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Estimation of Monthly, Seasonal and Annual Total Solar Radiation on the Tilted
Surface at Optimum Tilt Angles in Two Provinces, Turkiye

Tiirkiye’de Iki ilde Optimum Egim Agcilarinda Egimli Yiizeyde Aylik, Mevsimsel, Yillik
Toplam Giines Isiniminin Tahmini

Eray ONLER'*, Birol KAYiSOGLU?
Abstract

In solar energy systems that use solar panels, it's important to know the best tilt angle to optimize solar energy
production. Monthly, seasonal, and annual optimum tilt angles were determined in this study using meteorological
insolation data from many years in the provinces of Tekirdag and Konya, which are located in different regions of
Turkey. At optimum tilt angles, monthly, seasonal, and annual total radiation on the tilted surface were 1516.7
kWh m-2year?, 1504.1 kWh m2 year!and 1448.1 kwh m? yearin Tekirdag, respectively. In Konya, these values
were 1851.4 kWh m2 year?, 1833.51 kwWh m2 year-tand kWh m2 year, respectively. In the seasonal and annual
optimum tilt angles, there was an approximately 1% and 5% loss in the total radiation values on the tilted surface,
respectively, according to the monthly optimum tilt angle. In addition, the coefficients of the relationship between
the monthly mean daily radiation on the tilted surface and the tilt angles were determined for each month using
the cubic regression model in both provinces. The Cubic regression model coefficients are computed for each
month in the provinces of Tekirdag and Konya. All months in both provinces had R? (Coefficient of determination)
values of 0.999 for the Cubic model. To determine whether there is a difference between the total amounts of
radiation reaching the tilted surface for each month at the best tilt angles obtained by the two methods, the t-test
was used. The monthly average daily radiation values on the tilted surface obtained by the two methods at the best
tilt angles in both provinces have not been found to differ statistically (p>0.05; t=0.001).
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Oz

Giines panelleri kullanilan gilines enerjisi sistemlerinde, giines enerjisi liretimini optimize etmek i¢in panellerin
konumlandirilacagi yerde monte edilirken kullanilacak, en iyi eg§im acisini bilmek 6nemlidir. Bu calismada
Tiirkiye'nin cografi olarak farkli bolgelerinde yer alan Tekirdag ve Konya illerinde uzun yillara ait meteorolojik
giineslenme verileri kullanilarak aylik, mevsimsel ve yillik optimum giines paneli egim acilart belirlenmistir.
Tekirdag ili i¢in hesaplanan optimum egim agilarinda, egimli yiizeydeki aylik, mevsimsel ve yillik toplam giines
igtnimu strastyla 1516.7 m2 yilt, 1504.1 kWh m? yil'? ve 1448.1 m? yil! olmustur. Konya ili i¢in yapilan
hesaplamalarda ise bu degerler sirastyla 1851.4 m2 y1l™t, 1833.51 m2 y1l™t ve 1754.7 m™2 y1l'? olarak bulunmustur.
Mevsimsel ve yillik optimum egim agilarinda, egimli yiizeyde elde edilen toplam giines 151n1m1 degerlerinde aylik
optimum egim agisina gore sirasiyla yaklagik %1 ve %S5 oraninda kayip oldugu goriilmiistiir. Ayrica egimli
yiizeydeki aylik ortalama giinliik 151mim ile panel egim agilar arasindaki iliskinin katsayilar1 her ay igin kiibik
regresyon modeli kullanilarak belirlenmistir. Kiibik regresyon modeli katsayilar1 Tekirdag ve Konya illerinde her
ay icin ayr1 ayri hesaplanmustir. Kiibik regresyon modeli i¢in her iki ilde de tiim aylarm R? (Determinasyon
Katsayisi) degeri 0,999'dur. Yiiksek R? degeri segilen modelin bagimsiz degiskeni olan panel egim acilarindaki
varyansin, bagimli degisken olan egimli yiizeydeki aylik ortalama giinliik 151n1min sahip oldugu varyansin 99.9%'
unu aciklayabildigini gostermektedir. iki yontemle elde edilen en iyi egim acilarinda egimli yiizeye aylara gore
ulagan toplam giines 1gimmi miktarlar1 arasinda fark olup olmadigimi belirlemek igin t-testi kullanilarak
karsilagtirma yapilmistir. Her iki ilde en iyi egim acgilarinda iki yontemle elde edilen egimli yiizeydeki aylik
ortalama giinliik giines 1smnim1 degerleri istatistiksel olarak farklilik gostermemistir (p>0,05; t=0,001).

Anahtar Kelimeler: Giines Isinimi, Uzay Isinimi, Egik Yiizey, Optimum Egim Agisi, Kiibik Regresyon Modeli
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1. Introduction

Determining the optimum tilt angle of the solar panel in a region where a solar energy system will be installed
is an important parameter in terms of energy efficiency (Altan et al., 2021; Diken and Kayisoglu, 2022). The
technical staffs who install the system generally ignore the optimum tilt angle and determine it according to the
criteria, which are not based on scientific basis. The most efficient way to benefit from solar energy in solar panels
is to use solar tracking systems. In a study, it was stated that when solar tracking systems are used, there is a 43.87%
more daily total energy gain than fixed systems (Abdallah, 2004). Tomson (2008) stated that seasonal energy yield
increased 10-20% of collectors which are used the two-positional tracking system. However, solar tracking
systems are fairly costly and are more cost-effective when utilized in solar power plants where solar energy is
utilized extensively (Despotovic and Nedic, 2015). Thus, they are not advised for use in smaller solar panel
installations (Mousazadeh et al., 2009). Determining the annual, seasonal or monthly optimum tilt angles in
relatively small panel systems where solar tracking systems are not economical gains importance in terms of
increasing the amount of energy collected on the tilted surface of collector. For this purpose, a lot of research has
been done and numerous models have been used. Gong and Kulkarni (2005) stated in their research that the
optimum tilt angle is close to site's latitude degree in conditions where the azimuth angle is zero, but it is lower in
some cases. Using a mathematical model, the total solar radiation on the tilted PV (Photovoltaic) surface was
estimated, and the optimal tilt angles for a PV panel installed in Sanliurfa, Turkey were determined. Researchers
stated that the optimum tilt angle of PV panels for Sanliurfa is 14° (Kacira et al., 2004). In a study conducted in
China, optimum tilt angles were determined for 30 cities by using the actual monthly global and diffuse radiation
values on horizontal surface of 152 settlements (Tang and Wu, 2004). In a study investigating the performance of
PV systems placed at different angles in Brisbane, Australia, it was stated that the theoretical optimal tilt angle
was approximately 26° facing true North (Yan et al., 2013). Using annual optimal tilt angles as opposed to monthly
optimum tilt angles resulted in projected energy losses of 5.68 percent for Aligarh and 4.91 percent for New Delhi.
Based on the study, it was suggested that the inclined surface be tilted at the optimal monthly or seasonal tilt angle
for optimal solar energy generation (Jamil et al., 2016). Vieira et al. (2016) in their experimental study, they stated
that there is a low average energy gain in panels using solar tracking system compared to fixed panels.

There are numerous models for estimating the total radiation incident on the tilted surface with the help of
global radiation incident on the horizontal surface. In most of these models, direct, diffuse and reflected radiation
predictions are made (Muzathik et al., 2011). There are also many empirical models developed using available
meteorological data in order to calculate total radiation on the tilted surface (Psiloglou and Kambezidis, 2007).
Using the data obtained from the Turkish State Meteorological Service, Bakirci (2009) used 7 models to estimate
the monthly average daily amount of global radiation in many provinces, Turkey, and compared them.

In this study, it was aimed to determine the monthly, seasonal and annual optimum tilt angles by using monthly
average daily radiation data obtained from the Turkish State Meteorological Service in Tekirdag and Konya
provinces, Turkey. Tekirdag is in the Thrace region in the northwest of Turkey. Konya is in the Central Anatolian
region. Intensive industrial and agricultural activities are carried out in both provinces and there is a large amount
of energy consumption. In addition, the relationship between the angle of tilt and the monthly average daily total
radiation on the tilted surface was also investigated for each month.

2. Materials and Methods

Latitudes, longitudes and altitudes of provinces where this research was conducted are given in Table 1.
Tekirdag is on the west and coast of the Marmara Sea. Konya is quite far from the sea and is located in the Central
Anatolian region.

Table 1. Laritudes, longitudes and altitudes of provinces

City Latitude (°) Longitude (°) Altitude (m)
Tekirdag 40.98 27.52 37
Konya 37.87 32.48 1023
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The daily extraterrestrial radiation on horizontal surface on northern hemisphere has been calculated by the
equation given below (Eg. 1) (Duffie and Beckman, 1991; Tiirk Togrul and Onat, 1999);

H, = @* (cos dcos ¢ sin wg +%sin Jsin ¢) (Eq.1).

Where, H,is the Daily extraterrestrial radiation on horizontal surface (kwh m2 day™), G, is the solar
constant (1367 W m2), k is the eccentricity correction factor and calculated the equation (Eq. 2) given below;

360n
k= (1+0.033cos27) (Eq.2).
Where, n is the number of the day of the year starting from the first of January.

Sunset hour angle is calculated by the following equation (Eq. 3) (Cooper, 1969; Yorukoglu and Celik,
2006);

s = cos™1(—tan Stan ¢) (Eq.3).
Where; w;is the sunset hour angle (°), dis the declination angle (°) and ¢ is the latitude of site (°).

The declination angle is calculated with the following equation (Eg. 4) in the northern hemisphere according
to certain days of the year (Cooper, 1969; Ertekin and Yaldiz, 1999);

5= 23.45  sin (360 Z222) (Eq.4).

The calculated average declination and hour angles for days specified in Table 2 have been used to calculate
the monthly average daily radiation on the tilted surfaces (Mehleri et al., 2010; Bakirci, 2012).

Table 2. Recommended average declination and hour angles for each month in the northern hemisphere

Month Day n 6(° w; ()
January 17 17 -20.92 70.6
February 16 47 -13.00 78.4
March 16 75 -2.40 87.9
April 15 105 9.40 98.3
May 15 135 18.80 107.2
June 11 162 23.10 111.8
July 17 198 21.20 109.7
August 16 228 13.50 102.0
September 15 258 2.20 91.9
October 15 288 -9.60 81.5
November 14 318 -18.90 72.7
December 10 344 -23.00 68.3

Many models have been developed to determine the amount of diffuse radiation using the monthly daily global
solar radiation. In this study, the model developed by Erbs et al. (1982) was used. In this model, after calculating
the monthly daily average clearness index using monthly average values, cubic relations between diffuse radiation
and global radiation reaching the earth are developed. The average clearness index has been calculated for each
month as below (Eq. 5) (Duffie and Beckman, 1991);

K, = "o
Ky = o (Eq.5).

Where; H, is the montly daily average global radiation on horizontal surface (kWh/mZ2.day), H, is the monthly

daily average extraterrestrial radiation (kWh m-2 day).

The monthly daily average global radiation values on the horizontal surface obtained from the Turkish State
Meteorological Service for the period between 1991 and 2020 have been used in this research. The monthly
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average daily global radiation data on the horizontal surface of Tekirdag and Konya provinces are given in Figure
1. Maximum monthly average daily radiation values on the horizontal surface in Tekirdag and Konya provinces
are 5.97 kwWh m2 day! in June and 6.81 kwWh m2 day in July, respectively.
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Figure-1. The monthly average daily global radiation values on the horizontal surface

In the model used in this study, two different equations (Eq. 6-7) have been developed depending on limit
values of the sunset hour angle with clearness index.

At the boundary conditions @, <81.4° and 0.3<K;<0.8;

% =1.392 — 3.560K; + 4,189K,° — 2.137K;" (Eq.6).
g

At the boundary conditions o, > 81.4° and 0.3<K;<0.8;

? =1.311 — 3.022K, + 3.427K;” — 1.821K;” (Eq.7).
g

In Eq6 and Eq7, H, is the monthly daily average diffuse radiation on the horizontal surface (kwh m-2? day).
The average monthly daily beam radiation on horizontal surfaces has been computed as follows (Eqg. 8);

H, =H, — H, (Eq.8).
Where; Hy, is the monthly daily average beam radiation on the horizontal surface (kWh m-2 day™).

The total amount of radiation coming to the tilted surface has been calculated using following equation (Eq. 9)
(Liu and Jordan, 1960; Liu and Jordan, 1963);

Ae = H,Ry + Ay (B520) + Hyp, () (Eq.9).

Where; H is the monthly daily average total radiation on tilted surface (kWh m day™), R, is the geometric
angle factor, gis the collector tilt angle and Py is the surface reflection rate. Assuming that the tilted surface is on

the ground, the reflection ratio (pg) is taken as 0.14.

R, for surfaces sloped towards the southern in the northern hemisphere is calculated by following equation (Eq.
10) (Yakup and Malik, 2001);
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cos(¢p—p) cos Ssin w§+(F”O)w§ sin(¢p—p) sin &
€OS s €OS Jsin w5+(%)w5 sin ¢ sin &

R, = (Eq.10).

Where; w; is the monthly averaged daily mean sunset hour angle for the tilted surface and calculated as follows
(Eq. 11);

o}, = min{w,| cos (- tan(¢ — ) tan 9)} (Eqg.11).
In the above equation, whichever of the values to the left and right of the separator is smaller is taken as y.

For each month, the monthly average daily total radiation values coming to the tilted surface between 5 and 85
degrees with 5-degree intervals were calculated. With the help of the calculated monthly average daily radiation
values, the monthly, seasonal and annual total radiation values on the tilted surface were calculated for each tilt
angle. The tilt angles with the highest total radiation value on the tilted surface were accepted as the optimum tilt
angle.

In addition, the regression relations between the monthly average daily total radiation values on the tilted
surface (H,) and the angle of tilt (B) investigated. Among the models examined, the most appropriate one was the
cubic regression model. In this model, it has been observed that there is a very close relationship between the total
radiation on the tilted surface and the tilt angle (R>=~1).

The Cubic regression equation (Eg. 12) is given below;
He=a+b, S+ b2+ b33 (Eq.12).
The coefficients in the Cubic regression model were calculated with the SPSS ver.18 package program.

Optimum monthly slope angles obtained by the derivative of the cubic regression model (Eq.12) were
compared with the monthly optimum slope angles obtained from meteorological data (Eg. 13) (Jamil et al., 2016);

diﬂ(ﬁc) =0 (Eq.13).

3. Results and Discussion

The monthly daily average extraterrestrial radiation, beam and diffuse radiation values on horizontal surface
and clearness indexes of two cities have been given in Table 3. It was observed that the clearness index was higher
in Konya than Tekirdag in all months. While the clearness index was higher in the summer months in both
provinces, it was lower in the winter months.

Table 3. The monthly daily average extraterrestrial, beam, diffuse radiation values (kwh/m?.day) and
clearness indexes

Month _ _ Teklrtiag _ _ _ Konya_ _

H, Hy Hy Ky H, H, Hy Kr
January 406 0.689 0.811 0.37 4.59 1.060 0.920 0.43
February 554 1128 1.112 0.40 6.04 1.350 1.210 0.42
March 750 1606 1.614 0.43 7.89 2.557 1.673 0.54
April 955 2.402 2.058 0.47 9.77 3.125 2.075 0.53

May 11.01 3.254 2356 0.51 11.07 3.997 2.303 0.57
June 11.61 3.489 2481 0.51 11.59 4.398 2.382 0.59
July 11.29 3386 2414 0.51 11.31 4.519 2.291 0.60
August  10.11 3.180 2.150 0.53 10.27 3.948 2.102 0.59

September 8.23 2376 1.764 0.50 8.56 3.381 1.739 0.60

October 6.12 1501 1.319 0.46 6.58 2.361 1.369 0.57
November 4.41 0.807 0.883 0.38 4.93 1.385 0.975 0.48
December 3.67 0.479 0.721 0.33 4.20 0.928 0.842 0.42
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Monthly average geometric angle factors according to tilt angles in all months have been seen in Figure 1.
Geometric angle factors were higher in summer than winter months. While the geometric angle factors decreased
as the tilt angle increased in winter months, they increased up to 65-70 degrees tilt angle in summer months and
started to decrease after.

Tekirdag Konya
3,00 250
2,50
2,00 ——
S 2,0 -
1,50
1,50
1,00
1,00
0,50 0,50
0,00 0,00
5 10 15 20 25 30 35 40 45 S50 55 60 65 70 75 80 85 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
Tilt angels, B(°) Tilt angels, B(°)
=4—January ==February =—March == April =s==May =@=June ==t=July August September == October == November December

Figure 2. Monthly average geometric angle factors (R})

Depending on the optimum tilt angles, the total radiation values coming to the tilted surface for each month
are calculated and given in Table 4. Optimum tilt angles in all months were the same in both provinces. In Tekirdag
and Konya, the maximum monthly total radiation values on the tilted surface were 179.9 kWh m?2 month and
210.7 kWh m2 month™, respectively, in July. Monthly total radiation values on tilted surface were higher in Konya
province in all months.

Table 4. Monthly total radiation on tilted surface (kwh m month) and optimum tilt angles (9

Tekirdag Konya
Months
HC,m Bort HC,m ﬁort
January 75.8 60 1004 60
February 87.5 50 96.7 50
March 1158 35 1541 35
April 1399 20 1624 20
May 174.6 5 195.8 5
June 178.6 5 202.4 5
July 179.9 5 210.7 5
August 1695 15 1914 15
September 1396 30 1727 30
October 116.0 45 1558 45
November 79.6 55 114.8 55
December 60.0 60 94.3 60
Total (kwWh/m2.year) 1516.7 1851.4

Annual and seasonal total radiation on tilted surface at optimum tilts angles have been given Table 5. While
the annual optimum tilt angles were different in the two provinces, the seasonal optimum tilt angles were the same.
In Tekirdag province, the total radiation on tilted surface at annual and seasonal tilt angles decreased 4.5% and
0.8% according to monthly tilt angle, respectively. This decrease was 5.2% and 1.0%, respectively, in Konya
province (Figure 2).
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Table 5. Annual and seasonal total radiation on tilted surface (kWh m2) and optimum tilts angles (%)

Annual Seasonal
City Spring Summer Autumn Winter Total
H C.an ﬁ ort H C,sp B ort H C,sm B ort H C,au B ort H c,wn B ort H C,sea
Tekirdag 14484 25 4244 20 526.0 5 331.0 45 222.8 55 1504.1
Konya 17547 30 5031 20 603.0 5 436.9 45 290.5 55 1833.5

2000 +

1851,4 18335

1800 - 1754,7

1600 - 1516,7 1504,1
1448,4

1400 +
1200 -

1000 - H Monthly

H Seasonal
800 |

Annual
600 |

Total radiation on the tilted surface
(kwh/m?)

400 -

200 4

Tekirdag Konya
Provinces

Figure 3. Monthly, seasonal and annual total radiation values on the tilted surface at optimum tilt angles.

In Tekirdag and Konya province, the Cubic regression model coefficients calculated for each month are given
in Table 6. R? values of Cubic model were 0.999 in all months in both provinces. The distribution of the monthly
daily average total radiation values on tilted surface according to the months depending on the tilt angles have
been calculated by the Cubic regression model and given in the Figure 3.

Table 6. Coefficients of the Cubic regression model in Tekirdag and Konya

Month Tekirdag Konya
a constant bs b2(x10%) b3 (x107) aconstant b: b2 (x104) b3 (x107)

January 1491 0.0306 -2.19 -4.11 1.968 0.0414 -3.04 -5.34
February 2.229 0.0345 -3.23 -2.07 2.547 0.0371 -3.73 -1.32
March 3.207 0.0300 -4.41 3.73 4.212 0.0428 -6.24 5.08
April 4.444 0.0225 -5.90 17.60 5.180 0.0256 -7.20 15.20
May 5.588 0.0114 -7.01 20.30 6.274 0.0107 -8.22 25.60
June 5.944 0.0039 -7.11 23.90 6.749 0.0017 -8.52 31.00
July 5.776 0.0073 -7.07 22.30 6.779 0.0063 -8.83 30.10
August 5.309 0.0212 -7.11 16.70 6.026 0.0223 -8.39 21.00
September 4,122 0.0348 -5.92 7.10 5.099 0.0441 -7.70 9.48
October 2.807 0.0393 -4.09 -1.05 3.711 0.0555 -5.81 -1.17
November 1.681 0.0324 -2.46 -3.97 2.345 0.0493 -3.75 -5.89
December 1.193 0.0236 -1.67 -3.29 1.759 0.0399 -2.74 -5.76
Mean 3.649 0.0243 -4.86 7.65 4.387 0.0314 -6.19 9.87

Optimum tilt angles calculated for each month with the meteorological solar radiation data and the cubic
regression model are given in Table 7. The t-test was applied to investigate whether there is a difference between
the total amounts of radiations coming to the tilted surface for each month at the optimum tilt angles obtained by
the two methods. It has been observed that there is no statistically significant difference between the monthly
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average daily radiation values on the tilted surface obtained by the two methods at optimum tilt angles in both

provinces (p>0.05; t=0.001).

Figure 4. The monthly average daily total radiation values on tilted surface according to the months
depending on the tilt angles

Table 7. Optimum tilt angles calculated with solar radiation data (8

4, Conclusions

optmd) and the cubic regression model

Boptem):
Tekirdag Konya
Months
ort,md B ort,cm B ort,md B ort,cm

January 60 59.8 60 58.9
February 50 50.9 50 48.5
March 35 35.6 35 35.9
April 20 21.1 20 18.9
May 8.4 5 6.7
June 5 2.8 5 1.0
July 5 5.3 5 3.6
August 15 15.8 15 14.0
September 30 31.1 30 30.3
October 45 47.2 45 47.1
November 55 57.8 55 57.8
December 60 60.0 60 61.1
Annual 25 26.7 30 27.1

In this study, monthly, seasonal and annual optimum tilt angles and total radiation values on the tilted surface
were determined by using meteorological data in the provinces of Tekirdag and Konya. In both provinces, it was
observed that there was no significant difference in the total radiation values coming to the tilted surface in monthly
and seasonal optimum tilt angles (~1%). At the annual optimum tilt angle, a decrease of approximately 5% was
observed in the total amount of radiation coming to the tilted surface compared to the monthly optimum tilt angle.
If solar energy systems with too many panels are taken into account, since the cost of adjusting the panels to the
optimum tilt angle every month will be quite high, it will be more economical to adjust the tilt angles seasonal if
possible. However, it is obvious that the cost of radiation losses on the tilted surface at the annual optimum tilt
angles will be less than the monthly cost of adjusting to the optimum tilt angles. For this reason, it can be
recommended to adjust the panel tilt angles to the annual optimum tilt angle in both provinces.
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Depending on the tilt angles of the existing panel systems, the monthly average daily total radiation coming to
the tilted surface can be estimated with the cubic model coefficients which are calculated in this study in both
provinces. It is also possible to use these coefficients in software to be developed to estimate the total radiation

amounts in panel systems in these provinces.
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