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THE EFFECT OF INCLINATION ANGLE IN FIXED PHOTOVOLTAIC
SYSTEM APPLICATIONS

SUMMARY

Solar energy is a clean and renewable source of energy that can help reduce our
dependency on fossil fuels and solve a part of the climate change problem. As solar
technology advances and becomes more affordable, it is critical to ensure that solar
panel systems, such as our rooftop PV panels, operate as efficiently as possible. This
study focuses on optimizing and maximizing the efficiency of the solar energy systems
which built on the roof of the Electric and Electronics Engineering at Sakarya
University, Turkey. Regarding the region's expanding solar potential, there is limited
measured and observed data on solar irradiance and PV panels output under the impact
of soiling.

The first method used to understand the effect of inclination on solar panel
performance is to estimate and calculate the optimal tilt angle. This optimal angle is
critical because it directly affects the quantity of solar radiation a panel can collect
throughout the year. The optimum tilt angle is the angle at which a solar panel should
be tilted in order to receive the most total solar energy on its surface. Achieving this
optimal orientation is critical for increasing energy efficiency and maximizing the
utilization of solar resources.

To determine the optimum tilt angle, it is necessary to conduct a detailed analysis of
the total solar radiation incident on the panel. This involves evaluating the
mathematical model of total solar radiation, which consists of three major components
which are direct or beam radiation, diffuse radiation, and ground-reflected radiation.
Among these, diffuse solar radiation is particularly important, especially in areas or
seasons with higher cloud cover or air scatter. Unlike direct radiation, which travels in
a straight line from the Sun, diffuse radiation is scattered by molecules and particles
in the atmosphere and strikes the panel from many angles.

The best method to estimate the total solar radiation is to use specialized tools and
sensors to take direct measurements. For every aspect of solar radiation, including
diffuse radiation, these measurements offer reliable and accurate information.
Unfortunately, the measurement tools are not available. Therefore, a different
approach that is based on existing equations and models that through the study develop
new diffuse solar radiation equations depending on pervious researches has been used.
These models offer a close approximation to actual conditions because they are based
on observed or computed data. The study takes a comprehensive strategy by choosing
34 models from previous studies in order to improve reliability and accuracy.

The variety of equations that estimate diffuse solar radiation under different
circumstances. Give us a variety of results by computing diffused solar radiation using
each model, capturing variances across various approaches and assumptions. The
study calculates the average of these 34 models to further improve the estimation. Our
presumed “measured value” for diffuse solar radiation in Sakarya city be this averaged
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value, which presumed as measured value. To organize this, 34 equations have been
divided into five distinct groups based on their characteristics, data requirements or
mathematical structure. These groups help categorize the models, facilitating analysis,
and enabling us to compare the performance and accuracy of different approaches. The
five groups are diffuse fraction (Hgq/H) calculated by clearness index (H/ Hy), diffuse
fraction (Hy/H) calculated by sunshine fraction (S/S,), diffuse fraction (Hgy/
H)calculated by sunshine fraction (S/Sy) and clearness index (H/ Hg),diffuse
coefficient (Hq/Hg) calculated by clearness index (H/H,) and diffuse coefficient
(Hq/Hp) calculated by sunshine fraction (S/Sy).Hy and S, are extraterrestrial solar
radiation and is maximum sunshine hours respectively. Extraterrestrial solar radiation
and maximum sunshine hours are the main components in our diffuse solar radiation
calculation.

We have calculated monthly average daily extraterrestrial solar radiation (Hgy) the
availability of extraterrestrial solar radiation energy varies by month. January's give a
value of 4.11 kWh/m?/day shows low solar irradiation at the start of the year. Ho levels
steadily rise over time, peaking at 7.52 kWh/m*day in March and 5.51 kWh/m?/day
in February, respectively. By April, the number increases to 9.56 kWh/m?*day,
showing great solar energy potential. Solar irradiance peaks in June at 11.60
kWh/m?/day, then decreases slightly in July to 11.28 kWh/m?/day during the winter.
The values continued decreasing in the second half of the year, dropping to
8.20kWh/m?/day in September and gradually decreasing to 3.68 kWh/m?%*day in
December. This pattern emphasizes the seasonal nature of solar energy availability,
with the highest values occurring during the summer months and the lowest during
winter.

The monthly average maximum sunshine hours (S,) have calculated in this study. The
results numbers show the theoretical maximum amount of daylight accessible at a
specific place on a clear day. The maximum value is in June with 14.88 hours, while
the lowest is in December with 9.12 hours. This variation reflects the changing length
of the day caused by the Earth's axial tilt and orbit around the Sun. The data is critical
for understanding seasonal variations in Sun availability. Maximum sunshine hours
are affected by geographical location, particularly latitude.

After obtaining the values of extraterrestrial solar radiation and maximum sunshine
hours, the next step was calculated the diffuse solar radiation using 34 models. The
average value of 34 models has been used as our estimated measured value and by
using MATLAB the regression methods have been applied to create our new diffuse
solar radiation model for Sakarya.

In the monthly average daily of new model diffuse solar radiation, seasonal variation
can be observed, with the lowest value in December (0.79 kWh/m?day) and the
highest in June (2.39 kWh/m?/day). Diffuse radiation gradually increases from winter
to early summer, peaking during the sunniest months when atmospheric scattering is
greatest.

By using the values of the new model diffuse solar radiation, the values have been
used to calculate total solar radiation in inclined surface. In January, the average daily
total solar radiation is 2.15 kWh/m?*/day, and the optimum tilt angle is 57.16 degrees.
During February, the solar radiation increases to 3.20 kWh/m?*/ day with an optimum
tilt angle of 51.04 degrees. In March, the value increases more to 3.86 kWh/m?*/day at
a tilt angle of 36.94 degrees. By April, the average daily solar radiation reaches 4.63
kWh/m?/day with an optimum tilt angle of 20.83 degrees. The highest solar radiation
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occurs in June at 6.01 kWh/m?*/ day with a minimal tilt angle of only 0.10 degrees. After
June, the values begin to decrease gradually; for instance, in July it is 5.85 kWh/m?*/day
at 3.19 degrees, and August records 5.44 kWh/m?/day at 16.65 degrees. In September,
it is 4.81 kWh/m?/day with an optimum tilt angle of 33.47 degrees. October sees it
decrease to 3.91 kWh/m?/day at 48.65 degrees, and November drops further to 2.61
kWh/m?/day at 57.20 degrees. Finally, December has the lowest solar radiation at 2.10
kWh/m?/day with the steepest tilt angle of 60.42 degrees.

The yearly average optimum tilt angle is 32.64 degrees. Using PV*SOL, PV imulation
software, it shows that the optimal tilt angle for a panel facing south throughout the
year is 32 degrees. The optimum tilt angle for east and west-facing panels is from 8 to
9 degrees. This result is very similar to our determined optimum tilt angle of 32.64
degrees, showing a significant agreement between simulation results and our analytical
approach. According to the PV*SOL software the PV system exports energy to the
grid with a value of 5660 kWh/Year. The comparison between PV*SOL simulation
results and real site measurements shows a similar pattern throughout the year. The
smallest errors appear in May and June with about 0.34% difference, showing very
close agreement. The largest differences occur in February with a 52.13% error and in
December with a 29.94% error. The highest energy production happens in summer
months like June, July, and August, which is expected due to stronger sunlight.
Overall, PV*SOL provides reliable results with a total error of just 0.68%. A
comparison between south, east, west, and horizontal panels based on real site data
shows that east and west-facing panels can produce similar energy to horizontal panels.
In some months, east and west-facing panels can even produce more than horizontal
panels. This means east or west-facing panels with a small tilt like 8° to 9° as PV*SOL
suggested or even the east and west site facing panels in the site can be a better choice
than flat ones, as they need less cleaning efforts and cost less to maintain.PV*SOL
shows that the panels facing south produced the best results between different
orientations and horizontal panels. South oriented panels received the most Sun
radiation with 1645.69 kWh/m?, had the best performance ratio 82.56%, and produced
the most electricity in a year 1632.53 kWh yearly. Zero degrees tilt angle generates
1421.22 kWh of energy each year, with a specific output of 1184.35 kWh/kWp. East-
facing panels produced a little less energy than flat panels, with 1371.92 kWh/year,
1143.27 kWh/kWp, and an 81.90% performance ratio. The west-facing panels
produced the lowest results. They produced only 1234.60 kWh per year and the lowest
performance ratio of 79.89%. These findings indicate that orienting panels to the south
is the greatest option for capturing the most energy from the Sun.

An experiment in Istanbul indicated that uncleaned panels lost approximately 0.4% of
their power after 3 days, but up to 3.0% after 24 days without rain, in our PV roof
system, the tilt angle of the panels has a considerable impact on decreasing soiling.
Horizontal panels tend to collect more dust and have a slower snow-melting rate,
increasing the amount of effort to clean. The panels set at an appropriate tilt angle
require less care, especially as Sakarya sees heavy rains from November to May, which
naturally helps keep the panels cleaner. However, during the summer, all panels
require a regular cleaning routine to reduce the impacts of soiling.
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SABIT FOTOVOLTAIK SISTEM UYGULAMALARINDA EGIM ACISININ
ETKISI

OZET

Giines enerjisi, fosil yakitlara olan bagimliligimizi azaltmamiza ve iklim degisikligi
sorununun bir kismini ¢dzmemize yardimei1 olabilecek temiz ve yenilenebilir bir enerji
kaynagidir. Giines teknolojisi ilerledik¢e ve daha uygun fiyatl hale geldikge, cat1 PV
panelleri gibi giines paneli sistemlerinin miimkiin oldugunca verimli ¢alismasini
saglamak kritik énem tasimaktadir. Bu ¢alisma, Tiirkiye'deki Sakarya Universitesi
Elektrik ve Elektronik Miihendisligi catisina insa edilen giines enerjisi sistemi gibi
sistemlerin  verimliligini optimize etmeye ve en 1lst diizeye ¢ikarmaya
odaklanmaktadir. B6lgenin genisleyen giines potansiyeli ile ilgili olarak, kirlenmenin
etkisi altinda giines 1sinim1 ve PV panellerinin ¢iktis1 hakkinda smirh dlgiilmiis ve
gbzlemlenmis veri bulunmaktadir.

Giines paneli performansinda egimin etkisini anlamak i¢in kullanabilecek ilk yontem,
optimum egim agisin1 tahmin etmek ve hesaplamaktir. Bu optimum ac1 kritiktir ¢linkii
bir panelin y1l boyunca toplayabilecegi giines radyasyonu miktarin1 dogrudan etkiler.
Optimum egim agis1, bir giines panelinin ylizeyinde en fazla toplam giines enerjisini
alabilmesi i¢in egilmesi gereken acidir. Bu optimum yonelime ulasmak, enerji
verimliligini artirmak ve giines kaynaklarinin kullanimini en iist diizeye ¢ikarmak i¢in
kritik neme sahiptir.

Optimum egim acisin1 belirlemek icin, panele gelen toplam giines radyasyonunun
ayrintili bir analizini yapmak gerekir. Bu, dogrudan veya 1s1n radyasyonu, daginik
radyasyon ve yerden yansiyan radyasyon olmak iizere {i¢ ana bilesenden olusan toplam
glines radyasyonunun matematiksel modelinin degerlendirilmesini icerir. Bunlar
arasinda, dagimik giines radyasyonu, Ozellikle daha fazla bulut Ortiisii veya hava
sacilmasi olan bolgelerde veya mevsimlerde 6zellikle dnemlidir. Giinesten diiz bir
cizgide ilerleyen dogrudan radyasyonun aksine, dagiik radyasyon atmosferdeki
molekiiller ve pargaciklar tarafindan sagilir ve panele bir¢ok acidan ¢arpar.

Toplam giines radyasyonunu tahmin etmenin en iyi yontemi, dogrudan 6l¢iimler almak
i¢in Ozel araglar ve sensorler kullanmaktir. Daginik radyasyon dahil olmak iizere giines
radyasyonunun her yonii i¢in bu dl¢limler giivenilir ve dogru bilgiler sunar. Bu tez
caligmasi kapsaminda 6l¢lim araglarina erisim sans1 olmadigi i¢in dnceki arastirmalara
dayanarak yeni dagmik giines radyasyonu denklemleri olusturulacak, mevcut
denklemlere ve modellere dayanan farkli bir yaklasim kullanilacaktir. Bu modeller,
gozlemlenen veya hesaplanan verilere dayandiklari i¢in gergek kosullara yakin bir
yaklasim sunar. Giivenilirligi ve dogrulugu artirmak icin onceki caligmalardan 34
model secerek kapsamli bir strateji izlenmistir.

Farkl1 kosullar altinda daginik giines radyasyonunu tahmin eden ¢esitli denklemler.
Her modeli kullanarak daginik giines radyasyonunu hesaplayarak, ¢esitli yaklasimlar
ve varsayimlar arasindaki farkliliklari yakalayarak ¢esitli sonuglar ortaya koymaktadir.
Tahmini daha da iyilestirmek i¢in bu 34 sonucun ortalamasi hesaplanmistir. Sakarya
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sehrindeki daginik giines radyasyonu i¢in varsayilan "6lgiilen deger" ortalama deger
olacaktir. Bunu diizenlemek icin, 34 denklem 6zelliklerine, veri gereksinimlerine veya
matematiksel yapilarina gore bes ayri gruba ayrilmistir. Bu gruplar modelleri
kategorize etmeye, analizi kolaylagtirmaya ve farkli yaklasimlarin performansini ve
dogrulugunu karsilagtirmaya yardimei olur. Bes grup, berraklik indeksi (H/ HO) ile
hesaplanan daginik kesir (Hd/H), giineslenme kesri (S/S0), ile hesaplanan daginik
kesir (Hd/H), glineslenme kesri (S/S0) ve berraklik indeksi (H/ HO), ile hesaplanan
daginik kesir (Hd/H), berraklik indeksi (H/ HO) ile hesaplanan daginik katsay1 (Hd/HO)
ve giineslenme kesri (S/S0) ile hesaplanan daginik katsayi (Hd/HO) 'dir. HO ve SO
sirastyla diinya dis1 glines radyasyonu ve maksimum giineslenme saatidir. Diinya dis1
giines radyasyonu ve maksimum gilineslenme saati, dagmik giines radyasyonu
hesaplamadaki ana bilesenlerdir.

Aylik ortalama giinliik diinya dis1 giines radyasyonu HO hesaplanmistir, diinya dis1
giines radyasyonu enerjisinin mevcudiyeti aydan aya degismektedir. Ocak ay1 4.11
kWh/m?/giin degerini verir, yilin baginda diisiik giines 1sinim1 oldugunu gosterir. Ho
seviyeleri zamanla istikrarli bir sekilde yiikselerek sirasiyla Mart ayinda 7.52
kWh/m?/giin ve Subat aymda 5.51 kWh/m?/giin ile zirveye ulasir. Nisan ayina
gelindiginde, say1 9.56 kWh/m?/giin'e ¢ikarak biiyiik bir giines enerjisi potansiyeli
gosterir. Giines 151n1m1 Haziran aymda 11.60 kWh/m?/giin ile zirveye ulasir, ardindan
Temmuz ayinda hafif¢e diiserek kisin 11.28 kWh/m?/giin'e iner. Degerler yilin ikinci
yarisinda azalmaya devam ederek Eyliil ayinda 8.20 kWh/m?*/giin'e ve Aralik ayinda
kademeli olarak 3.68 kWh/m?/giin'e diiser. Bu model, giines enerjisi mevcudiyetinin
mevsimsel yapisini vurgular; en yliksek degerler yaz aylarinda, en diisiik degerler ise
kis aylarinda gortiliir.

Aylik ortalama maksimum giines 15181 saatleri SO hesaplanmistir. Sonuglar, agik bir
glinde belirli bir yerde erisilebilen teorik maksimum giin 15181 miktarin1 gosterir.
Maksimum deger 14.88 saatle Haziran ayindayken, en diisiik deger 9.12 saatle Aralik
ayindadir. Bu degisim, Diinya'nin eksen egikligi ve Glines etrafindaki yoriingesinden
kaynaklanan degisen giin uzunlugunu yansitir. Veriler, glines bulunabilirligindeki
mevsimsel degisimleri anlamak i¢in kritik 6neme sahiptir. Maksimum giines 1s181
saatleri cografi konumdan, 6zellikle enlemden etkilenir.

Diinya dis1 glines radyasyonu ve giineslenme siiresi degerlerini elde ettikten sonra, 34
model kullanarak daginik gilines radyasyonu hesaplanmistir. 34 modelin ortalama
degeri tahmini Olgiilen deger olarak kullanilmis ve MATLAB kullanarak Sakarya i¢in
yeni daginik giines radyasyonu modelini olusturmak igin regresyon yontemleri
uygulanmistir. Model dagimik gilines radyasyonunun aylik ortalama gilinliik
degisimlerini vermektedir, en diisilk deger Aralik ayinda (0.79 kWh/m?/giin) ve en
yiiksek deger Haziran ayinda (2.39 kWh/m?/giin) olmak {izere mevsimsel degisim
gozlemlenebilir. Daginik radyasyon, kistan yaz basia dogru kademeli olarak artar ve
atmosferik sagilmanin en fazla oldugu en giinesli aylarda zirveye ulasir.

Yeni model dagiik giines 1simniminin degerleri dikkate alinarak, bu degerler egimli
yilizeydeki toplam giines 1simmimin1 hesaplamak i¢in kullanilmistir. Ocak ayinda,
ortalama giinliik toplam giines 1s1nim1 2.15 kWh/m?/giindiir ve optimum egim agisi
57.16 derecedir. Subat ayinda, giines 1s1nim1 51.04 derecelik optimum egim agistyla
3.20 kWh/m?/giline yiikselir. Mart ayinda, deger 36.94 derecelik egim agisiyla 3.86
kWh/m?/giine daha da artar. Nisan ayinda, ortalama giinliik glines 151nim1 20.83
derecelik optimum egim acgisiyla 4.63 kWh/m?/giine ulasir. En yiiksek giines 1s1nimu,
sadece 0.10 derecelik minimum egim agisiyla Haziran ayinda 6.01 kWh/m?/giin olarak
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gerceklesir. Haziran ayidan sonra degerler kademeli olarak azalmaya baglar; 6rnegin,
Temmuz ayinda 3.19 derecede 5.85 kWh/m?*/giin, Agustos ayinda ise 16.65 derecede
5.44 kWh/m?/giin kaydedilir. Eyliil ayinda 33.47 derecelik optimum egim acisiyla 4.81
kWh/m?/giindiir. Ekim ayinda 48.65 derecede 3.91 kWh/m?/giine diiser ve Kasim
aymnda 57.20 derecede 2.61 kWh/m?%giine diiser. Son olarak, Aralik ayinda 60.42
derecelik en dik egim agisiyla 2.10 kWh/m?/giin ile en diisiik giines radyasyonu vardir.
Yillik ortalama optimum egim acis1 32.64 derecedir.

Yillik ortalama optimum egim acgist 32,64° olarak belirlenmistir. PV simiilasyon
yazilimi olan PVSOL kullanilarak yapilan analizlerde, y1l boyunca giineye bakan
paneller i¢in optimum egim agisinin 32° oldugu, dogu ve bat1 yonelimli paneller i¢in
ise optimum egim acisinin 8° ile 9° arasinda degistigi goriilmiistiir. Bu sonug,
tarafimizca analitik olarak belirlenen 32,64°’lik optimum egim agistyla oldukca
uyumlu olup, simiilasyon sonug¢lari ile hesaplamalarimiz arasinda anlamli bir ortiisme
oldugunu gostermektedir. PVSOL yazilimina gore, PV sistemi yillik bazda sebekeye
5660 kWh enerji vermektedir. PVSOL simiilasyon sonuglar1 ile saha ol¢iimleri
karsilastirildiginda, yil boyunca benzer bir egilim izlendigi goriilmektedir. En diisiik
hata oranlar1 Mayis ve Haziran aylarinda yaklasik %0,34 fark ile elde edilmis olup,
oldukg¢a yakin sonuglar sunmaktadir. En yiiksek hata oranlar1 ise Subat ayinda %52,13
ve Aralik ayinda 9%29,94 olarak go6zlemlenmistir. En yiiksek enerji liretimi ise
beklendigi ilizere Haziran, Temmuz ve Agustos gibi yaz aylarinda ger¢eklesmistir.
Genel olarak PVSOL yazilimi, %0,68 gibi oldukca diisiik bir toplam hata oraniyla
giivenilir sonuglar saglamaktadir. Gergek saha verilerine dayali olarak yapilan giiney,
dogu, bat1 ve yatay panel karsilastirmasinda, dogu ve bat1 yonelimli panellerin yatay
panellere benzer miktarda enerji iiretebildigi, baz1 aylarda ise yatay panellerden daha
yiiksek iiretim degerlerine ulasabildigi tespit edilmistir. Bu durum, PV*SOL
yaziliminin 6nerdigi gibi 8° ile 9° arasinda kiigiik bir egime sahip dogu veya bati
yonelimli panellerin ya da mevcut sitedeki dogu ve bat1 yonelimli panellerin, diiz
yerlestirilen panellere kiyasla daha avantajli bir secenek olabilecegini gostermektedir.
Ayrica bu panellerin daha az temizlik gerektirmesi ve bakim maliyetlerinin daha diisiik
olmas1 da uzun vadede ek bir avantaj saglamaktadir.

PVSOL, giineye bakan panellerin farkli yonelimler ve yatay paneller arasinda en iyi
sonuglart tirettigini gostermektedir. Giliney yonelimli paneller 1645.69 kWh/m? ile en
fazla giines 1s1n1imin1 almis, %82.56 ile en iyi performans oranina sahip olmus ve yilda
en fazla elektrigi 1632.53 kWh iiretmistir. Sifir derece egim acis1 her y1l 1421.22 kWh
enerji Uretirken, 0zgiil ¢iktis1 1184,35 kWh/kWp'dir. Doguya bakan paneller diiz
panellerden biraz daha az enerji iiretmistir; sirastyla 1371.92 kWh/yil, 1143.27
kWh/kWp ve %81.90 performans oranina sahiptir. Batiya bakan paneller en diigiik
sonuclar tiretmistir. Yilda sadece 1234.60 kWh ve 9%79.89'luk en diisiik performans
oranini iiretmislerdir. Bu bulgular, panellerin giineye yonlendirilmesinin giinesten en
fazla enerjiyi yakalamak i¢in en iyi segenek oldugunu gostermektedir.

Istanbul'da yapilan bir deney, temizlenmemis panellerin 3 giin sonra gii¢lerinin
yaklasik %0.4'linli kaybettigini, ancak yagmursuz gegen 24 giiniin ardindan %3.0'a
kadar gii¢ kaybettigini gostermektedir. PV ¢at1 sisteminde, panellerin egim agisi
kirlenmeyi azaltmada 6nemli bir etkiye sahiptir. Yatay paneller daha fazla toz toplama
egilimindedir ve daha yavasg bir kar erime hizina sahiptir, bu da temizleme

gerksinimini artirir. Uygun bir ef§im agisina ayarlanan paneller daha az bakim
gerektirir, Ozellikle Sakarya'da Kasim'dan Mayis'a kadar yogun yagislar
goriildiigiinden, bu da panellerin dogal olarak daha temiz kalmasina yardimci olur.
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Ancak yaz aylarinda, kirlenmenin etkilerini azaltmak i¢in tiim paneller i¢in diizenli bir
temizlik rutini gereklidir.
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1. INTRODUCTION

Solar energy is the most abundant and limitless renewable energy source on Earth. It
is derived from the Sun's radiation, which can be transformed into useful energy forms
like electricity and heat. The Sun emits massive amounts of energy, roughly 173000
terawatts of solar energy, which strikes the Earth on a continuous basis, which is more

than 10000 times the world's entire energy consumption [1].

Photovoltaic (PV) systems turn sunlight directly into electricity, while solar thermal
systems heat water or air for home, commercial, or industrial applications. Over the
last few decades, advances in solar technology, combined with falling costs, have
made solar power one of the world's fastest-growing energy sources. According to the
International Renewable Energy Agency (IRENA), global solar photovoltaic capacity
has grown from 40 gigawatts in 2010 to more than 1000 gigawatts by 2023, indicating
the technology's rapid adoption [2].

1.1. History of Solar Energy

Solar energy was first discovered and used scientifically in the 19th century. After
noticing that light may cause a little electric current to flow through a substance,
French physicist Alexandre-Edmond Becquerel discovered the photovoltaic
phenomenon in 1839. For the first time, this important finding demonstrated that
sunlight could generate electricity in specific materials. The earliest prototype solar

cells were constructed by inventors using selenium in the 1870s and 1880s [3].

William Adams, for instance, developed a selenium cell in 1877 with an efficiency of
about 0.5%. Charles Fritts enhanced this in 1883 by covering selenium with a thin
layer of gold. Then. In the meantime, the fundamental idea behind all photovoltaic
systems was the theoretical explanation of how photons might free electrons from
materials, which was given by Albert Einstein's theory of the photoelectric effect in
1905. Long before there were useful solar panels, these early inventions established

the fundamentals of turning sunshine into power [3].



In the middle of the 20th century, significant discoveries were made. The basic
structure that makes effective solar cells possible was discovered in 1939 by Russell
Ohl at Bell Laboratories: the silicon p-n junction. Based on this, scientists Calvin
Fuller, Gerald Pearson, and Daryl Chapin of Bell Laboratories constructed the first
contemporary silicon solar cell in 1954, with an efficiency of roughly 6%. This was a
turning point because it proved that solar cells could produce useful power of
electricity. The earliest practical PV use was a telephone repeater in Georgia that was
powered by a solar cell installed by Bell Labs around 1955. The new technology
gained rapid adoption in the space field. The Soviet Sputnik three satellite quickly
followed with a photovoltaic system, and the Vanguard one satellite, which had six
silicon cells on board, became the first spacecraft to use solar power in 1958. Thus, a

significant driving force behind the advancement of solar cells was the space race.

The application of solar energy technology progressively expanded in the decades that
followed. The 1970s oil problems sparked an acceleration of interest in renewable
energy. In an effort to reduce expenses, engineers started utilizing new substances and
techniques as research grew. For instance, the manufacturing process changed from
producing exclusively single-crystal silicon to producing cheaper polycrystalline
silicon and even thin layers of amorphous silicon. The commercialization of solar cells
for broader uses was spearheaded by businesses such as (SOALREX), which was
established in 1973. Solar panels got cheaper and more efficient over time. Classifying
solar cells into "generations" according to the materials and fabrication techniques
employed became helpful as the technology advanced. The significant advancements
in solar cell design and material architecture over time are reflected in this generational

framework.

1.2. How Solar Energy Works

Solar energy can be transformed into electricity or heat energy using various methods.
There are two fundamental approaches: photovoltaics (PV) and concentrated solar-
thermal systems (CSP) [4]. Photovoltaic systems use semiconductor devices (solar
cells) that convert sunlight into electricity through the photoelectric effect. When
photons strike a solar cell, they excite electrons in the semiconductor and form
electron-hole pairs [5]. The built-in electric field of the cell's p-n junction subsequently

separates these charge carriers (electrons on one side and holes on the other),



producing an electric current and voltage. In concentrating solar power (CSP) systems,
enormous arrays of mirrors or lenses direct sunlight to a receiver [5,6]. This intense
light is transformed into heat, usually by heating a fluid. The thermal energy powers a
heat engine, often a steam turbine, to generate electricity. PV systems convert sunshine
into energy through semiconductors, while CSP uses solar heat to fuel a traditional
thermal power cycle [6,7]. (Passive solar designs, such as those designed for sunshine
and heat retention, use sunlight for lighting or warmth but do not actively generate

power).

1.3. Generations of Photovoltaic Solar Cells

Solar photovoltaic (PV) technologies are commonly classified into three generations.
First, second, and third generation. Every generation has its own advantages,

disadvantages, and uses.

1.3.1. First generation of photovoltaic solar cells (crystalline silicon solar cells)

First-generation solar cells are the traditional crystalline silicon devices. These cells
are made from silicon wafers and use a silicon homojunction (p-type silicon connected
to n-type silicon). Because the silicon semiconductor industry was already well-
established (through the microchip sector), first-generation cells made using these
wafer processes dominated early solar power [3]. By 2020, crystalline silicon modules
accounted for approximately 95% of global solar PV production [8]. First-generation
silicon cells contain thick absorbers (100-200 um) and reach conversion efficiencies
of over 20% (with world-record laboratory devices about 26%) [9]. Monocrystalline
silicon cells, manufactured from a single crystal, are generally the most efficient,
whereas polycrystalline silicon (cast from several crystal grains) is less expensive but
slightly less efficient [9]. These wafer-based cells are still widely used due to their

maturity, stability, and large production base.
1.3.1.1. Advantages of first-generation photovoltaic solar cells
Stable performance: Reliable even under changing environmental conditions.

High efficiency: Especially monocrystalline, with lab efficiencies exceeding 25%.

Long lifespan: Often lasts more than 25 years, with slow breakdown.



1.3.1.2. Disadvantages of first-generation photovoltaic solar cells
Tough structure: Panels are often heavy and inflexible.

High manufacturing costs: Include energy-intensive silicon purification and wafer

manufacture.
Material waste: Includes significant silicon loss during slicing.
1.3.2. Second generation of photovoltaic solar cells (thin-film solar cells)

Second-generation cells use less semiconductor material, reducing costs significantly.
These are thin-film solar cells. Thin-film cells have a light-absorbing semiconductor
layer that is only a few micrometers thick, as opposed to hundreds of micrometers.
Thin films allow for a variety of manufacturing methods (such as sputtering or
chemical deposition on glass, metal, or plastic substrates), as well as the production of
flexible or lightweight modules. The goal was to maintain appropriate efficiency while
reducing fabrication costs. Although thin film cells were initially less efficient than
silicon wafers, they steadily improved and enabled faster, cheaper production.
Common second-generation materials include cadmium telluride (CdTe) and copper
indium gallium selenide (CIGS). These semiconductors can be deposited as very thin
layers. A typical CIGS cell includes a metal backing (usually molybdenum on glass),
a CIGS absorber layer, a thin CdS buffer layer, and a transparent conductive oxide
front contact [9]. CdTe cells have a similar multilayer structure, with a glass substrate,
transparent conductive oxide, a CdS window layer, and a CdTe absorber. Thin-film

modules enabled new uses since they could be lightweight or flexible.

CIGS thin-film modules can be manufactured on flexible substrates, making them
suitable for building facades, cars, and portable electronics. Cadmium telluride (CdTe)
cells were the most commercially successful thin-film technology. CdTe is a direct-
bandgap material (~1.5 eV) suited for solar conversion. The original prototype CdTe
cell (1972) had just 6% efficiency, but advances have pushed lab CdTe cells to over
22% efficiency. CIGS technology has advanced, with current records of over 23%
efficiency. In the early 21st century, thin-film cells outperformed thick silicon wafers
with over 20% efficiency, reduced production costs, and faster energy payback times.
Thin films sacrifice some efficiency for cost, production speed, and flexibility benefits

[9-11].



1.3.2.1. Advantages of second-generation photovoltaic solar cells
Lower manufacturing Costs: Large-scale production is easier and more cost-effective.
Better low-light Performance: Works better than crystalline cells in diffused sunlight.

Flexible and lightweight: Can be applied to flexible substrates for portable or curved

applications.

Lower material Use: Thin layers mean less semiconductor material is needed.

1.3.2.2. Disadvantages of second-generation photovoltaic solar cells
Lower efficiency: Compared to crystalline silicon.

Less mature technology: Means less long-term performance data and a lower market

share.
Shorter lifespan: Degrades faster than first-generation PV.

Toxic materials: Some products include cadmium, which is hazardous to the

environment and health.

1.3.3. Third generation photovoltaic solar cells (emerging technologies)

Third-generation solar technologies aim for higher efficiency and lower prices than
first- and second-generation cells. These include multijunction (tandem) cells and new
material-based cells. Multijunction cells stack multiple semiconductor layers with
varying band gaps, allowing each layer to absorb a different section of the solar
spectrum. For example, a stack could have gallium indium phosphide, gallium
arsenide, and Germanium connections. By splitting sunlight in this manner,
multijunction cells can significantly exceed the efficiency limit of a single-material
cell. Theoretical simulations indicate that a perfect infinite-junction cell under focused
sunlight can achieve approximately 85% efficiency [12]. Laboratory multijunction III-
V solar cells achieved efficiencies of 40%, the greatest among all solar cells. Because
they require expensive, high-purity materials, they are now used mostly in specialized
applications such as space satellites or concentrated photovoltaic systems. The high
material cost renders them unsuitable for large-area terrestrial applications. However,

they hold the efficiency record for solar cells.

Another type of third-generation cell is perovskite solar cells. In 2009, a halide

perovskite cell having the crystal structure, such as methylammonium lead iodide, was
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shown to achieve approximately 3.8% efficiency [13]. Perovskites have an adjustable
bandgap, allowing researchers to change the material's light-absorbing capabilities by
changing its chemical makeup. The efficiency of perovskite cells has increased
dramatically in less than a decade, reaching more than 25%. They are frequently
coupled with silicon in tandem cells; for example, a perovskite-on-silicon tandem
recently attained approximately 29% combined efficiency [9]. Other new approaches
include organic (polymer-based) solar cells, dye-sensitized cells (which use a light-
absorbing dye on a semiconductor scaffold), and quantum-dot cells. These third-
generation technologies typically provide new benefits (such as low-cost fabrication
or flexibility), although they are still in development. Some materials, such as
perovskites, are unstable and do not have the same lifespan as silicon. Nonetheless,
they demonstrate the next frontier of solar research, which seeks to combine high

efficiency with low cost or innovative form factors [3].

1.3.3.1. Advantages of third-generation photovoltaic solar cells

Potential for high efficiency: Especially with tandem structures (e.g., perovskite +

silicon).

Lightweight and flexible: Easily integrated into wearables or building materials.
Innovative applications: Include transparent, colourful, or flexible panels for aesthetic
integration.

1.3.3.2. Disadvantages of third-generation photovoltaic solar cells

Short lifespan: Unlike standard PV, it has not yet been demonstrated to be durable over

time.
Toxic elements: Some perovskites contain lead.

Not Fully Commercialized: Still in research or early-stage implementation; scalability

unknown.

Stability issues: Many degrade rapidly when exposed to moisture, oxygen, or UV light.

1.4. Purpose of the Thesis

The purpose of this study is to study how inclination angle affects photovoltaic (PV)

solar panels' ability to generate power, as well as how soiling and dirt effect on system



performance. To achieve this a rooftop PV solar panel system was installed on the
building of the Electrical and Electronics Engineering department as a case study.
Optimizing the way the system works and offering useful suggestions to increase its
effectiveness are the main aims. To do this, calculate the total solar radiation in an
inclined surface as well as each of its components, which are the beam (direct) and
diffuse radiation, by creating a new diffuse solar radiation equation model. These
calculations be used to determine the optimum tilt angle for each month of the year as
well as the optimum tilt angle for the entire year. The rooftop PV system also be
simulated using simulation software. Through this simulation, it is possible to analyse
the energy output and efficiency of the system while taking soiling effects and tilt

angle changes effects into account.

1.5. Literature Review

Sever’s study estimates Turkey’s monthly average, daily, and horizontal diffuse solar
radiation. Strong agreement with observed data has been shown by the authors’ first-
order equation correlations for diffuse radiation that are based on the clearness index
and relative sunshine hours. Building on earlier approaches, their work highlights the
significance of location-specific characteristics for the accurate estimation of diffuse
radiation. For solar energy applications, especially in areas with little data on diffuse

radiation [14].

Barbaro et al [15]. Used data from three Italian stations (Palermo, Macerata, and
Genova) to investigate the relationship between diffuse solar radiation, global and
extraterrestrial radiation, and relative sunshine duration. The authors present empirical
equations for estimating diffuse radiation, highlighting the significance of location-
specific factors for greater accuracy. They use a relative standard error of estimate to
assess the fit of their models, discovering that linear and quadratic equations best
match experimental data in various regions. The study underlines the possibility of
constructing universal relationships for diffuse radiation in places with similar

meteorological characteristics, which could benefit solar energy applications.

Kaygusuz and Ayhan analyse observed solar radiation data for Trabzon, Turkey, from
1990 to 1993, concentrating on both global and diffuse radiation components. The
authors provide correlation models that use statistical analysis of collected data to

calculate hourly and monthly diffuse radiation. Their research focus on radiation
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patterns in the Black Sea region, which is essential for constructing effective solar
energy systems. The study expands on previous research while also providing new

insights into the unique properties of diffuse radiation in the area [16].

This study by Aras et al [17]. focuses on developing new hybrid models to estimate
monthly average daily diffuse solar radiation over Turkey’s Central Anatolia Region
(CAR), where such measurements are unavailable. The authors analyse and compare
twenty existing models, using their predictions to calibrate twelve new hybrid models,
with the best-performing model being a cubic polynomial form. The research fills an
important gap in solar radiation data for the region, providing valuable information for
solar energy applications. Their work contributes to improving the accuracy of diffuse
solar radiation estimations, which are crucial for designing and optimizing solar energy
systems. Their work contributes to improving the accuracy of diffuse solar radiation

estimations, which are crucial for designing and optimizing solar energy systems.

Using three years of observed data, Elhadidy and AbdelNabi’s study examines the
relationship between the diffuse fraction and clearness index of daily global solar
radiation in Dhahran, Saudi Arabia. The diffuse fraction is much greater in the summer
than it is in the winter, according to correlations the authors created for the various
seasons. Their results show that the diffuse fraction correlation is location independent
and seasonal dependent, with dust notably increasing the diffuse component. While
presenting new perspectives unique to Dhahran’s arid climate, the findings are

consistent with earlier research [18].

In addition to establishing a theoretical foundation for current empirical equations such
as the Angstrom correlation, this paper by P.C. Jain creates a theoretical model for
calculating diffuse and global solar irradiation on horizontal surfaces. In order to
clarify the relationships between the constants that exist in different solar radiation
equations, the model defines three fundamental parameters Instantaneous transmission
coefficient for diffuse radiation on horizontal surface for clear sky conditions,
Instantaneous transmission coefficient for diffuse radiation on horizontal surface for
cloudy sky conditions and Instantaneous transmission coefficient for direct radiation
for clear sky conditions that describe all of them. The theoretical approach was
validated by the good connection between the calculated equations and experimental

data from locations in Zimbabwe and Italy. The study creates a common paradigm for



estimating Sun irradiation and offers insightful information on diffuse radiation

patterns [19].

Tarhan and Sari focuses on developing mathematical models to predict monthly
average daily global and diffuse solar radiation over Turkey’s Central Black Sea
Region, covering five provinces. The authors developed a statistically significant
quadratic polynomial model for global radiation and a hybrid model for diffuse
radiation based on predictions from six existing models, as no experimental data was
available. Both models were found adequate for predicting solar radiation in the
region, with the hybrid model for diffuse radiation achieving very high R? values. The
research contributes to filling the gap in solar radiation analysis for the Central Black
Sea Region, providing valuable information for future engineering and scientific

projects [20].

The relationship between direct and diffuse solar radiation is examined in this paper
by Liu and Jordan, who also provide empirical equations for estimating diffuse
radiation on horizontal surfaces in both cloudy and clear conditions. After analysing
data from several places, the scientists came up with a linear connection between the
transmission coefficients for diffuse and direct radiation that was generally in good
agreement. Their results show that on clear days, diffuse radiation makes up about
twelve percentage of extraterrestrial radiation, but on partly cloudy days, it can reach
over 25 percentage, with cloudiness greatly raising diffuse radiation levels. In order to
provide useful information for calculating solar radiation in regions without
measurement data, the study also provides statistical distributions of daily total

radiation and its relationship to monthly averages [21].

Erbs, Klein, and Duffie develop equation models for estimating the diffuse fraction of
hourly, daily, and monthly-average global solar radiation using data from four U.S.
locations. The authors found that the hourly diffuse fraction is strongly correlated with
the clearness index (kt) and developed a relationship that accounts for seasonal
variations in diffuse radiation. They also derived daily and monthly average diffuse
fraction correlations, demonstrating how the statistical variation of diffuse radiation
impacts solar energy system performance predictions. The results support previous
findings that diffuse radiation estimation methods are generally location-independent,

with some seasonal dependence observed [22].



Using experimental data from the Solar Energy Institute at Ege University, Ulgen and
Hepbasli’s research creates equation models to predict the monthly average daily
global solar radiation for Izmir, Turkey. These models’ increased accuracy can be
shown by comparing them to 25 other models that are currently in use using statistical
error analysis. The study divides models for estimating solar radiation into four
categories: angular, linear, polynomial, and other models. Additionally, Ulgen and
Hepbasli include measurements of both global and diffuse solar radiation using a

pyranometer and a shadow band [23].

Ying Yu et al [24]. enhance the estimation of diffuse solar radiation by proposing an
adaptive Liu and Jordan-type model that groups kt—k data points using solar elevation
angle as a constraint, achieving 4-6 percentage error reduction compared to
conventional all-data models. Using hourly radiation data from Shanghai, Xi’an, and
Lhasa, the cubic polynomial grouping models show better accuracy under different
weather circumstances, with the best performance on overcast days and during
sunrise/sunset. This approach improves statistical modelling by incorporating data
stratification and climatic fluctuation, hence eliminating regional constraints in diffuse

fraction correlation.

Liu et al [25]. investigate the changing relationship between solar radiation and
sunshine duration in Chinese cities, attributing changes to aerosol driven global
dimming and brightening caused by development. Using the Angstrom model, they
show that calibrating with a 10-year dataset improves accuracy, far exceeding long
term calibrations influenced by non-stationary skies. The study emphasizes the
necessity for improved calibration methods in fast emerging countries to account for
aerosol impacts. While diffuse solar radiation is not explicitly addressed, the results

improve solar resource assessment for energy applications.

Tiris et al [26]. used sunshine hours to create empirical models for global, diffuse, and
beam radiation in Turkey, presenting equations that were confirmed with minimal

statistical errors (MPE, RMSE), highlighting the shortage of data in specific locations.

Lingamgunta and Veziroglu proposed a universal clear sky insolation model that
includes latitude and altitude, correcting previous underestimations and emphasizing

altitude’s role in radiation reduction [27].
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Bulent Aksoy found significant errors in Turkish actinograph data and proposed a
quadratic sunshine-based model with nearly 4 percent error, which outperformed

actinograph reliability [28].

Muneer and Munawwar found that sunshine fraction and cloud cover were strong
predictors of diffuse radiation, although air mass had little influence, recommending

the use of combined parameters for accuracy across nine global sites [29].

Dincer emphasized the relevance of renewable energy in sustainable development,
relating it to environmental mitigation (acid rain, ozone depletion), as well as policy

integration and decentralized systems [30].

Ideriah proposed a model for direct and diffuse radiation under cloudy skies, which
was validated for Ibadan with less than or equal to 15 percent error using a cloudiness

coefficient and integrating King and Buckius’ clear sky model [31].

Klein developed Liu and Jordan’s isotropic model for vertical surfaces, which served
as the foundation for later anisotropic models such as Hay’s and Reindl’s in building-

integrated PV design [32].

Xu et al [33]. investigate the best tilt angle for filthy PV panels, concentrating on how
dust deposition impacts the performance and energy output of solar systems. They
present a comprehensive model that takes into account both dust accumulation and its
impact on the solar irradiance received by PV panels. Their research entails collecting
experimental data from different PV installations in order to validate their model. The
study found that altering the tilt angle can greatly reduce the negative impacts of
soiling, increasing overall energy output. According to Xu et al., making periodic tilt
angle modifications depending on local climatic conditions and soiling patterns can

improve the efficiency and cost- cost-effectiveness of PV systems over time.

Abdeen et al [34]. Present a complete analysis of the impacts of temperature on PV
panel performance in Aswan, Egypt, showing that higher temperatures significantly
affect PV system efficiency. The study contains thorough measurements of PV panel
output at various tilt angles and temperature conditions, which reveal a definite inverse
link between temperature and PV efficiency. In addition, the study looks into the
impact of dust and soiling on PV panels, finding that dust collection exacerbates

efficiency losses.
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Aksoy Tirmikci presents a study that developed nine diffuse solar radiation equations
for Sakarya, Turkey, by using 17 equation models from previous studies based on the
clearness index, sunshine fraction. The authors apply statistical analysis of these
equations to predict monthly average daily diffuse, beam, and total solar radiation,
with a focus on diffuse fraction accuracy. Also, the tilt angle-total radiation equation
is used to calculate the optimal tilt angles for solar panels [35]. This study develops a
new diffuse solar radiation model equation for Sakarya, Turkey, by using 34 models

from the previous studies that enhance to approach to values closer to reality.
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2. SOLAR RADIATION

Solar radiation refers to the electromagnetic radiation emitted by the Sun [36,37]. It
has a wide range of wavelengths and transports the energy that powers the Earth’s
climate and ecosystems. Almost all life on Earth is dependent on sunlight: it provides
warmth and drives photosynthesis, the process by which plants, algae, and certain
microorganisms transform light energy into chemical energy. Oxygenic
photosynthesis, fueled by solar photons, produces the majority of the Earth's
atmospheric oxygen and biomass [38], supporting life on Earth. Sunlight also controls
the temperature by providing nearly all of the Earth's incoming energy. The Earth
absorbs around 70% of incoming solar energy (the rest is deflected back into space)
and reradiates this energy as heat to maintain thermal balance. Earth’s normal surface
temperature would be below freezing without the Sun's heating [39]. However, the
natural greenhouse effect, which is maintained by solar heating of the surface and
atmosphere, keeps the average surface temperature near +14 °C rather than about -
18\degc\ [39]. The balance of incoming solar flux and outgoing terrestrial radiation
defines Earth's energy budget [40], and even small variations in solar irradiance can

impact climate.

Solar radiation is frequently measured at the top of the atmosphere. The Earth receives
only one-fourth of the Sun's irradiance (340 W/m?) due to the planet's shape and the
fact that half of it is dark [40]. The Sun's output to Earth varies very little over time
(by about 0.1% over an 11-year sunspot cycle) [41], therefore, it was formerly known
as the "solar constant." However, even minor variations in this flow can have a long-

term impact on the climate.

Solar radiation (sunlight) is critical to Earth's climate and life. It generates heat that
regulates weather and climate, as well as light energy for photosynthesis. Sunlight's
electromagnetic spectrum contains ultraviolet (UV), visible, and infrared (IR)
wavelengths. The Sun's visible light (=400-700 nm) makes up roughly half of its

output, with the remaining coming from near-UV and near-IR wavelengths. Wide-



spectrum radiation is the solar resource that supports weather, climate, and ecosystems

[36].

2.1. Solar Spectrum and Its Components

The Sun emits radiation across the electromagnetic spectrum as shown in (Figure 2.1.
Electromagnetic spectrum.), but most of its energy lies in three major bands: ultraviolet

(UV), visible, and infrared (IR).

visible
light

Radio

< Wavelength

Energy 0.000000248 0424 248 4.96 2480 2,480,000 electron %

5,000,000,00 i ‘ 0.0005 nanometers

Figure 2.1. Electromagnetic spectrum [42].

The UV band (100-400 nm) is divided into UVA, UVB, and UVC; solar UV is
primarily UVA (315-400 nm) and UVB (280-315 nm), with shorter UVC absorbed by
the atmosphere. The human eye can detect visible light ranging from 400 to 700 nm.
The infrared spectrum runs from 700 nm to millimeters range; however, the great
majority of solar electricity is generated in the near-IR (700-2500 nm). Visible

wavelengths account for almost half of the Sun's power [43].

The remaining energy is divided between UV and IR, with IR dominating [43]. These
spectrum components are critical: visible light drives photosynthesis, UV affects air
chemistry (ozone production), and infrared is principally responsible for heating.
When measured above the Earth's atmosphere, the Sun's light nearly resembles that of

a 5800 K blackbody. According to Wien's law, an object at this temperature generates
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the most light around 500 nm (green light), which explains why the Sun appears yellow
white to human eyes. Small differences from a perfect blackbody result from gas
absorption in both the Sun's atmosphere and, for ground-based studies, the Earth's

atmosphere.

2.2. Solar Radiation Measuring Tools

Solar radiation is measured by using equipment that captures broadband or spectral
irradiance at a specific place. Common ground-based radiometers are pyranometers
and pyrheliometers. A pyranometer measures global horizontal irradiance, which is
the total solar power per unit area arriving on a horizontal surface from all sky

directions. This includes both direct sunlight and diffuse sky radiation.

Figure 2.2. Pyranometer [44].

Pyranometers absorb and quantify all wavelengths of sunlight using a thermopile

sensor placed under a glass dome.
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Figure 2.3. Pyranometer structure [44].

In contrast, a pyrheliometer is intended to measure direct normal irradiance, which is

the power per unit area of a direct solar beam on a surface normal to the Sun.

Figure 2.4. Pyrheliometer [44].

A normal-incidence pyrheliometer is commonly installed atop a Sun-tracking device

to keep it aimed at the Sun and exclude diffuse sky light [45].
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Figure 2.5. Pyrheliometer structure [44].

The global horizontal and direct normal measurements allow for the calculation of
other quantities, such as diffuse horizontal irradiance by shading a pyranometer and
plane-of-array irradiance on tilted collectors using global horizontal irradiance, diffuse

irradiance, and solar geometry.

The spectroradiometer (or spectroradiometer) monitors spectral irradiance (W/m?/nm)
in UV, visible, and infrared bands. Spectroradiometers typically collect high-
resolution spectral data using diffraction gratings and photodetector arrays. They are
used in research and calibration to determine the detailed Sun spectrum, atmospheric
absorption properties, and photosynthetically active radiation. In satellite remote
sensing, spectrometers in orbit measure solar spectrum irradiance above the
atmosphere, which is crucial for climate models. On the ground, spectral instruments
(also known as Sun photometers or spectroradiometers) are used to estimate broadband

values and atmospheric parameters.

Solar radiation is reported in two ways: similar but distinct. Irradiance is the power per
unit area (W/m?) from the Sun at a certain time or averaged over a short period.

Pyranometers may directly measure this amount. Irradiation, also known as insolation,
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refers to the total amount of solar energy received per unit area over time. It is typically
measured in Wh/m? or kWh/m? per day or year. In other words, irradiance is an
instantaneous flow, whereas irradiation is the same flux integrated over time. For
instance, noon solar irradiance may be 900 W/m?, while daily irradiation (energy)
could be around 5-7 kWh/m? The standard meteorological units are W/m? for

irradiance and kWh/m? or MJ/m? for accumulating energy.

In Turkey, ground observations have always been scarce. In the mid-2000s, an across
the country project established twenty modern stations (equipped with pyranometers
and pyrheliometers) around Turkey [46]. However, due to instrument and siting
difficulties, only a handful of stations generated meaningful data during limited
periods. According to B. Aksoy, just five stations produced reliable solar data for
2004-2005, making it impossible to map Turkey's solar climate based solely on ground
data [46]. As a result, satellite datasets have been utilized to conduct national solar
assessments. For instance, the NASA Surface Meteorology and Solar Energy (SSE)
dataset (based on reanalysis and satellite inputs) was used to assess Turkey's solar
resource [46]. NASA's Langley and Copernicus Atmosphere Monitoring Service

(CAMS) provide similar satellite-based solar data for Europe.
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3. TOTAL SOLAR RADIATION CALCULATIONS

The total quantity of solar energy that the Sun's rays reach a horizontal or inclined

surface is referred to as total solar radiation.

Direct beam radiation, diffuse radiation, and ground-reflected radiation are its three
primary constituents. Because it determines how much energy is available for solar
panels to convert into heat or electricity, this parameter is essential in the field of solar

energy and our thesis.

DIFFUSE
SELAR N REFLECTED

PHOTOVOLTAIC { RADIATION
PANEL CUHEDG)

Figure 3.1. Solar radiation components [47].

Sunlight that has been scattered by dust, water vapor, molecules, and other
atmospheric particles before it reaches the Earth's surface is known as diffuse

radiation.

Beam radiation, also known as direct irradiance, is the amount of sunlight that goes in

a straight line from the Sun to the surface without being scattered.



It has the highest energy density and is most effective when the solar panel is directly
exposed to the Sun. Tracking systems are frequently employed to optimize the capture

of this component throughout the day.

Reflected radiation, also known as albedo radiation, this radiation comes from the

reflection of sunlight off the ground or surrounding surfaces.

The amount of reflected radiation depends on the ground surface properties. For
example, snow-covered or sandy surfaces reflect more sunlight than vegetation or

asphalt.

Even on cloudy or overcast days, diffuse radiation contributes significantly to the total
solar energy received. While it is less intense than direct radiation, it is crucial for solar

panel production, especially for locations with usual cloud cover.

The accuracy of solar calculations is dependent on the geographical location and

latitude. The latitude angle for Sakarya, as previously mentioned, is 41.71°.

This latitude has an important role in setting solar angles and daylight length. All next

calculations based on this exact location with same latitude angle.

3.1. Diffuse Solar Radiation Calculations

The best method to estimate the total solar radiation is to use specialized tools and
sensors to take direct measurements. For every aspect of solar radiation, including
diffuse radiation, these measurements offer reliable and accurate information.
Unfortunately, measurement tools are not available. Therefore, a different approach
has been used that is based on existing equations and models in which this study
develops new diffuse solar radiation depends on pervious researches. These models
offer a close approximation to actual conditions because they are based on observed
or computed data. This study uses a comprehensive strategy by choosing 34 models
from previous studies in order to improve reliability and accuracy. The variety of
equations that estimate diffuse solar radiation under different circumstances. Give us
a variety of results by computing diffused solar radiation using each model, capturing
variances across various approaches and assumptions. This study calculates the
average of these 34 results to further improve the estimation. Our presumed “measured
value” for diffuse solar radiation in Sakarya city be this averaged value, which is

measured value. To organize this, the 34 equation models are divided into five distinct
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groups based on their characteristics, data requirements or mathematical structure.
These groups help categorize the models, facilitating analysis, and enabling us to

compare the performance and accuracy of different approaches.

The five groups are Diffuse fraction (K4 = %) calculated by clearness index (K; =

Hi), Diffuse fraction (Kq = %) calculated by sunshine fraction (K, = Si), Diffuse

0 0

fraction (K4 = %) calculated by sunshine fraction (K, = Si) and clearness index
0

(K = HE), Diffuse coefficient (Kqq = %) calculated by clearness index (K; = HE),
0 0 0

Diffuse coefficient (Kgq = %) calculated by sunshine fraction (K, = Si).
0 0

Where (Hq) is diffuse solar radiation, (H) is global solar radiation and (H;) is
extraterrestrial solar radiation. Also (S) are sunshine hours and (Sy) is maximum

sunshine hours.

3.1.1. Maximum sunshine hours

Maximum sunshine hours (So), also called extraterrestrial day length, refers to the
maximum possible duration of sunshine a location can receive in a day under clear sky
conditions. It depends entirely on the geographical location (latitude (\phi)) and the
day of the year (solar declination angle (8)). This value is purely astronomical and
does not consider actual weather or atmospheric conditions like clouds, pollution, or
fog. It defines the upper limit of sunshine duration that can occur on a given day. So is

expressed in hours and ranges between 0 and 24.

The (Sy) is calculated by the following equation [35]:

2
_ 2 3.1
So = 75 s G-

Where sunrise hour angle (w;) calculated by the following equation [35]:
wg = cos”}(—tan ¢ tan §) (3.2)

The solar declination angle (6) is the angle between the Sun's rays and the Earth's
equator. It varies throughout the year due to the tilt of the Earth's spinning axis (about

23.45°) and orbit around the Sun. This angle determines the Sun's position in the sky
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at solar noon and has a significant impact on the amount of solar radiation received at

any given location.

Figure 3.2. Solar declination angle.

The solar declination angle changes every day, ranging from +23.45° to -23.45° during

the year. On the equinoxes, the declination is 0°, signifying that the Sun is directly

above the equator.

Solar declination angle can be calculated by following equation [35]:

. 360
§ = 23.45sin <% (284 + nday))

(3.3)

where n is the day of the year (January 1 = 1, February 1 =32, March 1 = 60, etc..).

Table 3.1. Monthly average daily solar declination and sunrise hour angle.

Month 6 (°) ws (°) Month 6 (°) ws (°)
January -20.85 70.80 July 21.01 109.47
February -13.33 78.17 August 13.30 101.81
March -2.39 87.93 September 1.99 91.73
April 9.49 98.33 October -9.85 81.35
May 18.81 107.12 November -19.05 72.64
June 23.08 111.56 December -23.01 68.42
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The table shows the monthly average daily solar declination angles for the year. The
angles range from -23.10 degrees in December to a maximum of 23.08 degrees in June.
These angles represent the Sun's apparent movement north and south of the celestial
equator over the course of a year. This information is critical for understanding the
Sun's location and its effects on a variety of applications, including solar energy
systems and architectural design. The previous table shows the monthly sunrise hour
angles, which measure the Sun's angular distance from the east-west line at sunrise.
The temperatures vary from 68.42 degrees in December to 111.56 degrees in June.
Also, these angles are critical for estimating solar positions and determining daylight

duration throughout the year.

Table 3.2. Maximum sunshine hours.

Month So (h)
January 9.44

February 10.42
March 11.72
April 13.11
May 14.28
June 14.88
July 14.60
August 13.57
September 12.23
October 10.85
November 9.68

December 9.12

The pervious table shows the maximum sunshine hours for each month of the year.
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These numbers show the theoretical maximum amount of daylight accessible at a
specific place on a clear day. The maximum value is in June with 14.88 hours, while

the lowest is in December with 9.12 hours.

This variation reflects the changing length of the day caused by the Earth's axial tilt
and orbit around the Sun. The data is critical for understanding seasonal variations in
Sun availability. Maximum sunshine hours are affected by geographical location,

particularly latitude.

3.1.2. Extraterrestrial solar radiation

Solar extraterrestrial radiation (H,) is an incident of solar radiation on a surface at the
top of the Earth's atmosphere. It shows the possibility of maximum solar energy

obtainable before losses from air absorption, scattering, or reflection.

H, is an important reference in solar energy research as it is unaffected by weather or
atmospheric conditions. It is used for calculating surface-level radiation, PV panel

output, and thermal system performance.

Extraterrestrial radiation varies annually due to two astronomical factors: Earth-Sun

distance and solar declination angle.
The average solar constant (Gg,) is around 1360.8 W/m? [35].

Extraterrestrial solar radiation estimates by following equation [23]:

T W sin ¢ sin 6) (3.4)

Hy, = - Gon (cos ¢ cos § sinwg + 180

360 -
ﬂ) (3.5)

Gon = Gg <1 + 0.033 cos 365

On a given day (ng,), the instantaneous extraterrestrial (i.e. "just outside the
atmosphere") solar irradiance on a surface normal (perpendicular) to the Sun's rays is
known as "G,,." It is simply the solar constant G, adjusted for the Earth's changing

distance from the Sun during the year.

The data in the next table illustrate the seasonal variation in the availability of
extraterrestrial solar radiation energy throughout the year. At the beginning of the year,

solar irradiation is relatively low, indicating limited solar energy potential during the
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winter months. As the months progress toward spring, the availability of solar radiation
gradually increases, reflecting improved sunlight conditions and longer daylight hours.
During spring, the solar energy potential becomes more favorable, and it continues to
rise until it reaches its maximum in early summer. This period represents the peak of
solar irradiance, with optimal conditions for solar energy generation due to stronger
sunlight and clearer skies. Following the summer peak, the levels of extraterrestrial
radiation begin to decline as the days become shorter and sunlight intensity decreases.
This downward trend continues through the autumn months and into winter, when

solar energy availability reaches its lowest point again.

Table 3.3. Monthly average daily extraterrestrial solar radiation on horizontal surface.

Month Ho (kWh/m?/day)
January 4.11

February 5.51

March 7.52

April 9.56

May 11.01

June 11.60

July 11.28

August 10.08

September 8.20

October 6.09

November 4.41

December 3.68

The data in the previous table show how the availability of extraterrestrial solar

radiation energy varies by month.

25



January's value of 4.11 kWh/m?*/ day shows low solar irradiation at the start of the year.
Ho levels steadily rise over time, peaking at 7.52 kWh/m*day in March and 5.51
kWh/m?*/day in February, respectively. By April, the number increases to 9.56
kWh/m?/day, showing great solar energy potential. Solar irradiance peaks in June at
11.60 kWh/m?*day, then decreases slightly in July to 11.28 kWh/m?*day during the
winter. The values continued decreasing in the second half of the year, dropping to
8.20 kWh/m?/day in September and gradually decreasing to 3.68 kWh/m?/day in
December. This pattern emphasizes the seasonal nature of solar energy availability,
with the highest values occurring during the summer months and the lowest during

winter.

3.1.3. Diffuse solar radiation models

The five groups are Diffuse fraction (K4 = %) calculated by clearness index (K; =

Hi), Diffuse fraction (Kq = %) calculated by sunshine fraction (K, = Si), Diffuse
0 0

fraction (K4 = %) calculated by sunshine fraction (K, = Si) and clearness index
0

(Ki = HE), Diffuse coefficient (Kgq = %) calculated by clearness index (K; = HE),
0 0 0

Diffuse coefficient (Kgq = %) calculated by sunshine fraction (K, = Si).
0 0

Where (Hqy) is diffuse solar radiation, (H) is global solar radiation and (H;) is
extraterrestrial solar radiation. Also (S) is sunshine hours and (S;) is maximum

sunshine hours.

The (Hy) and (Sy) and other components have been calculated. also, there are
components like (H) and (S), The values of (H) and (S) can be found from Giines
Enerjisi Potansiyel Atlas1 (GEPA) [48], which is ais a powerful solar energy mapping
tool created by the Turkish Ministry of Energy and Natural Resources. It gives
thorough information on Sun irradiation levels in various parts of Turkey throughout

the year.
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Table 3.4. Global solar Radiation for Sakarya.

Month H (kWh/m?/day)
January 1.42
February 2.29
March 3.28
April 4.41
May 5.64
June 6.01
July 5.84
August 5.27
September 4.19
October 2.86
November 1.69
December 1.23

The last table shows a critical parameter in our calculations, which is global solar
radiation for Sakarya. It shows the seasonal variations in solar energy availability
throughout the year. January records the lowest value at 1.42 kWh/m?/day, indicating
limited solar potential during the winter months. As the year progresses, solar radiation
increases, reaching 2.29 in February and 3.28 in March. By April and May, the values
rise significantly to 4.41 and 5.64 kWh/m?/day, respectively, showing improved
conditions for solar energy utilization. The highest solar radiation is observed in June
with a value of 6.01 kWh/m?/day, followed by a slight decline in July to 5.846.01
kWh/m?/day. During the late summer and autumn months, solar radiation continues to
decrease gradually, falling to 4.19 kWh/m?/day in September and further down to
2.86kWh/m?/day in October. This decreasing pattern continues into the final months
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of the year, ending with 1.69 kWh/m?/day in November and 1.23 kWh/m?/day in

December.

Table 3.5. Sunshine hours in Sakarya.

Month S (h)
January 3.20
February 4.23
March 5.01
April 6.33
May 8.39
June 9.72
July 10.35
August 9.56
September 8.01
October 5.53
November 4.05
December 3.09

The data show an interesting seasonal variation, with the lowest figure recorded in
December at 3.09 hours per day. Sunshine hours rise progressively from winter to
spring, from 3.20 hours in January to 5.01 hours in March. By April, the daily sunshine
length had reached 6.33 hours, and it continues to grow strongly through May and
June, peaking at 9.72 hours in June. July has the most daily sunshine of 10.35 hours,
showing that this month is ideal for solar energy. A small reduction is observed in
August, with 9.56 hours of sunshine, followed by an ongoing decrease throughout the
autumn. September has 8.01 hours of sunlight per day, which decreases to 5.53 hours

in October and 4.05 hours in November.
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3.1.3.1. Diffuse fraction calculated by clearness index
The K4 = %anth =H£0
Model equation 1 [15]:
Kq = 1.0896 — 1.4797K, + 0.1471K,?
Model equation 2 [15]:
Kq = 13.9375 — 76.276K, + 144.3846K,* — 92.148K,°
Model equation 3 [15]:
Kq = 1.0492 — 1.3246K,
Model equation 4 [17]:
Kq =1.0212 — 1.1672K;
Model equation 5 [17]:
Kq = 1.1244 — 1.5582K, + 0.3635K,*
Model equation 6 [17]:
Kq = 1.711 — 4.9062K, + 6.6711K,* — 3.9235K,>
Model equation 7 [20]:
K4 = 0.9885 — 1.4276K, + 0.5679K,*
Model equation 8 [20]:
Kq = 1.027 — 1.6582K, + 1.1018K,* — 0.4019K,>
Model equation 9 [18]:
K4 = 1.039 — 1.741K*

Model equation 10 [18]:
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(3.7)

(3.8)

(3.9)

(3.10)

3.11)

(3.12)

(3.13)

(3.14)



K4 = —5.759 + 35.093K, — 61.052K,* + 33.115K,> (3.15)

Model equation 11[49]:

Kq = 1.00 — 1.13K, (3.16)

Model equation 12 [16]:
K4 = 0.789 — 0.869K; (3.17)

Model equation 13 [19]:
Kq = —0.193 + 0.343Kl (3.18)

t

Model equation 14 [21]:
K4 = 1.39 — 4.027Ky + 5.531K,* — 3.108K,> (3.19)

Model equation 15 [22]:
Kq = 1.317 — 3.023K, + 3.372K,% — 1.769K,> (3.20)

Model equation 16 [14]:

Kq = 1.6932 — 8.2262K, + 25.5532K,* — 37.807K;’

(3.21)
+19.8178K.*
Model equation 17 [26]:
K4 = 0.583 + 0.9985K, — 5.24K,* + 5.322K,> (3.22)
3.1.3.2. Diffuse fraction calculated by sunshine fraction
Model equation 18 [15]:
Kq = 0.6603 — 0.5272K, (3.23)

Model equation 19 [15]:
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Kq = 0.7434 — 0.8203K,, + 0.2454(K,)? (3.24)

Model equation 20 [17]:

Kq = 0.663 — 0.4883K,, (3.25)

Model equation 21 [17]:

Kq = 0.6492 — 0.4323K,, — 0.0512(K,,)? (3.26)

Model equation 22 [17]:

Kq = 0.5562 + 0.1536K,, — 1.2027(K,)? + 0.7122(K,)3 (3.27)

3.1.3.3. Diffuse fraction calculated by clearness index and sunshine fraction

Model equation 23 [50]:

Kq = 1.194 — 0.838K, — 0.446K,, (3.28)

Model equation 24 [51]:

K4 = 0.9593 — 0.8713K, + 0.29191K,* — 0.0979K*

(3.29)
—0.28419(K,) + 0.0253(K,)? — 0.02083(K )3
3.1.3.4. Diffuse coefficient calculated by clearness index
Where Kdd = E
Ho
Model equation 25 [17]:
Kgq = 0.331 — 0.233K,; (3.30)
Model equation 26 [17]:
Kaqq = 0.0511 + 0.8267K,* — 0.9854K,> (3.32)

Model equation 27 [17]:
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Kqq = 0.3276 — 0.7515K, + 1.9883K,* — 1.8497K,> (3.32)

H
Where Kqq = H—d
0

3.1.3.5. Diffuse coefficient calculated by sunshine fraction

Model 29 [17]:

Kgq = 0.2593 — 0.0978K, (3.33)

Model 30 [17]:
Kgq = 0.2142 + 0.0863K,, — 0.1684(K,)? (3.34)

Model 31 [17]:
Kgq = 0.2427 — 0.0933K,, + 0.1846(K,)? — 0.2184(K,)3 (3.35)

Model 32 [15]:
Kgq = 0.2626 — 0.1391K, (3.36)

Model 33 [15]:
Kgq = 0.2205 — 0.0126K,, — 0.1292(K,)? (3.37)

Model 34 [19]:
Kgq = 0.293 — 0.135K, (3.38)

3.1.4. Develop new model of diffuse solar radiation

As I mentioned before, this study calculates the average of these 34 results to further
improve the estimation, and the averaged value used as the "measured value" for
diffuse solar radiation in Sakarya city. Based on this "measured value” the new diffuse

solar radiation model has been developed.
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Table 3.6. Average of 34 diffuse solar radiation model ‘measured value’.

Month H4(kWh/m?/day)
January 0.87
February 1.19
March 1.64
April 2.07
May 2.31
June 2.38
July 2.26
August 2.03

September 1.68
October 1.31
November 0.94

December 0.77

From the previous table, a new model can be developed; this model is based on
multiple linear regression. A statistical technique that creates a linear relationship
between a dependent variable (in this case, diffuse radiation, or (Hy) ) and several

independent variables (K,), (K¢)?), (Kp), ((Ky)?).

Where (Cyp), (C1), (Cy), (C3), (Cy), are regression coefficients.
Kq = Co + C;K¢ + Cz(Kt)z + C3(Kp) + C4(Kn)2 (3.39)

I used polynomial function to cover all points and make close result as much as

(Hq) measured values.

New diffuse solar radiation equation model for Sakarya:
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Kd = 1.2625 — 2.1773K, + 1.4192(K)? — 0.2060K,

(3.40)
+0.0388(K,)?

This model which is made by linear regression method by using MATLAB should
give diffuse solar radiation values as close as measured diffuse solar radiation values

from pervious table.

The measured value and new model equation value is statistically tested using a variety

of test methods, as follows:

Relative percentage error (E):

Ci — Iy

E= — 100 (3.41)
Coefficient of determination (R?):
2iz1(ci — ©)(m; — m)
2 = 1 (3.42)

VEL (6 — 0% - 2L, (m; — m)?
Mean percentage error (MPE):

MpE = 2i=1E (3.43)
n

Mean absolute percentage error (MAPE):

MAPE = ABs (2=:F) (3.44)

n

’SSRE 3.45
RSE = o (349)

Sum of the squares of relative errors (SSRE):

Relative standard error (RSE):
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n 2
SSRE = z <Ci - mi) (3.46)
= M

Mean bias error (MBE):

1
MBE = 231, (¢, — my) (3.47)
Root mean square error (RMSE):
1 n
i=1

Where (¢) and (m) are calculated and measured value respectively.

Table 3.7. Results of statistical test methods.

Statistical Values
methods

MPE (%) 0.0001%
SSRE 0.0000
RSE 0.0011

RMSE (kWh/m?)  0.0018
MBE ((kWh/m?)  0.0001

R? 1.0000

The pervious table shown an extremely high level of accuracy, with errors approaching

zero and an R? value of 1.0000.

A near-perfect fit is observed between the new model's solar radiation values and

measured values.
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Measured vs New model Diffuse Radiation
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Figure 3.3. Measured values VS new model solar radiation values.

Table 3.8. Monthly average daily new diffuse solar radiation model values.

Month Ha(kWh/m?/day)
January 0.87
February 1.20
March 1.64
April 2.07
May 2.32
June 2.39
July 2.26
August 2.03

September 1.69

October 1.31

November 0.94

December 0.79

The pervious table represent monthly average daily new model of diffuse solar

radiation. The seasonal variation can be observed, with the lowest value in December
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(0.79 kWh/m*day) and the highest in June (2.39 kWh/m?/day). Diffuse radiation
gradually increases from winter to early summer, peaking during the sunniest months

when atmospheric scattering is greatest.

3.2. Beam Radiation Calculations

By using diffuse solar radiation results, the next step is calculating beam solar radiation

by using the following equation:
H, = H—Hy (3.49)

Where Hy, is the beam solar radiation and Hy is a new model of diffuse solar radiation.

Table 3.9. Monthly average daily beam solar radiation values.

Month Hp(kWh/m?/day)
January 0.55
February 1.09
March 1.64
April 2.34
May 3.32
June 3.62
July 3.58
August 3.24

September 2.50
October 1.55
November 0.75

December 0.51
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The data shows a strong seasonal variation, with the lowest value in December (0.51
kWh/m?/day) and the highest in June (3.62 kWh/m?/day). It rises from winter to spring,
peaking in the early summer months when the Sun’s intensity is at its highest. Solar
radiation components consistently peak in June and reach their lowest values in

December.

3.3. Maximum Total Solar Radiation Calculated for Inclined Surface

This section demonstrates the significant role of inclination angle in determining total
solar radiation received. There is a specific tilt angle at which solar panels should be
mounted to capture and collect the maximum possible total solar radiation. This
approach significantly increases the power generation potential of photovoltaic panels.
The maximum total solar radiation with respect to the tilt angle is calculated using the
following equation:

1—cosf
2

Ht = HbRb + Hde + H(pg) (350)

Where () is the tilt angle of the surface or PV panels and (pg) is the ground

reflectivity coefficient, and its value is (0.2).

Ry, is the tilt coefficient of beam radiation can be calculated through the following

equation:

cos(¢ — B) cos(8) sin(w;) + (%) w, sin(¢p — B) sin(8) -
_ 5
> cos(¢) cos(8) sin(ws) + (%) ws sin(¢) sin(8) (1

Ry is the tilt coefficient of diffuse solar radiation can be calculated through the

following equation:

Ry ==t (3.52)

w, is the sunrise hour angle for tilted surface can be calculated through the next

equation:

w,; = min(cos~(—tan() - tan(s)), cos~ (- tan(d — B)

3.53
-tan(9))) (359

38



By using MATLAB, the tilt angle has been calculated through changing the tilt angle
from 0 degrees to 90 degrees by one step angle, the angle with highest total solar

radiation is the optimum tilt angle.

Table 3.10. Monthly average daily maximum total solar radiation values and optimum
tilt angles.

Month Hi(kWh/m*day) Optimum tilt
angle (°)

January 2.15 57.16
February 3.20 51.04
March 3.86 36.94
April 4.63 20.83
May 5.68 7.26
June 6.01 0.10
July 5.85 3.19
August 5.44 16.65
September 4.81 33.47
October 3.91 48.65
November 2.61 57.20
December 2.10 60.42

Where the yearly average daily optimum tilt angle is (32.64°).

3.4. Maximum Total Solar Radiation for East and West Orientations

In this part, the maximum total solar radiation has been calculated in inclined surface

for East and West orientations.
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The same equation for total solar radiation is used, with a new parameters and change
some exist parameters as follows [32]:
Ry = [cos B sin 6 sin ¢ % (g — wgp) —

sin 6 cos ¢ sin 8 cosy% (wgs — Wgp) +

cos & cos § sins cos 8 (sin wgs — sin wg,) +

o : . (3.54)
cos & cos y sin ¢ sin s (sin wg — sin wg,) —

cos & sin 8 siny (cos wgs — €OS wsr)] /2 [cos ¢ cos § sin wg +

TT . .
— w, Sin ¢ sin 6]
180 S ¢

Where vy is the surface azimuth angle. In east y is -90° and west is 90°, also wgg is

sunset hour angle and wy, is sunrise hour angle.

Ify is 90° (west-facing panels) [32]:

. _1 (AB—VAZ-B2+1
Wgr = —min [(os, cos™! (#)] (3.55)
|  (AB+VATBTFI
Wss = Min Ims, cos™ ! ( 7 1 )l (3.56)
If y 1s -90° (east-facing panels):
. _1 (AB+VAZ-BZ+1
Wer = —min [ws, cos™! (%)] (3.57)
|  (AB— VAT BT 1
Wss = Min [(»S, cos 1< AT >l (3.58)
A and B can be expressed by the following equation [32]:
cos sin
= — ¢ b (3.59)
(siny tan ) tany
cos sin
B=tan8< ¢ - ¢ ) (3.60)
tany sinytan 8

The optimum tilt angle was determined using MATLAB by varying the tilt angle from

0° to 90° in 1-degree instep. The tilt angle that provided the maximum total solar
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radiation was selected as the optimum and the results showed that for azimuth angles
of y = 90° (west-facing) and y = —90° (east-facing), the optimum tilt angle is 0°,
meaning that panels mounted horizontally receive more solar radiation than those tilted
toward the east or west. However, some roofs may not allow horizontal mounted
system. Therefore, in the simulation chapter using PV*SOL, alternative tilt angles
suitable for east and west orientations will be explored to provide practical installation

solutions.
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4. SIMULATIONS AND SOILING IMPACTS

This section presents simulations of the PV roof system, which has been built on the
roof of the Electrical and Electronics Engineering faculty at Sakarya University. Our
aim from this simulation is to understand the effect of inclination angle and orientation
in generating electricity, and what is the optimum tilt angle and orientation for the

software.

The PV roof simulation incorporates SPE 400 mono-crystalline modules from
SCHMID\PEKENTAS with 400-Watt peak power, 41.46 Volt maximum power
voltage, 9.66 Amper, and its efficiency is 20.10%. There are three panels with 32°
inclination angles mounted for each direction, east, west, south, and three horizontally.
The system involves a MIC 1000TL-X inverter (1000 VA apparent power, 4.8 A max

output current).

Figure 4.1. PV rooftop system at M6 building.

The last figure shows our PV rooftop system that built on the roof Electrical and
Electronic engineering building. There are three panels with 32° tilt angles facing East,

West and South orientations with three panels horizontally.



Figure 4.2. PV rooftop system at M6 building by using PV*SOL.

The previous figure is a 3D model of a PV rooftop system on Electric and Electronics
Engineering faculty at Sakarya University.
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Figure 4.3. Production forecast from the software for the PV roof system.

According to the PVSOL software, the PV system exports energy to the grid with the
value of 5660 kWh/Y ear.
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Figure 4.4. Software simulation result per model area.
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Figure 4.5. Software simulation result per model area for west-facing panels.

Comparison of four PV system orientations (west, east, zero (horizontal), and south),
shows that the south-facing orientation exceeds all others in power output. It has the
highest global radiation on the module (1645.69 kWh/m?), the highest performance
ratio (82.56%), and the highest annual energy output (1632.53 kWh/year), leading to
the highest specific annual yield (1360.44 kWh/kWp). The zero (horizontal)
orientation yields (1421.22 kWh/year) and (1184.35 kWh/kWp), thanks to balanced
exposure throughout the day. The east orientation produces somewhat less than the flat
layout, yielding (1371.92 kWh/year) with a specific yield of (1143.27 kWh/kWp) and
a performance ratio of (81.90%). Lastly, the west-facing setup shows the lowest
performance, with only 1234.60 kWh/year and a specific yield of 1028.83 kWh/kWp,
and the lowest PR at (79.89%).
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Figure 4.6. Software simulation result irradiance analysis.
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Figure 4.7. Software simulation irradiance analysis results for west-facing panels.

The last two figures show how the same horizontal irradiation of 1478.31 kWh/m? is

redistributed while tilting and facing the PV modules in different orientations. In the

case of (horizontal modules). It is collecting 1377.55 kWh/m? on its surface, losing
roughly 1% (—14.78 kWh/m?®) due to spectrum deviation, another 1.02%
(—14.90 kWh/m?) due to module-independent shading, and a further 4.91%
(—71.07 kWh/m?) from module reflection. The tilt of east-facing modules reduces
direct incidence by -6.17% (-91.63 kWh/m?) and another -4.71% (-65.69 kWh/m?)

from the module reflection, while south-facing modules perform best at 1,583.58

kWh/m?, gaining +10.76% (159.92 kWh/m?) from optimal tilt and orientation even
aftera-3.77% (—62.11 kWh/m?) 62.11 kWh/m?) reflection loss. In the second figure,
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west-facing modules fare worst at 1,211.98 kWh/m?, the —12.93 % (-192.13 kWh/m?)
due to the orientation, also there is a loss by —5.77% (—74.25 kWh/m?) due to reflection.
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SITE DATA
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Figure 4.8. Total monthly production PV*SOL vs site data.

The chart presents a detailed comparison between the monthly solar energy production
values obtained from PVSOL simulation software and the actual measured data
collected from the site, both expressed in kilowatt-hours (kWh). Overall, the data sets
demonstrate a consistent trend throughout the year, with both the simulated and actual
values generally rising and falling in a similar pattern that reflects seasonal solar
radiation variations. This alignment suggests that PVSOL is capable of accurately
estimating solar energy output under typical weather and operational conditions.
However, some discrepancies are observed in specific months due to external
environmental factors or unexpected weather events. As expected, the peak solar
energy production is recorded during the summer months—June, July, and August—
owing to longer days and more intense solar irradiance. These months exhibit higher
alignment between simulated and measured outputs, further affirming the software's
reliability during optimal solar conditions. Despite the few monthly deviations, the
overall annual error across all months is just 0.68%, indicating a strong correlation
between the simulated projections and the real-world performance. This demonstrates
that PV*SOL can be a reliable and useful tool for forecasting solar energy production,
especially when supplemented with site-specific environmental inputs for enhanced

accuracy.
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Table 4.1.Total energy production from PV*SOL simulation and site data.

Month PV*SOL (KWh) Site Data (KWh) Error %
January 242.1 245 1.18
February 270.9 178 52.13
March 421.8 473.1 10.84
April 550.9 511.7 7.66
May 705.1 702.7 0.34
June 740.6 738.1 0.34
July 731.3 804 9.04
August 678.5 761.9 10.96
September 523.1 529.6 1.23
October 348.1 367.5 5.29
November 247.5 2333 6.10
December 200.1 154.3 29.94
Total 5660 5699.2 0.68

In details the chart shows a comparison between the monthly solar energy production
from PV*SOL software and the actual measured data from the site, in kilowatt-hours
(kWh). In general, the two sets of data follow a similar pattern across the year, but
there are some differences. The smallest errors are in May and June, both with about
0.34% errors, showing very close results. Some months have larger differences, such
as February with a 52.13% that’s due to heavy snow falling during this month and
December with 29.94% error. The highest solar energy production happens in the
summer months like June, July, and August, which is expected because of stronger

sunlight. Overall, PV*SOL simulations give a good result with 0.68% total error.
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PV*SOL also was used to determine the optimum tilt angle for east and west-oriented
panels by adjusting the tilt from 0° to 90°. The angle that provides the highest energy
production is considered the optimum tilt angle. For east-facing panels, the optimum

tilt angle was found to be between 8° and 9°.

The next four figures present different scenarios where PV*SOL was used to design a
fully covered PV solar system roof for each direction: south, east, west, and horizontal,

in order to determine the most efficient solution.

Number of Covered Areas 1

MNumber of PV Modules 60
Number of Inverters i
PV Generator Output 24 kWp

Figure 4.9. Completely covered roof with solar panels facing west.

Mumber of Covered Areas 1

Murnber of PV Modules &0
PMumber of Irnerters £
P Generator Oulut 24¥dhn

Figure 4.10. Completely covered roof with horizontal solar panels.
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Number of Covered Areas 1

Number of PV Modules 63
Number of Inverters 7
PV Generator Output 25.2kWp

Figure 4.12. Completely covered roof with solar panels facing east.

The last four figures show different solutions for our roof and indicate whether we can
fully cover it with solar panels. For the panels facing west, 60 panels could be installed;
for panels facing the east, 63 panels; for the horizontal panels, 60 panels; and for the
panels facing south, 59 panels. Although the south side has the fewest panels, it
produces the highest energy at 31,101 kWh per year. The horizontal comes second
with 28,560 kWh per year, followed by the east side with 27,722 kWh per year, and
the west side with the lowest production at 23,676 kWh per year. The system budget
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is an important factor. Installing tilted panels like those on the south side generally
costs more due to additional equipment and extra effort during installation, even
though fewer panels are needed. On the other hand, horizontal panels are cheaper and
easier to install but require more maintenance and higher cleaning costs over time to
maintain good efficiency. So, the south facing panels offer the best energy production
but come with higher installation costs, while horizontal panels provide a less

installation cost but require more in cleaning and maintaining in a long term.

4.1. Soiling Impact

The soiling factor represents the reduction in incident solar radiation on PV panels
caused by dust, dirt, and other deposits on the module surface, which effectively
quantifies the loss of power output. In other words, soiling blocks or scatters sunlight

(also known as hard or soft shading), reducing PV efficiency [52].

Even small soiling losses might be significant: Without cleaning, soiling reduced PV
energy yield by 3-4% [52]. Meteorological modelling suggests that extremely dirty or

arid-like deserts may lose over 50% of their generation capacity [53].

Wetter or less dusty areas have significantly located in northern and central Europe
have significantly lower soiling losses, on the order of 0-1% per year if rainfall washes
the panels on a regular basis, while drier Mediterranean or Southern European sites
see higher seasonal losses. A recent pan-European study indicated that average annual
soiling loss is only 0.9% if rain fully cleans the panels, rising to nearly 5.3% with less

effective rainfall [54].

An experiment in Istanbul indicated that uncleaned panels lost approximately 0.4% of
their power after 3 days, but up to 3.0% after 24 days without rain, indicating moderate
soiling rates in a coastal city area. Even small percentage losses can have a significant

impact on performance [55].

To reduce the soiling effects, PV operators use both preventive and corrective
techniques. Preventive strategies include locating arrays away from dust sources,
including deserts, dry agricultural lands, and industrial emissions, optimizing module
tilt and arrangement, and adopting self-cleaning surface coatings. Corrective actions
often entail regular cleaning (human, robotic, or automated), using methods such as

water washes, brushes, and electrodynamic cleaning systems.
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decreasing the soiling effect. Horizontal panels tend to collect more dust and have a
slower snow-melting rate, increasing the amount of work necessary to clean. In
contrast, panels set at an appropriate tilt angle require less care, especially as Sakarya
sees heavy rains from November to May, which naturally helps keep the panels
cleaner. However, during the summer, all panels require a regular cleaning routine to
reduce the impacts of soiling. The last figure shows a comparison chart between south,
east, west, and horizontal panels based on data collected from the real site. An
interesting point is that east and west-facing panels produce energy values very close
to those of the horizontal panels, and in some months, they even generate more energy.
This suggests that tilting panels toward the east or west can be a better than horizontal
choice due to less cost and maintaining efforts (periodic cleaning) that tilted panels
need. Additionally, energy production can be further improved by tilting the east and

west-facing panels at an angle of 8° to 9°, as recommended by PV*SOL simulations.
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5. CONCLUSION AND RECOMMENDATIONS

This study shows how much the tilt angle of solar panels affects power output and
considers the soiling effect. MATLAB was used to develop a new model for diffuse
solar radiation. The developed model was used to estimate total solar radiation on tilted
surfaces and to find the best tilt angles for the rooftop PV system at the Faculty of
Electrical and Electronics Engineering. The calculated optimum yearly tilt angle for
south-facing panels is 32.64°. PVSOL software simulations provided a similar result,

suggesting an optimum tilt angle of 32° south.

The PV*SOL software also helped determine the system’s energy production. The
system is expected to export around 5660 kWh per year to the grid. South-facing
panels produce the most energy at 1632.5 kWh/year. Horizontal panels follow with
1421.2 kWh/year, then east-facing panels with 1371.9 kWh/year, and west-facing
panels with the lowest value at 1234.6 kWh/year. The optimum tilt angle changes
throughout the year, from 0.1° in June to 60.42° in December. Based on these results,
the recommended tilt angles are 32° for south facing panels, and 8° to 9° for east and

west-facing panels.

The soiling effect can greatly reduce panel efficiency. Heavy rain and snow in Sakarya
from November to May help clean the panels naturally with little human effort.
However, from June to October, there is less rain, so dirt builds up more quickly. It is
recommended to clean tilted panels twice per month during the summer and to clean

horizontal panels weekly since they collect more dust and do not self-clean easily.

The comparison between PV*SOL simulation results and real site measurements
shows a similar pattern throughout the year. The smallest errors appear in May and
June with about 0.34% difference, showing very close agreement. The largest
differences occur in February with a 52.13% error and in December with a 29.94%
error. The highest energy production happens in summer months like June, July, and
August, which is expected due to stronger sunlight. Overall, PV*SOL provides reliable
results with a total error of just 0.68%. A comparison between south, east, west, and

horizontal panels based on real site data shows that east and west-facing panels can



produce similar energy to horizontal panels. In some months, east and west-facing
panels can even produce more than horizontal panels. This means east or west-facing
panels with a small tilt like 8° to 9° as PV*SOL suggested or even the east and west
site facing panels in the site can be a better choice than flat ones, as they need less

cleaning efforts and cost less to maintain.

Additional simulations were done to check how fully covered rooftop PV systems can
work for each direction: south, east, west, and horizontal. The results showed that the
south side can hold 59 panels, the east side can hold 63 panels, the west side can hold
60 panels, and the horizontal surface can also hold 60 panels. Even though the south
side has the fewest panels, it gives the highest energy production of about 31,101 kWh
per year. The horizontal system produces about 28,560 kWh per year, the east system
about 27,722 kWh per year, and the west system about 23,676 kWh per year. Cost is
an important factor. Tilted panels generally cost more to install because they need extra
equipment and more effort, even though fewer panels are used. Horizontal panels are

cheaper and easier to install but need more cleaning to keep them working well.

The tilt angle not only helps to improve energy production but also reduces the soiling
effect. Horizontal panels collect more dust and have low snow-melting rate, making
cleaning harder, while tilted panels stay cleaner, especially during the rainy season.
Still, all panels need regular cleaning during the year to keep them efficient. In general,
south-facing panels are recommended because they provide higher efficiency that can
justify their cost compared to horizontal or east and west-facing panels. For buildings
with tilted roofs, site data showed that horizontal panels have energy production values

close to east and west-facing panels.

Also, in the case of flat-roof buildings, installing east and west-facing panels remains
a good option, as they offer energy production close to both horizontal and south facing
tilted panels. Additionally, east and west-facing panels typically have lower cleaning

costs, which presents a long-term advantage.
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