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ABSTRACT: As global energy demand continues to grow, maximizing the efficiency of solar energy as
a renewable resource is increasingly critical. Solar tracking systems offer an effective solution by
optimizing panel orientation to capture more solar radiation. This study evaluates the annual and
seasonal solar radiation gains of single-axis tracking systems, comparing east-west and south-north
orientations with fixed-tilt and horizontal surfaces. Daily, monthly, and annual radiation values were
calculated based on the average day of each month, and hourly radiation variations were analyzed for
June and December. Annually, the east-west tracking system increased radiation capture by
approximately 30% compared to a horizontal surface and 19% compared to a fixed-tilt surface, while the
south-north system achieved gains of 16% and 6%, respectively. In June, the east-west system
outperformed the south-north setup by 2.02 kWh/m? daily (a 29% increase), whereas in December, the
south-north system collected 0.43 kWh/m? more per day (a 25% increase) due to better alignment with
the sun’s lower southern path. The method used in this study is based on manual, equation-driven
modeling, aiming to enhance transparency and provide a cost-effective, software-independent tool. The
calculated hourly tracking angles can be applied to future systems in the same region, while the overall
procedure can be easily adapted to other locations by incorporating region-specific input parameters.

Keywords: Solar Radiation Gain, Single-Axis Tracking, East-West Orientation, South-North Orientation, Konya
Region Tracking Angles

1. INTRODUCTION

The global demand for energy continues to rise sharply due to rapid industrialization, urban
expansion, and population growth. Traditionally, fossil fuels have dominated the global energy mix, but
their environmental consequences—including greenhouse gas emissions and air pollution—have
intensified the need for sustainable alternatives. Among renewable energy sources, solar energy is
particularly attractive due to its abundance, accessibility, and environmental friendliness.

Solar energy can be harnessed through various technologies, the most common of which are
photovoltaic (PV) systems. PV systems are widely adopted due to their modularity, scalability, and
relatively low maintenance requirements. Improving the efficiency of photovoltaic (PV) systems has
become a key research area in the transition to clean energy [1].

Enhancing the power output of photovoltaic (PV) systems remains a central focus in renewable
energy research, with numerous strategies proposed to improve efficiency. One widely studied
approach involves concentrated photovoltaic systems (CPVS), which utilize reflective mirrors to direct
and intensify solar radiation onto a smaller PV surface. In this context, low-concentration PV systems
(LCPVS) have gained attention due to their simplicity and cost-effectiveness. Studies by Kolamroudi et
al. [2, 3] showed that LCPVS using mirrors combined with water-based cooling systems can increase
power output by up to three times compared to standard flat-panel systems, while also reducing the
required PV surface area. Additionally, their review study [4] provided a comprehensive comparison of
LCPVS with other systems, emphasizing the benefits of using mirrors and passive cooling to improve
system efficiency and reduce installation costs.

In parallel, cooling techniques have been extensively investigated to mitigate thermal losses in PV
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panels. A recent review by Utomo et al. [5] classified cooling strategies into conductive, convective, and
radiative methods, highlighting the effectiveness of nanofluids and phase change materials (PCMs) in
reducing panel temperatures by up to 40°C and enhancing energy output by approximately 1.67%.

Beyond system design, material innovations also play a crucial role in efficiency improvement.
Emerging photovoltaic technologies such as organic, dye-sensitized, perovskite, and quantum dot solar
cells offer advantages like lightweight construction and lower production costs. However, as noted by
Gressler et al. [6], these advanced systems require careful life cycle assessment due to environmental and
material sustainability concerns. In addition to material advances, bifacial PV panels have demonstrated
performance gains by harvesting both direct sunlight and reflected radiation from the ground.
According to Aksoy and Calik [7], bifacial systems installed over white or sandy surfaces generated up
to 6.4% more energy annually than monofacial panels under identical conditions, proving especially
effective in high-reflectance environments.

Cleaning systems have also shown measurable effects on efficiency. Park et al. [8] developed a low-
cost robotic cleaning solution that increased panel voltage and current by 8.02% and 18.78%,
respectively, emphasizing the role of maintenance in long-term performance. Optimal panel tilt is
another factor influencing solar gains. Kabul et al. [9] analyzed exergy potential across varying tilt angles
in Turkey and found that a 30° tilt yielded the best year-round efficiency, which aligns with typical
design practices for fixed and tracking systems.

One of the most effective strategies for improving PV system performance is solar tracking, which
enhances energy harvest by adjusting panel orientation to follow the sun’s movement. Solar tracking
systems can be either single-axis or dual-axis. Single-axis systems have a simpler structure, allowing
panels to move along only one axis. These systems track the sun's daily movement in either the east-
west or south-north direction to enhance energy gains. Dual-axis systems, on the other hand, can track
both the azimuth and elevation angles of the sun, enabling them to collect more solar radiation than
single-axis systems. Although dual-axis systems come with higher costs and complexity, they offer a
greater capacity for solar energy collection.

Experimental studies have consistently demonstrated that tracking systems outperform fixed
configurations. Akpinar et al. [10] observed that solar tracking improved energy output of thermal and
photovoltaic panels by up to 75.2% and 26.3%, respectively, depending on panel type. Similarly, Singh et
al. [11] and Kabilan et al. [12] developed low-cost automatic tracking systems using LDRs and
microcontrollers, both reporting significant improvements in current, voltage, and power output over
fixed setups.

Review studies that provide a comprehensive examination of the technical and economic aspects of
solar tracking systems, along with tracking control methods in light of current researches, offer valuable
insights on the subject. Kumba et al. [13] compiled studies on solar tracking systems, evaluating the
performance and energy efficiency of passive, active, single-axis, dual-axis, and hybrid systems under
various environmental conditions. This study summarizes the energy production increases achieved by
different tracking systems and highlights potential areas for future technological advancement. Kazem
et al. [14] gathered studies focusing on the design, cost, and efficiency of solar tracking systems,
providing critical information on how advanced technologies—particularly artificial intelligence and
machine learning—can be used to optimize these systems. Kuttybay et al. [15] assessed studies
examining the geographic, climatic, and design factors affecting the efficiency of solar tracking systems,
summarizing the efficiency gains of single and dual-axis systems compared to fixed systems. Bahrami et
al. [16] conducted a technical and economic comparison of fixed, single-axis, and dual-axis tracking
systems in Nigeria, highlighting variations in annual energy yield and levelized cost of electricity. Their
results offer practical guidelines for selecting the most cost-effective tracking options in diverse
geographical contexts. Together, these studies offer a holistic perspective on the technical and economic
parameters that should be considered in the development and implementation of solar tracking systems.

In the literature, studies on solar tracking systems often focus on either the control methods used to
operate these systems or the radiation gains achieved by tracking surfaces compared to fixed or
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horizontal surfaces in specific regions. This study, however, examines radiation gains based on the
hourly maximum power angle, analyzing both east-west and south-north tracking directions rather than
the specific control elements managing the tracking system. As a result, solar radiation gains provided
by one axis tracking systems in different orientations are explored in detail on an annual, monthly, and
hourly basis.

Some studies focused on solar tracking control methods include the following. Kumba et al. [17]
proposed a novel single-axis solar tracking system based on the second-class lever principle, eliminating
the need for an external motor by balancing the PV panel’s mass with that of water and analyzing the
resulting power output increase compared to traditional systems. Alshaabani [18] developed a low-cost,
real-time single-axis solar tracking system that monitors the sun’s angle using four photodiodes. Er and
Balal [19] designed a dual-axis solar tracking system without using any sensors, programming it via a
PLC to move based on the sun’s angle and observing an increase in efficiency. Toylan [20] designed a
dual-axis solar tracking system using a fuzzy logic controller optimized by a genetic algorithm,
reporting that this system outperformed fixed PV panels. Attou et al. [21] proposed a control system
aimed at enhancing energy efficiency in PV systems through maximum power point tracking (MPPT)
using the Perturb & Observe algorithm. Khan and Tacer [22] developed an MPPT controller based on a
microinverter, improving PV system performance in terms of dynamic response and efficiency. Arpaci
et al. [23] compared a fuzzy logic controller and the Perturb & Observe algorithm for MPPT, analyzing
their effectiveness in tracking the maximum power point in PV systems. Basoglu et al. [24] developed an
Arduino-based dual-axis solar tracking system for a 45W PV panel, achieving higher efficiency than
static PV systems. Alhaj Omar et al. [25] conducted a comparative analysis of three commonly used
MPPT algorithms—Perturb & Observe, Incremental Conductance, and Fuzzy Logic—under varying
weather conditions, finding that the Fuzzy Logic algorithm showed best performance with its fast
response.

Dual-axis tracking systems have been extensively researched due to their ability to offer the highest
efficiency in solar energy harvest. Sungur [26] reported that a dual-axis solar tracking system controlled
by a PLC in Turkey produced 42.6% more energy compared to a fixed system. Yilmaz et al. (2015)
indicated that a dual-axis tracking system used in a 4.6 kW PV system achieved a 34% increase in energy
harvest over a fixed system. Uggﬁl and Senol (2016) observed that microcontroller-controlled dual-axis
systems yielded 28% more power daily than fixed panels. Senol et al. (2021) reported a 9% efficiency
gain with their dual-axis solar tracking system, which employed a fuzzy logic control algorithm. Garip
(2021) demonstrated that dual-axis systems provided 25-35% higher energy harvest compared to static
systems, while Bilhan and Etci (2021) found that dual-axis systems in the Konya region produced 16.7%
more energy than fixed systems.

However, some studies have noted that the benefits of tracking systems may be limited in certain
conditions. Kelly and Gibson [27] developed an algorithm that captured 50% more energy in a
horizontal position compared to dual-axis tracking on cloudy days. Quesada et al. [28] showed that,
particularly at higher latitudes, a horizontal position captured more radiation than a fixed angle on
cloudy days, suggesting that solar tracking strategies should be optimized for such conditions.

Single-axis solar tracking systems are widely studied due to their ability to increase efficiency
with lower costs and less complexity compared to dual-axis tracking. Oztiirk et al. [29] reported that a
single-axis solar tracking system with bifacial PV modules in Konya achieved 75.5% energy efficiency
and a maximum electrical efficiency of 36.42%, with a sustainability index of 1.29. Kayri [30] developed a
single-axis solar tracking system designed to improve the long-term durability of modules against
atmospheric conditions, demonstrating a 30.84% increase in efficiency on an annual basis. Arslanoglu
and Yigit [31] highlighted that placing parabolic trough-type single-axis solar collectors in a south-north
orientation can enhance thermal energy production efficiency, making this system ideal for high-
temperature energy generation. Alomar et al. [32] compared the performance of fixed, single-axis, and
dual-axis systems, noting that single-axis systems produced 16.5% more electricity than fixed systems
and reduced CO, emissions by approximately 4,000 tons annually. Azam et al. [33] examined a single-



Comparative Analysis of East-West and South-North Single-Axis Solar Tracking Systems 627

axis system that employed an intermittent tracking algorithm rather than continuous tracking, finding
that it provided 1.12% less radiation gain than a fixed system but reduced its own energy consumption
by 34%. Celen et al. [34] conducted an energy and exergy analysis of solar collectors at varying tilt angles
in Erzincan, finding that optimal tilt angles significantly impact radiation capture and efficiencies, with
maximum energy and exergy efficiencies of 74.2% and 9.7%, respectively.

Distinctively in this study, a single-axis tracking system is analyzed in both east-west and south-
north orientations, comparing these two configurations to fixed-angle and horizontal surfaces within the
Konya province of Turkey. The selected region was chosen based on its high solar energy potential and
favorable geographical characteristics, as highlighted by Dogan and Karakilgik [35]. Unlike many
existing works that emphasize control mechanisms or sensor systems, this study focuses on the radiation
gains achieved by each orientation on annual, monthly, and hourly scales. The analysis was conducted
using the monthly average day method, with daily tracking divided into hourly intervals to establish a
more holistic and simplified modeling framework. Inspired by the emphasis on simple and easy-to-
maintain tracking designs discussed by Kuttybay et al. [15], this study proposes a semi-tracking
approach that reduces system complexity and energy consumption while maintaining significant
radiation gains.

The instantaneous and daily radiation values on inclined surfaces were calculated based on
published theoretical and empirical formulas. Mathematical models for east-west tracking, south-north
tracking, fixed-tilt, and horizontal surfaces were developed in MS-Excel. Using the iterative solution
provided by the Solver add-in, the optimal angle values that yield the highest hourly radiation gain
were determined for each month's average day for the study location. The annual total solar radiation
gain of the four surfaces was compared, and the monthly average daily radiation values were calculated.
Additionally, the hourly instantaneous radiation values for June and December, representing the
summer and winter solstices, were compared. The resulting hourly tracking angle change table for each
month’s average day in Konya provides valuable data for future single-axis solar tracking systems in the
region. Furthermore, the calculation method presented in this study can be easily adapted to other
geographical locations worldwide to generate site-specific angle tables for optimized tracking
performance.

In the literature, studies on solar tracking systems often emphasize either the control methods used
to operate these systems or the radiation gains achieved by tracking surfaces relative to fixed or
horizontal configurations in specific regions. This study, however, focuses on radiation gains calculated
based on the hourly maximum power angle, analyzing both east-west and south-north tracking
directions independently of the specific control mechanisms. Accordingly, the radiation gains of one-
axis tracking systems in different orientations are explored in detail on an annual, monthly, and hourly
basis.

While many commercial solar simulators can produce comparable results using built-in empirical
models, this study deliberately employs a manual, equation-based approach to promote transparency
and scientific clarity. By explicitly applying and visualizing the underlying solar geometry and radiation
equations, the method offers deeper insight into the core principles driving solar tracking performance.
Moreover, this approach is cost-effective, independent of proprietary software, and easily adaptable to
other locations through region-specific input adjustments or empirical model selection.

2. MATERIAL AND METHODS

In this study, solar radiation gains were compared across four configurations: a single-axis tracking
system oriented east-west, a single-axis tracking system oriented south-north, a south-facing surface
with an annual fixed optimal tilt angle, and a horizontal surface. First, the theoretical calculation method
for daily solar radiation on inclined and horizontal surfaces is explained, followed by a detailed
calculation of instantaneous solar radiation on an inclined surface to guide the calculation of daily solar
radiation for the single-axis tracking system. The mathematical models developed by Liu and Jordan [36,
37] and the empirical equations compiled by Yigit and Atmaca [38] were used in the calculations.
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2.1. Calculation of Total Daily Solar Radiation on Horizontal and Inclined Surfaces
The total solar radiation falling on a horizontal surface, H, can be determined using Equation 1:
H =K. H, 1

Where K7 is the clearness index, and H, represents the total solar radiation falling on a horizontal
surface outside the atmosphere, calculated with Equation 2:

24x3600G,,
H, = — 1+ 0.033cos(

360d] [ Ssino. 4 295 o 6] 2)
365) .|cos¢pcosdsinwg 360 singsin

Here, ¢ is the latitude angle, d is the day of the year, ¢ is the declination angle, and wj is the sunset
hour angle. The solar constant G, is the solar radiation intensity falling on the horizontal plane outside
the atmosphere and can be taken as 1367 W/m?2.

The declination angle §, which is the angle between the sun's rays and the equatorial plane, is
calculated based on the day of the year d using Equation 3:

8§ = 23,45sin(360 22214 @)
365
For monthly average daily total solar radiation calculations, the average day value (d) for each
month, as listed in Table 1, can be used.

Table 1. Average day value (d) of each month [38]
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Avg. Day 17 47 75 105 135 162 198 228 258 288 318 344

The sunset hour angle w; is defined by Equation 4:
ws = cos™(—tanptand) (4)

After calculating the solar radiation on a horizontal surface H,, the clearness index K, given by
Equation 5, can be used to find the total daily solar radiation on an inclined surface:

Kr = (a+b2) ®)

Where N is the day length, n is the actual sunshine duration, and a and b are regional constants
defined by Equation 6 and Equation 7, respectively:

a = 0,103 + 0,000017Z + 0,198cos(¢ — §) (6)
b = 0,533 — 0,165cos(¢ — ) (7)
Here, Z represents the altitude (in meters). The day length N can be calculated using Equation 8:

2
N = 1= Wg (8)
The actual sunshine duration (n) for a given region is based on observational data and, for Turkish
provinces, is published by Giines Enerji Potansiyeli Atlas1 (GEPA) [39]. Table 2 provides the average
monthly sunshine duration for studied province.
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Table 2. Monthly sunshine duration (n) for Konya (hour) [39]

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Konya 4,19 5,51 6,88 8,03 9,46 11,28 11,97 11,36 9,79 7,35 5,53 3,93

The total daily solar radiation on a horizontal surface, H, consists of direct H, and diffuse Hy
components:

H =H, + H, 9)
The relationship between diffuse radiation H; and total radiation H is defined by Equation 10:
H, = H(1-1,13Ky) (10)

The total daily solar radiation H; on an inclined surface can be calculated using Equation 11:

Hy = HyRy + Hy (S22 4 11 p (S0t (11)
Where g is the tilt angle of the surface, and p is the reflection coefficient, which can be taken as 0.7
on snowy days and 0.2 on other days [38]. For Konya, December, January, and February are typically
snowy months, according to Meteroloji Genel Midiirligii (MGM) data [40].
The ratio of daily direct radiation on an inclined surface to daily direct radiation on a horizontal
surface R, is defined by Equation 12:

ﬁb _ cos(¢p—P)cosdsinwg’+(m/180)wg’sin(¢p—B)sind (12)

cos¢pcosdcosws+(m/180)wgsingsind
Here, wg is the hour angle when the sun first strikes the inclined surface, calculated by Equation 13:

cos~Y(—tangtand) (13)

w; = min [cos‘l(— tan(¢ — B) tand

2.2. Calculation of Instantaneous Solar Radiation on an Inclined Surface

The instantaneous solar radiation incident on a horizontal surface outside the atmosphere I, can be
calculated using Equation 14:

2m(w; —wy) (14)
360 singsiné

12x3600G;,
I, = ——— |1+ 0.033cos(

360d . .
- 3 )] . [cosd)cos&(sma)2 — sinw,) +

65

Where w is the hour angle, which can be calculated based on solar time (ST) using Equation 15. w,
and w; are the hour angles corresponding to the time interval in which the instantaneous value is
calculated.

w = 15(ST — 12) (15)

The ratio (r;) of the diffuse instantaneous radiation on a horizontal surface I; to the total daily
diffuse radiation Hy is equal to the ratio of instantaneous extraterrestrial solar radiation I, to daily total
extraterrestrial radiation H,, as defined in Equation 16:
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ro=da_Io (16)
‘T Hy Hy

The instantaneous solar radiation on a horizontal surface can be calculated using the ratio r, defined
in Equation 17 and applied in Equation 18:

T = %{cos <152}—0a%> + \/%(1 - llj)} (17)
=g (18)

Here, w represents the hour angle at the midpoint between two solar time (ST) intervals.

Y is defined as below:

¢=exp{—4(1—¥)} (19)

The instantaneous solar radiation on a horizontal surface I consists of both diffuse I; and direct I,
components:

Using the value of I obtained from Equation 18 and I; from Equation 16, I, can be calculated with
Equation 20.

The instantaneous solar radiation incident on an inclined surface, I, comprises direct I,r, diffuse I,
and reflected .7 radiation components:

I = Iy + Igr + Leegr (21)

The diffuse component of the instantaneous solar radiation on an inclined surface I;r can be
calculated using Equation 22:

. 1+cosp (22)
lar = la———

The direct component of the instantaneous solar radiation on an inclined surface I,y can be
calculated using Equation 23:

Lyr = Ry. 1, (23)
Where R, is the geometric factor, defined in Equation 24:

__ cos6 (24)

b~ cosB,
0 is the solar incidence angle, calculated with Equation 25:

cos0 = sindsingcosf — sindcospsinficosy + cosdcospcosfcosw + cosdsingsinfcosycosw + (25)
cosdsinfsinysinw
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Here, y is the surface azimuth angle, which is 0° for south-facing, 180° for north-facing, 270° for east-
facing, and 90° for west-facing surfaces.

0, is the zenith angle, representing the solar incidence angle on a horizontal surface (f = 0), as
defined in Equation 26:

cosB, = cosdcospcosfcosw + sindsing (26)

Instantaneous reflected radiation L.y on an inclined surface is defined in Equation 27:

= 1p(22) @

2.3. Solution Procedure

This section presents the core methodology developed for this study, based on theoretical radiation
models and numerical optimization techniques, to calculate and compare solar gains across four surface
configurations.

Using the theoretical calculations for daily and instantaneous solar radiation defined in Sections 2.1
and 2.2, mathematical models were developed in MS Excel for four surface types: a horizontal surface, a
fixed south-facing inclined surface, an east-west tracking surface, and a south-north tracking surface.
The Konya province in Turkey, which has high solar energy potential and favorable economic and
topographic conditions for solar power plant installations, was selected as the study area. The study area
is located at 37.97°N latitude and 32.57°E longitude, with an altitude of 1031 meters above sea level.

The input parameters used in the mathematical model are summarized in Table 3.

Table 3. Input parameters for the mathematical model

Parameter Description Symbol Value / Source

The latitude angle (°) ¢ 37.97

The altitude (m) Z 1031

The average day value of month d (Table 1) [38]

Actual sunshine duration (h) of month n (Table 2) [39]

Tilt angle of the surface (°) B Iteratively optimized via Solver add-in.
Reflection coefficient p 0.7 (Dec, Jan, Feb), 0.2 (others) [40]

Solar time (h) ST Examined time

Surface azimuth angle (°) 14 0° for south-facing, 180° for north-facing, 270°

for east-facing, and 90° for west-facing surfaces
The solar constant (W/m2) G 1367

The daily solar radiation on the horizontal surface was calculated using the average day of each
month, and the resulting monthly values were summed to determine the annual total. Figure 1
illustrates the step-by-step procedure for calculating daily solar radiation on a horizontal surface.
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Figure 1. Calculation procedure for daily solar radiation on a horizontal surface

For the fixed south-facing inclined surface, the tilt angle that yields the maximum annual total solar
radiation was determined through iterative optimization using Excel’s Solver add-in. This tool adjusts
input cell values to maximize (or minimize) a target cell, enabling the model to identify the optimal tilt
angle. The calculation process is based on monthly average days and is repeated for each month to
compute monthly values, which are then summed to obtain the annual total. The procedure is illustrated

in Figure 2.
Ijl Eq. 11 Eq.9
HT_,‘ o Eq. 10

R, < Eq. 12 o < Eq. 13 ) H, < qg. q
H 1) K

Annual Hy is ¢ ¢ r

determined H é f <
B < B < Estimate S
p ;A

Annually max Hy and optimum g is found |

Figure 2. Procedure for determining the optimal tilt angle f for maximum annual solar radiation on a
fixed inclined surface

For the tracking surfaces, instantaneous solar radiation was computed at hourly intervals
throughout the day. At each hour, the tracking angle that provides the maximum radiation was
determined iteratively using the Solver add-in. The resulting hourly values were then aggregated to
compute daily total radiation, which in turn was used to obtain monthly and annual totals. The model
used the monthly average day method for these calculations. The calculation procedure for
instantaneous radiation on inclined tracking surfaces is shown in Figure 3.

In this context, negative tilt angle (3 values indicate that the surface is oriented from east to west or
from south to north.

This method is applicable to any global location as it is based on general solar geometry and
empirical equations. While the current study uses data specific to the selected region, the same
procedure can be repeated elsewhere using local inputs. For greater accuracy, region-specific empirical
formulas can be used.
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IT_,* IbT< R, < 0
Iy < Eq. 22 I, < Eqg. 16 — I, < 0,
Eq. 2
P Ha Eq. 16
Eq. 27 Q- Eq. 18
Ire[l 1 > I, I < H
Eq. 14
p q 1, | Ea.17
< d, 0,6, w,, w
A 4

| I and hourly optimum tilt angle 8 is found |

Figure 3. Procedure for determining optimal tilt angles for maximum instantaneous radiation in inclined
tracking surface

3. RESULTS AND DISCUSSION

In this study, the solar radiation gains of four surface configurations were compared specifically for
the Konya province in Turkey: an east-west tracking surface, a south-north tracking surface, a fixed
south-facing inclined surface optimized for maximum annual solar radiation gain, and a horizontal
surface. The Konya region, selected as the study area due to its geographical and economic suitability for
solar power plant installations in Turkey, provides favorable conditions for solar energy generation.

3.1. Monthly And Hourly Variation of Tilt Angles for Tracking Surfaces

On the representative (average) day of each month, the tilt angles that yield the maximum
instantaneous solar radiation for each hour were determined for both east-west and south-north tracking
surfaces. These calculations were conducted for the study region using the mathematical modeling and
Solver-based optimization approach detailed in Section 2.3. The resulting hourly optimum tilt angles are
summarized in Table 4 and Table 5, respectively.

Table 4. Calculated monthly and hourly tilt angles for the east-west solar tracking system in the
selected region

Solar Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Time

5:30 81,4° 78,9° 80,7° 86,6°

6:30 81,4° 74,2° 69,0° 67,3° 69,0° 73,9° 80,6°

7:30 80,4° 68,1° 62,0° 57,5° 56,2° 57,8° 62,1° 68,0° 73,7° 77,5°

8:30 63,6° 70,8° 55,1° 49,5° 45,6° 44,6° 46,0° 49,9° 55,1° 60,4° 64,9° 75,2°
9:30 49,0° 58,2° 40,7° 36,1° 33,1° 32,4° 33,6° 36,6° 40,9° 45,4° 49,7° 63,5°
10:30 30,7° 40,2° 24,9° 21,9° 20,0° 19,6° 20,4° 22,4° 25,3° 28,3° 31,3° 45,4°
11:30 10,5° 14,8° 8,4° 7,3° 6,7° 6,6° 6,9° 7,6° 8,6° 9,6° 10,7° 17,3°
12:30 -10,5° -14,8° -8,4° -7,3° -6,7° -6,6° -6,9° -7,6° -8,6° -9,6° -10,7° -17,3°
13:30 -30,7° -40,2° -24,9° -21,9° -20,0° -19,6° -20,4° -22,4° -25,3° -28,3° -31,3° -45,4°
14:30  -49,0°  -58,2° -40,7°  -36,1°  -33,1°  -324° -33,6° -366° -40,9° -454° -49,7° -63,5°
15:30  -63,6°  -70,8° -55,1°  -49,5°  -456°  -44,6° -46,0° -499° -551°  -604° -64,9° -75,2°
16:30 -80,4° -68,1°  -62,0° -57,5° -562° -57,8° -62,1° -68,0°  -73,7° -77,5°

17:30 -81,4°  -742° 69,00 -673° -69,0°0 -739° -80,6°

18:30 -81,4°  -78,9°  -80,7° -86,6°
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Table 5. Calculated monthly and hourly tilt angles for the south-north solar tracking system in the
selected region

Solar Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Time

5:30 -66,8° -64,9° -67,1° -77,8°

6:30 37,2° -10,2° -26,3° -31,7° -30,6° -20,7° 16,9°

7:30 70,2° 69,5° 35,9° 12,0° -3,2° -9,2° -6,9° 5,5° 28,8° 53,8° 68,0°

8:30 71,7° 63,6° 36,4° 19,8° 7,8° 2,7° 5,2° 15,5° 31,9° 48,4° 60,1° 73,6°
9:30 67,9° 60,6° 36,4° 23,1° 13,2° 9,0° 11,3° 20,1° 33,1° 46,0° 55,7° 69,8°
10:30 65,6° 58,9° 36,2° 24,7° 16,0° 12,2° 14,4° 22,3° 33,6° 44,6° 53,2° 67,3°
11:30 64,4° 58,1° 36,0° 25,3° 17,1° 13,6° 15,7° 23,2° 33,7° 44,0° 51,9° 66,1°
12:30 64,4° 58,1° 36,0° 25,3° 17,1° 13,6° 15,7° 23,2° 33,7° 44,0° 51,9° 66,1°
13:30 65,6° 58,9° 36,2° 24,7° 16,0° 12,2° 14,4° 22,3° 33,6° 44,6° 53,2° 67,3°
14:30 67,9° 60,6° 36,4° 23,1° 13,2° 9,0° 11,3° 20,1° 33,1° 46,0° 55,7° 69,8°
15:30 71,7° 63,6° 36,4° 19,8° 7,8° 2,7° 5,2° 15,5° 31,9° 48,4° 60,1° 73,6°
16:30 70,2° 69,5° 35,9° 12,0° -3,2° -9,2° -6,9° 5,5° 28,8° 53,8° 68,0°

17:30 37,2°  -10,2° -26,3° -31,7° -30,6° -20,7°  16,9°

18:30 66,8°  -64,9° -67,1° -77,8°

The east-west tracking system follows the sun’s path from sunrise to sunset along the same axis. As
the summer solstice approaches and the days lengthen, the start and end times of solar tracking shift to
earlier and later hours. At solar noon, 12:00, when the sun is at its highest position, a horizontal
orientation provides the maximum radiation gain.

The south-north tracking system does not exhibit a similar directional pattern throughout the year as
the east-west tracking system does. This difference is primarily due to the sun’s varying path across the
sky throughout the year, as illustrated in Figure 4. During the spring and autumn equinoxes, the sun
rises and sets exactly in the east and west, respectively; in summer, it shifts northward, rising and setting
in more northerly directions, while in winter, it remains in the southern hemisphere throughout the day.
As the sun’s rising and setting directions deviate from the east-west line, the start and end angles of the
south-north tracking system become increasingly steep. In December, the starting and ending angle of
the system faces south at 73.6°, whereas in June, due to the sun rising from the north, this angle shifts to
-64.9°, pointing northward. In April and September, the surface starts the day at a near-horizontal angle
of -10.2° and 16.9°, respectively.
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Figure 4. The path of the sun in the sky throughout the year in the southern hemisphere [41]
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3.2. Monthly and Annual Total Solar Radiation on Surfaces

Daily total radiation values were calculated for each surface configuration—east-west tracking,
south-north tracking, fixed south-facing surface with optimal tilt angle, and horizontal surface —based
on the average day of each month. From these calculations, monthly and annual total gain values were
determined. The calculated annual total solar radiation values for each surface type are presented in
Table 5. The lowest annual total solar radiation falls on the horizontal surface. The fixed south-facing
surface with an optimal tilt angle of 28.58°, which provides the maximum annual gain, collects 9% more
radiation than the horizontal surface. Meanwhile, the south-north tracking surface achieves a 16% higher
radiation gain, and the east-west tracking surface provides a 30% higher gain than horizontal surface.
Consequently, the east-west tracking system is identified as the most suitable single-axis tracking
method for the Konya region in terms of annual total gain.

Table 5. Calculated annual total solar radiation on surfaces in in the selected region

Surface Type East-West Tracking South-North Tracking Fixed Tilt Horizontal
Annual Total Radiation 2074 kWh/m?/year 1845 kWh/m?/year 1738 kWh/m?/year 1597 kWh/m?/year
Gain compared to Horiz. 30% 16% 9% -

The daily total solar radiation values for each surface, calculated using the mathematical model and
Solver-based procedure described in Section 2.3, based on the average day of each month, are shown in
Figure 5 for comparison. The advantage of the east-west tracking surface becomes especially evident in
the summer months. For example, in June, the south-north tracking surface collects an average of 6.96
kWh/m? of radiation daily, while the east-west tracking surface receives 2.02 kWh/m? more, reaching
8.98 kWh/m?2. In winter, however, the east-west tracking surface receives less solar radiation than the
south-north tracking surface. This is due to the sun's southward path throughout winter, which prevents
the east-west tracking surface from focusing on the south. In December, for example, the south-north
tracking surface collects an average of 2.12 kWh/m? of radiation daily, while the east-west tracking
surface receives 1.69 kWh/m?, resulting in a 0.43 kWh/m? lower gain.

Average daily total radiation on surface Hy - Month of the year (Konya)
(East-West tracking, North-South tracking, South facing fixed tilt, and Horizontal surface)

11
10 B Hr o (KWh/m?/day) - East-West tracking surface
. Hr g o (KWh/m?/day) - South-North tracking surface
9 m Hrgeq (KWh/m?/day)- South facing fixed tilt surface
g W Hrpoq, (kwh/m?/day)- Horizontal surface
B
o 7
o~
E 6
<
< 5
=
=
= 4
I
3
2
0
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Month
Figure 5. Monthly variation of daily total radiation on east-west tracking, south-north tracking,
fixed-tilt, and horizontal surfaces in Konya
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In conclusion, the east-west tracking system offers an advantage in terms of annual gain, while the
south-north tracking system performs more effectively during the winter season. The fixed-tilt surface,
compared to the horizontal surface, provides higher radiation gain throughout the year except in May,
June, and July. The south-north tracking surface, always oriented at the optimal angle toward the south
at any hour of the year, consistently collects more solar radiation than both the horizontal and fixed-tilt
systems each month.

3.3. Hourly Variation of Instantaneous Solar Radiation on Surfaces in June and December

The values presented in this section were obtained using the solution procedure described in Section
2.2 and the calculation workflow shown in Figure 3, which determines both the instantaneous solar
radiation and the corresponding optimal tilt angles for inclined tracking surfaces.

The calculated hourly variation of instantaneous solar radiation on east-west tracking, south-north
tracking, fixed-tilt, and horizontal surfaces for the month of June is presented in Figure 6. As expected,
the advantage of the east-west tracking surface becomes apparent in the morning and evening hours
when the sun is positioned in the east and west. Around midday, when the sun is near its peak, both
tracking systems approach a horizontal position and receive a similar amount of solar radiation. The
fixed-tilt surface, set at the angle for optimal annual gain, collects lower radiation in June compared to
the horizontal surface, particularly in the morning and evening. This is primarily due to the south-facing
surface's reduced ability to capture sunlight from the sun’s northward path, in contrast to the horizontal
surface.

Instantaneous solar radiation on surface It - Solar time {June, Konya)
(East-West tracking, North-South tracking, South facing fixed tilt, and Horizontal surface)

1
000 e o (W/M?) - South-North tracking surface
B 1 ng o {W/M?) - South-North tracking surface
. |7, (W/m?)- South facing fixed tilt surface
800

B |7, (W/m?)- Horizontal surface

<~ 600
S
=3
£ 400
) |H ||| ||| |‘ |
OI.I I I I.I
5 6 7 8 9 10 11 12 13 14 15 16 17 18

Solar time/hour
Figure 6. Hourly variation of instantaneous radiation on east-west tracking, south-north tracking,
fixed-tilt, and horizontal surfaces in selected region during June

Figure 7 presents the hourly variation of instantaneous solar radiation on east-west tracking, south-
north tracking, fixed-tilt, and horizontal surfaces for the month of December. In December, the sun is
positioned significantly southward and reaches the earth from a tilted angle even at midday. The east-
west tracking surface cannot fully utilize this southern sunlight and, therefore, collects less solar
radiation during midday compared to south-facing surfaces. For instance, between 12:00 and 13:00, the
instantaneous radiation on the south-north tracking surface is 462.2 W/m?, whereas the east-west
tracking surface receives only 297.4 W/m?2 The instantaneous radiation on the fixed-tilt surface,
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however, reaches 402.9 W/m? during this time period, making it more advantageous than the east-west
tracking system, which aligns closer to the horizontal at noon.

In the morning, as the sun rises from the east, the east-west tracking surface collects 176.2 W/m? of
instantaneous radiation between 08:00 and 09:00. This value is only slightly higher than the 165.2 W/m?
received by the south-north tracking surface, resulting in an insignificant gain in total radiation.

Instantaneous solar radiation on surface It - Solar time (December, Konya)
(East-West tracking, North-South tracking, South facing fixed tilt, and Horizontal surface)
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Figure 7. Hourly variation of instantaneous radiation on east-west tracking, south-north tracking,
fixed-tilt, and horizontal surfaces in selected region during December

In conclusion, the east-west tracking surface provides an additional gain of up to 2 kWh/m? daily
compared to the south-north tracking surface, particularly during the summer months. In winter,
however, the south-north tracking system can offer a higher gain of up to 0.4 kWh/m? daily. Therefore,
for applications prioritizing annual gains, such as PV electricity generation plants, the east-west tracking
system would be a suitable choice. In applications focused on winter performance, the south-north
tracking system presents a more advantageous option. This is especially true in conditions where
environmental factors obstruct the sunrise and sunset, making the south-north tracking system even
more favorable in winter. Future studies could further evaluate the annual, monthly, and instantaneous
gains of dual-axis tracking systems and compare their performance with single-axis tracking systems.

4. CONCLUSIONS

In this study, the annual and seasonal solar radiation gains of single-axis solar tracking systems in
two different orientations were analyzed specifically for the Konya region. For four surfaces —east-west
tracking, south-north tracking, a fixed tilt angle optimized for annual gain, and a horizontal surface —the
monthly average daily radiation and the annual total radiation values were calculated. The hourly
variations in instantaneous solar radiation were also determined and compared for December and June.
The findings reveal that solar radiation gains vary significantly by season, depending on surface
orientation.

The east-west tracking system delivered the highest annual performance, capturing approximately
30% more radiation than the horizontal surface and 19% more than the fixed-tilt surface. During June, it
also outperformed the south-north setup by 2.02 kWh/m? per day, a 29% increase, making it particularly
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effective for applications such as photovoltaic (PV) power plants that prioritize annual energy
production.

In contrast, during December, the south-north tracking system collected 0.43 kWh/m? more daily
radiation than the east-west orientation—a 25% seasonal advantage due to its alignment with the sun’s
lower southern path. This makes the south-north orientation more favorable for winter-dominant energy
needs or in regions where seasonal demand peaks in colder months.

The fixed-tilt surface, set to an optimal annual angle, achieved a 9% gain over the horizontal surface
on an annual basis. While it consistently outperformed the horizontal surface throughout the year, it did
not match the higher gains achieved by the tracking systems. Notably, the south-north tracking system,
with its ability to maintain an optimal southward orientation year-round, provided consistently higher
solar radiation than both the fixed-tilt and horizontal surfaces.

The hourly tracking angle values obtained in this study can be directly applied to tracking systems
designed for the Konya region. Additionally, the solution method used in this study can be adapted for
other regions, allowing for the creation of region-specific hourly angle tables.

In summary, for applications prioritizing annual yield, such as PV plants, the east-west tracking
system provides the most efficient single-axis solution. However, for applications where winter
performance is essential, the south-north tracking system is more effective. Future studies could build on
these findings by analyzing dual-axis tracking systems, providing a more comprehensive comparison of
annual, monthly, and hourly gains relative to single-axis systems. This would enable a deeper
understanding of the optimal tracking configurations for diverse energy needs and seasonal variations.
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