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This study investigated eight PV solar power plant designs with varying array configurations and
PV types. Using PVsyst simulations, the most suitable design was determined to be 3-portrai and
bifacial PV. Taguchi and ANOVA analyzes highlighted the significant impact of PV type (65.27%)
and array configuration (34.72%) on plant performance. /| Bu ¢alisma, degisen dizi
konfigiirasyonlarina ve PV tiplerine sahip sekiz PV giines enerjisi santrali tasarimini aragtirmigtir.
PVsyst simiilasyonlarin kullanarak en uygun tasarimi 3-dikey ve ¢ift yiizeyli PV olarak tespit
edilmistir. Taguchi ve ANOVA analizleri, PV tipinin (%65,27) ve dizi konfigiirasyonunun (%34,72)
tesis performansi iizerindeki 6nemli etkisini vurgulanmistir.
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Highlights (Onemli noktalar)

» Studied eight PV solar power plant designs with varied array configurations and PV
types. / Cesitli dizi konfigiirasyonlart ve PV tipleri ile sekiz PV giines enerjisi santrali
tasarimi tizerinde ¢alisildi.

»  Leveraged PVsyst software for simulations, evaluating E-grid, PR, and CO2 emissions. /
Simiilasyonlar, E-gebeke, PR ve CO:2 emisyonlarmmin degerlendirilmesi i¢in PVsyst
yazuumindan yararlanilds.

» ANOVA analysis emphasized the significant impact of PV type (65.27%) and array
configuration (34.72%) on plant efficiency. / ANOVA analizi, PV tipinin (%65,27) ve dizi
konfigiirasyonunun (%34,72) sistem verimliligi iizerindeki onemli etkisini vurgulad.

Aim (Amag): Optimize PV solar power plant efficiency through diverse design parameters. / Cesitli
tasarim parametreleriyle PV giines enerjisi santralinin verimliligini optimize edilmesi.

Originality (Ozgiinliik): Diverse PV designs, configurations, and analyses pinpoint optimal
efficiency-enhancing parameters for sustainability. / Cesitli PV tasarimlari, konfigiirasyonlar: ve
analizleri, stirdiiriilebilirlik i¢in verimliligi artiran optimum parametreleri belirler.

Results (Bulgular): Optimal PV plant design is 3-P with bifacial panels, emphasizing their
substantial contributions to efficiency. / En uygun PV tesisi tasarimu, ¢ift yiizeyli panellere sahip 3-
P'dir tasarmmidir ve bu panellerin verimlilige onemli katkilarini vurgular.

Conclusion (Senug): Optimal PV solar plant design involves 3-P arrays and bifacial panels,
emphasizing their substantial contributions to efficiency, sustainability, and performance
variability. / Optimum PV giines enerjisi santrali tasarimi, 3-P dizileri ve iki yiizeyli panelleri igerir
ve bunlarm verimlilige, siirdiiriilebilirlige ve performans degiskenligine onemli katkilarini
Vurgulamuistir.
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Fossil fuels, predominant in fulfilling current energy demands, are implicated in global warming,
prompting a global shift towards renewable energy sources. Among these, photovoltaic (PV)
solar power plants have garnered significant attention, experiencing a rapid surge in installed
power capacity. However, a notable drawback of PV solar power plants is their considerable
spatial footprint, emphasizing the pivotal role of efficient space utilization and shading mitigation
in their design. Notably, pitch distance, array design, and PV type emerge as critical parameters
influencing the performance of these power plants during installation. In the present study, eight
distinct PV solar power plant designs were conceptualized, incorporating four different PV array
configurations (2P-3P-2L-3L) and two PV types (monofacial-bifacial), each with specified
orientations (portrait-landscape). Other parameters were held constant across designs. Leveraging
PVsyst software, simulations were conducted for each design, yielding crucial performance
metrics, including the annual energy output delivered to the grid (E-grid), performance ratio (PR),
and associated CO2 emissions. Subsequently, a Taguchi analysis facilitated optimization based
on these results. The outcome of this analysis identified the optimal PV array design as 3P and
the optimal PV type as bifacial. Further insight was gained through an ANOVA analysis,
revealing the substantial contributions of parameters to overall variability. Specifically, PV type
exhibited a significant contribution of 65.27%, while PV array configuration contributed 34.72%
to the observed variability in plant performance. These findings not only enhance the
understanding of PV power plant design intricacies but also underscore the paramount
significance of array design in achieving heightened efficiency and sustainability

Taguchi ve ANOVA Analizi Kullanilarak Fotovoltaik Enerji Santrallerinde
Dizi Tasarimimin Optimizasyonu
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Mevcut enerji taleplerinin karsilanmasinda agirlikli olarak kullanilan fosil yakitlar, kiiresel
1sinmaya neden olmakta ve yenilenebilir enerji kaynaklarina dogru kiiresel bir yonelime yol
acmaktadir. Bunlar arasinda fotovoltaik (PV) gilines enerjisi santralleri biiyiik ilgi gérmiis ve
kurulu giic kapasitesinde hizli bir artis yasanmistir. Bununla birlikte, PV gilines enerjisi
santrallerinin kayda deger bir dezavantaji, fazla alan kaplamalaridir; bu da tasarimlarinda verimli
alan kullamimmin ve gdlgelemenin azaltilmasmin énemli roliinii vurgulamaktadir. Ozellikle
aralik mesafesi, dizi tasarimi ve PV tipi, bu enerji santrallerinin kurulum sirasinda performansini
etkileyen kritik parametreler olarak ortaya ¢ikiyor. Bu c¢alismada, dort farkli PV dizi
konfigiirasyonunu (2P-3P-2L-3L) ve iki PV tipini (tek yiizli-¢ift yiizlii) iceren ve her biri belirli
yonelimlere (dikey-yatay) sahip sekiz farkli PV giines enerjisi santrali tasarlanmigtir. Diger
parametreler tasarimlarda sabit tutuldu. PVsyst yazilimindan yararlanilarak her tasarim igin
simiilasyonlar gergeklestirildi ve sebekeye iletilen yillik enerji ¢ikis1 (E-sebeke), performans
orani (PR) ve ilgili CO2 emisyonlar1 dahil olmak tizere dnemli performans 6l¢iimleri elde edildi.
Daha sonra, bir Taguchi analizi bu sonuglara dayali optimizasyonu kolaylastirdi. Bu analizin
sonucu, en uygun PV dizisi tasarimini 3P ve en uygun PV tipini iki yiizeyli olarak tanimladi.
ANOVA analizi yoluyla daha fazla bilgi elde edildi ve parametrelerin genel degiskenlige 6nemli
katkilar1 ortaya ¢ikti. Spesifik olarak, PV tipi %65,27'lik 6nemli bir katki sergilerken, PV dizi
konfigiirasyonu tesis performansinda gozlenen degiskenlige %34,72 oraninda katkida
bulunmustur. Bu bulgular yalnizca PV enerji santrali tasariminin karmagikliklarinin anlagilmasini
geligtirmekle kalmiyor, ayni zamanda yiiksek verimlilik ve siirdiiriilebilirlige ulasmada dizi
tasariminin bilyiik neminin altin giziyor.
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1. INTRODUCTION (GIRiS)

In the relentless pursuit of technological
advancement and meeting the ever-increasing
global energy demand, developing and deploying
efficient and sustainable energy sources have
become imperative. The pressing need for cleaner
alternatives arises from the recognition that
traditional energy sources, predominantly fossil
fuels, are finite and pose significant environmental
threats. The detrimental effects of fossil fuels on the
environment have propelled the world into a
paradigm shift, as underscored by international
initiatives such as the Paris Climate Agreement [1].
Nations across the globe are now actively
transitioning towards clean and renewable energy
sources to mitigate climate change and build a
sustainable future [2]. The growing consensus on
the need for a green energy revolution drives
substantial investments and research efforts toward
renewable energy technologies. Among these
technologies, photovoltaic (PV) solar power plants
have emerged as a critical player in the global
transition to clean energy [3], [4]. Harnessing the
sun's abundant and renewable energy, PV power
plants convert sunlight into electricity through the
photovoltaic effect. As countries increasingly adopt
renewable energy as a cornerstone of their energy
portfolios, the efficiency and optimization of PV
power plants become critical for realizing the full
potential of solar energy [4]-[9].

The design and efficiency of PV power plants are
pivotal considerations in the quest for optimal
energy output. As these installations continue to
scale up, the challenges associated with large-scale
deployment become increasingly complex. Factors
such as orientation, array design, and shading can
significantly impact the performance of solar panels
in a PV power plant. Consequently, researchers and
engineers are turning to advanced simulation tools
to model and analyze the behavior of PV systems
under various conditions [10]-[14]. Software
programs like PVsyst have become indispensable
tools for simulating and optimizing PV systems.
These programs allow for the detailed analysis of a
range of parameters, including solar irradiance,
temperature, and shading effects, enabling
engineers to assess the performance of PV power
plants in diverse environmental conditions.
Simulation-based studies contribute valuable
insights into system behavior, aiding in the
refinement of design parameters and identifying
optimization opportunities [15]. Among the
numerous design considerations in PV power
plants, the designs of arrays have particular
significance. The optimization of array design is

essential to mitigate challenges associated with
large areas, shading effects, and other inefficiencies
inherent in PV power plants.

Optimization ensures the system operates at peak
efficiency, maximizing energy vield and
minimizing operational costs. In this context,
statistical methods such as the Taguchi method and
Analysis of Variance (ANOVA) provide a
systematic and structured approach to identifying
and optimizing critical design parameters [16]-[20].
The Taguchi method, developed by Genichi
Taguchi, is a robust statistical approach widely used
for optimizing processes and designs. It enables
engineers and researchers to identify the optimal
combination of factors and their levels within a
design space, minimizing variation and maximizing
performance. This method is particularly valuable
in the context of PV power plants, where a multitude
of factors can influence overall efficiency [21],[22].
Complementing the Taguchi method, Analysis of
Variance (ANOVA) is a statistical technique used
to analyze a dataset's variability and quantify
individual factors' contributions. ANOVA provides
a rigorous statistical foundation for validating the
significance of factors identified by the Taguchi
method, enhancing the understanding of how
different design parameters interact and impact
overall system performance. There are many studies
in the literature on design optimizations of PV
power systems.

Kowsar et al. endorse floating solar photovoltaic
(FSPV) systems as a remedy for challenges in large-
scale  ground-mounted  photovoltaic ~ power
generation in densely populated areas. Utilizing
PVsyst simulation tools, the study centers on a 50
MW FSPV power plant in a swamp region of an
extremely densely populated country. Results
indicate a competitive levelized cost of energy
(LCOE) at US$0.051/kWh, notably lower than
fossil fuel-based power plants at US$0.087/kWh in
the case study country. The FSPV system exhibits
environmental benefits, including reduced CO;
emissions, diminished water evaporation, and
preservation of biodiversity in swamp areas. This
underscores the economic viability and positive
environmental impact of FSPV as a promising
alternative for energy production in densely
populated regions with limited land resources [11].

Shan Hu et al. investigated the impact of dust
accumulation on photovoltaic (PV) module
efficiency, addressing the limitations of existing
research that predominantly relied on field
experiments and numerical simulations without
comprehensive three-dimensional (3D) models. The
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study introduced proposed conditions for powder
adsorption and developed a 3D simulation model to
analyze settling factors. The authors optimized
installation parameters through zonal clustering,
revealing in a case study that a 17° angle and 0.5 m
installation height maximized energy production in
a category | zone. This underscores the significance
of accounting for regional variations in optimizing
PV module performance [10].

Tashtoush et al. aimed to create an environmentally
sustainable living system for residential buildings
by optimizing grid-connected and off-grid
photovoltaic (PV) systems, focusing on reducing
carbon emissions. The study centers on a typical
residential building with ten apartments, employing
a rooftop PV system modeled with BEopt and
simulated using PVsyst software. After assessing
various optimization scenarios, the study
determines that a 10.6 kWh battery storage system,
with a 5.7-year payback period and high net present
value, covering over 95% of the electric load, is
optimal. If widely adopted in Jordan, this model
could potentially reduce carbon dioxide emissions
by approximately 5.33 million metric tons,
highlighting its environmental and economic
benefits [12].

Irshad et al. assessed the performance of three PV
technologies—monocrystalline  silicon  (m-Si),
polycrystalline silicon, and amorphous silicon—
with the goal of designing optimal PV-based hybrid
systems. Following IEC 61724 metrics, m-Si
demonstrated superior performance, with an annual
array efficiency of 5.26 hours/day, a capacity factor
of 14.31%, and a performance ratio of 83.9%. The
recommended system configuration involves a 72.8
kW grid-connected PV and a 59.4 kW converter,
with a total Net Present Cost (NPC) of $397,684,
translating to $0.0493/kWh. Despite variations in
sensitivity, the system proves resilient, offering
valuable insights for researchers planning efficient
PV-based hybrid systems [13].

Ihaddadene et al. highlights Algeria's commitment
to green energy, particularly solar, utilizing the
PVPA-1 calculation code. The case study
investigates a 15 MW photovoltaic power plant in
Tamanrasset, Algeria, for 2018. Results showcase
PVPA-1's effectiveness in evaluating performance
parameters, yielding reference, array, and final
yields of 6 hours, 4.63 hours, and 4.58 hours,
respectively. The tool identifies low system losses
(0.052 hours) and peculiar behavior in subfield 9,
impacting the overall power plant performance. In
conclusion, PVPA-1 emerges as a robust tool for

comprehensive performance
photovoltaic installations [14].

analysis  of

Bayyigit et al. compared monofacial and bifacial
solar panels using PVsyst software in two solar
power plants in Ankara. The study revealed that
bifacial panels outperformed single-sided ones,
showing a 13% higher average annual energy
production. The albedo effect and CO, emissions
were also analyzed, highlighting the environmental
benefits of bifacial panels. The results suggest that
promoting bifacial solar panel systems could be
crucial for more efficient and sustainable energy
production [23].

In this study aims to contribute to the ongoing
discourse on optimizing PV power plant design by
integrating the Taguchi method and ANOVA
analysis. We use PVsyst software to analyze key
design parameters related to array dimensions and
PV types. The objective is to identify optimal
configurations that maximize annual electrical
energy production, and minimize CO; emissions,
contributing to a more sustainable and efficient PV
power plant design. Our study's originality lies in
the synergy of the Taguchi method and ANOVA
analysis, providing a systematic and statistically
validated approach to optimize array design in
photovoltaic power plants. This integrated
methodology contributes a unique angle to the
existing body of research in the field.

2. PVSYST SOFTWARE (PVSYST YAZILIMI)

Photovoltaic (PV) solar energy systems are gaining
popularity as renewable energy sources in both
residential and commercial settings. These systems
convert sunlight into electrical energy using solar
panels, and to enhance their efficiency, accurately
modeling and simulating their performance under
various conditions is crucial. A widely utilized
software tool for this purpose is PVsyst, which
PVsyst SA developed. It models and simulates the
performance of photovoltaic solar energy systems
by incorporating inputs such as weather data,
system design parameters, and component
specifications to predict system performance under
diverse conditions. PVsyst is versatile, and capable
of simulating both grid-connected and off-grid PV
systems, accommodating different sizes and
configurations [15], [22], [24], [26].

Design Optimization: PVsyst is instrumental in
optimizing PV system design by simulating
performance under varying configurations. The
software evaluates different designs, including
changes in panel orientation, tilt angle, and shading,
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to identify the optimal design for a specific location
and application.

Performance Analysis: PVsyst facilitates the
analysis of existing PV systems, comparing actual
and predicted performance data to pinpoint
discrepancies or issues. This analysis aids in
identifying areas for improvement and optimizing
overall system performance.

Financial Analysis: PVsyst supports financial
analysis by estimating energy production and
revenue generation. The software calculates vital
financial metrics such as payback period, internal
rate of return, and net present value, providing
insights into the financial viability of a project.

Energy Yield Prediction: PVsyst predicts the energy
yield of a PV system under different conditions,
considering factors like weather patterns, shading,
and system design. It estimates energy generation
for a specific location, aiding in effective system
planning.

System Configuration: PVsyst creates the panel
array and adjusts panel slopes depending on the

system's power. It fine-tunes both panel tilt and
azimuth angles, with the azimuth angle representing
the angle between the south/north and the collector
plane. Inverter selection aligns with the created
string, and the simulation is conducted after the
system setup is complete [15].

3. PROJECT DESIGN (PROJE TASARIMI)

In the realm of photovoltaic (PV) power system
design, the efficacy of the system is linked to
various parameters, including location, PV and
inverter type, array design, and array stand
inclination angle. This study focuses on assessing
the impact of these parameters on system
performance, mainly through exploring four distinct
array designs utilizing both monofacial and bifacial
PVs. The objective is to discern the optimum array
design for enhanced PV power system efficiency.
Four different PV arrays were used according to the
number and orientation of PV: double portrait (2P),
triple portrait (3P), double landscape (2L), and triple
landscape (3L). The levels and factors selected in
the simulations are listed in Table 1.

Table 1. Factors and levels used in the simulations (Simiilasyonlarda kullanilan faktorler ve seviyeler)

Levels
Parameters
1 2 3 4
Array Size 2P 3P 2L 3L
PV Type Monofacial Bifacial

As seen in Table 2, a total of eight PV power
systems were designed and simulated using PVsyst
software. Pitch distance was calculated for four
different array designs. Each system was configured
with an installed power capacity of 500 kW, while
keeping other parameters constant. The simulations
were carried out in Karapmar, Tiirkiye, leveraging
meteorological data obtained from PVGIS.
Meteorological data in the coordinates are given in
Table 3.

Table 2. L8(4"1 2”4) array: Taguchi design
utilized in this study. dizisi: (L8(4"1 2*4) bu ¢alismada
kullanilan Taguchi tasarimi)

Design Array Size PV Type
Design-1 2P Monofacial
Design-2 2P Bifacial
Design-3 3P Monofacial
Design-4 3P Bifacial
Design-5 2L Monofacial
Design-6 2L Bifacial
Design-7 3L Monofacial
Design-8 3L Bifacial

1198




Cinici, Actr | GU J Sci, Part C, 11(4): 1195-1208 (2023)

Table 3. Monthly data of coordinates selected for installation [26] (Kurulum igin segilen koordinatlarin aylik

verileri)

Global horizontal Horizontal diffuse Temperature Wind Relative

irradiation irradiation ©O) velocity  humidity
(kWh/m>) (kWh/m?) (m/s) (%)
January 56.8 27.4 1.2 341 79.1
February 103.8 37.7 5.2 1.90 70.2
March 127.1 58.2 8.1 3.42 69.6
April 174.3 64.8 12.0 2.61 67.8
May 217.5 75.1 20.0 2.88 46.1
June 241.7 62.1 24.9 3.04 42.2
July 253.4 58.9 27.7 3.14 36.9
August 228.8 55.6 24.9 3.90 39.0
September 175.0 48.1 24.3 217 41.8
October 1334 40.9 12.4 2.95 58.7
November 81.2 30.4 3.3 2.36 65.6
December 62.1 27.1 1.6 2.52 82.2
Year 1855.0 586.2 13.8 2.9 58.3

The spatial arrangement of the shed is limit angle (B) is identified as the angle at which a

predominantly defined by three key parameters: PV
array width (W), pitch (Pitch), and tilt angle (o), as
illustrated in Figure 1. In this context, the shading

shadow initiates on the adjacent shed, as depicted in
Figure 1.

~ ~
Limit angle (3) [

Pitch

Figure 1. Sheds scheme (Isnim Semasi)

It is noteworthy that no universally optimal value
exists for this angle. However, conventionally, the
worst-case scenario (December 21) is considered to
minimize mutual shadings. To ensure the absence of
shading on the solar panel plane, the pitch is
calculated using Equation (1) for a specified
shading limit angle [28].

Pitch=W(cosa+sino/tanf3) (1)

Pitch distance was calculated for four different array
designs. Each system was configured with an
installed power capacity of 500 kW, while keeping
other parameters constant. Array width and pitch
distances for each design are calculated and given
in Table 4. These values were used in the
simulation.

Table 4. Array width and pitch distances for each
design (Her tasarim igin dizi aralig1 ve adim mesafeleri)

Array Width, Pitch (m)
Design W (m)
Design-1 4.39 8.47
Design-2 4.39 8.47
Design-3 6.6 12.74
Design-4 6.6 12.74
Design-5 2.22 4.28
Design-6 2.22 4.28
Design-7 3.35 6.46
Design-8 3.35 6.46

1199




Cinici, Actr | GU J Sci, Part C, 11(4): 1195-1208 (2023)

A critical consideration in the design of a
photovoltaic (PV) system is the ground cover ratio
(GCR), denoting the proportion of the modules'
sensitive area to the total ground area occupied by
the PV system. Notably, the "real" ground cover
ratio can alternatively be expressed as the ratio of
width to pitch. This presentation aligns with the
design of the PV system, as it is based on shed
parameters rather than the initial available area. This
approach is deemed more pertinent as it
incorporates shed characteristics, ensuring a more
accurate representation of the actual ground cover
ratio in the PV system design [28].

The disposition of solar panels was investigated
considering two distinct arrangements: portrait and
landscape orientations. It is imperative to
underscore the significance of shading in
optimizing a photovoltaic (PV) array, given that the
beam component impacts the electrical shading
dynamics within the system. Consequently, this
study conducted numerous simulations,
systematically varying the width of the PV array for
two different PV types under fixed tilt (0=37°),
fixed limit angle (=28°), and fixed azimuth angle
(0°) conditions. This approach facilitated a

comprehensive understanding of the shading effects
on each case independently.

The determination of the optimal tilt for maximizing
energy production typically assumes alignment with
the site latitude [29]. In the context of fixed-tilt
systems, the annual energy yield and Performance
Ratio (PR) are markedly influenced by both the
pitch and plane tilt. These factors are pivotal in
shaping incident irradiation and shading patterns
within the collector plane. It is essential to note that
PR, denoting the ratio of effectively produced
energy to the energy generated under nominal
efficiency conditions (Standard Test Conditions,
STC), is highly contingent on both pitch and plane
tilt configurations.

3.1. PV and inverter selection (PV ve invertir secimi)

To conduct a comparative analysis, monofacial and
bifacial modules with commensurate specifications
were meticulously chosen, with preference given to
Trina Solar as the brand. The pertinent
characteristics of the selected modules are presented
in Table 5.

Tablo 5. Technical specifications of monofacial and bifacial PV modules used in the study (Calismada
kullanilan tek yiizeyli ve ¢iftyiizeyli PV modiillerin teknik 6zellikleri)

Monofacial Bifacial
Brand Trina Solar Trina Solar
Model TSM-DE18M—(11)-500 | TSM-DEG18MC-20-(lI)-
500 Bifacial
Nominal power 500 Wp 500 Wp
Cell 75x2 75%2
Length 2176 mm 2256 mm
Width 1098 mm 1133 mm
Thickness 35 mm 30 mm
Weight 26.3 kg 32.3 kg
Module area 2,389 m? 2.556 m?
Short circuit current 12.28 A 13.92 A
(Is)
Open circuit voltage 51.7V 50.3V
(Vo)
Maximum power point 11.69 A 13.04 A
current (Impp)
Maximum power point 428V 418V
voltage (Vmpp)
Temperature coefficient —0.35 %/-C —0.34 %/-C

Both panels were positioned at a standardized
height of 1.5 meters above the ground. The ground
albedo effect for the bifacial panel was established
at 0.6, a value achievable through the application of
white paint or cement [30]. Huawei Technologies,
one of the important players in the solar energy

industry, was preferred in the inverter selection.
Considering its suitability for the number and type
of panels, the SUN2000-55KTL-H2 model, which
has eight units of 55 kw AC output power and an
operating voltage range of 600 to 1450 V, was
deemed suitable.
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Integral to the design process in PVsyst simulation
is the number of modules and chains, which are
pivotal parameters influencing optimal system
performance. These variables are intricately
interconnected and necessitate judicious selection to
ensure the efficacy of the design. The number of
serial modules denotes the quantity of arrays where
modules are serially connected. In PVsyst, this
number is determined by meticulous attention to the
congruence between the operating voltage of the
modules and that of the inverter. Augmenting the
number of series modules has the potential to
amplify power output, but it is imperative to avoid
exceeding the inverter's operating voltage.
Concurrently, the chain count signifies the number
of parallel-connected threads. While escalating the
number of chains enhances total power output, it
also increases total current. Hence, -careful
consideration of the inverter's input current limits is
crucial. Furthermore, reducing the number of
threads can enhance module performance,
especially in challenging conditions such as
shading. In light of these considerations, the number
of serial modules was established at 20, while the
number of chains was set at 50.

4, OPTIMIZATION ANALYSIS
(OPTIMIiZASYON ANALIZI)

The implementation of optimization analyses is
pivotal for advancing the understanding of the
intricate  relationship  between the  control
parameters inherent in a process and the
corresponding quality parameters [30]. Within the
scholarly discourse, researchers employ diverse
optimization methodologies tailored to the specific
objectives of their investigations. The primary
objective of our study was to discern the most
optimal combination of control parameters that
influence quality characteristics. Accordingly, we
opted for the Taguchi method, renowned for its
simplicity, efficiency, and systematic approach,
facilitating the derivation of results through a
minimized number of trials within the shortest
possible timeframe. Additionally, the contribution
rates of these parameters were elucidated through
the application of Analysis of Variance (ANOVA)
[31],[32].

4.1. Taguchi method (Taguchi yontemi)

The Taguchi method stands as a widely employed
statistical approach for optimizing factors
influencing the performance characteristics of a
given process or system. This method effectively
yields results from minimal trials, thereby
delineating the significance and hierarchy of control

parameters. Moreover, it identifies the most
influential parameter and determines the optimal
level for each parameter within the system. Notably,
the Taguchi method tests combination pairs rather
than exhaustively testing all potential combinations.
Over the past two decades, it has found widespread
application across various engineering disciplines
and beyond [33],[34].

The Taguchi method comprises vital components
such as an orthogonal array, signal-to-noise ratio
(S/N or SNR), response table, and response graph,
also known as Main Effect Analysis (MEA). The
highest SNR value for each parameter indicates the
optimal level for that parameter, while the highest
primary impact value signifies the parameter's most
significant influence on system performance.
Subsequently, a Mean Effective Plot (response
graph) for SNRs is generated using the optimum
control factors derived from the response table,
allowing for an in-depth analysis of the impact of
control factors on performance [35],[36].

The analysis of SNR incorporates three distinct
performance  characteristics:  larger-is-better,
nominal-is-better, and smaller-is-better. In this
context, the preference was given to 'larger-is-
better' performance characteristics, and Equation
(2) was utilized to calculate SNR values, facilitating
a comprehensive assessment of the system's
performance [31],[34],[35].[36].

S—

y = —10log (1/n T, -5) 2)

4.2. Analysis of variance (ANOVA) (Varyans

analizi)

The Analysis of Variance (ANOVA), a statistical
method, serves as a decision-making tool utilized to
discern the proportional contribution of each
parameter to the overall performance of a system. It
is instrumental in determining the significance of
each parameter's impact on the response, thereby
validating the outcomes derived from the Taguchi
method [31],[32].

Within the scope of this study, the ANOVA method
is employed to elucidate the influence of each
parameter on the uniformity of annual energy output
delivered to the grid (E-Grid), Performance Ratio
(PR), and the saved CO; emissions. The statistical
significance level is set at 0.05, corresponding to a
95% confidence level. Equations (3), (4), (5), (6),
and (7) are utilized to derive critical indicators of the
ANOVA method, including the sum of squares
(SS), contribution ratio (CR), degrees of freedom
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(DOF), mean of squares (MS), and F-values for
each factor. This comprehensive analysis aids in
comprehending the individual and collective
impacts of the parameters on the system's
performance [31]-[38].

5S; = Xz — 9)? @)

Where, ¥; is the i-th response value, y is the mean
response value.

The contribution ratio (CR) is defined as the ratio
of the sum of squared deviations to the total sum of
squared deviations Eq. (4).

SSi
T 4)
The corresponding degrees of freedom are as
follows Eq. (5):
DOFy = %7 (L = 1) + DOFyryop (5)

The corresponding mean of squares are as follows

The F-factor, which reflects the statistical
reliability of the results, is given by the ratio of the
parameter's mean square to the mean square error

Eq. (7).
MS; (7)

MSerror

5. RESULTS (BULGULAR)

Based on the outcomes generated by PVsyst, the
application of the Taguchi method involves the
establishment of a pertinent model through rigorous
statistical analysis. The primary aim of this method
is to discern the optimal values for the array in
photovoltaic (PV) systems. The simulation design,
as depicted in Table 6, is formulated using Signal-
to-Noise (S/N) ratios derived from the Taguchi
method. Each row in this design encapsulates a
distinct combination of various parameter levels.
The control parameters are systematically allocated
to the columns, and the output responses, along with
their corresponding S/N ratio values, are computed

Fi:

Eq. (6): and likewise assigned to the columns. This
. systematic _ represen_tation facilitatgs - a
MS; = W;Ti (6) comprehensive analysis of the relatlonshlps
between control parameters and system responses in
PV systems.
Table 6. Simulation design with SN ratio (SN oranli simiilasyon tasarimi)
Array E-Grid Saved CO; Emissions

Design Size PV Type (MWh) PR (tons) S/N Ratios
Design-1 2P Monofacial 841.44 0.793 9818.806 2.7567
Design-2 2P Bifacial 856.43 0.808 10009.61 2.9194
Design-3 3P Monofacial 854.04 0.805 9979.271 2.8871
Design-4 3P Bifacial 869.11 0.82 10177.427 3.0475
Design-5 2L Monofacial 839.96 0.792 9799.972 2.7457
Design-6 2L Bifacial 855.28 0.807 9994.947 2.9087
Design-7 3L  Monofacial 847.37 0.799 9894.26 2.8221
Design-8 3L Bifacial 862.81 0.814 10090.869 2.9837
Given that the primary objective of the current emissions (10177.427 tons) were realized in

investigation is to maximize E-Grid, PR, and Saved
CO. Emissions, the "Larger the better” criterion is
adopted. Consequently, the Signal-to-Noise (S/N)
ratio is computed for the response variable, wherein
a higher value indicates superior performance.

The response table in Table 4 delineates the S/N
ratio for various levels of the critical factors under
consideration. Adhering to the principles of the
Taguchi method, the optimum S/N ratio is observed
at the second level of Array Size and PV type, as
detailed in Table 7 and visually represented in
Figure 2. Consequently, the highest values for E-
Grid (869.11 MWh), PR (0.82), and Saved CO;

Design-4. This outcome signifies the optimal
configuration that aligns with the goal of
maximizing the specified performance metrics.

Table 7. Response table for means (Yanit tablosu)

Level Array Size PV Type
3588 3573
2 3647 3643
3 3582
4 3616
Delta 65 70
Rank 2 1
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Figure 2. Main effects plot for SN ratios (SN oranlar: igin etki grafigi)

As a statistical methodology, the analysis of
variance (ANOVA) furnishes a comprehensive
framework for examining the outcomes associated
with the response variable, as delineated in Table 6.
This analytical endeavor showcases meticulous
precision, underscored by a substantial R-squared
value of 99.93% and an adjusted R-square value of
99.98%. These metrics not only attest to the efficacy
of the chosen model but also signify its robust fitting
to the observed data, thereby reflecting a
commendable degree of model accuracy.

Moreover, the values enlisted in Table 8 assume
heightened statistical significance, with a pivotal

emphasis on maximizing F-values and minimizing
P-values, precisely attaining a threshold below
0.005. This nuanced criterion substantiates the
steadfastness of the statistical inferences derived
from the ANOVA analysis, affirming the
appropriateness and reliability of the selected model
in elucidating the variability observed in the
response variable. In essence, the ANOVA results
provide a nuanced understanding of the statistical
relationships inherent in the examined data,
fortifying the robustness and credibility of the
analytical findings.

Table 8. Analysis of variance (Varyans analizi)

Source DF SeqSS Contribution AdjSS AdjMS F-Value P-Value
Array Size 3 245.990 34.72% 245.990 81.997 3701.89  0.0000075
PV Type 1 462.384 65.27% 462.384 462.384 20875.13 0.0000007
Error 3 0.066 0.01% 0.066 0.022
Total 7 708.441 100.00%

Figure 3 depicts the residual plots corresponding to
distinct parameters under investigation. The
residual plot against predicted values manifests a
stochastic distribution of the dispersed points, while
the residual plot against run number exhibits an
absence of discernible patterns. Additionally, the
normal probability plot aligns consistently along the
linear axis. Moreover, the residual errors
concerning fits and order are quantified at 0.117,

indicative of the precision of the model and thereby
affirming its appropriateness. The contribution of
the PV array size parameter is elucidated at 34.72%,
with the PV type parameter exhibiting a substantial
contribution of 65.27% to the observed variability
in E-Grid. This underscores the notable influence of
these parameters on the response variable. In
summary, the residual analyses, precision metrics,
and parameter contributions collectively underscore
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the efficacy and accuracy of the model in
elucidating the intricate relationships between the
considered factors and the response variable. These

a)

Normal Probability Plot
(response is E-Grid (MWh))

Percent
"l
3

02 01 00 01 0.2
Residual

findings substantiate the model's suitability and its
capacity to accurately represent the simulation runs
of the response variables.

b)

Versus Fits
(response is E-Grid (MWh))

Residual

840 845 850 855 860 865 870
Fitted Value

Figure 3. Residual figures for E-Grid a) normal probability plot, b) residual versus predicted (E-Sebeke igin
artik rakamlar a) normal olasilik grafigi, b) artik ve tahmin edilenler)

Figure 4 illustrates the E-Grid and saved CO;
emissions values for each design configuration. The
maximum E-Grid value, quantified at 869.11 MWh,
was attained in Design-4 (3P-Bifacial), while the
minimum E-Grid value, amounting to 839.96 M\Wh,
was recorded in Design-5 (2L-Monofacial).
Likewise, the highest saved CO. emissions were
computed in Design-4, totaling 10177.427 tons,

875
870
865
860

E-Grid (MWh)

5
Qén

while the lowest saved CO, emissions, amounting
to 9799.972 tons, were observed in Design-5.
Furthermore, an evident positive correlation is
discernible between the E-Grid and saved CO;
emissions outputs. This observation implies that
variations in E-Grid values coincide with consistent
trends in saved CO, emissions across the diverse
design configurations.

10.300,000
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Figure 4. E-Grid and saved CO- emissions values for designs (Tasarimlar igin E-Grid ve tasarruf edilen COz
emisyon degerleri)

Figure 5 displays the performance ratio (PR) values
for all designs. The highest PR, calculated at 0.82,
is observed in Design-4 (3P-Bifacial), while the
lowest PR, computed at 0.792, is found in Design-5
(2L-Monofacial). Additionally, it is evident that the
PR values exhibit a positive correlation with the

outputs of E-Grid and saved CO; emissions. This
observation suggests that variations in PR values
align consistently with trends in both E-Grid and
saved CO; emissions across the entire spectrum of
design configurations.
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Figure 5. Performance ratio (PR) values for designs (Tasarimlara iliskin performans oran (PR) degerleri)

Previous research explored the performance rates of
diverse PV array panel designs through simulation
studies. Literature reviews have documented
performance rates for various PV array designs, as

outlined in Table 9. It is evident that the outcomes
of our study align with those reported in existing
literature.

Table 9. Comparison of the performance ratio results of this study with the literatiire (Bu calismanin
performans orani sonuglarinin literatiirle karsilagtirilmasi)

Reference Location Average final Rated Performance
yield Capacity ratio (%)
(KWh/kWp/day) (kKWp)

Presentstudy  Konya, Tiirkiye 23,8 500 82

Emziane and Abu Dhabi 5.1 111.4 80

Ali [39]

Sharma and Khatar-Kalan, India 2.23 190 74

Chandel [40]

Anang et al. Terengganu, Malaysia ~ 3.78 7.8 71

[41]

Okello et al. Eastern Cape, South 49 3.2 84

[42] Africa

6. CONCLUSIONS (SONUCLAR)

In conclusion, the optimization of array design in
photovoltaic power plants, as explored through the
Taguchi and ANOVA analyses, has yielded
valuable insights into the factors influencing the
performance of these systems. The comprehensive
utilization of these statistical methodologies has
allowed for a nuanced understanding of the
interplay between critical parameters, such as Array
Size and PV Type, and the performance metrics,
including E-Grid, saved CO: emissions, and
Performance Ratio (PR).

. The Taguchi method efficiently optimized
design configurations, emphasizing the significant

impacts of Array Size and PV Type on the E-Grid.
The precise model, with low residual errors and
well-distributed  plots, affirms  conclusion
reliability. ANOVA analysis validated statistical
significance, providing a robust framework for
assessing individual parameter contributions.

* Notably, the positive correlation observed between
PR values and the outputs of E-Grid and saved CO,
emissions further highlights the interconnectedness
of these performance metrics. This insight is crucial
for designing photovoltaic power plants that
maximize energy production and contribute to
environmental sustainability.
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» Consequently, the highest values for E-Grid
(869.11 MWh), PR (0.82), and Saved CO;
emissions (10177.427 tons) were realized in
Design-4 (3P-Bifacial).

» The highest PR, calculated at 0.82, is observed in
Design-4, while the lowest PR, computed at 0.792,
is found in Design-5 (2L-Monofacial).

* The highest saved CO; emissions were computed
in Design-4, totaling 10177.427 tons, while the
lowest saved CO emissions, amounting to
9799.972 tons, were observed in Design-5.

In summary, the combined application of the
Taguchi and ANOVA analyses has empowered the
optimization of array design in photovoltaic power
plants, offering a systematic approach to achieving
enhanced performance. The findings of this study
contribute valuable knowledge to the field of
renewable energy system design and underscore the
importance of array design in maximizing the
efficiency and sustainability of photovoltaic power
plants.
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