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Abstract

Fossil fuel is getting more and more expensiverye year, and is not
readily available in some remote locations. Todayd power can be
harnessed to provide some or all of the power fanyruseful tasks such as
generating electricity, pumping water and heatirmgpase or barn.

Egypt has two coastal areas that show signifipeamise for wind energy
exploitation; the north coast on the Mediterran8aa and the east coast on
the Red Sea. The wind energy is utilized alongcibest of Mediterranean
Sea in Egypt on few occasions, while from natiopedgrams for wind
energy utilization in Egypt, at the Red Sea cotst, master plan calls for
600 MW which are expected to be achieved by ther \&5. The
contribution of fossil fuels (oil and natural gas)electricity production in
Egypt accounts for about 79% of total productiornilev 21% is hydro-
power. The demand is expected to grow rapidly toetméhe large
requirements of future projects. Studies showedl thexe is an additional
need of annual electricity generation capacity adoti000 MW/year up to
2017 [14].

The purpose of this thesis is to present a nealydcal method for the
calculation of the wind energy potential availableng the north coast of
the Mediterranean Sea and the east coast of Reith &ggpt and moreover,
it estimates the possible electrical power gendratelarge wind turbines
and the expected cost in € cent/kWh for the poweellof 2000 kW. It is
hoped that the data analysis will help to idengdod sites in Egypt for new
wind turbine installations. This evaluation is hdpe trigger the use of large
wind turbines at the selected sites along the saddVlediterranean Sea and

Red Sea in Egypt.
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Chapter 1

Introduction

1.1 General introduction

Wind is an abundant resource, available in natumedould be utilized by
mechanically converting wind power into electricitsing wind turbines [1].
Since earliest recorded history, man has been ssingethe energy of the
wind. There is evidence that energy was used tpgbinoats along the Nile
River in Egypt by the Egyptians 5000 years ago.

The new energy sources should of cours&lean and renewableSolar
and wind energy have these features and offerctitteaalternatives. These
sources are freely available, solar being limitedly doy latitude, time of
year, cloud cover and atmospheric turbidity, winiad power is limited by
season, time of day and the physical featureseofitba (topography) which
may obstruct the flow of air. This means that ifpeleds on the site
characteristics, so its variability is strongeriountry such as Egypt with
its long coastline. Wind energy is an indirect foohsolar energy and
meteorologists estimate that about 1% of the imtidlar radiation is
converted into wind energy which is a very compegisource of energy for
many applications in many locations [2].

Wind power is one of the most attractive souafagnewable energy; it is
also a potentially valuable source of energy in Thed World in general
and in Egypt in particular as Egypt is totally degent on exported energy.
Egypt’'s energy resources are limited in oil andgletim products and high

limited in natural gas, however, is rich in renelgaénergy resources such



as hydro, solar, geothermal and wind. Of thesedw®ems to be the most
suitable renewable energy resource for electrfmigduction.

Wind energy in Egypt has not been studied thginbu Some attempts
have been made to analyse the potential in EgyptJA3,14] and some
experimental work [11,12,17] has been conductedir&l energy converter,
industry and manufacturing of wind turbines blades not available in
Egypt. All the installed systems were imported.

A review study of the previous work and researctivities in wind energy

in Egypt and its field applications is done in tiext section.



1.2 Previous work

D. S. Renne and Elliott(1986-1987)3,4], The authors studied the wind
energy resource assessment activities in Egyptsiitdy describes the wind
resource assessment activities being conductedgyptEas part of the
‘Renewable Energy Field Test Progfamdistorical wind data have been
summarized and measurements that have been coddastgart of the
program have been analyzed. The authors concludedotlowing: these
studies confirm and further quantify the existeméehigh wind resource
regions in Egypt. The highest resource appear® tthé coastal regions of
the Gulf of Suez. Much of the Mediterranean coastlalso shows strong
winds speeds or strong thermal/pressure gradiédity a measurement

program this finding has been confirmed for thetesescoastal regions.

M. Rizk (1987)[5], He studied the wind characteristics and aldéd wind
energy in Egypt. For three sites in Egypt, diffgrin natural conditions but
having almost the same wind characteristics. Dailyd-speed distribution
for every month of the year is presented. The ayeevand speeds during the
year were also presented. The research concludedttthree sites in Egypt,
El-Khargha, El-Suez and Mersa Matruh the annualnme&md speed is
between 4.6 and 5.5 m/s at a height of 20 m abowang level. These
findings result in a mean annual specific energipasveen 638 and 1127
kWh/rf. Annual duration of wind speed of 4 m/s rangesvbeh 5650 and
7700 h. With respect to this analysis and accortbnigpe natural conditions

of each site, a small WEC-Farm is suggested fors®létatruh station. The



energy should be used especially for water pumpmgation and small

agricultural industries.

H. M. Abu EI-Eizz et al. (1991)[6], They studied the wind characteristics
and energy potentials of some selected sites inYdmen Arab Republic
and the Republic of Egypt. Wind regimes as obsenmvdéour meteorological
stations in Yemen and eight stations in Egypt aesented in the form of
speed and power duration curves as well as inaime bf speed and power
frequency curves. The study concluded that baseti@analyzed data, the
utilization of wind for power production purposesgromising particularly
in the coastal stations of both countries. In tbaesidered locations and
allowing for aerodynamic imperfections and mechahnas well as electrical
losses, the extracted annual amounts of wind en@ggluated for a wind
system conversion efficiency of 40%) range from 1®376 kWh/m. Also
by using the correlation relation designers camapé the selection of wind
turbines by relating the mean wind speed of thatloa to the optimum

rated wind speed (the speed at which annual owgpuaximum).

Al-Motawakel MK et al. (1991) [7], Studied the performance of different
types of renewable power supply systems. The sisiddased on the three
sites in the Republic of Egypt and three selectexs $n the Yemen Arab
Republic. Wind regimes are observed in three metegical stations in
Yemen and three stations in Egypt. This paper giteno present the
performance of a hybrid system formed by combirif\g generators with

wind energy systems. The authors tried to estaldigieliable combined



scheme based on both the complementary availabilitiie energy sources
and the load demands. Dimensionless parameterthanedeveloped for
judging the performance of hybrid power generasipgtems compared with
the performance of PV generating systems sized det the same load
demand. Finally, the study describes the optimstiesy size as a function of
weather conditions of the site, technical charasties of the components
involved in collecting and storing the generatedceicity, and the load
demands. The researcher concluded that the conumnat PV and wind

generators is, in the considered sites, very eWediecause of additional

energy storage with batteries.

A.l. Salem et al. (1993]8], Studied the effects of different heights, &in
speeds and ventilation coefficients at some sitégypt. The study is based
on data from three radio-stations Mersa Matruht¢aleé of 25 m), Helwan
(altitude of 139.3 m) and Aswan (altitude of 19im). They studied the
monthly average wind speeds, the mixing layers #mel ventilations
coefficients from a data set obtained from the Meigical Authority of
Egypt. They estimated the mixing heights directlgni the temperature
profiles. The study concluded that Mersa Matruh &ledwan regions are
pollution prone areas in May during the early mogiiAswan region can
have a high pollution potential during the aftemaal over the year. The
wind speed has a pronounced effect on the vewtilatoefficients especially
in Winter and Autumn, at Mersa Matruh region. Bhady can be taken as a
data base for planning the emission schedule asaigiatruh, Helwan and

Aswan.



Laila Saleh (1994)[9], Studied the national programs for wind energy
utilization in Egypt. The study presents energyiqgyoland describes the
frame work of energy utilization, with special emagls on wind energy
plans and programs, to illustrate the role windrgyecan play in the
sustainable energy development programs. Moredwepaper presents the
national five year plan objectives that calls f& MW wind farms at the
area of the Red Sea, based on national investrogether with 150 MW
wind farms in the same area based on private imasgt The study
concluded that based on the analyzed data frommnmatprograms for wind
energy utilization in Egypt, at the Red Sea cotst, master plan calls for
600 MW to be achieved by the year 2005.

A. l. Salm (1995)[10], Studied the characteristics of surface wspdeds
all over Egypt. He classified Egypt into six zoraegording to the climatic
conditions and topography. Monthly and annual ayermaf wind speed, the
percentage frequency of occurrence, the diurnahtians were calculated
and discussed in form of characteristic curves @diagrams that represent
the different zones and seasons. Annual seasomal vases were also
designed. The research concluded that the charidesving wind speeds
less than 3.1 m/s is small all over Egypt. The Nerdanean Sea and Red

Sea areas are the windiest regions.

Fouad Kamel (1995)[11], Investigated a small locally produced wintimi
for electric power generation as a model for smmalustry. The study used a

3-bladed 7 kW windmill which has been designed anplemented. This



project is serving as a model for the local proaucof such technology in
small industry. Electrical and mechanical desigscdetions and general
considerations were also presented. The reseambmeiuded that the
Weibull and Rayleigh probability models are usefdls for wind energy
density estimations but not quite appropriatettadtual wind data with low
mean speeds. The author suggested using actualdaiiad(histogram) or

looking for a better fit by other models of the lpability function.

N. G. Mortenson et al. (1996]12], Studied the wind atlas for the Gulf of
Suez, Arab Republic of Egypt. Measurements and thogevas related to
the time interval 1991-95. The primary purpose basn to establish
reliable and accurate wind atlas data sets for dnes. With mean wind
speeds and energy densities of 9-12 m/s and 600-\Wa5f, respectively,
at a height of 25 m over roughness class 0 (watex)wind resources of the
Gulf of Suez are comparable to those of the masiueable regions in NW-
Europe. The wind atlas methodology has proven todsg useful in the
extreme climatic conditions of the desert. Appleith care, it can provide
accurate predictions of the wind climate sitesviand turbines along the
Gulf of Suez. The research concluded that the thjzotential in the Gulf of
Suez near Zafarana is therefore twice as higheamthnd potential close to
Vindeby (Denmark).

A. B. Mayhoub et al. (1997]2], Studied a survey of the assessment of the
wind energy potential in Egypt. The study was basedvind data from 15

anemometer meteorological stations, distributedoaélr Egypt. For these



stations the wind data are summarized. The anahewed that in Egypt, it
is not preferable to estimate wind power valuesisiyng a Weibull distrib-
ution. The research concluded that along the Red c®asts, the annual
wind energy potential is found to be high, whicHigates that these coastal
stations are possible locations for wind energyization. On both the
Mediterranean coast and in the interior parts ofgEgsome stations have a

low wind energy level, while others are found torather high.

H. K. Ahmed et al. (2001)[13], Studied the utilization of wind energy in
Egypt in remote areas. The study based on thre@alcasd remote desert
areas. The available wind energy data at the ram#ist, the Red Sea coast
and east of Qweinat were collected, analyzed aadpesented in a form
useful wind energy study. Results have shown theartet are two ways in
which wind power may be used economically on aiBgant scale. The
first is by means of turbines of medium size (10@B-RW capacity) used in
conjunction with other forms of power generatioanis for the supply of
electricity to isolated communities on the nortlastoof Oweinat which can
not be supplied economically from the main netwditke second possibility
lies in the employment of large wind-driven genersteach having a
capacity of at least 1000 kW. These units woulddoated at the Red Sea
coast (from Zafarana to Hurghada), fairly closestpply networks, into

which they feed their outputs.



M. N. El-Kordy et al. (2002) [14], Studied the economical evaluation of
electricity generation considering externalitieuf\ analysis for the cost of
the kWh of electricity generated from different t®yas actually used in
Egypt is presented. Also renewable energy system@r@posed and their
costs are analyzed. The analysis considers thenakteost of emissions
from different generation systems. A proposed lasgae PV plant of 3.3
MW, and a wind farm 11.25 MW grid connected atetiint sites in Egypt
are investigated. The research concluded thatdimparison results showed
that wind energy generation in Egypt has the loveest, followed by a
combined cycle-natural gas fired system. A phot@aolsystem still uses a

comparatively expensive technology for electrigigneration.

A. S. Ahmed Shata and R. Hanitsch (2004)L5], Studied the evaluation
of wind energy potential and electricity generatiahthe coast of the
Mediterranean Sea in Egypt. Wind data from 10 @basteteorological
stations along the Mediterranean Sea in Egypt baes used for statistical
analysis to determine the wind characteristicdolind that three stations
show annual mean wind speed greater than 5.0 misieNcal estimations
using measured wind speeds and frequencies tolatddine two Weibull
parameters were carried and two methods were apphéso the wind
power densities for heights of 30—50 m were catedldor all stations. A
technical assessment has been made of the elgcgemeration using two
commercial turbines (300 kW and 1 MW) considerimgirsstallation at the
three promising sites namely: Sidi Barrani, Mersativh, and El Dabaa.
The research concluded that the expected yearlyggngain from the
turbine with 1 MW, at El Dabaa is 2718 MWh/y ane@ tspecific cost per



kWh is 0.02 €, which was found to be very competittompared with other

stations along the coast of Mediterranean Sea yptEg

A. S. Ahmed Shata and R. Hanitsch (2006)16], The potential of
electricity generation at the east coast of Red iBelagypt was studied.
Wind characteristics have been analyzed basedrgiterm measured data
of monthly mean wind speed of 7 meteorologicalistet along the east
coast of Red Sea in Egypt. It was found that thedigst stations (Region
A) namely (Zafarana, Abu Darag, Hurghada and Raza8ehave annual
mean wind speeds (7.3, 7.2, 6.4 and 5.5 m/s) at h8ight, respectively. In
order to identify the Weibull parameters for alatgins two different
methods were applied. Also the corrected annuabvaower density at
heights (50-70) m was obtained for all stations.rédeer, calculations
show that the four stations in (Region A) have g@ehenergy potential
available (430—1000 W/Mmat 70 m height, while Quseir and Suez stations
(Region B) have good wind power density (170-19@n%vAt 50 m height.
The yearly energy output, capacity factor and tleetacal energy cost of
kWh produced by the two different turbines (1 MWI&D0 kW) considered
in two regions (A&B) were estimated. The authoraauoded the following:
The expected electricity generation costs of 1 kiWhfour stations of
(Region A) along the Red Sea in Egypt is less th&nhcent/kWh, which is

very competitive compared to the actual tariff eyst
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Mohammed G. Khalfallah et al. (2007)[17], Studied the wind turbines
power curve variability. A comprehensive measuren@ogramme was
carried out at a 300 kW Nordtank stall-regulatedizomtal axis wind
turbine. This turbine was erected at the test agtafor windmills by
“‘Hurghada Wind Energy Technology Ceritréo the extent necessary to
understand the measurement carried out, all expetah set up systems
must be described. This paper describes the amnodlspeed variability in
Hurghada city for the period 1973-2001. The wineespand direction were
measured at the latitude of masts as 10, 24.5,34nth. These stations
operated since 1981. The wind data were recoraea fine instruments with
a scanning rate of about 2 Hz and the data wersesulently stored as
consecutive 1-h average values. Simultaneouslyousatypes of monthly
statistics were accumulated. Also the effect of \hed variability on the
power curve at Hurghada farm wind turbines is dssed. The research
concluded that if the annual mean wind speed vdne£10% around a
long-term value the corresponding natural varigbitif the available wind

energy is about £25%.

A. S. Ahmed Shata and R. Hanitsch (2007-2009)18,70], Studied
the application of electricity generation along theestern coast of
Mediterranean Sea in Egypt. The aim of the study t@aidentify suitable
sites for large wind turbines in the extreme nodhkivof Egypt along the
Mediterranean Sea. A technical and economic assstdms been made of
the electricity generation using wind turbines lechat three promising
potential wind sites: Sidi Barrani, Mersa Matruhdaikl Dabaa. These

contiguous stations along the coast have an amneah wind speed greater

11



than 5.0 m/s at a height of 10 m. Weibull paransetard the power law
coefficient (n) for all seasons have been estimatatiused to describe the
distribution and behaviour of seasonally wind spatthese stations. The
three stations have a high wind power density wiaighin the range from
340-425 to 450-555 W/mat the heights of 70-100 m, respectively. In this
paper an analysis of the cost of the kWh of eleityrigeneration from two
different systems was made one using a relatigetyel single wind turbine
of capacity of 2 MW and the other by using 25 smahd turbines of 80
kW arranged in a wind farm of 2 MW total power. Tyearly energy output
of each system at each site was determined aneldagricity generating
costs in each case was also determined and compéttedhe generating
costs of generating electricity using diesel odiural gas and photovoltaic
system furnished by the Egyptian Electricity Auihor The authors
concluded the following: these studies confirm tihatsingle wind turbine 2
MW was found to be more effective than the windmfalFor all three
envisaged stations the electricity production euss found be less than 2 €
cent/kWh which is about half the specific costlud tvind farm. Moreover,
the expected cost of electricity generation by gisansingle 2 MW wind
turbine at the three stations was found to be eeryipetitive with the cost
of kWh produced by th&Egyptian Electricity Authorit.

A. S. Ahmed Shata and R. Hanitsch (200g)19], Studied the electricity
generation and wind potential assessment at Huggttaglypt. The main aim
of this paper was to present a new analytical ntetb@hoose suitable large
wind turbines with low-rated wind speed and highpamaty factor at

Hurghada city and to estimate the expected costtient/kWh for the power
level of 2000 kW. The WASP program was used toutate the values of

12



wind speed frequency for the station, their sedgonalues have been
estimated and compared with measured data overea8s yfor this site.
Weibull parameters and the power law coefficient fgr all seasons at
different heights (10-70 m) have been estimated wesedl to describe the
distribution and behavior of seasonal wind speed their frequencies at
Hurghada. Also, the monthly plant load factor (PbB¥ been estimated of a
1000 kW turbine considered for this site. The wayra of the annual
capacity factor with rated wind speed for 10 déferwind turbines has been
studied. The research concluded that the use of wirbines with lower
rated speeds will produce more energy in a yean thiad turbines with
higher rated speeds, also the capacity factor émtgr than with wind
turbines characterized by lower rated wind spedt® important result
derived from this study encourages the construcobrwind farms at
Hurghada for electricity generation using largedviarbines each having a
capacity of greater than 1000 kW and they recommesatje of the wind
turbine modelRepower MM82 with a capacity 2 MW at 100 m hub height.
It has a rated speed of 13 m/s and is competititke ather commercial wind
turbines of 2000 kW capacity. The expected elatyrigeneration costs of
1 kWh using this turbine was found to be 1.26 €tcerhich is a very

competitive price compared to the actual tariffteys

13



Chapter 2

Mathematical modeling

2.1 Wind speed frequency distribution

2.1.1 Weibull distribution

It is one of the most flexible distribution thean be used to represent
various types of physical phenomena. It is impdrtarknow the number of
hours per month or per year during which the giwemd speeds occurred,
l.e. the frequency distribution of the wind speeWd#ien the percentage
frequency distribution (F%) is plotted against twnd, the frequency
distribution emerges as a curve. The top of thisveueing the most
frequent wind speed. This frequency distributiomsed also to identify the
most suitable site for the wind turbine. The Welldiktribution (named
after the Swedish physicist W. Weibull, who appligdwhen studying
material strength in tension and fatigue in the 0893provides a close
approximation to the probability laws of many natyghenomena [20, 21].

As mentioned above, the Weibull distributioneg\a good match with the
experimental data. This is also mentioned in mafgrences [22—-28]. This
distribution is characterized by two parametere #hape parametds
(dimensionless) and scale paramet€ém/s). A typical wind distribution is
presented in anneX. The effect of the shape paramdt@n the distribution
IS given in anneB.

Recently Justus, Lysen, Darwish, Som, JamilbBaaeh and Vogiatzis,

references [22-28], have shown four different méshior the estimation of

14



k andc parameters. The Weibull cumulative distributiondtion is written

mathematically as [25, 29]

F(V) &= ex;{— (%N 2-)

Where FY) is the Weibull cumulative distribution function,

v denotes the wind speed (m/s),

k is the shape parameter an the scale parameter (m/s).
2.1.2 Rayleigh distribution
One should note that the Rayleigh distribution spacial case of Weibull
distribution, which has found to typically represethe wind speed
frequency distributions at most cases. In the Rglyldistribution, the shape

factor k is assumed to have a value of 2 (ike2). So the Rayleigh

cumulative distribution function is expected matla¢isally as [22]

R(V) = ex{—f [VLT } (2-2)

Where RY) is the Rayleigh cumulative distribution function,

v, is the long term average wind speed (m/s).
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2.1.3 Estimation of Weibull parameters

In this study to estimate the Weibull parameteys the obtained data the
following methods are applied [30]:
(a)Method 1 Weibull probability paper.

(b)Method 2 Maximum likelihood estimation.

In Method 1, with a double logarithmic transformation, Equati@3-1)

can be written as

In{In (L-F())] =kIn v-klIn ¢ (2-3)

Plotting Inv against In [4n (1 — F{))] should yield a straight line. The

gradient of the line ik and the intercept with the y—axis i&+n c.

In Method 2,we apply the principle of maximum likelihood. Ratg
[31] a simple estimating procedure has been intteduto estimate the

parametek by the following formula:

05

_ T n(n-1) _
K J6 n(ZmZvi)-(vai)2 (2=4)
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Then the parameteris found by using this estimate lofn the following

equation:

= {Zm M ] (2-5)

Wherevi i=1,2,3,..... , N) are the observed mean mgnihihd speeds.

2.2 Power law coefficient

Justs and Mikhail [24] recommended usage of thieehg equations
when the Weibull's parameters (say and k;) can be evaluated at any
desired heightZ) in meter height, based on the records at thedatdn
anemometer height of 10 m by the following equajiy:

ke = ki[1-0.0881 In £/10)] * (2-6)
Ca= Cro(Z/ 10)n (2-7)
n= [037_00881 InC]_o] (2_8)

Wheren is the power law exponent (coefficient).
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2.3 Wind power estimation

The average specific power available in a ceesgional area (A) perpen-
dicular to the wind stream moving at speed(m/s) is calculated and

expressed per unit area as follows [33,34]:

p Ve (WIMP) (2-9)

N

I:)wind =

Wherep is the standard air density € 1.225 kg/m dry air at 1 atm and
15°C),

V is the mean wind speed (m/s).

On the other hand, the density of the air isn@ortant parameter related
with pressure and temperature, which changes ti@eety of the wind

turbines. Then the corrected mean monthly air dengi (kg/nt) is

estimated as follows [35]:

(2-10)

Where, P is the monthly average air pressure (N/m
T is the monthly average air temperature (K),
R is the gas constant for dry airy(R287 J/kg.K).
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Once the corrected power available in the winal laeight of 10 m, can be

calculated as follows:
B=2p7 (W) (2-11)

In addition, for calculating the mean power digngver a long time T for
one month. If we take 30 days per month we end iup the following
equation, where the available mean power at 10 mmuath is given by
[36]:

— 720 1 _— 2
Pro = —— =2V (KW/m". h 2-12
mo. = T50¢ 2,0 (kW/m®. month) ( )

However, for a height less than 100 m, to estiniaéewind speed at any
height (h) by using the wind speed at the stantarght, recommended by
the World Meteorological Organization (WMO), is i@above the ground
level, Justus recommended the usage of the Helbnarponential law
under two important conditions: the stability oétatmosphere and modest

roughness of the site [37—41] as follows:
Vi = Va[ ! (2-13)
10

Wherea is the roughness factor, this parameter is thel \wpeed power law
index, which is considered to be 1/7 or 0.14, farfaces with low rough-

ness, as given by the one-seventh power law [24].
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The value of the coefficient varies from lesarttD.10 over the tops of
steep hills to over 0.25 in sheltered locations449 Table (2—-1) presents
this constant for different roughness classes datgrto the European Wind
Atlas.

Table (2-1): Correction constantt for speed

djastment [26].

Roughness class a
0 4.247
1 1.976
2 1.307
3 0.170

In addition, the value af in Egn. (2-13) depends on the time of the day,
the wind speed level, the wind stability and thefame roughness. This
value varies from 0.10 to 0.40.

In this analysisp is chosen to be 0.25 which presents a suitableeviar

Egyptian terrain and wind conditions [5,15].

Whereas, the effect of height on air density tloe elevations under
consideration is negligible, the power densityta wind above the ground
level will be mainly affected by the increase imaispeed with height [42].

Hence,

Ph = P10 (1]3g (2-14)

10
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2.4 Plant load factor and capacity factor

An important wind energy parameters is the plaatl factor PLF). This
factor is used in determining the monthly and ahenargy output of wind
energy conversion systeM/ECS). ThePLF is defined as the ratio between
the actual power available in the wind and thedgtewer of theWECS
[32].i. e.

. . . P
PLE = Poweravailablein wind — h (2_15)
Ratedpowerfor WECS P

r

However, the capacity fact@, is a very significant index of productivity
of a wind turbine. It represents the fraction &f thtal energy delivered over
a period, Eoy, divided by the maximum energy that could havenbee
delivered if the turbine was used at maximum cdpaxier the entire period
of one yearE, = 8760P,.

The capacity facto€; of a wind turbine can be calculated as [43,44]:

G == (2-16)
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2.5 Economic analysis

In this study the present value of money methasibeen used to estimate
the cost of a kWh of energy produced by the chegad energy conversion
system WWECS). In order to calculate the present value of c@C) of
electricity produced per year, following expressigiven by Lysen [22] and
referred by Habali [45,46], Sarkar [47], Alnase8]4Turkosy [49] and by

Rehman [50] is used in the present study undefoll@ving assumptions:

(1) Investment I() includes the turbine price plus its 20% for theilc
work and connection cables to the grid (other cohass).

(2) Operation, maintenance and repair c@f,) was considered to be
25% of the annual cost of the turbine (machinegdiie time).

(3) The interest rate' ) and inflation ratei} were taken to be 15% and
12%, respectively.

(4) Scrap value) was taken to be 10% of the turbine price andl civi
work.

(5) The lifetime of the maching¢)(was assumed to be 20 years.

The present value of cosBB\(C) is [45-50]:

PVC =1 + Cypy LliHl—[ﬂ”—s(ﬂj (2-17)

-1 1+r 1+r
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Chapter 3

Evaluation of wind energy potential and electricity
generation on the coast of Mediterranean Sea in

Egypt
3.1 Introduction

In this chaptean evaluation of wind energy along the coast of iiéedh-
nean Sea in Egypt is done. It is hoped that tha daslysis will help to
identify good sites for new wind turbine instaltais at the selected sites.

Egypt occupies a geographical zone betweéma@ 32N latitude and 25
and 36E longitude. The Egyptian area is about 998,008 lmly 3.5% of it
can be said to be permanently settled, while theneder being desert. The
orography of the region has an important role icedarating and deflecting
the wind. Fig. (3—1) shows the orography of the fi@n region.

Hurghasda
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Fig. (3—1). Orography of the Egyptian Region (ob& from Ref. [5]).
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3.2 Wind characteristics
3.2.1 Analysis of wind data

Fig. (3—2) shows the location of 10 chosen atetialong the coast of

Mediterranean Sea zone in Egyphe present study is based on measure-

ments of monthly wind speed, air temperature amdodssure data were

taken at a height of 10 m above ground level,

ileno@reas and over

roughness class 0 (watefhe Egyptian Meteorological Authority provided

the data for a period of more than 10 years. Tébld), shows

features of the meteorological stations.
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Fig. (3-2). Distribution of meteorological stationser Egypt.

e indicates the location of stations under study.
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Table (3—1): Physical features of the meteorololgstations.

coordinates

Name of Latitude Longitude Elevation

Station Deg. Min. Deg. Min. (m)
Sallum 31 32 25 11 4.0
Sidi Barrani 31 38 25 38 21.0
Mersa Matruh 31 20 27 13 28.3
El Dabaa 30 56 28 28 17.0
Dekheila 31 08 29 48 3.1
Alexandria 31 12 29 57 -3.4
Balteam 31 33 31 06 1.0
Damietta 31 25 31 49 1.9
Port Said 31 16 32 17 1.0
El Arish 31 16 33 45 15.0

Table (3—-2): Mean monthly and annual wind sp@ef$) and its direction
(at a height 1. m

Station Month Annual Wind
Jan. | Feb. [ Mar. [Apr. May. [Jun. Pul. Aug. Sep. Qct. Nov. | Dec. | Mean direction
Sallum 54148152 43| 36| 41| 47| 42| 34)]| 36| 42] 5.2 4.4 330 NW
Sidi Barrani 56| 57| 59| 57| 47| 46| 52| 45| 40| 42| 46| 5.6 5.0 330 NW
Mersa Matruh 61| 61|63]|57|49]|52]|52| 47| 44| 43| 48] 59 5.3 330 NW
El Dabaa 551 58[61]|58|51]60]|]60|57]|50] 42| 45] 55 5.4 330 NW

Dekheila 45| 46| 49| 48| 43| 45| 46| 45| 42| 3.7 | 38| 4.1 4.4 360 N
Alexandria 441 44 )1 46| 43| 40| 40| 44| 40| 3.7] 31| 341 4.1 4.0 330 NW
Balteam 3635|1421 40| 35| 37|39|36]| 28] 23] 261 3.3 3.4 330 NW
Damietta 2813113736 31]31]28|25|23]|25]| 25] 29 2.9 330 NW

Port Said 481 52| 58| 54| 48| 46| 43| 38| 38| 41| 43| 43 4.6 360 N
El Arish 251291302524 24|23|21]|22)]20]| 21| 24 2.4 330 NW
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The analysis of this region showed that the typieatures of Mediterranean
coasts are strong winds aloft or strong thermadgree gradients [3]. The
Mediterranean zone is characterised by a wideciastal area along the sea
and existence of Maryout plateau in the northwes §4] (see Fig. (3-1)).
So the roughness factor in this study will be takerconstant, because the

coast of the Mediterranean Sea in Egypt is flatlam@ogenous.

The mean monthly averages of wind speed and dimegtions beside the
annual means are listed in Table (3—-2). The tafdeates that most stations
have an annual mean wind speed more than 3.1 mpécekamietta and El
Arish and the main wind direction over the Mediégr®an Sea is north and

northwest.

Fig. (3-3) illustrates the monthly mean of wisygeed for all stations. It
clear from the figure that the Mediterranean zaneindy. The wind speed
has a maximum value of 6.3 m/s at Mersa Matruh ardid, and a minimum
value of 2.0 m/s at El Arish in October. This zamaracterized by sea-land
winds. Also from Fig. (3—3), it can be taken thaghhwind speeds occur in
the winter and spring seasons. This may be a refthie Mediterranean Sea

secondary depressions [10].
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Mediterranean Zone

Mean wind speed (m/s)

—e—Sallum —&—Sidi Barrani —&— Mersa Matruh —X—El Dabaa —%— Dekheila
—O— Alexandria —+—Balteam —&— Damietta ——Port Said —o—El Arish

T T
Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Months

Fig. (3-3). Monthly variation of wind speeds of ttear for selected stations.

Mean monthly wind speeds for different seasufrthe year are plotted in
Fig. (3—4). Duringwinter seasonthe wind speed level at three stations Sidi
Barrani, Mersa Matruh and El Dabaa reaches highegabf 5.5-6.1 m/s.
The maximum mean wind speed occurs at Mersa Maliding January and
February with 6.1 m/s. Ispring seasonfour stations (Sidi Barrani, Mersa
Matruh, EI Dabaa and Port Said) have high valuewiotl speed 4.8-6.1
m/s, where the maximum value is recorded in Mersdrivh with 6.3 m/s
during March. Irsummer seasarthe wind speed level reaches 6.0 m/s at El
Dabaa during June and July. Batumn seasonthe maximum mean wind

speed is recorded as 5.0 m/s at El Dabaa in Septemb
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From Fig. (3—4) the following findings can be dea\v

(1) The highest values of mean monthly wind speédalb stations

occurred during winter and spring seasons. Thisbeaaxplained by
the decease of the temperature during winter arrghgspSuch
decrease causes thermal convection so that someroéntum of the
upper air, which is moving at higher velocity, rartsmitted to the
surface layers causing the noticed increase imien monthly wind

speeds [6].

(2) For all seasons, we noticed that El Arish tesrhinimum values of

monthly wind speed.

(3) The monthly wind speed, for all seasons, hassdime trend and has

Annual mean wind speed (m/s)
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pronounced peaks, which decrease from west alanlyldditerranean

coast especially from El Dabaa to El Arish, exdad®ort Said.

Mediterranean Zone

Ul

Sallum Sidi Barrani Mersa El Dabaa Dekheila Alexandria Balteam Damietta Port Said El Arish
Matruh .
Station

Fig. (3-5). Annual monthly averages afdvspeed for selected stations.
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Fig. (3-5) illustrates the annual mean wind dgefr all stations. The
wind speeds decrease along the Mediterranean froastEl Dabaa to El
Arish, with exception Port Said. The relative irase of the wind speed at
Port Said may be due to the broad coast of Sueal€dediterranean
intercept. In general, from the Fig. (3-5) it canthken that Sidi Barrani,
Mersa Matruh and El Dabaa are the windiest statwits wind speeds

greater than 5.0 m/s.

3.2.2 Annual mean frequency distribution

The Weibull distribution shows its usefulnessewtthe wind data of one
reference station are being used to predict thel wagime in the surroun-
dings of that station. The idea is that only anrarainonthly average wind
speeds are sufficient to predict the complete weegy distribution of the
year or the month [22].

The annual values of the monthly average veipeleds for the stations
under study are estimated and have been analyzed thee Wind Atlas
Analysis Application Program (WASP) to predict t@mplete annual mean
frequency distribution of the year for all statipas shown in Fig. (3—6).

It is clear from the Fig. (3—6) that:

(1) All the frequencies have the same trend ane lpronounced peaks,
which, are located in the neighbourhood of the meiaud speed.

(2) In all stations, the peak frequencies are athitowards the higher
values of mean wind speeds. For example, El Dabaahnual mean
wind speed of 5.4 m/s (see Table (3-2)) and peajuéncy value of
14%.
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(3) In general, all stations have peak frequenicigbe range from 15 to
24% except for Damietta and EIl Arish. For thesessfieak frequen-
cies in the range from 30 to 35% occur. This isune stability of
weather condition at these stations and the fadt@Damietta and El
Arish are not windy sites.

(4) For the investigated stations in the Meditesam zone, no frequen-

cies occurred for a mean wind speed of 13 m/s.
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Fig. (3—6). Wind speed frequency distribution tlgbaut the year selected stations.

One important characteristic which we note friéig. (3—6) is that: there
are no frequencies for mean wind speed of zerods(esdm winds). This is

discussed by Vogiatzis et al. [23] as follows, wapmked frequencies based
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directly on measurements and those computed thrévgbull distribution
formula (theoretical), the comparison indicateadjagreement except for
the range of wind stillness. Where the mathematicehula of Weibull
distribution imposes zero probability, while theduency computed directly

through the measurements attains significant values

3.2.3 Weibull's parameters

As mentioned above, the Weibull distribution gidegood match with the
experimental data. This is also mentioned in mafgrences [22—-28]. This
distribution is characterized by two parametere #hape parametds
(dimensionless) and scale parametén/s).

Table (3-3), gives the Weibull parameters: yeanlkype parametds, and
scale parametar, at a height 10 m. They are estimated by two nutlas
mentioned in chapter 2, from Egns. (2-1) to (2-\B)e calculated the
monthly observed values of In [- In (1-V)] and plotted it against Iw,
where vV is the mean monthly wind speed, as shown in Rg7) (as
example). Using the least square method, a strarghts fitted to the above
mentioned data which is also drawn in the sameadigu order to obtain the
parameter& andc. Wherek is the slope of the straight line, while K+ c)
Is the intercept on the vertical axis.

It is clear from results in Table (3-3), thatthbanethods give identical
estimates of the parameter(m/s), but different values &, although in
Method 2: estimation af (m/s) depends on estimated valuek fafstly. The
parametec is then found by the using this estimat&kah Eqn. (2—4). This

may be due to the fact that, Method 2: maximumliliked estimation,
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leads to large errors in some individual casesisundeful only for ensemble

averages [15,31].

Table (3—3): Estimates of the constants ¢ andWeibull distribution

by two methods.

Name of Method (1) Method (2)

Station c K c K
Sallum 4.88 1.46 4.68 8.20
Sidi Barrani 4.27 1.47 5.29 9.79
Mersa Matruh 4.27 1.14 5.60 9.75
El Dabaa 4.02 1.19 5.64 11.05
Dekheila - -- 4.53 14.37
Alexandria 4.36 1.49 4.21 11.09
Balteam -- -- 3.62 7.19
Damietta -- -- 3.12 8.39
Port Said 4.77 1.71 4.93 9.74
El Arish 4.56 2.39 2.58 10.12
Mean 4.45 1.55 4.42 9.97

(--) Monthly percentage frequency not available.
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Fig. (3-7). Monthly observed values of il (1-(Vv))) plotted against Irv, for
three stations, through whibe Weibull parameters are estimated.
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3.3 Wind power estimation and analysis

3.3.1 Analysis wind power and air density correctso

Wind power density, expressed in Watt per squaeter (W/rf), takes
into account the frequency distribution of the wirsgheed and the
dependence of wind power on air density and the amflthe wind speed.
Therefore, wind power density is generally consdeito be a better
indicator of the wind resource than the wind spiesslf [1].

The monthly corrected and uncorrected wind po{g, Puing) Were
calculated using Eqgns. (2-9) — (2-11) and the te$esdd to Fig. (3-8).

From Fig. (3-8) it can be taken that the meamected specific power
availableP,o for ElI Dabaa station is higher than 100 W/or 8 months
during the year (nearly in all seasons except tiran). Whereas for both
Mersa Matruh and Sidi Barrani, they have only 5 thera specific power
higher than 100 W/frduring the year.

Annual values of corrected wind powét,, is always smaller than the
uncorrected wind poweR,inq (see Table (3—4)). This deviation is important,
because sizing and costing of any technical wirstiesy depends mainly on

the wind power.

The annual average corrected wind power valtuesheight 10 m for all
stations are given in Fig. (3-9). It can be seex tver the year El Dabaa
has the highest mean power followed by Mersa Matmth Sidi Barrani.
These stations may be utilized as wind power sieBabaa was chosen for

this purpose and an analysis of the costs was done.
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To confirm the validity of our results, the grest negative bias (the ratio
of difference between corrected and uncorrectedesity to the standard
air density) [35], was calculated and listed in [€a[3—4), as biasd, p).

For additional confirmation, biasP{o, Pwing) Was also calculated. From
Table (3-4), it is evident that the corrected anglty values are almost
stable and the shift from the standard air den@ityl.225 kg/n) is very

small for the selected sites.
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Fig.(38). Monthly corrected and uncorrected wind powe(f@, Pwindl (W/nf)
respectively, throughdwt year at a height 10 m for all stations.
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Fig. (3—9). Annual average corrected wind poweptigh the year at a height

10 m for all stations.

Table (3—4): Annual corrected air density, correctnd uncorrected specific wind

power and bias for all statsopeside annual values of air temperature

and pressure.

Name of T P x10 Pwing Pio P Bias Bias

Station K) am) [y [ wmd | wam® [ (P P (Pyg, Pua)
Sallum 293.0 10146 | 54.70 5439 | 1.207 | -0.015 -0.006
Sidi Barrani 292.4 10141 | 80.12 79.76 | 1.209 | -0.013 -0.005
Mersa Matruh 292.3 1014.7 94.6 9432 | 1.210 | -0.012 -0.003
El Dabaa 292.2 1013.3 | 100.08 | 99.17 | 1.209 | -0.013 -0.009
Dekheila 293.2 10143 | 52.07 51.49 | 1.206 | -0.016 -0.011
Alexandria 293.2 1014.1 | 41.60 4120 | 1.206 | -0.016 -0.010
Balteam 293.5 10134 | 26.26 25.93 | 1.203 | -0.018 -0.013
Damietta 292.6 10138 | 15.89 15,77 | 1.208 | -0.014 -0.007
Port Said 294.0 10134 | 62,57 61.89 | 1.201 | -0.019 -0.011
El Arish 293.5 1013.5 8.78 871 | 1.204 | -0.017 -0.009
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For simplicity, when considering the calculatioh monthly corrected
wind power,Py,, from the monthly uncorrected valud®,.q, @ correlation
betweenP,o and P,i,g has been investigated and illustrated in Fig. (3-10
A strong linear fit has been found betwd®g andP,i,g, Where we obtain a

correlation coefficient of CC = 0.99.

The recommended correlation equation is:

18 Pying— 0.5414 (3-1)

Equation (3-1) is quite practical to calcul®g, along the coast of

Mediterranean Sea in Egypt.
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Fig. (3—10). Correlation between montidyues of correcte®;o and uncorrected

Puwinda Wind power (W/ﬁ) of the selected stations.
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3.3.2 Extrapolation of wind power with height

The vertical extrapolation of wind speed and meardywower density has
been subject to numerous investigations in recesd@rsy The common
expression for calculating the wind speed at anghte(h) based on the
measured wind speed at the standard height (18 giyen by the equation
(2-13). Because the effect of height on air derfsitythe elevations under
consideration is negligible, the power densityta wind above the ground

level will be mainly affected by the increase imdispeed with height [42].

Justus [24] recommended usage of Eqn. (2—13henrange of heights
0—100 m above the ground level, under two importanditions: stability of

the atmosphere and modest roughness of the site.

As mentioned in the beginning of this chaptemtthe wind atlas analysis
the roughness factor is kept constant. And fromréselts in Table (3—4),
we concluded that, the values of corrected air ilemse almost stable and
the shift from the standard air densipy=<1.225 kg/m), is very small. This
confirms the stability of the atmosphere along thast of Mediterranean
Sea in Egypt. For this analysis we use; 0.25, which is the standard value
for the Egyptian terrain and wind conditions [5]sé due to the common
heights of wind turbines from 30 to 50 m above ¢gneund level, Table
(3-5) is prepared by using Eqn. (2-14) and theltse$or all stations are
plotted in Fig. (3—11).
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Annual mean corrected wind power (W/m?)

Table (3-5): Annual mean corrected wind power agis of10, 30, 50 m.

Name of P P30 P,

Station (W/m?) (W/m?) (W/m?)
Sallum 54.4 124.0 181.9
Sidi Barrani 79.8 181.8 266.7
Mersa Matruh 94.3 215.0 3154
El Dabaa 99.2 226.0 331.6
Dekheila 51.5 117.4 172.2
Alexandria 41.2 93.9 137.8
Balteam 25.9 59.1 86.7
Damietta 15.8 35.9 52.7
Port Said 61.9 141.1 207.0
El Arish 8.7 19.9 29.1
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Sallum Sidi Barrani Mersa El Dabaa Dekheila  Alexandria  Balteam Damietta Port Said El Arish
Matruh

Stations

Fig. (3—11). Annual mean wind poweptighout the year at the heights
10, 30, 50 m, resprely.
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Based on Fig.(3—11), a classification into twoehéint groups can be done.

Group A which containsSidi Barrani, Mersa Matruh and El Dabaahas
annual mean specific wind power in the range fr@8 fo 230 W/rhat a
height 30 m above ground level. It has annual nspeeific wind power in
the range from 260 to 330 W/rat a height 50 m. This groupis ideal for

electricity generation using large wind turbines.

Group B, which contains the statior&allum, Dekheila, and Port Said
has annual mean specific wind power between 120MI4& and 180-210
W/m? at the heights of 30 and 50 m, respectively. F@pB is suitable
for special wind turbines because it has only ahmu@an wind speed
between 3.5 and 5 m/s (at a height 10 m, see T8bl&). A special wind
conversion system, with simple technology, likevés designed and impl-
emented by Foaud Kamel in Port Said city (Egym@e Ref. [11], is suitable
for the stations of group. Application fields might be: lighting of small
areas, irrigation, water pumping and desalinati@mgs in rural areas like in

Sallum and Dekheila areas.
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3.4 Electricity generation and cost analysis

3.4.1 Turbines wind power

In this section, we focus on three stations nam@igli Barrani, Mersa
Matruh and El Dabaa These selected sites are suited for generation of
electricity, using two turbines with different rdt@ower: Turbine (1), 300
kW and Turbine (2), 1000 kW. Table (3—6), lists tharacteristic properties
of the selected wind turbines. With respect towed characteristics, the
two machines are similar in the values of cut-indvspeed\(.;) and cut-out
wind speedy.,) and the difference in the value of rated windesp§').

Fig. (3—12) shows the power curve for the sgtected wind turbines. It
is clear from the figure that at wind speed belown/3, threshold value,
there is no power produced. A saturation power @ BW, Turbine (1),
corresponds to a wind speed of 14 m/s, while fabiie (2) the correspond-
ing wind data for 1000 kW is 15 m/s.

Table (3—6): Characteristics of the s&del wind turbines [15].

Characteristics Turbine (1) Turbine (2)
Turbine model AN Bonus 300/33 AN Bonus 1MW/54
Rated Power (P,) 300 kw 1000 kW
Hub height 30m 50 m
Rotor diameter 334m 54.2m
Swept area 876 m? 2300 m?
Number of blades 3 3
Cut-in wind speed (V) 3m/s 3m/s
Rated wind speed (V,) 14 mis 15 m/s
Cut-off wind speed (Vo) 25 m/s 25 m/s
Price / Euro 305,000 828,000
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Fig. (3—12). Power curve for the selected wind el [15].
ttd//www.anwind.de/IMWe.htm

3.4.2 Wind speed adjustment

The wind speed changes with height and the abail wind data at
different sites are normally measured at a heighinlabove ground level.
So it is necessary to know the wind speed at wimbite hub height. The
wind power law has been recognized as a useful tootransfer the
anemometer data recorded at certain levels to ¢lseedl hub center [51].
This is done using Eqn. (2-13) for the three setédtations. The annual
mean wind speed for Sidi Barrani will be: 6.57 &7 m/s at the heights of
30 m and 50 m, respectively. For Mersa Matruh tireual mean wind speed
will be: 6.98 and 7.93 m/s at the heights of 30md &0 m, respectively.
Also for El Dabaa the wind speed is calculateda@ 42 and 8.09 m/s at the
heights of 30 and 50 m, respectively.
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3.4.3 Wind turbine energy output

The annual energy outpili,, (KWhly), is estimated by using the WASP
program for the given turbines and selected statiand the results are
summarized in Table (3-7). Fig. (3—13) has beepareal for illustration of
the relation between the annual energy output fasm@ion of mean wind
speed for the two considered turbines and for ¢hected stations.

From Fig. (3—13) we can derive:

(1) Very little wind energy exists below a wind sgeof 3 m/s (a typical
cut-in wind speed for the Turbines (1) and (2)).

(2) In case of Turbine (1), the accumulated annuabl energy in the
considered stations ranges from 96 MWh (Sidi Barshation) to a
maximum of 108 MWh (El Dabaa station) per year.

(3) In case of Turbine (2), the range is from 31%/My to 346 MWhly
for the stations Sidi Barrani and El Dabaa, respelst

(4) The bulk of the annual energy (in all statiorsspbtained for wind
speeds between 4 and 16 m/s for Turbine (1), amd & to 20 m/s for
Turbine (2).

(5) The annual energy distribution curves show mfeximum annual
energy is derived from a wind speed of 9 m/s forbine (1) and 10
m/s for Turbine (2).

It is noted that from Table (3-7), the maximugasly energy gain from

the wind Turbines (1) and (2) are 769 MWh/y and MWhly, for

El Dabaa station.
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Annual energy output (kWhy)

Table (3—7): Yearly energy gain from Turbinesggl (2).

Name of Eout (MWh/year)

Station Turb. (1) / H=30m Turb. (2) / H=50m
El Dabaa 769 2718
Mersa Matruh 740 2614
Sidi Barrani 653 2313

400000

350000 4 —=—El Dabaa Turb. (2)

—o—El Dabaa Turb. (1)
300000 A —— Mersa Matruh Turb. (2)
—&— Mersa Matruh Turb. (1)
250000 4 —e—Sidi Barrani Turb. (2)

—o—Sidi Barrani Turb. (1)
200000 -

150000 4

100000 4

50000 -

T T T T T T T T
0 1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

Mean wind speed (m/s)

Fig. (3—13). Annual energy output by TurbiBsand (2) as function of mean wind
speed for the selecteddtstations in Egypt.
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3.4.4 Cost analysis

The estimation of the costs for one kWh of epepgoduced by the
Turbine (2), (AN Bonus 1 MW/54), to operate at Edldaa station has been

done under the mentioned assumptions with using €g117).

For the Turbine (2), the price is taken to beRE) 828,000, and the cost of
civil work (20% of the price) = €165,600. Thereforevestmentl = €
993,600,Com= € (828,000/20% 0.25 = € 10,350 an8l = € (993,60 0.1)
= 99360, where = 0.15 and = 0.12.

Using all these values in Eq. (2-17), we get:

PVC = 1,093,679

From Table (3-7), the annual output of TurbinegPltl Dabaa is 2,718,251
kKWh. So the total output over 20 years = £B,718,251) kWh. Therefore,
the specific cost per kWh = (1,093,67828 x 2,718,251)) = 0.02 €.

Where 1 EUROx 7.5 Egyptian pounds, (one Pound = 100 Piaste@nTh
the cost will be 15 Piaster per kWh.
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3.5 Conclusions

From the statistical data and the calculationshis thapter, we can

conclude the following:

(1) The wind energy potential along the cost of Nexdanean Sea in
north Egypt is quite promising, because the chaontdwmving wind
speeds less than 3.1 m/s are small, see Table. (3-2)

(2) Because the wind speed range for electricityegation is (5—-6) m/s
[52], the following contiguous sites are suitalme électricity genera-
tion: Sidi Barrani, Mersa Matruh and El Dabaa

(3) The shift of the values of air density, see |[&€a{8—4), from the
standard air densityp£1.225 kg/ni) along the coast Mediterranean
Sea is very small.

(4) Investigation of available wind power densitytlee heights of 30-50
m indicates that, there are six stations which rgo@d wind power
densities.

(5) Group A, which included the three contiguowiens:Sidi Barrani,
Mersa Matruh and El Dabaa They have high wind power density
ranging from 180-230 W/mand 260-330 W/Mmat the heights of
30-50 m, respectively. So wind farms can be iredtalin these
regions to supply a reasonable amount of energygusinumber of
wind turbines, like the selected Turbine (2) with\iW.

(6) Group B, included the stationSallum, Dekheila and Port Said
They have moderate wind power densities ranging fa@20-140
W/m® to 180-210 W/ at the heights of 30-50 m above ground
level. The two foreseen applications of these @tati which are

faraway from the Nile River in Egypt, are water gang for storage
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and electricity generation using small wind machkimeth installed
capacities of less than 100 kW.

(7) An estimation of the cost of installing a wiidrbine (2), 1 MW, at
El Dabaa station for the generation of electricgtycarried out. The
expected yearly energy gain from Turbine (2), aDabaa is 2718
MWh/y and the specific cost per kWh is 0.02 €, viahveas found to
be very competitive with another stations alongdbast of Mediterr-

anean Sea in Egypt [15].
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Chapter 4

Applications of electricity generation on the weste
coast of Mediterranean Sea in Egypt

4.1 Introduction

About 85% of Egypt’s electricity is produced in pawplants predomin-
antly operated with natural gas, while the remanitb% are produced
through water and wind energy. The increase in aensh energy is mainly
due to rapid expansion of industrial projects ahd &conomic growth,
particularly, in the extreme northwest of Egyptreydhe coast of Mediterr-
anean Sea.

In the previous chapter, a technical assessmeheafind energy potential
in Egypt was made. The assessment entailed staflig® coastal sites from
west to east along the coast of the Mediterraneaa I8 Egypt. The
contiguous stations: Sidi Barrani, Mersa Matruh Bh®abaa were the three
most promising sites along the western coast ofitdednean Sea. In this

chapter, we will focus on these sites.

In this chapter, the possible applications et#lcity generation produced
by using two different systems at these threeastatand the cost analysis of
kKWh at each of them are discussed and comparedthatiyenerating costs
by the Egyptian Electricity Authority. They use sk oil and natural gas in
the power plantsThis evaluation is hoped to trigger the use ofgdawind

turbines in Egypt.
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4.2 Analysis of wind data

Fig (4-1) shows the location of the three seledttions along the
western coast of Mediterranean Sea in Egypble (4-1) shows the mean
monthly averages of wind speed and wind directibaside the annual
means ofSidi Barrani, Mersa Matruh and El Dabaastations. The table
indicates that these stations have an annual meahspeed greater than 5.0
m/s at a height of 10 m and the main wind direci®morthwest. These
wind data were taken from Table (3-2). These tbogg#iguous stations are
suitable for electric wind applications. Because Wind speed range for
electricity generation is (5—6) m/s [52].

|_|25 fzs fz7 [ze Tz2 [20 131 22 [33 j2a as ET) =
MEDITERRBRBRAHNEANMN S E A ==
Ratakh 0
TSitIi Barrani Mersa =
¥ Matruh  El Dabaa
. e
~ 30 Suer \
] u Darag
_l 20 Zalarnna N —
_! Rdinia =%
287 —
T by Baharla
I 420 =
H 2?’ "
§ B 193 &
i el
3 Faraira L
1’-25 x23 & 28
! -
25 —
28
T Dakhia Kharga
! 24 —
23—
Pr
ettt a

Fig. (4-1). Distribution of some meteorologicaltgias over Egypt.

e indicates the location of stations under study.
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Table (4-1): Mean monthly and annual wind speed)arid its direction
(at a heigh®0 m).

Station Month Annual mean Wind
Jan. | Feb. | Mar. | Apr. |May. [Jun. Pul. Aug. $ep. Qct. Nov. | Dec. (m/s) direction
Sidi Barrani 56 | 57| 59| 57| 47| 46| 52| 45| 40| 42| 46| 5.6 5.0 330 NW
Mersa Matruh | 6.1 | 6.1 | 63| 57| 49| 52| 52| 47| 44| 43| 48| 5.9 5.3 330 NW
El Dabaa 55]158]|61]58|51]|60]|60]|57]| 50| 42| 45] 55 5.4 330 NW

The mean monthly wind speeds for different sessof the year are
plotted in Fig. (4-2). It can be taken that highhavispeeds occur in the
winter and spring seasons. This may be due to tleditefranean Sea
secondary depression [10]. Duriminter seasonthe wind speed level at the
three stations reaches high values of 5.5-6.1 s .maximum mean wind
speed occurs at Mersa Matruh during January ancu&gbwith 6.1 m/sln
spring season the three sites have high values of wind spe8d®1 m/s,
where the maximum value is recorded in Mersa Maitvith 6.3 m/s during
March. Duringsummer seasgnthe wind speed level reaches 6.0 m/s at
El Dabaa during June and Julyor autumn seasonthe maximum mean
wind speed is recorded as 5.0 m/s at El DabaapteS8tber.

One important characteristic which can be derivednfFig. (4-2) is that:

the curves of mean monthly wind speeds for all@esef the year are very
similar at the three sites and the variation ofrthialues is very small. This
confirms the stability of weather condition at thesontiguous sites

throughout the year.
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4.3 Result and discussion

4.3.1 Seasonal power law coefficient and Weibwdrgmeters

Table (4-2) gives the Weibull parameters: Sealssimape parametkrand
scale parametey, at 10 m height beside the valuesaindk over the whole
year as shown in Fig. (3—-7). They are calculatedisigig Eqn. (2-3), and
using the monthly percentage frequency of the nmeanthly wind speeds
from Ref. [10] of the three stations: Sidi BarraMersa Matruh and El
Dabaa. Also the power law coefficiembf all seasons is calculated by Eqn.
(2-8) and the results are given in Table (4-2)nttais table we can derive
the following:

(1) The values obtained afin all seasons at the three stations have low
values for high speeds,. These findings agree with Justus et al. [24],
who concluded that at high wind speeds, the exgom&ould equal
about 0.15, closely corresponding to 1/6 (0.171/Gr (0.14) power
coefficient law often assumed for neutral stabi(iiygh wind) cases.
This argument breaks down above 100 m.

(2) Small values ok obtained atspring and autumrseasons indicate
widely dispersed data, i.e. the data tend to beildiged uniformly
over a relatively wide range wind of speeds [1]isTiias a positive
implication on wind power generation because theamns that the
three stations experience a high wind speed entmugperate a wind
turbine for at least a short period.

(3) For large values df at winter and summeseasons at the three sites,
the majority of the wind speed data tend to fadusud the mean wind
speed, and if the mean wind speed is high, therwthd would be

useful for power generation for a large part ofetim
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(4) El Dabaa station aummeiseason has a large value of the mean wind
speed ;= 5.9 m/$ and(c;= 5.4 m/$ and the value df is high (see
Tables (4-1) and (4-2)). Hence, the wind speedffecent during

this season for high power generation.

Table (4-2): Seasonal power law coefficient and Weibull maeters at 10 m height.

Stati Winter Spring Summer Autumn Annual mean | Whole year
ation
n ¢ k n [ k n c k n c k c k c k
x10%| m/s x10%| m/s x10”| m/s x10”| m/s m/s m/s

Sidi Barrani 22.61]| 5.12] 4.00 |25.88| 3.53 | 0.82 [24.06] 4.34| 2.31[23.94] 4.40| 1.38| 4.35 213 | 4.27 147

Mersa Matruh |22.27| 5.32 | 2.40|23.36] 4.70 | 2.00 |23.94| 4.40 | 1.81]|24.02| 4.36| 1.74| 4.70 1.99 4.27 1.14

El Dabaa 21.82| 5.60] 0.37 |24.78] 4.00 | 1.16 [22.14]| 5.40 | 5.67 [24.85] 3.97| 1.33| 4.72 2.22 4.02 1.19

4.3.2 Extrapolation of wind power density with héig

By using the corrected monthly values of availakied powerPy,at Sidi
Barrani, Mersa Matruh and El Dabaa stations at ightheof 10 m from
chapter 3 and then by substituting these valué&gm (2—-14), we obtain the
annual wind power at the heights of 70-100 m. Téwmults are given in
Table (4-3). We can conclude that the power dewitgined from the wind
is ranging from 340 to 425 W/mand 450 to 555 Wi/fmat the heights of
70-100 m, respectively. This result is similar te power density in some
European countries [12].

Also at these contiguous stations along the westeast of Mediterranean
Sea in Egypt the power density is equally as highh& inland potential
close to Vindeby (Denmark). So the foreseen apiptioa at these sites
should use large wind turbines with a capacityeast 1000 kW or more for

electricity generation [15].
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Table (4-3): Annual mean corrected wind power at height@f20 and 100 m.

Name of P P P 100

Station (W/m?) (W/m?) (W/m?)
Sidi Barrani 79.8 343.4 448.7
Mersa Matruh 94.3 405.8 530.3
El Dabaa 99.2 426.9 557.8

4.4 Applications of electricity generation

The typical applications of wind energy at thesations are electricity
generation and water pumping using wind turbindsere they are farway
the Nile River, see Fig. (4-1). Whereas a techraadl economic assessment
of electricity generation from two turbines machar@aving capacity of 300

and 1000 kW considered at these three sites was mabe last chapter 3.

Therefore, in this section, the possibility cfngrating electricity from
wind power at Sidi Barrani, Mersa Matruh and El Balis given using two
different systems. The first approach is the itetian of a single wind
turbine “Repower MM82of high rated power (i.e., 2000 kW). The second
approach is by installing an equivalent 25 smaltdvturbines‘Lagerwey
LW 18/80, each of 80 kW rated power, arranged in a winchfaf 2 MW
total power. The characteristics of these diffexeimid turbines are shown in
Fig. (4-3) and Table (4-4).
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Fig. (43). The power curve for the two chosen wind turbi7®].
http:// www.repende

Table (4-4): Characteristics of the seleat@dd turbines.

Characteristics Turbine (3) Turbine (4)
Turbine model Lagerwey LW 18/80 Repower MM82
Rated Power (P ,) (kW) 80 2000
Hub height (m) 40 100
Rotor diameter (m) 18 82
Swept area (m ?) 254 5281
Number of blades 2 3
Cut-in wind speed (V ) (m/s) 3 4
Rated wind speed (V ) (m/s) 14 13
Cut-off wind speed (V ;) (m/s) 25 25
Price / Euro 97,145 1,850,000
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4.4.1 Estimation of the energy output from

the single turbinéRepower MM82

Recently, in this calculation process we introglboth the power output
curve of the wind turbine and the wind velocity tdmution of the wind
regime, and combine them to calculate the outpth@®thosen wind turbine
and also the availability of the output [20].

We must calculate the wind speed at the hub haifjttis turbine. This is
done by using Eqgn. (2-13). In doing so, the anmuain wind speed for
Sidi Barrani, Mersa Matruh and El Dabaa will be8% 9.42 and 9.60 m/s at
100 m height, respectively. Given the power curivéhe turbine“‘Repower
MM82", the WASP program was used to estimate the agtaly energy
production at the three stations [53-55]. The yeariergy outputEqu
(kWh/year), for these stations is summarized inl&@gBd-5). The annual
energy production was found to be (7118.2, 776Bb7%75.3 MWh/year),

respectively.

Table (4-5): The annual energy production fromtthie different systems at the three

selected sites.

E .t (KWhlyear)
Name of Wind farm (2 MW )/ H=40 m Single machine (2 MW) /H=100m
Station Lagerwey LW 18/80 Repower MM82
Sidi Barrani 4,726,226.3 7,118,226.2
Mersa Matruh 5,318,903.6 7,765,541.5
El Dabaa 5,510,702.2 7,975,302.9
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4.4.2 Estimation of the energy output from the 2 MWind farm

The wind farm to be installed at the three st@ssist of 25 wind turbines
having the power curve as shown in Fig. (4-3). Bamh Barrani, Mersa
Matruh and El Dabaa, the annual mean wind speealdsilated to be : 7.07,
7.50 and 7.64 m/s at 40 m height, respectivelys Thidone by using Eqgn.
(2-13) at the hub height of the turbifieagerwey LW 18/80 Using these
data in combination with WASP program, the annuargy production was
found to be (472.6, 531.8 and 551.0 MWh/year) toe three stations,
respectively, see Table (4-5).

Fig. (4—-4) shows the relation between the yearbrgy output as a function
of mean wind speed for the two cases (single terlaimd wind farm) at the
three sites. From this figure we can derive:

(1) The maximum yearly energy is derived from advepeed of 11 m/s
in case of single 2 MW wind turbine and 10 m/sase of wind farm.
Where the bulk of the annual energy (in all stag)ois obtained for
wind speeds between 4 to 24 m/s for single 2 MViig, and from
4 to 18 m/s for the wind farm.

(2) In the case of a single 2 MW turbine, the acalated annual wind
energy in the considered stations ranges from 839hMin Sidi
Barrani station) to a maximum of 917 MWh (in El Rabstation) per
year. However, in the case of the wind farm, thegeais from 639
MWh/y to 703 MWh/year for the stations Sidi Barramd El Dabaa,
respectively.

(3) Very little wind energy is available below angispeed of 3 m/s in

the two cases.
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Annual energy output (kWh/y)

(4) The use of a single 2 MW wind turbine at theeéh stations will
produce more energy per year than the wind farn2 &iW. The
maximum yearly energy gain from the wind turbinaisthe two cases
studies is found to be 5510 MWh/y and 7975 MWh/\EhDabaa

station, see Table (4-5).
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Fig. (44). Annual energy output from the two different Wdy€tems: single turbine
of 2 MW and wind farm d¥1®V total power, as a function of mean wind

speed at three stationEgypt.
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4.5 Economic and cost analysis

In this section, an analysis of the cost ofkidéh of electricity generation
from the two different systems will made, one usandarge single wind
turbine with a capacity of 2 MW and the other us?tgsmall wind turbines
of 80 kW each arranged in a wind farm of 2 MW tqtalver. The yearly
energy output of each system at each site willdterchined, and the elect-
ricity generating costs in each case will also biewdated and compared
with the generating costs of generating electricising diesel oil, natural

gas and photovoltaic system furnished by the Egylectricity Authority.

For estimation the cost of one kWh produced bydhasen wind energy
conversion system8MECS), the method of the present value of money is
employed. In order to calculate the present valfiecasts PVC) of
electricity produced per year, Equation (2-17),egi\by Lysen [22] and
referred by Rehman et al. [50], is used in the gmestudy under assump-

tions as mentioned in chapter 2.

The price of the wind turbine and civil works fach of the investigated
systems were substituted, and in case of whed farm the capital
investment|, is taken as the number of units multiplied by tim& price,
from which thePVC for each system was obtained [45]. Dividing thasue
by the total energy produced during the life tinigh® machines of each
system. The present value of the cost for one kVel wbtained for each
system at each of the three sites. The resultgiaea in Table (4—6). From

this table we can derive:
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(1) In the case of a single 2 MW wind turbirtbe cost of each kWh
electricity produced varies between (1.5-1.7) 4/k&vh. However in
the case of the wind farm, the cost of electripitgduction was found
to between (2.9-3.4) € cent/kWh. Hence, the sirglMW wind
turbine was found to be more effective than thedwarm.

(2) These results are in line with the information mapter 3, where it
was concluded that the expected cost of electrigéggeration was
found to be 2 € cent/kWh at El Dabaa station, wlerether wind
turbine with 1000 kW capacity (AN Bonus 1MW/54) hagen used.
Also, these results agree with El-Kordy et al. [Miho concluded that
WECS have the lowest cost in Egypt with 1.8 US /é&¥ih, see Table
(4-7).

(3) Furthermore, by comparing these results of expemstiof electricity
generation by using a single 2 MW wind turbine ai Barrani,
Mersa Matruh and El Dabaa stations with the codt ki#vh produced
by the Egyptain Electricity Authority using diesel, natural gas and
photovoltaic system, which was found to be very pettive with the

actual tariff system in Egypt as shown in Table7/(4—
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Table (4-6): The expected cost of kWh of elegirginerated using two different
WEC systems at the tistagons.

Name of Cost (€ cent/kwWh)*

Station Wind farm (2 MW ) Single machine (2 MW)
Sidi Barrani 3.4 1.7
Mersa Matruh 3.0 1.6
El Dabaa 2.9 15

* 1 Euro = 7.5 Egyptian pounds; 1 Pound = 100 Piaster.

Table (4—7): The cost of kWh of electricity geneddirom different systems
actually used in Egypt].

System Cost ($ cent/kWh)
1- WEC system 1.8
2- Combined cycle system 2.4
3- Conventional steam-fuel oil fired 54
4- Gas turbine diesel oil fired 54
5- Photovoltaic system 14.0
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4.6 Conclusions

In this chapter, we found that:

(1) The prevailing wind direction was nottivest during the year at the
three sitesSidi Barrani, Mersa Matruh and El Dabaa

(2) At these contiguous stations along the westerntadddediterranean
Sea in Egypt the power density obtained from thedwis ranging
from 340 to 425 W/mhand 450 to 555 Wi/t the heights of 70-100
m, respectively, at the three stations. This padesrsity isequally as
high as the inland potential close to Vindeby (Darkhand is similar
to the power density in European countries.

(3) The use of a single wind turbine with 2 MW capaaeityhe three sites
will produce more energy per year than the windnfaf 2 MW total
power. The maximum yearly energy gain from the windbines in
the two cases are 5510 MWh/y and 7975 MWh/y at &bda station.

(4) The single wind turbine 2 MW was found to be moffeative than
the wind farm. For all three envisaged stations #iectricity
production cost was found to bess than 2 €cent/kWh which is
abouthalf the specific cost of the wind farm.

(5) The important result derived from this study eneges the construct-
lon of large wind turbines with a power level of(BOkW at the three
stations, where the expected cost of electricityegation was found
to be very competitive with the cost of one kWh carced by the
Egyptian Electricity Authority as shown at the adttariff system in

Egypt [70].
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Chapter 5

The potential of electricity generation on the easdst
of Red Sea in Egypt

5.1 Introduction

Egypt has two coastal areas that show significatdrgial for wind energy
exploitation; the north coast on the Mediterran8aa and the east coast on
the Red Sea. It has long been recognized that ihe potential along the
coast of Red Sea is markedly higher than in otlaetsppf Egypt—and most
other parts of North African deserts as well. Hoarearly estimates of the
mean wind speed-based on the existing network ¢éonaogical stations
in Egypt—range about 6 m/s in the northern Red Blease values which we
today know are far too low [12]. In recent 10 yeat much work is
reported in the literature on wind energy relatguds for the Red Sea coast
in Egypt. A few studies [2,9,12,13,17] presenteel wind energy analysis
for some locations. From national programs for wameergy utilization in
Egypt, at the Red Sea coast, the master planfoal@00 MW are expected
to be achieved by the year 2005 [9].

The purpose of this chapter is to present arlyaca method for the
calculation of the wind energy available along #ast coast of Red Sea in
Egypt. Again the energy vyield for two differentliinmes with a power of 600
kW and 1000 kW will be analyzed. Also the speatinst will be calculated.
This evaluation is hoped to be interest for studhydffectiveness of the wind

machines for assessing the feasibility of usingdawind turbines in Egypt.
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5.2 Wind characteristics

5.2.1 Wind data analysis

Deserts have a number of characteristics that riak®a almost ideal for
wind energy applications: the pressure on the lahaolv, access is easy, and
construction work is relatively simple. Furthermotiee surface roughness
tends to be done low and uniform, so siting of wincbines can be done
primarily with optimization of the energy produatieand minimization of
cost—in mind. Large desert regions exist with ayvpromising wind
potential. One region with these features is thestalong the Red Sea in
Egypt [12], see Fig. (3-1).

Knowledge of the characteristics of the windimegs in any location is
important in the exploitation of wind resourcegsléessential in designing or
selecting wind conversion systems for any applceti[56]. The present
study is based on measurements of monthly windds@@etemperature and
air pressure data were taken at a height of 10aueaground level, in open
areas and over roughness class 0 (water). Thesk data were obtained
from seven meteorological stations along the cadsRed Sea. These
locations have been chosen to cover the whole reaRed Sea coast in
Egypt.

Fig. (5-1) shows the locations of these sevatiosts along Red Sea zone
in Egypt. The period of observations that was wespghl more than 10 years
except two stations (Abu Darag and Zafarana), $sydaata was obtained
from the Egyptian Meteorological Authority and Né&Renewable Energy
Authority in Egypt. Table (5—-1) shows the physifesdtures of the meteoro-

logical stations.
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Fig. (5-1). Distribution of somet®orological stations over Egypt [2].

# indicates the location of stations under study.

Table (5-1): Physical features of theteorological stations.

coordinates

Name of Latitude Longitude Elevation

Station Deg. Min. Deg. Min. (m)
Ismailia 30 35 32 14 125
Suez 29 52 32 28 2.5
Abu Darag 29 16 32 35 10.0
Zafarana 29 06 32 36 25.0
Hurghada 27 17 33 46 1.0
Quseir 26 08 34 18 8.7
Ras Benas 23 58 35 30 3.7
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Table (5—2): Mean monthly and annual wind speed)and its direction
(at a heigh0 m).

Month Annual Wind
Station N
Jan. Feb. Mar. Apr. May. Jun. Jul. Aug.  [Sep. Oct. Nov. Dec. Mean direction
Ismailia 2.9 2.6 3.7 3.6 3.4 3.4 3.5 2.8 2.8 2.3 2.2 2.6 3.0 330 NW
Suez 3.0 3.5 4.3 4.7 4.8 4.8 5.4 4.8 5.4 4.5 3.8 3.2 4.4 330 NW
Abu Darag 5.8 6.0 6.6 7.0 8.6 8.1 7.6 8.2 8.7 7.5 6.2 5.8 7.2 360 N
Zafarana 6.2 6.2 6.8 7.1 8.0 8.3 7.6 8.4 8.5 7.4 6.3 5.9 7.3 360 N
Hurghada 5.8 6.3 6.5 6.4 6.9 7.4 6.6 6.6 7.0 5.8 5.3 5.5 6.4 330 NW
Quseir 4.7 4.6 4.8 4.4 4.6 4.8 3.8 3.8 4.7 4.4 5.1 5.1 4.6 360 N
Ras Benas 4.8 4.8 5.4 5.6 6.3 7.1 5.3 5.5 6.4 4.8 5.1 4.7 5.5 360 N
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104 Red Sea Zone
~ 9 T
Y
E g
e}
@
a 7
%]
o at
£ 6 S
2
j
S 54 o
=
4 -
3 4
2 4
1 ———Ismailia —— Suez —h— Abu Darag —X— Zafarana —¥—Hurghada —O— Quseir ——Ras Benas
0 T T T T T T T T T T T
Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Months

Fig. (5—2). Monthly variation of wingeeds of the year for selected stations.
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The mean monthly averages of the wind speeddaedtions beside the
annual means are listed in Table (5-2). The tatdécates that the main
wind direction over the Red Sea region is north aodhwest. Fig. (5-2)
illustrates the monthly mean of wind speeds forsadtions. It is clear from
the figure that the Red Sea zone is windy; it hasaaximum value of 8.7
m/s, at Abu Darag in September, and a minimum vat.2 m/s, at
Ismailia in November. The richness of wind at thetsions is due to the
fact that Red Sea mountain series in the west @&ggpt) and Asser &
Hegaz series (Sudia Arabia) in the east side ghielevind [16].

Mean monthly wind speeds for different seasonthefyear are plotted in
Fig. (5-3). From this figure, iwinter seasonit can be seen that the wind
speed level at three stations (Abu Darag, Zafaearth Hurghada) reaches
high values of 5.5-6.3 m/s. The maximum mean wipeed is 6.3 m/s at
Hurghada during Februaryn spring season four stations (Abu Darag,
Zafarana, Hurghada and Ras Benas) have high vatwesd speed 5.4—-8.6
m/s, where the maximum value is recorded in AbuaDawith 8.6 m/s
during May. In summer seasonthe wind speed level at (Abu Darag,
Zafarana, Hurghada and Ras Benas) reaches thevdligh of 5.3—8.4 m/s,
where the maximum mean wind speed is 8.4 m/s duugyust at Zafarana.
In autumn seasonthe last four stations have high values of windesbe
4.8-8.7 m/s, the maximum value is recorded in Alarad with 8.7 m/s

during September.
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Fig. (5-3). Mean monthly wind speeds at diffess@sons of the year for all stations.
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An integral view of Fig. (5-3) gives the followirfimdings:

(1) The highest values of mean monthly wind speédalb stations
occurred in summer and autumn seasons. This cardi@ned by the
weather phenomena of land and sea breezes whi¢cheafamous on
the coasts of Red Sea.

(2) Also the monthly wind speeds, for all seastias, the same trend and
has pronounced peaks.

(3) In all seasons, we noticed that Ismailia has rthinimum values of

monthly wind speed.

With respect to the annual mean wind speeds, (bied) illustrates such
data for a collective view. From this figure itdear that all stations have an
annual mean wind speed more than 3.1 m/s excegtilianhas 3.0 m/s.
Indeed, there is an increase of annual mean wirddspwhen going from
north to south along the Red Sea coasts in Egyptfrom Ismailia to Ras
Benas, except in Quseir. These strongly preferned direction, however,
Is not only due to the general pressure gradiemh fnorth to south, but also
caused by channeling of the wind flow between tlwumbain ranges that
border the Red Sea zone in Egypt on both sideshirgpbeights of 1000 m
or more above sea level [16]. In general, from Eig. (5—4) the most
promising wind sites ar&afarana, Abu Darag, Hurghada and Ras Benas,
which have annual mean wind speeds of 7.3, 7.2, a&hd 5.5 m/s,

respectively.
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Fig. (5—4). Annual monthly averages of wépeed at a height 10 m for all stations.

5.2.2 Frequency distribution

The wind speed frequency distribution at a giveonatmn is either
tabulated from wind speed data as a function of tbmis approximated by a
probability distribution function based on measudada or assumed wind
resources characteristics. It is important to krtbev number of hours per
month or per year during which the given wind sgeecturred [57].

Weibull distribution is a good match with thepeximental data. The idea
Is that only annual or monthly average wind speséssufficient to predict
the complete frequency distribution of the yeatha month [22]. The Wind
Atlas Analysis Application Program (WASP) is useithvthe annual values
of the monthly average wind speeds for all statiomsler study. The
estimated annual wind speed frequencies of sewiorss under this study

obtained using WSAP program are shown in Fig. (5% frequency
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curves in this figure show the most frequent wipeéexl and number of

hours per year can be easily determined for eatinst[58].

Frequancy %
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Fig. (5-5). Estimated annual frequedtstribution of wind speeds at a height
10 m for all stations

From Fig. (5-5) the following information can beiged:

(1) All the frequencies have the same trend anck lpg@nounced peaks,

which are located in neighbourhood of the mean gjpekd.

(2) The peak frequencies of all stations are shitmvards the higher

values of mean wind speed. For example: Zafaramsaanaannual
mean wind speed value of 7.3 m/s, see Table (5242, a peak
frequency value of 11%, where Ismailia has an anmean wind

speed of 3.0 m/s and a peak frequency of 28%.

(3) All stations except Ismailia exhibit a simikaend. Ismailia station has

a low relatively constant wind speed.
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(4) All stations have peak frequencies in the raogmveen 12% to 20%,
except Ismailia station, which has a peak frequesfc28%. This is
due to stability of the weather condition at Isnaail

(5) The considered interval of mean wind speedesgdrom 0 to 18 m/s.
The representative wind speed curves for (Abu Daiafarana,
Hurghada and Ras Benas) stations are spread and sthew
frequencies from 12 m/s to 17 m/s.

(6) The important characteristic which we note fréing. (5-5) is that,
there are no frequencies for mean wind speed af gpeed (calm
winds). This is due to Weibull distribution funatios not taken into
account calm frequencies, where the mathematicaiuia of Weibull

distribution imposes zero probability [16].

5.2.3 Weibull's parameters

Weibull function is usually used to describe Wiad speed distribution of
a given location over a certain period of time,i¢gtly monthly or annually
[59]. In the present study the annual Weibull fumtiand its two parameters
are derived from the available data. The resuéshown in Table (5-3) and
Fig. (5-6).

Table (5-3) gives the Weibull parameters: yeaHgpe parametér and
scale parametar, at a height 10 nmlhey are calculated bywo methods as
mentioned in chapter 2, from Eqgns. (2-1) to (29%)e observed monthly
values of In [~ In (1- K())] are plotted against I, wherev is the mean

monthly wind speed, as shown as example in Fig6)(5dsing the least
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square method, a straight line is fitted to thevabmentioned data which is
also drawn in the same figure in order to obtasnghrameterk andc.

It is obvious from results in Table (5-3), that bbanethods gives identical
estimates of the paramete(m/s), but different values of the although in
Method 2: estimation of (m/s) depend mainly on the estimated values of
firstly from Eqgn. (2—4), the parametefound by the using the estimatekof
in Eqn. (2-5). This may be due to the fact thatthdd 2 (maximum
likelihood estimation) leads to large errors in somdividual cases and is

useful only for ensemble averages [16].

Table (5-3): Yearly shape parameter, k, and scatameter, c, estimated

by two methods ati@eight.

Name of Method (1) Method (2)

Station C k C k
Ismailia -- -- 3.19 7.25
Suez 4.45 1.78 4.66 6.59
Abu Darag 8.23 3.00 7.64 8.52
Zafarana 8.23 2.70 7.64 9.86
Hurghada 6.60 2.03 6.63 12.84
Quseir 4.66 2.53 4.73 13.56
Ras Benas 5.67 1.20 5.93 9.75
Mean 6.31 2.21 5.77 9.77

(--) Monthly percentage frequency not available.
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stations, through which the Widliparameters are estimated.
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5.2 Wind power density

5.3.1 Wind power and air density estimations

Mayhoub et al. [2], concluded that, for Egypt inst preferable to estimate
wind power values by using a Weibull distributidtowever, by applying
the available wind data for all stations under gtwdth the Egns. (2-9)—
(2-11), the values of monthly corrected and unobeck wind power
(P10, Pwing) throughout the year for all stations were calculeaed plotted.
The results lead to Fig. (5-7).

From this figure, we found thBt, for Abu Darag and Zafarana stations, is
between 200 W/frand 400 W/rfor 7 months during the year (nearly in all
seasons except in winter). Whereas for both Hurglzal Ras Benas, they
have specific power availabig,higher than 100-220 W/rduring the year,
where Hurghada hd®,¢>100 W/nf during the all months of the year except
in November, but Ras Benas hag>100 W/nf during 6 months only.

With respect to the annual mean corrected air tdgnpi, corrected and
uncorrected wind poweP;, and P,nq, Were calculated and presented in
Table (5—4). The corrected wind pow®,, is always lightly smaller than
the uncorrected wind poweR,.q (see Table (5-4)). This deviation is
important, since sizing and costing of any techiniwgand system depend
mainly on the wind power. Also from Table (5-4),eocan notice that the
absolute maximum highest corrected wind powey, was recorded at
Zafarana (233.72 W/f) and the absolute minimum Bf, was recorded at
Ismailia (17.20 W/rf). Also over the year Abu Darag and Zafarana statio
have the highest specific powerR§>232 W/nf followed by Hurghada and
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Ras Benas. These four locations are suitable &alling large wind energy

conversion systems.

To confirm the validity of the results, the giest negative bias (the ratio
of difference between corrected and uncorrectedexsity to the standard
air density) [35], was calculated and listed alsoTiable (5-4), as bias
(@, p). For additional confirmation, bia®{, Puing) Was also calculated for
P10 andPyng. From Table (5—4), it is evident that the corrdctér density
values are almost stable and the shift from thedstad air densityp(= 1.225

kg/m’) is very small along the Red Sea zone in Egypt.

Table (5—4): Annual corrected air density, @oted and uncorrected specific wind
power and bias for alltsdas beside annual values of air temperature

and pressure.

Name of T P x10? Puwing P 1 Bias Bias

Station (K) (N/m’) (Wim?) wimd) |t | (B, P )| (Pro Pwing)
Ismailia 294.8 1013.0 17.54 17.20 1.198 -0.022 -0.019
Suez 295.4 1013.5 54.83 53.28 1.194 -0.024 -0.028
Abu Darag 295.7 1013.0 239.6 232.88 1.194 -0.025 -0.028
Zafarana 296.2 1013.0 240.91 233.72 1.199 -0.027 -0.030
Hurghada 296.2 1011.2 159.82 155.25 1.19( -0.029 -0.029
Quseir 297.3 1011.3 59.42 57.90 1.184 -0.032 -0.026
Ras Benas 298.8 1009.5 106.07 101.80 1.179 -0.039 -0.040
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Fig. (5-7). Monthly corrected and uncorettwind power R&, Puinal] ( W/nf)
respectively, throughthg year at a height 10 m for all stations.
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For simplicity, when considering the calculatioh monthly corrected
wind power, Py, from the monthly uncorrected valud®,q, @ correlation
betweenP,o and P,,q has been investigated and illustrated by Fig. (5-8)
A strong linear fit has been found betwd®g andP,i,q, Where we obtain a
correlation coefficient CC = 0.99.

The recommended correlation equation is:

1= 0.96P,ing + 1.4226 (5-1)

Egn. (5-1js quite practical to calculat,, along the coast of Red Sea in

Egypt.
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350 +

300 -

250

P1o

200 A

P10 = 0.96 Pyying + 1.4226 CC=0.99

150 A
100 -

0 50 100 150 200 250 300 350 400 450 500

I':)Wind

Fig. (5-8). Correlation between monthlyuesd of corrected 8 and uncorrected

Pna wind power (W/H) of the selected stations.
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5.3.2 Extrapolation of wind power with height

From our results in Table (5-4), we concluded thatas evident from the
values of corrected air density that they are atratadble and the shift from
the standard air density € 1.225 kg/r), is very small. This confirms the
stability of the atmosphere along the coast of Red in Egypt. Also due to
the common heights of medium and large wind tubifrem 50-70 m
above the ground level, the vertically extrapolatedd power values from
50 to 70 m for all stations are calculated basetherresults oP,, in Table
(5-4), and from Eqn. (2—-14). The results are prtesem Fig. (5-9).

1200+

Red Sea Zone B P10 EP50 EP70

10004

800+

600+

(W/m?)

4004

200+

Annual mean corrected wind power

O — T T T T T T 1

Ismailia Suez Abu Darag Zafarana Hurghada Quseir  Ras Benas

Station

Fig. (5-9). Annual mean wpalver throughout the year for all stations
at thedtats 10, 50, 70 m, respectively.
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After having done the extrapolation of wind powath height, a classifi-

cation into two different regions can be done:

Region A which contains Abu Darag, Zafarana, Hurghada and Ras
Benag, has specific wind power in the range from 3407&) W/nf at a
height 50 m above ground level. While this regi@s lannual mean wind
power in the range from 430 to 1000 \W/at a height 70 m. This Region A,
Is ideal for electricity generation because it Basady annual mean wind
speeds between 5.5 and 7.3 m/s (at a height 1@aenlable (5-2)) and has
the highest mean power density at the height ohrs® 70 m. Region A is

suitable for large wind turbines with a capacityl600 kW or more.

Region B which contains the stationSyez and Quse)r has an annual
mean specific wind power between 175-190 ¥Wamd 230-250 W/fat

the heights of 50 and 70 m, respectively. Regiois Buitable for installa-
tions of medium siz&/EC systems with the power range of 150-600 kW.

5.4 Electricity generation and cost analysis

5.4.1 Turbines wind power

In this section, we focus on six stations dividetditwo Regions A and B.
The choice of these sites is based on the datermiexkin previous sections
(see Tables (5-2) and (5—4))hese selected sites are suited for electricity
generation. In order to calculate the energy tvil@i@int turbines were selec-
ted: Turbine (5) has rated power=P1000 kW, (with hub height 70 m), for
Region A, Turbine (6) has rated power=RB00 kW, (with hub height 50 m)
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for Region B. Table (5-5), lists the characterigtioperties of the selected
wind turbines. With respect to the wind charact@ssthe two machines are
similar in the values of cut—in speed.), and cut—out speed ).

Fig. (5—-10) shows the power curve (maximum powemfoptimum system)
for the two selected wind turbines. Whereas at vgipeled below 3 m/s, the
threshold value, there is no power produced, butviad speed more than
the threshold, the rated power produced increaseginciously up to
saturation values, between 600 kW to 1000 kW fabine (6) and Turbine
(5), respectively. A saturation power of 600 kW a0 kW corresponds
to a wind speed of 15 m/s for both turbines. Batlhbihes are pitch
controlled.

Table (5-5): Main characteristics of botiditurbines.

Characteristics Turbine (5) Turbine (6)
Turbine model AN Bonus 1 MW/54 AN Bonus 600 kw/44-3
Rated Power (P ) 1000 kW 600 kw
Hub height 70m 50 m
Rotor diameter 54.2m 44 m
Swept area 2300 m 2 1520 m?
Number of blades 3.0 3.0
Cut-in wind speed (V ;) 3m/s 3m/s
Rated wind speed (V ) 15 m/s 13 m/s
Cut-off wind speed (V ) 25 m/s 25 m/s
Price / Euro 899,000 490,000
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Fig. (5—10). The power curve for thw chosen wind turbine [16].
http://www.andide/1IMWe.htm
http://www.anwidd/600kwce.htm

5.4.2 Extrapolation wind speed at WECS hub height

The wind speed increases with increasing heighé rate of increasing
wind speed with height strongly depends upon thegyhaess of the terrain
and the changes in this roughness [20]. As merdiaméhe beginning of the
study, from the wind atlas analysis the roughnessof is kept constant.
Wind data measurements used in this study are lmas#te standard height
of 10 m. In addition, we must find the wind speé¢dh& hub height of the
turbine. This is done using Egn. (2-13). So in Bed), the annual mean
wind speed for (Abu Darag, Zafarana, Hurghada aasl Benas) will be:
(11.70, 11.83, 10.33 and 8.90) m/s at 70 m hergpectively.

For Suez and Quseir stations of Region B, theialhmean wind speed is

calculated to be 6.52 and 6.85 m/s at 50 m hergbpectively.
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5.4.3 Wind turbine generation

WASP is based on the physical principles of floawthe atmospheric
boundary layer and takes into account the effedtslifferent surface
roughness conditions, sheltering effects due ttimgis and other obstacles,
and modification of the wind imposed by the spediérrain height around
the met station [60].

Given the power curve of the Turbines (5) and {6g, WASP program was
used to estimate the actual yearly energy productitne yearly energy
output, Ey (kWh/year), for selected stations is summarized@able (5-6).
Fig. (5-11) shows the relation between the yearlgrgy output as a
function of mean wind speed for the two wind tudsirof capacity 1000 and
600 kW for the selected stations.

Table (5-6): Yearly energy gain of Turbines (5l #8), capacity factor and cost of

kilowatt-hour.

Name of WECS Rated Power E out Cs Cost (cent/kWh)

Station and Height (kW) (kWhlyear) (100 cent = 1 Euro).
Zafarana Turb. (5) / H=70m 1000 4704620 0.537 1.26
Abu Darag Turb. (5) / H=70m 1000 4654557 0.531 1.27
Hurghada Turb. (5) / H=70m 1000 4034500 0.460 1.47
Ras Benas Turb. (5) / H=70m 1000 3227969 0.368 1.83
Quseir Turb. (6) / H=50m 600 1185705 0.225 2.72
Suez Turb. (6) / H=50m 600 1058528 0.201 3.05

* 1 Euro = 7.5 Egyptian pounds; 1 Pound = 100 Piaster.
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Fig. (5—11). Yearly energy outputTurbine (5) and (6) as function of mean
wind speeddelected stations.

From Fig. (5—-11) we can derive:

(1) The maximum yearly energy is derived from advepeed of 12 m/s
(Turbine 5) and 9 m/s (Turbine 6).

(2) In case of Turbine (5), the accumulated annviald energy in the
considered stations ranges from 385 MWh (in RasaBetation) to a
maximum of 448 MWh (in Zafarana station) per year.

(3) In case of Turbine (6), the range is from 15WMy to 167 MWhly
for the stations Suez and Quseir, respectively.

(4) The bulk of the annual energy (in all statiorsspbtained for wind
speeds between 4 to 24 m/s for Turbine (5), anth #ao 17 m/s for
Turbine (6).

(5) Very little wind energy exists below a wind sgeof 3 m/s (typical
cut-in wind speed for the Turbines (5) and (6)).
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Finally, it is noted from Table (5-6) that, theaximum yearly energy
gain from the wind Turbine (5) is 4704 MWh/y and546MWh/y, at

Zafarana and Abu Darag stations, respectively.

5.4.4 Economic analysis: (capacity factor and casialysis)

The capacity factol;, is one of the performance parameters of wind
turbines which both the user and manufacturer neddchow. The annual
capacity factor for considered turbines in our gtigdestimated using Eqn.
(2-16) and is introduced in Table (5-6). We notenfrthe table that, the
capacity factor is higld.53 for two stations Zafarana and Abu Darag
which have the higheEf).

On the other hand, there are many methods whate been used to
evaluate the cost of energy production. In thiglgtthe value of money
method has been used, which is the best metho@teyndine the present
value of costsRVC) of electricity produced per year under the maraa
assumptions with Eqn. (2—-17) [50].

ForRegion Awe study the 1000 kW wind energy conversion sysdaoh
for Region B we look at the 600 kW system. The technical ddtéhe
chosen wind energy system are given in Table (58%)substituting these
values in Egn. (2-17) with all the mentioned asdiong we obtain the
PVC for each location. The cost of electricity per k\&theach location is
obtained by dividing théVC by the total energy production of the wind

turbine over its life time (20 years), see Tableg)b
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In Region A the cost of each kWh electricity produced vabesveen
1.26 and 1.83 € cent/kWh (LEUR®S5 Egyptian pounds). It is pointed out
that the costs of wind power utilization at ZafaaAbu Darag, Hurghada
and Ras Benas is approximatelyhad of the average cost given in Table
(5-7) [49,61].

In Region B, the cost of electricity produced from wind turbiaf capacity
600 kW was found to between 2.72 and 3.05 € certt/kW

These results agree with El-Kordy et al. [14howconcluded that from the
results of an economic evaluatioECS have the lowest cost in Egypt
with 1.8 US cent/kWh.

Table (5-7): Average cost of new electricity getiera[61].

Systen Cost (cent/kWh)
Solar thermal hybrid 6.9
Nuclear 7.3
Natural gas (intermediate) 6.4
Hydro 12.1
Wind 6.0
Coal boiler 5.8
Natural gas (combined) 4.7
Geothermal 5.6
Biomass 6.1
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5.5 Conclusions

The findings in this chapter can be summarized as:

(1) Wind energy potential along the east coast el Bea in Egypt is
more abundant, where the chances of having winddspkess than
3.1 m/s are very small.

(2) The very small shift of the values of air déyw$iom the standard air
density p = 1.225 kg/nl) along the east coast of Red Sea may cause
an improvement in the power output of wind turbiigable (5-4)).

(3) There are two regions in which wind power carubed economically
on a significant scalRegion A Zafarana, Abu Darag, Hurghada
and Ras BenasThey have annual mean wind speeds 7.3, 7.26l4 a
5.5 m/s, respectively at 10 m height (Table (5-2Z)e region is
suitable for large—wind turbines each having a ciyaof at least
1000 kW.Region B Quseir and Suezavhich have moderate wind
speeds at 10 m height (4.6 and 4.4) m/s, respéctiVais region is
suitable for installations of wind turbines of meah size (150-600)
kW capacity, used in conjunctions with other researto meet the
present electricity demands.

(4) The power density obtained from the windRagion A is ranging
from 340 to 780 W/hand 430 to 1000 W/fat the heights of 5070
m, respectively, which is higher than the powersitynin European
countries. At Abu Darag and Zafarana sites the palwasity iswice
as high as the inland potential close to Vindebgnidark). Therefore
wind farms can be installed in these four siteRefion A, using a
large number of wind turbines, like Turbine (5) Wil MW, for

electricity generation.
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(5) In Quseir and SueRggion B, the sites have wind speeds estimated
at 50 m height: 6.85 and 6.52 m/s, respectivelyeyThave wind
power density ranging from 175 to 190 \W/ai the same height. So
the two foreseen applications in this Region B #$thause wind
turbines with a capacity of 600 kW, like Turbing.(6

(6) In Region A the expected cost of each kWh produced using the
chosen wind turbine of 1 MW varies between 1.26 dn8é3
€ cent/kWh.

(7) In Region B, the cost of electricity produced from wind turbiof
capacity 600 kW was found to vary between 2.72 &d5
€ cent/ kWh.

Finally, we can reach the conclusion that th@eeked electricity
generation costs of 1 kWh in four locationsRégion Aalong the Red
Sea in Egypt idess than 2€ cent/kWh, which is very competitive

compared to the actual tariff system as shown inlel €6—7) [16].

New information about recent developments infE@ye introduced on
http://www.iset.uni-kassel.d&/here the wind park Zafarana on the Red
Sea coast is being developed over a number of yesmra German-
Danish-Egyptian joint-venture: its installed capaevill reach 430 MW
by the end of yea2007.
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Chapter 6

Electricity generation and wind potential assesimen
at Hurghada, Egypt

6.1 Introduction

Hurghada city is growing very fast due to the depelent of Tourism.
This development has been going on for some tint ianexpected to
continue. How long this will continue and what tleel of the tourist
activities is going to rise? These are not knowdat@. Sitting is defined as
the estimation of the mean power produced by aifsp@gnd turbine at on
or more specific locations [17]. In the last chagiewe made a technical
assessment of the potential of electricity genenatilong the Red Sea in
Egypt. The assessment entailed studies of sevimatt sites from north to
south along the east coast of Red Sea. Hurghatilansteas one of the most
promising sites and will be in the focus of thisdst because it is the most
populated and industrial region at the Red Sedhd&meteorological station
in Hurghada wind data have been recorded over 28syd herefore the
seasonal variation of the measured and calculagephéncy distribution of

the wind speed at this site could be analyzed.

The main aim of this chapter is to present a a@alytical method to
choose suitable large wind turbines with low rat@dd speed and high
capacity factor at this site. An estimation of éx@ected cost in € cent/kWh

for the power level of 2000 kW is done.
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6.2 Seasonal wind speed frequency distribution

Engineers should know the real distributionstlod wind speed, solar
energy and other alternative sources of energy,cinald be obtained from
real recordings of random series in order to expthese sources efficiently
[62,63].

Fig. (6-1) shows the location of Hurghada cityRad Sea zone in Egypt.
The measurements of monthly wind speed and pegerftaquency of
winds were taken at a height of 10 m above groendllin an open area.
Data were obtained from the Egyptian Meteorologidalthority, for a
period of more than 23 years as shown in Table)(6Hie wind potential

analysis of this region is reported at chapter 5.

Table (6-1): Percentage frequency of wind speeds withirfdhewing speed ranges and

mean wind speed in (m/s) aeight of 10 m

Month 05-15] 2-31 |36-52|57-82]87-10.8|11.3 -13.9| 144 -17 2175 Mean wind speed
Jan. 8.0 12.0 22.3 35.7 13.8 5.9 1.1 0.1 5.8
Feb. 7.3 11.0 21.3 30.8 15.9 9.6 1.8 0.2 6.3
Mar. 8.2 11.3 20.0 27.5 15.8 11.9 3.0 0.3 6.5
Apr. 11.3 12.0 18.2 25.4 15.4 11.6 3.3 0.3 6.4
May. 7.8 9.8 17.3 29.3 17.9 13.5 2.9 0.4 6.9
Jun. 6.0 7.5 15.0 30.6 21.9 16.0 2.2 0.1 7.4
Jul. 8.8 10.4 16.7 30.1 18.8 12.0 1.5 0.0 6.6
Aug. 7.8 9.8 17.3 31.5 19.9 10.4 1.3 0.0 6.6
Sep. 4.5 7.1 15.4 33.2 23.6 13.7 1.6 0.0 7.0
Oct. 10.4 11.6 20.1 31.4 16.0 7.2 0.7 0.0 5.8
Nov. 11.6 13.5 21.9 35.2 12.1 4.0 0.3 0.1 5.3
Dec. 9.4 13.6 22.1 35.2 12.7 4.9 0.4 0.0 5.5

Annual mean 8.4 10.8 19.0 31.3 17.0 10.1 1.7 0.1 6.4
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Fig. (6-1). Distribution of meteorological stations over IGof Suez and northern

Red Sea)(indicates the location of Hurghada station [12].

Table (6-2): Percentage frequency of seasonally wind spettisn the following speed
ranges and mean wind speal @easons (m/s) and its direction
(at a height 10 m).

Season 05-15 2-31 3.6 -52 | 57-82 |87 -10.8 |11.3 -13.9| 14.4 -17 2175 Mean wind speed Wind direction
Winter 8.2 12.2 21.9 33.9 14.1 6.8 1.1 0.1 5.9 330 NW
Spring 9.1 11.0 18.5 27.4 16.4 12.3 3.1 0.3 6.6 330 N\W
Summer 7.5 9.2 16.3 30.7 20.2 12.8 1.7 0.0 6.9 330 NW
Autumn 8.8 10.7 19.1 33.3 17.2 8.3 0.9 0.0 6.0 330 NW
Annual mean 8.4 10.8 19.0 31.3 17.0 10.1 1.7 0.1 6.4 330 NW
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The topography of Hurghada station is respoadi the generally high

mean wind speeds measured. As the wind flow ettierRed Sea the terrain
opens up, the wind looses momentum, and the meaa speed immediat-
ely decreases by about 20 per cent [12], see B#d.)(
Table (6—2) gives the measured percentage frequgriey of wind speeds
for all seasons at Hurghada and its direction. rElselts lead to Fig. (6—2a).
The statistical analysis of wind speeds has beeaternaing WASP program
[64]. The estimated wind speeds frequencies oldafoe all seasons are
plotted in Fig. (6—2D).

Fig. (6-2) gives the following findings:
(1) The curves of measured and estimated frequaistaybutions of wind
speeds at Hurghada for all seasons of the yeareayesimilar in the
considered interval which varies from 0 to 18 misl @ahere are no

frequencies for mean wind speed of zero speed (aatahs).

(2) The bulk of { %) ranges between 15% and 35% of the measured data

at winds between 3.6 and 10.8 m/s.

(3) All the measured frequencies have the samel taed have pronoun-
nced peaks in all seasons, which confirms the Igtalof weather
condition at Hurghada throughout the year.

(4) All seasons have peak frequencies in the raegeeen 27% and 34%
with wind speeds between 5.7 and 8.2 m/s.

(5) Hurghada has measured frequencies in the afd&0% for speeds

greater than or equal to 11 m/s (at a height 1éhnoughout the year.
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6.3 Seasonal Weibull parameters at different

heights and power law coefficient

The calculation of the output of a wind turbattea particular site requires
knowledge of the distribution of the wind speed. dlattention has been
focused on the Weibull function and the adaptatmthe experimental data
[65]. Table (6—3) gives the Weibull parameters: seassimgbe parametér
and scale parameterat different heights (:¥0) m. They are calculated by
using Eqns. (2—6) and (2—7) as mentioned in ch&ptand by using the data
from Ref.[12]. Also the power law coefficient ofl @easons is calculated
using Eqn. (2—-8) and the results are given in T&B8). From this table we

can derive the following Table (6—4).

From Tables (6—3) and (6—4)we can derive:

(1) The values obtained afhave low values for high speeasy(or Vig).
These agree with Justus and Amir Mikhail [24], wduncluded that
for high wind speeds/{=10 m/s), the exponemtwould equal about
0.15, closely corresponding to 1/6 (0.17) or 1/714) power law
coefficient often assumed for neutral stabilitygfniwind) cases. This
argument breaks down above 100 m (300 ft).

(2) From Table (6-4), small values kfare obtained atautumn and
spring seasons. This indicates widely dispersed dataheedata tend
to be distributed uniformly over a relatively widange wind of
speeds. This has a positive implication on wind @owgeneration
because this means that Hurghada station expesiearcaugh wind

speed to operate a wind turbine for at least at gieviod [19].
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(3) For large values df at winter and summerseasons, the majority of
the wind speed data tend to fall around the mead wpeed, and if
the mean wind speed is high, then the wind woulddsful for power
generation for a large part of time.

(4) Hurghada station estummerseason has a large value of the mean
wind speed = 6.55 m/s)and {;= 6.9 m/s)and the value ok is
high (see Tables (6—2) and (6—4)). Hence, the wpekd is sufficient

during this season for high power generation.

Table (63): Calculated values of ¢ and k at different hésgior all seasons and

the power law coeéidi for each season at Hurghada.

Height C K Power Law Coefficient
Season (m) (m/s) n
Winter 10 6.23 2.21 0.2088
30 7.84 2.45
50 8.72 2.58
70 9.35 2.67
Spring 10 6.15 1.63 0.2099
30 7.75 1.8
50 8.62 1.9
70 9.25 1.97
Summer 10 6.55 2.05 0.2044
30 8.20 2.27
50 9.1 2.39
70 9.75 2.47
Autumn 10 5.83 1.82 0.2146
30 7.38 2.02
50 8.24 2.12
70 8.85 2.20
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Table (64): Seasonal power law coefficient and

Weibull parameters at 10 m height.

Season | autumn | spring | winter summel
n xag? | 2146 2099 2088 2044
Cio (mis) | 583 6.15 6.23 6.55
Ko 1.82 1.63 2.21 2.05

6.4 Monthly wind power and plant load factor estitn@ns

Egypt does not possess very high conventionsgilfduel reserves, but
possesses rich renewable energy resources sughii@s kolar, geothermal
and wind. Of these, wind seems to be the mostldaiteenewable energy
resource for electricity production [19]he wind power estimation is based
on a simple model. Where the total theoretical rmaddal power available
In a given air stream is equal to the volumetrie tames the kinetic energy
per unit volume of air stream. This is expresse&agm. (2—12). However,
not all of the poweP;, can be converted into useful work.

Based on simple momentum theory, it has beewsitbat the maximum
power any wind turbine can convert into useful ggeis equal t00.593
from available power in wind. The factdr593is commonly known as the
Betz limit. It represents the maximum theoreticalue of the power
coefficient. This limit cannot be surpassed by amprovements of wind
energy conversion system&/ECSs). The real wind energies that could be
produced by modern aero-generators are much lessag between 25%
and 48% [66—68].
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On the other hand, the plant load factitK) is defined, as mentioned in
Eqgn. (2—15) in chapter 2, as the ratio betweerattteal power available in
the wind and the rated power of tWECSs This factor is used in
determining the monthly and annual output of thedmenergy conversion
system. Then by using the corrected monthly vatdesailable wind power
P10 of Hurghada at a height of 10 m from Table (5-4) #men by substit-
uting these values in Egns. (2-12) and (2—-14). Alscobtain the monthly
wind power and monthlyPLF at hub height 70 m for turbine 1000 kW,
using Eqgn. (2-15), see Table (6-5) and Fig. (6-3).

From these table and figure, we found that:

(1) The values of monthli?LF are greater tha®.60for 3 months, May,
June and September.

(2) The average annu@élLF was found to be 48% for the considered
wind turbine with a capacity of 1 MW.

(3)Hence, we recommended that the envisagéflCSs at Hurghada
should have a rated power greater than 1000 kVO at.7
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Plant load factor

Table (6-5): Specific wind power at the hésgof 10 m and 70 m and plant load

factor of turbine 10K/ considered at Hurghada for each month.

P10 Pm7o PLF
Month (W/m?) (KW/m?.month) | at P,,i=1000 kW

Jan. 119.72 370.9 0.37
Feb. 152.77 473.4 0.47
Mar. 166.05 514.5 0.52
Apr. 156.24 484.1 0.48
May. 193.38 599.2 0.60
Jun. 235.61 730.0 0.73
Jul. 166.28 515.2 0.52
Aug. 166.10 514.7 0.52
Sep. 200.20 620.3 0.62
Oct. 115.43 357.70 0.36
Nov. 89.57 277.5 0.28
Dec. 101.63 314.9 0.31
Annual mean 155.25 481.0 0.48

1.0

Hurghad
05 ] urghada

058
0.7
06
05
0.4
03
0.2

0.1

OO T T T T T T T T T T T
Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Months

Fig. (63). Monthly plant load factor for considered windghine of 1000 kW at
height 70 m.
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6.5 Rated wind speed and capacity factor of WECS

The following analysis is to help designers asdrs to choose the most
suitable wind turbines. The annual energy prodwuétd0 different com-
mercial wind turbines (each two of them have thmes@ub height and the
same rated power but are different in their rateddwspeed \(;)) were
calculated by WASP program using measured data [bd¢ result are
presented in Fig. (6—4).

The capacity factor is an important index in swgang the energy yield of
a wind machine [69]The rated powers of these turbines are 150, 250, 60
750 and 1000 kW. Table (6—6) shows their annualggneroductionsg,,
and capacity factors. Where capacity factor isrdi® between the actual
yearly energy outpug,, and the rated yearly energy, which was calculated
by using Eqn. (2-16).

From Table (6—6) we can conclude:

(1) It is obvious that the use of wind turbineshwidwer rated speeds will
produce more energy in a year than wind turbingl wgher rated
speeds, see Fig. (6-4), where the peak energy tougpahifted
towards wind turbines which have lower values tdédavind speeds.

(2) From the results in the table, which are presg&m Fig. (6-5), we can
conclude that the capacity factor is greater fondvurbines with
lower rated wind speeds.

(3) Designers and users can optimize the selectionid wirbines by
relating the mean wind speed of the location tonomin rated wind

speed (the speed at which annual output of uséthirs maximum).
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Table (66): Annual energy output and capacity factor ofdlifferent commercial
wind turbines (each twfdhem have the same hub height and rated

power but they areeliint in their rated wind speed).

Turbine model Hub height |Rated power Vi Vv, Ve E out C
(m) P, (kW) (m/s) (m/s) (m/s) (kWhfyear) (per cent)
An Bouns 150/23 30 150 4 13 25 489,995.2 37%
Nordex N 27/150 30 150 4 11 25 628,685.9 48%
Lagerwey LW 30/250 40 250 4 14 25 843,658.1 39%
Nordex N 29/250 40 250 3 135 25 872,512.2 40%
Nordex N 43/600 40 600 3 14 25 2,024,773.4 39%
Dewind 46/600 40 600 3 12 25 2,262,145.7 43%
Repower 48/750 50 750 4 15 25 2,692,360.5 41%
Lagerwey LW 50/750 50 750 3 14 25 2,914,805.3 44%
An Bouns 1IMW/54 70 1000 3 15 25 4,034,499.5 46%
HSW 1000/57 70 1000 4 13 25 4,217,892.7 48%
500000
Hurghada

—+—An Bouns 150/23
—o—Nordex N 27/150
—0o— Lagerwey LW 30/250
—*— Nordex N 29/250
—— Nordex N43/600
—e— DeWind 46/600
—+— Repower 48/750
——Lagerwey LW 50/750
An Bouns 1IMW/54
—e—HSW 1000/57

400000 A

300000 4

Yearly energy output (kWh/y)

200000 A

100000 A

0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

Mean wind speed (m/s)

Fig. (64). Yearly energy output from 10 wind turbinesythave rated powers
150, 250, 600, 75@ 4000 kW.
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6.6 Economic analysis
6.6.1 Selecting best fit turbines and energy output

In this section, the choice of the best suitabledaturbine for Hurghada
station is discussed. Whereas a technical and etdorassessment of elect-
ricity generation from two turbines machines havaagpacities of 600 and
1000 kW considered in seven different sites alorggd F5ea in Egypt
(Hurghada station was one of them) was made inteh&p and from the
data presented and results in previous sectiorthisnchapter. From the
results (Table (6-5) and Fig. (6—3)) where the eslaf monthly plant load
factor are greater tha@.6 in some months throughout the year for
considered wind turbine with capacity of 1 MW, tiiee of a wind turbine
which has a rated power greater than 1000 kW aiglfda station is
recommended. Then, based on results (see Tabl¢ &4&d6Fig. (6—4)) it is
concluded that the use of a wind turbine with loveted speed will produce
more energy over a year than a wind turbine witthér rated speed. And
the results from Table (6-6) lead to Fig. (6-5), kmew that the capacity
factor is greater for wind turbine with lower ratethd speeds. Hence, for
this study the commercial wind turbifl@epower MM82with a capacity of
2 MW was chosen, which has lower rated speed ah/E3competitive with
another commercial wind turbines of capacity 2000 k

The technical data of the wind turbine usedsaramarized in Table (6-7).
It is necessary to know the wind speed at winditigrlhub height. The wind
power law has been recognized as a useful toohtwster the anemometer
data recorded at certain levels to the desired dwrider [59]. Thus the
estimated annual mean wind speed at 100 m (hubhtheif this wind

machine) will be 11.29 m/s at Hurghada station.
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The annual energy that can be generated at thedeoed site by &epower

MM82 wind machine was obtained using wind power curvéh® machine
and 23 years wind duration data recorded at ties[80]. Yearly energy
gain, Ey,: (kWhly), is estimated by using WASP program. Tlesuit is

about 9663 MWh and the obtained capacity fab&#o is high, see Table
(6-7).

100%

Hurghada
90% -

80%

70%

Capacity factor

——low Vr (m/s)
60% A ——high Vr (m/s)

50% - [
o \///‘

30% A

20% A

10% A

0%

150 kw 250 kW 600 kW 750 kW 1000 kW
Wind turbines with different rated power (kW)

Fig. (65). Annual capacity factor for 10 different winalines with rated
speed as par@ne
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Table {&): Yearly energy gain, capacity factor and techhic
data ohditurbine Repower MM82.

Turbine model Repower MM 82
E out (KW/hlyear) 9,663,578.2
Ct (percent) 55%
Rated Power (P ,) 2000 kw
Hub height 100 m
Rotor diameter 82m
Swept area 5281 m?
Number of blades 3
Cut-in wind speed (V ) 4 mls
Rated wind speed (V ;) 13 m/s
Cut-off wind speed (V ) 25 m/s
Price / Euro 1,850,000

Further technical details can be foundhitp:// www.repower.deThe type

of control is pitch control.

105



6.6.2 Cost analysis

The estimation of the cost per kWh of energydpoed by the wind
turbine “‘Repower MM82 which has a capacity of 2000 kW, to operate at
Hurghada station has been done under the mentesgonptions with Eqn.
(2-17).

From Table (6-7), the price of this turbiRepower MM82s taken to be
€ 1,850,000, and the cost of civil work (20% of twice) = € 370,000.
Therefore investmenit = € 2,220,000C,,, = € (1,850,000/20) x 0.25 =
€ 23,125 andS = € (2,220,000 x 0.1) = € 222,000, where= 0.15 and
i =0.12.

Using all these values in Eqn.(2-17), we get:

PVC = 2,443,615.8
Also from Table (6—7), the annual output of tnebRepower MM82at
Hurghada is 9,663,578.2 kWh. So the total outpuerof20 years
(20 x 9,663,578.2) kWh.
Hence, the specific cost per kWh = [(2,443,615(8) x 9,663,578.2))
1.26€ cent

These results are in line with the results iapthr 5 where we concluded
that the expected cost of electricity generatiortteneast coast of Red Sea
in Egypt was found to bé&.47 € cent/kWh at Hurghada station, where
another wind turbine with 1000 kW capacity (AN BerilMW/54) had been
used. So th&epower MM82system is very competitive. And in this study
the expected cost per kWh at Hurghada willlBePiaster where 1 €~ 7.5
Egyptian pounds, (one Pound = 100 Piaster).

106



6.7 Conclusions

From this chapter, we can draw the followingdasions:

(1) All the measured percentage frequency of wipdesds of this site
have the same trend and have pronounced peaksaaabns, which
confirms the stability of weather condition at Hoagla station
throughout the year.

(2) During thesummer seasom high value of mean wind speed 6.9 m/s
occurs (at a height of 10 m), so the wind is sidht during this
season for high expected power generation.

(3) The prevailing wind direction was nofthest during the year in
Hurghada, see Table (6-2).

(4) The use of wind turbines with lower rated sgeedl produce more
energy in a year than wind turbines with higheedagpeeds, also the
capacity factor is greater than with wind turbiredgracterized by
lower rated wind speeds.

(5) The important result derived from this studg@mrages the construc-
tion of wind farms at Hurghada for electricity gesigon using large
wind turbines each having a capacity of greatem 200 kW and we
recommend usage of the wind turbine motépower MM82 of
capacity 2 MW at 100 m hub height. The expectedtetity genera-
tion costs of 1 kWh using this machine was founthe¢d.26 € cent
which is a very competitive price compared to tbeial tariff system
[19].
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Chapter 7

Conclusions

From the last calculated results and measuredvaa can conclude that:

(1) The wind energy potential along the coast ofdM#granean Sea in
north Egypt is quite promising. Because the reguiwend speed
range for electricity generation is 5—-6 m/s, th#ofeing sites are
suitable for electric wind generatorSidi Barrani, Mersa Matruh
and El Dabaa.

(2) The shift of the values of air density from tiandard air density
(p=1.225 kg/m) along the coast Mediterranean Sea is very small.
This confirms the stability of the atmosphere altimgcoast of Medi-
terranean Sea in Egypt.

(3) The prevailing wind direction was nottliest during the year at the
three contiguous siteSidi Barrani, Mersa Matruh and El Dabaa

(4) At these contiguous stations along the westest of Mediterranean
Sea the power density obtained from the wind, mgjireg from 340
to 425 W/mi and 450 to 555 W/fMmat the heights of 70-100 m,
respectively, at the three stations. This powersitgns equally as
high as the inland potential close to Vindeby (Darghand is similar
to the power density in European countries.

(5) The use of a single wind turbine with 2 MW caipaat the three sites
will produce more energy per year than the windhfaf 2 MW total
power. The maximum yearly energy gain from the winxbines in
the two cases are 5510 MWh/y and 7975 MWh/y at &bda station.
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(6) The single wind turbine 2 MW was found to bereneffective than
the wind farm. For all three envisaged stations #lectricity
production cost was found to bess than 2€cent/kWh which is
abouthalf the specific cost of the wind farm.

(7) The important result derived from this studg@mrages the construc-
tion of large wind turbines with a power level @D kW at the three
stations, where the expected cost of electricityegation by using a
single 2 MW wind turbine was found to be very cotitpe with the
cost of kilowatt—hour produced by the Egyptain Hietty Authority.

Then, the wind energy potential along the east coadRed Sea in

Egypt was analyzed:

(1) The wind energy potential along the east cobRed Sea in Egypt is
high. The very small shift of the values of air diéy from the
standard air density € 1.225 kg/ni) along the east coast of Red Sea
may cause an improvement in the power output ofiimbines.

(2) There are two regions in which wind power carubed economically
on a significant scaleRegion A Zafarana, Abu Darag, Hurghada
and Ras BenasThese locations have annual mean wind speeds of
7.3, 7.2, 6.4 and 5.5 m/s, respectively at 10 ngltteiThe region is
suitable for large—wind turbines each having a cepaf at least
1000 kW.Region B Quseir and Suezthese stations have moderate
wind speeds at 10 m height 4.6 and 4.4 m/s, reispéctThis speed
level is suitable for installations of wind turbsm@f medium size
(150-600) kW capacity. The systems can be usedmunctions

with other resources to meet the present elegtrit®tmands.
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(3) The power density obtained from the windRegion A is ranging
from 340 to 780 W/rhand 430 to 1000 W/frat the heights of 50-70
m, respectively, which is higher than the powersitgnn European
countries. AtAbu Darag and Zafaranasites the power density is
twice as high as the inland potential close to Vindebgnmark).
Therefore wind farms can be installed in these &i@s of Region A,
using a large number of wind turbines, like windbtnes of 1 MW,
for electricity generation.

(4) The expected electricity generation costs k¥Mh in four promising
locations: Zafarana, Abu Darag, Hurghada and Ras Benadong
the coast of Red Sea using a wind turbine with 1 MWSss than2 €

cent/kWh, which is very competitive compared to dwetual tariff

system.

Finally, Hurghada station was one of the most promisings sslong the
east coast of Red Sea in Egypt. It is the most latgai and industrial region
at the Red Sea. From our investigation and resutsonclude:

(5) The stability of weather condition at Hurghatation throughout the
year is high and the prevailing wind direction wasth—west during
the year.

(6) The use of wind turbines with lower rated sgeedl produce more
energy in a year than wind turbines with higheedagpeeds, also the
capacity factor is greater compared with wind tesi characterized

by lower rated wind speeds.
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(7) The important result derived from this studycaurages the
construction of wind farms at Hurghada for eledyigyeneration
using large wind turbines each having a capacitygm@ater than
1 MW. We recommend usage of the wind turbine moRelpower
MM82” with a capacity of 2 MW at 100 m hub height. Theented
electricity generation costs of 1 kWh using thischiae was found to
bel.26 € centwhich is very competitive price compared to theial

tariff system.
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Figure A: Distribution of hourly mean wind speedsdypical lowland site [71].
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Figure B: Example Weibull Distributions [72].
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