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Research Article ABSTRACT

Article History: In this article, the performance, design and efficiency calculation of
iii‘;‘p‘gﬂ; ig%égg photovoltaic systems were made using PvSol program for a house in Mugla.
Published online:11.03.2024 For roof type panel design close to standard installations, panel position and

panel type were designed based on Mugla province sun hour data and roof
shading factor. In this study, the data obtained for the roof type installation

Keywords: i i 5 ; i i i 2
Solar energy designed in Mugla city using monocrystalline, polycrystalline and half-cut

Photovoltaic systems monocrystalline cells were compared. When yield, area and price parameters

PvSol were compared, it was found that the best cell type was half-section

Half-cut cell monocrystalline. As a result of the simulations, it was found that the average

Real conditions daily energy need of the house was 6.4kWh, fed by 14 half-section
monocrystalline panels. The results obtained are consistent with the data in the
literature.

Mugla'da Giines Enerjili Bir Evin Tasarim ve Simiilasyonu: Yarim Kesim Hiicrelerle Kaplanmis Cati

Arastirma Makalesi 0z

Makale Tarihgesi: Bu makalede, fotovoltaik sistemlerin performansi, tasarimi ve verim hesabi,
Ezgﬁfglr}.lﬁ.zlgigigzzi Mugla’da bulunan bir ev igin, PvSol programi kullanilarak yapilmustir. Standart
Online Yaymlanma: 11.03.2024 kurulumlara yakin cati tipi panel dizayni, panel konumunu ve panel ¢esidini

Mugla ili giineslenme saat verilerine ve g¢ati gdlgelenme faktoriine dayali
: 5 olarak tasarlanmistir. Yapilmis olan caligmada, monokristal, polikristal ve
Anahtar Kelimeler: . . .. . ..
Giines enerjisi yar1m-ke§1m mongkrlstal hiicreler kullanilarak .tasarlanan gati tipi kurulum igin
Fotovoltaik sistemler elde edilen veriler karsilagtirllmistir. Verim, alan, fiyat parametreleri
PvSol karsilastirlldiginda en iyi hiicre ¢esidinin yarim-kesim monokristal oldugu
é:‘gfg'mlz;‘m bulunmustur. Yapilan simiilasyonlar sonucunda, evin ortalama giinliik
ferros 6,4kWh’lik enerji ihtiyacinin 14 adet yarim-kesim monokristal panel ile elde
edildigi sonucuna varilmistir. Elde edilen sonuglar literatiirdeki verilerle
ortiismektedir.
To Cite: Bagriagtk N., Altioluk HS. Design and Simulation of a Solar Powered House in Mugla: Roof Decorated with Half Cut
Cells. Osmaniye Korkut Ata Universitesi Fen Bilimleri Enstitiisii Dergisi 2024; 7(2): 485-499.

1. Introduction

Energy is by far the most important requirement and universally accepted indispensable part of life on
earth. That is the reason why so many researchers are working on the energy concept. Energy, which
can be found in many forms, is mainly divided into two categories: Renewable and non-renewable
sources (Giiven and Atalay, 2018). Non-renewable energy sources, such as coal, nuclear, natural gas

and oil, are available with limited resources. When coal, natural gas and oil are used to generate
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energy, they emit heat-trapping gases like carbon dioxide (CO;). This process of trapping heat causes
climate change, and failure to address this problem accelerates current global warming. Fossil fuels
made up of the remains of ancient living organisms contain hydrocarbons such as gas and coal. These
energy sources cause greenhouse gases and very harmful chain reactions. The emerging heat caused
by greenhouse gas and global warming causes water scarcity and endangers life. Unlike non-
renewable energy sources, renewable alternatives are given us by nature freely, and in addition to that
they are environmentally friendly. The advantages of renewable energy sources are numerous and
affect the environment and life of all living things. As shown in Figure 1, sun, wind, hydro, and
geothermal can be given as the main examples of the most basic renewable energy resources (Alrikabi,
2014).

Solar 23,000 TW

Tidal 0.3 TW World Energy
Consumption
(power demand of 16

W) <
Wave022TW Uranium

Geothermal 0.3-2 TW 90-300 TW-yr

Hydro 3-4 TW ‘ —

‘Aé e n

240 TW-yr

Figure 1. Global energy potential (Uslu, 2016)

Among the given resources, solar energy is the one with the highest potential. In order to be able to
use this potential we have to convert the sun’s energy into electrical energy. The conversion process,
which is called Photovoltaic (PV) technology, is achieved with solar cells. Photo means "light" and
voltaic means "electricity”, which generates electricity directly from sun light by means of the PV
effect. PV cells are made of semiconductors, and have electric fields that force electrons freed by light
absorption to flow in a certain direction. This flow of electrons is an electric current; when the metal
contacts are placed on the top and bottom of the PV cells, it allows us to draw the current off for
external use (Demiryiirek et al., 2020). The majority of solar cell technology, especially first-
generation solar cells, has been based on the most abundant semiconductor element Silicon (Si)
(Mandong and Uziim, 2019). The basic schematic of a crystalline Si (c-Si) solar cell can be seen in

Figure 2.
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Figure 2. Schematic of c-Si based solar cell

Thanks to the developing technology, it has been possible to work with different types of cells. A
single solar cell cannot generate enough amount of energy required for households or buildings. To
increase the output of energy in terms of electricity, PV cells are electrically connected together. It is
called a PV module. These modules are connected to form a panel/array. The required number of
modules is connected to form an array depending on the consumption of the house or building.
Basically, with the connection of the cells, modules are obtained, in other words, panels, and with the

connection of the modules we end up with the arrays as depicted in Figure 3.

Figure 3. The representation of a basic notation that goes from simple to complex: cell, module, array (Adak et
al., 2018)

In this paper, we have focused on three types of cells: Monocrystalline (mono-c), polycrystalline
(poly-c) and half-cut mono-c. Mono-c and poly-c panels are generally made of 60 or 72 cells but half-
cut arrays are made of 120 or 144 cells (Duman and Alg1, 2022). Half-cut cells are literally normal
solar cells that have been cut in half. The aforementioned module types are used in PV systems, they
all have different physical and electrical properties. Depending on their properties, limits, fabrication
technologies and finally installation stage, one can select the best option. The best option is defined

with the cost and effectiveness.
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2. Materials and Method

2.1. Theoretical Study on Solar Cells and Their Working Principle

Solar radiation, in other words, sunlight, is a general term for the electromagnetic radiation emitted by
sun. Solar radiation, whose spectrum is given in Figure 4, can be turned into useful forms of energy,

like electricity.
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Figure 4. Solar radiation spectrum (Penn State, 2020)

The solar spectrum, consisting of and depending on different wavelengths, is defined as both particles
and waves. Particle-wave duality affects the interaction of sunlight with the material. The interaction
can be basically divided into three groups: a) reflection, b) transmission, and c) absorption as shown in

Figure 5.

Reflected

Absorbed

Transmitted
Figure 5. The schematic view of the reflected, transmitted, and absorbed light

For PV systems the higher the absorption, the higher the efficiency is. The sunlight absorption by a
solar cell is the process in which light is absorbed by the cell and converted into energy. The energy
produced is direct current (DC) and the inverter converts the DC form into the alternating current
(AC). If the intensity of the light increases, the total absorption will increase so as the efficiency (Adak
etal., 2021).

There are different types of PV cells which are made up of semiconductors having conductivity
between conductors and insulators to interact with incoming photons from the sun. Semiconductor
material that is composed of a single type of element, is known as intrinsic. It is actually quite
common to find semiconductors that contain impurities or atoms of more than one kind, which is
called extrinsic. Impurities are added to a semiconductor to increase the electrical conductivity. The

process of adding an impurity into the semiconductor to increase its ability to conduct electricity is
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known as doping (Schubert, 1993). There are two types of doping process: p-type and n-type. After
the doping process, we can end up with a p-n junction, where the current flow will start towards the
contacts upon the interaction of the cell with the light as depicted in Figure 2.

Altering the electrical property of the material is required, but not enough for highly efficient solar
cells. In order to end up with highly efficient solar cells we must consider both electrical and optical
point of view. For the electrical view, the doping amount, the physical design of the cell, in terms of
junction depth, front and back contact distance to the junction should be carefully optimized. For the
optical view, as explained before, the absorption amount should be maximized in order to maximize

the interaction of the incoming beam with the cell (Abenante, 2006).

2.2. Types of Solar Cells

With the development of technology over time, many types of solar cells have been produced (Liu and
Hou, 2014). In this work, we have investigated: mono-c, poly-c, and half-cut mono-c. We compared
the characteristics of the panels to select the most suitable type for this research. The summary of the

current studies in the literature in terms of cost, efficiency, and lifespan is tabulated in Table 1.

Table 1. Types of solar cells

Types of Panels Mono-c Poly-c Half-cut Mono-c
Cost for one panel 160 $ 855% 191.1$
Efficiency 17%- 20% 13%- 16% Over 20%
Lifespan 25+ years 25+ years 25+ years
Aesthetics Black Hue Blue-Ish Hue Half-Cut Black Hue
Annual Degradation 1% per year 0.7% per year 0.55% per year
CO: Emissions avoided 5.000 kg/year 4.964 kgl/year 5.138 kg/year
Yield reduction due to shading 5.3 %/Year 4.7 %/Year 1.3 %/Year

The price information was taken from CW Energy Company Website (CW Energy, 2023). According
to the taken price information, the watt peak price of one panel can be seen in Table 2.

Table 2. Watt peak price for mono-c, poly-c and half-cut mono-c

Type of Panels Watt*Watt Peak Price Price
Mono-c 400W*0.40 $ =160 $
Poly-c 285W *0.30 $ =85.5$%

Half-Cut Mono-c 455W*0.42 $ =191.1$%

2.3. Solar Energy in Mugla

In this work, we have selected the location of the house in Mugla and south direction. The reason for
this choice was to be able to make comparison based on actual application results. South is known to
be the best direction for solar panels due to the interaction between sunlight during both sunset and

sunrise. Panels on a standard pitch roof facing to the north are known to end up with roughly 30% less
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efficiency values than south. Despite the fact that 25-30% less production is made compared to the
south side, if there is a roof facing north-south and if the angle of the panels is between 5-7 degrees,
panel settlement is made on the north side. If the facade of the house does not face south, settlement
can be made on the east-west side. The east-west side produces 4-5% less energy than the south side.
At sunrise, the panels on the east side produce more energy than the west side, whereas at sunset the
panels on the west side produce more than the east side as shown in Figure 6 (Solar Design Guard,
2023).

NORTH N

Least suitable for solar panels
-30% output " ‘ >
WEST EAST

Good for solar panels Good for solar panels

-15% output -15% output gl -
‘oor iclency

SOUTH B Good efficiency

. Best efficiency

Best for solar panels

Figure 6. Face directions of the solar panels (Solar Reviews, 2023)

If the location changes, sunshine hour (a sunshine hour is a climatological term, measuring the
duration of sunshine in a given period for a given location on Earth) also changes. Table 3 summarizes
the different locations with different sunshine hour. The data for Mugla city was obtained from PV
geographical information system as given in Figure 7 (Photovoltaic Geographical Information System,
2023).

PV technology: Crystalline silicon
PV installed [KWp]: 1
System loss [%]: 14
Slope angle [*] 35
Azimuth angle [*]: 0
Yearly PV energy production [KWh]: 1607.09
Yearly in-plane irradiation [KWn/m?]: 21476
Year-to-year variability [kWh]: 3276
Changes in output due to:

Angle of incidence [%]: -2.52

Spectral effects [%]: 0.19

Temperature and low irradiance [%]: -10.9
Total loss [%]: -25.17

Figure 7. Yearly PV energy production for Mugla

We have calculated the sunshine hour for Mugla as:

Yearly PV energy production for Mugla

Daily average PV energy production for Mugla = Q)

Day
1607.09 kWh

365 = 4.4 kWh
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Table 3. Sunshine hour for different provinces (Photovoltaic Geographical Information System, 2023)

Province Sunshine Hour
Mugla 4.4 kwh
Ankara 3.9 kWh

Diyarbakir 4.08 kWh
[zmir 4.28 KWh
Hatay 4.26 KWh

Trabzon 2.78 kWh

Edirne 3.82 kWh

To sum up, if the location changes, not only sunshine hour will change, but also the interaction

between panels and sun, as a result efficiency, will change.

2.4. PvSol Design

PvSol is a simulation program with 3D visualization and detailed shading analysis for the calculation
of PV systems (PvSol, 2023). The user-friendly program provides a combination of appliances, battery
systems, and electric vehicles. With PvSol we have designed and simulated different types of solar
cells.

The consumption power of all electronic devices used in the house was calculated and the need of the
house was found. Depending on our calculations, the monthly consumption power of the house was
found as 883170 W.

The monthly consumption power

The daily consumption power of the house = Day 2
883170 W 20 W
30
The required amount for the installation = The daily consumption power of this house 3)

Daily average PV energy production for Mugla

29kW
4.4kWh

= 6.4 kWp

As regards to these results, it was found that the required amount for the installation was 6.4 KWp.

2.5. PvSol Design with Mono-c Panels
In order to provide the required energy amount of 6.4 kWh, we have selected 400 Wp PV mono-c

panel from CW Energy Company, which is a wholesaler and distributor of solar panels (CW Energy,

2023) and then we calculated the number of panels needed for this power.

6400Wp+400Wp=16 (number of panels)
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We have used 16 mono-c panels and one inverter on the rooftop. The produced current type is in DC
form, and with the help of an inverter, it is converted into AC form that can be used in houses,
workplaces, etc. In addition to the required energy amount, all the risk parameters have been
considered, like shading (Bimenyimana et al., 2017). In order to reduce this shadowing effect, we
preferred to split Maximum Power Point Tracking (MPPT) in half. At sunrise, due to the length of the
house’s chimney, and at sunset the satellite has made shading on the panels. After arranging the panel

placement, we have examined the shading effect as shown in Figure 8.

Y
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Figure 8. Shading on mono-c panels

If we have used a single and serial connected MPPT, the efficiency would decrease at sunrise and
sunset. To minimize the shadowing effect, we have split the MPPT into two as MPPT1 and MPPT2 as
shown in Figure 9.
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Figure 9. MPPT1 and MPPT2 for mono-c panels

After arranging the optimum position, we have placed the cables from the automatic cabling section.
Wires/cables have played an important role in observing the best performance from an electrical

system. Finally, the panels were placed as depicted in Figure 10.

492



Figure 10. General view of the optimum positions for mono-c panels

2.6. PvSol Design with Poly-c Panels
We have selected 285 Wp poly-c solar panels from CW Energy Company (CW Energy, 2023) and

then we have calculated the number of panels for the required power.

6400 Wp+285 Wp=22 (number of panels)
Depending on the structural properties of poly-c panels and the reported results in the literature, it can
be said that the efficiency of poly-c panels is lower than the mono-c panels (Jiang et al., 2020). As a
result of this, unlike other designs, a greater number of panels was required and the design covered
more area on the roof.
As well as in mono-c panel design, shading effect and MPPT design have been made in this poly-c
design. The shading effect of the poly-c covered roof, MPPT splitting, and general view of the roof
obtained with PvSol can be seen in Figure 11, Figure 12 and Figure 13 respectively.
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Figure 11. Shading on poly-c panels
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Figure 13. General view of the roof entirely covered with poly-c panels

2.7. PvSol Design with Half-Cut Mono-c Panels
We have selected 455Wp half-cut mono-c solar panel from CW Energy Company (CW Energy, 2023).

The number of half-cut panels that we have used to produce this energy was calculated as follows:
6400Wp+455Wp=14 (number of panels)

Since the half-cut mono-c panels can produce higher energy compared to the other panel types, we
have used less number of half-cut mono-c panels (Kewte, 2023). After simulating several alternatives,
the best positioning for the panels have been selected. As done for mono-c and poly-c panel designs,
also for this case the shadowing effect was investigated as shown in Figure 14. Thanks to the less
number of panels, different from the aforementioned types, the shadowing effect has not dropped the
output that much. To minimize the shadowing effect and to get the maximum efficiency, we have
divided the MPPT in half as shown in Figure 15.
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Figure 15. MPPT1 and MPPT2 for half-cut design

Unlike mono-c and poly-c type designs, the half-cut mono-c panels covered the smallest area as shown

in Figure 16. The reason for this is that, as explained before, half-cut panels produce more energy than

other panel types as summarized in Table 4.

¢ panels

Figure 16. General view of the roof covered with half cut mono-
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3. Results and Discussion

3.1. Simulation Results and Comparison of Different Panel Types

According to the physical properties and the maximum energy that the panel types can produce, the
number of required panel number was calculated, which is consistent with the results reported in the
literature (Duman and Alg1, 2022). Half-cut mono-c panels have the highest efficiency and as a result
of this high output, the number of required panel number was lower, as expected. The results of our
simulation study can be summarized as tabulated in Table 4.

Table 4. The summary of our simulation study based on different panel types

Types of Panels Mono-c Poly-c Half-cut Mono-c
Number of PV modules 16 22 14
Number of inverters 1 1 1
PV generator energy 10.639 kWh 10.607 kWh 10.932 kWh
Grid feed-in 10.639 kWh 10.607 kWh 10.932 kWh
Spec. annual yield 1.662,33 kWh/kWp  1.684,58 kWh/kWp  1.716,14 KWh/kWp
Performance ratio 82.90% 84.10% 85.7%
Yield reduction due to shading 5.3 %/Year 4.7 %/ Year 1.3 %/Year
CO: emissions avoided 5.000 kg/year 4.964 kglyear 5.138 kg/year
PV generator surface 32 m? 36.1 m? 30.5 m?
PV generator output 6.4 kWp 6.27 kWp 6.4 kWp
Cost for one panel 160 $ 855$% 191.1$

It was found that the best among other panel types was the half-cut mono-c. Half-cut panels have been
recently preferred more and more, day by day (Khan et al. 2023). The amount of use has been
increasing recently. It is a new technology resulting with high efficiency values. The reason of the
better performances compared to other panel types is the decrease in cell’s resistance based on
structural facts (Duman and Algi1, 2022).

One of the main benefits of renewable energy is that it generates significantly lower CO, emissions
than non-renewable sources (Arif, 2013). Half-cut panels can prevent more CO; than mono-c and
poly-c as shown in Table 4. Using Equation 4, CO; factor for different countries and different panel
types were calculated as shown in Table 5 and Table 6 respectively (Solar Blog by Kerem Cilli, 2022).
CO:2 (kg) = kWh generated energy x CO; factor (g/kWh) (for Turkey: 619.8 g/kWh) 4)

Table 5. CO, factor table by different countries

Country CO; Factor (g/kWh)
USA 689.56
Japan 450

Turkey 619.8
Spain 265.4
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Table 6. CO; (kg) values for different types of panels

Types of Panels Mono-c Poly-c Half-cut Mono-c
Calculated value 5.000 kg/year 4.964 kglyear 5.138 kg/year

Upon comparing the simulation results with the studies in literature, it can be concluded that
maximum CO; emissions avoided can be observed with the half-cut mono-c panels as shown in Figure
17.

CO, Emissions avoided (kg/year)

5.150
5.100
5.050
5.000

4.950

4.900

4.850

Monocrystalline Polycrystalline Half-Cut
Monaocrystalline

Figure 17. CO emission data for different panel types

4. Conclusion and Future Work

In this paper we have presented the results of our simulation studies made for a house located in
Mugla, using PvSol program. Based on the actual consumption of the designed house, the daily energy
requirement was calculated and taken as 6.4 kWp. According to the real consumption amount and the
physical properties of the house, such as shadowing, roof area, the location, three different panel types
were investigated and analyzed, as explained in Table 4. As regards to the simulation outcomes, it was
found that the optimum results, with the highest efficiency, were obtained with a roof decorated with
half-cut monocrystalline panel type. This panel type has the lowest CO. emission amount. In addition
to minimizing CO: emission, the smallest area coverage could be managed with half-cut panel type.
For a house located in Mugla, the fourth rainiest province in Turkey, the optimum panel selection was
proved to be the half-cut monocrystalline panel type, which is compatible with the real application
examples. As a future work, the results will be updated and implemented depending on the energy

requirement of either a house, or a factory.
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Abbreviations
PV: Photovoltaic

CO,: Carbon Dioxide

Mono-c: Monocrystalline
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DC: Direct Current

AC: Alternating Current

Si: Silicon

c-Si: Crystalline Si

MPPT: Maximum Power Point Tracking
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