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Building solar plants with suitable placement in the correct geographic areas by utilizing information of solar
radiation is the starting point of an investment projects of a solar energy facility. In these premises, several solar
radiation models have been improved in order to estimate the solar radiation at a given location, all around the
world. Complete and accurate solar radiation data at a specific region are quite important for the solar energy
related researches. A number of formulas and models have been developed to estimate solar radiation for the
locations, where measured values are not available. Thus, several empirical correlations have been developed in
the literature. In this study, models such as the Angstréom equation, which is reviewed in literature, are used to
estimate global solar radiation from sunshine duration in Turkey. In addition, the solar radiation models were
examined at the identified solar radiation regions. This study investigates either the correctness of the model itself
or the correctness of the estimation of global solar radiation, based on a set of statistical parameters such as R2,

RMSE, MBE, MABE, MPE and MAPE.
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1. Introduction

Today, sustainable energy is a developing issue in
science, economy and politics. However, in the near fu-
ture it will be the most important subject in every part
of the world. Further, the solar energy is one of the sig-
nificant sustainable sources.

The most important factor for a solar energy facility
is the sunlight. If the solar collector does not receive the
proper amount of sunlight, then the whole system will
not function at its maximum potential. Therefore, it is
necessary to measure the amount of sunlight in the area
where one wishes to install a solar energy system.

Measurements can be done by simply using a sunlight
calculator or some recording devices and sensors. Esti-
mations can be also done using average daily, monthly or
yearly solar insolation, numerical calculations of solar ra-
diation, global isoflux contours and satellite cloud-cover
data. The methods for calculating the amount of solar
energy from meteorological data require various climato-
logical and physical parameters for solar energy systems.
Some of the data are measured directly at weather stati-
ons. Other parameters are related to commonly measu-
red data and can be derived with the help of a direct or
empirical relationship.

Besides, global solar radiation cannot be detected in
huge regions. Thus, there has been a large number of
numerical methods that estimate this value. This study
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aims to review the literature, regarding solar radiation
models for area that encloses Turkey. The other main ob-
jective is to analyze the global solar radiation models for
Istanbul. Graphical analyses are done for each reviewed
model and, to be more concise, the statistical analyses
are also done. The numerical results of each model are
analysed by such statistical methods as MPE, MAPE,
MBE, RMSE and t-stat.

2. Materials and methods

The global solar radiation is defined for selected regi-
ons, or more specifically stations. In this study, Istanbul
is selected in order to examine the reviewed models in the
literature and to define the most appropriate correlation
that might be used in the similar climatic regions.

First of all, the altitude and latitude of the province are
some of the most important values in order to calculate
the solar angle. Istanbul has latitude of 41.10 degrees
and altitude of 91 meters.

Turkey comprises different solar radiation ranges, be-
cause of its geographical location. The solar radia-
tion distribution map of Turkey is shown in Fig. 1.
It contains the data of solar radiation level of Istan-
bul, where it ranges between 1400 kW hm~2year—! and
1500 kW hm~2year—!.

In addition to these numerical values the literature was
also reviewed regarding the calculation of the solar radi-
ation in Istanbul. The models selected from the lite-
rature, examined not only Istanbul, but also provinces
within Turkey. Therefore the evaluation methods have
been tested many times to verify their suitability.
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Fig. 1. Solar radiation distribution of Turkey (Euro-
pean Union).

Nomenclature
b Coefficients of correlations
Angle of incidence of Sun rays [°]
Solar zenith angle [°]
Solar declination angle [°]
Latitude of the location [°]
The hour angle [°]
Ws Mean sunrise/sunset hour angle [°]

SRS

MPE Mean percentage error
MAPE Mean absolute percentage error

MBE Mean bias error [MJm~2d 2|

I Solar constant (~ 1367 &3 W/m?)

N Number of day of year, starting from the first
of January

H Monthly average daily global radiation on the
horizontal surface [MJm~2 day !

Hy Monthly average daily extraterrestrial radia-
tion on the horizontal surface [MJm~2day~!]

S Monthly average daily hours of bright suns-
hine [h]

So Monthly average maximum possible daily

sunshine duration [h]
S/So  Relative sunshine duration
RMSE Root mean square error [MJm™2d~?
T-Stat t-statistical analysis

Before giving details about the models from literature,
the solar angle calculations and solar radiation funda-
mental equations are given below, in order to show the
principles that this study relies on. To begin with, so-
lar angles should be clarified. The declination angle is
the most important angle, value of which varies between
—23.45 degrees, at winter solstice on December 21%¢, and
23.45 degrees, at summer solstice on June 21!, represen-
ted by 9.

Another fundamental angle is the hour angle, which is
the angle between the longitude where the Sun rays per-
pendicular and the longitude of the examined point. The
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angle between the direction of the geometric center of the
Sun and the horizontal plane at the considered point is
the solar altitude angle, which is also the complement of
the solar zenith angle [1-5].

. [360(284 +n)
= 23.45° . 1
0 = 23.45° sin { 365 ] (1)
w = 15(solar time — 12). (2)
ws = cos ' (—tan ¢ tand). (3)

In order to determine the solar radiation data, the kno-
wledge of solar angles is not quite enough. Though, there
have been numerous methods for estimation of solar ra-
diation, developed in the history of science, the most im-
portant one is the correlation, which was proposed by
Angstrom, depending on the monthly average clear sky
daily total radiation on horizontal surface for a given lo-
cation [6, 7]. However, the monthly average clear sky
daily total radiation on horizontal surface is difficult to
estimate. Therefore, Prescott has modified the Angs-
trom’s method by introducing the dependence on extra-
terrestrial radiation, instead of clear sky daily radiation,
as given in Eq. (4) [8-21].

H S
Ho—a—l—b(SO), (4)
where the monthly average daily extraterrestrial radia-
tion on the horizontal surface is formulated with Eq. (5).

24 360n
HO = ?Isc |:]. + 0.033 cos (365>:| X

[cos (¢) cos (§) sin (ws) + %ws sin (¢) sin (5)} . ()

The mentioned equation also depends on the rela-
tive sunshine duration. The monthly average maximum
possible daily sunshine duration can be defined via the
mean sunset/sunrise hour angle, as shown in the follo-
wing equation.

2
So = 157125 (6)

The monthly average maximum possible daily sunshine
duration can be also computed using the latitude and the
solar declination angle.

So = 135 cos ! (—tan ¢ tand). (7)

As the fundamentals are explained above, the models
considered in this study are shown in Table I. As can
be seen, most of the models depend on relative sunshine
duration. The model 1 by Kilic and Ozturk proposes
new correlation coefficients for Angstrom equation, which
are related to latitude angle, declination angle and solar
altitude of the province.

Model 8 has sub model, named 8b, which depends
on declination angle as well. Model 10 has sub models,
which are also divided into two groups, according to the
months of the year. Finally, model 13a is also based not
only on the relative sunshine duration, but also on the
latitude of the station.
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TABLE I
Sets of model correlations and constructor(s).
Set/ Author R
Jation(s
Model No. names Correlation(s)
Set 1/ Kilic a = 0.103 + 0.000017z + 0.198 cos(¢ — 9)
Model 1 and Ozturk b =0.533 — 0.165 cos(¢ — §)
Set 1/ . s s\ 2
Model 5 |Ogelman et al. =0.195 4 0.676 (ST)) ~0.142 (ST))
Set 1/ Akinoglu s 5 \2
—0.145 +0.845 (<) — 0.280 (&
Model 3 and Ecevit 0.145 +0.845 (50) 0280 (50)
Set 1/ Tasdemiroglu o s \2
H _0.22510.014 0.001 (&
Model 4 and Sever H s ( ) + (SO)
Set 1/ Yildiz H s s \2
Model 5 el O AL = 0.2038 +0.9236 (SO) —0.3911 (So)
Set 2/ . H o s
Modol g | Tiris et al. # =018+0.62 (<)
Set 2/ . g
Modol 7 Aksoy H. _ (.148 + 0.668 (To) ~0.079 ( 0)
Set 2/ Togrul (a) AL = _1.3876 + 0.518 H + 2.3064 ( )
Model 8 | and Onat | (b Ho_ ; s
ode an na; (b) g = 2.765 + 4.9597 sin (6) + 2.2984 (So)
Set 2/ Togrul H 5 s \2
Ho— 021521 4 0.62487 (S ) — 0.2205 (S
Model 9 and Onat Ho + (SD ) ( So )
Set 3/ Togrul et al. From October to March; From April to September;
Model 10
(@) | A& = ~0.0059 In (S%) + 02255 — |4 = ~0.17521n %) T 0.1474 +
s s
0.00761n (£) + 0.4556 (&) ] 0.14861n (£) +0.5125 (&) ]
(b) Hi0—02371+04308( )+00188(%) %—04037+00203(SO)+02352 (s%)
H _ 5\ _ s\ o |H — _ s _ s
©| &£ = 0.2376 + 0.359 (SO) 0.366 (&) +| 45 = 0.(3)68 +2.0055 (&) — 2761 () +
S S
0.607 (ST)) ] 1.422 (ST))
B _ 5\ _ = o _ _ _ =
(d)| £ = 0216 + 0.914 (Sg) 1423 ()" +| 4 = —0.399 + 5.333 (&5 2 12.849 (£) +
s 5 (S _ s
0.382 (SO) +1.065 (£) _|140s8 (£ ) 5.569 (SO)
H o _ _ S i _ S _
&£ = o 63+1965( ) 8.837(So)r+ = 5.606 39687(So)+1207408( 0) :
S s \° s \°
22.257 (Q — 26.557 (S—O) +12.308 (&) [181.821 (SO) +136.762 ( 0) —40.974 (£)
Set 4/ Ertekin I s s \2 s
H o _ o4 11.946 (£) — 16.745 (£ . s
Model 11 and Yaldiz Ho 375 +11.9 6(50) 6.745 (50) +79575(SU
Set 4/ Ulgen and H o s
Model 12 | Ozbalta mp = 0-2424+0.5014 (So )
H _ B - S
Set 4/ Ulgen and (a) Hy = 0.3092 cos (¢) + 0‘4931257 .
aali H _ S S S
Model 13 |  Hepbasli | (b) 2L = 0.2408 + 0.362 (7) +0.4597 (7) ~0.3708 (ST))
Set 5/ Ulgen and (a) i =0.2671 4 0.4754 <SO>
. s 2 s 3
Model 14 | Hepbasli | (b) F = 02854402591 (55) +0.6171 () — 0.4834 (£)
o _ s
Set 5/ Aras, Balli (2) HO — 03078+ 04160 <SO) 2
’ > |(b AL — 0.3398 4 0.2868 & 0.1187 ( &
Model 15 |  Hepbasli E )) I + (35)+ > (%)
C H __ S
= 04832 — 0.6161 () + 1.8932 (&) — 1.0975 ()
Set 6/ | i o | £ = 0.1874 + 0.8592 (S—O) — 0.4764 (S%)
3 2 3
S S S
Model 16 (b) Hio =0.1520 + 11334 (&) — 1.1126 (&) + 0.4516 (&)
Set 6/ . s )3
Mool 17 Bakirci H_ _ (6307 — 0.7251 ( ) 4 1.2089 ( ) ~0.4633 ( =
Set 6/ S H _ s
Mool g | Bakirci A= = 0.2786 + 0.4160 (<)

To ensure the appropriate model for Istanbul, statisti-
cal analysis methods were used with regard to the measu-
red monthly average global radiation, for each month of
the year. These data were obtained from Turkey Meteo-
rology Station. The widely used statistical analysis met-
hods applied in this study are explained below. The devi-

(

ation between measured and calculated monthly average

daily global solar radiation is named after the relative

percentage error e, which is commonly used in analysis.
m;

e= (“) % 100. (8)

m;
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Here ¢; is the calculated value and m; is the measured
value. In this study, m; represents the data obtained
from the Turkey Meteorology Station, while ¢; is obtai-
ned from the evaluated models. The ideal result for re-
lative percentage error is equal to zero.

The mean percentage error (MPE) is the other statisti-
cal analysis method reviewed in this study. This method
also includes the relative percentage error within calcu-
lations, as presented below, where the number of data
pairs is shown as n.

1 n
MPE == e. 9
n;e 9)

The mean absolute percentage error (MAPE) is the
absolute value of MPE, as can be understood from the
name. It can also be defined as the absolute average of
the relative percentage error. The formula for the mean
absolute percentage error is given as

1 n
MAPE = — . 10
PE (10)
The other commonly used statistical analysis method
is the mean bias error (MBE). This method gives infor-
mation about the accuracy and performance for the long

term period.
n

1
MBE = — ; (¢; —my). (11)
As stated above, ¢; is the calculated value and m; is
the measured value. The ideal value for MBE is also zero.
Similarly, root mean square error (RMSE) depends not
on the relative percentage error, but on the calculated
and measured values only. RMSE gives always positive

values or zero.

1 « 5
RMSE = | ~ 2 (c; —my)°. (12)
1=
At last, the t-statistical analysis method was also consi-
dered to be applied to the reviewed models. This analy-
sis method includes both mean bias error and root mean
square error as formalized below.

t-stat = \/ (n — 1) MBE” (13)

RMSE? — MBE*’

The performance of the considered model can be seen
by investigating the t-stat value. Smaller t-stat value
shows better performance of the model, which explains
why the ideal value is zero. The evaluation of the revie-
wed models is not the appropriate way of defining the
method applicable for Istanbul or any other station. The
statistical analysis methods should be used in order to
get reliable results. Accordingly, the models are exami-
ned both numerically and statistically in this study.

3. Results and discussion

The first set of models demonstrates that the worst
and the best results were obtained with the Model 4 by
Tagdemiroglu and Sever and Model 5 by Yildiz and Oz,
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respectively. On the other hand, Model 1 by Kilic and
Ozturk shows the most appropriate result, as it has the
nearest values to the measured monthly average daily
global radiation. According to numerical results, the sta-
tistical results also show that Model 1 has the most re-
levant results compared to the rest of the models of the
first set.

The evaluation of the second set for Istanbul shows ne-
gative results for Model 9 by Togrul and Onat, as it is
expected. To be more clear, the proposed correlation is
for the station Elazig, which is within the fourth region
of the range of solar radiation distribution in Turkey and
is the completely different range from the evaluated sta-
tion. Therefore, the results of statistical analysis verify
the distribution.

Other models show positive results. In the first and
last quarter of the year Model 8a shows the highest re-
sults with different correlation type, where Model 7 has
the nearest values to the measured data. Further, the
rest of the year Model 6, with the linear equation, has
represented the highest values, where Model 8a has more
appropriate results. Overall, the performance of the Mo-
del 7 is better than the other results.

Model 10 by Togrul et al. is investigated within the
third set. Although there have been fluctuations between
the sub-models, they all show results similar with the
measured data, except Model 10b, between August and
the end of the year. However, according to the statistical
results Model 10b has shown the smallest t-statistical
results.

On the other hand, Model 10c shows better short term
and long term performances according to the root mean
square and mean bias error, respectively. These results
are expected, because of the correlation type of the Mo-
del 10, in general.

The fourth set of models has negative results, like the
second set of models. Model 11 by Ertekin and Yildiz
has negative results, as it is proposed for the station from
the fourth region of solar radiation distribution range of
Turkey. Besides, the other models of fourth set have
values close to each other, and to the measured values.

In order to define the most applicable model, the sta-
tistical analysis methods show that Model 13a is the most
appropriate model among other models of the fourth set,
for Istanbul.

Model 14 by Ulgen and Hepbasli and Model 15 by Aras,
Balli and Hepbasli are examined within the fifth set of
models for Istanbul. Although the numerical results are
almost equal, Model 14a is more applicable, compared
to the sub-models of Model 15. Further, the statistical
results, with the exception of t-statistical analysis, con-
firm the numerical conclusions. While results state that
Model 14a has the best short term and long term perfor-
mance, Model 15¢ has the best performance in general.

At last, the sixth set of models shows that Models 16a
and 16b show almost equal results through the entire
year. Besides, until the end of May Model 18 has the
nearest values to the measured data. By the end of the
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year Model 17 has higher values compared to the rest.
As the results of statistical analysis show, Model 18 is
more applicable while Model 16a has lower t-statistical
result.

The comparison of all models according to statistical
analysis methods states that there have been three mo-
dels that are more applicable for Istanbul than others.
According to to the mean percentage and mean absolute

CALCULATION EVALUATION - THE FIRST SET (a)

Wl HHJ | '| HI l | it

CALCULATION EVALUATION - THE THIRD SET (C)

e

CALCULATION EVALUATION - THE FIFTH SET (e)

m
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Fig. 2.

4. Conclusions
The monthly average global solar radiation and the
monthly average maximum possible daily sunshine dura-
tion in Istanbul are analyzed in this work. Several mo-
dels have been found in the literature for the estimation
of the global solar radiation. Some of them were selected

i |W| N’ m' '“
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Evaluation of correlations for six sets of models with the experimental data for Istanbul.

Z. Er, Z. Rouabah, I.B. Turna

percentage error, Model 1 has the nearest result to the
ideal value. Further, the mean bias error and root mean
square error, which give information about the accuracy
and performance for long and short term period, respecti-
vely, show that Model 10c has the lowest values. Mean-
while, Model 16a shows better performance according to
the t-statistical result, which is 0.42. Figure 2 shows the
results, which were described above.

CALCULATION EVALUATION - THE SECOND SET

(b)
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(d)

” H h “ il
o C o [}

CALCULATION EVALUATION-THE SIXTH SET (f)

CALCULATION EVALUATION - THE FOURTH SET

I

and applied to predict monthly average daily global so-
lar radiation on a horizontal surface in Istanbul. The
agreement between the calculated and estimated values
is remarkable and these models are recommended for use
in any location in Turkey or for stations with a similar
climate.
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