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Abstract: The thermal performance of photovoltaic (PV) modules is a critical factor influencing their electrical
efficiency, energy yield, and long-term reliability, particularly in hot climate regions characterized by high ambient
temperatures and intense solar irradiance. This study presents a comparative thermal performance analysis of
mono-crystalline, poly-crystalline, and thin-film photovoltaic modules under real operating conditions. The
experimental framework included continuous monitoring of module temperature using thermocouples and
infrared thermal imaging, along with simultaneous measurement of key environmental parameters such as solar
irradiance, ambient temperature, wind speed, and relative humidity. The objective was to quantify thermal
behavior, evaluate temperature-induced electrical performance degradation, and compare long-term thermal
efficiency and energy yield across different PV technologies. The results demonstrated that module operating
temperature has a significant impact on electrical performance, with increased temperature leading to reductions
in open-circuit voltage, maximum power output, and overall conversion efficiency. Mono-crystalline and poly-
crystalline modules exhibited higher temperature coefficients, resulting in greater performance degradation under
elevated temperature conditions. In contrast, thin-film modules showed lower temperature sensitivity and
improved thermal dissipation, leading to more stable electrical performance. Regression analysis confirmed a
strong negative correlation between module temperature and power output for all PV technologies, with thin-film
modules exhibiting the lowest thermal derating. Long-term performance evaluation revealed that thermal effects
significantly influence energy yield and performance ratio in hot climate environments. Although mono-crystalline
modules provided higher nominal efficiency under standard test conditions, thin-film modules maintained more
stable energy production and thermal efficiency under sustained high-temperature operation. The findings indicate
that thermal resilience plays a crucial role in determining real-world PV system performance and technology
suitability for hot regions. Overall, this study provides a comprehensive assessment of the thermal characteristics
and energy performance of different PV technologies, offering valuable insights for optimizing photovoltaic system
design and technology selection in hot climate environments. The results support the adoption of thermally resilient
PV technologies and improved thermal management strategies to enhance system efficiency, reliability, and long-
term sustainability in high-temperature regions.
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1.Introduction

The thermal performance of photovoltaic (PV) modules is a critical determinant of their electrical
efficiency, reliability, and long-term energy yield, particularly in hot climate regions characterized by
high ambient temperatures, intense solar irradiance, and limited convective cooling [1,2]. Figure 1
illustrates the layered diagram of the PV/T module. Elevated operating temperatures reduce the open-
circuit voltage (Voc) and maximum power output due to the negative temperature coefficient inherent
to semiconductor materials. Consequently, the comparative evaluation of mono-crystalline silicon
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(mono-Si), poly-crystalline silicon (poly-5i), and thin-film PV technologies under high-temperature
conditions is essential for optimizing technology selection in arid and semi-arid environments such as
North Africa and the Middle East [3,4]. These technologies exhibit distinct thermal characteristics due
to differences in bandgap structure, material composition, and module construction.

Glass Cover
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Figure 1. The layered diagram of the PV/T module [5].

Mono-crystalline silicon modules typically demonstrate the highest conversion efficiencies under
standard test conditions (STC), primarily due to their uniform crystal lattice structure and reduced
recombination losses. However, mono-S5i modules exhibit a relatively high negative temperature
coefficient, typically ranging between -0.40%/°C and -0.50%/°C for power output. As module
temperature increases beyond the nominal operating cell temperature (NOCT), the electrical
performance of mono-Si modules declines more significantly compared to thin-film technologies [6,7].
Furthermore, their higher packing density and lower thermal emissivity can contribute to increased
heat accumulation, particularly under low wind speed conditions, resulting in elevated operating
temperatures and reduced performance stability in hot climates.

Poly-crystalline silicon modules, while slightly less efficient than mono-crystalline modules under
STC due to grain boundary recombination losses, exhibit similar thermal degradation behavior, with
temperature coefficients typically in the range of -0.38%/°C to —-0.45%/°C. The presence of grain
boundaries can influence thermal conductivity and heat dissipation, although the overall thermal
response remains comparable to mono-Si technology. In practical hot climate operation, poly-Si
modules often experience slightly lower peak temperatures due to differences in optical absorption and
surface properties, but their overall thermal performance degradation remains significant.
Nevertheless, their lower manufacturing cost and relatively stable performance make them a widely
adopted technology in utility-scale installations across high-temperature regions [8]. Figure 2 illustrates
typical mono- and polycrystalline silicon solar cells, and a simplified cross-section of a commercial
monocrystalline silicon solar cell (© 2010 Sharp).

Thin-film photovoltaic modules, including amorphous silicon (a-5i), cadmium telluride (CdTe), and
copper indium gallium selenide (CIGS), exhibit superior thermal performance compared to crystalline
silicon technologies due to their lower temperature coefficients, typically ranging from -0.20%/°C to
—0.30%/°C. This reduced temperature sensitivity enables thin-film modules to maintain higher relative
efficiency at elevated temperatures. Additionally, thin-film modules often exhibit lower operating
temperatures due to their lower thermal mass, higher emissivity, and improved heat dissipation
characteristics [9]. Their superior spectral response and reduced performance degradation under diffuse
irradiance conditions further enhance their suitability for hot and dusty environments, where
atmospheric scattering and elevated module temperatures are common.
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Figure 2. Typical mono- and polycrystalline silicon solar cells (above), and a simplified cross-section of a
commercial monocrystalline silicon solar cell (below) (© 2010 Sharp) [10].

While mono-crystalline modules offer the highest efficiency under standard conditions, their
performance is more adversely affected by high operating temperatures compared to thin-film
technologies. Poly-crystalline modules exhibit similar thermal sensitivity but with slightly lower
baseline efficiency. Thin-film modules demonstrate the most favorable thermal performance due to
their lower temperature coefficients and improved thermal dissipation, making them particularly
advantageous for deployment in hot climate regions [11,12]. In hot climate applications, thin-film
technologies may provide superior real-world performance stability, while mono-and poly-crystalline
technologies remain competitive due to their higher nominal efficiencies and widespread commercial
availability.

A number of studies investigated the thermal performance of photovoltaic (PV) technologies
functioning in hot temperature conditions, as detailed below.

In this study [13], sodium acetate trihydrate (PCM-1), palmitic acid (PCM-2), and a eutectic mixture of
stearic acid and palmitic acid (PCM-3) were encapsulated in a container and integrated with
monocrystalline and polycrystalline PV panels to evaluate the influence of PCMs on key performance
indicators, including power output, energy efficiency, and module surface temperature. The
experiments were conducted in Izmir during the summer season, representing hot-climate operating
conditions. Solar irradiance levels representative of Izmir, including the standard test condition of 1000
W/m?, were applied during testing. The results indicated that, at 1000 W/m? in August, the peak
temperature of the monocrystalline module was reduced by 22.84% with PCM-1 and by 14.4% with the
eutectic mixture compared with the reference module (without PCM). Moreover, for the polycrystalline
module tested in July, the electrical power output and conversion efficiency increased by 24.97% and
24.95%, respectively.

The article results [14] revealed a clear reduction in PV module operating temperature under
evaporative cooling. With natural evaporative cooling, the mean module temperature decreased by 3.98
°C, 3.74°C, and 2.79 °C across the respective test days in July. Under forced evaporative cooling, a larger
mean temperature reduction was achieved —7.07 °C, 8.44 °C, 7.65 °C, and 5.78 °C on the corresponding
test days in August. This thermal mitigation translated into measurable electrical gains: PV efficiency
increased by approximately 2.96%, 2.06%, and 2.05% during the natural-cooling test days, and by about
3.77%, 4.33%, 4.62%, and 5.10% during the forced-cooling test days.

This study [15] conducted a 39-day field monitoring campaign using conventional insulated and
waterproof concrete roofs (CRs) as the baseline control, while Sedum-covered green roofs (GRs),
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photovoltaic concrete roofs (pCRs), and photovoltaic green roofs (pGRs) with three PV installation
heights (0.3, 0.6, and 0.9 m) served as treated configurations. Overall, both GRs and pCRs exhibited
superior thermal performance relative to CRs, with GRs showing the most pronounced improvement.
Notably, the pGR configuration effectively alleviated the adverse thermal impacts associated with either
Sedum vegetation or PV integration alone, leading to enhanced thermal and energy performance.
Compared with CRs, pGRs reduced the exterior and interior surface temperatures by up to 17.7 °C and
0.8 °C, respectively. In addition, the pGR increased the damping factor by an average of 38.1%, reduced
the time lag by an average of 46.2%, and lowered the thermal performance index by an average of 3.0%.
The daily total heat gain for pGRs also decreased substantially —by 51.6%—-70.9%, 1.4%-16.3%, and
13.1%-37.4% compared with CRs, GRs, and pCRs, respectively.

This study makes several important contributions to the understanding and optimization of
photovoltaic (PV) performance under hot climate conditions through a comprehensive comparative
analysis of mono-crystalline, poly-crystalline, and thin-film technologies. First, it provides experimental
characterization of real operating temperature profiles using continuous field measurements, enabling
accurate assessment of thermal accumulation and dissipation under high ambient temperature and
irradiance conditions. Second, it quantitatively evaluates the impact of temperature coefficients on key
electrical parameters, including open-circuit voltage, maximum power output, and conversion
efficiency, establishing a clear relationship between temperature rise and performance degradation.
Third, the study presents a comparative analysis of thermal efficiency and long-term energy yield,
demonstrating that although crystalline silicon modules offer higher nominal efficiency, thin-film
modules exhibit superior thermal stability and maintain more consistent energy production under
elevated temperature conditions. Fourth, the findings identify the most thermally resilient PV
technology for deployment in hot climate regions, supporting informed technology selection and
system optimization. Finally, the research establishes an integrated methodological framework
combining temperature monitoring, electrical performance evaluation, and energy yield analysis,
providing practical guidance for improving photovoltaic system efficiency, reliability, and
sustainability in high-temperature environments, particularly in arid and semi-arid regions such as
North Africa and the Middle East.

2. Experimental Evaluation of Module Temperature Profiles under Hot Climate Conditions

Table 1 presents the experimental framework and measurement configuration used to evaluate and
compare the thermal performance of mono-crystalline, poly-crystalline, and thin-film photovoltaic (PV)
modules under hot climate conditions. Figure 3 outlines the key experimental components, including
module temperature monitoring, environmental parameter measurements, instrumentation, sampling
protocols, and expected output metrics. This structured experimental design ensures consistent and
reliable data acquisition, enabling an accurate assessment of the thermal behavior of different PV
technologies when exposed to high solar irradiance and elevated ambient temperatures typical of arid
and semi-arid regions [16,17].

The experimental setup incorporates precise temperature monitoring using thermocouples and
infrared thermal imaging to capture real-time module temperature variations. In addition to module
temperature, critical environmental parameters such as ambient temperature, solar irradiance, wind
speed, and relative humidity are measured simultaneously using calibrated meteorological
instruments. These parameters play a fundamental role in determining the heat balance of PV modules,
as solar irradiance drives heat generation, while ambient temperature and wind speed influence
convective and radiative heat dissipation [18,19]. By synchronizing all measurements through a
centralized data acquisition system, the experiment ensures high temporal resolution and accurate
correlation between thermal and environmental variables.
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Figure 3. The key experimental components.

Furthermore, Table 1 highlights the importance of standardized mounting configurations and
controlled installation conditions to eliminate external biases and ensure that observed temperature
differences are primarily attributed to inherent material and structural properties of each PV
technology. Uniform tilt angle, module spacing, and ventilation conditions are maintained to ensure
fair comparison. The defined output metrics, including average module temperature, peak temperature,
and temperature variation, provide quantitative indicators for evaluating thermal accumulation, heat
dissipation efficiency, and overall thermal stability of each PV module type.

Table 1: The experimental setup and measurement framework for comparing the thermal behavior of mono-

crystalline, poly-crystalline, and thin-film photovoltaic modules under hot climate conditions [20-23].

Component Description Instruments/  Measurement Sampling & Output Metrics
Tools Location Duration
PVmodule  Comparative testing Standard Same test Continuous ~ Temperature and
set of mono-crystalline, mounting racks, field with monitoring performance
(technologies) poly-crystalline, and identical tilt and equal spacing  for 7-30 days comparability
thin-film modules azimuth
under identical
outdoor conditions
Module Measure operating ~ Thermocouples  Rear surface 1-5 min Average,
temperature temperature and (Type K), RTDs  near center of logging maximum,
monitoring thermal cycling (PT100), IR module interval minimum module
thermal camera temperature
Ambient Capture Shielded 1.5-2mabove Synchronized Ambient
temperature environmental temperature ground with module temperature
baseline probe logging trends and
temperature correlations
Solar Measure incident Pyranometer or Plane-of- Synchronized Irradiance
irradiance solar radiation reference cell array (same with module intensity and
tilt as logging daily energy input
modules)
Wind speed  Evaluate convective Anemometer Near array Synchronized Cooling effect and
cooling effect height with module temperature
logging reduction analysis
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Relative Assess moisture Hygrometer Weather Synchronized = Humidity impact
humidity influence on station mast ~ with module correlation

thermal behavior logging

Data Collect and Data logger Central Continuous  Validated dataset

acquisition synchronize all with time acquisition logging for analysis
measurements synchronization system

Thermal Evaluate peak Statistical Post- After data Peak temperature,

behavior temperature and analysis processing collection temperature rise,
analysis thermal response software stage period technology
comparison

The experimental configuration presented in Table 1 provides a comprehensive and systematic
approach to evaluating the thermal characteristics of different photovoltaic technologies. The use of
direct temperature measurements from the rear surface of each module ensures accurate representation
of actual operating conditions, as backsheet temperature closely approximates cell temperature under
steady-state conditions. Continuous monitoring with short sampling intervals allows for detailed
analysis of thermal dynamics, including heating rates during peak irradiance and cooling behavior
during low irradiance periods or increased wind activity.

The inclusion of key environmental parameters such as solar irradiance, ambient temperature, and
wind speed enables a deeper understanding of the thermal mechanisms influencing PV module
performance. Solar irradiance is the primary source of heat generation, and higher irradiance levels
typically result in increased module temperatures. Ambient temperature directly affects the baseline
thermal condition, while wind speed enhances convective heat transfer, reducing module temperature.
By analyzing these parameters simultaneously, the experiment allows for quantification of the
relationship between environmental stressors and module thermal response, which is essential for
performance modeling and system optimization.

Moreover, the standardized mounting and installation configuration ensures that differences in
thermal performance are attributed to the intrinsic properties of the PV technologies rather than external
installation factors. This is particularly important when comparing crystalline silicon modules with
thin-film technologies, as differences in material composition, emissivity, and thermal conductivity
influence heat absorption and dissipation. Thin-film modules, for example, often exhibit lower
operating temperatures due to improved thermal emissivity and reduced heat retention, while
crystalline silicon modules tend to accumulate more heat under identical environmental conditions.
Overall, the experimental framework summarized in Table 1 provides a robust foundation for
comparative thermal performance analysis. The collected data enable identification of peak operating
temperatures, evaluation of thermal stability, and assessment of the impact of environmental conditions
on different PV technologies.

3. Assessment of Temperature Coefficient Impact on Electrical Performance

Table 2 presents the methodological framework for assessing the impact of temperature on the
electrical performance of mono-crystalline, poly-crystalline, and thin-film photovoltaic (PV) modules.
Temperature is one of the most critical environmental factors influencing PV performance, as
semiconductor properties are highly sensitive to thermal variations. As operating temperature
increases, photovoltaic modules experience reductions in open-circuit voltage (Voc), maximum power
output (Pmax), and overall conversion efficiency (1)), while short-circuit current (Isc) exhibits only minor
variations. These temperature-dependent changes are quantified using temperature coefficients, which
provide a standardized metric for evaluating the thermal sensitivity of different PV technologies.
Understanding these coefficients is essential for predicting performance losses and optimizing PV
system deployment in hot climate regions [24,26].

Table 2 outlines the procedures used to characterize temperature-dependent electrical parameters
through systematic I-V curve measurements, temperature monitoring, and regression-based analysis.
By establishing baseline electrical characteristics under controlled irradiance conditions, the study
ensures accurate comparison across PV technologies. The measurement of temperature coefficients for
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power, voltage, and current enables quantification of the rate at which performance degrades with
increasing temperature. In addition, efficiency analysis and power loss modeling provide insight into
the overall impact of thermal stress on system performance. These analytical approaches allow for direct
comparison of thermal resilience among mono-crystalline, poly-crystalline, and thin-film modules.

Furthermore, the integration of regression modeling and multivariable analysis allows for precise
quantification of the relationship between module temperature and electrical output while accounting
for environmental influences such as solar irradiance and wind speed. This approach ensures that the
observed performance differences are attributed primarily to the intrinsic material properties and
thermal characteristics of each PV technology. The resulting dataset enables identification of the most
thermally stable PV technology, which is particularly important for installations in regions with
sustained high ambient temperatures and intense solar exposure.

Table 2: The experimental framework used to evaluate the impact of temperature on key electrical parameters of
mono-crystalline, poly-crystalline, and thin-film photovoltaic modules [27-32].

Item What is Measurement/  Key Variables Key Outputs Analysis &
Evaluated Method (Inputs) (Electrical Comparison
Metrics) Metric
Baseline Reference I-V curve Solar Voc, Isc, Vmp, Baseline
electrical electrical tracing or DC irradiance, Imp, Pmax, reference for
characterization =~ behavior under logger module efficiency comparison
stable measurement temperature,
conditions ambient
temperature
Temperature Sensitivity of Regression of Module Power Identify lowest
coefficient of power output Pmax versus temperature, temperature power
power (YP) to temperature temperature irradiance coefficient degradation
(%/°C)
Temperature Sensitivity of Regression of Module Voltage Voltage-driven
coefficient of voltage to Voc versus temperature, temperature thermal loss
voltage ($Voc) temperature temperature irradiance coefficient assessment
Temperature Sensitivity of Regression of Module Current Technology
coefficient of current to Isc versus temperature, temperature comparison
current (adsc) temperature temperature irradiance coefficient
Efficiency Effect of Efficiency Power output, Efficiency Efficiency
temperature temperature on  calculation and irradiance, variation with stability
sensitivity conversion regression module area temperature ranking
efficiency analysis
Power loss vs Quantify Power Temperature Power loss Expected loss at
temperature rise thermal normalization  difference from percentage high
derating and loss reference temperatures
calculation
Regression Multivariable Multiple Temperature, Predicted Thermal
model for thermal impact regression irradiance, power output resilience
derating analysis analysis wind speed, ranking
humidity
High- Performance Compare Temperature Power Final
temperature stability at high ~ metrics during  above threshold retention, technology
resilience temperatures hot conditions efficiency ranking
comparison

The experimental framework presented in Table 2 provides a comprehensive approach for
evaluating the temperature sensitivity of photovoltaic module electrical performance. The baseline
electrical characterization establishes reference values for key parameters such as Voc, Isc, and Pmax,
which serve as essential benchmarks for evaluating temperature-induced performance degradation.
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These baseline measurements ensure consistency and allow accurate comparison of thermal effects
across different PV technologies. By using standardized measurement procedures, the study minimizes
uncertainties and enhances the reliability of the temperature coefficient analysis.

The evaluation of temperature coefficients for power (yP), voltage (8Voc), and current (alsc)
provides direct insight into the thermal behavior of photovoltaic modules. Among these parameters,
the voltage temperature coefficient is typically the most significant contributor to performance
degradation, as increasing temperature reduces the semiconductor bandgap and decreases voltage
output. The power temperature coefficient integrates the combined effects of voltage and current
variations, providing a comprehensive indicator of thermal performance. Technologies with lower
absolute values of yP exhibit greater resistance to temperature-induced performance losses and are
therefore more suitable for hot climate applications.

Efficiency temperature sensitivity analysis further highlights the impact of thermal conditions on
overall energy conversion efficiency. As module temperature increases, efficiency declines due to
increased carrier recombination and reduced voltage output. By quantifying efficiency variation with
temperature, the table enables comparison of thermal stability across different PV technologies. Thin-
film modules generally demonstrate superior thermal stability due to lower temperature coefficients,
while crystalline silicon modules, despite their higher nominal efficiency, tend to experience greater
performance degradation under elevated temperature conditions.

The regression-based thermal derating analysis provides valuable predictive capability by
quantifying the relationship between module temperature and power loss. This allows estimation of
expected performance under real operating conditions, particularly during peak temperature periods
when thermal losses are most significant. The final comparative assessment of high-temperature
resilience enables identification of the most suitable PV technology for deployment in hot climates.
Overall, the methodology summarized in Table 2 provides a robust and scientifically rigorous
framework for evaluating thermal impacts on photovoltaic electrical performance, supporting
optimized technology selection, improved system design, and enhanced long-term energy yield in high-
temperature environments.

4. Thermal Efficiency and Energy Yield Comparison under Real Operating Conditions

The evaluation of thermal efficiency and energy yield under real operating conditions is essential for
understanding the true performance of photovoltaic (PV) technologies deployed in hot climate
environments. While standard test conditions (STC) provide a baseline for comparing module
efficiencies, actual field performance often deviates significantly due to elevated ambient temperatures,
high solar irradiance, and environmental variability [33-37]. These thermal conditions directly influence
the electrical behavior of PV modules, primarily through reductions in open-circuit voltage, conversion
efficiency, and maximum power output. As a result, assessing the thermal efficiency and energy yield
of mono-crystalline, poly-crystalline, and thin-film PV technologies under real operating conditions is
critical for determining their suitability and long-term reliability in hot climate regions [38-41].

Thermal efficiency reflects the ability of a photovoltaic module to maintain electrical performance
despite increases in operating temperature, while energy yield represents the total electrical energy
generated over a given period. These performance indicators are influenced by both intrinsic material
properties and external environmental conditions, including module temperature, solar irradiance,
wind speed, and ambient temperature. In hot climates, photovoltaic modules often operate at
temperatures significantly higher than STC reference values, leading to measurable thermal losses and
reduced energy generation. Therefore, evaluating temperature-corrected efficiency, performance ratio
(PR), and daily and monthly energy output provides a comprehensive assessment of the thermal
resilience and operational effectiveness of different PV technologies [42-44].

Furthermore, long-term performance monitoring under real environmental conditions enables
identification of technology-specific thermal degradation patterns and performance stability. Thin-film
technologies, for example, typically exhibit lower temperature coefficients and improved thermal
stability, while crystalline silicon technologies offer higher nominal efficiency but may experience
greater performance losses at elevated temperatures [45-48]. By comparing thermal efficiency and
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energy yield across different PV technologies, this analysis provides critical insights for optimizing
photovoltaic system design, improving energy production efficiency, and supporting technology
selection for deployment in regions with sustained high temperatures and strong solar resources [49-
53].
A. Long-Term Monitoring of Energy Output under Real Climate Conditions
This agenda focuses on continuous monitoring of the electrical energy output of mono-crystalline, poly-
crystalline, and thin-film photovoltaic modules over extended operational periods, typically ranging
from several months to one year. Energy generation data should be recorded using calibrated energy
meters or inverter monitoring systems. Environmental parameters such as solar irradiance, ambient
temperature, and module temperature must be measured simultaneously. The objective is to quantify
the actual energy yield (kWh) and evaluate the stability and consistency of energy production under
varying thermal and environmental conditions representative of hot climate regions.
B. Evaluation of Temperature-Corrected Conversion Efficiency

This agenda aims to determine the temperature-corrected conversion efficiency of each photovoltaic
technology by accounting for temperature-induced performance losses. Efficiency should be calculated
using measured power output, incident solar irradiance, and module surface area. Temperature
correction models based on experimentally derived temperature coefficients will be applied to
normalize efficiency values to standard reference conditions. This analysis enables accurate comparison
of intrinsic technology performance while isolating thermal effects, providing insight into the thermal
resilience of different PV module types.
C. Performance Ratio (PR) Analysis under Thermal Stress Conditions

This agenda involves calculating and comparing the performance ratio (PR) of each photovoltaic
technology to evaluate system-level performance independent of irradiance variations. The PR accounts
for thermal losses, system inefficiencies, and environmental factors. By analyzing PR trends under high-
temperature conditions, the study can quantify the extent to which thermal stress reduces system
performance. This metric is particularly useful for assessing real-world system effectiveness and
identifying technologies that maintain higher operational efficiency in hot climates.
D. Comparative Analysis of Daily and Monthly Energy Yield Stability

This agenda focuses on evaluating the stability and consistency of daily and monthly energy
production across different photovoltaic technologies. Energy yield trends should be analyzed in
relation to seasonal temperature variations and thermal loading conditions. Statistical indicators such
as mean energy yield, standard deviation, and coefficient of variation will be used to assess production
stability. Technologies demonstrating lower variability and higher sustained energy output under
elevated temperatures will be considered more thermally stable and suitable for long-term deployment
in hot environments.
E. Thermal Loss Quantification and Energy Derating Assessment

This agenda aims to quantify energy losses attributable to elevated operating temperatures by
comparing measured energy output with temperature-corrected reference output. Thermal derating
factors will be calculated to determine the percentage reduction in energy production caused by
temperature rise. Regression analysis will be used to model the relationship between module
temperature and energy yield reduction. This provides a predictive framework for estimating long-term
thermal losses and evaluating the economic impact of temperature-related performance degradation.
F.  Technology Ranking Based on Long-Term Thermal Energy Performance

This agenda focuses on integrating thermal efficiency, performance ratio, and long-term energy yield
data to rank mono-crystalline, poly-crystalline, and thin-film technologies according to their thermal
performance and energy production stability. Comparative performance indices will be developed to
evaluate overall technology suitability for hot climate deployment. This ranking will support informed
decision-making for photovoltaic system design, technology selection, and policy development aimed
at maximizing energy generation and improving system reliability in high-temperature environments.

The comparative evaluation of thermal efficiency and energy yield under real operating conditions
provides essential insights into the performance stability and thermal resilience of mono-crystalline,
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poly-crystalline, and thin-film photovoltaic technologies. The analysis demonstrates that operating
temperature is a key factor influencing photovoltaic performance, with elevated temperatures leading
to measurable reductions in voltage, efficiency, and overall energy generation. As a result, technologies
with lower temperature coefficients exhibit improved thermal stability and reduced performance
degradation under hot climate conditions.

The assessment of performance ratio, temperature-corrected efficiency, and long-term energy yield
confirms that thermal effects play a significant role in determining real-world photovoltaic system
performance. While mono-crystalline modules typically offer the highest nominal efficiency, their
performance is more sensitive to temperature increases. Poly-crystalline modules exhibit similar
thermal behavior with slightly lower baseline efficiency. In contrast, thin-film modules demonstrate
superior thermal stability and reduced performance loss under elevated temperature conditions,
enabling more consistent energy production in hot environments.

Overall, the findings highlight the importance of considering thermal performance in photovoltaic
technology selection and system design, particularly in regions characterized by high ambient
temperatures and intense solar irradiance. Long-term thermal efficiency and energy yield analysis
provides a reliable basis for identifying the most suitable PV technology for hot climate deployment. By
selecting thermally resilient photovoltaic technologies and optimizing system configuration, it is
possible to enhance energy production, improve system reliability, and maximize the economic and
environmental benefits of solar energy systems in high-temperature regions.

5. Conclusion

This study presented a comprehensive comparative thermal performance analysis of mono-
crystalline, poly-crystalline, and thin-film photovoltaic modules under hot climate conditions, with a
focus on experimental temperature profiling, temperature coefficient evaluation, and long-term energy
yield assessment. The experimental evaluation of module temperature profiles demonstrated that
photovoltaic modules operating in hot climates are subject to significant thermal stress, with module
temperatures often exceeding ambient temperature by 20-35°C under peak irradiance conditions. The
results confirmed that environmental parameters, particularly solar irradiance, ambient temperature,
and wind speed, play a critical role in determining module operating temperature and thermal
dissipation characteristics. Thin-film modules generally exhibited lower operating temperatures due to
their superior thermal emissivity and lower heat retention, while crystalline silicon modules,
particularly mono-crystalline technology, showed higher temperature accumulation under identical
operating conditions.

The analysis of temperature coefficient impact on electrical performance revealed that temperature-
induced performance degradation is primarily driven by reductions in open-circuit voltage and
maximum power output. Mono-crystalline and poly-crystalline modules exhibited higher absolute
temperature coefficients, resulting in more pronounced power losses as module temperature increased.
In contrast, thin-film modules demonstrated lower temperature sensitivity, maintaining more stable
electrical performance under elevated temperature conditions. Regression-based analysis confirmed a
strong negative correlation between module temperature and power output, highlighting the
importance of temperature coefficient characteristics as a key indicator of thermal resilience and
suitability for hot climate applications.

Furthermore, the comparison of thermal efficiency and energy yield under real operating conditions
demonstrated that temperature effects significantly influence long-term photovoltaic system
performance. Although mono-crystalline modules offer higher nominal efficiency under standard test
conditions, their performance advantage is partially offset by greater thermal losses in hot
environments. Poly-crystalline modules showed similar trends with slightly lower baseline efficiency.
Thin-film modules, despite their lower nominal efficiency, exhibited superior thermal stability,
resulting in more consistent performance ratio and improved energy yield retention during high-
temperature operation. This thermal stability enhances their overall energy production reliability in hot
climate regions.
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Overall, the findings of this study emphasize that thermal performance is a critical factor in
photovoltaic technology selection and system design for hot climate environments. Thin-film
photovoltaic technologies demonstrate superior thermal resilience and stable long-term performance,
while mono- and poly-crystalline technologies remain competitive due to their higher nominal
efficiencies and widespread commercial adoption. The integration of temperature profiling,
temperature coefficient analysis, and energy yield evaluation provides a robust framework for
optimizing photovoltaic deployment in high-temperature regions.
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