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1.0 INTROGUCTION
 

The Government of Egypt (GOE) is undertaking to adjust internal energy 

prices to levels more in line with free market values. In zonnection with
 

this action, the GOE, jointly with USAID/Cairo, is conducting a renewable 

energy fielo testing program in an effort to determine the feasibility of 

subsidizing conventional sources with renewable sources. Wind energy is ono 

of the renewbl ti ,nergy resources that is being tested in this program. 

A ,ihlItc wind energy resource has long been recognized in certain regio n'.<

.t [ypt. Following World War !1, water pumping xindmills manufactured dorpes

tically were used extensively along the Mediterranean coastline. More 

rpcertl,, , rutwork of small, battery-charging windmills has been instal Kld 

,it a nurih r tJ comni n ditions towers. These experiences indicate that wind 

err;y Lou10 pruvidp electrical pover to villages not connected with the 

ulectric grid that runs along the Nile River. Wind energy could also provide 

fresh water through desalination and save fuel in communities where diesel 

cenerators are currently the primary source of electricity. 

A n important stop in the current field testing program is quantifying 

the tex tent of Egypt's wird(1 resources using existing data. This report provides 

the beginning of that quantitication. The information collected in this study 

will he used tc assist planners in focusing on specific areas where wind enery 

use is pra ct it.,rh 1e 

This wind resource assessment activity represents a continuation of two 

earlier studies performed for Egypt. The first study, performed by Dr. 

M. S. El Pin Harb ot the Meteorological Authority, Cairo, and reported in the 

Phase I final report (Hughes 1975), identified two main regions where wind 

energy might be used inrEgypt: the Red Sea and the Mediterranean coestal 

areas. Dr. El Pin Parb's study was based on an analysis of standard surface

weather observations in Egypt. 

in the setcond study, eight stations were installed at various locations 

along the Nediterranean and Red Sea coastlines (Hughes 1979). Data were 
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PIeven months he 
,although certain I.ocajt3,9fts: a' 1 ng t~heVei terrarean coast~may~ Lesu i tab1e for#~ 
acquired for,,eriods Of~ el~t T~ study concluded tha.t 

nd ma Ch ine ~appI ica t ion s si gnificant potenW a1 for, qi nd energy 1ufi1 ia-***SP&a i L(i 

I n,,a separate study, Dr. -Atef, IHassan'ein of the, Aeronau'ti calInttue 

Uiesity of. Cio;ue vilb'Mtorogical Autthority ,data to estimate 

~windi power, for thf 'country (Hassanein and Darwish 1984). This r~eport con
fi ied the ccusions o'f the earlier studies, but also showed that port\~ons 

'of the Sinai Peninsula and the Western Desert have oetalvibewind 

elretsources. . 

In building upon the results of tihese previbusSstudies, this as e'ssmernt > 

synthesizes the data from. previous stud1ies and supplements those daid,-With 
data obane ot any,'additional locations andprosf record, Ina!I 

Surface data were identified for 63 locations,'with some locations havinai ' 

da~ta, records'3as far back ais the late 1600's. Ain extensive screening process,,.< 

was applied to select the most useful surfa.c&,data. An addition, climatologl
.,cal data on winds aloft,' maps of pressure patterns, air fl'bw, and topography 

were used inestimatino the wind resou'rce in many data-sparse areas . '. 

31 Section 2 discusses' the sources of d~ sdi hsassmn.Sc
 

tion 3 describes the methodology used to develop quantitative estimates of
 

-the wind res~burc'e. Section 4 presents~lthe,!resul)ts of the assessment, with 

~information on annual, seasonal, and diurnal 'distribution '6f the resource, 1: 
and on'.ouir relative certainty of these estrn'ates.. Sever~al key region~s of the 
country, incl'uding the Red Sea and Mediterr~aniean coasts, the"Sinai PenU-ul'a, 
and the Western Desert, are considered sep'rately. 'Section 5,des'cribe's the 

'bsnasrisfo 
Setin6 U~flai~sthe' results of the assessment and miakes recommendations. 

fo more 'aCCuf&btely assessing the wind resource, inEgypt with greater cer-,. 
tainity, using existing as well as new data. In the appendix, monthly and 

diurnal plopts of the wind~resource for a number of stations~throughout Egypt

F' are presented. 

Climae'ticn ica the widresources of Egypt for *the s'eparate regions.
 

-
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2. SOURCES'OF 'DATA '<~~ 

The~data used/in this assessment we're u bta ined from various sources. LAs Th 
-- :. ,t'L.e-in- the,-initroducir--ti-assessptent-builds uj on,-data-.*o nIllected- ip 

eale tde eromdozgp (Hughe-s,975, 1979), alonig with wind
 

poeestimtes-calculated bf Dr. AtefHassanein with data maeaalbet
 

hini by h gpta eeoooia Authority. <Anadditi,ona1 major source of
 
elyeiminary informa't'on was Battelle's "World-Wide Wind Energy Resource
 

Assessment" (Elliott et al. 1981).
 

Other wind speed a'nd wind pocwer estimates camne from a 1982 report entitlc-dKj 
!'Wind Energy fEgj)pt" by: Dr, Ami~in Mobarak of Cairo University. The Egyptian 

M~eteorologica"( A)ithority (1976) report,j."Climatologifcal Data for the Study tcif ,
 
Qattra Lepiession Project," contained wind speedfrqecinomtn eil
 

for, calculating wind power, estimat'es. The Egyptian Electrical Autho'riiy (EEA:)> iTh 
has.,provided more recent data from special measurement programs at RasGhareb< 

ara n,~ and Ea st Owe inatt. 

In ddiinto data fromf these sources, the United States' NainlCi 

miatic Data Cente " provided s 'vei'al useful reports and data sets: 

1. A r'epor't on the climatology and winds in the Red Sea area; '" 

.. A publiction, "Sailing Directions for the Red Sea" by! theU.'S. Naval 

Oceanographic office, containing wind4 summaries for various locations 4:3. 

along the nort~hern Red Sea;, 

'3.WindchSUinmaries for six coastal iiiarinie areas, draw~nfrom maythes l 

Gul1 f SUi'z, the Red:Sea and of the Nedi terranean coast, are depicted, 
in Figure .1. Inc,11uded~ in the summiari1es are monthly statistics-on the

~'tAl 
distributionr of wind 

' 

speeds by time of day and by direction. 
J2 

4. hind suimaries "contf.a iing wi nd speed frequency dat fbr selected s'ration 

in Egyipt.
 

F gr,1sosthe locatiors in Egypt and,surr~ounding ~coastal areas ' 

typ c,fwddt a vial.Tsom aiiaeteietfcto:~~~~~~~~~------------ ' 2--hr 
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of locations in Figure 1, Egypt was divided into four climatological regiors:
 

(1) ,editerranean, (2) Gulf of Suez and Red 4ea, (3) Nile, and (4) Western 

Desert. Station numbers assigned here correspond to the region ir: which a 

station is located; for txamiple, lOs are Mediterranean Iccations, 20Cs are 

Gulf of Suez or Red Sea locations, 300s are Nilc locations, and 400s are 

Western Desurl locations. Numbers within a region increase in going from 

test to vobt 3lv from north to south. 

Although wpl'r-air data available for this assessment were very limitea, 

unu spe idl d aa set was uselul. Pala from a one-year period of radar, winoa 

anid ilor tallcun observations ,tver Africa and southwest Asia have been col

1-Oed, eu ited, ind a alyzved (Aspliden et al. 1973) to produce monthly and 

::iarik 1 ,..:ird fieldas at standard levels, including 600 m above ground level. 

Other sources of data and pert i ent site informnation were not readily &.ai-

A le for preparivg this assussment but may become available later for an updatLt 

a ssus i,:nr. Thosp sources will be considered further in Section F. 



3. METHODOLOGY
 

3.1 CIHARACTEPIZING THL WIND ENERGY POTENTIA
 

The wind resource at a site is often described by the mean wind speed.
 

However, a letter way of estimating tile wind resource is to use the wind
 

power d , tyiv,lue, if it is available. This value is proportional to the
 

c:utbp t the fl: ,Liant (recu or short-terml (e.g., hourly or three-hourly) mean 

wIi nd speed. In practice, it is computed fromi the wind speed frequency dis
tri L tion of short-rot"r.un wind speeds when wind data have been summarized 

in this ; tu'lrm. equat io l en1 isThe U 

C
 

P ' f v 3 (1) 
=
j 1


where 

Pmean wind power dersity (W/m') in a vertical plane perpendicular 

to the wind dircction 

)
= ean air density (kg/mn 

c = n'umber of wind speed classes 

f = frequency of crcurrence of winds in the jth class 

v - the redian Wur;o speed (Q/s) of the jth class. 

The mean air dn'sity was estimated by correcting standard air density for
 

station elevation and was calculated by:
 

p 1.225 - (1.94 x 10 )Z (2) 

where Z is the station eluvation il meters.
 

For stations with wind data that included only monthly or annual mean
 

speeds, the wind pcwer density, P, was estimated by assuming that the speed
 

frequency distribution followed a Rayleiyh distribution (Cliff 1977). Thus,
 

P = (.9 W- (3) 
where V is te mean monthly or annual wind speed.
 

7 



r' e . r C r:.~~r; i- r-.r c, r Cr 

increase eith height, the wind resource assr ..,ment must be related to a 

ground level. However, suificient inforparticu lar reree ence height aibove 

n.dI iun ab)itut ac tu'l1 aneitlcmeter heights was riot available during preparation 

,i tthis assessment. Because the most commonly recommended height for surface 

V. I ,hOt, ( t i irs is 10 ,i, t hat hei ihtwas assumed for all data used in the 

V1 Il p)wer (1uls i tI'y' Lab IU at ions 

flr. v, inu jov,er Class scale det ined in Table 1 is used to describe the 

1ii(d,,' !1 y potential I't a site or in a n area. Each class represents a range 

o 'car wirid po.wer density values or equivalent mean wind speeds at 10 ill 

11r we 11 -exposedot4 	 k' 1C1at a site. 

T, BLE I. Classes of Vind Power Censity at 10 in Above G-rcund 

Wind Wind Pewer
 
Power Derity Speed,
 
Class (W/,rn )l/s (p h)
 

---------------------- o------------------0 
1 

---------------------- 100------------------ 4.4 (9.8) 
'I 

- ------------- 50----------------- 5.1 (ii.E) 
3 

---------------------- ----------------- 5.6 (12.5) 

----------------------.---------------- 6.4 (14.3) 
6 

--------------------- 400 ----------------- 7.0 (1S.;) 
7 

--------------------- 1000-------------------9.4 (21.1)
 

(a) 	 Mean wind speed is based or, Payleigh speed distribution 
o1 equivlent mean wind power density. Wind speed is for 
standard sea-level conditions. To maintain the same power 
de iJit, speed increases 3/1000 m of elevation. 

The relationship between the mean wind power density arid the mean wind 

speed in Table I assu;es a Rayleigh distribution of wind speeds and sea-level 

air-	dens-i L. The+ Rayleigh di s t ri hut, ion is a special case of the Wei bull 
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method witu a shape factor equal to 2 (Hennessey 1977). The only information 

required to determine a Rayleigh distribution is mean wind speed. The decredw, 

of air" density occurring with increased al' Lude means that a higher mean wini 

speed i- required to ,iaiieVe 0 given wino power density at higher elevation,. 

As a resu 1., the Ieani ')0(ed ImuJSt he about 3, higher than that shown in Table I 

for every 1,,000 meters above sea level to obtain the same wind power density. 

Areas where class 3 or greater power is estimated are suitable for mun,
 

wind turbine applications. Areas having class 2 power are marginal for wind
 

turbine applicat ions, And class I areas are generally riot suitable.
 

Tne wird povr estimates in 'his assessment apply to areas free ot1 local
 

obstructions to the wind and to terrain features that are well exposed to the
 

.ind, such as open plains, plateaus, arnd hilltops. Within mountainous area-.,
 

.w.ind resource LimaiLes apply to exposed ridge crests and mourntain summits.
 

3.2 	 1 D DATA fCREE-[:-


In preparinj this aisessumerit, a large amount of wind data was cons iderd.
 

Not all of these data were used in the assessment. Screening procedures were 

developed to select, ntations wit.h the most useful data and to eliminate sta

tiois that Would C t iULe little information on the distribution of the wmid 

resource.
 

In qenera 1, wino data summa"ized into wind speed frequency classes were 

preferred to data including only monthly or annual rrean wind speeds. However, 

othmer important considerations were site exposure, anemometer height, periods 

Tf record, Ano the f ncY,y fruobservation. When several sets of data covereli 

d iff;rent SO se'iof record for the same or adjacent locations, site exposure 

,] uual emphasizemd.m Figure 2 shows ten stations in Egypt having more tnan 

one ,er of .ini data. In evaluating tihe wind energy potential throughout the 

coLLnti,, wnd Mta ft'om uxistin lirports were compared with older data. For 

many 	stations, it wan letermirned that the older anemometer locations had better" 

exposures than tue more recent locations. The data from the most exposed anemo-

MULOr SitP at ecrn location was usc'' in this assessment. So, for instance, 

S)- 0 80-year old da from Abu Qii were used in this assessirent instead of 

more2 ' ent data i'o: Alexandria because the Abu Qir site was better exposed. 

9 
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The Quseir data gathered prior to 1920 were used instead of later data from
 

useir' fr trle same rea ,m.
 

ho vertical adjustmnt of any of these data was possible because suffici
ent ira,tion abhout 
 anemometer heights was not available when this asses-r.ernt.
 
was 
 heing prtpared. In the mean power density calculations, all of the data 

ayluy ei come locatedW rp S to f f romti anemometers 10 m above ground level. 

3.) 'SE CF METEOROLOGICAL AND TOPOGRAPHIC IMDICATORS 

In addition to niLrface wind data, climatological data on winds aloft 
and maps oI prissure patterns, air flow, and topography (see Figure 3) were 
used mc asstbs the geugrdphical distribution of the wind resource and to esti
matt: 'h Ordrescurce in many data-sparse areas of Egypt. Information of th is 
rar t w"5 n uH A Iennsive l1 :pp lied in assessing the wind resource distributir 
throu(chuiw hr United States (Pacific Northwest Laboratory 1980-1981). In the 
Urifeaedt s ,Gnoesswiert, certain cumbinations of meteorological and topographi
cal fuor , -t L1ii t 1979) were used t o qualitatively estimate the wind resour t
 
inl mar', d.-parse areas. Many of these features found to exist inwere Egypt 
a d ".ore ase(quo 11 tatliv e indicators cf the wind resource. These features 
are descrjt ,w a]Ierau hith e.amples of areas in Egypt where they occur. 

Fearure, associated with high wind resource are: 

" prr"iinent. m:urntain gaps, passes, and crrridrs in areas of frequent
 
stror pressure gradients, e. g., the southern Gulf of Suez
 

" hish ;la irs and plateaus in areas of strong winds aloft, e.g., the Gilf
 

Kbir Pla u
 

" eyubu ridges and mourta ir summits in areas of strong upper-air winds,
 

e. i., th-t 'irr i o(u/Itai ns
 
" exposed c-i"u b1ilos in areas with strong winds aloft cr strong 
 thermall 

pressure ;radie nts, e. g., much of the Mediterranean and Ped Sea 

coasts. 
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Fedures aqnasc atted wiJ11 low wind resource are: 

" sheltered river valleys, e.g., mach of 'ne Nile River valley
 

" qhel Iered Asi As, .Y.g., the Qattdra De1 ression and the various oases 

ILhrougouLt tthe Western Desert 

" areas of hign surface roughness, e.g., built-up areas with numerous 

buildings. trees, etc., such as much of the Nile Delta area. 
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4.0 RESULTS
 

After the most useful wind data were identified, they were integrated
 

with i uferi ati on about the topography and the synoptic scale wind ard pres

sure patterns to estimate the annual , seasonal , monthly, arid diurnal wind
 
resourCt,. 1htK rtsults are presented in this section. Refer to Figures I and 
a for lecatiuisw ut plan'tsimentioned in this section. 

P.t:L UAL StN-MAII 

Figure 5 )ows a map of the estimated distribution of the annual averaqe 

,ild energy re1 o,,[.rce in Fypt. As stated inl Section 3.1, areas where class 2 
,weatlI rI's.,ure is est imated are sui table for many wirid turbine appl i(

iovs. s ire a fraction Eypt estimated have-in sinws , larqe of is to 

lc; S , r g't..iter winld 1(" ULurce. This fraction includes the 1,'edilterrareacm 

,stal , iur , fh ktid Se, lld Gui f", of S ez and Aqaba, the highlards (T ri'.o 
" err r ({i., .,the area east of the Fiile R'iver) and of the , JOth;erril 

1I1,.-1, ild ther t'e Vestern (i . e e of0H !A.L1 , r t. of 	 esert t area west 

IL.e 	 Nile Fiver) ,Annual wind resource it Egypt of class 4 or greater is fourd 
*'.t ,1Tl('dll ulil alolla Redlotg th: 	 t aC-St fr'olh SLl to near !lexandria, the 

e cC, Ior h of 110,rtl at i tride, alon g the centra I and sou thern coasts 
6f the Gulf of u, JirC the coas.t of the Gulf of Acqaba , and in the scuth

vesterl duserr ara. In' ,dditio, mountain Sunm11i ts and ridge crests in the 
sco thern Si ra i .u i th0t [us tern Desert are estimated to have class 4 Cr 

greater reseurce. Anioual irnl resource in Egypt of class F or greater is esti
ma ted a the Sea north 26'lo.g led coast of north latitude and into the Gulf 
Of Sue; south ti .9 uurth latitude, with class 6 or greater rPsCur'ce 

txp'ected a1oro the Ped Sea ccast north of Hurghada arid into the Gulf of Suez 

to Just. north 	of Pas (,haiu on the west coast and El Tor cn the east coast. 

Local terr-a in feUtUlreS can cause the mean wind resource to vary consider
ahly ever short distances, especially in coastal, hilly, and ,Iountainous ter
rinr. Fiu(,re 5 ;dent i fins many areas ustiria ted to have hilgi wi rid resource, 

Lut it . t tKhu d by local terrai feature ., ctopict ta, viriabi 1ity caused 

lherefore , there nay be local areas where the wind resource may be higher or 
'k..er than i udi catd on ttie map. 

15 
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4.1.1 tMedi terranean 

Figure 5 shows that class 4 is the high t estimated wind resource in the
 

Mediterranean coastal region. Class 4 wina resource is estimated to extend 

frum just east of Sallui to near Al exandriia (Abu Qir) and inland as far as 

EC L.. (As sf dte(i in Secticri 3.2, we have used data from Abu Qir, an exp)os.: 

cotal site northeast ot Alexandria, to represent Alexandria rather than da,,
 

fr1or Ih, / exandria airport, which is in a more sheltered location). Existirli 

doa 1 ,cih. area within 5 km of aridir ;ALa t the the coastline between Pabha 

.,lodri, hia:, sli ghtl r itfor wird resource than the area "o the went ' 

l<tiddtt, e''r tholoi b)lh orit-s rl ,howi in Figure 5 as hav ing class 4 
rrsnilr. io' txoiwple , Ya indictue a strong class 4 or possibly evern 

c.-t" "id an coastal areas near Alexandria, where an annualresource tna 

,e11 frn; 

Woa.Lio , at F the winrd power density is occputed to he ?09 W/n ,
 

,il a)' , " i t yh1 is computed the data; to the west of 
Arno. Vrid: 

i11,1i,.1 ircao 'owerLutt s1l1 class 4 resource. Further west, Salluln has a 

cciiila: w.in .,nr,.l s ity o?r W5 W/' , ir icating a class 2 wind r soiirce. 

To the Pont of ,lt.xan a no a lcrn the Mediterranean coast to Port Said, 

Fi( rpi-- shows tht the ird resou rce is estimated to be class 3. The com

r i is 145 

the arinu, I lr i rct 1i ste nti tc t& he class 1 or less.
 

PUNK!Winl paw ,rn, , at Po'r t Void * ,II./ . To the east o Port Said, 

Fii , V t;_s that vest ot lanri tude H5 east, class 4 resourcerina is 

es itmated- to tr:; i as far;' as P0 L& inland, whereas class 3 resource is esti

ma,ted :or IN coastlinu calnd of-shore. An estimiiated high summer wind resourcte 

inllanld, couple.d with '.inter wind renource that is estimated to be fairly unli

form in theotrY coastal inrdicate that the annual averrgte wiid
1 rpr i or;, 

resource i rr-tenr inlarid than it is within 5 km of the coastline and just 

offslhore. Far" :,xaimiple, the data fro Cabaa, loca ,: 15 km inlarG, indicate 

thLt n 4 t 5 wind pwer exists ii 'he suimuer, while data from Pas El 

HOWdi<a, 1,1a ftd at the er of a cape tht projects into the .'editer'ranean, 

indica te orlo, closs I power ini the sumnier. There are rio data availale frero 

furrher iri; on than 15 kLifror this part of the Medi terraneani coastline. HoVn,,
e'vp'er h - u,5t rho p'essure gradient irlanid iicieases in the suimier, tht wind 

•
resari ;5:, a cIntin;ruotL inrcrease ini1 lid aid i:;ay pussibly he e las (f r q;irv tl, 

ini Ith 'sli ei at ilocat.ioils 30 to O iii iilaid. 
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~U'4.1. P2 Sead (n c Iudir gteG~s fSuzadAgaba," the' _southernL.'4?ead Coast 
Sinai.. and the Eastern Desert) '"''~< * 

FFigure 5 shows that class 6 annual wini resource Is estimated o occur 

along the Red 'Sea coast fromii Hbrghada northward into the'l'Gulf of.%'-ez,- to'. 

--. - jost-north-o-f-Ras- Ghareb---ri -the'werSternusbhre.a'~ utQit~pe~f o
 

on the eastern shorei -This sthe area of highestestimated annual. winu
i 

energy potential in Egypt. Annual wind resourceWcass of at least0 Ois 

estimated along the Red Sea coast from Quseir northward in~to the Gulf of Suez 

south of 29' north latitude. One year of datafrom Ras Ghareb gives a 

compute ind powo 332 W/m or class 6 wind po..er;. the computed"annual ind power aest Tors20 
a naidpwrdensity atE o s20W/m ,or class 5 wind resource 

Two different data sets were available for Hurghada; one set indicate'.

class wind pwe (283' W/m 2 and the other set indicates class 6 wind power 
4Because it was uncertain'which of these data sets is most repre

' s4entative of Hurghada, we have shown the southern limit of the class 6 wirtd' 
resource to be near Hurghaa, as in Figure 5. 

Data from Quseir indicate class 5'wind resource. Class 4 wind resource 

is estimated from Ras Ben as northward to just south of Quseir and along the' 

north central coasts of the Gulf Of'SUE- and the coast of th'e Gulf of Aqaba. 

lass 3 wind resou rce is estimated to occur' South of Ras Benas and in the 

extreme northern part,, o1f the Gulfs of Suez and Aqaba. 

the highlands o~f. the Eastern Desert and the southern Sinai , class '4 

wi nd resource is estimated for mountai n summi ts and ridge crests , whilIe cla~s 3 

wind resource is estimated,for 'the reiiainider of the hihans Since there 

#Were few surface data froom this region, climatological informnation on wiids 

aloft and topography 'of the Eastern Desert and southern Sinai were used in 

*.In, 

% f' ,; ', , , ''"' '".'F' Mnaking these estimates. 

4.1 .3 The NilIe Va11ey ard Lower. Egypt 

Figure 5 shows that the estimated annual average wind resource in Lhe Nile 

Valley and Lower Egypt is only class 1 or 2. The Nile Delta area hasa greater 
4': ' ! n: a4]{ 4:
 
concentration of stati~ins with wind data than any other area of Egypt, as seen 

In Figure 1. The wind data front all stations in)this area, except for Wadi. 

'4!~~~~~~4 :! ':; i' 

'4"''19 

.... : ' ;'4"' "'';;'''' 

"] ; , 44;i
'4 4 ? : : 
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ne sbuild t'class 1'or e2 nd nub The large nmresources. es
s rebetutrio oter s tI eptolarie wind inthis area reutebh 
gstantia'lly :t le avaiIabIe, windresource at 1lels na the ground (ie. 10 t12A 

s20"t Theupland desert areas teast.
above ground). toethe-southwest 'a 


Along the entire lengthof the Nile River valley, existing wind data indi

cate only class 1 or' 2 wind resource. Wind speeds are reduced because of the 

relative lowness of the terrain anid the large numbers of obstructions 4 o the 

wind, However, class 3 or 4 wind resource may exist on some hills and upland 

areas near the Nile River, such as the upland areas near Luxor. 

4.1.4 Western Desert and Inland Stations.
 

'Figure : sh ws that class 4 and 5 wind power resource is estimated for: 

southwestern Egypt, including the Gilf Kebir Plateau. The only surface wind 

data from southw,,estern Egypt were from Oweinatt, and they were limited to day

time observations (C600-1800 LST) for a 10-month period. Analyzing these data 
and making an adjustment to account for somewhat lower nighttime wind speeds 

"(as occur at other desert locations), we estimated class 4 wind resource for
 

Cweiriatt. Exposed areas in the Gilf Kebir Plateau are estimated to h'ave 
class 5 or greater wind resource, based on an analysis of the clima' :oI:og%" oil 

winds aloft anid the relatively high elevation of the plateau area. Similarly,' 
rclass"4 wind resource isestimated for the high terrain area west of Kharea.;
 

4 2 SEASONAL: PATTERNS :,::: :: :, .'::wind su.rce otrnls. aafrom etms r. hsilofTemajrino asit i DAril
indcaenlas' wndreouce
 

lerass at fro 

et. Te witer pst o erea nort o 6 o luember t Macl
 

and Mfa, adria aun ta niton c 1 indper.F reh6argaI de 
g 

.4.SASNA •ATE ..... 'V' 

graphs of wind speed by month for selected stations. Thle map in the center 
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of Figure 6 is the annual average wind resource map (the same map as in Fig

ure 5, recuced in size). Using the figure, onv can readily associate thr. 

unthlv or seasonal trnd!s at a selected sta en with the relative magnitude 

,nd the estimarted distribution of t:he annual average wind resource over an 

orodaboumt t he ntatiun 

t,¢),'vo. r " at'tiltt'iien t of n tat ion Yr, phs d11 owS one to CniVri ON , 

t(. ildrht- fhe pont lily or Wdal'- i l1 trends in wind resource at different 

utotifls th iowu(It.V,gypt. carl see7 For example, one readily the cortrastirm'. 

',ta. tu,.:e area.ASIUK:0 itii.r :; W Mediter'ranear coast and the Gulf of Suez, ar'. 

':'ke-rhe iort b-rn o:d veont raI Ned Sea areas (looking at the graphs for 
irhid, mnd [mdlus). Kay other eothly or seasonal trends can be 

c:"pa:reu usiny thist fioire , i tk(ut IOsi ng p:erspective on the annual averaye 

,rd resourc dii ih tic ,sLi ma I s. 

Th appndix iUcloves addition l figures showing monthly plots of w:ind 

svreed ard wind puwio dri '.' for for which the availablpr selectec stations 

data o been summnarized ito wind speed frequency classes. 

A.:..! Fed terroa n-

Wi n Ie r 

,i2:tor i'.,hob season of rmaximum wind resource along the ,editerranean 
t" 
cc lo:i, allow to Alexandria, with class 5 wind resource estimated for 

,.,posrd ,Oras. Las t of A.lexandria, thbe wind resource decrteases to class 3 at 

FRr, Said and to class I at Fl Arish. 

FroH Scallum eastward to Alexar;aria, April and Fay show a general decrease 

in wind rsc;urce frGm that, of winter. Sprirg wind resources of class 2 or 

less occur from Sillum to abaa. A spring wird resource or class 4 is poss

lle from Dahao east to Port Said. Class 2 or lower spring wind resourcU is 

--timated from east of Port Said tc El Arish. Inlana, Wadi El Natroon reaches 

its maximiuii nid resource of class 5, lsting from March into April, decreasing
 

WJ class 4 in May.
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Sulhirie r" 

The summer wind resource varies consid, 'ibly across the Mediterruean 

coasta1 reg ion. From Dahad westward to Sa llurn, the wind resource several 

kilometers inlard is significantly greator than that at exposed cuastal 

p:ciintS. For e,ample, data from Dabaa , located 15 km inland, indicate class 4 

to 5 wird r,,oucYe tur the summer, while data from Ras El Hekma, located at 

the .ro of a cape that projects int, the Mediterranean, indicate only class 1 

r,- ,re in the srimmer. Offshore, ship data also indicate only class I.wind 

resource in the summer. The hi cher wiid resource inland is apparently due t 

jred ter pressure ordients onshore than oftshore. kind speeds ma) cuntinue 

tK Writ' -j v,ith distaUIcP I tU 'ther iKIrM1, to about 30 to r0 Li inland, Put 

r, data ore ruwn to exist from areas that tar inland. At near ccastal st 

1iens (nuch as .,n, ,atruh and Sidi Barranri), the summer resource is ('1ass£ 7 

to ", .hich is treater than that at exposed coastal points (such as Pas El 

r.r WO, but le s than that o, nations further inland (such as Dbaa). 

From Dat,, edstv,,rd 1o AI rX&ra r id,, the ccastline wind resourcU i ovw .r 

increases to class 4 to 5, as irtic,.Leo by data from an exposed coastal site 

at - Qiur. The data Icicat, that the wind resource decreases shrpiy fr, :, 

7110 cOt]in irird in the NiUlu h1.to area. Offshore, data from ships ir:di

cate on]l class 1 wind resource . Apparent ly, maximui surface pressure qrso-t

-nts occur . h in a few kilometers uf the coastline in the Ale;xardria area. 

Fast of ,lexandria to Port Said, the coastline wind resource in summer 

decreases to only class 2 or 1. Inland fror, the coast and also eastward along 

the coast to Ll Aish, the summer wind resource is estimated to he only 
C I.or-S I.
 

a la,1.~ll 

The autumn transition is more abrupt than the spring transition. From 

the illiill, wird r'esource iii October, monthly wind resource increases 

gradua]ll from October to December. Autumn wind resource cf clash 3 i esti

mated to occur Ulig the tediterrarnear from Sallurn to Port Said. From Fort 

Sid ,.astwiran , the wind resource is estima ted to be cl.h 2 or 1lc.er. 
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42.Z.'" lRed Sea (inc1 .t-- G lfs o;f Suez_ a cdAqaba and the southern_ Sila1. 

Winter 
,u'h
 

s 'I ofW " iot>.lnium wind resource along the Red Sea coast 
"iltui is the 


season of minimum wind resource Ircri
 
uf(,j r. ln contrast, winter is the 

and in the Gulf of Aqaba. 
iurg-hada roOrtkhwrd through the Gulf of Suez 

class 5 occur from apprcximfately 
IN
 

,inter ,ind resources of class 3 to 


latiL ude) southward allur:+
 
the Gulf of Suez (2 0 north 

ccast of
north-central 

the wind resource Vs

Thus, -lthough
to the Sudan.
LUdS tthu entiire Red Sea 
inthis region in winter, all areas except
 

rot outstandingly high anywhere 
 resource in 
Suez and Aqaba have sufficient 

wind energy 

t northern Cults ot 


imany wind turbine applications.
w nter or 


I 'I'
 

resources of class 4 and 5 are estimated 
alcng the Red Sed LOU'St 


Wi.d 
resource (class E) in
 area of highest wind 


pur hadi :,.uth to las Penas. fhe 
T out
south of Quseir (o 


to' occur from south of hurqhada to 

lutaNC
Witer iS O 


resource is estimated for the Red Sea
 
25 no rth 1lat kudo). Class 3 wind 


The northe-rr
to Pas Ghareb. 
Beas and north of Hurghada
OW soouth Q, Ras 

less wi rc"
 

Gulf of Acaha are estimated to have class 2 or 

Cui of Si1.C and ti 

in winter.
resourc( 


the wind resource gradual ly
Gulf of Suez,

Frm iQu.eir rorthward to Ithe 

,use1r average O. P ,', 
to March. For example, winds at 

il ':,-es from Dlect.ember 


in january and February and reach their maximum ,onath I;
 
in December, 6.8 mr/s 


in March.
specl of 8.0 m/s 


of wind resource inis the increasesi.Jni ficant spring trendThe o,(,,.t 
of wind resource along the Prd 

and the decrease
the Gulfs ,,f Suez and Aqaba 

of class 3 and greaterSpring wind resources
Quseir.
LUas. sooth ofSt.d 

Lhe Gulfs of Suez and Acaba, the hijk-
LCK stal areas of
th tUnLie
occur over 

north of Ras Penas.
 coas tal arcas 

&id&A (tlthpen SAO, and thelRed Sea 

u e t as high as class 6 are estimated frcm Quseir ncrthwur( Spiqig wird roiis 
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SuImme r 

Summer is a season of contrasts in wind iesource in the Red Sea region. 

North of Quseir (includ ing the entire coabtlal areas of the Gulfs of Suez and 

Aq aba), summer is the sedsUn of maximum wind resource; south of Quseir to tIQ. 

Sucan11, summer is d season uf inimuimiwind resource. 

lann', 3 and qreater wiInd resource is estimated to occur in summer over 

M reas from ('usei r northward. Outstanding wind resource, class 7, occurs 

Yrom Ras Gtdcri, .rd the cntral and southern coasts of the Gulf of Suez souih

.,r W u't'H:d . At .,i'.. ou t h' rxttit.;e north u d r -f the Gulf ot Suez, win(! 

rub'ur(' rO t.: . a seasunr; l MaXioxto of class 4. Along the Gulf of qdoba, 

n, ro lI'roLL reaches a neasonal maximum of class 5 to 6. The Quseir areca 

has Ls 3 to 4 wind resource, buLt south of Quseir the wind resource 

:ireast., to (1" or les . 

hrouhti t Me ont ire ed Sea region , including the Guilfs of Suez tr( 

ba, ~tiucwind resource increases as the summer progresses fromt July to 

vptoWLobr. 011 locations show a suter minrimum wind speed in July nd a 

su.tat5 maximumut V.'si ,,peed For example, Hu a stationin in ;ete)mtbrer. at _rghada, 

w.'ith t Ls5 to Y suir rsoutt'cie, the montthly speeds vary lroli ai nairimum of 

E.N ml in Cull a Lrxiii' 1 01 ,.. IoI,"s Further scuth at. lo iniSeptember. 

kedals, a stato with Mn] cla:yis 1 to 2 summer resource, the honthill 

speeds vary fi't a miniimum of 3. ,Um/s i-.Jo 1y to 5.0 mii/s in September. 

Atling the northern Pen Sea (north of Quseir) and the Gulf coasts, the wino 

riscurce reaches a yearly maximiium in September. In the area of highest wind 

resource, a1on1g the Gulf of Suez coost fr(nm Pas Ghareb to Huryhada, wean wird 

speeds in.Septemmber e.xceed P n/s.
 

Ai titnrm 

Windra',c rce decreases abruptly through the autumnn fron its September 

maxi ma on'orthernn Li: Red Sea and the Gulf coasts. The wind resource 

decrpido1t tcie0 slowly frOmt September to November in the area south of Qusei', 

tthan it does in the area north of Quseir. (Daedalus is the only station that 

0lovws a sligtt iocrease wind speed fron September to Novemher.) Autumn 
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wind resources of class 5 or less are estimated from Quseir to Ran Ghareb. A 
(lass 3 wind resource is estimated for the rowainder of the Red Sea and Gu]fs 

tf Surez and A!qaba. 

.3 Other Pe ions 

i either
[lsewhere in ypt-, here are insufficient wiid doto ovailabe tQ
 

Stima te setdtT1I pot turns of the winrid resoure or the pattern indicated by 

the data is clans I or class 2 power, unsuitable for most wind turhine appli

_ati(ns. i-n ex, eption to this qenerali:ation is Kharga, where data indicate 

a u',UI''er if! C C i S, irnd e.1 iW[,, - a r resouirc 

4.3 DIUP0AL [ATTERNS 

Few data wtre available for estiiating the diurnal pattern of the wind
 

resource. Data came from unlv twelve stations. The plots of these data for
 

tv .r stat:ions are in the appendix. Except for the data from Ras Ghareb,
 

r'e o'.1aiIA oat u,. nt'umarized into a small number of wind frequency
, 


nsus, v.with the isull Qhat wind speed and wind power density estimates
 

,.,d to be hiqher than tey would hIe if the data hod been summarized into
 

Lt CWasIPS. For Pirh,, , which is not shown in Lhe appendix, mean hourly
 

.i: s[.cc(,rn!freach m.ntmt der, plu in the Enerqy in Egypt'
ltted repor, "'hind 
0 (,'3. ,:. ( !1§:'" 

nulme ba sic diurnal pattLiris are indicated. Data from Hive statiorns
 

J urnj the Vedifterranedil cCOS t indicate that the hishest wind speeds occur ii 

the earlv aft errcorn, about 1400 LST, during the spring and summer. The
 

iiv et wind speo.s here rae etd from 6 to 7.5 m/s, except at El Arish, whei .
 

the maxim'um speed won 4.5 it/s. The highest wind power densities ranged front 

WW-500 WM,' " , or class 6 to class 7 wind power. The exception is El Arish, 

,,hero the mtax mutt i wind density was only 100 W/m,-. The highest wino power 

dersi ties occurred in the winter. The afternoon maximum in the wind resource 

al o c the rediterranean is associated with increased vertical mixinc due 

a,yti e solar hea ting ald iincreased therrma/pressure gradients alorg the 

coastal ,-ora. Aft.errnori winds are mostly onshore (sea breezes) during the 

warr' err thts.licfr 
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Data from three stations on the Red Sea coast--Ras Ghareb, Hurghada, and
 

Quseir--indicated thL the highest diurnal wind spends occurred during the
 

,,ornng, froi 0000 to 1100 LST. Highest hourly speeds, averaged cver the
 

year, were &.0 w/s at Fiurghada arnd Ras Chat&eb and 7.0 m/s at Quseir. The
 

highest ,ir~d power densities were estimated to be 5630 W/m L (class 7) at Fas
 

Ghareb rnd 3SC Ki;m (class 6) at Quseir.
 

Thu cause of the early mornin g maxima is net clearly understood. Howeve, 

the authorr hel' .ve that these earl,: mcritug maxima are most likely due tu 

irccease d vortical rixitQg alter sunrise. This mixing brings down strong nbc,-

turnal winci i tb persist into the morning. The height of these s tondg rinn -

turnal .,inras is tot Irewn from ovail ble data, but it way be only a few hl_,0',. 

refers (l.n Lr Mw)Ga above groned, and wind speeds ray decrease consi C

a1l, at i't hK h,t.vt. 'COO i. It is [ncn that the increase of surface vir ( 

spEeds afte , nr rine is associated with a pronounced irrtae in the su tu ,.. 

pressure. The ircredSU Mray be as much as I to 2 nib, as indicated by diurnal 

p'es sure ecL Tro Hurhada . As vertical Minrg inc r c5es thi'cuci the rorn itvy 
the ica,-lve] vinds v.eaker considerably. By late norning and irte the aftertc, 

as solar heatinn incr-ases, the stron winds become weaker as they are mixed 

thlrcuh. a cc rsiceraL ,. deeper la,,er. Eurface pressures ducruasc significart, 

by late i ornirw , !no vi id speeds decrease through late r.ornirc ar.d aftercon. 

he low-level 11c turral winds begin to increase again during the everiig WT-S.r 

sunset. SurTacU i id speeds increase slightly during the evening arnd mtight 

hours, as these nocturnal low-level winds intensify. Fowever, surface wind 

speeds at night inrcase at a much slower rate than the wind speeds a few 

hundred meters above (round. ATter sunrise and during the mornin hours, 

surface wind speeds increase significantly as increased heating brings 

stronger winid aloft dcvn to the surface. 

Q.,hel ievt th c trurinal low-level wind maxiicum cc curs not only ever the, 

Gulf of Suez and Rea Sue areas hut also over much of the Vestern ana Eastern 

Ceserts. The licited diurnal data from Owei natt, an exposed site in southwest

ern Egypt, also indicate a mcornirg wird speed maximum at the surface. ['ata 

from moe s helteredu locations in the Western and Easter P'eserts, such as Inco,-

Vi s in valles and oases, irdicate very low wind speeds durirg night and early 

morning hours. The rpldtive lowness of these areas and the strong nighttime 
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•jo,', , ny vo: ri st into morning delay any substantial mixing of winds a1cfr 

down to tre surface urtil late morning and afuernoon. Highest wind speeds ;r: 

these areas do ret occur until afternoon. 

4.4 	UNCEFIlAI UTY I N THE ESI'-KATES 

The arwl'. I f the YinId resource at any particular site is based on the 

subjective inlo-ration of several factors: quantitative wind data, qual

itative indicators of wind speed or power, the characteristics of exposed 

,.ite-s in various terrains, and familiarity with the meteorology, climatology,. 

ano topography of the region. As a result, the degree of certainty with
 

.hich the wind pover resuurce can be specified depends on
 

* the abundance and quality of wind data 

* the complexity uf terrain 

o the geographical variability of the resource. 

For' this ,ssessment, sufficient information was available to make a 

preliminary estimote of broad areas where high or low wind resource may 

exist. Idd~rional quantitative data, when or if they become available, will 

1,, needoed' -,( i eve oh i h level of certainty. There are some aredS Of 

Egypt VILhr 'it s li that n (,uantitative data exist at this time an 

".here n y qlUI i.ative indicators of the wind resource can be analyzed. 

Thus, the Lertei nty of the wind resource estimates in these areas will be 

less than that where good quantitative ciata are abundant, 

.l.y 


28
 



5. CLIMATOLOGICAL BASIS FcP EGYPT'S VI ND RESOURCES
 

5.1 	 N;.EDI1FRRANEAN
 

-ihe annual wirnd distr-ibut ion the Medi terranear coast can be reic./-eed 	 en 


ly exYplained. The winter wind maximum is (due to hich wind speeds associated 

vith the ,]Hedter freqaiencv of extra-tropical cyclones in wlter. The month 

(-f [i',j:-,ianwI wii ter wi rds (Jaruary :at Sallt ,,February and March further east) 

pcs~ l, Uiffers [-'cause of the different storm tracks a- this time of year. 

The JulU wrer maximum is due to the land-sea breeze circulation. The con

trast hetv,.,er the still relatively cool waters of the editerranean and the 

i irterior is greaiest in July, and a strcnrn north to ncrthwest sea breeze 

i incudLI . Lt,.r the coast lir e , the SummJer maximum between Dabaa and lerI 
~
,:ria ait: r . - ater than rh1 :t between [abaa anG SalmM. From Dabaa west 

0 o i,1.the sunmer ,irH ris.cnurce is greater inland than at the coat t1'ir 

-td u'ff-hv re. Th-is is LcaCuse the WIx fimul, i)ressure gradients overSmIJTcCeC this 

lro: ,rY- lCited inlarc rather thor at the ccostline. Further east, rearer 

tlexarcria, it -,.;eas that ma:ximum pressore gradients occur within a few ki o

,.ter's (if the coastline, arid so the iriland wind resource is less. Later in 

,,-,.,-r, as tK 'Kdift ,rranean w(rHi,s diC Ihe t heral low in the interior 

,t ur,', ~e prs re cladi lt v%.UUkeris ,.rHd the w."ind decreases to its October 

1;,ih i II;LXI]: 

£ .2 PED SFA 

The sharp transition dlong the Red Sea coastline is not as easy to 

plain he ); editer ranean. The prevail inobehavior of th1e wirds along the 

i d thr-cuehou f t he year is northerly, with a seii -permanent high pressure 

area cca ted to tLe(nor th of the regi on 

'1 I:t,,ir:ter is the I"!"'(t, or :i h:7st wind rdsour-ce south of IQuseir, hut north 

of Quseir it is t he seasor of lIowest wind resource. In the wi rter, the high 

pressure area ctnters vtur northern Pfrica ar-d e'xtends into central Egypt and 

over the rorthern Ped Sea and Gulf cf SLue. Ps a result, pressure gradients 

.rP usually weak ,ver the nor-thern red Sea and Gulf of Suez. This Explains 

the winlter IIIini 111irl the wind resource that exists over the northern Ped Sea 

Jnd the GuTis of Suez ard Aqa)a . Pressure gradients increase to the south over 
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the central Red Sea off the coast of southern Egypt. This is why the wind
 

resource is higher in winter along the Red Sed coast south of Quseir to Pas
 

Penas than it is along the Red Sea coast north of Quseir and the Gulf of
 

Se2. As the high pressure center moves north in the spring, the pressure
 

grcdi ent moves with it and so the wind resource increases in the northern Fed 

Sea (north of Quseir) and the Gulfs of Suez and Aqaba but decreases seuth of 

Nlur inn the s':dtlmer, a trough of low pressure extends over southern Egypt. 

Therefore, pressure gradients are usually weak ovar southern Egypt, and the 

wird resuurce is at a minimum alonq the Fed Sea coast south of Quseir. How

,-..r, he wird resource increases dranatically ,north of Quseir from jure 

hrergh Feptnrber. with a strong wird resource maximum in September.
 

The main iactor causing this September maximum is the buildup of high pros

,"re over the ed stern M.editerranear in late sumer. This increases the rressurt 

Cradiunt between the Mediterranean and the thermal low cver Arabia, ard thus 

increases the wirds ir the northern Red Sea and Gulf of Suez. The increase 

is augnented by a terrain-induced channeling effect through the Gulf of Tuez. 

Vhere the Gul f of Suez widens into the Fed Sea, the channeling effect decr-ases. 
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6.0 SUVMARY AND RECOMMENDATIONS 

This assessment shows that a large portion of Egypt is estimated to have 

class 3 or greater annual wind resource, a resource suitable for most wind 

turbine applications. Areas that are estimated to have class 3 or greater 

wind r'esource include the Mediterranean coastal region, the Red Sea and Gulfs 

of ue:Z and /Aqabd, the highlands of the Eastern Cesert, the highlands of the 

scuthern Sinai, and the southerrn part of the Western Desert. The highest 

.imoted arual ,,ind resource, class 6 or greater, is expected to occur
 

along the Pod Sea coast, fr'om north of Hurghada into the Gulf of Suez, to
 

pcivl ;s 2ust r: crth of kus Clhareh or the western shore and El Tor on the east

err shore.
 

Additioral data are needed to refire the wind resource estimates, 

Lecause :aryv areas hd l iilted cr ro surface data. Any updated assessment 

should incorporate knowledge of the anemometer heights for all of the sites 

used in the assess'ment. The tpdaten assessment would be further enhanced if 

the folloving information was avcilable frcm all stations: 

1. 	 cbstructiono in tne vicinity of the unemoneter such as trees or builuings;
 

2. 	dates of any chaiiges in anemometer height and lucation;
 

2. observation times (lccal standard time);
 

'I summaries cf mr,rit; ly and a anu .. ird frequency distributicns fcr
l speed 


periods when anemometer height and location were constant;
 

5. 	 nean monthly temperat re and station pressure for each station; 

6. 	 yearly mean,wind speeds, and proferably hind speed frequency uistrihutions, 

for each year of record; and 

. sumnmaries of iean wind speen by hcur of day for each station (annual and
 

on thlt .
 

Pattlle-Vorthwest, is currently collecting wind information from six dif

ferent locatios aluny the editerranean coast, Gulf of Suez, and Red Sea (Fig

ure 7) for the Egyptian Electrical Authority. This information could ce 

incorporated in an updated assessment. Data from these statiers will further 

define the high wird resource fourd along the Mediterranean coast and along 

the Ped Sea and the Gulf of Suez. It would be useful to have additicnal data 
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from the Red Sea coast south of Hurghada, from the eastern arc western shores 

of the Gulf of Suez, from the Mediterranean coast from Pabaa t.o Alexardria, 

fr1m the LibLan P! atecou ( inlahd uf the Med 1Lerranean coast vest of Dabaa), 

tror =C~thwestern Egypt includingu the Gil f Kebir P!teuu arnd the Cheirnatt 
area,, from the southernr Sinai, from the Gulf of Aqaba CedSt, from uplnd 

areas scth of the Nile Delta (i.e., the class 3 and 4 areas near 30' north 
lititude in Figure 5), and from highland areas along the Nile River near 

Luxor. 
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FIGURE A.7. 	Monthly Plots of a) Mean Wind Speed and b) Ilean Wind Power
 
Density for Farafra; Monthly Plots of c) Mean Wind Speed
 
and d) Mlean Wind PowerDensity for Dakhla
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FIGURE A.8. 	 Monthly Plots of a) Mean Wind Speed and b) Mean Wind Power
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FIGUREA.22. 
 Diurnal Wind a) Speed and b) Power Density by Season for El 
Arish
Diurnal Wind c) Speed and 
d) Power Density by Season for Quseir
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FIGURE A.23. 
 Diurnal Wind a) Speed and b) Power Density by Season for Cairo;

Diurnal Wind c) Speed and d) Power Density by E2ason for Siwa
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FIGUREA.24-
 Diurnal 
Wind a) Speed and b) Power Density by Season for Manqabad;

Diurnal Wind c) Speed and d) Power Density by Season for Asw~an
 


