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Abstract.  Solar radiation data requirement persists throughout a photovoltaic (PV) application, from system sizing to evaluating performance of existing PV systems.  This paper compares the solar intensity measured by direct sensors with that calculated using the measured spectral data.  Also, the changes in the spectral characteristics of the sun’s radiation during a typical day and from month to month are analyzed.





Introduction





There are variety of potential uses of photovoltaics in Saudi Arabia.  Currently there are many photovoltaic applications that are utilized to power road signs, tunnel lighting, traffic counters, and cathodic protection to name but a few [1].  Solar radiation data requirement persists throughout a solar application, from system sizing to evaluating performance of existing solar systems, ranging from photovoltaic to thermal. These applications, and a host of in between uses, all require reliable and accurate insolation data. Many applications depend on solar irradiance measurement for providing not only expected design performance, but daily operating activities as well [2]. Since solar energy conversion systems tend to be expensive relative to currently used sources of energy such as fossil fuels, they must usually be carefully designed to match the available supply of solar energy to the required energy demands and avoid an unnecessary waste of money.  Design applications have perhaps the most obvious need for solar data, whereas the kinds of measurements and the range of accuracy needed to satisfy these requirements is less evident. By way of coincidence, the two basic types of PV modules parallel the two most conventional types of radiation sensors [3]. Flat-plate PV modules utilize global insolation (both direct and diffuse sunlight) in their operation, as do pyranometers in the radiation measurements.  Likewise, concentrating PV modules utilize direct solar radiation, the same component measured by pyrheliometers.


�
To ensure the accuracy of the solar data, a periodic calibration of radiation sensors should be done.  This is because most of the radiation sensors are not absolute and must be calibrated against an absolute instrument.  After such calibration these sensors can be used as a primary standard to calibrate [4].  The quality of such calibration may depend on the variability of solar radiation and environmental conditions such as dust and temperature [5-7]. The accuracy of the measured value of radiation depends on the precision of the instrument and on the calibration procedure.





	Silicon has been the most commonly used material for a wide range of microelectronic devices such as IC chips, solar cells and solar irradiance sensors. It is the basic element used in the entire electronic industry and as a result its properties are fairly well known.  Silicon is the second most common element on the earth's surface, it has the largest latent heat of any element, is mechanically rugged, does not fatigue and its thermal conductivity is very high for a semiconductor [8]. Silicon photodiode pyranometers are now widely used for solar irradiance measurements due to their low cost and small size [9].





	For the measurement of the performance of PV devices and systems, a sensor to determine various solar irradiance levels is necessary.  Two standards were issued by the American Society for Testing and Materials (ASTM), one for direct beam and the other for global irradiance.  Also, there exist new techniques involving correction of spectral mismatch errors so that a reference cell can be tested under any atmospheric condition and subsequently corrected to a defined "standardized" irradiance data [9].  The use of such standards has created problems to the PV researchers and system users alike because of one or more of the following reasons: they require expensive sophisticated equipment or analytical skills, and are difficult to implement; if the reference cells are calibrated by test or analysis to a specific set of atmospheric conditions and certain "standardized" solar spectra, they theoretically should not be used to measure the sunlight intensity at any other conditions which PV systems must operate in; and sources of reference cell are now available but it is still too expensive and sometimes impractical to get them calibrated.





	A related issue concerns the practice of developing and using reference cells with similar spectral response characteristics. This has driven each manufacturer to either create or procure reference cells calibrated by agencies. The net result is a large inventory of reference cells for each manufacturing technology and practically for each supplier.  Evaluation of silicon sensors from several manufacturing technologies indicate that whenever testing in natural sunlight, one does not need a reference device for each manufacturing technology, thereby small differences in their spectral response can be ignored. 





	The objective of this work is twofold: First, to compare the solar intensity measured by the direct sensors (thermopile and silicon) with the one calculated using the measured spectral data (obtained from LICOR LI-1800 equipment).  Second, determine the changes in the spectral characteristics of the sun's radiation during a typical day and from month to month and observe the behavior of the water absorption bands.





Experimental Work





To achieve the first objective, a set of measurements has been made.  Data collection has been achieved using the following instruments: (i) Silicon sensors “pyranometer”; such as Matrix 1G and SS-100; (ii) Spectral sensor “pyranometer”; such as LICOR LI-1800 device; and (iii)  Thermopile sensor; such as Kipp and Zonen device.





	The readings given by silicon and thermopile sensors are in mV while those given by LI-1800 are in W/m2.  The collected solar radiation data has the following specifications: (i) it is instantaneous measurements, (ii) time period of measurement is one hour, (iii) the measurements are global radiation, and (iv) the receiving surface orientation is horizontal.





	The reference for the purpose of regression analysis is the Kipp & Zonen device, and from this analysis a calibration constant is derived.  A computer program is used for such analysis, on a personal computer.  The calibration constant is taken as the slope of the least square fitted straight line (i.e. regression line) using recorded data pairs as shown in Fig. 1.  The origin (i.e., 0, 0) was also inserted in the regression analysis in order to improve the accuracy of the calibration constant ((V/W/m2).  The recorded data pairs have the reference (i.e., Kipp & Zonen) reading in W/m2 and the calibrated sensor in mV.  Kipp & Zonen reading is converted into W/m2 reading dividing the mV reading by the original calibration constant (4.88 * 10-3 mV/W/m2).





	The sensor degradation is estimated by comparing the device calibration constant against the reference instrument during a specified period of time.  The approach to estimate the sensor degradation and instrument required is same as that for calibration constant with difference in the purpose.  The purpose here is to find out if the silicon sensors used degrade with time or not and hence the feasibility of using these sensors for long-term outdoor measurements.





	To achieve the second objective the LI-1800 instrument was mainly used.  The readings of the LI-1800 (in W/m2) are (displayed on the screen of a PC) factory calibrated in W/m2.  These data are then plotted using a Plotter/Printer.  The LI-1800 performs total integration for a wavelength range from 300 nm to 1100 nm in W/m2 with a maximum and minimum irradiance corresponding to the 300 nm and 1100 nm respectively. Highest intensity in W/m2 per wavelength and the corresponding wavelength and absorption bands can be seen directly from the measured spectrum (see Fig. 2).


�


Fig. 1. Regression results for the SS-100 and Matrix IG sensors versus Kipp & Zonen.








�


Comparing the Kipp and Zonen reading in W/m2, with that of LI-1800 can be achieved by recording these two data pairs and using the program in the personal computer to find out the variations between the two readings. To observe the variation of the radiation throughout the day a computer program is used to achieve this goal by plotting the relationship between insolation and time.





Results





The experimental work that was conducted over a period of one year revealed many interesting, and some unexpected, results concerning this work objectives.


  


(a) Calibration of silicon sensors


	Table 1 lists calibration constants obtained from regression analysis shown in Fig. 1.  Two silicon sensors are calibrated against Kipp and Zonen and LI-1800 as reference devices.  It is found (see Table 1) that the calibration constants (against Kipp and Zonen) of the SS-100, the matrix 1G and the LI-1800 decreased by 2.16%, 6.3% and 0.49% respectively during a period of four months.  Since the LI-1800 is essentially a silicon cell, one can conclude that the degradation in solar cell sensors is negligible.





Table 1. Calibration constants of matrix 1G and SS-100 sensors versus Kipp & Zonen and LI-1800 devices


�
Date�
Type of sensor�
Reference pyranometer�
% Reading of LI-1800 from K&Z (R2)�
�
�
�
�
Kipp & Zonen�
LI-1800�
�
�
�
                   �
Matrix 1G�
77.6, 77.3*


(0.998), (0.999)�
94.3, 94.5*


(0.999), (1.00)�
82.2%


(0.999)�
�
�
Oct. 2�
SS-100�
87.9, 87.5*


(0.999), (0.999)�
106.9, 106.9*


(1.00), (0.999)*�
�
�
�
              �
Matrix 1G�
71.9


(0.999)�
89.9


(1.00)�
82.3%


(1.00)�
�
�
Nov. 13�
SS-100�
86.9


(0.999)�
106.1


(1.00)�
�
�
�
              �
Matrix 1G�
72.7, 71.8*


(0.999),(0.999)*�
89.9, 90.0*


(1.00), (0.999)*�
81.8%


(0.999)�
�
�
Jan. 18�
SS-100�
86.0, 85.3*


(0.998),(0.998)*�
105.8, 106.6*


(1.00), (1.00)*�
�
�
* Morning reading only. Others represent all day readings.


	


The matrix 1G, unlike the SS-100, was found to be very sensitive to variations in the temperature and IR radiation. When calibrating the SS-100 and the matrix 1G sensors against the LICOR LI-1800, the calibration constants degraded by 1.03% and 4.77% respectively which is lower than when calibrated against the Kipp and Zonen.  This mismatch between the Kipp and Zonen and solar cells can be attributed to the spectral response.





 (b) Spectral characteristics analysis


	Figure 3 shows the measured spectral response at different times of a typical day.  For both visible range and the UV region and from morning to afternoon there is a linear shift in the spectrum, which means that the spectrum distribution for this range and from morning to afternoon is the same.  This also means that the maximum intensity of solar radiation and the central wavelengths of the absorption bands do not change.  The water absorption bands are centered at about 780 nm and 940 nm with bandwidth equal to approximately 20 and 70 nm respectively throughout the working period. The water absorption bands do not change during the day.





�








Fig. 3  Solar irradiance versus wavelength for a typical day in October.





	There is symmetry in the spectrum distribution up to 1000 nm between the spectrums at 9:30 and 13:30 and between the 10:30 and 12:30 spectrums implying respectively that the noontime is approximately at 11:30.  The difference between them, in the total horizontal energy, is due to the unsymmetry at the IR region.  In the afternoon when the Sun descends, the ratio between IR radiation and visible radiation is increased and the minimum wavelength which is in UV region is shifted towards a higher wavelength (see Fig. 3).





	It was found that the best insolation occurs during the months of February and October. This correlates well with results obtained previously concerning the presence of dust particles in the atmosphere showing that the clearest months of the year in Riyadh, Saudi Arabia, are February and October [10]. Figure 4 shows the solar spectrum distributions at 12:00 noon for different days. The solar irradiance throughout a given day for the months of October and November is shown in Fig. 5. For the Riyadh area, however, the highest monthly mean total horizontal radiation occurs durnig the month of June. For example, a maximum value of about 1050 W/m2 was recorded for the period Jan. 95 to Dec. 97, during the month of June 96 [11].








�








Fig. 4  Spectrum comparison for different days at 12:00 noon.








�





Fig. 5  Solar irradiance throughout the day for the months of October and November.








Conclusion





A silicon cell sensor is a more suitable device as a reference sensor for long-term outdoor measurements than Kipp and Zonen. The "glass dome" silicon sensor is more sensitive to temperature and IR variation than the "glass envelope silicon sensor". The portion of the spectrum from (1.1-2.8 (m) accounts for approximately 17% of the total energy and thus has negligible effect when using silicon sensor as a reference. There is symmetry between the spectrum distribution around the solar noontime for the same weather condition throughout the day (300 - 760 nm). There is a linear shift in the spectrum throughout the day for wavelengths between 300 - 760 nm. The water absorption bands are centered at about 780 nm and 940 nm with bandwidths equal to approximately 20 and 70 nm respectively throughout the working period. 
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 ĻŃĒÓÉ ĆŌŚÉ ĒįŲķŻ ĒįŌćÓķ ęŹŽęķćåĒ ČćĻķäÉ ĒįŃķĒÖ�


ĒįććįßÉ ĒįŚŃČķÉ ĒįÓŚęĻķÉ 





ŚČĻĒįŃĶćä Čä ćĶćĻ ĒįŚćęĻ 


ŽÓć ĒįåäĻÓÉ ĒįßåŃČĒĘķÉ� ßįķÉ ĒįåäĻÓÉ� ĢĒćŚÉ Ēįćįß ÓŚęĻ� Õ.Č 800�


ĒįŃķĒÖ 11421�  ĒįććįßÉ ĒįŚŃČķÉ ĒįÓŚęĻķÉ 





(ĒÓŹįć Żķ 18/3/1998ŗ ęŽČį įįäŌŃ Żķ 15/9/1999ć) 





ćįĪÕ ĒįČĶĖ. ŹįĶ ĒĶŹķĒĢĒŹ ČķĒäĒŹ ĒįÅŌŚĒŚ ĒįŌćÓķ ĪįĒį ĒįŹŲČķŽĒŹ ĒįŌćÓķÉ (ĒįŻęŹęŻįŲĒĘķÉ) Żķ ŹĶĻķĻ ĶĢć ĒįäŁĒć ęßŠįß ŹŽęķć ĒįĆĻĒĮ įĆäŁćÉ ŻęŹęŻįŲĒĘķÉ ŽĒĘćÉ. ŹŽĒŃä åŠå ĒįćŽĒįÉ ŌĻÉ ĒįĆŌŚÉ ĒįŌćÓķÉ ĒįćŽĒÓÉ ČęĒÓŲÉ ĆĢåŅÉ ĒįÅĶÓĒÓ ĒįćČĒŌŃ ćŚ Źįß ĒįŹķ Źć ĶÓĒČåĒ ČĒÓŹĪĻĒć ČķĒäĒŹ ĒįŲķŻ ĒįćŽĒÓ. ßŠįß Źć ŹĶįķį ĒįŹŪķŃĒŹ Żķ ćäĶäģ ĒįŲķŻ ĒįććķŅ įįÅŌŚĒŚ ĒįŌćÓķ ĪįĒį ķęć ŚĒĻķ ęćä ŌåŃ Åįģ ŌåŃ.
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