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ABSTRACT. Daily global solar radiation data of El-Kharga for five year (1984-88) have been processed,
analysed and classified into eight radiation levels spaced at an interval of 4.19 MJI m™® day'. Mean annual
monthly and daily totals, the diurnal variation, and the frequency distribution of daily totals of globa! solar
radiation are computed and discussed. A correlation between the hourly values of the clearness and diffuse
indices were obtained and the recommended correlation equations were also given. The results presented in
this analysis are encouraging, since they indicate that periods of several days of low radiation of less than 8,38
MIm™ day ' are rare. This in turn means that the weather sequence variations are not expected, to be of
greal importance when considering the storage problems involved in solar process design.

Key words — Global solar radiation, Clearness index, DifTuse index.

1. Introduction

Estimating the performance of a solar system, with
or without storage systems, requires an accurate assess-
ment of incident solar radiation. The choice of El-
Kharga area (25°N, 30°E) was dictated by the fact
that it is considered as one of the most important re-
mote rural places in Egypt which is far from the Nile.
The most important activity of the citizens at El-Kharga
is cultivation. They depend on the underground water
irrigation using diesel systems. The strategy is to find out
the scope about the site potentiality of the platzau region
of El-Kharga for photovoltaic applications specially
in the field of water pumping.

In simulating solar systems on a digital computer,
designers generally use one-hour time step, this being
the minimum interval ovzr which radiation and meteoro-
logical data are available. Pioneering work of Liu
and Jordan (1960) related the hourly diffuse index
(diffuse to global solar radiation, K,) to the hourly
clearness index (global to extra-terrestrial solar radiation,
K,) based on the daily values. Morcover, a recom-
mended correlation equation was not given (Orgill and
Hollands 1977). The paper presents a new seasonal
recommended correlation equations for diffuse index,
based on El-Kharga data, but based on the hourly
measured values rather than a detailed study of the fre-
quency distribution of daily totals of global solar radi-
ation at specified values of radiation levels.

(39)

2. Monthly and annual totals of global solar radiation falling on a
horizontal surface

The monthly and annual values of global radiation
recorded at El-Kharga weather station, during the period
from January 1984 to Dzczmber 1988 at an elevation of
0.0778 km are listed in Table 1. It can be seen from
Table 1 that in an average year the total global solar
radiation received on a horizontal surface is about
8198 MJ m™. The annual global solar radiation, in
the five-year period, has ranged betwesn 8062 and 8294
MJm™. Inanaverage year, the winter szason (Novem-
ber-February), (Bendt er al. 1981) contributes 24,29,
to the annual total and the spring and fall seasons
(March, April, September, October) contribute 34,39
while the summer four-month scason (May-August)
contributes 41.3% to the annual total. The highest
month was July (876 MJ m™) and is responsible for
10.6%, of the mean annual total. However, the abso-
lute maximum and minimum monthly recorded totals
occurred in July 1985 (911 MJ m™2) and Dszcember
1988 (405 MJ m™2) respectively. The variability from
vear to year for the annual totals is very low, the ovarall
range (Max-Min) being only 2.8°, of the m>an value.
The most variable month is December where the range
is 12,57 of the monthly mean valus and the steadiest
month is May with a range of 1.8%, of thz monthly
mean value.
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TABLE 1

Monthly and annual totals of global solar radiation on a horizontal surface (MJ m™)

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec  Total
1984 514 574 710 797 85§ 843 858 543 714 605 517 449 8270
1985 471 564 660 782 843 871 911 857 731 652 499 438 8270
1986 495 536 688 755 858 846 861 R06 680 602 475 460 8062
1987 500 542 701 R04 854 862 8BS 825 729 634 511 450 8294
1988 467 554 719 765 837 843 863 796 707 636 502 405 8094
Mean 489 554 696 781 848 853 876 825 712 626 501 440 8198
Max 514 574 719 204 8358 871 911 857 731 652 517 460 8294
Min 467 536 660 755 843 843 858 796 680 602 475 405 8062
Max — Min 47 38 59 49 15 28 53 61 51 50 42 55 232
(Max—Min/Mean) 9.6 6.9 8.5 6.3 1.8 3.3 6.1 7.4 72 8.0 8.4 12.5 2.8
100
TABLE 2

Average daily totals of global solar radiation (G) on a horizontal surface ( MJ m™* day™') and the corresponding
values of K; and K

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov  Dec
1984 G 16.6 198 228 26.6 27.6 281 27.7  27.2 238 19.8 17.3  14.5
K; 0.66 0.73 0.69 0.69 0.69 0.7 0.72 0,74 0.66 0.7 0.73 0.65
Ky 0.2 0.17 0.17  0.15 0.15 0.15 0.16 0.15 0.17 0.8  0.18 (.2l
1985 G 15.3 20.2  21.5  26.1 27.2 291 29.4 277 244 210 166 14.2
Ky 0.65 0,67 067 069 069 073 074 072 072 072 0.65 0.63
Ky 0,2 0.18 0.18 0.16 0.16 0.16 0.16 0,15 0.16 0.17 0.19 0.21
1986 G 16.1 19.1 2.0 25.2 27.7 283 278 2.0 226 19.5 158 15.0
K, 0.68 0.68 072 069 0.7 071 071 0.69 0.7F 069 0.6  0.66
Kq 0.19 0.8 0.17 0.16 0.15 0.16 0.15 0.16 0.18 0.18 0.21 0.2
1987 G 17.3 19.1 2.5 268  27.6 287 28.5 26.6 243 204 17,1 14.5
K, 0.7 071 066 074 0.69 072 0.72 073 069 066 0.7 0.65
Kd 0.19 0.17 0.17 0.15 0.16 0.16 0.16 0.16 0.16 0.19 0.IR 0.21
1988 G 152 19,2 228 25,5 27.0 28.1 279 257 239 205 16.8  13.1
A; 0.62 0.66 0.72 0.71 0.68 0,7 0.7 0.7 0.68 0.7 0,71 0.58
K, 020 0,19 0.7 0.6 0.6 0.16 0.16 0,16 0.17 0.18 0.19 0.23
Overall average G 16.1 19.5 22.2 26.0 27.4 28.5 28.3 26.6 23.8 20.2 16.7 14.3
K, 066 0,69 0.69 0.7 0.69 0,71 072 0.72  0.69 0.69 0.63 0.63

K, 0.2 0.18 0.17 016 0.16 0.16 0.16 0.15 0.17 0,18 0.19 0.21
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TABLE 3

Maximum recorded daily totals of global solar radiation (MJ m 2 day™) and the corresponding values

of K; and Kz

Year Jan Feb Mar  Apr
1984 Gyax 186 23,0 27.0 29,1
Ky 0.72  0.73 0.74 0.76
Ky 018  0.17  0.16 0.14
1985 G 18.8 229 250 28.6
K; 074 076 0.73 0.78
Ka 0.17  0.16 0.16 0.15
1986 Gyax 181 218 254 28.7
Ky 0.71  0.73  0.72 0.75
Ka 0.18 017  0.16 0.15
1987 Gppax 18.0 227 2.1 294
K, 0.71 0.83 0.75 0.78
L 0.18  0.15  0.15 0.15
1988 Gyax  18.0 21,5 26.2  27.7
K; 0.71 0.73  0.75 0.73
Ky 018  0.17  0.15  0.15

Absolute max. G, 18.8 23.0 27.0 29.4
Ky 0.74 0.83 0.75 0.78
K 0.18 0.17 0.16 0.15

0.14 0.14 0.15 0.15 0.16

Jun Jul Aug Sep Oct Nov Dec

30.2 28.9 28.7 25.9 22.2 18.8 16.6
0.76 0.75 0.74 0.72 0.66 0.73 0.72
0.19 0.17 0.19

30.0 31.2 29.0 26.2 23.0 18.8 15.8
0.75 0.79 0.76 0.74 0.73 0.71 0.69
0.16 0.15 0.15 0.15 0.17 0.17 0.19

29.4 29.2 27.5 24.5 21.8 18.2 27.1

0.74 0.74 0.73 0.71 0.68 0.69 0.69 0.76

0.16 0.15 0.15 0.16 0.18 0.18 0.18

29.6 30.7 29.5 28.8 25.5 22.5 18.6 15.7
0.75 0.77 0.74 0.74 0.71 0.73 0.71 0.68
0.15 0.15 0.15 0.15 0.16 0.17 0.17 0.2

30.0 30.0 29.3 27.3 25.6 22.5 18.8 15.6
0.75 0.75 0.73 0.71 0.71 0.71 0.7 0.69

0.15 0.16 0.15 0.16 0.18 0.17 0.19

30.7 31.2 29.0 26.2 23.0 18.8 17.1

0.77 0.77 0.79 0.76 0.74 0.73 0.73 0.76

0.16 0.16 0.15 0.16 0.19 0.18 0.2

ror
o8
’/._.__h_./_‘—\_;“l\
06 |
b
~
o b+
Kq
o2 w
(3] " gy i i " M i L . 3,
3 FooM A M3 A s o N 0

M ONTH

Fig. 1. Monthly variation of the average daily values
of both clearness and diffuse indices

3. Average daily totals of global solar radiation

Table 2 shows the average daily totals of G and the
corresponding values of the clearness index, K,, and the
diffuse index, K, which are computed for all days for
cach month during the five-year period.

In an average year, the annual average of daily total
of G is about 22.5 MJ m™? and the corresponding
values of K, and K, are 0.69 and 0.17 respectively.
Inside the winter season, February is the most active

month while December is the worst (see Table 3). In
spring and fall seasons, April is thz highest and March
is the lowest. The identification of th: worst month
is of great importance sincz it represents the design
month when considering the design study for photovol-
tlaic )with and without storage systems (Salem er al.
989).

The monthly variation of the averags daily of the
clearness index. K,, and the diffuse index K, are shown
in Fig. 1. Tt is clear from the figurz that th: average
daily clearness index, K. has the rangz 0.60< K, 0.75.
This range shows that the weather in the plateau region
tends to be clear to moderate sky conditions.

4. Maximum and minimum values of daily totals of global solar
radiation

The maximum daily totals, the absolute and the average
of the maximum daily totals of G bzsides the corres-
ponding values of K, and K, as obtained by the mathod
given by Klein (1977), are listed in Table 3. It is clear
that the absolute maximum of daily total of G was in
July 1985 (31.2 MJ m™) with K, and K, valuzs of 0,79
and 0.16 respectively. In gensral, days with global
solar radiation within the range 15.8<=G 31.2 MJm™2
day™  were characterized by average daily
clearness index, K,, between 0.73 and 0.83 in a
month. On the other hand, the absolute minimum of
daily total of G recorded during the five-year period
was in December 1984 (5.1 MJ m™2) [see Table 4].
Days with global solar radiation within the range 5.1
<G<26.5 MJ m™2 correspond to K, values between
0.23 and 0.69. The correlation among the maximum,
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TABLE 4
Minimum recorded daily totals of global solar radiation (MJ m * day ') and the corresponding values of K¢ and Ko
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1984 Cpin 13.8 2.7 17.2 21.4 243 253 241 250 21,5 169 151 5.1
Ky 0.45 047 048 057 063 063 0.69 066 065 065 0.58 0.23
Ky 0.3 0.26 0.25 0,19 0.17 0.17 0,16 0.15 0.19 0.19 0.21 0.56
5 ; o c
1983 G_m, 9.9 17.3 13,5 70  17.0 27.4 28.0 256 22,0 187 13.2 7.0
f 0.41  0.62 04 0.2 044 069 071 0.7 069 0.69 0.5 0.3
Ad .31 0.2 0.29 0.5 0.24 0.16 0.16 0.16 0,18 0.18 0.23 0.42
1986 G Min 131 141 146 168 206 264 2.4 228 197 165 7.8 123
' 0.58 0.54 0.47 044 053 0.66 0.68 0.6 0.6 0.61 034 054
L 0.23 0.23 0.26 0.24 0.2 0.16 0.16 0.18 0.2 0.2 0,38 0.25
1987 Gpin 1122 5.9  16.7 71 2.8 220 279 247 2.8 U801 145  11.4
Ky 0.47 0.57 0.49 (.48 0.58  0.55 0.7 064 0.69 068  0.63 0.5
AJ 0.28 0.21 0.23 0.23 0.18 0,19 0.16 0,17 0.18 0.18 0.21 0.26
1988 G Min 8.1 15.1 6.7 217 124 258 26.0 17.8 209 181 127 5.2
{ 0.35 0.55 0.54 0.59 0.32 0.64 0.67 0.47 0.6 0.64 0.53 0.23
Ky 0.37  0.22 022 019 0.3 0,17 0.6 023 049 0.9 0.24 0.55
Absolute min Gy 8.1 12.7 13.5 7.5 17.0 220 241 228 197 165 7.8 5.1
K; 0.35  0.47 0.4 0.21 032 055 0.67 0.47 0.6 0.61 0.34 0.23
kd 0.23 0.2 0.22 0.19 0.17 0.16 0.16 0.15 0.18 0,18 0.21 0.25
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Fig 2. Correlation among the average daily
global solar'radiation (MJ m ?)

the average. and the minimum daily totals of ¢ with the

clearness index, K, are shown in Fig. 2.

In all ranges of K, and K, the average contribution
of the diffuse solar radiation did not exceed 25, of the
recorded daily total of the global solar radiation falling
on a horizontal surface at EI-Kharga.

5. K; to K¢ correlation

The clearness index, K, the ratio of the global (bzam
plus diffuse) radiation on a horizontal surface (E) to
the extra-terrestrial radiationon a_ horizontal surface
(Ey), was correlated with the diffuse index, K. the ratio

LI

clearness index with daily minimum average, and maximum

of the diffuse (E,) to global solar radiation on a hori-
sontal surface. The hourly correlation between K,
(E|E,) and K, (E,/E) was investigated for the three
seasons. winter, spring and fall, and summer for the
design month, the worst solar radiation month. of each
season. The design month for the winter was December
and for spring and fall was October while August was
the design month for the summer scason. The hourly
values of the extra-terrestrial solar radiation, E,and the
diffuse solar radiation. E,. were calculated by the method
given by Duffic and Beckman (1980) for each day from
the design month. The hourly values of the global solar
radiation. E. was obtained from the values measured
by the Egyptian Meteorological Authority, From
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TABLE 5
Hourly variation of global solar radiation falling on a horizontal surface (kJm )
Time
Motth —m™M}m ——m——monnnn oo —— ———— A —— - ———
-6 6-7 7-8 8-9 9-10  10-11 11-12 12-13 13-14 14-15 15- l6 16-17 !7 IR 18-19
Jan 0 0 342 115.6 182.5 235.8 263.9 263.9 253.8 2538 115.6 46.1 O 0
Feb 0 0 48.6 1440 219.2 278.6 311.4 311.4 278.6 219.2 144.4 65.5 0 0
Mar 1] 10.8 65.5 170.6 247.7 2)3.1 I3 341.3 0 303.2 247.7 170.6 59.3 15.5 0
Apr 0 29.5 122.0 208.0 288.7 351.0 385.2 385.2 351.0 288.7 208.1 122.0 42.5 0
May 0 44.3 142.9 226.4 303.8 363.6 1396.0 396.0 363.6 303.8 226.4 142.9 641 0
Jun 12.6 54.7 158.0 240.8 316.8 375.1 406.4 406.4 375.1 316.8 240.8 158.0 79.2 12.6
Jul 14.8 55.8 158.4 2398 3146 371.9 403.2 403.2 371.9 314.6 239.8 158 .4 80.6 14.8
Aug 4.0 46 .4 142.2 221.8 295.2 351.7 382.3 382.3 351.7 295.2 221.8 142.2 67.0 4.0
Sep 0 31,0 115.9 192.6 263.9 319.3 349.6 349.6 319.3 263.9 192.6 115.9 44 .6 0
Oct 0 14.4 63.0 157.3 225.0 277.6 306.4 306.4 277.6 225.0 157.3 86.0 20.5 0
Nov 0 0 43.6 124.6 187.6 236.9 265.0 265.0 236.9 187.6 124.6 59.0 0 0
Dec 0 0 31.3 103.0 162.0 208.4 234.0 234.0 208.4 162.0 103.0 42.1 0 0
TABLE 6
Percentage frequency distribution of daily totals of global solar radiation
Radiation levels (MJ m™* day™')
Month e e e
0-4.19 4 19 8. 18 8.38-12.57 12.57-16.76 16 76-20. 95 20.95-25. I4 2‘ 14-29.33 29 33-33.52
Jan 00 065 6.45 62.58 29.68 0.0 065 0.0
Feb 0.0 0.0 0.0 8.57 71.4 21.4 0 0.0
Mar 0.0 0.0 0.0 4.52 19.36 16.29 14 .84 0.0
Apr 0.0 0.67 0.0 0.0 2.00 19.3 78.00 0.67
May 0.0 0.0 0.65 0.0 2.58 5.21 33.87 7.10
Jun 0.0 0.0 0.0 0.0 0.0 2.00 75.3 22.7
Jul 0.0 0.0 0.0 0.0 0.0 0.65 87.10 12.26
Aug 0.0 0.0 0.0 0.0 1.29 7.10 91.61 0.0
Sep 0.0 0.0 0.0 0.0 3.33 85.30 12.00 0.0
Oct 0.0 0.0 0.0 0.65 65.20 34.10 0.0 0.0
Nov 0.0 0.67 0.0 47.3 52.00 0.0 0.0 0.0
Dec 0.0 3.23 6.45 §9.68 0.65 0.0 0.0 0.0
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Fig. 3. Correlation between hourly values of clearness and diffuse indices

this understanding K, was correlated with K, and the ('b'l For spring and fall seasons [Fig. 3 (b))
recommended equations are as follows : =—0.206K, -1 forK, < 0.22 2)
. , K——l94 22.09 K, — 63.08K2+70.24 K3
(a) For winter season [Fig. 3(a)] ! ——2':'-5.'21("l ‘fon K, =>0. 2:’I a
K; =—0.17K, + 1 forkK, < 0.23 (1

(c) For summer season [Fig. 3(c)]

=2.03—5.95K,+5.9TK2—1.62K3 Ky=0.123K, +0.975 ~ for K, < 0.20 3
K;=1.79—4.44K,~-3.06 K2+ 0.53
—0.28K2 for K, > 0.23 —0.85K4  for K, >0.20 K
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Fig. 4. Isopleths of global solar radiation (kJm #)_at El-Kharga

6. Diurnal variation of the hourly global solar radiation

Table 5 summarizes the mzan hourly valuzs of the
global solar radiation for all days of thz considered
five-yzar period. A fzature of the diurnal variation of
the global radiation is the fact that in almost all months
the highest values arz rzcorded in th2 interval b2twzzn
1100 hr & 1400 hr. During an one-year period. th: mzan
hourly valuss of the global radiation are generally
higher in the forenoon period than those in the after-
noon period. This bzhaviour can be explained by the
fact that for the sam= solar altitudz. the forenoon
values of the direct solar radiation are a bit higher than
the corresponding afizrnoon valuzs. In general, thz
highest mzan hourly values of thz global solar radi-
ation are recordzd in the hours around midday (1000 hr-
1300 hr), averaging about 254 kIm™* in the winter
period about 330 kIm™2 in the spring and fall seasons
and about 383 kJm™2 during the summer season.  For
practical purposes, the data of Table 5 can be presented
in the form of isopleths (Fig. 4). Radiation levels
below 360 kJm2 are expzcted betwezn 600 hr & 1000 hr
and 1400 hr & 1900 hr for any day of the year.

7. Frequency distribution of daily totals of global radiation

Among the common statistical characteristics. com-
puted from solar radiation data for the purpose of solar
svstem desien is the frequency distribution of daily total
of global solar radiation (Goh 1979). For this pur-
pose, days are classified into cight radiation levels
spaced at an interval of 4.19 MJ m™ day™. In
this way, the perezntage frequzncy distribution of daily
totals of global solar radiation, i.c., the annual numbzr
of days as pzresntage of all days in the studied period.,
for each month was establishzd and presentzd in Table
6. The choice of the space interval betwazn the radi-
ation levels (4.19 MJ m™2 day™) was 10 facilitate
comparative studies with similar tablzs published for
other gzographical regions (Goh 1979).

On th: szasonal basis. it turns out that during
the winter period, 37, of all days receive lc_:.;s than
8 .38 MJ m—2day—% 207, exceed 16.76 MJ m—* day—,
and only 57, above 20.95 MJ m™ day™" In the
spring and fall pzriods. 70", of all days get between
12.57 and 20,95 MJ m™2 day™! and only 87, excead
25.14 MJ m™2 day ™. while in the summer season,
84% of all days get between 20.95 and 29.33 MJ m™

day ! and only 9", receive less than 20.95 MJ m™?
day™!, Thz pezrezntage frequency  distribution  of
radiation incom= had a high conczntration in thz mid-
radiation level ranges. Only 8.5", of all days were
bzlow the 29.33 MJ m™2 day™! while nonz of the days
reczivz less than 4.19 MJ m™2 day™! or exc:ed the
33.52 MJ m™2 day ' levzl for the year as a whole.

8. Conclusions

The intension of the present analysis 1s to help
designers and users in evaluating the sitz potential of
El-Kharga region for solar energy applications. An
integral view of the paper shows that there is an evident
variation in the solar radiation activity among the
szasons. winter, spring and fall, and summer. Due to
this fact. designers are advised to track their systems
in a seasonal tracking basis. This will reduce the high
cost of instantaneous tracking specially in the develop-
ing countries. Also by using the isopleths (Fig. 4)
designers can determine the critical level at which
practical applications are expzcted.

It may also be concluded that the chances of  having
a period of low radiation long enough to bs of concern
in the use of solar energy systems for practical appli-
cations are probably small. This conclusion is of
value when considering the economic and storage
problems involved in solar process design.
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