
EVALUATION  OF  DISTRIBUTIONAL  SOLAR  RADIATION

PARAMETERS  OF  ^A^AK  USING  LONG-TERM  MEASURED

GLOBAL  SOLAR  RADIATION  DATA

by

Sne`ana M. DRAGI]EVI] and Nikola M. VU^KOVI]

Original scientific paper
UDC: 502.171:662.997

BIBLID: 0354-9836, 11 (2007), 4, 125-134

Ser bia is be com ing more dependet on im ported pri mary en ergy to meet its
in creas ing en ergy de mand. The ra tio of in dig e nous pri mary en ergy pro duc -
tion to pri mary en ergy con sump tion is de creas ing. There fore, it is of great
im por tance for Ser bia to make use of its in dig e nous en ergy re sources more
ef fec tively, in clud ing its so lar en ergy po ten tial. Knowl edge of global so lar
ra di a tion is es sen tial in the pre dic tion, study, and de sign of the eco nomic vi -
a bil ity of sys tems which use so lar en ergy.
In this pa per, the so lar ra di a tion data on ^a~ak (lat 43.87° N, long 20.33°
E) are an a lyzed based on 4 years of global so lar ra di a tion data mea sured
on a hor i zon tal sur face. The dis tri bu tional so lar ra di a tion pa ram e ters are
de rived from the avail able data and an a lyzed. The avail able so lar ra di a tion 
data on a hor i zon tal sur face are con verted to that of var i ous tilt an gles and
the yearly and monthly op ti mum tilt an gles are de ter mined.
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Introduction

En ergy in the pe riod af ter the “en ergy cri sis”, has ac quired a global sig nif i cance
and this fact should be re spected by ev ery coun try. The multi-side link age of en ergy, eco -
nomic de vel op ment and liv ing con di tions of the pop u la tion, lim ited fos sil fu els, un fa -
vour able for eign pay ment bal ance, high in vest ment costs for en ergy pro duc tion and con -
sump tion, im per fect world en ergy mar ket, en vi ron men tal con straints to en ergy
con sump tion, etc. re quire from the gov ern ments to show a greater in ter est in the field of
en ergy. The goal of all coun tries is to sub sti tute the im ported en ergy sources by do mes tic
ones and to pre serve the en ergy sources by their ra tio nal use. Now it is gen er ally ac cepted 
that at ten tion should be fo cused on re new able en ergy sources (RES), since they are an
op por tu nity for re duc ing the use of con ven tional en ergy re sources, as well as for en vi ron -
men tal pro tec tion and in crease of lo cal en ergy sources use. The spe cific char ac ter is tics of 
the RES (avail abil ity in un lim ited quan ti ties, pe ri od i cal oc cur rence, change ability, dif fi -
cul ties in ap pro pri ate stor age, etc.) re quire their def i ni tion and ap pro pri ate eval u a tion.
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So lar en ergy tech nol o gies of fer a clean, re new able, and do mes tic en ergy
sources, and are cap i tal com po nents of a sus tain able en ergy fu ture. The de sign of a so lar
en ergy con ver sion sys tem re quire pre cise knowl edge regading the avail abil ity of so lar ra -
di a tion and its com po nents at the lo ca tion of in ter est. Since the so lar ra di a tion reach ing
the earth’s sur face de pends upon cli ma tic con di tions of the place, a study of so lar ra di a -
tion un der lo cal cli ma tic con di tions is es sen tial. In for ma tion on global so lar ra di a tion re -
ceived at any site (pref er a bly gained over a long pe riod) should be use ful not only to the
lo cal ity where the ra di a tion data is col lected but also for the wider com mu nity [1]. A
global study of the world dis tri bu tion of global so lar ra di a tion re quires knowl edge of the
ra di a tion data in var i ous coun tries and for the pur pose of world wide mar ket ing, the de -
sign ers and man u fac tures of so lar equip ment will need to know the av er age global so lar
ra di a tion avail able in dif fer ent and spe cific re gions. Ob vi ously, mea sured data is the best
form of this knowledge.

The main ob jec tive of this pa per is anal y sis of  ̂ a~ak’s ex po sure to so lar ra di a tion
and de ter mi na tion of dis tri bu tional so lar ra di a tion pa ram e ters from the avail able global so -
lar ra di a tion data mea sured on a hor i zon tal sur face. In this study, 4 years were se lected in
the avail able data (Jan u ary 2003 – De cem ber 2006). ^a~ak is a city lo cated 140 km south
from Bel grade in Ser bia, at lat 43.87° N, long 20.33° E, with an al ti tude 250 m. The cli mate
in ^a~ak is mod er ate con ti nen tal, with an av er age daily tem per a ture of 10.47 °C. ^a~ak is
mostly ex posed to west and north-west wind. The av er age speed of west wind is 2.3 m/s,
and of north-west wind 1.4 m/s. The av er age an nual in so la tion is about 4 hours. The high est 
in so la tion of about 12 hours a day is in June and July, while De cem ber and Jan u ary are the
cloud i est months.

The avail able data re ported in this pa per were sup plied by the Fruit Re search In -
sti tute Me te o ro log i cal sta tion of Cacak. The me te o ro log i cal sta tion is in stalled in the cen -
tre of town, away of in dus trial zone, near the city park. Instaled weather sta tion Vaisala
Milos 200 pro vides mea sure ments data on a 10-min. ba sis of wind speed and di rec tion,
hu mid ity, air tem per a ture, rain de tec tor, so lar ra di a tion, and tem per a ture. METNET dis -
persed sys tem was de vel oped for au to mated me te o ro log i cal mea sure ments and data pro -
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Figure 1. Air temperature during measured period 2003-2006



cess ing, dis play, ar chiv ing, and trans fer ring to the mea sure ment net work. The sys tem
con sists of mul ti ple re mote mea sure ment heads de ployed in the mea sure ment area ac -
cord ing to the needs of the user and con nected by a com mu ni ca tion net work. The per for -
mance of the sys tem is con trolled by a mas ter sta tion in lo cal net work of the me te o ro log i -
cal office, which gives access to the data for other elements of meteorological support
system. 

Extraterrestrial radiation and clearness index

The dec li na tion d is the angluar po si tion of the sun at so lar noon, with recpect to
the sur face of the equa tor. Its value in de gree is given by equa tion [2]:
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where n is the day of year. 
The sun set hour an gle ws is the so lar hour an gle cor re spond ing to the time when

the sun sets, and it is given by the fol low ing equa tion:

ws = –tgftgd (2)

where f is the latitude of the site. 
So lar ra di a tion out side the earth’s at mo sphere is called ex tra ter res trial ra di a tion. 

The ex tra ter res trial so lar ra di a tion on a hor i zon tal sur face is a func tion only of a hor i zon -
tal sur face alatitude and in de pend ent of other lo ca tion pa ram e ters. Daily ex tra ter res trial
ra di a tion on a hor i zon tal sur face Ho, can be com puted for the day of year n [3, 4]:
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where GSC is the solar constant equal to 1367 [W/m2]. The monthly mean daily
extraterrestrial radiation is a useful quantity. For latitudes in the range +60 to –60 it can
be calculated with eq. (3) using n and d for the mean day of the month from tab. 1.

Be fore reach ing the sur face of the earth, ra di a tion from the sun is at ten u ated by
the at mo sphere and the clouds. The ra tio of so lar ra di a tion at the sur face of the earth to
ex tra ter res trial ra di a tion is called the clear ness in dex. Thus the monthly av er age clear -
ness in dex KT is de fined as:

K
H

H
T

o

= (4)

The clear ness in dex de pends on the lo ca tion and the time of year. They are usu -
ally be tween 0.3 (for very over cast cli mates) and 0.8 (for very sunny lo ca tion).
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Table 1. Recommended average days for months and values of n

Month n for ith day of month
For av er age day of month

Date n d [°C]

January i 17 17 –20.9

February 31 + i 16 47 –13.0

March 59 + i 16 75 –2.4

April 90 + i 15 105 9.4

May 120 + i 15 135 18.8

June 151 + i 11 162 23.1

July 181 + i 17 198 21.2

August 212 + i 16 228 13.5

September 243 + i 15 258 2.2

October 273 + i 15 288 –9.6

November 304 + i 14 318 –18.9

December 334 + i 10 344 –23.0

The the o ret i cally cal cu lated ex tra ter res trial so lar ra di a tion data, and the monthly 
clear ness in dex val ues cal cu lated for ^a~ak from both the avail able mea sured and the o -
ret i cally cal cu lated ex tra ter res trial so lar ra di a tion data are pre sented in tab. 2. The
monthly clear ness in dex val ues var ied be tween 0.13 and 0.58, while the yearly av er age
val ues ranged from 0.31 to 0.37 be tween the years 2003-2006.
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Table 2. Extraterrestrial and measured monthly solar radiation values
and clearness indexes

Month
To tal so lar radiaiton [MJ/m2] Clear ness indexes

Ho 2003 2004 2005 2006 2003 2004 2005 2006

January 12.52 2.10 2.30 2.84 3.21 0.17 0.18 0.23 0.26

February 18.09 2.30 2.84 3.21 3.93 0.13 0.16 0.18 0.22

March 25.64 5.34 4.82 3.93 8.86 0.21 0.19 0.15 0.35

April 34.01 8.39 8.80 8.86 10.24 0.25 0.26 0.26 0.30

May 40.38 11.20 10.38 10.24 15.10 0.28 0.26 0.25 0.37

June 43.14 13.19 13.62 15.10 15.41 0.31 0.32 0.35 0.36

July 41.71 15.40 16.02 15.41 15.60 0.37 0.38 0.37 0.37

August 36.34 15.45 14.90 17.61 12.15 0.43 0.41 0.48 0.33

September 28.37 14.66 11.06 14.24 9.59 0.52 0.39 0.50 0.34

October 19.96 10.46 8.90 11.48 6.08 0.52 0.45 0.58 0.30

November 13.58 6.31 5.95 8.18 4.90 0.46 0.44 0.60 0.36

December 10.94 3.69 3.06 4.88 2.87 0.34 0.28 0.45 0.26

Average 27.06 9.04 8.55 9.66 9.00 0.33 0.31 0.37 0.32

Total 324.68 108.49 102.65 115.97 107.95



The optimal tilt angle of a collector

So lar en ergy sys tems are usu ally in stalled at an an gle from the hor i zon tal sur -
face to in crease the so lar en ergy an gle of in ci dence on the sur face of the col lec tors. The
aim of the pres ent study is to de ter mine the monthly op ti mal tilt an gle for Cacak, based on 
mea sured ra di a tion data, and to com pare it to the o ret i cally ob tained op ti mal tilt an gles.
The so lar ra di a tion on a hor i zon tal sur face is con verted to dif fer ent tilt an gles so that the
op tima tilt an gle can be de ter mined. As the avail able hourly data for Cacak were mea -
sured on a hor i zon tal sur face as global ra di a tion, it first needs to be split into its beam and
dif fuse com po nent. The beam and dif fuse com po nent are not only es sen tial for cal cu lat -
ing the to tal so lar ra di a tion on tilted sur faces, but also the ra tio of dif fuse to to tal radiation 
has an important effect on the performance of solar energy systems.

Adopt ing the iso tro pic dif fuse model, the so lar ra di a tion on a tilted sur face can
be cal cu lated on an hourly ba sis based on the fol low ing well-known equa tions [5]:
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The first term on the right-hand side of eq. (5) rep re sents so lar ra di a tion com ing
di rectly from the sun, the sec ond term rep re sents the con tri bu tion of monthly av er age dif -
fuse ra di a tion, and the last term rep re sents re flec tion of ra di a tion on the ground in front of 
the collector.

The ra tio of global ra di a tion on a tilted sur face to that on a hor i zon tal sur face is
de noted by R:
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where H is hourly total radiation on a horizontal surface, Hb is the hourly beam radiation,
HT is hourly total radiation on a tilted surface, Hd is the hourly diffuse radiation, b is the
angle of tilt, and rg is the ground reflectance factor. The geometric factor Rb is the ratio of
beam radiation on the tilted surface to that on a horizontal surface at any given time. For
surface facing directly towards the equator in the northern hemisphere, Rb is given by the
following equation:

R b =
- + -

+

cos ( )cos cos sin ( )sin

cos cos cos sin s

f b d w f b d

f d w f in d
(7)

The ra tio of tilted to hor i zon tal so lar ra di a tion on a monthly ba sis for 4 years of
Cacak data is shown in fig. 2. The tilt an gle, in this case, is equal to the lat i tude of Cacak.
The monthly ra tio of tilted to hor i zon tal ra di a tion shows lit tle vari a tion from April to Au -
gust. In the re main ing months, the ra tio var ies rel a tively from year to year. In May, June,
and July the ra tio is be low the unity, mean ing that a hor i zon tal sur face re ceives more so -
lar ra di a tion than a sur face tilted 43.87°. From Au gust to De cem ber, the sur face tilted
43.87° re ceives more solar radiation than the horizontal surface.
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De tailed anal y sis was car ried out based on the ^a~ak data of the cal en dar years
2003-2006 to study the ef fect of tilt an gle on the to tal so lar ra di a tion in ci dent on a sur -
face. The yearly av er age daily so lar ra di a tion at dif fer ent tilt an gles is pre sented in fig. 3.
If the so lar ra di a tion curves seen in fig. 3 is rep re sented by a func tion of f (x), the x sat is fy -
ing the ¶f (x)/¶x = 0 is the op ti mal tilt an gle.

The monthly av er age daily so lar ra di a tion at dif fer ent tilt an gles for the year
2006 is shown in fig. 4. 

When the monthly curves are rep re sented by func tion and solved as de scribed,
the monthly op ti mal tilt an gles can be de ter mined. The op ti mal tilt an gles de ter mined in
this way can be seen in fig. 5. The monthly op ti mal tilt an gle can be de ter mined the o ret i -
cally for the beam ra di a tion for a sur face ro tated about a hor i zon tal east-west axis with a
sin gle daily ad just ment, so that the beam ra di a tion is nor mal to the surface at noon each
day [5, 6]:

cos q + sin2d + cos2dcos w (8)
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Figure 2. The
ratio of tilted to
horizontal solar
radiation on a
monthly basis for
various years (the
angle of the tilted
surface is equal to
the latitude of
^a~ak)

Figure 3. Yearly
average daily solar
radiation at different
tilt angles



The slope of this sur face will be fixed for each day and will be:

b = ½f     – d½ (9)

The monthly op ti mal tilt an gles found the o ret i cally, for the mid-day of each
month vs. those de rived from the mea sured data, us ing the method pre sented, are given
in fig. 5. As can be seen from the fig. 5 the o ret i cally cal cu lated op ti mal tilt an gles and
those found from the mea sured data show a con sis tent re la tion ship. The op ti mal tilt an -
gles cal cu lated from the mea sured data are lower those than found the o ret i cally for
April-Sep tem ber, whereas they are nearly equal for Jan u ary-Mart and Oc to ber-De cem -
ber.

In the north ern hemi sphere, the op ti mum ori en ta tion for so lar col lec tors is south
fac ing. As ex pected, dif fer ent months of a year have dif fer ent op ti mal tilt an gles. As can be
seen from fig. 5, the val ues of the monthly op ti mum tilt an gle for month of March and be -
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Figure 4. Monthly
average daily solar
radiation at different
tilt angles

Fig ure 5. Monthly
op ti mal tilt an gles
found the o ret i cally
for the beam
ra di a tion and those
de rived from
mea sured to tal
ra di a tion



tween Sep tem ber and Oc to ber are ap prox i mately equal to the lat i tude (*f = 43.87°*). For
these months, a so lar col lec tor tilted at an an gle equal to the lat i tude will re ceive so lar ra di a -
tion nearly nor mally. It is also noted from fig. 5 that bopt in creases to wards the be gin ning
and end of the year. This in di cates the times when great est im prove ment is made on the
amount of so lar ra di a tion in ci dent on a so lar col lec tor tilted at an op ti mum an gle. Fur ther,
the en ergy loss will oc cur if we take bopt = f through out the year (for fixed col lec tors).
There fore the ob tained val ues for bopt from fig. 5 should be taken into ac count for re ceiv ing
a max i mum amount of so lar en ergy. The yearly op ti mal tilt an gle de rived from mea sured
data for ̂ a~ak is 37.10°, for win ter months 58.96°, and for sum mer months 15.25°. Var i ous 
in ves ti ga tors have car ried out a num ber of stud ies in or der to op ti mize the  tilt an gle around  
the world. For ex am ple, the yearly op ti mal tilt an gle for Izmir, Tur key (*f = 38.46°*) is
36.6° [2] or for Beijing (*f = 39.8°*) is 39.2°, for win ter months 58.5°, and for sum mer
months 15.6° [5]. If sea sonal ad just ments can be made, some au thors give ad vice that the
op ti mal tilt an gle for sum mer is bopt = f + 15°, and for win ter bopt = f  – 15°. 

Other distributional parameters

The mea sured du ra tion of sun shine hours on a monthly and yearly av er age daily
ba sis for the avail able data from ^a~ak is pre sented in tab. 3. The yearly av er age daily
sun shine du ra tions vary be tween 3.69 and 4.44 hours. Over all, the monthly av er age daily
mea sured sun shine du ra tion is lon gest in July. The win ter months have a rel a tively low
du ra tion of sun shine. How ever, it is noted that the monthly av er age daily sun shine du ra -
tion var ies from year to year. For ex am ple, see No vem ber of 2004 and 2005, and Au gust
of 2003 and 2005.
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Table 3. Duration of sunshine on a monthly basis

Months
Sun shine du ra tion [h]

Monthly average
2003 2004 2005 2006

January 0.60 0.76 0.90 1.22 0.87

February – 2.38 2.43 1.45 2.09

March – 3.99 4.42 3.76 4.06

April – 4.87 4.74 3.96 4.52

May 7.02 5.69 5.97 6.78 6.37

June 8.20 6.90 7.18 6.46 7.19

July 7.74 7.00 6.65 7.46 7.34

August 8.39 7.34 4.69 5.67 6.52

September 4.34 4.19 4.15 5.39 4.52

October 2.38 2.52 2.29 3.74 2.73

November 0.82 3.68 0.66 1.50 1.67

December 0.49 0.41 0.14 0.40 0.36

Yearly average 4.44 4.14 3.69 4.02



The ra tio of dif fuse to to tal ra di a tion on a monthly and yearly av er age ba sis is
sum ma rized in tab. 4. Over all, the yearly av er age ra tios vary be tween 0.6 and 0.66. The
ra tio on a monthly ba sis shows the fol low ing trend: de crease May-July, and in crease No -
vem ber-Feb ru ary. In some months as low as 0.30, as ob served in No vem ber 2005, and
the high est ra tio of dif fuse to to tal ra di a tion is seen in Feb ru ary 2003.

Table 4. Ratio of diffuse to total solar radiation

Months
Dif fuse / to tal ra di a tion

2003 2004 2005 2006
January 0.90 0.86 0.77 0.72

February 1.00 0.93 0.88 0.79

March 0.81 0.85 0.92 0.60

April 0.75 0.73 0.72 0.66

May 0.70 0.73 0.74 0.56

June 0.66 0.64 0.59 0.59

July 0.57 0.55 0.57 0.56

August 0.51 0.52 0.44 0.62

September 0.41 0.55 0.43 0.61

October 0.41 0.48 0.36 0.66

November 0.43 0.46 0.30 0.55

December 0.58 0.68 0.45 0.71

Average 0.64 0.66 0.60 0.64

Conclusions

The anal y sis of the en ergy sit u a tion in Ser bia in di cates that the ra tio of in dig e -
nous pri mary en ergy pro duc tion to pri mary en ergy con sump tion has been de creas ing
steadily dur ing re cent years. This dec li na tion is ex pected to con tinue. The use of re new -
able en ergy, in gen eral, and so lar en ergy in par tic u lar, has been neg li gi ble when com -
pared to their eco nom i cally ex ploit able po ten tial. The so lar ra di a tion po ten tial of ^a~ak
was stud ied in the pres ent pa per based on 4 years of hourly global so lar ra di a tion data.
This will con trib ute to the ex plo ra tion of the po ten tial of so lar en ergy in Ser bia. The most
im por tant find ings aris ing from this study are:
– the yearly total solar radiation for ^a~ak varied 102.65-115.97 MJ/m2 for the years

analyzed,
– the yearly optimal tilt angle was 37.10° for the calendar year 2006; for winter months

the optimal tilt angle was 58.96°, and for summer months 15.25°; the monthly optimal 
tilt angles were further calculated from the measured data, the smallest optimal tilt
angle was 2° in June, and the largest was in December 69.52°, and

– the yearly average ratio of diffuse to total radiation varied 0.6-0.66, while the
sunshine duration varied 3.69-4.44 hours.
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No men cla ture

GSC –  so lar con stant, [= 1367 Wm–2]
H –   hourly to tal ra di a tion on a hor i zon tal

–  sur face, [MJm–2]
Hb –  hourly beam ra di a tion, [MJm–2]
Hd –  hourly dif fuse ra di a tion, [MJm–2]
HT –  hourly to tal ra di a tion on a tilted

–  sur face, [MJm–2]
Ho –  daily ex tra ter res trial so lar ra di a tion

–  on a hor i zon tal sur face, [MJm–2]
KT –  monthly av er age clear ness in dex, [–]

n –  num ber of the day of the year
–   start ing from the first of Jan u ary, [–]

Rb –  geo met ric fac tor, [–]

Greek let ters

b –  op ti mum tilt an gle, [deg]
d –  so lar dec li na tion, [deg]
q –  an gle of in ci dence, [deg]
rg –  ground reflectance fac tor [–]
f –  lat i tude of site, [deg]
ws –  hour an gle for sun set, [deg]


