flow
through the turbine, reducing the total output power and increasing the fatigue
over the life of the turbine. This makes turbine tower height important because
wind speed gradients can change substantially in the ABL.
The standard height of meteorological towers for wind speed observations is 10
meters. Since wind turbine hub heights are typically more than 20 meters,
extrapolation of wind speeds to the planned hub height is usually required, the
most elementary models for predicting the adjusted wind speed are the power
law and the logarithmic law, [R0s98].
The power law states, [Dav12]:

va(z) = v ) (2) @81)

1
where v; and v, are simultaneous steady wind speeds at elevations z; and z,,
respectively. o is the Hellmann (friction or wind shear) exponent. The IEC
standards recommend a wind shear exponent of 0.2 for onshore and 0.14 for
offshore conditions, respectively. But, for most data sets, the wind shear
exponent is not known and, even if published, may not be accurate. Wind shear
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exponent is depending on surface roughness and stability stats of the
atmosphere. Table 2.4 presents the relationship between surface roughness
length and wind shear exponent in different terrain types.

Table 2.4: Surface roughness length and wind shear exponent, [Gip04].

Terrain type Surface roughness Wind shear
length z, (M) exponent

Ice 0.00001 0.07
Snow on flat ground 0.0001 0.09

Calm open sea 0.0001 0.09
Coast with onshore wind 0.001 0.11
Snow-covered crop stubble 0.002 0.12

Cut grass 0.007 0.14
Short-grass prairie 0.02 0.16

Crops, tall grass prairie 0.05 0.19
Hedges 0.085 0.21
Scattered trees and hedges 0.15 0.24
Trees, hedges, a few buildings 0.3 0.29
Suburbs 0.4 0.31

Woodlands 1 0.43

Two empirical methods for determining power law exponent are given below,
[IECO05, Man02]:
1- The power law exponent as a function of wind speed and height:

a = [0.37 - 0.088 In(v,)]/ |1 - 0.088 in (Z—l)] (2.82)
10
2- The power law exponent dependent on surface roughness:
a = 0.096 log,, z- + 0.016 (logy, 2-)* + 0.24 (2.83)

for 0.001 m< z. < 10m
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The relation between Hellmann exponent with each of diurnal profile of wind

speed and surface roughness is shown in the following Figs. 2.13-a and 2.13-b,
respectively.
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Fig. 2.13 The relation between Hellmann exponent and (a) diurnal profile (b) surface
roughness, [Cirl3].

The other elementary model is the logarithmic law, [Brol12, Dav12]:

In(z,/ Zo)) (2.84)

v2(22)/v1(z1) = (ln(zl/Z°)
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Both the power and logarithmic laws are only valid for flat terrain. The wind
velocities at different heights relative to that at 10m affected by the roughness
heights using Eq. 2.84, are shown in Fig. 2.14.

Logarithmic extrapolation is mathematically derived from theoretical
understanding of how the wind moves across the surface of the earth. In
contrast, the power law is derived empirically from actual measurements. The
power law equation may be less scientific, but it works well and is more
conservative than the logarithmic method. Anyway, power law is equal to
logarithmic law between 40 and 110 meters, [Gip04].
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Fig. 2.14 Speed ratio with respect to 10m for different roughness heights, [Mat06].

Note that Eqgs 2.81 and 2.84 give estimation on the speed at one location. In case
one wants to compare two locations (for example, meteorological station and
wind turbine site), each with its own roughness length with similar wind profile,
then Wieringa's assumption that the wind speed at 60m height is unaffected by
the roughness, leads to the formula, [Mat06, Reill]:

vy(27) In (%) In(z;/z)

_ (2.85)
v1(21) In (S—O) In(zy/ze1)

°2
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where, z-4, zo, is the roughness length at the reference and destination locations;
for example, a meteorological station, where the wind speed is being measured
at height z;, and z., the roughness length at the site location such as a wind
turbine location with the wind speed is estimated at a height z,.

2.18 Extrapolation of Weibull Parameters

Since the boundary layer development and the effect of the ground are
non-linear with respect to wind speed, the scale factor ¢ and shape factor k of the
Weibull distribution will change as a function of height. Thus, if the wind
distribution is desired at some height over than the anemometer level, then it is
possible to extrapolate this distribution through Weibull parameters
extrapolation by, [Sun12, Jus78, Dor78]:

c(2) = c(z1) (j—) (2.86)

_ Z1 Z3
k(z;) = k(z;) [1 - 0.0881n (E)] /|1-0.0881n (E)] (2.87)
where c(z;) and k(z;) are the scale and shape factors at the measurement height
Z4, ¢(z,) and k(z,) are the scale and shape factors at destination height z,. The
exponent a is defined as, [Sun12, Dor78, Olal2]:

a = [0.37 — 0.088In(c,)]/ [1 —0.0881n (%)] (2.88)

2.19 Wind Turbine Site Selection

A wind turbine needs air that moves uniformly in a linear direction.
Eddies and swirls, “turbulence”, do not make good current for a wind turbine.
When considering a location to mount a wind turbine, it is necessary to consider
turbulence-generating obstacles such as silos, trees, houses and other wind
turbines. Proper location is the key to avoiding the damaging effects of
turbulence; these effects can also be minimized by mounting a wind turbine on a
tall tower, [Dan10].
As shown in Fig. 2.15, all obstacles create a downstream zone of turbulent air. It
typically extends vertically about twice the height of the obstruction and extends
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downwind approximately 15 to 20 times the height of the obstruction, [Danl10,
Tem12].

Turbulence bubble
Obstruction of the wind by a
building or tree of height (H)

B T
/// e
.//
co g Region
aw .. - e of highly | 54
——— turbulent
H flow
y
| >| le >
2H ! 20 H

Fig. 2.15 Obstruction effects on wind follow, [Enc].

2.20 Wind Power

Calculations of wind power are derived from the equation of kinetic
energy (KE); kinetic energy exists whenever an object of a given mass is in
motion with a translational or rotational speed.
When a parcel of air is in motion, the kinetic energy in moving air can be
determined as, [Ton10, Ros98]:

1 1
KE = Emvz =3 (pAx)v? (2.89)

where KE in Joules, m is the air mass in kg, v is the wind speed, p is the air
density in kg/m®, x is the thickness of the parcel in m and A is the swept (rotor)
area of blades, as shown in Fig. 2.16. The wind power can be obtained by
differentiating the kinetic energy in wind with respect to time, i.e., [Gar06]:
dKE 1 dx 1
— S 227 _ Z 3 2.90

Fu dt ZPAU dt szv (2.90)
This gives the amount of power in the area swept by the wind turbine rotor, P,
measured in watt.
From Eq. 2.90 the following conclusions can be drawn, [Ton10]:
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- Higher wind power requires a higher wind speed.

- Allonger length in blades will increase the power gain. Finally,

- A higher air density yields higher wind power.
Because wind output power is proportional to the cubic power of the mean wind
speed, a small variation in wind speed can result in a large change in wind
power, on the other hand the power of the wind is not converted into mechanical
form completely, since this would decelerate the air mass flow to zero, it would
block the rotor area for following air masses. So, we need to include some
additional terms to get a practical equation for a wind turbine power (wind
turbine mechanical power) as follows, [Par95].

1
Pr = EpAcpv3 (2.91)

where c,, is power coefficients (will explain in another paragraph).

Fig. 2.16 Wind mass flow through the wind turbine cross sectional area A,
[Gas12].

2.21 Wind Turbine

For any wind turbine, the power and energy output increases dramatically
as the wind speed increases. Therefore, the most cost effective wind turbines are
located in the windiest area. Wind speed is affected by local terrain and
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increases with height above the ground, so wind turbines are usually mounted in
tall towers.

In general there are three size ranges of wind turbines used today in the market,
[AlkO7, Shal3, Min09]:

- Large scale, corresponds to large turbines (more than 1IMW). They are
typically installed in large arrays, but can also be installed in small
quantities on distribution lines.

- Medium scale, corresponds to medium sized turbines (100 kW - 1MW)
intended for remote grid production, often in conjunction with diesel
generation or load-side generation to reduce consumption of higher cost
grid power and possibly to even reduce peak loads.

- Small scale, corresponds to micro and small scale turbines (several kWs -
100 kW) intended for remote power, battery charging, or net metering
type generation. The small turbines can be used in conjunction with solar
photovoltaic, batteries, and inverters to provide constant power at remote
locations where installation of a distribution line is not possible or is more
expensive.

2.21.1 Types of main wind turbines

Wind turbines are classified into two categories, according to the direction of
their rotational axis, [Par09]:

- Horizontal-Axis Wind Turbines (HAWT)

- Vertical-Axis Wind Turbines (VAWT)

2.21.1.1 Horizontal-axis wind turbines (HAWT)

Horizontal-axis wind turbines capture Kkinetic wind energy with a
propeller type rotor and their rotational axis is parallel to the direction of the
wind (see Fig. 2.17), [Par09].
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Fig. 2.17 Horizontal axis wind turbine (HAWT), [Min09].

2.21.1.2 Vertical-axis wind turbines (VAWT)

The axis of rotor is vertical, wind stream is perpendicular to axis of rotor
rotation; axis of rotor rotation is perpendicular to surface of the earth. VAWT
use straight or curved bladed (Darrieus type) rotors with rotating axes
perpendicular to the wind stream (see Fig. 2.18), [Par09].

Fig. 2.18 Vertical axis wind turbine (VAWT), [Min09].
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2.21.2 Advantages and disadvantages of wind turbines

Disadvantages, [Alk07, Min09]:

- Storage device in some cases is always necessary; because no wind means
no energy production.

- Without communication with an electric power system the wind power
station cannot work, and in wind-diesel stations the special control
systems providing parallel work of the wind turbine and diesel-generators.

- Wind turbines have small capacity factor.

Advantages, [Min09]:

- No fuel required.

- Zero Co, and other harmful gaseous emissions.

- No water consuming.

- Alienation the fertile earth is much less, than on hydroelectric power
station and thermal power station.

- Possibility of full automation of work, absence of the personnel on duty.

- Short term of a construction, such that it is possible to construct for
18 months a 50 MW power station and further expansion is possible.

- Simple technology of work of station.

2.21.3 Wind turbine characteristics

Apart from the wind distribution prevailing at the site and its availability
to the turbine, the characteristics of a wind machine should match well with the
prevailing wind spectra to ensure maximum energy exploitation.
Hence, this section will define the major characteristics affecting the
performance of a wind energy conversion system which has significant
influence on any wind power project performance, [Mat06].

2.21.3.1 Power curve

Power curve is graphical representation of the power production of a wind
turbine at different wind speeds (Fig. 2.19). The power curve of the machine
reflects the aerodynamic, transmission and generation efficiencies of the system
in an integrated form. The output power increases continuously with the increase
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in the wind speed until reaching a saturated point, to which the output power
reaches its maximum value, defined as the rated output power.
This curve has four variables explained below, [Mat06]:

Rated output power P,

Power (Kilowatts) »‘( \

100 F--mmmmmmm e -

/‘ i !
[ :
/o :
/f | :
I ]
/ | :
I ]
i i
) |

\ .| Steady wind speed (m/s)

0 ' L —
T Rated output speed V, T
Cut-in speed V;, Cut-out speed V;,,

Fig. 2.19 Typical wind turbine power curve, [Ton10].

1. Cut-in speed, Vi,

At very low wind speeds, there is insufficient torque exerted by the wind on
the turbine blades to make them rotate. However, as the speed increases, the
wind turbine will begin to rotate and generate electrical power. The speed at
which the turbine first starts to rotate and generate power is called the cut-in
speed. Some manufacturers recommend installing a turbine with the lowest cut-
in speed possible in areas of low wind to make better use of the wind resource,
[Pow, Doe05].

2. Rated wind speed, V,

Rated speed is the lowest wind speed at which the rated output power of a
wind turbine is produced. At the rated speed, more increase in the wind speed
will not increase the output power due to the activation of the power control,
[Dan10, IECO05].
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3. Cut-out speed, Vot

As the speed increases above the rate output wind speed, the forces on the
turbine structure continue to rise and, at some point, there is a risk of damage to
the rotor. As a result, a braking system is employed to bring the rotor to a
standstill. This is called the cut-out speed and is usually around 25 meters per
second, [Dan10, IECO05].

4. Rated output power, P,

Typically somewhere the output power reaches the limit that the generator

isn't capable of generate more than it. This limit to the generator output is called
the rated output power, [Dan10, IECO05].
In brief, the wind speed conditions from the area and the characteristics of the
wind turbine generator itself (particularly the cut-in, rated and cut-off wind
speed parameters), represent the main factors that affect energy production from
a wind turbine. It is therefore desirable to select a wind turbine which is best
suited for a particular location in order to obtain a maximum output power. The
suitability of wind turbine to a specific location is given by the capacity factor
and efficiency values (power coefficient), [Frol10].

2.21.3.2 Capacity factor, Cg
Capacity factor is an indicator of how much a particular wind turbine
makes energy in a particular place. It is given by the ratio of the energy actually
produced by the system (E) to the energy that could have been produced by it -
as if the machine would have operated at its rated power throughout the time
period. Thus, [Mat06]:
Er

C. =
Fore

(2.92)

where, T is the time period.
Also, Cg of a wind turbine can be estimated using the following expressions
based on Weibull distribution function, [Sun12]:
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~Finye oy
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CF=

—e (2.93)

Hence, Cr is a function of the turbine as well as the wind regime characteristics.
All wind turbines have capacity factors, and they vary depending on resource,
technology and purpose. Typical wind power capacity factors are 20-40%. Cr
can be computed for a single turbine, a wind farm consisting of dozens of
turbines or an entire country consisting of hundreds of farms, [Mat06, Nem11].
Information on the capacity factor of the turbine at a given site may not readily
available during project identification. Under such situations, it is advisable to
calculate the rough capacity factor (RCg).

P-
RCr == (2.94)
P.

Where, Py is the power corresponding to the average wind speed.

2.21.3.3 Power coefficient, c,

The capacity factor is not an indicator of efficiency. A measure of turbine
efficiency is the power coefficient. This coefficient indicates how efficiently a
turbine converts the wind energy into electricity, thus it varies with the wind
speed. Power coefficient (c,) is defined as the ratio of power extracted by the
turbine (P+) to the total contained in the wind resource (P,,) as follows, [Nem11,
Win08]:

¢, = Pr/B, (2.95)

c,= 0.59 (Betz limit for the maximum value), large modern megawatt turbines
have peak of between 40% and 50% whereas, for smaller turbines producing a
few kilowatts, c,, lies between 20% to 30%, [Par95].

2.21.3.4 Average output power, P s

The average output power of a turbine is a very important parameter of a
wind energy system since it determines the total power production and the total
income. The average output power from a wind turbine is the power produced at
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each wind speed times the fraction of the time that wind speed is frequented,
integrated over all possible wind speeds, such that, [Gar06]:

P qve = JOOP(U) f(w)dv (2.96)
’ 0

where P(v) is the power curve value at wind speed v, f(v) is the Weibull pdf of
wind speeds. After substitution and mathematical calculation we find that,
[Mat06, Gar06]:

Pe,ave =Cr- P (2-97)

This means that P, ;.. determines the performance of a wind turbine installed at
a given site using the amount of capacity factor and P..

2.22 Blade Swept Area
If | is the length of wind blades and r is the radius of the wind turbine hub,

then in such a case, the cross sectional area A (or rotor area) can be calculated
from, [Ton10]:

A =~ ml? (2.98)
where | >> r such that the hub radius length could be neglected.
From Eq. 2.98 we can infer that by doubling the length of wind blades, the
swept area (consequently, the output power) can be increased by the factor up to
4, the figure below illustrates this fact.

126 m
7500 kW

100 m
3,000 kW
— Rotor Diameter (m) g0m
E Rating (kW) 70 m 1,800 kW
= 1,500 kW
=)
L] 50m
= 750 KW
=8
=
= 30m
300 kW
2 7m
" 76 KW
< O

Fig. 2.20 The power of wind generator is directly
proportional to rotor area, [Ewe09].
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2.23 Air Density
Air density can be determined to varying degrees of accuracy with the
following methods, [Ton10, Hug]:

1

For constant value of air density based on U.S.Std. Atmosphere, at sea
level; we have
p =1.225 kg/m® (2.99)

N
1

If we have the location's elevation z above sea level (in meters):
p=1.225-(1.194 * 10™) * z (2.100)

where z = the region’s elevation above sea level (in meters)

3- If we have pressure and temperature data; air density can be given by:

p =PI RysT (kg/m®) (2.101)

where, P = air pressure (in units of Pascal or Newton/m?)
Rgas = the specific gas constant (287 J kg-1Kelvin-1)
T = air temperature in Kelvin (deg. C + 273.15)

4- 1f we have only temperature data then,
p = (Po/ RT) * exp(-G*z/RT) (kg/m®) (2.102)
where P,= std. sea level atmospheric pressure (101,325 Pascals)

G = gravitational constant (6.67384 x 10 m® kg™ s)

2.24 Wind Power Density Assessment

Wind power density is a comprehensive index used to estimate the
potential electrical output of a wind farm once the area swept by wind turbine
rotors and the power system efficiency are known. It is defined as the available
wind power in airflow through a perpendicular cross-sectional area. The
equations for wind power density (WPD) is simply as that Eq. 2.90 and Egq.
2.91 divided by rotor area as, [Ton10, Ros98]:
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1
WPD,, = Epv3
) (2.103)
WPD; = Epcpv3

2.24.1 Wind power density classes

The classes of wind power density at two standard wind measurement
heights are listed in Table 2.5 (created by NREL). This table gives the wind
classes as a function of wind power density and wind speed measured at the
heights of 10m and 50m above the ground, where wind classes between 1 and 7
are used — a wind class of 7 indicates the highest potential, [Qam09, Eril2].

Table 2.5: Wind class, power density, and wind speed, [Ahm12].

0-100 0.0-44 0-200 0.0-5.6 Poor
100 - 150 44-51 200 - 300 56-6.4 Marginal
150 - 200 51-5.6 300 - 400 6.4—-7.0 Satisfactory
200 - 250 5.6-6.0 400 - 500 70-75 Good
250 - 300 6.0-6.4 500 - 600 7.5-8.0 Excellent
300 - 400 6.4-7.0 600 - 800 8.0-8.8  Prominent

400 - 1000 7.0-94 800-2000 88-119  Splendid

2.24.2 Wind power density-Weibull based PD,,

The expected monthly or annual wind power density per unit area
of a site based on a Weibull probability density function can be expressed as
follows, [Ahm12, Yan13]:

1 3
PD,, = Epc31“ (1 + E) (2.104)

Substituting the scale factor in above equation by the formula presented in Eq.
2.21, yields, [Sad12]:
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~ pv3r(1+ %)
2[T (1 + %)]3

PD,, (2.105)

This equation gives the mean wind power density based on the Weibull pdf
which depends on cube mean wind speed v.

2.24.3 Actual power density PDp
From Eq. 2.103, the speed is obtained using the actual wind distribution,
to give actual wind power density, i.e., [Laol2]:

PD, = % p [, v p(w)dv (2.106)

where p(v) are the probabilities determined from the actual wind speed data.
The discrete form of Eq. 2.106 is formulated as, [Gar06]:

w
1
PD, =5p ) p(w)v} (2.107)
i=1

where w is the number of different values of wind speed observed, here p(v;)
represents the probability of the discrete wind speed v; being observed which is
given by following equation:

m;
() =— (2.108)

the numbers of observations of a specific wind speed v; will be defined as m;,
the letter n represents the total number of observations.

If the Weibull density function fits the actual wind data exactly, then PD,, in the
wind predicted by Eq. 2.105 will be the same as PD, predicted by Eq. 2.107.
The greater the difference between the values obtained from these two
equations, the poorer is the fit of the Weibull density function to the actual data.

2.25 Energy Assessment
Energy output from wind project depends on (1) the distribution of wind
speed within the regime and (2) power response of the turbine to different wind
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speeds. The following subsections will express different mathematical terms for
output energy calculations, [Mat06].

2.25.1 Wind potential energy in a selected site

One of the most important steps in wind energy projects is the energy
estimation for a selected site. Wind energy available in the regime over a period
is usually taken as the yardstick for evaluating the site energy potential, [Sad12,
Farl2]. Once each of the preceding PD,, and PD, is given, the wind energy
density (Ep) for a desired duration, T, can be calculated as:

Ep =PD,, or PDy XT (2.109)

2.25.2 Energy production from wind turbine using capacity factor
The yearly energy production of the turbine can be estimated using the
following equation, [Far12]:

Eput = Pyge X T = Cp X P X 8760 (2.110)

where, 8760 represents the number of hours in one complete year, Cr capacity
factor as defined before.

If Cr is unknown, one could use RCxto find energy output from a wind turbine
by following equation:

Eyina = RCr X B. X 8760 (2.111)

Since the turbine doesn’t working all 8760 hours, thus for realistic calculations it
should replace it by the number of working hours of the turbine.

2.25.3 Annual output energy

The annual wind speed distribution f(v) is combined with the power curve
of the turbine P(v;) to give the energy generated at each wind speed v; and hence
the total energy generated throughout the year. It is usual to perform the
calculation using 1m/s wind speed bins as this gives acceptable accuracy. The
annual energy for a wind turbine could be generated in typical year expressed
mathematically as, [EImO09]:
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Epn = [Z f(vi)P(vi)] xT (2.112)

Fig. 2.21 shows the graphical representation of the above equation, "a
represents the power curve of a commercial LMW turbine with 3.5 m/sec cut-in,
15m/s rated and 25m/s cut-out velocities. Curve "b" represents the probability
density function at a site with 8m/s mean wind speed, assuming the Weibull
distribution with k=2. The energy corresponding to different wind velocities are
plotted in curve "c". In Fig. 2.21, E4,, at 10m/s is given from multiplying f and P
at the same wind speed (10 m/sec) in curves "a" and "b" respectively. The
energy corresponding to this speed is indicated in the curve "c". Total energy
available from this turbine at this site, over a period, can be estimated by
integrating curve "c" within the limits of the cut-in and cut-out velocities and
multiplying it with the time factor, [Mat06].
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Fig. 2.21 Expected output energy-graphical representation, [Mat06].
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The total energy generated by the turbine E,,, over a period can also be
estimated by, [Mat06]:
EAn == EIR + ERO (2113)

where, E\r and Ego are the two energy distinct regions of the power curve such
that E\r from cut-in to rated wind speed, and Ero from rated to cut-out wind
speed. E\r can be expressed as:

PgTc™  (*r n
Eir = (Vn—Vn) Xke XdX
T (2.114)
Pr T Vin e~Xin — gXr]
RGERDk
E,, =TP. (e — e%o) (2.115)
where n is speed power proportionality and for ideal case n =3,
k k k
Wehave  y. = (ﬁ) X, = (&) and X, = (Vout) (2.116)
c c c

2.26 Site Assessment

Wind turbines are subjected to environmental and electrical conditions
that may affect their loading, durability and operation.
The International Electrotechnical Commission provides standards for all
methods relating to wind turbines; one of these standards that in our concern is
IEC 61400-1, [IECO05, Nie09].
Turbine classification is the responsibility of manufactures and site assessment
is the responsibility of project developers. To achieve a turbine type certificate
the turbine must be proofed safe for wind conditions. Wind conditions for this
purpose are specified by simple models, reference wind speed, and reference
turbulence intensity. For site assessment the following criteria apply, [Nie09]:

e The 50-year extreme wind must be lower than the reference wind for the
turbine type
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e Flow-line inclination at hub height must be within +8 for all wind
direction.

e The wind-speed distribution must be lower than that assumed in the
turbine certificate in a range from 0.2 to 0.4 times the reference wind.
More exposure in this wind-speed range would enhance fatigue damage.

e The effective turbulence intensity (ler), must be lower than the applicable
IEC model in a range from 0.6 times the rated speed to the cut-out speed.
The applicable model is either characteristic turbulence intensity (lhar) OF
representative turbulence intensity (l.,) depending on whether the turbine
type certificate is issued according to IEC 61400 2 or 3.

2.27 Turbulence
Turbulence can be thought of as random wind speed fluctuations imposed
on the mean wind speed (Fig. 2.22). These fluctuations occur in all three

directions, [Man02].

Height —p

—
Turbulent
fluctuations

) /

Mean wind speed

v (m/sec)

Fig. 2.22 Wind fluctuations around the mean, [Fra07].

Turbulence reduces the harnessable energy of the wind, and causes vibration and
unequal forces on the wind turbine, especially the blades that may weaken and
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damage the machine. Turbulence, therefore, increases wear and tear on wind
turbine and, over time, can destroy it.

Proper location is the key to avoiding the damaging effects of turbulence, such
that, when considering a location to mount a wind turbine, be sure to consider
turbulence-generating obstacles. Turbulence can also be minimized by mounting
a wind turbine on a tall tower, [Dan10].

2.27.1 Ambient turbulence intensity

Is defined as the ratio of the wind speed standard deviation to the mean
wind speed which they are determined from the same set of sampling data over a
specific period of time, [IECO05, IEC06].
In wind resource analysis, turbulence is measured by turbulence intensity, which
iIs a dimensionless quantity. It is usually calculated for short time periods,
minutes to an hour, given as [Man02, Bur01, Nel09, Pet98]:

0.
Th, =""/5 (2.117)

where g, is the standard deviation of wind speed variations about the mean wind
speed v. Due to this definition T, can become infinitely large when the wind
speed reaches zero.

Wind turbulence intensity is critical parameter and limits the operational life of
the wind turbine. It is site dependent and should be well understood before any
real installation. High turbulence intensity is associated with increased wind
turbine system wear and increased operation and maintenance costs, [Mah11,
Ro010].

The turbulence intensity at a site is defined by the International Electrotechnical
Commission (IEC) by IEC 61400, which is defined as a set of design
requirements made to ensure that wind turbines are appropriately engineered
against damage from hazards within the planned lifetime, [Mad08, Morl1].
Since we will examine the turbulence intensity at a site in terms of its impact on
the small and large wind turbines, thus it is necessary to have knowledge about
the IEC 61400 suitability conditions which belongs to each type of wind turbine.
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2.27.2 Small and large wind turbines safety standards and classes

There is a standard for small wind turbines (SWT), which is numbered
IEC61400-2, this standard describes the normal turbulence model (NTM), which
contains four standard classes. The basic parameters defining these classes are
listed in Table 2.6, [Hos11, IECO06].

Table 2.6: Basic parameters for SWT classes (IEC 61400-2), [IEC06].

10 8.5 75 6.0
50 42.5 375 30.0
manufacturer
0.18 0.18 0.18 0.18
2 2 2 2

IEC6400-2 defines the basic parameters as follows:

e V.. Iisannual average wind speed at hub height.

e V. IS basic parameter for wind speed used for defining wind turbine
classes. A turbine designed for a reference wind speed V., is designed to
withstand climates for which the extreme 10 min average wind speed with
a recurrence period of 50 years at turbine hub height is lower than or
equal to Vi, [HOs11].

e |5 is the dimensionless characteristic value of the turbulence intensity at
15 m/sec, [IECO06].

e ais aslope parameter for turbulence standard deviation model, [Carl1].

On the other hand, there is a standard for Large wind turbines (LWT),
which is numbered IEC61400-1. Actually, the IEC61400-1 turbulence
model has edition 2 and 3. The difference between them is summarized
below;
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e |EC61400-1 edition 2 defines the characteristic turbulence intensity I,
as the mean plus standard deviation of measurements. Load cases are
defined by the I, at 15m/s, called 145 (EQ. 2.18).

e |EC61400-1 edition 3 defines the representative turbulence intensity Iy,
as the mean + 1.28 times standard deviation of measurements. Load cases
are defined by the reference turbulence intensity I.s which is equal to the
mean turbulence intensity at 15m/s (Eq. 2.19).

The 84"-quantile characteristic value of hub height turbulence intensity at 10min
average wind speed in edition 2 is defined as:

Ienar = Iis + 0y, (2.118)
where |5 ambient turbulence intensity characteristic value at 15m/sec
Little extreme turbulence may cause most of the fatigue damage. Therefore, the
IEC standard applies representative turbulence intensity for turbine
classification, which is defined as a high percentile of the expected natural
variation, and this variation will generally decrease with wind speed, [Mor11].
Consequently, the 90™-quantile representative value of hub height turbulence
intensity at 10min average wind speed in edition 3 is defined as:

Lep = Lyep + 1-2801ref (2.119)
where | represents reference turbulence intensity at 15m/s.

In addition to specify other basic parameters which define the wind turbine
classes and subclasses given in the two editions, [IEC05].

Table 2.7: Basic parameters for LWT classes for IEC 61400-1 edition 2, [IECO05]

10 8.5 7.5 6.0
50 425 37.5 30.0
0.18
0.16

manufacturer
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Table 2.8: Basic parameters for LWT classes for IEC 61400-1 edition 3, [IEC05]

10 8.5 7.5

50 42.5 37.5
0.16 manufacturer
0.14
0.12

According to IEC6400-1, the basic parameters are defined as follows, [Hos11]:

Ve and Vs were defined before.

A refers to a higher turbulence category

B refers to a medium turbulence category

C refers to a lower turbulence category
However, since site assessment should follow of either edition, therefore our
results will be restricted to edition three only.

2.27.3 NTM and TlIs percentile values for SWT and LWT

The classification of LWTs and SWTs comes under the standard IEC
61400-1 and IEC 61400-2 respectively, this is done by comparing the measured
turbulence intensity (TI) of our site to standard NTM described by IEC 61400-1
edition 3 (2005 for LWT) or to NTM described by IEC 61400-2 (2006 for
SWT). In other words, site assessment rule is that turbulence intensity must not
exceed the NTM model corresponding to the selected wind turbine class in a
specified wind speed range, [Vesll, Mohl4]. To be able to compare the
computed a,, and Tl with the NTM, the values of o, and Tl must be first created.
This is done by assuming that [Rob12, Moh14]:

e the 50" percentiles of o, and TI represents the average values of ¢, and
TI at each bin are given by

Oso = O, (2.120a)
Tlsy =TI, (2.120b)
e while, the 90" percentiles of standard deviation and T is given by
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TIgO == ﬁv + 1.280-’1‘1 (2121b)
The 50" and 90" percentiles can be understood from Fig. 2.23.

/N

Standard Deviati i
andard Beviation -30 -2 -1o o +a +2a +3o +4a
+1280
Cumulative Percentages I I | H

[ 1 |
. 0.1% 2.3% 15.9% 50% B4.1% G7.7% 99.9%
Percentiles } Tt Tt T T T }

1 W 20 3a4p 506 TO 80 W95 #

Fig. 2.23 Normal distribution curve of standard deviation and the cumulative
percentage together with percentiles. Red and blue lines represent the
90™ and 50™ percentiles respectively, [Hos11].

For IEC 61400-2 (SWT), the values of NTM standard deviation for wind speed,
o1, shall be given by the 90" or 50" percentile value of wind speed at hub height.
These values can be given as, [IEC05, Moh14]:

5 — Lis(15+ a Vi)
1 (a+1)

+2(p, — Dlys (2.122)

Using the values of ‘@’ and ‘l;5° for SWTs from Table 2.9, the 2™ term is a
modification which let the model correspond to different percentile values, such
that, p,= 0 for the 50" percentile, and p, = 1.28 for the 90" percentile. The
NTM of standard deviation, o3, is shown in Fig. 2.24-a. While NTM for the
turbulence intensity is calculated by Eq. 2.123 is shown in Fig. 2.24-b, [Hos11,
Carll, IECO5].

(o}
="y (2.123)
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Table 2.9: Basic parameters for LWT and SWT turbines classes, [DTU11].

IEC 61400-2 (SWT)

0.18 0.18 0.18 0.18

_ Manufacture
A B © Manufacture

0.16 0.14 0.12

l1s  Represents characteristic value of turbulence intensity at wind speed 15m/s.
lf Represents the value of the turbulence intensity at 15m/s.

A Refers to a higher turbulence category

B  Refers to a medium turbulence category

C Refersto a lower turbulence category

6
5
4
2
1
0
0 10 0 40

Wind speed V., m/s

Standard deviation a1
[

a- Standard deviation of turbulence for NTM belongs to SWT
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b — Turbulence intensity for NTM belongs to SWT
Fig. 2.24 Characteristic wind turbulence, [Hos11].

NTM in IEC 61400-1 edition 3 (LWT), the expected standard deviation, oy, is
given in Eq. 2.124, such that p,.= 0 for the 50" percentile, and p, = 1.28 for the
90" percentile. Variables of ‘a’ and ‘l,s for LWTs are listed in Table 2.9,
[IECO06, Carll]:

(15 + a Vi)
0-1 = Iref (a + 1)

+ 1.44p,,] (2.124)

Values for the turbulence standard deviation, oy, and the turbulence intensity
o1/Vhp are shown in Figs 2.25-a and 2.25-Db, respectively, [IEC05, Hos11].
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a— The 90" percentile standard deviation of turbulence for the NTM
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Fig. 2.25 NTM under IEC 61400-1 3" edition for LWT, [IECO05].

2.28 lrand I, Calculations

Reference turbulence intensity is the expected value of hub height
turbulence intensity at a 10min average wind speed 15m/sec (see Fig. 2.26). It
could be estimated using following formula, [IECO05, Tan, Gia08].

Umast
Iore = It —U"V;‘;SG (2.125)

where, IIt%* is calculated at the met mast from recorded measurements.
Umase 1S the mean wind speed at the met mast.
Pwre 1S the mean wind speed at turbine hub height.

Ichar (ﬂ + 0-)

IMEAN

[
»

15 m/s

Fig. 2.26 l¢ under definition of IEC 61400, [DTU11].
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After computing l.s, it is possible now to find the 90" percentile of the
representative turbulence intensity l.,. IEC 61400-1 3" edition doesn’t explain
how to calculate I, either as an average value independent of wind sectors
(using Eq. 2.119), or as a weighted I, values in different wind sectors at any
bin (often 15m/sec) could be found using equation below;

N
Irep = Z fs Irep_s (2.126)
i=1
Irep_s = Iref_s + 1.28 Jref_s (2127)

where, N is number of sectors, and f; is frequency of wind speed at a sector

2.29 Extrapolation of Turbulence

It is necessary to know that Eqg. 2.125 could be used to extrapolate the
ambient turbulence intensity (TI) from the position of the measurement to the
turbine hub height. Thus the measured turbulence intensity is simply corrected
with the ratio between the measured wind speed v,,,.,s and the predicted wind
speed v,,.q as follows, [Lanll]:

v
Tlyrea = Thheas &a; (2.128)
pre

where T1,,..q and T, represent the predicted and measured TI.
Furthermore, the simple formula used for a logarithmic wind profile over flat
terrain is given by, [Pet98]:

TI =1 /1n(£) (2.129)

where z, is the roughness length, and z is new height

2.30 Effects of Turbulence on Power Curve
A simple method exists for estimating an upper bound of the increase in
power due to turbulence effects, which can be estimated by, [EII90]:

P=pf143(2)] (2.130)
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where, P, P5,and % represent the average output power, the power at mean

wind speed 7, and the turbulence intensity, respectively.
The term 3(¢ /17)2 represents an estimate of the upper bound of the fractional
increase in power due to turbulence effects.

2.31 Wake and Wind Farm Turbulence

The rising demand for wind power together with environmental and
economic constraints currently leads to a continuous increase in the size of wind
turbines and wind farms. A drawback from installing wind turbines in large
arrays is the wake penalty that arises when a wind turbine operates in the lee of a
previous one, such that, a wake evolves downstream of the turbine when the
turbine extracts power from the wind (see Fig. 2.27), [Gaul].
If another nearby turbine is operating within this wake, the output power for this
downstream turbine is reduced when compared to the turbine operating in the
free wind. This reduction of output power is depending on the wind distribution,
the wind turbine characteristics and the wind farm geometry, [Gaul].

Fig. 2.27 Wake effects from neighbouring wind turbines, [Gau].

Wind turbine wakes within an array can result in energy losses and increased
structural fatigue loading. The severity of wake conditions is affected by
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ambient turbulence intensity, atmospheric stability conditions, and prevailing
wind directions. Wake characteristics are also strongly influenced by the
physical parameters including the number of turbines in operation, their spacing,
and neighbouring wind turbine geometry, [Mus13].

2.31.1 Wake modeling

Wind turbines and wind farms are very costly, thus grouping of huge
turbines into large wind farms will maximize their production and reduce
maintenance needs. But wind farms introduce two major issues: reduced
power production from a wind turbine working in the wake of another
and the shortening of the lifespan of the rotors due to increased turbulence
intensity in the wake, [Lon13].
In some studies, any wake models used are: straightforward, dependent on
relatively few wake measurements and simplicity in terms of computing power.
One of the empirical formulas for the turbulence intensity in the wake of a wind
turbine was derived by Frandsen, who developed a model for the design
turbulence, which includes the characteristics of the material of the wind turbine
in the calculation of turbulence intensity. The model is used in the IEC
guidelines and allows a fast calculation of turbulence intensity in the wind farm,
[Lon13].
The model states the following: if the smallest separation distance between two
wind turbines in a wind farm is more than 10 rotor diameters, wake effects do
not have to be accounted for. However, if the minimum separation is less than
10 rotor diameter, the wake effects have to be calculated in terms of the
turbulence intensity as follows, [Ren07].

2.31.2 Effective turbulence intensity I

Wake effects from neighbouring wind turbines may be taken into account
during normal operation for fatigue calculation by effective turbulence intensity
(lesr) using Frandsen model. The effective turbulence intensity model (Frandsen
model) integrates load situations with ambient turbulence and load situations
under wake conditions to give the total effective turbulence as, [IECO5,
Ren07]:
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If minimum d; = 10 D then, [IECO05, Cir13]:

O-U
Ter = v (2.131)
hub
If minimum d; < 10 D then:
N Vi
Basic Frandsen N :
formula lost = [(1 =N - B,)I5" + sz I7*(d;) (2132)
i=1
where I1(d;) is the maximum center-wake which is given by
Ir(d)) 05 + 12
T\4i) = 2 0
. (2.133)
<1.5 + 0.3 d;
JCr

Where,
less : the effective turbulence intensity.
o,,. The ambient estimated turbulence standard deviation in a farm.
d; : The distance (normalized by rotor diameter) to neighbouring wind turbine
no. i.
m . Wohler parameter. It depends on the material of the structural component.
N : The number of neighbouring wind turbines.
P,, : Probability density function (equal to 0.06).
lo : Ambient turbulence intensity (previously estimated).
Cr: the characteristic wind turbine thrust coefficient for the corresponding
hub height wind speed. If the thrust coefficient for the neighbouring wind
turbines is not known, a general value given below can be used, [Frol0]:

7 (m/s)
thb

(2.134)

T

Applying the formulas, no reduction in mean wind speed inside the wind farm
can be assumed. Effective Tl could be given in sector model as follows
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1
m
I

Ny
Loge= zf_s' ggf_s (2.135)
s=1

where I s = effective turbulence intensity of the combined ambient and wake
flows from certain sector.

N = number of sectors

f, = frequency of wind speed at a sector

Wake effects from wind turbines “hidden” behind other machines need not be
considered, e.g. in a row only wakes from the two units closest to the machine in
question are to be taken into account. The number of closest neighbouring wind
turbines N is given in table below, [Ver02]:

Table 2.10: The relation between N and turbine arrangement in a wind farm, [Ver02].

2 wind turbine 1
1 row 2

2 row 5
8

Inside a wind farm with more than 2 rows

The wind farm configurations are illustrated in Fig. 2.28 for the case “Inside a
wind farm with more than 2 rows”.

O
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@
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Fig. 2.28 Example of determination of neighbouring wind turbines, [Ver02].

82



Chapter Two Wind Energy Assessment Methodology and Siting Preliminaries

2.32 Wind Turbine Economics

The economic aspect of energy generation also plays a key role in the
wind project decision making. Thus, along with issues like “how efficient is the
system” and “how much energy it will produce”, the question “at what cost can
we generate energy” is also relevant in choosing a source from the available
options. This means that the project is to be optimized for the lowest possible
cost per KWh generation.

Following subsections are essential factors in determining whether a particular

installation is worthwhile or not. The information that is necessary to make an

assessment of the economic viability of a wind turbine installation is, [Mat06,

Wopr, Bla09]:

. Turbine and installation costs: which comprises the production, blades,
transformer, tower, transportation to the site, erection, foundation, grid
connection, road construction and buildings.

« Annual maintenance costs: The usual guideline is 1% to 3% of the turbine
cost and one might expect maintenance costs to be higher towards the end of
the turbine life.

2.32.1 Cost of energy methods

They can be applied to wind energy systems, assuming that one has a
reliable estimate for the capital costs and operation-maintenance costs. Thus,
cost of energy COE is defined as the unit cost to produce energy from the wind
generation system and it can be expressed by the cost per kilowatt-hour,
[WanQ9, Bla09].
The cost per kilowatt-hour of wind turbine is an important factor for electricity
generation. Also, this ratio may be interest to some wishing to compare the
economics of different sources of renewable energy.
The expression used for the cost of the electricity per kilowatt-hour is, [Wpr]:

cost per kWh
_ Turbine and other costs + (Annual recurrent costs X lif etiem) (2.136)

No.hrs X lifetime (years) X P, gy
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Where No. hrs is the number of wind turbine generation hours, and the lifetime
default value is 20 years.

This represents the total cost of installing and running the turbine divided by the
number of kilowatt-hours generated over the turbine lifetime.

2.32.2 Total returns on total cost ratio (the return on investment)
This ratio can be expressed as, [Wpr]:

Total return
Total cost

8760 X lifetime (years) X P, qpe(V) X Tref (2.137)

" Turbine and other costs + (Annual recurrent costs X lifetiem)

where T, is the reference price per kilowatt-hour in the units of the installation
and maintenance costs. 8760 = 365x24 the lifetime in hours.

The numerator represents the total payments received for the electricity
generated by the turbine over its lifetime, while the denominator is the cost of
the turbine and its installation and all the annual recurrent costs.

2.32.3 Calculating the payback period

The time it takes to recover the cost of a wind turbine installation. The
payback period can be expressed as follows
(if turbine cost and installation are known first), [Wpr]:

Turbine and other costs

Payback period =
ayback period (years) 8760 X P, gy X Tyor — recurrent costs (2.138)

84






Chapter Three Results and discussion

CHAPTER THREE

Results and Discussion

3.1 Introduction

Generally, this chapter will examine five sites located in Iraq state in the
light of topics and methodology adopted in chapter two, starting from the
characteristics of the site, finding the suitable Weibull probability density
function at that area, calculating the wind potential energy and how the power
will be produced after a virtual turbine is located there, measuring the site
turbulence intensity, as well as determining the wake effect of a single or
multiple turbines to the another one located at a wind farm, finally, studying the
financial analysis to determine the feasibility of wind conversion systems.

3.2 Areas of Study

The feasibility and applicability of wind energy development depend on
the physical characteristics of the study area and the wind resource. The study
areas are located south of latitude 34° south of Irag, and they include the
following sites Baghdad, Basrah, Kerbala, Nasiriya, and Ali Al-karbee. We will
begin to study the last one because it is a promising area depending on the
previous studies, [Mod07]. Ali Al-karbee is the placed in the north of Maysan -
Irag, and is considered the province key. It is located in the area between
Maysan and Wasit, and between Baghdad and Basra approximately in the same
distance. It is 100 km from Maysan, 90 km from Wasit, and around 260 km
from Baghdad and Basra. Fig. 3.1 shows the location of chosen site in eastern
region near the border between Iraq and Iran.
The following sections describe the wind data recorded from this site as well as
the analysis performed on them.
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Fig. 3.1 Irag map, indicating the areas of study.

3.3 Description of Wind Data Measurements

The wind data used in Ali Al-karbee were recorded in the year 2010 at
10m above ground level related to the selected site and were collected in a
period of one year from Ali Al-karbee Meteorological station, a department of
Iraqi Metrological Organization and Seismology. Table 3.1 gives information
about this station.

Table 3.1: Information on the meteorological station, [Hus13].

666 46°.25'.47"  32°.16'.48" 14 10

The analysis of the winds has been carried out from the recorded series of daily
values of speed and direction recorded every 3 hours. The consideration of these
analysis shows a 20% zeros values from 2920 data records, which as a result
will intensively reduce wind speed spectrum. Table 3.2 clarifies these facts in
addition to some important statistics like minimum-maximum values, mean
wind speed (this value is located within Beaufort gentle breeze scale), in
addition to standard deviation and variance data.
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Table 3.2: Wind characteristics of Ali Al-karbee site.

| Bmmsilwe |

s o170
s om0
s

:

Std. 3.00

3

3.4 Description of the User Program

There are many programs specialized in wind energy field given free on
web, but they do not operate at full functions beside a limited time period and
lack of reliability. Also, the license software for this kind of applications is very
expensive. Thus, a program designated for wind energy analysis has been built
using Visual Basic 6 environment. The program is used for solving expressions
mentioned in chapter two numerically since these equations cannot be resolved
analytically. The procedure of program has been tested with the results
published in books, researchs, and softwares dedicated for this purpose.
The block diagram is shown in Fig. 3.2. The input data rows include wind
speed, wind direction, date and time of records; the program could deal with
them all, or which one available. After reading wind data the program will
estimate Weibull parameters (c, k) using nine methods. The criteria for choosing
the best parameters are goodness of fit tests besides pdf graphical plots. Present
program has four models dedicated for wind characteristics, the output power
from wind turbine, site assessment, and economics. In general the program is
written to become suitable with the nature of data available in Irag, and the
results compensate the lack in information in such field of study.

87



Chapter Three

v

Results and discussion

Read wind speed, wind direction, Date and time of record

If exist
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Plot wind speed-time variation graph

Plot wind rose graph
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Estimate Weibull parameters (c, k) at 10m height numerically and graphically using 9 methods

'

Determine best Weibull parameters (c, k) using different criterion methods

¢, k extrapolation

Air density extrapolation

speed extrapolation freq.
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Wind characteristics | ]
Max speed Min speed Mean speed Median speed speed Std. No. of data
Max frequency Speed of Max frequency Variance Coeff. of variation CDF
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Turbine output power |——
Total power density Mean power output
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Cost per rated power
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Fig. 3.2 The flowchart of the program.
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3.5 General Wind Conditions
They include two following items; wind rose and wind speed characteristics

3.5.1 Wind rose

Fig. 3.3 shows the annual wind rose at Ali Al-karbee site for the year
2010. Wind rose clarifies the dominant wind direction which is an important
parameter in the installation and arrangement of wind turbines and construction
fields. Also, the analysis indicates that the main prevailing wind in the Ali Al-
karbee region is northwestern, such that about 64% of the annual wind data is
blowing from that direction, 14% of the wind direction is southeastern, while
about 20% of wind speeds have calm values, and the residual percentages are
distributed amongst other directions with speeds more than calm value. Here,
about 80% of data have values more than calm value which is a positive feature
of this site (Table 3.3).

S
Qf Ll L 111111 gEy

Fig. 3.3 Wind rose diagram for Ali Al-karbee 2010, 10m height.

Table 3.3: Frequency of data percentages in each sector

0.7 01 13 118 92 51 27 11 07 36 401 236

However, Table 3.3 doesn't tell us how much the percentage of speed value in
each sector. Table 3.4 gives the percentage of different wind speed intervals in
each sector from 0-330 (centered). Now, by multiplying the percentages in

89



Chapter Three Results and discussion

Table 3.4 with the total number of data in its particular sector we will get Fig.
3.4. This Fig. shows graphical representation of the Table 3.4, in addition, by
which you could compare the percentages of wind speed interval values that
contributes to a total number of data in a certain sector and this is done using
vertical bars. Thus, in a most frequent direction (sector 300) the wind speeds
over 10 m/sec occur by 6% and 8-10 m/sec occur by 7% and so on, while in the
secondary predominant direction (sector 330) the wind speed over 10 m/sec
occurs 12% and 8-10 m/sec occurs by 11% and so on.

Table 3.4: Frequency of data intervals percentages in each sector

I K A 2 A
No. data 16 2 30 277 215 119 62 26 17 83 934 550

0.5-2m/s ks 0 16 8 6 12 12 19 11 9 7 4

2-4 mls 12 0 26 24 25 36 32 34 41 30 24 11
4-6 m/s 43 0 23 39 44 36 41 30 35 46 44 41
6-8 m/s 0 50 23 14 13 67 96 76 11 84 95 18
8-10 m/s 0 0 90 60 67 32 76 0 48 7.7 11

>10 m/s 18 50 1 39 37 16 0 0 0 0 6.2 12

1000
900
800
700 -
600 -
500 -
400 -
300 -
200 -
100 -

m>10 m/s

m8-10 m/s

H6-8m/s

m4-6m/s

Number of Data

W2-4m/s

m0.5-2 m/s

Sectors

0 30 60 90 120 150 180 210 240 270 300 330

Fig. 3.4 Wind speed intervals percentages at each sector.
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Fig. 3.5 shows monthly based wind rose for 10m height, it helps in
understanding the variability in the wind direction every month. Simply, it could
be inferred that the main prevailing wind direction at the study area is north-
western, while the dominant wind directions in the months Jan., Feb., Mar.,
Apr., and Dec. range between northwestern (300 -330 sectors) and southeastern
(90-120 sectors). In more details, winds mostly bear from 300 and 330 sectors,
has occurrences of 60-65% (in Sep.) and 40-43% (in May), respectively. While
winds which mostly bear from 90 and 120 sectors have occurrences of 25-27%
(in Feb.) and 25-28% (in Jan.), respectively. Other months point out the
occurrence of sector 300 is the most dominant one, and it reaches its maximum
value at approximately 61% from total records in September.
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Fig. 3.5 Monthly wind roses at Ali Al-karbee 2010.

3.5.2 Wind speed characteristics
The wind speed data at the selected station are statistically analyzed.

Fig.3.6 shows the mean daily wind speed values at Ali Al-karbee for the
year 2010.
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Fig. 3.6 Mean daily wind speed values at Ali Al-karbee throughout the year 2010.

The mean is taken here by averaging the records during one day. It could be

inferred from the diagram that wind data has not a clearly seasonal effect; but

instead of that there is a little increment in the wind speed in the mid of year.

This increment seems to be somewhat clear in the period between the days 140-
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200, which are almost from mid-April to mid-June and the maximum mean
wind speed throughout the year is about 11.6 m/sec.

Fig. 3.7 illustrates the monthly mean wind speed variation. This shows how
changing mean wind speed helps to understand the behavior at each month.

The mean monthly wind speed is higher in June and July and it varies from 5.1
and 5.4 m/sec, while the minimum values in November and December vary
from 2.2 and 2.5 m/sec, where this increase and decrease in the data values are
due to the seasonal effect. Furthermore, Fig. 3.7 gives an idea about the days
when the wind speeds is higher than rest of days.
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Fig. 3.7 Monthly wind variation at Ali Al-karbee site 2010.

Sometimes we need to know the frequency of certain wind datum in a series
such as zeros, thus it is useful to represent all recorded points in a specific
diagram. Accordingly, the time variation of all individual wind speed in each
month (as shown in Fig. 3.8) is a good representation for that purpose. This
diagram highlights an interesting characteristic of the wind speed. The number
of zeros in the months of February, April, August, and December are much more
than the rest of months. As a result, Weibull representation will deviate from
high wind speed to low wind speed (toward y-axis) in these months.
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Fig. 3.8 Monthly wind speed variation for all individual data .

3.6 Performance Comparison of Nine Methods in Estimating Weibull

Parameters — Annual Based

An accurate test of probability distribution for wind speed values is very
important in evaluating wind energy potential of a region. In this section, we try
to determine appropriate theoretical pdf (probability density function) by
comparing nine methods for estimating Weibull parameters for one year data of
Ali Al-karbee in 2010. Below an approach consisting of three tests has been
used.
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3.6.1 Graphical test

The nine methods used for estimating Weibull parameters (briefly shown
in chapter two) are Standard deviation method (SDM), Energy pattern factor
method (EPFM), Maximum likelihood estimation - Newton Raphson method
(MLE-NRM), Maximum likelihood estimation - iterative method (MLE-IM),
Maximum likelihood estimation - frequency dependent iterative method (MLE-
FDM), Maximum Likelihood Estimation - modified Iterative Method (MLE-
MIM), Linear least square method (LLSM), Modified linear least square method
(MLLSM), and Equivalent energy method (EEM). Weibull scale and shape
parameters estimated by these nine methods for Ali Al-karbee site at 10m above
ground surface are listed in Table 3.5.

Table 3.5: Estimated shape and scale parameters at 10m heigh
for Ali Al-karbee 2010

16 130
a2t 140
356 12
EEM 3.75 1.19

All these methods are depicted as a curve fitting line (red line) made by Weibull
probability density function shown in Fig. 3.9a-i.

At the same plots of the pdfs, there are also histograms of the wind speed
binning at 1m/sec plotted in blue bars which will make an easy way for
comparison between measurement values and estimated distributions. In other
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words Fig. 3.9a-i shows how the calculated Weibull distribution function
matches with the observed wind speed histogram for Ali Al-karbee Location.
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Fig. 3.9 Weibull parameters Estimation by nine methods for Ali Al-karbee 2010.

It could be inferred that the shape and scale parameter values estimated with all
preceding methods (except MLE-FDM) give reasonable fit to measured data set.
But, in order to make the comparison easier, the performance of the pdfs relative
to the histogram of the measured data is plotted in one diagram excluding MLE-
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FDM (see Fig. 3.10). The diagram presents more insight of the distributions
fitting to wind speed data.

From the figure it could be concluded that:
I. except for MLE-NRM and MLE-IM, all methods exhibit reasonable fit to
wind data.
ii.  there is a similar behavior between theoretical distributions starting from
2 m/sec, except for MLE-NRM and MLE-IM.
li.  there is a clear difference in the peaks of pdfs located within first bin 0-1
m/sec.
Despite this, it must be noted that the suitability of each model varies with

sample data distribution, which, consequently, varies from location to location,
[Sey09].

— SDM

— MLENFM
— MLEIM
: — MLEMIM
\ LLSM
] [*

MLLSM
—— EEM

11.64

Distribution%o, Pdf

Wind speed (m/s)

Fig. 3.10 Comparison between theoretical pdfs and measured wind speed histogram for
Ali Al-karbee 2010.

Another graphical test is studied by plotting the cumulative distribution
functions (cdfs) and the histogram for one year measured data (Ali Al-karbee
2010) in Fig. 3.11. The blue bars represent histogram of the measured data at
bin size 1m/sec, while the black lines represent cdfs curves having shape and
scale parameters aforementioned in Table 3.5.

100



Chapter Three

Results and discussion

oo

000

) A A
- 7 - 7 = 7
B8 / o / © -
O\o— ; O\OEDDB ; § 50.00
% 50.00 - g - 9 B o
5 / 5 / 5 7
3 % ¥ Z 2 7
a a 8
Wind speed (m/s) Wind speed (m/s) Wind speed (m/s)
a- SDM b- EPFM c- MLE-NRM
oo - ?77 10000 o 77 1o o ??
5 7777 77777 . 7777
S . © 7 o
= 50.00 - O\O O\O 50.00 - ;
9 77! — s 7 - ;
- o o
3 7 = 7! =
2 7 2 7 a ?
2 7 5 7 R
a) @ 2
a 7 &)
Wind speed (m/s) Wind speed (m/s) Wind speed (m/s)
d- MLE-IM e- MLE-FDM f- MLE-MIM
1o+ 7 10
;% f7777 » 77? yf 7(77
/ — 7 o %
5 8 / 3 /
< 7 s <
§m i ” % 0 g OE s000 | /7
=] o o
2 7 = 7 5 7
D o 5 n 1% 20
Wind speed (m/s) Wind speed (m/s) Wind speed (m/s)
g- LLSM h- MLLSM i- EEM

Fig. 3.11 Estimated cdfs

for each method and observed wind speed

histogram for Ali Al-karbee 2010.

Fig. 3.11 shows a well match between cdfs curves and histograms except for
three methods (i.e. MLE-NRM, MLE-IM, and MLE-FDM). This Fig. illustrates
how fit estimation curves with the measured histogram are, while the three

methods exhibit significantly anomalous representation to wind data.

To simplify the comparison, the results that have been obtained from Fig. 3.11,
is plotted in one graph (Fig. 3.12), and it is easily to show the abnormal behavior

of these three methods beside a good closeness of the other methods.
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Fig. 3.12 Comparison between theoretical cdfs
and observed wind speed histogram for Ali Al-karbee 2010.

3.6.2 Analytical test- goodness of fit test

In the previous section we tested the nine methods in graphical ways, and
the results show that there are three method which yield worst graphical fit;
these methods are MLE-NRM, MLE-IM, and MLE-FDM. But this does not give
enough impression about the best way for Weibull parameters estimation. Thus,
in order to evaluate the suitability of the estimated distributions for wind speed
data, various analytical criteria have been made. Four criteria (explained in
chapter 2) are presented to get more insight into the wind data fitting techniques;
these are RMSE, Chi-Square (y?), correlation coefficient (R), and coefficient of
determination (COD).
The best distributional model can be determined according to the lowest values
of RMSE and »2 and highest values of R and COD. Table 3.6 summarize
statistical errors resulting from computing the goodness of fit between estimated
probability distribution functions and histogram of the measured data. It is
shown that MLE-MIM gives the best distributional model according to the
lowest values of RMSE and 2, besides the highest values of R and COD.
Aforementioned Judgment criteria are also applied to find the relative errors
between theoretical cumulative distribution functions and observation data.
Table 3.7 illustrates the results of these criteria and they clarify that the best

goodness of fit is observed with EEM.
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Table 3.6: Comparison of the accuracy test results using the

Weibull pdf at 10m height for Ali Al-karbee 2010

0.04

EPFM 0.04
MLE-NRM 0.04
MLE-IM 0.05
MLE-FDM 0.06

MLE-MIM
LLSM 0.04
MLLSM 0.04
EEM 0.04

SDM

0.21 0.62 0.39
0.23 0.58 0.34
0.35 0.57 0.32
1.21 0.37 0.14
3.04 0.09 0.00
|2 e
- 0.26 0.57 F
0.24 0.62 0.39
0.23 0.62 0.38

Table 3.7: Comparison of the accuracy test results using the

cdf at 10m height for Ali Al-karbee 2010

SDM 0.05
EPFM 0.05
MLE-NRM 0.08
MLE-IM 0.12
MLE-FDM 0.26
MLE-MIM 0.05
LLSM 0.05
MLLSM

3.6.3 Evaluation of mean wind speed and power density

0.50

0.73

1.68

6.66
16.81
0.41

0.28

0.96
0.95
0.87
0.78
0.03
0.96
0.96

0.93
0.92
0.77
0.61
0.01
0.93
0.92

The summary of mean wind speeds () and wind power densities (PD,,)
calculated for this site are shown in Tables 3.8, and they are calculated using
estimated Weibull parameters by nine mentioned methods. Then the estimated
parameters are substituted into Eqgs 2.21 and 2.104 to determine ¥ and PD,,
column 2 and 4, respectively (at standard air density). Also, the percentage error
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in evaluating mean wind speed and wind power density (using Eq. 2.77) is listed
in Table 3.8, column 3 and 5, where actual mean wind speed (v7,) is 3.83 m/sec
and actual power density (PD,) is equal to 109.5 W/m?. The percentage of error
in column 3 for evaluating mean wind speed is shown as a graphical
representation in Fig. 3.13.

Table 3.8: Comparison of methods in estimating mean speed and power density

Method v 0 PDy 0
SDM

_ 3.84 0.26 118.5 8.24
3.83 0 104.2 4.85
4.64 21.1 166.0 51.5
4.80 25.3 132.8 21.2
7.40 93.21 509 364
3.76 1.82 118.1 7.90
3.30 13.8 86.5 21
3.53 7.83 116.5 6.39
EEM 3.53 7.83 109.5 0

20
O T T T T

SDM EPFM MLE-  MLE-IM  MLE- MLE- LLSM MLLSM EEM
NRM FDM MIM

Fig. 3.13 Error values obtained in calculating the mean wind speed by different
methods.

In the same way, the graphical representation of errors in Table 3.8 column 5 is
given in Fig. 3.14.
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Fig. 3.14 Error values obtained in calculating the power density by different methods.

However, the results show that the error percentage test has its lowest value
when we estimate mean wind speed using EPFM, while the error percentage test
has its lowest value when we estimate power density using EEM.

Finally, the summary of best methods for Weibull parameters estimation (c, k)
for Ali-Al-Gharbi site (2010) at 10m height is given in the table below (Table
3.9). From this table it is possible to conclude that the EEM is a distinct
technique for wind energy applications at this region.

Table 3.9: Summary of the previous results

pdf cdf pdf cdf Vi P.D.
v v x x v x
x x v x x x
v v x v x v

3.7 Performance Comparison of Nine Methods in Estimating Weibull
Parameters - Monthly Based
In this section, we will test methods mentioned before for Weibull
parameters estimation in the same way we tested methods for one year, but now
for monthly based data. Since the monthly calculations will give huge results,
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thus it is sufficient to take one month (January) instead of 12 and see the results.
This way will give a general understanding of how methods will behave with
monthly based data. Like the previous section, an approach consisting of three
tests has been used to judge the suitability of these methods for parameters
estimation.

3.7.1 Graphical test

The estimated scale and shape parameters produced by the nine
mechanisms for January month are listed in Table 3.10. The extreme value of
scale parameter is for MLE-FDM and explains the anomaly behavior of this
method in pdf representation. The highest value in scale parameter estimated by
MLE-FDM makes the distribution stretch out to the right with a decrease in
height (as explained in chapter two), see Fig. 3.15e.

Table 3.10: Estimated shape and scale parameters at 10m height
for Ali Al-karbee, January

SDM 4.59 1.48

EPFM 4.64 1.63
MLE-NRM 5.11 1.50
MLE-IM 5.41 1.98
MLE-FDM 8.27 1.73
MLE-MIM, g =1.98 4.65 1.68
LLSM 4.00 1.35
MLLSM 4.37 1.55

EEM 4.67 1.56

An accurate determination of Weibull distribution for monthly based data (only
January of 2010) is illustrated in Fig. 3.15. This test has shown how much the fit
of Weibull distribution to wind speed is. Thus, when the graphics are reviewed it
can easily be seen that MLE-FDM method gives the worst fitness.
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Fig. 3.15 Estimates of the Weibull parameters by nine methods for Ali Al-karbee,
January month-2010.

The plot of measured histogram and the estimated Weibull distribution functions
in one graph (Fig. 3.16) excepting for MLE-FDM, reveals the slightly different
distribution plots between these techniques.

The curves of cumulative distribution functions having shape and scale
parameters aforementioned in Table 3.10 are plotted in Fig. 3.17, in addition to
the histogram of the measured data for Ali Al-karbee in January-2010. The
theoretical curve of cdfs calculated by MLE-FDM has the lowest graphical fit
followed by cdfs calculated using MLE-NRM and MLE-IM; that is because
these three methods produce more scale parameter values as shown in Table
3.10. As a result, the curves will deviate from the real measurements toward

high wind speed values; consequently, the peaks of the curves will decrease.
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Fig. 3.16 Comparison between theoretical pdfs and measured wind speed histogram for

Results and discussion
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Fig. 3.17 Estimated cdfs for each method and measured wind speed
histogram for Ali Al-karbee, January month-2010.
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For simple comparison between the methods we plot all of them in one figure
(Fig. 3.18), which illustrates how fit estimation curves having shape and scale
parameters listed in Table 3.10 with the measured wind speed data. Closely
fitting of the curves means the more potential of wind power and energy density
in the wave of the wind there, [Sey09]. Thus, except for MLE-NRM, MLE-IM,
and MLE-FDM methods, the rest technigues show good match with the
measured wind speed data (histogram).
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Fig. 3.18 Comparison between theoretical cdfs and observed
wind speed histogram for Ali Al-karbee, January month-2010.

3.7.2 Analytical test- goodness of fit test

As mentioned before, to determine proper theoretical pdf distribution, an
approach consisting of four goodness of fit tests (RMSE, y* R, and COD)
which have been used in addition to the above graphical test, the results of the
analysis are given in Table 3.11. The MLE-NRM shows lowest RMSE value
and near to the lowest of x?, besides highest values of R and COD. As a result,
the MLE-NRM is found to be the most accurate one for parameters estimation in
term of goodness of fit.
Goodness of fit between the measured and the cdf (estimated by nine methods)
values for the January month are listed in Table 3.12. Comparing the accuracy
test results at 10m height; the LLSM proves to be the best mechanism for
estimating cdf's parameters according to the lowest value of RMSE and y?; the

highest COD and R values.
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Table 3.11: Comparison of the accuracy test results using the

EPFM

MLE-IM
MLE-FDM
MLE-MIM
LLSM
MLLSM
EEM

0.038
0.039

0.041
0.054
0.039
0.042
0.039
0.037

0.17
0.21

0.60
1.09
0.24
0.21
0.20
0.18

Weibull pdf at 10m height for Ali Al-karbee January month-2010

0.62
0.59

0.54
0.21
0.58
0.52
0.57
0.61

0.38
0.35

0.29
0.04
0.34
0.27
0.32
0.38

Table 3.12: Comparison of the accuracy test results using the

Mechanism

SDM
EPFM
MLE-NRM
MLE-IM
MLE-FDM
MLE-MIM
LLSM
MLLSM

EEM

cdf at 10m height for Ali Al-karbee January month-2010

0.04
0.05
0.07
0.10
0.25
0.05

0.51
0.86
0.77
3.50
6.53
1.00

0.97
0.96
0.93
0.87
0.22
0.96

0.94
0.93
0.88
0.77
0.05
0.93

0.04
0.05

0.56
0.70

110

0.97
0.97

0.95
0.94



Chapter Three Results and discussion

3.7.3 Evaluation of mean wind speed and power density

In Table 3.13 the mean wind speeds (v) and wind power densities (PD,,)
are estimated at 10m height for January month, where they are calculated by
substituting the estimated Weibull parameters by nine mentioned methods into
Weibull based equations 2.21 and 2.104, respectively (at standard air density).
Furthermore, the percentile error of the nine methods in estimating v and PD,,
are shown in Table 3.13 (columns 3 and 5) using Eq. 2.77, where actual mean
wind speed (7,) is 4.15 m/sec and actual power density (PD,) is 116.6 W/mZ. It
could infer that EPFM gives better result for mean wind speed estimation; While
EEM gives better result for wind power density calculation.
Errors in calculating the mean wind speeds and power densities using the
estimated Weibull distributions in comparison to those using the measured wind
speed data are presented in Fig.s 3.19 and 3.20, respectively.

Table 3.13: Comparison of different methods according to the power density and mean
speed for January month at 10m height

4.16 0.24 121.26 3.99
4.15 0 105.4 -9.60
4.62 11.3 163.4 40.1
4.79 154 130.6 12.0
7.36 77.3 550.5 371
4.16 0.24 101.7 -12.7
3.66 -11.8 96.4 -17.3
3.93 -5.3 96.1 -17.5
4.20 1.20 116.6 0
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Fig. 3.19 Error values obtained from calculating the mean speed by different methods
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Fig. 3.20 Error values obtained from calculating the power density by different methods

Finally, the summary results of Ali Al-karbee for January month are presented
in Table 3.14. Four superior methods are listed in this table to compare their
performance simply. It is obvious that each of EPFM, MLE-NRM, LLSM, and
EEM shows reasonable fit with the measured data. Almost they equal in
graphical test. On the other hand, the EEM is found to be the most accurate
method according to power density estimation, therefore you could say that
EEM gives best result for parameters estimation at Ali Al-karbee location.
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Table 3.14: Summary of the previous results

pdf cdf pdf cdf Vi P.D.
v v x x v x
x x v x x x
v v x v x x
v v x x x v

3.8 Wind Site Characteristics - Weibull Based
Previously, we analyzed the performance of nine methods in estimating

Weibull parameters for wind energy application. The results prove that EEM is
the most efficient technique for parameters estimation; therefore its results will
be used in all subsequent calculations.

This section is dedicated for studying wind characteristics at Ali Al-karbee site
for one year (2010) and 10m high.

3.8.1 Analysis of results of the wind speed

Tables 3.15 shows the results of applying different statistics (mentioned
in sections 2.11 and 2.12) related to wind speed for one complete year (2010).
The characteristics of the wind speed at 10m height above the surface are
described based on Weibull parameters. The parameters are concluded from
measured data after applying the EEM.
Following points are observed:
- The annual mean wind speed recorded shows the suitability of the
wind resources at this site for micro and small wind energy systems.
- The mean and the median are unequal, then distribution appears to be
asymmetric
- Since the mean wind speed is bigger than the median, the distribution
Is skewed to the right. This thing could also be inferred from the
positive sign of 3" raw moment.
- The skewness of the wind speed data is positive, indicating that the
distribution is asymmetric with tail extending toward positive values.
- Kurtosis has positive value which indicates that we have peaked

distribution.
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- The maximum frequency is 0.20 at wind speed of 0.8 m/sec.
- Conventional and Weibull based mean wind speeds are matched.

Table 3.15: Descriptive statistics of wind data measured
at Ali Al-karbee (2010)

Characteristic Value
¢ (m/sec) 3.75
k 1.19
Mean speed (m/sec) 3.53
Median speed (m/sec) 2.75
Modal speed (m/sec) 0.80
Max frequency 0.20
Variance (m/sec) 8.90
The Std. of wind velocity (m/sec) 2.98
Coefficient of variation 3.17
1% raw moment (Mean speed, Weibull based) (m/sec) 3.53
2" raw moment (m/sec)” - measure of Spread 21.3
3 raw moment (m/sec)*- measure of Skewness 179.3
4™ raw moment (m/sec)*- measure of Kurtosis (Peakedness) 1,901.8

3.8.2 Analysis of results of the wind sectors

Depending on the wind direction, it is possible to distribute data on 12
sectors; then, data in each sector could be made in a histogram form depending
on the wind speed values (see Fig. 3.21). Each sector has its corresponding
histogram graph binning at 1m/sec. Moreover, pdfs estimated by EEM are
plotted in red lines for each histogram.

Now, after finding ¢ and k for wind regime in all sectors it is possible to
find mean wind speeds and power densities in addition to the frequency of wind
speed occurrence for each sector (Table 3.16). The total mean wind speed and
power production for one year at Ali Al-karbee site are given in the bottom of
the table, after summing the multiplication frequency of occurrence percentages
with mean wind speed or with power density for each sector. The output result
may not be exact the same as the production based on the Weibull ¢ and k
parameters of the total wind distribution; however, in most cases the difference
should be small.
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Fig. 3.21. Probability plot and wind speed histogram for 12 different sectors.
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Table 3.16: Frequency percent, Weibull fitting Parameters, predicted mean and power
density in 12 sectors

Sector | Frequency PD,_

“ 2071 1.00 5.140 106.4
- 6.84E-02 10.3 3.60 024 6342 43.4
“ 1.02 4,88 157 439 1318 134.4
“ 9.48 5.19 2.05 460 1113 1055.1
7.36 5.24 224 463 1055 776.48
4.07 4.66 1.88 413 8847 360
212 4.04 2,08 358 5197 110.1
210 0.89 3.83 1.60 344 6182 55
240 0.58 3.87 233 342 41.00 2378
270 2.84 4.60 2,83 400 6147 1745
300 31.98 5.42 2,04 480 1275 4077.4
330 18.83 6.64 2.25 587 2139 4027.7
Total (PDw, D) = =32, freq % - (PD,, . V) ::'1“/;:'1 \F/)v?rv:{": 1094

3.8.3 Analysis of results of the wind potential power

The product of percentage of time we receive wind from a particular
direction and Weibull based power density form Eq. 2.104, will help in
identifying the energy supplied by different directions. Fig. 3.22 shows the
energy rose for Ali Al-karbee site (2010) at 10m height. Wind energy in this site
is distributed mainly at northwestern direction, specifically sectors 300 and 330
and sectors 90 and 120. The energy available at the northwestern direction
approaches 74% of energy site while southeastern direction provides about 17%
of energy site.
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Fig. 3.22 Annual energy rose for Ali Al-karbee 2010.

Table 3.16 column7 gives the contribution of power density percent in each
sector. While Table 3.17 shows how much the estimated Weibull based power
density using EEM agrees with one calculated using cube wind speed of
measured data (Eq. 2.103), and actual power density frequency dependent (Eq.
2.107). The speed which gives maximum power density is equal to 8.5m/sec and
plotted at the peak of the pdf (see Fig. 3.23), In Fig. 3.23 the power density is
plotted as a function of wind speed using estimated Weibull parameters.

Table 3.17 Actual power and energy potential for Ali Al-karbee Site.

_
WPD,, (W/m?) at 10m height (cube measured data) 109.51

Site properties

PDa (W/m?) at 10m height (frequency dependent) 105.53

PD,, from estimated ¢ & k parameters at 10m height (W/m?) 109.52
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Fig. 3.23 Power density vs. wind speed, Speed of maximum power density is 8.5 m/s.

3.9 Monthly Wind Site Characteristics - Weibull Based

This section is dedicated for studying monthly wind characteristics at Ali

Al-karbee, the calculations using Weibull parameters predicted by EEM.

3.9.1 Monthly of analysis of wind speed data

Table 3.18 shows the descriptive statistics (introduced in Sections 2.11, and

2.12) of wind speed, which reveal obvious variation in monthly periods. These
statistics could be summarized as follows:

iv.

Vi.

Vil.

viii.

Positive skewness coefficients mean distributions one with tails extended
toward positive values.

More negative kurtosis coefficients mean more flatness distributions.

The two significant wind speeds for wind energy estimation (the most
probable wind speed v; and the wind speed carrying maximum energy Vi)
are given in this table.

A median speed has its highest value in the summer season, particularly in
July while its lowest value appears in the winter season, particularly in
November.

From standard deviations values one can conclude that the deviation of
wind speeds from its mean value is increased in summer and reaches its
maximum value in July. Which it is evidence of increasing in wind speed
values, that in turn decreases the turbulence at this time

The coefficients of variation suggest that variability in wind speed data in
November and December is more than in other months.
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Table 3.18: Monthly brief analysis of the wind speed characteristics
calculated by EEM at 10 meter height.

0.646 0.581 2.42 7.92 4.20 3.69 2.75 65.6
0.276 -0.456 0.42 7.73 297 2.23 2.66 89.4
0.547 0.562 2.52 7.61 4.12 3.67 2.63 63.7
0.940 0.948 0.58 8.99 3.53 2.68 3.10 87.9
0.506 -0.030 2.43 9.26 4.70 4.05 3.23 68.8
0.373 -0.414 3.16 gl 5.12 4.56 3.24 63.4
0.424 -0.094 3.73 9.69 5.52 5.00 3.31 60.1
0.072 -1.200 0.07 6.50 2.27 1.59 2.18 97.1
0.415 -0.310 0.91 8.28 3.50 2.76 2.88 82.4
0.084 -0.498 2.12 6.85 3.64 3.21 2.37 65.2
0.446 -0.824 0 5.82 1.93 1.34 1.94 100
0.607 -0.237 0 6.69 2.22 1.54 2.23 100

Fig. 3.24 demonstrates monthly mean wind speed values throughout the year
obtained from Weibull probability model at a height of 10 m for Ali Al-karbee
station. The mean speed in July is the maximum, while the one in November is
the minimum, which gives a meaning that wind in our location is seasonable.
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Fig. 3.24 Monthly mean wind speed variations throughout
the year 2010 predicted by Weibull pdf.
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The monthly estimated power density for our station is plotted in Fig. 3.25.
Wind power density is calculated using predicted Weibull parameters (¢ & k) by
EEM. It is obvious from this Fig. that power density is increased in summer
months and reaches it highest value in July 232.7 W/m?. While lowest value is
shown at November 26.8 W/m?. Thus, this area will have maximum production
in summer month (except August), and this is an advantage for the construction
site of the wind farm.
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Fig. 3.25 Comparison between the monthly power density variation
for the year 2010 predicted by Weibull pdf.

3.9.2 Monthly analysis of results of pdf and cdf

Fig. 3.26 shows monthly Weibull pdf plotted against the histogram of wind
speed data. It has been found that the estimated curve is trying to keep up the
variations in wind data, and crest of pdf is close to crest of measured wind data.
The monthly Weibull probability density and cumulative distributions of
the measured data for the whole year of the location is shown in Fig.
3.27 and Fig. 3.28 respectively. The peak of the density function frequencies of
the location skewed towards the higher values of the mean wind speed.
From Fig. 3.27 the most frequents wind speed of the location were found to
vary from about 1.93m/s in the month of November with peak frequency of
approximately 20% to 5.52m/s expected in the month of July with approximate
peak frequency of 11%. Any point at curve in Fig. 3.28 represents the fraction
of time (or probability) that the wind speed is equal to or lower than
corresponding wind speed value at x-axis.
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Fig. 3.26 Monthly pdf and wind speed histogram.
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Fig. 3.27 Monthly pdfs forAli Al-karbee 2010 (¢ & k computed by EEM).
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Fig. 3.28 Monthly cdfs forAli Al-karbee 2010 (c & k computed by EEM).

From Figs. 3.27 and 3.28, in it is obvious that the increment in Weibull
parameters causes shifting in pdf and cdf toward right axis. As a result, both
mean and median wind speeds will increase also.

3.9.3 Monthly analysis of Weibull parameters

The statistical parameters for fitness evaluation of pdf are presented in
Figs. 3.29 and 3.30. These Figs. show the monthly Weibull shape and scale
parameters calculated by using EEM. Since the scale factor directly relates with
the average wind speed, it may be concluded from Fig. 3.29 that mean wind

speed is higher in July than in other months.
122



Chapter Three Results and discussion
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Fig. 3.29 Monthly variation of parameter c of the Weibull distribution.

Fig. 3.30 indicate that the monthly variation of parameter k is similar to that in
parameter c.
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Fig. 3.30 Monthly variation of parameter k of the Weibull distribution.
Since there an inverse relation between coefficient of variation and k according
to Eq. (3.1), [Win08]:

0.9
= (——)109 3.1
k (C.V.) (1)
thus, any increasing or decreasing in C.V. (Table 3.18) will coincide with

decrease or increase in value of k respectively.

3.9.4 Analysis of results of the wind potential power (monthly based)

Fig. 3.31 shows the energy roses during the whole year of 2010 at Ali Al-
karbee site. It is obvious from this figure that the energy from the northwestern
is available throughout the year in spite of decreases in some months, such as
the cold months. Also it can be seen that energy comes from southeastern
direction is increased in cold months such as Janury, February, and March.
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Fig. 3.31 Monthly energy wind roses for Ali Al-karbee 2010.
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3.10 Turbine —Weibull Model

The characteristics of the wind speed are different from site to site.
Also, wind turbine generator, WTG characteristics are different from one to
another. Pairing between the performance parameters of wind speed
characteristics of each site and the WTG can increase the wind energy captured
and reduce the cost of the generated energy. The main characteristics of wind
speed in a certain site are the shape parameter, k and the scale parameter, c that
can be obtained from Weibull distribution statistical technique (as we done
before). Also, the main performance parameters of the WTG are, cut-in, cut-out
and rated wind speeds and rated power of the WTG.

3.10.1 Specification of the chosen wind turbine

The SUZLON S64-950 is our chosen wind turbine. The machine produces
a nominal output power of 1.25 MW. With a rotor diameter of 71m, it can be
operated at wind speeds between 2m/s and 25m/s. Table 3.19 shows the main
specifications of the chosen turbine

Table 3.19: Wind turbine technical specification
SUZLON S64-950

3

Number of blades
Rotor diameter 64 m
Swept area 3218 m?

Blade material GFRP

Rotational speed at rated 20.62 rpm
power

Cut-in wind speed 3 m/sec
Cut-out wind speed 25 m/sec
Rated wind speed 11 m/sec

Rated power 950 KW

Hub heights 57m
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3.10.2 Wind resource extrapolation

Previously, the Weibull parameters have been estimated at 10m height.
Now, since the hub height of the chosen turbine is 57m, thus it is necessary to
extrapolate each wind speed to this height.
Figs. 3.32 and 3.33 show comparisons between Weibull shape and scale
parameters (c, k) calculated at 10m height and those estimated by EEM after
extrapolate all wind speeds to new height 57m, respectively. These factors have
been extrapolated to 57m height using power law (Eq. 2.81) for each month in
the year 2010 (where a = 0.14).
The monthly extrapolation of parameters k at new height (57m) remains
constant in comparison with the values that measured at 10m (see Fig. 3.32). A
lower value of k indicates a greater deviation from the mean wind speed while a
higher value of k indicates a small variation from the mean wind speed and the
probability curve becomes more peaked. That is because k has invers
proportionality with standard deviation of the distribution according to Eq. 3.2,

[Win08].

0.9
k= ()" (32)
v
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| 10 meters 57 meters |

Fig. 3.32 Comparison between the values of the monthly Weibull
shape parameters at 10 and 57m hub heights.

At a 10m height, the wind site has scale parameter ¢ values ranging between
2.23 10 6.19 using the EEM. While at 57m height, the scale parameter has values
ranges between 2.49 to 8.07 at 57m, as shown in Fig. 3.33 below. Since the
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mean wind speed has a direct proportion with ¢ value (Eq. 2.21), thus the wind
speed will increase with heights also. Accordingly, the site has gentle wind
moving towards the moderate wind range in the month of July.

10

Scale parameater ¢

u]
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Month

| 10 meters 37 meters |

Fig. 3.33 Comparison between the values of the monthly Weibull
scale parameters at 10m and 57m heights.

After computing ¢ and k at new height (57m), then we could calculate new wind
potential power density at this height using Eq. 2.104. Fig. 3.34 displays the
monthly variation in the potential power densities, based on the Weibull
function at 10m, as well as extrapolated potential power density at 57m. This
figure shows the extent of the increase in the potential power density at the new
height compared with the original height.
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Fig. 3.34 Extrapolated of monthly PD,, from 10m to 57m
at Ali Al-karbee site 2010.
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The monthly values of the Weibull parameters (c and k) at 57m above the
ground level are estimated using EEM, after extrapolated all wind speeds in
each month to 57m using power law, and the results are listed in Table 3.20. In
addition to the monthly extrapolated Weibull parameters using Eqgs. 2.86 and
2.87 are also shown in this table.

Table 3.20: Monthly extrapolated Weibull parameters and
power density for Ali Al-karbee station (2010) at 57m.

Using Power law Extrapolate Weibull parameters

e c P.D. c P.D.
386

January 5.94 1.55 242.26 7.55 1.84

February 3.72 1.06 153.72 5.39 1.32 250
March 5.99 1.67 220.04 7.46 1.9 358
April 4.59 1.11 248.42 6.24 1.34 375

\VEW 6.75 1.52 367.45 8.25 1.74 542
June 7.44 1.68 417.51 8.92 1.91 608

8.07 1.8 483.5 9.52 2.03 692
August 2.80 1.0 80.78 4.18 1.21 145
September 4.66 1.19 211.41 6.28 1.44 322
October 5.27 1.62 156.77 6.72 1.85 270
November 2.49 1 56.46 4.23 1.18 161

o
=

December 2.85 1 85.11 4.67 1.29 172
: 4- PD,, (aft
1- PD,, (estimated by power law) 226.9 (after 356.7
extrapolat ¢ & k)

2- PD (source data) 227.4

3- PD,, (fitted distribution) 220.0

At the end of the table power density is calculated in four ways; first, estimate
Weibull parameters (using EEM) after extrapolating the wind speed for each
month to 57m height (using power law), then calculating PD,, average value for
the year 2010 after calculating it for each month, the result is 226.9 w/m?,
Second way depends on raises wind speed data from 10m to 57m, then
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calculates the power density for each new wind speed, the average of these
values is the source power density equal to 227.4 w/m® The third way is
achieved by fitting the distribution yielding from 2™ way, the estimation process
gives c=4.61m/sec, k=1.16, 0 =3.83, v =4.4 m/sec, PD,, =220 w/m?. The PD,,
calculated by the 4™ way is achieved by extrapolating ¢ and k using Eqs 2.86-
2.88 (gives 356.7w/m?).

Its obvious that the first three ways give near results, while the 4™ one is too
much higher than others. This means that Eqs 2.86-2.88 give an over estimate
power density.

3.11 Wind Turbine Performance Results
The performance of wind turbine will be studied through output power
and capacity factor, as follows:

3.11.1 Analysis of output power

Table 3.21 shows the output properties of the chosen wind turbine if it is
installed at Ali Al-karbee site. This table gives the maximum output power or
mechanical output power mentioned by Eq. 2.91, where c, (power coefficient)
given from manufacture power curve = 0.44, annual mean wind speed at 10m =
5.6336 m/sec (for root mean cube), annual mean wind speed at 57m = 7.188 (for
root mean cube), air density =1.225 kg/m°®, and rotor diameter = 64m. Also, the
number of wind turbine generation power per a day and a year is given in this
table, where ¢ and k are found by using EEM for this site. In addition to number
of wind turbine generation hours for different wind speeds with the help of
cumulative distribution function (see section 2.11). Finely, capacity factor at
10m height for our site is computed using Eq. 2.93 is equal to Cr = 15%.
All outputs are recalculated again at wind turbine hub height. Wind turbine
mechanical power is increased about 48% from ground level. While, capacity
factor becomes Cr = 22% after extrapolating wind speed to 57m.
Fig. 3.35 shows the results of calculating the power curve from SUZLON S64-
950 turbine versus a range of mean wind speeds variations after installing the
turbine at Ali Al-karbee site. For comparison, Fig. 3.35 also shows theoretical
power curve coming from manufacturer of the turbine at the same graph. It can
be seen that the output power in a variable wind can be significantly different
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from the steady wind output. At the lower mean wind speeds of around 1 to 6
m/sec, the output power is the same as theoretical power curve whereas at the
mean speed of more than 6 m/sec, the output power is less than the theoretical
one. These proportions are rather typical of many wind turbines.

Table 3.21: Turbine output results.

Properties Values 10m | Values 57m

Scale factor c, (m/sec) 3.75 4.61
Shape factor k 1.19 1.16
Pt max (Watt) (turbine mechanical power) 155061 322083

No. of generation hours per a day 11 13

No. of generation hours per a year 4068.4 4764.3
Annual energy (kwh) 63084 1534516
prbability of wind speed between cut-in and cut-out 0.46 0.54

The prbability of wind speed that exceeding 5 m/sec 0.24 0.33
The prbability of wind speed that exceeding 7 m/sec 0.12 0.19
Capacity factor Cg 0.15 0.22
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Fig. 3.35 Mean output power from SUZLON turbine at Ali Al-karbee site.
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3.11.2 Analysis of capacity factor

Several wind turbines of different specifications are available in the
market. A wind energy project planner can choose a system (best suited for his
site) from these available options. Hence, it is important to identify the effect of
functional velocities (V;,, V; and V) on the turbine performance at the given
location. This subsection employs Weibull distribution function through Eq.
2.93 to perform capacity factor analysis at Ali Al-karbee site. The chosen wind
turbine generator has characteristics listed in Table 3.19, while the properties of
site at 10m and 57m height defined by Weibull parameters are given in Table
3.21.
Fig. 3.36 shows Cg versus different cut-in (a, d), cut-out (b, e), and rated (c, f)
wind speed values. The effect of cut-in speed V;, is a noticeable decrease in the
capacity factor. Whereas the effect of cut-out speed V., on the system
performance is prominent up to 18 m/sec at 10m height and 24 m/sec at 57m.
With further increase in the cut-out velocity, the capacity factor is not improved
considerably.

Now, the effect of cut-in V;, on the capacity factor is summarized by decreasing
of system performance with increase in Vj,. The reason is evident from turbine
power curve, such that the increase in Vj,, area under the power curve reduces,
which is finally reflected as the reduction in the capacity factor.

The same thing is true for the effect of rated speed V, on the capacity factor,
such that the increase in V,, area under the power curve reduces, which is finally
casing a reduction in the capacity factor.

Cut-out wind speed often ranged between 20-25m/sec, at this range system
performance or capacity factor has no considerable improve, and this can be
reflected from the stable state of power curve at this region.

Another important fact that could be inferred from Fig. 3.36 is that; performance
of a wind turbine improves (the increment in Cg) with its tower height since
wind velocity increases with height. Hence, the taller the tower, the higher will
be the power available.
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Fig. 3.36 The effect of turbine velocities on capacity factor
for different heights.
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3.12 Roughness Length and Roughness Class

The roughness length of the chosen site can be calculated as follows:
We first must calculate wind speed at hub height (here 57m) using power law
Eqg. 2.81. Then apply Eq. 2.79 to find roughness length. Now, you could easily
find the roughness class by Eqg. 2.80, see Table 3.22.

Table 3.22: Roughness length and roughness class at Ali Al-karbee 2010.

Input variables

Properties value Methodology
vy (m/sec) &5 EEM

Power exponent 0.14 Given by IEC

Output variables

Properties value Methodology

V, (m/sec) 4.50 Power law (Eq. 2.81)

Roughness length z, (m) 0.0182 Roughness law (Eq. 2.79)

Roughness class RC 09=1 By Eq. 2.80

3.13 Summary of Results of Different Locations

Previously, we studied wind zone for Ali Al-karbee from several aspects
such as time variation (values and directions), finding the best way for Weibull
parameters estimation, calculating energy before and after turbine installation,
data extrapolation, number of generation hours, capacity factor and so.
Now we will examine other locations, they are Baghdad, Basrah, Kerbala, and
Nasiriya; then give the most important results to those who are interested in
wind energy projects.
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Table 3.23: Most important information for different location

44° 13477 4T°.46'48"  46°.1347"  44°.2 59"
33°15'35" 30°.31.11" 31°.1.117  32°.34'.12"
2010 2010 2010 2012
9280 9747 8736 51622
1.4% 25% 0.7% 11%
MLE-MIM  MLE-MIM EEM EEM
3.14 4.44 4.7 4.07
1.81 2.08 1.84 1.47
2.79 3.92 4.17 3.67
2.56 3.72 3.85 3.17
2.01 3.24 3.06 1.87
0.25 0.19 0.17 0.18
1.65 2.4 2.4 2,55
57.4% 50.8% 56.6% 69.2%
237 724 1152 1173
28.53 68.49 93.07 85.02
3.82 5.66 6.00 5.19
1.81 2.05 1.84 147
3.39 5.01 5.32 4.69
3487 5616 5580 4507
4582 6496 6210 5174
751988 3010194 3856869 2930388
0.04 0.10 0.14 0.14
0.08 0.20 0.25 0.22
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3.14 Turbulence in Nasiriya
Nasiriya was selected as an open space site to study turbulence intensity
effects on small and large wind turbines (SWT & LWT). Nasiriya is the capital
of the province of Dhi-gar in Iragi state on the Euphrates about 225 miles (370
km) southeastern of Baghdad. Fig. 3.39 shows its position on Irag map.
Data was collected from Weather Underground website for three years (2008,
2009 and 2010), the results was also compared to the Normal Turbulence Model
(NTM), as it is defined for the standard SWT and LWT classes by the IEC
(2006) and IEC (2005), respectively.

Nasiriyah @

Fig. 3.37 Nasiriya location in Iraq

3.14.1 Standard deviation of wind speed calculations

The standard deviation of wind speed is plotted as a function of mean
wind speed, v in both Figs. 3.38 and 3.39. The red dots represent each of
calculated o, value. A linear regression is calculated, with the use of the least
square method, and drawn as a pink color line through all of the g,, points. The
calculated 50" and 90" percentile standard deviations (o5, and goy) by
Egs.2.120a and 2.121a, respectively, are compared to the NTM for SWT and
LWT given by Eqgs. 2.122 and 2.124, respectively. Where the orange and black
lines in Fig. 3.38 represent the 90" and 50" NTM percentile, while the orange,
black and green lines in Fig.3.39 represent the three turbine categories A, B and
C, respectively, such that the NTM in the three left graph represent the 50"
percentile, while the NTM in the three right graph represent the 90" percentile in
this figure.
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After substitution of variables values in Eq.2.122 in case of 90" percentile of the
NTM we get o; = 0.127 + 1.00. This means that the 90" percentile of the NTM
has an initial magnitude of o; = 1m/s for v = 0 m/sec which is a physical
impossibility and should only be seen as a theoretic value. This model is
justified in the application of wind turbines since wind speeds below the cut-in
wind are irrelevant for the loading calculations.

Fig. 3.38, shows the results for January — December 2008, 2009 and 2010
respectively, drawn under NTM that belongs to small wind turbine, while Fig.
3.39 is drawn under NTM that belongs to large wind turbine. There is a large
spreading in the resultant values of g, at this height and o,, takes both small and
large values. For wind speeds lower than 12 m/sec there is a large amount of
small scale standard deviations. This indicates that the flow at this height, is
characterized by small scale turbulent eddies.

The majority of the o, lies underneath the NTM 90" percentile for both cases
small and large wind turbines for each year of the study, as shown in Figs. 3.38
and 3.39. The most extreme value of o, is measured starting from 5m/s. A
comparison with the NTM thus shows that the standard model correctly
describes the observed increase in o, with increasing wind speed at this altitude.
The linear regression has a deviates from the NTM which is seen to poorly
represent the a,, at 2008 and 2009, while we see a close approximation between
this line and NTM at 2010. Since the wind speeds are low, it is difficult to draw
any real conclusion about how the pattern will look like for higher wind speeds
in such environment but the overall agreement with Figs. 3.38 and 3.39 can be
said to give a hint of what kind of turbulence characteristics might be found
there.
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Fig. 3.38 Standard deviation as a function of v which belongs to
Nasiriya site for SWT.
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3.14.2 Turbulence intensity calculations

Figs. 3.40 and 3.41 show the results of turbulence intensity Tl, given by
Eq. 2.117 in red dots. The calculated mean and representative Tl (Tlso and Tlgg)
by EQgs.2.120b and 2.121b are compared to the NTM for SWT and LWT given
by EQs. 2.122 and 2.124 divided by mean wind speed 7, where the orange and
black lines in Fig. 3.40 represent the 90" and 50" NTM percentile, respectively.
While the orange, black and green lines in Fig.3.41 represent the three turbine
categories A, B and C, respectively, such that the NTM in the three left graph
represent the 50" percentile, while the NTM in the three right graph represent
the 90™ percentile in this figure.
The y-axes of the all preceding graphs are cut at 0.6 for convenience, values
greater than this are only found for low wind speeds which corresponds to
minimal loadings on the wind turbines and are thus irrelevant for the results. It
can be seen from these Figs. that the large scale turbulence intensity occurs for
lower wind speeds, and decreases continually. Also, most of the measured TI,
clusters are under the NTM limits, except some points, where a few of the
measurements contain larger values than these estimated by the NTM. It should
be noted that all TI, in Figs. 3.40 and 3.41 at a wind speed equal to 15 m/sec has
average value of Tl, = 0%.
The observations in Figs. 3.40 and 3.41 show that the pattern of the turbulence
intensity at this site differs from the NTM, and TI, is found to be both lower and
higher than the NTM. For the highly turbulent cases, it seems like the observed
TI, values in most cases higher than the model for low wind speeds, as indicated
by the dots with high TI,.
Regression is calculated, with the use of the least square method, and is drawn
as a pink color curve through all of the data points. In Figs. 3.40 and 3.41, the
mean turbulence intensity (Tls) is calculated using Eq. 2.120b is plotted for
speed interval of 1m/s in blue line (left column of these Figs.). The cyan line
(right column of these Figs.) represents the 90" percentile of the observed
turbulence intensity (Tlg) is calculated using Eq. 2.121b. These values can then
be compared to the 50" and 90" percentiles to give a conclusion about turbine
category. Since, the point of primary interest is the mean Tl at 15 m/sec, which
IS (0%), this indicates no turbulence and that a category C wind turbine is
possible for both wind turbine types (LWT and SWT).
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Fig. 3.40 Tl as a function of ¥ which belongs to Nasiriya
site for SWT.
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Fig. 3.41 Tl as a function of v which belongs to Nasiriya site for LWT.

3.14.3 Histogram of turbulence intensity

In Fig. 3.42, the distribution of turbulence intensity, Tl,, is shown in
yellow bars divided into intervals with bin size of 5%. The left y-axis denotes
the relative frequency of occurrence of Tl, within different intervals. The annual
mean turbulence intensity values for the entire measuring periods are 15% at
2008, 16% at 2009, and 14% at 2010. The maximum value of x-axes is taken to

be 120 % for convenience.
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The highest frequency of turbulence intensity is located in the range of 0-10%
with majority of frequency measurements arranged as 29%, 27%, and 34% for
the years 2008, 2009, and 2010 respectively. The cumulative frequency of
turbulence is given on the right y-axis as a total number of elements.
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Fig. 3.42 Frequency of Tl and its cumulative as a function of Tl which belongs to
Nasiriya site.

3.14.4 Distribution of T versus wind speeds

The distributions (frequency) of Tl, as a function of mean wind speed can
be seen in Fig. 3.43, representing by green bars binned with intervals of 1m/s.
The frequency of turbulence intensity is given on the y-axis as a total number of
elements in each wind speed interval. The highest frequency of turbulence
intensity occurs at wind speed interval 2-3m/s with value 22% for 2008 and 23%
2010, respectively. While in 2009, the highest frequency of turbulence intensity
occurs at wind speed interval 1-2m/s with value 22%.
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Fig. 3.43 Tl as a function of ¥ which belongs to Nasiriya site.

3.15 Turbulence in Kerbala

Turbulence in Kerbala will be studied based on data recorded every 10
minutes for the year 2012 from January to December. By adopting the same way
that is applied in Nasiriya site, the turbulence for small and large wind turbine
will also be compared with the NTM for 50" and 90" percentiles.
For the purpose of determining the appropriate wind turbine class in this region,
a comparison with NTM must be done at speed 15m/sec. Sections below
demonstrate this procedure.

3.15.1 Standard deviation of wind speed calculations

The standard deviation of wind speed is plotted as a function of mean
wind speed (7), in both Figs. 3.44 and 3.45. Now, all what we mentioned before
about standard deviation calculation (section 3.14.1) is true here, but the
following should be noted; Fig. 3.44, shows the standard deviation o,, of wind
speed results for period January — December 2012. The results are plotted in red
dots drawn under NTM that belongs to small wind turbine, while Fig. 3.45 is
drawn under NTM that belongs to large wind turbine. There is a large spreading
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in the resultant values of o, at this height and o, takes both small and large
values. For wind speeds lower than 10m/s there is a large amount of small scale
standard deviations values concentrated on less than 1m/sec. This indicates that
the flow at this height, is characterized by small scale eddies corresponding to
situations with no, or only light, turbulence.

The majority of the o, values lie underneath the NTM 50" percentile for small
wind turbine as shown in Figs. 3.44. The most extreme value of o, is started
from 3m/s. The blue and cyan lines (left column and right column in these Figs.)
are calculated from o5, and o4, (EQs. 2.120a and 2.121a) to make a comparison
with the 50" and 90™ percentiles of NTM respectively. A comparison between
the linear regression and the NTM lines can be used as an indicator to the
concentration position of a,,, which gives a weight in the regression formula.
This mean that a most of o,, have low values.
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Fig. 3.45 Standard deviation of wind speed as a function of ¥ which belongs to
Kerbala site for LWT.
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3.15.2 Turbulence intensity calculations

Figs. 3.46 and 3.47 show the results of turbulence intensity TI, in the
same way that we find in section 3.14.2. The y-axes of the graphs are cut at 0.6
for convenience. It can be seen from these Figs. that the large scale turbulence
intensity occurs for lower wind speeds, and decreases continually, and most of
the measured TI, clusters are under the NTM limits, except some points, where a
few of the measurements contain larger values than that estimated by the NTM.
In Figs. 3.46 and 3.47, the turbulence intensity is plotted for speed interval of
1m/s in blue line (left column in these Figs.). The cyan line represents the 90"
percentile of the observed turbulence intensity. These lines (blue and cyan) are
calculated from Tlso and Tlgo (EQs. 2.120b and 2.121b) can then be compared to
the 50" and 90™ percentiles of NTM respectively. Turbulence has more scatter
at low wind speeds. This is because deviation from neutral atmospheric stability
IS more pronounced at low wind speeds. A point of primary interest is the mean
Tl at 15m/s, is 0%. This indicates no turbulence and a category C is possible for
both LWT and SWT.
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Fig. 3.47. Tl as a function of v which belongs to Kerbala site for LWT.
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3.15.3 Histogram of turbulence intensity

In Fig. 3.48, the distribution of turbulence intensity, Tl,, is shown as
yellow bars divided into intervals with bin size 5%. The y-axis denotes the
relative frequency of occurrence of TIl,, while the cumulative frequency of
turbulence is given on the right y-axis to show total number of elements and
how frequencies of turbulence intensity increase at each bin.
At altitude 10m height, the annual average value of TI, is 12%. The highest
frequency of events has between 0-5% turbulence intensity with occurrence
value 57.4%, on the other hand turbulence intensity in the range of 5-10%
values reaches more than 14% from all measured data as seen in Fig. below. The
distribution is skewed with a larger distribution of low TIl,. The maximum value
of x-axes is taken to be TIl, =120% for convenience. The observations have a
non Weibull distribution shape such as in Nasiriya site.
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Fig. 3.48 Frequency of Tl and its cumulative as a function of ¥ which belongs to
Kerbala site.

3.15.4 Distribution of T versus wind speeds

The distributions of TI, as a function of mean wind speed can be seen in
Fig. 3.49, represented by green bars binned with intervals of 1m/s. The
frequency of turbulence intensity is given on the y-axis as a percentage of total
number of elements. The highest frequency of turbulence intensity occurs at a
wind speed ranging from 0-1m/sec with occurrence value 53%, besides that non
wind speeds is higher than 10m/sec, see Fig. 3.49.
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Fig. 3.49 Tl as a function of ¥ which belongs to Nasiriya site.

3.16 Representative Tl Calculations for Directional Sectors

In this section, 90" percentile representative turbulence intensity (lvep)
produced from different wind directions in Nasiriya and Kerbala sites will be
produced. We use wind rose consisting of 8 sectors to provide some insight on
the different turbulence intensity directions, and to have general thought about
the reasons that might have produced them. First, the dominant wind direction
must be calculated, and then distribute wind speeds according to their directions
between rose's sectors. Fig. 3.50 shows the wind roses for Nasiriya and Kerbala
sites divided in 8 sectors, wind at these two locations blowing mostly from the
western, northwestern, and northern directions specifically from sector 8, in
addition to winds blowing from other directions.

5 5
¢ L e ——— o L1 1 )

a- Nasiriya 2010 b -Kerbala 2012

Fig. 3.50 Wind roses for two locations.
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Now, it is possible to find Tl at each sector, the plots of Tl as a function of wind
speed in 8 sectors for Nasiriya and Kerbala sites are shown in Figs. 3.51 and
3.52, respectively. The data were plotted following the procedure of IEC61400
edition 3 (red line) compared with NTM which represents 90" percentile of TI.
The three curves of NTM give turbine category A, B, and C in green, yellow,
and cyan respectively. It is obvious from these Figs. that there is no
representative Tl at wind speed 15m/sec for both sites. From Nasiriya area all
sectors (directions) have Tl values more than NTM at low wind speeds but the
high Tl is shown in sectors 5 and 6 (southern and southwestern directions). On
the other hand, Kerbala site has moderate representative Tl such that it has lower
values than NTM; this is due to the effects of what exists in that direction
around recorder station. Somehow there is a relationship between the
occurrences of velocities in a sector with the severity of the Tl in that sector,
such that less turbulence in a sector where there is less wind frequency during
that period, such as in sectors 2, 3, and 4 in both sites.

As mentioned before, the recommended turbine category for this site is C; Figs.
below confirm this choice.
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Fig. 3.51 Representative turbulence intensity (lrp) at different directions, Nasiriya-2010.
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Fig. 3.52 Representative turbulence intensity (lp) at different directions, Kerbala-2012.

After computing |, for each sector as shown in Figs. 3.51 and 3.52, now it
could be possible to compute total I, at wind speed 15m/sec for Nasiriya and
Kerbala sites using Eq. 2.126 only. As expected from proceeding calculations,
the results show that I, for both locations equal to zero, l.,,= O (see Tables 3.24
and 3.25)

-

Table 3.24: ¢, s and I, for 8 sectors at wind speed 15m/sec for Nasiriya site.

Center
lrep_s% (N0 0.0 00 00
£.% 201 33 72 96
No. 1756 290 626 839
samples

0

150

0 45 90 135 180 225 270 315

0.0 0.0 0.0 0.0
5.0 3.7 17.4 32.9
434 325 1524 2873
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Table 3.25: ly¢p s and Iy, for 8 sectors at wind speed 15m/sec for Kerbala site.

0 45 90 135 180 225 270 315

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
17.9 5.7 4.9 10.3 3.4 2.9 8.8 31.9

9238 2964 2523 2325 1756 1504 4554 16484

0

3.17 Effects of Turbulence on Power Curve

The power curve measurement at a test site must include a measure of the
turbulence level to permit a possible correction to the power curve. The effects
of turbulence on wind turbine power curves are estimated in Fig. 3.53. It is
obvious that there is no change in the theoretical power curves of the two sites,
because turbulence intensity at these sites is not high enough to make change in
the theoretical power curves.
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-
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-
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Wind Speed(m/sec) Wind Speed(m/sec)

[ Theoratical Pover = Affected Pover |

‘ Theoratical Power Affectad Puwer|

a- Nasiriya-2010 b- Kerbala-2012

Fig. 3.53 Effect of turbulence intensity on power curve at two sites.

3.18 Vertical Extrapolation of Turbulence Intensity

The data belonging to Nasiriya location were recorded from Weather
Underground website. This site has mean wind speed (listed in Table 3.23)
equals 4.17m/s. Since, the prediction of mean wind speed at different heights
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(using power law) is possible, thus, it could extrapolate the turbulence intensity
to new heights using Eq. 2.128. Since Tl at wind speed 15m/sec and 10m height
in Nasiriya site was equal to zero, thus all turbulence intensity values at new
height will be equal to zero also. The same thing is true for Kerbala site (having
mean wind speed 3.67m/s) and the new extrapolated turbulence intensity will
equal zero also. But for the purpose of studying the effect of altitude on the TI,
it is convenient to take the annual average values of Tl as 0.14 for Nasiriya and
0.12 for Kerbala (calculated before in sections 3.14 and 3.15), then the values
are extrapolated from 10m height to new different height. The results are shown
in table below.

Table 3.26: Extrapolation of T1 values to new different heights

4.59 4.86 5.06 5.22 5.35 5.47 5.57

0.127 0120 0.115 0.111 0.109 0.106 0.104

4.04 4.28 4.45 4.59 4.71 4.81 491

0.109 0.102 0.098 0.095 0.093 0.091 0.089

Figs. 3.54 and 3.55 show how turbulence intensity decrease with height
belonging to Nasiriya and Kerbala sites respectively. This can be explained by
going back to Eq. 2.128, which shows that any increment in the predicted wind
speed (Vpreq) With height will decrease the second term in it, which in turn causes
a decreasing of predicted turbulence intensity (Tl,.q) Value. Since the increment
in wind speed with altitude is logarithmic, thus the decrease in Tlyeq IS
logarithmic also.
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Fig 3.54 Tl extrapolation to new heights, Nasiriya-2010.
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Fig 3.55 Tl extrapolation to new heights, Kerbala-2012.

3.19 Wake Effect

Placing the turbine within a wind farm will cause a reduction in wind
speed and increase in turbulence that occurs downstream of wind turbine, this
effect could be measured by effective turbulence intensity lg.
In projects involving more than a handful of wind turbines, wake effects must be
added to ambient turbulence intensity (previously estimated) to calculate I For
the purpose of studying this factor, it is imposed a presence of a virtual wind
farm located at Nasiriya area. In general, Frandsen model will be adopt, the
wake effects in the form of the added turbulence have to be calculated using Eq.
2.132. The model takes into account some different parameters in addition to

153



Chapter Three Results and discussion

structural fatigue materials used in blades. For our case, these parameters will be
given in different values to study there effects on I

Table 3.27: The values used for studying effective turbulence intensity lg.

IEC61400-edition 3

o o X o o
L] x{ @ L ] L ]
- - [ \‘ \

No. of neighbours =8 * o—e+o o

o o/ 1 '\o /e

\

e o X o o

Distance (ver. and hor.) 4D

0.06

Wohler exponent 10 class fibre

3.20 I for Nasiriya Site

The parameters and configurations that are used in this adopted model
(Frandsen model) to calculate I for Nasiriya location are listed in Table 3.27,
where eight wind turbines surrounded reference one (the interested one). The
important parameters include the distance between turbines, probability density
function taken for wake condition, the Wohler exponent of the considered
material, and finally rotor diameter.
The Il is represented by ambient turbulence intensity added to the effectiveness
of neighbouring wind turbines. Effective turbulence intensity will generally
decrease with increasing wind speed due to decreasing turbine thrust coefficient
(Eq. 2.134). To reduce wake interference, turbines are generally spaced farther
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apart along the predominant wind directions. Moreover, decreasing the number
of surrounded wind turbines will contribute to reducing wake effect. These two
effects will be studied at Nasiriya site in the cases below:

I.  legs fOr zero neighbouring turbines

Fig. 3.56 shows the Il for Tlsg (red line) and I for Tlgg percentile (blue line)
values at Nasiriya site (2010) compared to NTM. Here, the effects of the
surrounding turbines are canceled because it is assumed that the reference
turbine (under interest) stands alone, thus the turbine will be subject to only
ambient turbulence intensity (previously estimated) without wake effect.
Accordingly, le will equal 1, in Eq. 2.132 because N =0 (zero neighbouring
turbines).

ooooo

™ ™ ~
—~ ™~

wind speed (m/s)

| IEC Class C IEC Class B IEC Class & Iaff for avg TI W Ieff for 90% TI |

Fig. 3.56 Effective turbulence intensity in case of zero neighbors
at Nasiriya site 2010.

Ii. leg for different numbers of neighbouring turbines

The effect of different numbers of turbines on the reference one in virtual
farm is shown in Fig. 3.57. The red line represents Il (at Tlsg), while blue line is
the representative value of I (at Tlg). Any increasing in the no. neighbouring
wind turbines will cause an increasing in the value of Il For each graph in the
Fig. bellow there is a plot (at upper right corner) demonstrate how the turbines
distributed around the reference one, where the reference turbine drown as black
dot inside a circle, while any turbine exist beside the central one will be
represented by red dot. It is important to know that we will take the wake effect
from only wind turbines that inside the circle and exclude the others which they
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are outside the circle (represented by black dots). The distance between turbines
located at horizontal and vertical array taken as 4 times reference turbine
diameter (related to rotor diameter of the reference turbine), while the distance
between the turbines located at the corner sides to the reference one is subject to
Pythagoras law.

The ¢ values for Figs. 3.56 and 3.57-h are listed in Table 3.28. It is obvious
from this table that Il has no values at wind speed 15m/sec, thus C category is
appropriate for this turbine.
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Fig. 3.57 The effect of different numbers of neighbouring turbines on the I
at Nasiriya site 2010, m=10.
Table 3.28: The I at different wind speeds and number of neighbors.
Zero neighbouring turbines
0.22 0.21 0.17 0.16 0.15 0.13 0.14 0.11 0.05 0 0
0.43 0.37 0.31 0.28 0.28 0.21 0.25 0.20 0.05 0 0
8 neighbouring turbines, 4 D
0.30 0.28 0.25 024 0.23 0.21 0.21 0.19 0.16 0 0
0.46 0.41 0.36 0.33 0.32 0.27 0.29 0.25 0.16 0 0

I for different distances to neighbouring turbines
In this section, we will examine how Il depends on the distance between

157

reference turbine and neighbouring turbines. Fig. 3.58 illustrates the fact that
increasing in the distance between the reference turbine and the one located
at the northern direction will be accompanied by decreasing in I values.
The increment in distance is related to rotor diameter of reference turbine
represented by D. When the distance becomes 10 times the rotor diameter,
the wake effect will be canceled and the reference turbine will be affected by
ambient turbulence intensity only (see Fig. 3.58 ¢ & d).
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leﬂ

wind speed (m/s) wind speed (m/s)

1EC Class C IEC Class B B [EC Class A 0 Ieff for avg TI W 1eff for 50% TI IEC Class C 1EC Class B B IEC Class A u Ieff for avg TI B I=ff for 90% TI

a- at 5D c-at 10D

I eff
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IEC Class C IEC Class B MIEC Class A M Leff for avg TI W 1=ff for 90% TI IEC Class C© IECClessB  WIECClass A W leffforavg TI W Isff for 50% T1

b- at 8D d- at 15D

Fig. 3.58 The effect of one neighbor turbine located at different distances from the
reference turbine at Nasiriya site-2010, m=10.
Numerical 1. for 50" and 90™ percentile values of Tl drawn in Fig. 3.58 (a, c,
and d) is given in Table 3.29 below. This table shows how Il changes its values
with increasing distance between reference and effective wind turbines, also its
obvious that l¢ has no change in its values when distance becomes more than 10
times rotor diameters.

Table 3.29: The effective turbulence intensity at different wind speeds and neighbor
distance from the reference turbine.

el o [+ L Lo oo e e e

1 Turbine located at north site and 5 D distance from reference one

023 022 019 017 016 015 015 013 0.10 0 0

043 037 032 028 028 022 026 020 0.10 0 0

022 021 017 016 015 013 014 011 0.05 0 0

043 037 031 028 028 022 025 020 0.05 0 0
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1 Turbine located at north site and 15 D distance from reference one

Iv. ¢ for different sectors for 8 neighbour turbine

Finally, the representation of Il for eight different sectors at Nasiriya site
throughout the year 2010 is given in Fig. 3.59. The Wohler exponent is taken as
m=10, the distance from northern, eastern, southern, and western turbines to the
reference one is taken as 4 times rotor diameter, while the distance from the
reference one to those at corners is subject to Pythagoras law (i.e. 8
neighbouring turbines). Table 3.30 shows the values of I« s for each sector in

Fig. 3.59 beside total I at bin 9m/sec (founded by Eqg. 2.135).
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Fig. 3.59 Effective turbulence intensity at different sectors.

Table 3.30: I« s for 8 sectors and total I at bin 9m/s (where =10, D=71m, 8 turbines).

0 45 90 135 180 225 270 315

151 15.1 11.7 28.4 50.3 11.7 20.0 18.9

6.3e-9 6.2e-9  4.9¢e-10 3.4e-6 1.0e-3 4.9e-10 1.0e-7 5.9e-8

18.4 2.9 6.7 9.2 4.4 3.2 16.4 32.0
1605 253 584 802 386 279 1431 2798
0.58

3.21 Economics
Economics are analyzed into three divisions, namely

3.21.1 Calculating the cost per kilowatt-hour

In general, the calculation is obtained simply from the total cost of
installing and running the turbine divided by the number of kilowatt-hours
generated over the turbine lifetime. In details, the needed inputs are represented
by the cost of the turbine including installation costs and annual maintenance
costs. The costs of electricity (Cents/kWh) generated by SUZLON S64-950
turbine in the preceding five areas are given in table below (Table 3.31), where
the turbine cost is $1,200,000, maintenance cost as $12000 (1%), and
installation cost as $60000 (5%). After entering the preceding costs into EQ.
2.136, the numerator is equal to $1,500,000 (where turbine and other costs
=$1,260,000).
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Table 3.31: The cost per kilowatt hour for wind energy at specific sites.

1534516 751988 3010194 3856869 2930388
30690320 15039760 60203880 77137380 58607760

4.8 10 2.5 2 2.6

Because of the wide variety of economic analysis in different countries
and states, it is impossible to include all of them in a single table. Thus, the
economics of the electricity produced by a turbine could be represented by
figures. All proceeding entries are used and the result is shown in Fig. 3.60 for
Ali Al-karbee. From this figure, it is obvious how the cost per kilowatt-hour is
reduced from approximately $4.8 at wind speed 5m/sec to $1.4 at wind speed 10
m/sec.
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Fig. 3.60 The coast per kilowatt-hour.

3.21.2 Total returns to total cost ratio

Below in Fig. 3.61 which is an example for SUZLON S64-950 turbine.
The turbine cost, installation costs and annual maintenance costs is taken as
above, but the reference price has been adjusted to 4.8Cent/kWh just like in Ali
Al-karbee. After entering the preceding costs, the total return to the total cost

ratio as a function of the mean wind speed is given in graphical form (Fig.3.61).
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Any increase in wind speed is accompanied by an increase in output power,
which in turn causes an increment in y-axis ratio according to Eq. 2.137.

5

Return / Total Cost

Mean wind speed, Um(m/s)

Fig. 3.61 Total return to the total cost.

3.21.3 Calculating the payback time

In order to estimate how long it will take to recover the cost of an
investment in a wind turbine graphically, Fig. 3.62 below demonstrates the
payback period. Taking the same costs in above, Fig. 3.62 shows the extent of
the importance of increasing the mean wind speed, such that the recovering cost
is reduced from approximately 9 years at wind speed 5 m/sec to 5 years at the
wind speed of 10 m/sec for that type of turbine.

. \\.

Payback period (years)

Mean wind speed, Um{m/s)

Fig. 3.62 The payback period.
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CHAPTER FOUR

Conclusions and Suggestions for Further Works

4.1 Conclusion

From the calculated results and preceding studies, the following conclusions

could be drawn:

1-

The use of two parameter Weibull pdf to estimate wind potential energy at a
given site, gives good results according to several studies, related softwars,
the international standard IEC 61400-12, and other international
recommendations.

The accuracy of wind speed distribution representation is very important
condition due to the irregular nature of wind. Therefore nine techniques are
tested in order to find the most suitable model for Weibull parameters
estimation. The comparisons show that the EEM surpasses other techniques
in power estimation.

Weibull shape parameter is important factor, because it is determining C.V.
or a,/v values (Eq. 3.1), by which it is possible to calculate Weibull scale
parameter directly through simple equation, and k estimates reference wind
speed in order to determine wind turbine class at a site through Tables 2.6,
2.7, and 2.8 (Appendix 4).

Extrapolation of wind speed through power or logarithmic laws gives an
adequate result for power estimation, while using Weibull parameters
extrapolation equations give overestimate estimation.

Under studied circumstances, large wind turbines will suffer from larger
amount of strain and loadings due to the frequent occurrence of rapid wind
changes that is to be expected in turbulent environments, but the extreme
loadings on the construction will be smaller due to the lower mean wind
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speeds (because extreme load has direct proportionality to mean wind
speed).

6- Turbulence intensity at 15m/s was calculated for Nasiriya and Kerbala sites
and they equal to zero. Thus, turbine with category C is sufficient to cover
turbulence at those sites.

7- There is a large amount of very low o,, at low wind speeds, corresponding to
the presence of small amounts of turbulent eddies. Thus much of the
mechanically produced turbulence near the surface has vanished instantly
because the slow growth of g, with increasing wind speed results in low
turbulence intensities.

8- The observations from Nasiriya and Kerbala sites show that the flow and
turbulence characteristics of terrain deviate slightly from what is estimated
by the NTM, as it is defined for the standard LWT and SWT classes, and
that is beyond the roughness of the site.

9- Turbulence increases the output power from a wind turbine, at the same time
increases fatigue load and periodic maintenance, which reduces the turbine
life and increases turbine total cost.

10-In this study, the wake interference effects on the performance
characteristics of a wind turbine are investigated. Different number of
turbines with similar model and the same rotor diameter were used. From the
results it could be concluded that the power losses for a turbine operating in
the wake of another depend on the distance between the turbines and their
operating conditions. Compared with the unobstructed turbine, the thrust of
the downstream turbine is significantly lower. The reduction in power and
thrust coefficients for the downstream turbine is a result of the lower free
stream speed than the upstream turbine and thus, less energy is available in
the flow. However, by adjusting the turbines geometry and sizes in a farm
the output power from the downstream turbine can be substantially
increased.
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11- The square layout wind farm is not recommended due to the drop in the
extracted energy that could reach 35% due to the wake effect, [Hus13]. This
means installing wind turbines inside the wind farm surrounded by other
turbines should be avoided due to the higher effect of the wake on the
performance of the wind farm.

12- Increasing mean wind speed at a site will increase the total returns ratio
besides decreasing the payback time and cost unit of electricity.

13- From the feasibility study, it is possible to say that the turbine SUZLON
S64-950 has low cost per kilowatt hour for each of Nasiriya, Basrah, and
Kerbala. While each of karbee and Ali Al- Baghdad has medium and high
cost of energy, respectively. This arrangement is beyond to power output
and number of generation hours of each site.

4.2 Suggestions for Further Works
This section recommends some future research directions as follows:

1- The thesis uses wind speed data series recorded at lIragi Meteorological
Organization and Seismology in addition to Weather Underground website.
For more accurate results, masts dedicated for wind energy applications must
be setup.

2- Conventional probabilistic distributions of wind speed can not accurately
represent all wind regimes observed in a region. Thus, several kinds of
mixture probability functions could be applied to estimate wind energy
potential, such as the bimodal Weibull function (WW) and mixture Gamma-—
Weibull function (GW).

3- Equipment failure or extreme weather events can result in incomplete data
series which it is necessary for analysis and calculations. Thus, it is desirable
to have complete wind speed time series for a period of time. Therefore, data
estimation is necessary process to compensate missing data values.
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4-The procedure of determining if a site is suitable for wind power production
requires reliable long-term data. This can be achieved by measuring the wind
speed for a short time period, e.g. a year, then, regenerate data using a
Measure-Correlate-Predict (MCP) method.

5- Estimate environmental conditions such as extreme wind, flow inclination and
vertical wind shear. These parameters are needed in order to select the
optimal turbine for selected site.

6- Compare the turbulence intensity difference between two small wind turbines
installed at two sites, the first one installed in a complex environment (urban
site above a rooftop), second one in uniform area. The turbulence data is
analyzed and the results are compared to the normal turbulence model (NTM)
of standard SWT classes (IEC 61400-2 Design requirements for small wind
turbines).

7- Frandsen model has been used in the wake study using Visual Basic program.
Thus, wake effect could be extended using other models such as Jensen or
Larsen models.

8- Studying the effect of atmospheric stability and the effect of hub height on
power production are recommended for wake effect. Also, the study could be
extended to include the effect of turbine yaw and material of blade.

9- The wake effects largely rely on the thrust coefficients of the turbines. These
thrust coefficients can be given by the manufacturer or can be calculated with
an adequate simulation software. But, if the thrust coefficient for the wind
turbines is not known, a generic value Cy = 7¢/Vyy,, Where ¢ is a constant
equal to 1m/s can be used. For future study, you could apply both the real
turbine specific thrust coefficient and the generic thrust coefficient and
compare the results.
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Appendix B

Correlation Coefficient, R

The quantity R, called the linear correlation coefficient, measures
the strength and the direction of a linear relationship between two
variables. The linear correlation coefficient is sometimes referred
to as the Pearson product moment correlation coefficient in honor
of its developer Karl Pearson.

The value of Ris such that -1 <R < +1. The + and — signs are used
for positive linear correlations and negative linear correlations,
respectively.

Positive correlation: If xand y have a strong positive linear
correlation, R is close to +1. An R value of exactly +1 indicates a
perfect positive fit. Positive values indicate a relationship
between x and y variables such that as values for x increases,
values for y also increase.

Negative correlation: If x and y have a strong negative linear
correlation, R is close to -1. An R value of exactly -1 indicates a
perfect negative fit. Negative values indicate a relationship
between x and y such that as values for x increase, values
for y decrease.

No correlation: If there is no linear correlation or a weak linear
correlation, R is close to 0. A value near zero means that there is a
random, nonlinear relationship between the two variables

Note that R is a dimensionless quantity; that is, it does not depend
on the units employed.

A perfect correlation of £ 1 occurs only when the data points all lie
exactly on a straight line. IfR = +1, the slope of this line is
positive. If R = -1, the slope of this line is negative.

A correlation greater than 0.8 is generally described as strong,
whereas a correlation less than 0.5 is generally described
as weak. These values can vary based upon the "type" of data
being examined. A study utilizing scientific data may require a
stronger.



Coefficient of Determination, R? :

The coefficient of determination, r 2, is useful because it gives the
proportion of the variance (fluctuation) of one variable that is
predictable from the other variable.lt is a measure that allows us to
determine how certain one can be in making predictions from a
certain model/graph.

The coefficient of determination is the ratio of the explained
variation to the total variation.

The coefficient of determination issuchthat0< r2<1, and
denotes the strength of the linear association between x and y.

The coefficient of determination represents the percent of the data
that is the closest to the line of best fit. For example, if r =0.922,
then r 2 = 0.850, which means that 85% of the total variation
in y can be explained by the linear relationship between x and y (as
described by the regression equation). The other 15% of the total
variation in y remains unexplained.

The coefficient of determination is a measure of how well the
regression line represents the data. If the regression line passes
exactly through every point on the scatter plot, it would be able to
explain all of the variation. The further the line is away from the
points, the less it is able to explain.



Appendix C

The power curve for a wind turbine provides somewhat realistic
calculations for expected energy yield according to the wind conditions at
the respective site. The SUZLON S64-950 wind turbine data are
displayed both in tabular and graphical form.

In the graphical presentation, the mean power results are shown along
with the turbine data from the power curve table in a steady wind

Betz limi
Turbine power in a steady wind, Plkilowatts) =
B0¢ —
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408 —
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475 208 —
2375 100 —
0 rrrrrrrrrrrrrrrror bt ol
01 23 456 7 8 31011121314 15816 1718192021 22 23 24 25
Steady wind speed, U [meter/second)

Turbine power curve and power coefficient



The turbine power curve and power coefficient

Wind speed Power coefficient
(m/sec) Cp(-)

1 0 0

2 0 0

3 16 30.1
4 37.17 29.5
5 99.95 40.6
6 180.98 425
7 287.09 425
8 451.62 44.8
9 645.49 44.9
10 861.49 43.7
11 950 36.2
12 950 27.9
13 950 21.9
14 950 17.6
15 950 14.3
16 950 11.8
17 950 9.8
18 950 8.3
19 950 7.0
20 950 6.0
21 950 5.2
22 950 4.5
23 950 4.0
24 950 3.5
25 950 3.1




Appendix D

The relation between k and Vei/Vaye

No lineal relationship Vave-Vref

Depending on the weibull shape parameter, k
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