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The Importance of the Chosen Technique to Estimate Diffuse
Solar Radiation by Means of Regression
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The Ordinary Least Squares (OLS) is one of the widely used methods which is used for estimating the diffuse solar radiation. However, in
order to use the OLS method in the estimation, the dataset must provide certain assumptions. In this study, alternative robust methods have
been described and they were compared with the OLS method, which is used for estimating diffuse radiation frequently in an application.
At the end of the analysis, the R? value obtained by the OLS method is less than the values obtained by M regression models. In other words,
the explanation of the dependent value is weak when the OLS method is used. Finally, it can be said that the most appropriate method is

Andrews for estimating the diffuse solar radiation.

Keywords: Solar energy, Ordinary least Square, Robust methods, Huber, Andrews, Tukey

Introduction

Countries need clean energy sources to maintain their develop-
ment (Tarhan and Sari 2005). Clean energy sources don’t harm
the environment while being produced and consumed. Solar and
wind energies are examples of clean energy sources. Turkey
has big solar energy potential because of its location. (Gunes
2001; Aras, Balli, and Hepbasli 2006; Ulgen and Hepbasli
2009).

The efficient and effective use of sustainable energy resources
depends on observation values and correction of model derived
for prediction (Sozen and Arcaklioglu 2005; Aras, Balli, and
Hepbasli 2006; Li et al. 2011). Incorrect solar estimation mod-
els cause inefficiency and financial loss at the solar energy
facility.

In the literature, there are a lot of models for estimating diffuse
solar radiation. While investigating these models, the variables
under consideration are; clearness index (Kr = H/H)), relative
sunshine duration or sunshine fraction (§/Sy), diffuse coeffi-
cient (Kgqg = Hy/Hy); and diffuse fraction or cloudiness index
(Ky = H;/H) (Oliveira et al. 2002; Aras, Balli, and Hepbasli
2006; Bakirci 2009; Koussa, Malek, and Haddani 2009; Pandey
and Katiyar 2009; Ulgen and Hepbasli 2009; Ruis-Arias et al.
2010; Torres et al. 2010).

The Ordinary Least Squares (OLS) is one of the widely used
methods which is used for estimating the diffuse solar radia-
tion. However, in order to use the OLS method in the estimation,
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the dataset must provide certain assumptions. The most impor-
tant among these, error terms must fit to the normal distribution.
In most of the applications, the dataset does not fit to the nor-
mal distribution (Geary 1947; Scheffe 1959). In addition to that,
the dataset could have values different from the rest of the
data, which are called outliers. Outliers can change the result
of our analysis about parameter estimation concerning distri-
bution. If error terms don’t fit to the normal distribution, OLS
estimators lose their efficiency. In other words, unbiased and min-
imum variance characteristics of this method disappear. If error
terms don’t fit to normal distribution or they have outliers, the
regression equation provided with the OLS method will be incor-
rect. Every conclusion based on this equation will be far from
reality.

In the absence of normal distribution due to the existence
of outliers or other reasons, using an alternative robust estima-
tor to obtain parameter estimations will be useful in order to
achieve more effective results. Also, robust estimators are not
affected from outliers or deflection from the model as much as
the traditional estimators (Tiku, Tan, and Balakrishnan 1986).

In this study, alternative robust methods have been described
and they were compared with the OLS method, which is used
for estimating diffuse radiation frequently in an application.
Investigated dataset, supplied from Turkish State Meteorological
Service, includes the measures for Bilecik city of Turkey, in
2000. The analysis has been conducted by using the OLS
and M regression (Huber, Andrews, and Tukey) techniques.
In this study, the dependent variable was chosen as the monthly
average daily diffuse fraction (or the monthly average daily
cloudiness (clearness) index (dimensionless) denoted by Kj)
and the independent variable was chosen as the monthly
average daily clearness index (dimensionless and denoted
by K,).
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Methodology

Model Used for Estimating the Diffuse Solar Radiation

The monthly average daily extraterrestrial radiation on a horizon-
tal surface (H,) was obtained from the following equations (1)
(Igbal 1983; Aras, Balli, and Hepbasli 2006; Ulgen and Hepbasli
2009);

24 . /4 . .
H,=—Gy, [(cos @) (cos ) (sinw;) + —w; (sin @) (sin 8)] ,
b4 180 0

where G, is the extraterrestrial radiation, computed from (2)
(Helwa et al. 2000; Aras, Balli, and Hepbasli 2006)

Gun = Gue | 1+ 0,034 cos [ 220y )
on — SC . CosS 365 9

where G is the solar constant (= 1367 W/m?), ¢ is the latitude
of the site, § is the solar declination angle, w is the sunshine hour
angle for the month, and ,,4ay is the number of the days of the year,
starting from the first of January. The solar declination (§), the
main sunshine hour angle for the month (wy) and the maximum
possible sunshine duration day length (S,) calculated from (3) —
(5) (Cooper 1969; Aras, Balli, and Hepbasli 2006);

. [360
8 = 23.455sin [% (284 + nday)i| R 3)
w, = cos” ! [tan (¢) tan (8)], 4)

2
So = E(X)s. (5)

By using the diffuse fraction or cloudiness index, the function
of the clearness index is given in (6) (Ulgen and Hepbasli 2009)

(k=) =r (k= 17). ©

Similarly, a function of the relative sunshine duration or
sunshine fraction is (Ulgen and Hepbasli 2009);

) o

The function of the clearness index including the diffuse
coefficient is given in (8) (Ulgen and Hepbasli 2009);

o Hi\ o _H
“= g =f Kr—ﬁo : 3

From the diffuse coefficient, the function of the relative sun-
shine duration or sunshine fraction is as in (9) (Ulgen and

Hepbasli 2009)
H, S
Ku=—)=2f(=). 9
(”’d Ho) (S) )
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In the preceding equations, H, is the monthly average daily
extraterrestrial radiation (MJ/m?), H is the monthly average
daily global solar radiation (MJ/m?), H, is the monthly average
daily diffuse solar radiation (MJ/m?), S is the monthly average
daily measured sunshine duration (h), and S, is the monthly aver-
age daily maximum possible sunshine duration (h) (Ulgen and
Hepbasli 2009).

Statistical Analysis Method

Simple regression analysis can be used in defining cause—effect
relation among variables. In regression analysis, a mathematical
model is derived by using variables. The obtained model contains
two types of variables: dependent and independent. Independent
variables are not affected by any another variables in the model.
However, dependent variables are generally affected from the
other variables in the model. Dependent variable values can be
predicted from the values of the independent variables.

In the derived model, correct estimation of parameters has the
most important role in detemining consistency of the estimated
models. There are different techniques to estimate parameters.
The most frequently used technique in regression analysis is
the OLS method (Johnson and Wichern 2002; Deniz, Atik,
and Bugutekin 2006). The OLS method is valid under certain
assumptions. One of the most important assumptions is that the
error terms should have 0 mean and oI variance with normal
distribution. In the case when the normal distribution assumption
for error terms is not met, the efficiency of the estimation rapidly
decreases on using the OLS method and such consequences do
not reflect the reality. In addition to this, if the dataset has out-
lier(s), OLS estimation provides weak results. In contrast to OLS
estimators, robust estimators are not affected from the normality
assumption of error terms and existence of outlier in the dataset.

In this study, our dataset includes outliers and the distribu-
tion of error terms does not fit to the normal. We compared
the efficiencies of some robust estimators (Huber, Andrews, and
Tukey regression methods) with OLS estimators. In the follow-
ing sections, OLS, Huber, Andrews, and Tukey methods are
provided.

Ordinary least square (OLS)
In this study, there is one dependent and one independent variable

and the simple linear regression equation is defined as given in
(10)
vi=Po+ Bixi+ei,i=1,2,..,n. (10)
The estimated regression equations given in (11) are
Pi = Bo+ Pixii=1,2,..,n. (11)
Error terms are calculated as in the following:
& =yi—yni=12,..,n (12)
The OLS equation is obtained as given in (13) and parame-

ter estimation as given in (14). (David 1981; Mutan 2004; Ergul
2006)
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M-regression

M-Regression was developed for cases if error terms don’t fit to
normal distribution. The purpose of the OLS method is to min-
imize the sum of error terms. In OLS, weights of error terms
are assigned asl. The M-Regression technique minimizes error
terms function given in (15) instead of the sum of error terms
(Tasker and Granato 2000)

Yol —5—1 I (15)

where p is the objective, differentiable, and symmetrical func-
tion, with a constant single minimum at zero, d is a Median
Absolute Deviation (MAD). Using MAD, standardized error
terms can be calculated as in (16) and where 0.675 is constant,
they are used to obtain a robust estimate of the standard deviation
of Gaussian (Normal) distribution

MAD — median{|e; — median (g;)|} . (16)
0.675

Various functions have been proposed for the objective. In this
study, we consider Huber, Andrews, and Tukey functions. These
functions are most widely used in application. Huber’s weight
function can be defined as in (17) (Huber 1973), where & =
1.345 and

Irl <k,

1
=l hHZE o

The weighted function proposed by Andrews is given in (18)
(Andrews 1974)

S e

sin(%)
WZ{T,MS]WT, (18)
0, |r| > km,

where k values are generally selected as k£ = 1.5 or £k = 2.1 (Sanl
2005).

The bisquare weight function proposed by Tukey is defined as
in (19) (Tukey 1970)

2
Wz{p_@ﬂ’W5h (19)
0, lr| >k,
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where k values are generally selected as & = 4.685 (Fox 2002).
In Huber, Andrew, and Tukey M -Regression techniques, the
procedure to be followed in estimation of parameters are;

(1) By and B, values are estimated with OLS.
(i1) Using these estimations &; values are calculated.
(iii) MAD values are calculated.
(iv) Weight values are calculated.
v) ,300 and ,810 values are calculated with weighted OLS.
(vi) ,300 and ,310 with ,80 and ,81 values are compared.
(vii) If differences among estimations are less than 0.001, proce-
dure can be finished.
(viii) If differences among estimations are greater than 0.001, Boo
and ,310 values are assigned as ﬂo and ﬁl values and return
to step 2.

Determination of the Model Fit

There are different types of methods in statistics to determine
whether observation values fit to the obtained regression model.
In this study, model fit is examined by using the determination
coefficient (R?). If the R? value is close to 1, then the obtained
model is fit with the observation values. In other words, if R?
values are close to 1, then the sum of the square error is close to 0.
In addition, R? shows how the total value of a dependent variable
can be explained by independent variables (Gujarati 2004; Ergul
2006). The determination coefficient can be calculated as in (20)

31 CE) I

‘1

R = =l . (20)

£(-r)

Results and Discussion

Before starting analysis, we have to check the normality of resid-
uals and outlier(s). The O—Q plot which is used for the normality
test for residuals is given in Figure 1. From Figure 1, one can
see that the dataset does not fit to the normal distribution, as
it includes outliers. Outliers were marked with the circle in the
figure. Therefore, the normality assumption in the method is
not satisfied. That’s why, it’s better to use the robust techniques
instead of the OLS technique.
The estimated regression equation is given in (21) as

$i=Po+ Pixii=1,2,....n. 1)
As a result of the analysis, the estimated OLS and M regres-

sion (Huber, Andrews, and Tukey) equations are given in (22),
(23), (24), and (25), respectively

K, = 5.67 — 8.9566(K,), (22)
K, = 4.2857 — 6.2800(K,), (23)
K, =3.1163 — 4.1131(K,), (24)
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Fig.1. O—Q plot for standardized residual.

Table 1. Regression coefficients for estimating the diffuse solar
radiation

Techniques Bo B R
OLS 5.6700 —8.9566 0.6907
Huber 42857 —6.2800 0.8920
Andrews 3.1163 —4.1131 0.9222
Tukey 3.0980 —4.0803 0.9090
K, = 3.0980 — 4.0803(K,). (25)

For determining distribution fitting (normal distribution)
about residual, the Kolmogorov—Smirnov (K-S) test was used.
The K-S test statistics was found to be 0.1417 (p < 0.0001).
Figure 1 and K-S test showed that error terms did not fit normal
distribution.

The R? values and parameter estimations are given in Table 1.
In this table, the R? value obtained by the OLS method is less
than the values obtained by M-regression models. In other words,
the explanation of the dependent value is weak when the OLS
method is used. Also, the equations obtained by robust regression
techniques have smoother explanation values. As referred, the
usage of more independent variables can generate more certain
results.

Nevertheless, it can be seen that robust methods supply quietly
certain results even if they have only one explanation vari-
able. Finally, it can be said that the most appropriate method is
Andrews for estimating the diffuse solar radiation.

Conclusions

Solar energy is one of the most important alternative energy
sources. For designing any solar energy device, solar energy
parameters and components have an important role. Solar energy
offers us clean and sustainable energy for the future. Due to
energy demand of the world these days, correct predictions using
solar energy models have assumed importance. It was aimed to

Arslan, Yavuz, and A¢ikkalp

supply correct model calculation in this study for using solar
energy truly.
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Nomenclature

Gon  extraterrestrial radiation (W/m?)

Gs.  solar constant (W/m?)

H monthly average daily global solar radiation (MJ/m?)

H;  monthly average daily diffuse solar radiation (MJ/m?)

H, monthly average daily extraterrestrial radiation (MJ/m?)

K; (= Hy/H) monthly average daily diffuse fraction or
monthly average daily cloudless (clearness) index (dimen-

sionless)

K4 (= H/H,) monthly average daily clearness index (dimen-
sionless)

K; (= H/H,) monthly average daily clearness index (dimen-
sionless)

ngay ~number of day of the year, starting from the first of
January (dimensionless)

S monthly average daily measured sunshine duration (h)

So monthly average daily maximum possible sunshine dura-
tion (h)

n number of observations,

Vi observed value about dependent variable

Vi predicted value about dependent variable

X; observed value about independent variable

Bo intercept coefficient about population
Bo intercept coefficient about sample

B1 regression coefficient about population
Bo regression coefficient about sample

& residual value

R*>  Coefficent of determination

Greek Letters

¢ latitude of site (°)
s solar declination angle (°)
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