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To fulfill present needs in concentrating solar power systems, many design codes demands hourly radiation data. Unfortunately, measured series of radiation are only available for a reduced number of locations. The synthetic generation of hourly irradiation series allows the estimation of solar resource in those locations lacking measurements, the filling of gaps in records of daily or hourly values, or the interpolation of recorded data when the time resolution is too rough. The purpose of this work is to compare hourly irradiation synthetic series generated from monthly clearness index with those experimentally measured.

Models tested have proven to reproduce satisfactorily global radiation data in the considered locations. To evaluate the goodness of this reproduction broken down by months, we have applied Kolmogorov-Smirnov (KS) test obtaining in general good results. Among the results obtained, a better agreement at March and September, and a worse one at May and December have been found. Furthermore, new comparison parameters have been applied obtaining also a good agreement.

Notwithstanding the above mentioned, models do not provide an unique output for the same inputs, as models evaluated utilize random generation of numbers. It has been found that annual values of radiation generated fit a Gaussian distribution, of standard deviation ~2.5% of mean value. Furthermore, models used in this work have a high dependence on monthly clearness index values.

Introduction

To fulfill present needs in concentrating solar power systems, many design codes demands hourly radiation data. Unfortunately, measured series of radiation are only available for a reduced number of locations. The synthetic generation of hourly irradiation series allows the estimation of solar resource in those locations lacking measurements, the filling of gaps in records of daily or hourly values, or the interpolation of recorded data when the time resolution is too rough. In order to generate hourly values at any emplacement, radiation models are used to obtain data having the same statistical properties as measured series. Such properties include both probabilistic characteristics (average value, variance, probability density function) and sequential characteristics (autocorrelation) [1]. The output of the models approximates the natural characteristics as far as possible, and can be used successfully as long-term measured data [2], emulating the natural climatic variability. The purpose of this work is to compare hourly irradiation synthetic series generated from monthly clearness index with those experimentally measured.

Methodology

Generation of daily synthetic series

The first algorithm for generating synthetic series is the one proposed by Aguiar and colls in [3], which allows the generation of daily clearness index from monthly ones. This model uses Markov transition matrices to break down the monthly mean global radiation into the daily global radiation values, having the same statistical properties as observed time series. Two observations support this method: the probability of occurrence of a daily radiation value is the same for months having the same clearness index; daily radiation values are correlated only with those values observed in consecutive days [3]. Furthermore, the matrices which are used to generate new series prove to be universal. This model is depicted briefly in figure 1 (A).

Generation of hourly synthetic series

The second algorithm for generating synthetic series is the time-dependent autoregressive Gaussian (TAG) model, proposed by Aguiar and colls in [2], and provides synthetic daily sequences of hourly radiation values with the daily clearness index as input (see figure 1,B). This method proposes a decomposition of hourly clearness index in two components, one reflecting a tendency and other reflecting randomness. 

Description of data used

Hourly measured values of solar radiation provided by the Spanish National Institute of Meteorology in Barcelona, Málaga and Valladolid (Spain) measured from 1999 to 2008, were selected to carry out the comparison (table 1). 

Results

Comparison of generated and measured radiation values

Using the described methods, we have generated 10 hourly synthetic series of global radiation in the locations considered (from years 1999 to 2008), from calculated monthly clearness index values. These values are shown in figure 2A. It can be observed that the presence of coast smoothes these curves compared with the case of an inner (and higher) location.

A comparison of cumulative distribution functions of hourly values of global irradiance has been developed, giving satisfactory results. Figures 2B, 2C and 2D show cumulative distribution functions of measured and generated series in all period investigated (in Barcelona, Málaga and Valladolid respectively), as well as the difference between them and the critical value, Vc. This value depends on the population size N, and is calculated for 99.9% level of confidence [4]:
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Fig. 2. (A) Mean monthly clearness index values; measured and generated series of accumulated global radiation for Barcelona (B), Málaga (C) and Valladolid (D).

It has been found an excellent agreement between the experimental and the theoretical data, being all the difference values below the critical limit in each case (figure 2). Thus, synthetic generated values reproduce satisfactorily the experimental data. Good agreement is also achieved in particular years (see figure 3). To quantify the similitude among measured and generated series of global radiation in different months, it has been used Kolmogorov-Smirnov (KS) test (significance level 0.05) [4]. Results are shown in table 2 and figure 4, broken down in months. Table 2 shows averages of p-values for each month, as well as their standard deviation (during ten years of measurements). The test shows that the assumption that both series (measured and generated) can be accepted (significance level 0.05), confirming that synthetic generated values reproduce faithfully real radiation data. 

Location

Fig. 4. Monthly normalized p-values of KS test applied to measured and generated series of global radiation.

In figure 4 it can be observed the presence of the maximum p-values (ie, better fit) at March and September. Minimum p-values (ie, worse fit) are found at May and December.

To obtain a more accurate statistical comparison of data measured and generated, new comparison parameters have been used. These parameters are based on the Kolmogorov-Smirnov test, and have shown to be valuable information to the comparison of data sets complementing those that are found with classical parameters [5]. Among these new parameters, it is worth to mention the following ones:

-KSI: Kolmogorov-Smirnov test Integral, defined as the integrated differences between the CDFs of both data sets.

-OVER: it is determined through the integration calculated only for those differences between the CDFs that exceed the critical limit Vc (defined from original KS test).

-KSE: linear combination of KSI and OVER parameters, defined to combine the information for both parameters in one.

-RIO: parameter which combines OVER, KSI and RMS parameters.

Results of RMSE and BIAS, as well as these new parameters for each location data sets are shown in table 4. 

Location

Analysis of generated series

In this section we will study the randomness of hourly series generated, as models evaluated utilize random generation of numbers. Furthermore, we will analyze the sensitivity of series generated as a function of monthly clearness index values.

Random generation of numbers is essential to reproduce the meteorological variability, according to a preestablished tendency, but it is difficult to predict it effect in the variability of the generated series. To study this effect, 400 synthetic series have been generated using the same monthly clearness index in the considered locations. Annual values of series generated are distributed in a Gaussian manner (figure 5 A). To determine the best coefficients of the Gaussian fitting function, f(x):
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We will minimize the value of Chi-square, χ 2 , defined as [6]: 

∑         Ω - = 2 

Conclusions

Synthetic generation has been tested in order to evaluate the goodness of fit between measured and simulated data. Input data are monthly clearness index values, and output data are hourly values of global irradiation during one year.

Models tested have proven to reproduce satisfactorily global radiation data in the considered locations. To evaluate the goodness of this reproduction broken down by months, we have applied Kolmogorov-Smirnov (KS) test obtaining in general good results. Among the results obtained, a better agreement at March and September, and a worse one at May and December have been found. Furthermore, new comparison parameters have been applied obtaining also a good agreement.

Notwithstanding the above mentioned, models do not provide an unique output for the same inputs, as models evaluated utilize random generation of numbers. It has been found that annual values of radiation generated fit a Gaussian distribution, of standard deviation ~2.5% of mean value. Furthermore, models used in this work have a high dependence on monthly clearness index values.

Fig. 1 .

 1 Fig. 1. Generation of synthetic daily sequences of hourly radiation values requiring as input only monthly clearness index.

Fig. 3 .

 3 Fig. 3. Cumulative distribution functions of measured and generated series for Barcelona in 1999 (left) and 2007 (right), as well as differences among them and the critical values.

Fig. 5 .

 5 Fig. 5. Distribution of global radiation annual values of generated series.

Table 1 . Locations selected for comparison

 1 

	Location	Latitude	Longitude	Altitude	Coastal
	Barcelona	41.30 N	2.0775 E	12 m	Yes
	Valladolid	41.65 N	4.77 W	698 m	No
	Málaga	36.72 N	4.48 W	11 m	Yes

Table 2 . Averages (standard deviations) p-values obtained in the application of KS test to measured and generated series of global solar radiation.

 2 

			Jan	Feb	Mar	Apr	May	Jun	Jul	Aug	Sep	Oct	Nov	Dec
	Barcelona	pval std dev	0.14 0.11	0.25 0.28	0.42 0.22	0.24 0.14	0.07 0.07	0.16 0.18	0.17 0.13	0.36 0.23	0.40 0.28	0.25 0.26	0.26 0.22	0.12 0.10
	Málaga	pval std dev	0.46 0.19	0.34 0.22	0.50 0.24	0.36 0.19	0.16 0.19	0.28 0.20	0.21 0.27	0.18 0.16	0.41 0.18	0.50 0.09	0.59 0.16	0.14 0.20
	Valladolid	pval std dev	0.13 0.14	0.46 0.38	0.47 0.35	0.38 0.25	0.23 0.33	0.14 0.17	0.23 0.21	0.47 0.29	0.48 0.27	0.34 0.28	0.30 0.27	0.20 0.17
	As it can be seen in table 2, generally a good agreement between measured and generated series is achieved.
	It is worth to remark an excellent agreement in Barcelona during March (p-value = 0.42) and September (p-
	value = 0.40). The lower p-values obtained in this study have been found in Barcelona during May (p-value
	0.07													

). Furthermore, in Málaga it has been found an excellent agreement in March, October and November (pvalue 0.50, 0.50 and 0.59 respectively). The low standard deviation found in Málaga during November (0.09) is due to a lower number of data analyzed (there are only 6 years with data during October). In Valladolid an excellent agreement has been found also. In this case, higher p-values are located at March (0.47), August (0.47) and September (0.48). Respect to the variability (quantified through standard deviation) of mean pvalues shown in table 2, it is worth to remark that data-set from Málaga presents the best relation among mean p-value and its standard deviation (2.03), being that relation similar in both data-set from Barcelona and Valladolid (1.28 and 1.21 respectively).

It is interesting to remark a general tendency in the goodness of comparison observed in monthly mean of pvalues shown in table 2. To show this tendency, we have represented monthly normalized p-values in figure

4

.

Table 4 . Results of the usual statistics and the new parameters for each location data sets.
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		Barcelona	Málaga	Valladolid
	RMSE	122.73	132.83	131.08
	BIAS	-0.37	2.10	2.35
	KSI	6.16	8.05	5.11
	OVER	0.08	0.04	0.02
	KSE	249.76	139.94	74.94
	KSI %	34.66	39.45	28.74
	OVER %	0.43	0.20	0.09
	RIO	151.35	92.08	62.14

Table 5 . Standard deviation (σ) of annual value of global radiation.

 5 Being y a fitted value for a given point, y i the measured data value for the point and i an estimate of the standard deviation for y i . Values obtained are shown in table5.To quantify the effect of monthly clearness index value on annual values of generated series, we have generated 400 synthetic series for different monthly clearness index values (figure5 B). Deviation in clearness index from its real value (KT) is reflected in the mode value of the different distributions. Distributions are similar to those shown in figure5A.

	χ	2	y	y	i
				i	
	Location		σ (± std dev)	χ 2
	Barcelona		3.442 (±0.118)	0.045
	Málaga		2.042 (±0.040)	0.010
	Valladolid		2.559 (±0.113)	0.056
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