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Abstract

The first step in using photovoltaic and solar thalr plants is the study of the direct
radiation on a normal surfacepdiand the choice of the right tilt angle, s, f& ganels.
Solutions depend on whether the panels are fixedeiisains constant) or are mobile
(biaxially or uniaxially fellow the sun, change tft several times a year). However,
whatever the chosen position, this requires to lzasalabl the measured data of,hh the
considered site.

Ouarzazate region will accommodate the first lairgegrated solar project plants
(500 MW) for electricity production on a large sEahs, H,, is a very important component
for concentrating systems and for the estimatiothefradiation received by titled surfaces,
we have been studying its characteristics. On therdiand, the sunshine duration is being
measured in Ouarzazate station since 1957 andthattabsence of §i we determined a
relationship between direct radiation and sunshioetion. This correlation allows us to
compute the direct radiation from sunshine recondh the same climatic conditions.
Looking forward to have available the direct radiatrecords in order to compare them with
the estimated ones to check if the statisticalaittaristics of I, are faithfully reproduced

So, the results obtained should be improved aaddhe stochastic characteristics of
Hun, is concerned. Although, the considered corratalias been established for Ouarzazate,
this relation could be extended to other areakercountry, with some corrections.

Key words. Direct radiation, estimation, stochastic, photaaiglt concentrated Thermo-
Solar, electricity.

1. INTRODUCTION

More than 85% of Morocco energy in use is imporidte Morocco government
policy is to reduce their dependence on importagifduels and to diversify energy sources
by using significantly photovoltaic panels and GCamtcated Thermo-Solar (CST) power
station. As planned, Ouarzazate region will hoklfirst largest solar plant (500 MW) in
Morocco for electricity production. The first phaseuld focus on 160MW and the first
kilowatthours ought to have produced in 2015.

The CTS are devoted to high sunny regions, it m@anmportant direct radiation on
a normal surface, ¢g, within this framework comes our contribution ke tstatistical study of
solar radiation particularly §. For this reason, it is seemed important to sthdy
characteristics of solar potential of Ouarzazaggorebecause we have available the data of
sunshine and the global radiation on a horizontdhse. On the other hand, the largest solar
plant will be installed there [1-4].

2. EXTRATERRESTRIAL SOLAR RADITION
a. Global radiation on normal surface

The average intensity or power/unit area fallingaagurface of unit area placed at the
earth’s outer atmosphere and at right angles tinthdent radiation is called the solar
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constant, lo. In Sl units the solar constagtisl 1367 W/m. For a considered day, j, lo could
be calculated with the aid of the following form{ifa13]:

10=1367(1+0,034cos (0,986(j-3)) (1)
J: day number
The daily solar radiation, 4 is:
Hon= loN (2
Where the maximum day length, N, is expressed imshand H, in Wh/n?.

b. Global radiation on horizontal surface

In a given site, for a given date and hour, thegete enlightenment on an
extraterrestrial horizontal surface is linked gty [5-13]:

lon =losin(h) (3)

The daily radiation, &, is obtained by integration of the previous equratiThe
integration variable is the True Solar Time (TST),

Hoh = J.:: I OSin(h )dt (4)

Where { and t are the sunset and sunrise respectively, withtt
As, the hourly anglap, could be expressed in the form [5-13]:

® = 15(heure12) (5)
t: hourly day (TST)

And the solar height, h, could be given by [5-13]:
sin(h)=sin@ )sinp }* cosg )cos( )cos( (6)

¢ : site latitude;s : solar declination and : hourly angle.

According to the equation (5): dw =15dt (dw is exgsed in degrees and t in hours) and
using the formula (6). What they give:

Hop, =(2—;)I0Lf'v°(sin(¢)sin6 )+ cos$ )cos{ )cos( dyv ()
After integration, we obtain:
Hoy = ()1 (w,Sin@)sing )+ cosp )cost )con ®

o IS expressed in radiang, In W/m2 and Hy, in Wh/mz2,

2.2. Representative days

For each month of the year, it is about the dayfoarzazate site which N andH
are equal to monthly average values, noted dowhlbgnd H_, . The importance of these 12
representative days is that they permit to deteateithe extraterrestrial monthly average of

37



Study of direct solar radiation in Ouarzazate (MOROCCO)
Hassan Nfaoui, Ali Hamzeh, Merzouk Nachida

global radiation by realizing the calculation ofiy one day: the representative day of the
considered month.

As, there is several formulas for calculatiggands, with different precisions, the
formulas used, are the ones accepted for selettengepresentatives days for Rabat site [6].
Table 1 shows the list of representative days déy numbers, the values&fN and H, for
Ouarzazate site.

Table 1: Représentative days of the daily averdgieeomonth, sun declinatiai) maximum
day length N, monthly average of the extraterrassolar radiation, k), and H,

Month | Selected Day N° | 5 (°) N(hours) Hn(KWh/nr/day) H(KWh/nt/day)
days

January 17 17 -20.93 10.23 5.76 14.44
February 14 45 -13.65 10.88 7.02 15.27
March 16 75 -2.46 11.80 8.65 16.30
April 15 105 9.37 12.76 10.18 17.32
May 14 134 18.52 13.54 11.10 18.13
June 6 157 22.63 13.93 11.43 18.48
July 18 199 21.03 13.78 11.22 18.21
April 17 229 13.17 13.08 10.46 17.44
September 16 259 1.88 12.15 9.14 16.44
October 16 289 -9.90 11.20 7.47 1541
November 15 319 -19.10 10.40 6.02 14.54
December 12 346 -23.17 10.02 5.36 14.13

2.3. Deduction of direct radiation on normal surface from global and
diffuseradiationsfor Rabat site

Since July 1982 to December 1989, the Energy SwldEnvironment Laboratory
has available the hourly direct radiation on a redrsurface and the hourly global radiation
on a horizontal surface. The daily direct radiattonhorizontal surface, is calculated
from the measurements of the direct enlightenmentarmal surfacepj.

[b=lpn sm(h) (9)
And the corresponding daily direct radiatiog, Hy integration ofJ during the day:

t.
H, = j H, sin(h)dt (10)
t,
This integration has to be numerically done on antof random climatic behavior
and rapid enlightenment variation due to the preserf clouds.

For the calculation of gl the trapezium method is used, by dividing théydaterval
of the integration into successive hourly interyllscause the variation gf, s a function of
h is practically negligible in an interval of 1 hhaunainly between 10 h and 14 h where the
intensity is maximal).

Thus, appointing bygin(h ) the value of sin(h) for the middle of the consetkr

hourly interval, i, and (k}); the corresponding value of the direct radiatiomommal surface,
the relation (10) can be written as:

t.
H, = [ Hy,sin()dt =X (H,,);sin(h) (11)
t

Where k is the number of day hours.
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The study of concentrated solar systems, suchRldigs, necessitate the knowledge
of direct solar enlightenment. However, few arertitethodological stations where this
component is measured. For these reason, sevimahatics software have been proposed to
estimate this component from the estimation of gl@md diffuse radiations, but, generally,
they are limited to the monthly average.

Having available the monthly average of direciaidn on normal surface obtained
from the measurement for Rabat site [6], the equdtll) has been modified and used to
estimate the monthly average of the direct radmatio normal surface:

H, =Hy, 1 sin(h), (12)
Where k is the hour number of the considered reptasive day.

We notice that this method under estimate the ‘sadxﬁei_m by 15% in average

(Table 2). This could be due to the narrow depeceleh H,, to the atmosphere nature
(clouds, humidity, etc...) and the traversed distdmcéhe enlightenment through the
atmosphere (TST at noon, sunset, etc...).

Table 2 : Comparison between monthly values gfrieasured and estimated for Rabat

J F M A M J July | A S O N D

(Hon Hon ) |16 |6 [-19 |9 [ 23] -12| 17| 21| -15] 23 -11 -19

eeeee

Hbn,..
(%)

3. CARACTERISTICSOF SOLAR POTENTIAL IN OURZAZATE SITE
3.1. Bright sunshine
The histogram (Fig.1) shows that the seasonal tuamiaf monthly average of number

of bright sunshine hours is regular, with an anmvarage of the order of 3405 hours. The
maxima and minima correspond to June (338hoursFabduary (238hours) respectively.

®Number of monthly hours

336 338
300 319 319 29

4
274 270

255 238 240 246

J F M A M J Juy A S O N D

Figure 3: Bright sunshine Régime for Ouarzazatast [5]
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3.2. Global radiation on horizontal surface

The variation of the monthly average of global atidin, H,, on a horizontal surface is
similar to this of the number of bright sunshineit® It is regular (Fig.2). The maximal
value is in winter (December) and the minimal vakism summer (June).

=—¢—Hon Hoh =fe=H** e¢=H* ==i=Hbn* Hd*
20 -
18 -
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> 14 -
1
0 12
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=
= 8-
* g
4 .
2 .
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J F M A M J July A S (] N D

Figure 2: Seasonal variations of extraterressiodr radiations and terrestrial ones for
Ouarzazate site [11-14]

3.3. Estimation of monthly averages of direct radiation on normal surface

Having used the monthly averages of H publisheEHY¥IRA [11] and the monthly
average if diffuse ration on a horizontal surfadg,published by NASA [14], we can deduce

the direct radiation, K
For Ouarzazate station, we have used the equdi®)rand the correction coefficients

calculated for Rabat station (Table 2) to estintlagemonthly average df,_ (Table 3). The

values ofH, are ranging within 5.56kWh/ftay (December) and 8.47kWHiday (May).

This demonstrates that Ouarzazate area is pradifabkhe installation of concentrated solar
systems for electricity production in large scale.

Table 3: Estimated of monthly average of H, &hd H

J F M A M J July A S 0 N D

I

ﬁ 3.62 4.48 5.74| 6.82 7.29 7.45 6.98 6.39 5.54 65.653 3.34

3
6.32 6.73 7.08 7.60 8.47 8.48 7.33 6.13 6.58 6(21.16 § 5.56

I
o

=}

2
9

1.58 1{28.98 9 0.87

0.86 1.11 1.43 1.64 1.8( 1.88 1.99 1.13

T

We notice that the monthly averages @f bet closer to those ofgklin winter and to
those of H in summer (Fig.2). This could be expdiby the localization of Ouarzazate site
in a semiarid region, less clouds in Winter (ckgay) and dusty atmosphere in Summer
(presence of sand).
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3.4. Dimensionless Coefficients

The extraterrestrial global radiation on horizostatface H, and the maximum day
length N, vary with the declinatichand the latitude. On the other hand, the global
radiation, H, and daily number of bright sunshioeiis, n, depend not only gfands, but
also to the climatic conditions: nebulosity, atmuegc turbidity, etc., which are linked to the
concentration of aerosols and atmospheric watesivdp separate the astronomic aspect to
the specifically climatic one and, on the otherdchan permit comparison in the same time
spatial and seasonal, we generally uses dimensmaotefficients such as the sunshine
fraction,c = n/N, the clearness index; K H/Hq,, etc.

a. Sunshinefraction, ¢

The sunshine fractiom, is defined as the ratio n/N between the brighshkine
hours, n, and the maximum day length, N. The aweisgf the order of 78%. It translates
mainly the nebulosity variation.

b. Clearnessindex, K

The clearness index,; Kharacterizes the transparence of the atmospkesaibe it
indicates the ratio of energy received at the lmhithe atmosphere which reaches the ground.
The maximum of the order of 68% corresponds testheny days without clouds and with
minimum atmospheric turbidity (Fig.3). The complem2%) corresponds to the
attenuation of the atmosphere: absorption, retiacind diffusion. It reflects the effect of the
atmospheric turbidity. The minimal value is obtairier November (60%), a part of the lost
energy, being reflected by the cloud summit toekierior atmosphere. It reflects mainly the
effect of the nebulosity.

3.5. Comparison between o, Hpn/Hon and K

Comparing the seasonal variation qft&this ofs, we notice that they are similar
with, however, an amplitude variation higher $obecause the attenuation of the atmosphere
due the effect of the atmospheric turbidity is ilweal in K;, but not inc (Fig.3).

0,9
08 m=m— g -

0,7

0,6 = ¢ ————o—

0,5 =&—Sunshine fraction, n/N
0,4 W Clearness index, Kt

82 ——Direct fraction, Hbn/Hon

0,1
0

J FMAMJJWWyA S OND

Figure 3: Seasonal variations of clearness indgxand sunshine fractiom; (Ouarzazate)
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a. Correlation, H(o)

The analysis of the seasonal variation allure il thes one shows that there is a
correlation between them and, consequently, tiseagpiossibility to deduce the global
radiation on horizontal surface by measuring ohg/gunshine, n. Such correlation would be
in the following form, with a good correlation ciefent, R=0.99:

K, = -0.012+0.830 (11)
b. Correlation Hpn(o)

The observation of the seasonal variations of Hbn/eihd theo shows that they are similar.
A linear relation has been obtained, with R=0.98:

Hpw/Hon = -0.108+0.68% (12)
4. CONCLUSION

The knowledge of the solar components, extratera¢sind on the ground, is
necessary to exploit the solar energy. For themsore it is imperative to study deeply the
characteristics of solar radiation.

In this work, we have carried out the calculatidrihe extraterrestrial solar radiation
on a horizontal surface so that to select the sgmtative day of every month for Ouarzazate
site. In the absence of the measurement of diegtation on a normal surface component,
Hpn, Wwe have been demonstrated that we could estithateonthly average ofifrom the
simple measure of bright sunshine hours thanks h® d¢orrelation established. This
correlation allows us to compute the direct radiatirom sunshine records with the same
climatic conditions.

It emerges from this work that the solar poteragfaDuarzazate region (sunshine:
3400 hours/year, global radiation: 5,5 kWh/m?/dayijnportant. The seasonal variation of
global radiation is regular. The attenuation ofogllradiation increases from 30% for June
(maximal radiation) to 40% for November.

The monthly average of direct radiation on normafee, H,,, are ranging within

5.56kWh/nf/day (December) and 8.47kWHittiay (May). This shows that Ouarzazate
region is profitable for the installation of contetted solar systems to produce electricity on
a large scale.

Looking forward to have available the direct raiatrecords over a long period in
order to compare the observed data with the estunanhes to check if the statistical
characteristics of i are faithfully reproduced

So, the results obtained should be improved aaddine stochastic characteristics of
Hun, IS concerned. Although, the considered corratatias been established for Ouarzazate,
this relation could be extended to other areakercountry, with some corrections.
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