CALCULATION OF GLOBAL IRRADIATION OF TILTED SURFACE AND THE ENERGY CONTRIBUTION OF PHOTOVOLTAIC SYSTEM FOR THE REGION OF HVAR
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	Monthly average of daily global irradiation on south oriented tilted surface is calculated for the region of Hvar. The long term data of solar insolation measurements as well as the calculations of the irradiation on a horizontal surface, are used. In estimation of the diffuse component of solar radiation the modified relations suitable to our climate region are applied. The colector tilt depedence of various climatic periods has been examined and the energetic contribution of photovoltaic system is estimated.








1. INTRODUCTION





		To calculate and design the devices for solar energy conversion it is necessary to know the Solar energy incident on the solar collector surface. Solar irradiation differs from location to location, depends upon the regional climatic conditions and varies during a day, month and year. The meteorological stations in Croatia measure mostly the Solar irradiation incident on a horizontal surface, and in the stations where these measurementsare not made, the irradiation of the horizontal surface is calculated from the data referred to the sunshine duration (insolation), cloudliness etc. Solar irradiation on a tilted surface has not been measured systematically, therefore it is necessary to calculate it for designing solar energy conversion devices.





2. DURATION OF SUNSHINE IN HVAR





	The heliograph was set up in Hvar in 1931, and since then the duration of sunshine has been observed, and from those data the solar irradiation on a horizontal collector surface has been estimated.


 


		Monthly average daily global irradiation�� � EMBED Equation.2  ���on a horizontal surface is calculated from the average daily value � EMBED Equation.2  ��� of relative sunshine duration and average daily value of extraterrestrial irradiation on a horizontal surface � EMBED Equation.2  ��� for each month, using the Angstr(m-Page relation (1,2(:


	


� EMBED Equation.2  ���=� EMBED Equation.2  ��� ( a + b� EMBED Equation.2  ���)





in which the coefficients a and b depend upon the location being observed. The values for a and b calculated for the locations where the solar irradiation on a horizontal surface has been measured could also be used for the locations where those measurements are not made, but have similar climatic conditions. Relative sunshine duration S is defined as the ratio of real insolation s and possible duration of a sunny day (time from sunrise to sunset) Z.


		In table 2.1. are given average monthly values of real sunshine duration (� EMBED Equation.2  ���), possible duration (� EMBED Equation.2  ���), and relative duration (� EMBED Equation.2  ���) for the period from 1961. to 1980. for Hvar (3( as well as the calculated average daily values of extraterrestrial and global irradiation on a horizontal surface � EMBED Equation.2  ���for each month. The values of the coefficients a and b have been estimated for Hvar from calculations of the monthly averages of that coefficients for the locations in which  global irradiation on a horizontal surfaces is measured.





Table 2.1. 	Average monthly values of the real sunshine duration, possible duration, relative duration, and average daily values of extraterrestrial and global irradiation on a horizontal surface


    


      month      � EMBED Equation.2  ���(hour)              � EMBED Equation.2  ���(hour)            � EMBED Equation.2  ���(%)         	� EMBED Equation.2  ���(kWh/m2)	 � EMBED Equation.2  ���(kWh/m2)





	I	121,1		288		42,0		  3,70			1,72


	II	145,5		291		50,0		  5,13			2,68


	III	187,0		360		51,9		  7,21			3,93


	IV	226,1		390		58,0		  9,37			5,20


	V	282,9		431		65,6		10,93 			6,27	


	VI	317,8		430		73,9		11,59			7,24


	VII	362,0		434		83,4		11,24			7,23	


	VIII	326,5		418		78,1		  9,93			6,19


	IX	257,8		366		70,4		  7,93			4,73


	X	212,2		335		63,3		  5,73			3,42


	XI	123,6		288		42,9		  4,01			1,94


		XII	111,7		262		42,6		  3,28			1,45				


	Besides  the sunshine duration, the number of days without sunshine as well as the number of days with the continuous sunshine can complete sunshine characteristics of a particular location. . The average number of days with continuous sunshine for Hvar in the period 1961-1980, is given in the table 2.2., and the average number of days without sunshine in table 2.3.   (3(.





Table 2.2.  The average number of days with continuous sunshine for Hvar:





month�
I�
 II�
III�
IV�
V�
VI�
VII�
VIII�
IX�
X�
XI�
XII�
�
number of days�
4,5�
6,3�
4,9�
6,7�
6,9�
9,3�
14,3�
13,6�
12,2�
7,9�
4,6�
2,9�
�






Tablica 2.3. The average number of days without sunshine for Hvar:





  month�
 I�
 II�
III�
IV�
V�
VI�
VII�
VIII�
IX�
X�
XI�
XII�
�
 number of days�
6,0�
3,5�
3,0�
1,6�
0,6�
0,1�
0,1�
0,2�
0,7�
1,7�
4,2�
6,8�
�









3. CALCULATION OF MONTHLY AVERAGE VALUES OF GLOBAL IRRADIATION ON  A TILTED SURFACE





	In this paper, the monthly average global irradiation of tilted collector surface � EMBED Equation.2  ��� has been calculated using daily global irradiation average value � EMBED Equation.2  ��� according to the Liu-Jordan relation (5(:





 � EMBED Equation.2  ��� =  � EMBED Equation.2  ���(� EMBED Equation.2  ���,





in which � EMBED Equation.2  ��� is the monthly average value of tilt factor being given by the expression: 








 � EMBED Equation.2  ��� , 


where is:





 (    -  	collector tilt angle


 � EMBED Equation.2  ��� -  	monthly average daily diffuse component of radiation on a horizontal surface


 (    -  	reflectivity factor of ground


 � EMBED Equation.2  ���  -  	monthly average daily value of the tilt factor referred to the direct component of 	radiation





	Monthly average daily diffuse irradiation � EMBED Equation.2  ��� is calculated from the Liu-Jordan empirical relation (6(, being modified for our climatic region (7( is





� EMBED Equation.2  ��� = (1,60 - 4,17 � EMBED Equation.2  ��� + 5,29� EMBED Equation.2  ���2 - 2,86� EMBED Equation.2  ���3) � EMBED Equation.2  ���,





where � EMBED Equation.2  ��� is monthly average value of the clearness index being defined as the ratio of monthly average daily global irradiation of a horizontal surface on the ground � EMBED Equation.2  ��� and monthly average daily extraterrestrial global radiation on a horizontral surface � EMBED Equation.2  ���:





  � EMBED Equation.2  ��� =  � EMBED Equation.2  ���/� EMBED Equation.2  ��� .


               


	


	


	


	Monthly average daily value of the direct radiation tilt factor � EMBED Equation.2  ��� can be expressed as the ratio of the monthly average irradiation values for tilted and that on horizontal surface (5(. For the south oriented surfaces, � EMBED Equation.2  ���  is given by: 





� EMBED Equation.2  ��� ,





where is:	( - latitude


		( -  Sun declination


		( - Sun rise angle for a horizontal surface


			( = arc cos(- tg( tg()


		(' - Sun rise angle for a tilted surface


			(' = min((, arc cos(-tg((-() tg(( (





		The calculations are made for average daily values of the clearness index � EMBED Equation.2  ���, diffuse irradiation of a horizontal surface � EMBED Equation.2  ���, and global irradiation of a tilted surface � EMBED Equation.2  ��� for Hvar ((=43(10()  for the tilt angles: (1 = ( ,  (2 = ( +15(,  (3 =( -15( . The value of reflectivity factor is taken 0,2. The average values of global irradiation on a horizontal surface � EMBED Equation.2  ��� for period 1961. to 1980. (table 2.1.) are used in calculations, and the obtained results are given in tables 3.1. and 3.2. 


	The average values of daily global irradiation on a tilted surface, � EMBED Equation.2  ��� are shown in fig. 3.1.  





Table 3.1. The average daily values of the clearness index and corresponding diffuse 	irradiation on a horizontal surface





month�
I�
II�
III�
IV�
V�
VI�
VII�
VIII�
IX�
X�
XI�
XII�
�
 � EMBED Equation.2  ����
0,465�
0,522�
0,545�
0,555�
0,573�
0,625�
0,643�
0,623�
0,596�
0,596�
0,483�
0,443�
�
� EMBED Equation.2  ���(kWh/m2) �
0,890�
1,346�
1,711�
0,061�
0,109�
1,445�
2,499�
2,399�
1,697�
4,950�
3,200�
2,560�
�






Table 3.2. Mean daily global irradiation on a tilted surface of the south oriented collector  � EMBED Equation.2  ���(kWh/m2), for tilt angles ( ,( +15o,( -15o, in Hvar:





month�
I�
II�
III�
IV�
V�
VI�
VII�
VIII�
IX�
X�
XI�
XII�
yearly�
�
 ( +15o�
3,07�
4,06�
4,65�
4,87�
4,98�
5,30�
5,48�
5,44�
5,19�
4,99�
3,33�
2,70�
55,06�
�
(�
2,93�
3,99�
4,81�
5,31�
5,66�
6,17�
6,32�
6,05�
5,47�
4,95�
3,20�
2,56�
57,42�
�
( -15o�
2,63�
3,71�
4,72�
5,51�
6,11�
6,80�
6,91�
6,38�
5,47�
4,64�
2,90�
2,28�
58,06�
�


















�












� EMBED Equation.2  ���(kWh/m2) 


















































� EMBED MSGraph  ���month


�
Figure 3.1.  Monthly average values of daily global irradiation on the tilted surface of the 		south oriented collector, for the tilt angles: (1 = ( ,  (2 = ( +15(,  (3 =( -15( . 





	The average value of the monthly daily global irradiation on tilted surface is high for Hvar (table 3.1.) throughout a year . For the winter months the optimal angle is ( +15(.  








4. CALCULATION OF ENERGY CONTRIBUTION FOR A 	PHOTOVOLTAIC SYSTEM


  


	In fig. 4.1. is shown a typical photovoltaic system consisting of a module, load and battery. Battery supplies load with energy during the time when there is no sunshine or in the conditions when the level of produced energy is insufficient to the needs of load. A photovoltaic system can function even without battery during the sunshine, but in that case the produced electric energy has to be immediately used while the excess energy will be irreversibily wasted.


� EMBED CDraw4  ���





Figure 4.1. Typical configuration of a photovoltaic system





	Mean daily electric energy available to the load � EMBED Equation.2  ���p  equals 





� EMBED Equation.2  ���p = � EMBED Equation.2  ���� EMBED Equation.2  ���                                                   (4.1)                      





where � EMBED Equation.2  ��� is mean daily incident Solar irradiation, and � EMBED Equation.2  ��� is the average module efficiency, or the efficency of module and control subsystem.





	The incident Solar irradiation is calculated from the average daily global irradiation data for the tilted surface � EMBED Equation.2  ���, so the relation (4.1.) can be written as





� EMBED Equation.2  ���p = � EMBED Equation.2  ���A� EMBED Equation.2  ���� EMBED Equation.2  ���  ,                                              (4.2.)





where A is the effective area of the panel and � EMBED Equation.2  ��� is the average transmissivity of the panel cover.


	For the calculations of the average daily amount of electric energy available to the load, � EMBED Equation.2  ���p, for several typical module arrangements (the number of modules nm = 4,8,40 i 80) are used the data referred to the irradiation on a tilted surface, � EMBED Equation.2  ��� (table 3.2.). The calculation is made for Hvar region using the module type KT1-3A (production of  Končar-Solar Cells Splitu) with effective area A = 0,285m2 , average cover transmissivity � EMBED Equation.2  ���=1, module efficency � EMBED Equation.2  �����m��=0,06� and control subsystem efficiency � EMBED Equation.2  ���c� = 0,9, for the following values of tilt angles (�1=(=43(10( (Hvar), (2 = ( +15(,  (3 =( -15( . In tables 4.1.a.,b.,c. are given the calculation results for mean daily values of electrical energy � EMBED Equation.2  ���p, and in tables 4.2.a.,b.,c. mean monthly values of electrical energy available to the load � EMBED Equation.2  ���p  for several typical system configurations (nm = 4,8,40 i 80 modules) . 





Table 4.1.	Average daily values (over the months) of electrical energy available to the 			load for several typical system configurations (nm = 4,8,40 i 80 modules)  			and tilt angles: 


			


 a) ( =( =43(10( 





�
� EMBED Equation.2  ���p (kWh(�
�
month�
� EMBED Equation.2  ��� (kWh/m2(�
nm=4�
nm=8�
nm=40�
nm=80�
�
I�
2,93�
0,18�
0,36�
1,80�
3,60�
�
II�
3,99�
0,24�
0,48�
2,40�
4,80�
�
III�
4,81�
0,30�
0,60�
3,00�
6,00�
�
IV�
5,31�
0,32�
0,64�
3,20�
6,40�
�
V�
5,66�
0,35�
0,70�
3,50�
7,00�
�
VI�
6,17�
0,38�
0,76�
3,80�
7,60�
�
VII�
6,32�
0,39�
0,48�
3,90�
7,80�
�
VIII�
6,05�
0,37�
0,74�
3,70�
7,40�
�
IX�
5,47�
0,33�
0,66�
3,30�
6,60�
�
X�
4,95�
0,31�
0,62�
3,10�
6,20�
�
XI�
3,20�
0,20�
0,40�
2,00�
4,00�
�
XII�
2,56�
0,16�
0,32�
1,60�
3,20�
�
� EMBED Equation.2  ���








b) ( =( +15(=58(10( 


�
� EMBED Equation.2  ���p (kWh(�
�
month�
� EMBED Equation.2  ��� (kWh/m2(�
nm=4�
nm=8�
nm=40�
nm=80�
�
I�
3,07�
0,19�
0,38 �
1,90 �
3,80 �
�
II�
4,06 �
0,25 �
 0,50�
 2,50�
 5,00�
�
III�
 4,65�
 0,29�
 0,58�
 2,90�
 5,80�
�
IV�
 4,87�
 0,30�
 0,60�
 3,00�
 6,00�
�
V�
 4,98�
 0,31�
 0,62�
 3,10�
 6,20�
�
VI�
 5,30�
 0,33�
 0,66�
 3,30�
 6,60�
�
VII�
 5,48�
 0,34�
 0,68�
 3,40�
 6,80�
�
VIII�
 5,44�
 0,33�
 0,66�
 3,30�
 6,60�
�
IX�
 5,19�
 0,32�
 0,64�
 3,20�
 6,40�
�
X�
 4,99�
 0,31�
 0,62�
 3,10�
 6,20�
�
XI�
 3,33�
 0,20�
 0,40�
 2,00�
 4,00�
�
XII�
 2,70�
 0,17�
 0,34�
 1,70�
 3,40�
�
� EMBED Equation.2  ���


c) ( =( -15(=28(10( 


�
� EMBED Equation.2  ���p (kWh(�
�
month�
� EMBED Equation.2  ��� (kWh/m2(�
nm=4�
nm=8�
nm=40�
nm=80�
�
I�
2,63�
0,16�
0,32 �
1,60 �
3,20 �
�
II�
 3,71�
 0,23�
 0,46�
 2,30�
 4,60�
�
III�
 4,72�
 0,29�
 0,58�
 2,90�
  5,80�
�
IV�
 5,51�
 0,34�
 0,68�
 3,40�
 6,80�
�
V�
 6,11�
 0,38�
 0,76�
 3,80�
    7,60�
�
VI�
 6,80�
 0,42�
 0,84�
 4,20�
  8,40�
�
VII�
 6,91�
 0,42�
 0,84�
 4,20�
 8,40�
�
VIII�
 6,38�
 0,39�
 0,78�
 3,90�
 7,80�
�
IX�
 5,47�
 0,34�
 0,68�
 3,40�
 6,80�
�
X�
 4,64�
 0,28�
 0,56�
 2,80�
 5,60�
�
XI�
 2,90�
 0,18�
 0,36�
 1,80�
   3,60�
�
XII�
 2,28�
 0,14�
 0,28�
 1,40�
 2,80�
�
� EMBED Equation.2  ���





� EMBED Equation.2  ���Table 4.2. 	The average monthly values of electrical energy available to a load for 			several typical system configurations (nm = 4,8,40 i 80 modules), and the 			values of the tilt angles:


a) ( =( =43(10( 


�
Wp (kWh(�
�
month�
N� EMBED Equation.2  ��� (kWh/m2(�
nm=4�
nm=8�
nm=40�
nm=80�
�
I�
90,83�
5,59�
11,18�
55,90�
111,80�
�
II�
111,72�
6,88�
13,76�
68,80�
137,60�
�
III�
149,11�
9,18�
18,36�
91,8�
183,60�
�
IV�
159,30�
9,81�
19,62�
98,1�
196,20�
�
V�
175,46�
10,80�
21,60�
108,00�
216,00�
�
VI�
185,10�
11,39�
22,78�
113,90�
227,80�
�
VII�
195,92�
12,06�
24,12�
120,60�
241,20�
�
VIII�
187,55�
11,54�
23,08�
115,40�
230,80�
�
IX�
164,10�
10,10�
20,20�
101,00�
202,00�
�
X�
153,45�
9,45�
18,90�
94,50�
189,00�
�
XI�
96,00�
5,91�
11,82�
59,10�
118,20�
�
XII�
79,36�
4,88�
9,76�
48,80�
97,60�
�
per year�
1747,90�
107,59�
215,19�
1075,90�
2151,80�
�






b) ( =(+15( =58(10( 


�
Wp (kWh(�
�
month�
N� EMBED Equation.2  ��� (kWh/m2(�
nm=4�
nm=8�
nm=40�
nm=80�
�
I�
  95,17�
5,86�
11,72�
58,60�
117,20�
�
II�
113,68�
7,00�
14,00�
70,00�
140,00�
�
III�
144,15�
8,87�
17,74�
88,70�
177,40�
�
IV�
146,10�
8,99�
17,98�
89,90�
179,80�
�
V�
154,38�
9,50�
19,00�
95,00�
190,00�
�
VI�
159,00�
9,79�
19,58�
97,90�
195,80�
�
VII�
169,88�
10,46�
20,92�
104,60�
209,20�
�
VIII�
168,64�
10,38�
20,76�
103,80�
207,60�
�
IX�
155,70�
9,58�
19,16�
95,80�
191,60�
�
X�
154,69�
9,52�
19,04�
95,20�
190,40�
�
XI�
  99,90�
6,15�
12,30�
61,50�
123,00�
�
XII�
  83,70�
5,15�
10,30�
51,50�
103,00�
�
per year �
1644,99�
101,25�
202,50�
1012,50�
2025,00�
�






c) ( =(-15( =28(10( 


�
Wp (kWh(�
�
month�
N� EMBED Equation.2  ��� (kWh/m2(�
nm=4�
nm=8�
nm=40�
nm=80�
�
I�
81,53�
5,00�
10,00�
50,00�
100,00�
�
II�
103,88�
6,39�
12,78�
63,90�
127,80�
�
III�
146,32�
9,01�
18,02�
90,10�
180,20�
�
IV�
165,30�
10,18�
20,36�
101,80�
203,60�
�
V�
189,41�
11,66�
23,32�
116,60�
233,20�
�
VI�
204,00�
12,56�
25,12�
125,60�
251,20�
�
VII�
214,21�
13,19�
26,38�
131,90�
263,80�
�
VIII�
197,78�
12,18�
24,36�
121,80�
243,60�
�
IX�
164,10�
10,10�
20,20�
101,00�
202,00�
�
X�
143,84�
8,85�
17,70�
88,50�
177,00�
�
XI�
87,00�
5,36�
10,72�
53,60�
107,20�
�
XII�
70,68�
4,35�
8,70�
43,50�
87,00�
�
per year �
1768,05�
108,83�
217,66�
1088,30�
2176,60�
�















5. CONCLUSION 





	


	The calculation of global irradiation on a tilted collector surface as well as investigation of the dependence of the irradiation upon the tilt angle during a year make it possible to choose the optimal tilt angle for the winter months, for the summer months, and for the annual average of the acumulated energy.
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PRORAČUN GLOBALNE OZRAČENOSTI NAGNUTE PLOHE I ENERGETSKOG DOPRINOSA FOTONAPONSKOG SUSTAVA U PODRUČJU HVARA 





	Proračunat je mjesečni prosjek dnevne globalne ozračenosti nagnute plohe kolektora okrenutog prema jugu u području Hvara. Korišteni su podaci dugogodišnjih mjerenja insolacije te proračuni ozračenosti horizontalne plohe. Za procjenu difuzne komponente zračenja primjenjivane su modificirane relacije prilagođene našem klimatskom području. Ispitivana je ovisnost o kutu nagiba kolektora u različitim vremenskim razdobljima te je procijenjen energetski doprinos fotonaponskog sustava.
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