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Abstract - Solar radiation data is crucial for the design of
energy systems based on the solar resource. Since diffuse
radiation measurements are not always available in the
archive data series, either due to the inexistence of
measuring equipment, shading device misplacement or
missing data, models to generate these data are needed.
In this work, one year of hourly and daily horizontal
solar global and diffuse irradiation measurements in
Evora are used to establish a new relation between the
diffuse radiation and the clearness index. The proposed
model includes a fitting parameter, which was adjusted
through a simple optimization procedure to minimize
the Least Square Error as compared to measurements.
A comparison against several other fitting models
presented in the literature was also carried out using the
Root Mean Square Error as statistical indicator, and it
was found that the present model is more accurate than
the previous fitting models for the diffuse radiation data
in Evora.

Resumo - Dados de radiacio solar sido cruciais para o
dimensionamento de sistemas de energia baseados no
recurso solar. Uma vez que medi¢des de radiacio difusa
nem sempre estio disponiveis, devido a inexisténcia de
equipamento, mal posicionamento do dispositivo de
sombreamento ou auséncia de medicées, sao necessarios
modelos para gerar este tipo de dados. Neste trabalho,
um ano de medi¢des horarias e didrias de radiacio solar
global e difusa numa superficie horizontal em Evora sio
usados para estabelecer uma nova relagio entre a
radiacido difusa e o indice de claridade. O modelo
proposto inclui um parametro de ajuste, determinado
através de um processo de otimizacio simples com o
intuito de minimizar o Erro dos Minimos Quadrados em
comparacio com as medicoes. Foi também efetuada uma
comparacio com outros modelos presentes na literatura
usando o Erro Quadratico Médio como indicador
estatistico, mostrando que, para as medicdes de radiacio
difusa em Evora, o modelo apresentado é mais exato do
que os modelos previamente apresentados na literatura.
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INTRODUCTION

The final overall performance of solar energy systems is
highly dependent on the solar radiation data used upon their
design. Historically, most of the weather stations measure
only global solar radiation data although diffuse and direct
solar radiation components are also important in the design
of solar applications. For example, the direct normal
irradiation is essential in the design of concentrating solar
power plants [1], which however can be estimated from the
global and diffuse irradiation data if direct measurements
are not taken.

The generation of diffuse radiation data is done mostly
via models obtained for several parts of the globe [2].
These models are generated on a daily or monthly mean
daily basis and are classified in two main categories. In the
first category, the diffuse fraction or cloudiness index (i.e.
the ratio of horizontal diffuse radiation to the horizontal
global solar radiation) is correlated with different input
elements as the sunshine duration and/or clearness index
(defined as the ratio of the horizontal global irradiance to
the corresponding irradiance available at the top of the
atmosphere), or cloud cover. In the second category, the
diffuse coefficient or diffuse transmittance index (i.e. the
ratio of horizontal diffuse radiation to the extraterrestrial
solar radiation) is correlated with several input elements as
the sunshine duration, clearness index or both [2]. In this
work, the generation of diffuse radiation data will be studied
using a model that correlates the cloudiness index with the
clearness index.

The clearness index is closely correlated to the diffuse
radiation, thus it has been considered as a determinant
element for the estimation of diffuse radiation. The main
advantage of using this type of correlation is that only
measurements of global solar radiation are needed [2],
which is the most widely measured component.

In this study, one year of one minute horizontal global
and diffuse solar irradiance measurements, ending in March
2016, and taken with two pyranometers Kipp&Zonen,
model CM6B, at Evora, Portugal [3], are used to establish a
fitting model, which correlates the hourly and daily diffuse
irradiation fractions with the clearness index. The proposed
model is a new simple way for obtaining the diffuse data
based on the clearness index. The model is compared
against other fitting models presented in the literature.
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LITERATURE REVIEW

Various models have been proposed in the literature for
obtaining the diffuse fraction using several functional forms
[2]. In the following equations, the symbols a to e represent
constants. The simpler form of these models is a linear
function, given by [4]-[9]:

Ky=a+b-K, (1)

where K} is the diffuse fraction (or cloudiness index) and K,
is the clearness index, given respectively by:

Ke= Hy /H (2)
K, = H/H, (3)

where H; is the diffuse radiation, H is the global solar
radiation and H, is the extraterrestrial radiation, all in a
horizontal plane.

Several authors used polynomial functions of second, third
and fourth order for obtaining the diffuse fraction. The
fourth order polynomial function is given by:

Ki=a+b K.+c K}+d-K2+e-K} 4)

The authors of [8], [10]-[12] used second order polynomial
functions to establish the relation between cloudiness index
and diffuse fraction. Third order polynomial functions were
used in [17], [8], [9], [12] and [13]. Fourth order polynomial
functions were used in [11], [12] and [14].

Another functional form used to generate diffuse fraction
values is the sigmoid function, which was adopted by the
authors of [15]-[18] and is given by:

Ki=a—-—b-(1/exp (c —d-K})) (&)

The model proposed in this study is based on the
combination of two linear asymptotic functions and is
described in the following section.

PROPOSED MODEL

A model for generation of hourly and daily diffuse
irradiation fraction data from the cloudiness and clearness
indexes is proposed based on the following general
expression:

Ko =[1+ f(K)™]"N (6)

where f(K;) is a linear function obtained by the least square
fitting of the measurements for 0.5 < K, < 0.8, thus
describing asymptotically the clear sky limit, and N is the
fitting parameter that adjusts the model to the measured data
also in the overcast limit K; — 1 and once K, is not higher
than 1. This function is shown in Figure 1 together with the

daily irradiation data while the Figure 2 shows the simple
optimization procedure in order to obtain the value of N that
minimizes the fitting error. The optimal value of the
parameter N is 5.929 for the daily correlation and 48.589 for
the hourly correlation. These values present the minimum
Least Square Error (LSE).
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FIGURE 2

OPTIMIZATION OF THE FITTING PARAMETER N.
The correlation for the daily irradiation is given by:
K;=[1+ (1.661 —2.078 - K,)~5929]71/5929 @)
while for the hourly values is given by:

Ky =[1+(1.502 — 1.820 - K,)~*8:589]-1/48:589 (8)

RESULTS

The transition between the two asymptotic limits, typically
in the range 0.2 < K, < 0.4, is smoother for the daily values
because all the cloudiness conditions during a complete day
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are included, thus resulting in lower values of K,; in that
range and, consequently, a lower value of the fitting
parameter N is obtained. On the other hand, as distinct
cloudiness conditions during a day are better resolved with
the hourly data, the respective values of K,; are closer to the
asymptotic limits and thus a higher value of N is found
through the fitting procedure.

In order to validate the proposed model, these results were
compared against several other fitting models presented in
the literature for similar latitudes. The models used were the
Gopinathan model [6], the Barbaro model [8], the Bortolini
model [1] and the Ruiz-Arias model [15], given by (9), (10),
(11) and (12), respectively. These models are valid for the
latitude of Evora according to the authors. The comparison
for the daily and hourly data is shown in Figure 3 and
Figure 4, respectively.
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DIFFUSE INDEX AS FUNCTION OF CLEARNESS INDEX FOR DAILY DATA.
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FIGURE 4
DIFFUSE INDEX AS FUNCTION OF CLEARNESS INDEX FOR HOURLY DATA.

Ky = 0.9851 + 1.0680 - K, )
K; = 1.0896 + 1.4797 - K, + 0.1471 - K,? (10)

K; = 0.9888 + 0.3950 - K, + 3.7003 - K2 + 1.5729 (11)
'Kt3

K; = 0952 — 1.041 - exp(—exp(2.3 — 4.702 (12)
“K))

The comparison between the models was done using the
Least Square Error (LSE) and the Root Mean Square Error
(RMSE), given by (13) and (14), respectively.

k
LSE = Z(yi,mod - Yi,meas)z (13)
i=1
1 k
RMSE = |- Z(yi,mod ~ Vimeas)? (14)
i=1

where y; moq 15 the value of K; obtained by the model for
the K; the measurement i and y; ;045 is the value of K; for
the measured data. The LSE and the RMSE for the proposed
model and for the models presented in the literature, both
for the daily and hourly values, are shown in Table I and
Table 11, respectively.

TABLE I
LSE AND RMSE VALUES FOR THE DAILY DATA

Models LSE RMSE
Proposed 1.5100 0.06560
Gopinathan [6] 6.9183 0.14039
Barbaro [8] 9.6900 0.16615
Bortolini [1] 12.982 0.19232
Ruiz-Arias [15] 2.1552 0.07836

TABLE IT

LSE AND RMSE VALUES FOR THE HOURLY DATA

Models LSE RMSE
Proposed 45.935 0.10639
Gopinathan [6] 131.04 0.17970
Barbaro [8] 168.36 0.20369
Bortolini [1] 215.75 0.23058
Ruiz-Arias [15] 57.156 0.11868

From the data from Table I and Table II it can be verified
that the error of the models is higher for the hourly data and
lower for the daily data. The reason for this is the dispersion
of the data, which is higher when considering lower
integration times. This variability greatly depends on the
changing cloudiness conditions and other atmospheric
elements such as the aerosols [19]. The model proposed in
this study presents the minimum error for both daily and
hourly data as compared with the other models, while the
Ruiz-Arias [15] model also presents very good results. The
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Bortolini [1] model is the model which presents higher
erTorS.

CONCLUSIONS

In this study, a simple model was proposed to estimate the
diffuse fraction using the clearness index for Evora,
Portugal. The main advantages of this proposed model are
its simple implementation and the need of only global solar
radiation measurements to determine the diffuse fraction.
The comparison against previously proposed models in the
literature shows that for the data sample used, the proposed
method is the one which presents minor LSE and RMSE
when compared to the measured data. In future work, more
years of measurements must be considered and the models
presented in the literature must be fitted to the data to
perform a more accurate comparison with the proposed
method. Also different atmospheric conditions will be
considered in order to analyze the separate and combined
effect of clouds, aerosols and water vapour.
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