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ABSTRACT: Solar energy, which is a clean, unlimited, and environmentally friendly energy source, has
critical importance in sustainable energy management. The usable potential of energy is expressed in
terms of exergy, and the determination of the exergy potential of solar energy ensures the correct
utilization of this potential. Turkey has a very high solar energy potential, and this potential should be
utilized in the most efficient way possible to achieve sustainable energy targets. The tilt angle of solar
panels has a significant effect on efficiency. Efficient operation of solar panels can be achieved by
determining the optimum tilt angle. In this study, Turkey's solar exergy potential was calculated for the
horizontal plane and five different tilt angles (21°, 30°, 39°, 48°, and 57°). Thus, it was tried to determine
the appropriate panel angle to get the highest efficiency from solar panels that can be used in different
regions of Turkey. The calculations are based on 22-year average solar energy potential data obtained from
NASA. The exergy potential was determined for the coordinates where Turkey is located, and the
potential for the regions between the coordinates was determined by the interpolation method. With the
interpolation method used, an approximate estimation for the areas where there is no measurement is also
provided, and it is aimed at saving the time and cost required for long-term measurements. Among the
tilt angles analyzed, the optimum angle for the whole year was determined to be 30 degrees. The exergy
potential for 30° inclined surfaces in all coordinates of Turkey is given as a seasonal map. With the use of
the maps, it is thought that the optimum angle and exergy potential for different regions and seasons of
Turkey will be predicted, and thus it will be easier for new investors to determine the high-potential
regions of Turkey.

Keywords: Exergy Potential, Optimum Tilt Angle, Solar Energy, Solar Exergy Potential Maps
1. INTRODUCTION

Energy is essential for sustaining human existence, providing comfort, and meeting needs. The
sustainable management of energy is necessary to meet all these demands, keep the economy and industry
running, and preserve a habitable environment [1], [2]. Conventional energy sources, especially fossil
fuels, provide much of the energy needed by the modern world. However, the exploitation of these
resources causes pollution, such as greenhouse gas emissions, which accelerate climate change and
damage ecosystems. The use of renewable energy sources might help to lessen these detrimental impacts
on the environment. Renewable energy sources are essential for a sustainable future, and solar energy is
particularly notable among them [3], [4]. Solar energy is essential to meeting our energy demands since it
is a clean, endless, and environmentally friendly energy source. Determining solar energy's potential is
crucial to its efficient utilization. Utilizing Turkey's abundant solar energy resources is essential to
achieving sustainable energy targets and expanding the country's energy portfolio [5]. Several studies
have explored Turkey's solar energy potential, focusing on various regions and employing different
methodologies to evaluate and optimize solar energy applications.

Turkey's solar energy potential has been the subject of several studies. Research conducted in the
province of Karabiik aimed to evaluate local solar energy applications and examine the benefits and
drawbacks of this energy source [6]. An efficiency map was made using the Analytical Hierarchy Process
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(AHP) technique to evaluate the solar energy potential of Gaziantep province [7]. In the province of Kars,
potential sites for solar power plant projects were identified by the application of AHP methodologies and
CSB investigations [8]. An attempt was made to determine which of the three accessible alternative
provinces—Istanbul, Nevsehir, and Bilecik—is the best location for a solar power plant (SPP) to be
established in Turkey using the Multi-Criteria Decision Making (MCDM) approach [9]. Several studies
have been conducted to evaluate Turkey's energy situation, renewable energy resources, and solar energy
[10], [11], [12], [13].

A fundamental concept in thermodynamic analysis and performance evaluation of energy systems is
the determination of energy potential. Exergy is a unit of measurement for energy quality that describes
an energy form's capacity for work. In addition to energy analysis, energy analysis provides a more
accurate and efficient means of evaluating energy conversion or distribution processes and systems.
Energy is wasted during recycling in real processes, whereas it is saved during ideal processes.
Consequently, exercise can be employed to calculate the thermal losses and inefficiencies of each energy
system unit, as well as a useful indicator of possible environmental effects. Researchers have carried out
studies on the exergy of Turkey's solar energy potential. The exergy of global solar radiation was
investigated using measurement data for Erzurum province [14]. In another study, horizontal-plane solar
radiation data were taken from 8 measurement stations in Turkey, and energy and exercise research were
carried out for these regions [15]. The researchers analyzed Turkey's solar radiation exergy and the
environmental-economic analysis of solar radiation incidents on the horizontal plane [16].

The tilt angle of solar panels with respect to the surface can have a substantial impact on their
efficiency. By ensuring that the sun's rays reach the panels at their highest level, the optimal tilt angle
increases the amount of energy produced. According to studies, altering the tilt angles can have a
significant impact on the amount of energy that solar panels can capture annually [17], [18], [19], and [20].
For instance, a study conducted in Kayseri revealed that positioning solar panels with an optimal monthly
tilt angle yielded 4.11% more energy than a constant annual tilt angle. Additionally, it was demonstrated
that adjusting seasonal and semi-annual tilt angles could enhance energy efficiency, although this increase
was less pronounced than that observed with monthly adjustments [21].

The Photovoltaic Geographic Information System (PVGIS) [22] and the Hottel & Woertz (HW)
methods are two of the techniques used to calculate the tilt angles. The optimal tilt angles for the panels
are determined using these techniques, considering the region and climate data currently available. The
PVGIS approach employs satellite-interactive meteorological data to simulate the ideal hourly, daily,
monthly, and annual solar radiation levels based on the desired geographic location and panel tilt angle.

A study conducted in Ardahan province demonstrated that surfaces with the optimal tilt angle for
each day exhibited an increase of up to 17% in annual total solar radiation values when compared to
horizontal surfaces. The minimum increase was 3.4% on surfaces with a B=p+15° tilt angle [23]. A
comprehensive evaluation of solar collectors at various tilt angles has been conducted for the province of
Erzincan, with particular focus on energy and exercise considerations [24]. These studies demonstrate the
importance of solar collector tilt and orientation in optimizing solar radiation energy harvesting.
Identifying the optimal tilt angles is crucial for enhancing the efficiency of solar energy systems and
reducing energy costs. Furthermore, these studies present a scientific approach for planning and arranging
solar collectors, enabling a more effective utilization of renewable energy sources.

Despite these efforts, a gap remains in understanding the exergy potential of solar energy in Turkey,
particularly concerning the optimal tilt angles for solar panels. This study addresses this gap by calculating
the solar energy potential for different tilt angles and providing detailed seasonal maps. The primary
contributions of this study are the identification of the optimum tilt angle for maximizing solar energy
potential and the presentation of energy potential maps that can guide future solar energy investments in
Turkey.

In this study, the exergy potential of surfaces with varying tilt degrees can be quantified, providing
valuable insights for solar collector design and optimization. This knowledge can be used to inform the
design of solar energy collectors, enabling more effective use of solar energy. The data set utilized for this
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study comprised the 22-year average total average daily irradiation to the horizontal plane, diffuse
average daily irradiation to the horizontal plane, and outdoor temperatures at 10 m height. These data
were obtained from NASA for 140 coordinate points located between 26° and 45° east. As a general
approach, it is recommended to position the solar panels so that the latitude angle of the panels is 15
degrees below the latitude angle in summer and 15 degrees above the latitude angle in winter. Therefore,
considering Turkey's smallest latitude angle of 36 degrees and the largest latitude angle of 42 degrees,
angles that will cover 15 degrees more (57 degrees) and 15 degrees less (21 degrees) were studied. The
calculations of Turkey's solar energy potential were made for both horizontal and five different inclination
angles (21°, 30°, 39°, 48°, and 57°), covering a latitude range of 36°-42° north parallel.

The long-term NASA data and IDW interpolation method used in this study allow us to make accurate
forecasts even in missing data regions. This is one of the innovative aspects of our study. In addition, the
detailed examination of the performance of specific tilt angles in different seasons provides a more
comprehensive analysis compared to other studies in this field.

The organization of this paper is as follows: Section 2 describes the materials and methods used in this
study, including the exercise analysis and the determination of solar potential. Section 3 presents the
results and discussion, including seasonal exercise potential maps and an analysis of different tilt angles.
Finally, Section 4 concludes the study and suggests directions for future research.

2. MATERIAL AND METHODS

To optimize the utilization of solar radiation in solar energy system design, it is of paramount
importance to accurately calculate the tilt angles of the solar collectors. By ensuring that the sun's rays are
perpendicular to the collector surface, these angles enhance the efficiency of energy collection. The optimal
tilt angle of the collectors is significantly influenced by variations in solar incidence angles due to seasonal
variations and geographic locations.

The following equations are employed to determine the inclination angles of 21°, 30°, 39°, 48°, and 57°
on a horizontal plane, with the objective of illustrating the impacts of these angles on the exergy potential
of solar energy. To determine the solar exergy potential, the diffuse average daily irradiance to the
horizontal plane, the 22-year average total average daily irradiance to the horizontal plane, and the
outdoor temperatures at a height of 10 meters were taken into consideration for 140 coordinate points
between the 26°-45° east latitudes and the 36°-42° north parallels in Turkey.

2.1. Exergy Analysis

Exergy is the portion of the thermodynamic potential that can be transformed into the greatest amount
of work. It is a key concept in determining the amount of work that thermodynamic systems can produce.
It is frequently used to evaluate the energy quality of thermodynamic systems and to identify potential
flaws or issues. When a system moves from its current thermodynamic equilibrium to one of reversible
processes and reaches equilibrium with its external environment, that state is referred to as exertion. When
there is no exchange of matter or energy between a thermodynamic system and its environment, or in the
case of reversible processes, the maximum amount of work that can be produced from the system is
measured. In this case, the external work of the system is maximized, but its internal energy and entropy
are constant. Exergy is the name given to this maximum theoretical work [25], [26].

In Equation 1, the ratio of the maximum work (W) that can be achieved using radiation to the energy
"E" of the solar source can be used to mathematically describe the conversion efficiency of thermal
radiation into real work [27].

w
E

n:

This useful work from radiation will be maximized for a reversible process. The highest formula
efficiency is given in Equation 2 below.



Estimating The Solar Exergy Potential of Surfaces with Different Tilt Angles 759

_ Wmax
nc,max - E 2

The exergy of the system is the maximum amount of work that can be extracted, and the exergy
efficiency is the maximum system efficiency. Exergy efficiency can be expressed as in Equation 3:

lpzﬂﬂ 3

H

The exergy efficiency “i” in Equation 3 replaces ¢ nqx in Equation 2. Similarly, H, ., represents the
solar radiation exergy W,,,, term, while H (incoming solar radiation) is used instead of the energy input
E. According to Petela, ¥ represents the highest percentage of solar radiation that can be converted into
work (Petela, 2003). Petela developed the concept of exergy of solar radiation to assess the efficiency and
reversibility of all energetic processes involving heat radiation. To estimate the exergy of heat radiation,
formulas have been proposed that consider the ratio of exergy to radiation energy.

The exergy of solar energy is determined by the model given by Petela, [28] as follows (Equation 4).

4
O ;

Here, 1; represents the relative potential of the maximum output from solar radiation, T; is the solar
temperature and its value is 1459.5 K for diffuse solar radiation and Ty 5760 K for beam (or direct) solar
radiation. T is the monthly average air temperature (in Kelvin) for the considered location. The Petela
model gives similar results to the Jeter and Spanner model, so the choice of the Petela model is reasonable
and leads to acceptable results.

As the outside temperature increases, the efficiency of both radiant and diffuse solar energy decreases.
This implies that less work can be produced from incoming radiation when the ambient temperature rises.
Equations 5 and 6 can be used to determine the exergy values of the highest relative energy availability
potential v, diffuse H; ., and direct Hy, ., solar radiation [29], [30].

Hyex = YaH, 5
Hpex = YpHp = l/)b(ﬁg — Hy) 6

The exergy of global solar radiation is calculated using Equation 7 or Equation 8. Global solar energy
efficiency can be calculated using Equation 9 or Equation 10 [29].

ﬁgexzﬂb,ex—l'ﬁdex 7

Egex = l/)gﬂg 8
_ Hgex _ YpHpt¥qHa

Yy = TP — 9
_ Hg Hg

Vo= (1-5) +ve () 10

2.2. Determination of Solar Potential

To optimize the of use solar energy, it is necessary to ascertain the capacity of the sun for solar energy.
Solar radiation intensity at a specific location is defined as the quantity of solar energy received per unit
area. This is influenced by the angle at which sunlight strikes an item, the atmospheric condition, and
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obstructions such as clouds or buildings. A region with a higher solar radiation intensity also has a larger
solar energy potential. Several factors must be considered when calculating solar energy potential,
including the quantity and duration of solar radiation, the environment, and the location. The potential
for solar energy is also affected by the length of time exposed to sunshine. Regions with longer daylight
hours or generally more sunny days may have greater solar energy potential. Seasonal fluctuations in
daylight length should also be considered when assessing solar energy potential.

Geographical location is one of the most crucial elements in determining solar energy potential. Areas
situated closer to the equator receive a greater quantity of direct sunlight throughout the year than those
situated at a greater distance from the equator. This phenomenon enhances the potential for solar energy
generation in these regions. The angle and orientation of solar panels with respect to the sun are also
influenced by latitude, and this has an impact on the effectiveness of energy capture. Equation 11 provides
the formula for calculating solar radiation from extraterrestrial sources [29], [31].

_ 24Hg
- T

H, (1 + 0.033 cos cos (%) ) (cos cos @ cos cos § sin sin ws + % sin sin @

11
sinsin §

Here @ is the degree of latitude (north (+), south (+), -90<@<90), ¢ is the solar declination angle, w;s is
the solar hour angle and Hy, is the solar constant (1367 W/m?). The solar declination angle § and the solar
hour angle w; are calculated using Equation 12 and Equation 13, respectively [29], [31]

360(284+1)
365

8§ = 23.45° sin sin [ 12

cos cos wg = —tantan @ tantan § 13

2.3. Monthly Average Solar Radiation Incident on A Given Area in The Horizontal Plane

(Klein, 1977) simplified the calculation of H, in Equation 11 by defining for each month a typical day
when the daily extraterrestrial solar radiation value is extremely close to the monthly average value. The
monthly average solar radiation (H) incident on a given area on a horizontal plane can be determined by
Equation 14.

Lo (arn) .

0

Here, a and b are region-dependent constants, and % is the relative insolation time (insolation time/day

length). The region-dependent constants a and b in Equation 14 are given in Equation 15 and Equation 16
below for Turkey, depending on the latitude angle (v), declination angle () and location height (Z) in
meters above sea level ([31], [32]).

a =0.103 + 0.000017Z + 0.198 cos cos (¢ — ) 15
(¢ —9) 16

Conditions associated with climate, like humidity, cloud cover, and air pollution, have an impact on
the amount of solar energy that is accessible. In locations with poor sky conditions, solar energy potential
may be lower than in areas with clear skies. It is therefore necessary to comprehend local climate trends
in order to make an appropriate assessment of solar energy potential. Based on the clarity index (CT),
Equation 17 can be used to calculate the ratio of daily horizontal plane diffuse radiation to total radiation
[31], [32].
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Based on the relative insolation time and clarity index of Equation 18, the equation calculates the
monthly average daily solar radiation to the horizontal unit plane on Earth.

KTZ_ 18

Several variables, such as solar radiation intensity, sunlight duration, geographic location, climate,
and technical infrastructure, should be considered when estimating solar energy potential. By carefully
weighing these variables, stakeholders may identify the best sites for solar projects and maximize the
efficient use of this renewable resource.

2.4. Average Daily Total Radiation Falling on The Sloping Surface

On the inclined plane, there is a difference between the dawn angle of the incident radiation and the
first-hour angle of first fall (ws) Equation 19 yields the-first hour angle of first fall (ws) The equation's usage
of the word "min" designates that the smaller of these two integers will be chosen [29], [32].

ws =min[(—tantan ¢ tantan§) (—tantan (p — B) tantan§) | 19

The average daily total radiation falling on the sloped surface is found using equation 20. Rb is defined
as the ratio of daily direct radiation (Hbv) falling on the horizontal surface to daily direct radiation (Hbor)
falling on the inclined surface. Equation 21 establishes it for the northern hemisphere's south-facing
surface (y=0°) [31], [32].

Hy=H ( _ %) & +H, (1+coszcos[3’) + Hp (1—coszcos[3‘) 20

coscos (¢—p) coscos & sinsin ws +(%)wlssinsin (9p—p) sinsin
. . T . . . .
€0SCOS ¢ cosCOS & sinsin wg +(1Tw)wssmsm @ sinsin §

Rp= 21

2.5. Study Area and Data

Turkey was selected as the research site for this study to evaluate the potential for solar energy. Turkey
is located between the 26°-45° east meridians and the 36°-42° north parallels. For each coordinate between
the 26°-45° east meridians and the 36°-42° north parallel, NASA has supplied solar energy data. For each
coordinate, the exergy potential of solar energy was calculated using the formulas presented in the initial
section of this website. The resulting exergy potential was then visualized using IDW (inverse distance
weighting) interpolation.

2.6. IDW Interpolation Method

The fields of geographic information systems (GIS) and geology are two contexts in which IDW is
applied. It is commonly used to depict point data on a regular surface or to fill in missing data. The
interpolation of point data to create a map is a typical use case for IDW. Using this method, a point's value
is determined by weighing it based on the separation between known points. IDW's fundamental principle
is that a point's estimated value is calculated by inversely weighting its distances to known points. This
means that points that are closer together weigh more than points that are further away. The value of a
point should ideally be determined by weights proportional to the distances to that location. The
mathematical model of IDW interpolation is given in Equation 22 [33],[34].
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Z(x,y) = 1 22

Here, Z(x,y), is the value of the point with the estimated value, Z; is the value of one of the known
points, and d; is the distance of the known points to the target point p is the weighting factor (usually
taken as 2 or 3).

Among the benefits of IDW are the following:

e Itis fast and easy.
e Non-linear relationships are modeled by it.
e Since it is based on point data, it can work with irregular or incomplete data.
However, IDW has several disadvantages.
e Itrequires a homogeneous distribution of known points to work properly.
e  When data from close points is weighted too heavily compared to data from other points, it
can lead to the problem of overscoring.
e If the weighting factor is not chosen correctly, the results can be negatively affected.

3. RESULTS AND DISCUSSION

This study calculates the solar exergy potential of Turkey for both the horizontal plane and five
specific tilt angles (21°, 30°, 39°, 48°, and 57°). These angles were selected to cover a broad range of possible
panel orientations, reflecting both practical and theoretical considerations for optimizing solar energy
capture. Previous studies have indicated varying efficiency gains at different tilt angles, and the study
aims to identify the most effective angle for maximizing exergy potential. Calculations were made using
22-year average solar energy potential data obtained from NASA, ensuring a robust and comprehensive
analysis.

The exergy potentials of Turkey in the horizontal plane and five different tilt angles (21, 30, 39, 48, and
57) were calculated, and seasonal maps were created. For Turkey, the winter season is considered
December, January, and February; the spring season is March, April, and May; the summer season is June,
July, and August; and the autumn season is September, October, and November, respectively.

Min Solar Exergy Potantial (W/m>day)

~—#— horizontal

Jan —@— 21 degree
Dec 55 Feb =30 degree
5.0 ¥— 39 degree
4'5 48 degree
' —4— 57 degree
4.0
Nov § Mar

Oct

Apr

May

Aug Jun
Jul

Figure 1. Minimum solar exergy potential of different tilt angles for each month
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Figure 1 shows the variation of the average lowest solar exergy potential for different inclination
angles according to the months. In Figure 1, it is seen that the lowest solar exergy potential in the winter
months is seen on the horizontal plane with 1.324 W/m?day and the highest with 2.094 W/m2day on the
surface inclined at 48°. In the spring months, the lowest solar exergy potential is 3.381 W/m2day with a 57°
inclined plane, and the highest solar exergy potential is 3.711 W/m2day with a 21° inclined surface. In
summer, the lowest solar exergy potential was 3.383 W/m2day at a 57° inclined plane, and the highest solar
exergy potential was 4.490 W/m?2day at a horizontal surface. In autumn, the lowest solar exergy potential
was 2.400 W/m?2day on the horizontal plane, and the highest solar exergy potential was 3.141 W/m?day on
the surface inclined at 39°.
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= — Lt B
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Annual Min Solar Exergy potantial (W/m’day)

=
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1
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horizontal 21 degree 30 degree 39 degree 48 degree 57 degree
Figure 2. Average minimum annual solar energy potential of different tilt angles

Figure 2 shows the annual average minimum solar exergy potential for different tilt angles. Although
the highest and lowest exergy potentials are observed at different inclination angles (Figure 1), when the
annual average solar exergy potential is considered (Figure 2), it is determined that the highest potential
is on 30° inclined surfaces (3.283 W/m?2day) and the lowest potential is on horizontal planes (2.932
W/m2day).

Max Solar Exergy Potantial (Wlmzday) —m— horizontal
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. —A— 30 degree
Dec 8 Feb ~¥— 39 degree
7 48 degree
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Figure 3. Maximum solar exergy potential of different tilt angles for each month
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The average maximum solar energy potential fluctuation per month for various inclinations is
displayed in Figure 3. Figure 3 shows that the solar energy potential is highest on the surface inclined at
48°, with 3.871 W/m?2day, and lowest on the horizontal plane, at 2.396 W/m?2day. During the spring season,
the solar energy potential ranged from 4.888 W/m2day on a 57° inclined plane to 5.713 W/m?day on a 21°
inclined surface. During summer, the solar energy potential ranged from 5.460 W/m2day at a 57° inclined
plane to 7.281 W/m?2day at a flat surface. Autumn solar exergy potentials were as low as 4.064 W/m2day
on the horizontal plane and as high as 5.272 W/mz2day on the 39-° inclined surface.

6 -

Annual Max Solar Exergy potantial (W/m’day)
w
1

0

I N I v I N I ' I v I '
horizontal 21 degree 30 degree 39 degree 48 degree 57 degree

Figure 4. Average maximum annual solar energy potential of different tilt angles

The yearly average maximum solar energy potential for various tilt degrees is displayed in Figure 4.
The annual average solar exergy potential (Figure 4) shows that, despite the highest and lowest exergy
potentials being observed at different inclination angles (Figure 3), the highest potential is at 30° inclined
surfaces (5.319 W/m?2day) and the lowest potential is at 57° inclined planes (4.785 W/m2day).
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Figure 5. Average solar exergy potential of different tilt angles for each month
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The average solar energy potential variation according to month for various inclination degrees is
depicted in Figure 5. Figure 5 shows that during the winter, the solar energy potential is lowest on the
horizontal plane (1.855 W/m?day) and maximum on the surface inclined at 48° (2.936 W/m?2day). During
the spring season, the solar energy potential ranged from 4.026 W/m2day on a 57° inclined plane to 4.527
W/m2day on a 21° inclined surface. During the summer, the solar energy potential ranged from 4.771
W/m2day at a 57° inclined plane to 5.990 W/m?2day at a horizontal surface. During the fall season, the solar
exergy potential reached its maximum on an inclined surface at 39° and its lowest on a level plane at 3.145
W/mz2day.
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Figure 6. Average annual solar energy potential of different tilt angles

Figure 6 shows the annual average solar exergy potential for different tilt angles. Although the highest
and lowest exergy potentials are observed at different inclination angles (Figure 5), when the annual
average solar exergy potential is considered (Figure 6), it is determined that the highest potential is on 30°
inclined surfaces (4.255 W/m2day) and the lowest potential is on horizontal planes (3.819 W/m?2day).
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Figure 7. Detailed representation of the average solar energy potential of different tilt angles for the
equinox

The equinoxes are two special days when the angle between the plane of the Earth's ecliptic and the
plane of the equator is zero. Due to the Earth's axis tilt, the angle of its orbit around the sun changes



766 A.KABUL, F. YIGIT, A. DURAN

according to the seasons. On the days of the equinoxes, the Earth's obliquity to the sun is at its minimum,
and the sun's rays come at a right angle to the equator. On these days, the duration of day and night is
approximately equal. The equinox periods are called the vernal equinox (in March) and the autumnal
equinox (in September). At these times, the angle at which the sun's rays fall changes depending on the
position of the Earth in its orbit around the sun. Equinox days are the times when this change is most
pronounced. Figure 7 shows the average solar energy potential of different inclination angles for the
equinox in detail. Considering the equinox days, it is observed that the solar exergy potential decreases
approximately with the increase in the inclination angle after March, which includes the spring equinox,
while the solar exergy potential increases approximately with the increase in the inclination angle after
September, which includes the autumn equinox. It was found that the effect of tilt angle on solar exergy
potential in the equinox months is less compared to other months.

Between Figures 8 and 11, the four-season solar exergy potential of the 30° sloping surfaces that
provide the highest solar exergy potential is given in the form of a map. The color scales in the figures are
arranged separately for each season to reveal the differences according to the regions more clearly. In the
maps, the change of the exergy potential from low to high is colored from blue to red.
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Figure 11. Solar exergy potential in autumn for 30° inclined surfaces

The findings of the study showed that the 30° slope angle provided the highest value for the annual
average exergy potential (4.255 W/m?/day). This value is 10% higher than the potential of horizontal
surfaces. Furthermore, the seasonal performance of the different tilt angles was also analyzed. For
example, it was found that the 48° slope angle provided the highest exergy potential in winter (2.936
W/m?/day), while in summer, the horizontal surfaces provided the highest potential (5.990 W/m?/day).

The study was compared with previous studies in terms of data source, methodology, results and
innovative approaches, and common and different aspects were revealed. In the comparisons, firstly the
studies conducted for the cities of Turkey and then similar studies conducted for different countries and
cities were taken into consideration. A comparison chart is given in Table 1.
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Table 1. Comparison with previous studies

Name of the Study Bibliography Working Tilt Data Source Methodo Results of Innovative
area Angles logy of  the Study Approaches of
the the Study
Study
Solar Energy Potential [6] Karabiik ~ Various Solar energy AHP, Identification ~ Use of AHP and
Assessment for Karabiik, (e.g. potential GIs- of Olo_timal GIS for optimal
Turkey optimal data from  based locations for gjte gelection,
. solar energy
monthly, local analysis lants focus on local
seasonal)  meteorologi P conditions
cal stations
Solar Energy Potential [7] Gaziantep Various Solar energy AHP Evaluationof ~ AHP
Evaluation in Gaziantep, (monthly, data from analysis ~ solarenergy  methodology to
Turkey seasonal)  local potential using o a1y;ate
AHP .
sources, regional solar
methodology .
NASA data potential
Solar Energy Potential in  [8] Kars Various Local solar ~ AHP, Identification ~ Combining
Kars, Turkey (seasonal) radiation GIS- of potential AHP and GIS
data and based areas forlsoiar for detailed
GIS analysis analysis power plants spatial analysis
tools
Solar Energy Potential and [21] Istanbul ~ Monthly,  Solar Experim  Optimal Focus on
Optimal Tilt Angles in seasonal, irradiance  ental monthly ?nd experimental
Istanbul, Turkey annual data from  analysis, seaslonal it validation of tilt
. angles
local . tilt fmgle identified angle o
meteorologi optimiza optimization
cal stations, tion
NASA data
Solar Energy Potential and [9] Nevsehir  Various Solar energy AHP- Identification ~ Use of hybrid
Optimal Site Selection in (annual)  potential VIKOR  ofoptimal AHP-VIKOR
Nevsehir, Turkey datafrom  hybrid ~ Sitesforsolar o aod for
local method ~ PO™" plants comprehensive
using AHP- X p A
sources and VIKOR site selection
meteorologi analysis
cal stations
Estimating the Optimum  [35] Palestine ~ Various PVGIS, Mathema Monthly Use of PVGIS
Tilt Angles for South- (e.g., PVWatts, tical afijUStme“ts and PVWatts
Facing Surfaces in optimal mathematic models, yield 17% tools, focus on
Palestine monthly,  al models software | or¢ enerey efficiency gains
yearly optimal .
seasonal, tools tilt angle from tilt
semi- (PVGIS,  around 29° adjustments
annual, PVWatts
annual) )
Solar irradiance estimation [36] General Various Mathematic Mathema Optimal tilt Use of various
models and optimum tilt studies al models tical angles mathematical
anel del identified for dels £
gles models ) models for
Zj::i)il:isons irradiance
estimation
Assessment of potential [37] General Various Mathematic Mathema Potential Comprehensive
solar energy with the studies al models tical energy 8_3“19 model-based
models for optimum tilt models r’lltth Oﬁhmal analysis of solar
angles 1 angies potential
Estimation of ideal tilt [38] General Various Mathematic Mathema Ideal tilt Focus on ideal
angle for solar-PV panel studies al models tical a_ngl'eﬁ tilt angles for
surfaces facing south models ~ Significantly  psimum
improve

energy capture

energy capture
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In this study, the whole of Turkey was selected as the study area and the optimum tilt angle was tried
to be determined by Interpolation method (IDW) and exergy analysis methods considering NASA 22-year
average solar energy data for horizontal, 21°, 30°, 39°, 48°, 57° angles. Detailed seasonal exergy potential
maps were created and IDW interpolation was used for missing data regions. The findings of our study
show the reliability and accuracy of our method and the data used when compared with similar studies
conducted in provinces such as Karabiik, Gaziantep and Kars. For example, studies conducted in Karabiik
evaluated the benefits and challenges of local solar energy applications [6]. In another study conducted in
Gaziantep, solar energy potential was evaluated using the Analytic Hierarchy Process (AHP) method [7].
Similarly, potential areas for solar power plants in Kars province were identified using AHP methodology
and GIS analyses [8]. This comparison shows that our study is compatible with other studies and the
methodology used gives reliable results. While the Karabiik study focussed on the evaluation of local
applications, the Gaziantep study made a potential assessment with the AHP method. The Kars study
identified potential areas with AHP and GIS analyses. In this study, NASA's long-term data and IDW
interpolation method provide a comprehensive analysis across Turkey by making accurate predictions
even in missing data regions.

In this study, NASA's 22-year average solar energy data were used. Other studies used data obtained
from PVGIS, PVWatts, local meteorological stations and various meteorological sources. While IDW
interpolation method and exergy analysis were used in this study, other studies used mathematical
models, optimisation techniques and efficiency analyses. In this study, it is stated that the optimum tilt
angle is 30° throughout the year and seasonal maps are provided. Other studies have presented results on
how seasonal and annual adjustments can improve energy efficiency. This study presented detailed
seasonal exergy potential maps using the IDW interpolation method to make accurate predictions in
missing data regions. Other studies have utilised tools such as PVGIS and PVWatts, and have presented
detailed seasonal exergy potential maps based on climatic conditions.

These findings are an important guide for solar energy investments in Turkey and will contribute to
increasing energy efficiency and reducing energy costs by determining optimal tilt angles for the design
and layout of solar collectors.

4. CONCLUSIONS

The aim of this study is to determine the solar energy exergy potential for different tilt angles in
different regions of Turkey and to determine the most suitable panel tilt angles. In this context, NASA's
22 years of solar energy data were used to accurately determine the solar energy potential of Turkey. The
IDW interpolation method is preferred for estimating the exergy potential in regions with data deficiency,
which provides advantages in terms of cost and time. In this study, to utilize solar energy more, the exergy
potential incident on the horizontal surface was calculated, and the effect of the panel tilt angle on the
exergy potential was investigated. The average solar exergy potential varies according to months and
seasons at different tilt angles. The results obtained in the study are as follows:

e Considering the annual average solar exergy potential, it was determined that the highest
potential for the horizontal, 21° inclination, 30° inclination, 39° inclination, 48° inclination, and 57°
inclined surfaces was found to be on the 30° inclined surface.

e Solar exergy potential was found to be less in January, February, March, October, November, and
December and more in April, May, June, July, August, and September compared to the year
average.

e In January, February, November, and December, as the slope angle increases, it is observed that
the solar exergy potential increases up to a 48° slope and decreases at higher slope angles.

e In the months of May, June, and July, it was determined that the solar exergy potential decreases
as the slope angle increases.

e As the slope angle increases in March and October, it is observed that the solar exergy potential
increases up to 39° slope and decreases at higher slope angles.
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e As the slope angle increases in April and August, it is observed that the solar exergy potential
increases up to a 21° slope and decreases at higher slope angles.

e In September, as the inclination angle increases, it is observed that the solar exergy potential
increases up to 30° inclination and decreases at higher inclination angles.

These results provide an important guide for solar energy investments in Turkey. By determining the
optimal tilt angles for the design and layout of solar collectors, energy efficiency can be increased, and
energy costs can be reduced. Future research in this area may benefit from the application of additional
machine learning techniques to more accurately determine the exergy potential outside of the
measurement locations, considering the assessments conducted. Furthermore, the solar energy exergy
potential map may be updated using software that integrates newly measured data, which undergoes
annual changes.

The solar maps developed in this study are thought to provide information on total solar radiation
levels that can be used as a database for future investments in the solar energy sector in Turkey. The results
of this study can be used as a guide for solar panel manufacturers and installation companies for exergy
potential-based evaluation methods, unlike the method that allows investment decisions to be made based
only on the energy potential of the sun.

Declaration of Ethical Standards

Authors declare to comply with all ethical guidelines including authorship, citation, data reporting,
and publishing original research.

Credit Authorship Contribution Statement

AUTHOR-1: Methodology, Conceptualization, Supervision.

AUTHOR-2: Resources, Investigation, Writing -review & editing,

AUTHOR-3: Methodology, Conceptualization, Resources, Investigation, Writing -review & editing,
Declaration of Competing Interest

The authors declared that they have no conflict of interest.

Funding / Acknowledgements

The author(s) received no financial support for the research.

Data Availability

The data that support the findings of this study are available from the corresponding author upon
reasonable request.

REFERENCES

[1] U. Agbulut, G. Yildiz, H. Bakur, F. Polat, Y. Bigen, A. Ergiin and A.E. Giirel, “Current practices,
potentials, challenges, future opportunities, environmental and economic assumptions for
Tiirkiye’s clean and sustainable energy policy: A comprehensive assessment,” Sustainable Energy
Technologies and Assessments, vol. 56, Mar. 2023, Doi: 10.1016/j.seta.2023.103019.

[2] H. N. D. Senyapar, “Renewable Energy Literature in Turkey: Mapping Analysis of the Field and
Future Study Suggestions on Overlooked Issues,” International Journal of Renewable Energy



Estimating The Solar Exergy Potential of Surfaces with Different Tilt Angles 771

(5]

(6]

(10]

(11]

(12]

(13]

(14]

(15]
(16]

(17]

(18]
(19]
(20]

(21]

Research, vol. 13, no. 1, pp. 221-235, Mar. 2023, Doi: 10.20508/ijrer. v13i1.13810.g8677.

S. Keles and S. Bilgen, “Renewable energy sources in Turkey for climate change mitigation and
energy sustainability,” Renewable and Sustainable Energy Reviews, vol. 16, no. 7. pp. 5199-5206, Sep.
2012. Doi: 10.1016/j.rser.2012.05.026.

S. Bilgen, S. Keles, A. Kaygusuz, A. Sari, and K. Kaygusuz, “Global warming and renewable
energy sources for sustainable development: A case study in Turkey,” Renewable and Sustainable
Energy Reviews, vol. 12, no. 2. pp. 372-396, Feb. 2008. Doi: 10.1016/j.rser.2006.07.016.

M. A. Pege, S. Ceyhan, A. Kamaci, and V. Cengiz, “The effects of renewable energy sources on
Turkiye’s economic growth: ARDL estimation,” Environmental Science and Pollution Research, vol.
30, no. 15, pp. 45112-45122, Mar. 2023, doi: 10.1007/s11356-023-25479-7.

D. Arca and H. Keskin Citiroglu, “Giines enerjisi santral (GES) yapim yerlerinin CBS dayali gok
kriterli karar analizi ile belirlenmesi: Karabiik 6rnegi,” Journal of Geomatics, vol. 7, no. 1, pp. 17-25,
Apr. 2022, doi: 10.29128/geomatik.803200.

G. Kum, M. E. Sénmez, and M. Karabas, “Determination of Solar Energy Potential in Gaziantep
Province by Analytical Hierarchy Process Method (AHP),” Journal of Geography, pp. 61-72, Dec.
2019, doi: 10.26650/jge0g2019-0031.

M. Demir, “Kars ilinde Giines Enerjisi Santrali Kurulum Potansiyeli Tasiyan Alanlarm, CBS
Analizleri ve AHP Yontemi Kullanilarak Belirlenmesi,” Journal of Geography, vol. 0, no. 46, pp. 93—
109, Jul. 2023, doi: 10.26650/jge0g2023-1168805.

M. C. Ungan and E. D. Gobelioglu, “AHP-VIKOR hibrit yontemi ile giines enerjisi santrali yer
se¢imi” Sakarya Universitesi f§letme Enstitiisii Dergisi, vol. 5, no. 2, pp. 95-109, Dec. 2023, doi:
10.47542/sauied.1388986.

K. B. Varinca and M. T. Goniillii, “Tiirkiye’de Giines Enerjisi Potansiyeli ve Bu Potansiyelin
Kullanim Derecesi, Yontemi ve Yaygmlig1 Uzerine Bir Arastirma,” in I. Ulusal Giines ve Hidrojen
Enerjisi Kongresi, Eskisehisr, Jun. 2006, pp. 270-275.

E. A. Yilmaz, “Tiirkiye'nin Yenilenebilir Enerji Potansiyeli ve Gelecek Hedefleri Renewable
Energy Potential and Future Aims of Turkey,” Ordu Universitesi Sosyal Bilimler Arastirmalari
Dergisi, vol. 8, no. 3, pp. 525-535, 2018, doi: 10.2018/Kabul.

F. C. Kilig, “Solar Energy, Its Recent Status in Turkey and Production Technologies,” Miihendis ve
Makina, vol. 671, pp. 28-40, 2015.

M. Yilmaz, “The energy potential of Turkey and its importance of renewable energy sources in
terms of electricity production,” Ankara Universitesi Cevrebilimleri Dergisi, vol. 4, no. 2, pp. 33-54,
2012.

G. Kaltakkiran, “Exergy Analysis of Solar Radiation Based on Measurement Data: A Study in
Erzurum Province,” Journal of Studies in Advanced Technologies, vol. 1, no. 2, pp. 94-104, 2023, doi:
10.5281/zenodo.10445102.

A. Celik, “Uzun Siireli Verilere Dayali Giines Radyasyonunun Ekserji Ve Enerji Analizi,” M. S.
thesis, University of Karamanoglu Mehmetbey, Karaman, 2021.

Y. Kurtgoz, E. Deniz, and I. Turker, “Solar radiation exergy and enviroeconomic analysis for
Turkey,” International Journal of Exergy, vol.24 no.2, pp. 281-300, 2017.

J. Kaldellis and D. Zafirakis, “Experimental investigation of the optimum photovoltaic panels” tilt
angle during the summer period,” Energy, vol. 38, no. 1, pp. 305-314, 2012, doi:
10.1016/j.energy.2011.11.058.

W. D. Lubitz, “Effect of manual tilt adjustments on incident irradiance on fixed and tracking solar
panels,” Appl Energy, vol. 88, no. 5, pp. 1710-1719, 2011, doi: 10.1016/j.apenergy.2010.11.008.

K. Ulgen, “Optimum tilt angle for solar collectors,” Energy Sources, Part A: Recovery, Utilization and
Environmental Effects, vol. 28, no. 13, pp. 1171-1180, Sep. 2006, doi: 10.1080/00908310600584524.

S. Roberts and N. Guariento, Building Integrated Photovoltaics A Handbook. Berlin, Germany.:
Birkhauser Press, 2009.

A. R. Dal, “Investigation of the Effect of Optimum Tilt Angle on Yield in Solar Energy Panels,”



772

(22]

(23]

(24]

(25]

(26]

[27]
[28]
[29]
[30]
[31]
[32]

(33]

(34]
(35]

(36]

(37]

(38]

A.KABUL, F. YIGIT, A. DURAN

Bilecik Seyh Edebali Universitesi Fen Bilimleri Dergisi, vol. 8, no. 1, pp. 241-250, Jun. 2021, doi:
10.35193/bseufbd.878795.

Anonim, “Photovoltaic Geographical Information System.” Accessed: Apr. 19, 2024. [Online].
Available: https://re.jrc.ec.europa.eu/pvg_download/map_index.html

G. Kaltakkiran and K. Bakirci, “Effect of Surface Inclines to Solar Energy Potential,” Tesisat
Miihendisligi Dergisi, vol. 175, pPp- 30-38, 2020, [Online]. Available:
https://www.researchgate.net/publication/340351509

M. Y. Kaba, A. K. Seyhan, P. Celen, and A. Celen, “Energy and Exergy Analysis of Solar Collectors
Having Different Tilt Angles: Case Study of Erzincan City,” Konya Journal of Engineering Sciences,
vol. 10, no. 3, pp. 634-648, Sep. 2022, doi: 10.36306/konjes.1096936.

N. Arslanoglu, “Evaluation and establishment of diffuse solar radiation models for Bursa,
Turkey,” Energy Sources, Part A: Recovery, Utilization and Environmental Effects, vol. 38, no. 18, pp.
2788-2797, Sep. 2016, doi: 10.1080/15567036.2016.1214640.

S. Bilgen and I. Sarikaya, “Exergy for environment, ecology and sustainable development,”
Renewable and Sustainable Energy Reviews, vol. 51. Elsevier Ltd, pp. 1115-1131, Jul. 30, 2015. doi:
10.1016/j.rser.2015.07.015.

N. Arslanoglu, “Empirical modeling of solar radiation exergy for Turkey,” Appl Therm Eng, vol.
108, pp. 1033-1040, Sep. 2016, doi: 10.1016/j.applthermaleng.2016.08.002.

R. Petela, “Exergy of undiluted thermal radiation,” Solar Energy, vol. 74, no. 6, pp. 469-488, 2003,
doi: 10.1016/S0038-092X (03)00226-3.

A. Yigit and 1. Atmaca, Giines Enerjisi Miihendislik Uygulamlari, 2. baski. Bursa: DORA Basim-
Yayin, 2018.

S. A. Kalogirou, Solar energy engineering: processes and systems. Elsevier, 2023.

G. N. Tiwari, Solar energy: fundamentals, design, modelling and applications. Alpha Science Int’l Ltd,
2002.

A.Yigit and N. Arslanoglu, “Anlik Issnim Siddeti Ve Cevresel Faktorlere Bagli Optimum Pv Panel
Acisi, Verim, Gii¢ Uretiminin Incelenmesi,” Uludag University Journal of The Faculty of Engineering,
pp. 301-314, Apr. 2021, doi: 10.17482/uumfd.824582.

M. Demircan, 1. Alan, and S. Sensoy, “Cografi Bilgi Sistemleri Kullarilarak Sicaklik Haritalarinin
Cozliniirliiglintin Artirllmasi,” in TMMOB Harita ve Kadastro Miihendisleri Odas: 13. Tiirkiye Harita
Bilimsel ve Teknik Kurultay:, 2011.

C. D. Lloyd, Local Models for Spatial Analysis, 2nd ed. CRC Press, 2010.

A. Juaidi, S. Abdel-Fattah, and F. Manzano-Agugliaro, “Estimating the Optimum Tilt Angles for
South-Facing Surfaces in Palestine,” Energies, vol. 13, mno.3, pp. 1-29, 2020,
doi.org/10.3390/en13030623

M. A. Danandeh, “Solar irradiance estimation models and optimum tilt angle approaches: A
comparative study,” Renewable and Sustainable Energy Reviews, vol.92, pp. 319-330, 2018.

Q. Hassan, M.K. Abbas, A.M. Abdulateef, J]. Abdulateef, and A. Mohamad, “Assessment the
potential solar energy with the models for optimum tilt angles of maximum solar irradiance for
Iraq,” Case Studies in Chemical and Environmental Engineering, vol 4, pp. 100-140, 2021

S. Alqaed, ]. Mustafa, F. A. Almehmadi, and B. Jamil, “Estimation of ideal tilt angle for solar-PV
panel surfaces facing south: a case study for Najran City, Saudi Arabia, ” Journal of Thermal Analysis
and Calorimetry, vol. 148, no.16, pp. 8641-8654, 2023.


https://doi.org/10.3390/en13030623

	‎C:\Users\lenovo\Desktop\YAYIN AŞAMASINDA-20240829T192734Z-001\YAYIN AŞAMASINDA\KONJES_12_3_12_1473068.docx‎
	‎C:\Users\lenovo\Desktop\YAYIN AŞAMASINDA-20240829T192734Z-001\YAYIN AŞAMASINDA\KONJES_12_3_12_1473068_Kapak_Sayfasi.docx‎

