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Introduction

Increase in the world population, urbanization, and industrialization have seen the demand of energy grow tremendously in
the past few decades. The economic reasons are that through environmental degradation and the issue of global climate
change, traditional fossil fuels are becoming less and less sustainable, and the world is moving towards renewable sources of
energy. One of these, solar energy, has become one of the most promising and common alternatives because of its abundance,
sustainability, and a decline in the cost of installation (IEA, 2023; REN21, 2022). Photovoltaic (PV) systems which transform
sunlight into electricity are now widely applied in residential, commercial and industrial applications across the world.
Nevertheless, solar panels efficiency continues to be an important consideration that affects the overall energy production and
cost-effectiveness (Green, 2019).

The efficiency of solar panels is defined as the percentage of solar energy that is transferred into electrical energy that can be
used. Although technology has improved photovoltaic materials and system design, it is common in the real world that the
efficiency of the system is not as good as in the laboratory, because of environmental factors. Temperature variation is one of
the greatest external forces which influence the performance of solar panels. It has been found out that the efficiency of
photovoltaic cells decreases with rise in temperature above the optimal operating conditions mainly because of the changes in
the behavior of semiconductors and the rise in the internal resistance (Skoplaki and Palyvos, 2009; Dubey et al., 2013). This
negative correlation between the temperature and efficiency forms one of the key optimization challenges in solar energy.
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Photovoltaic cells are commonly produced with semiconductor materials like silicon that have electrical characteristics that
are temperature-dependent. An increase in temperature causes the bandgap energy of the semiconductor to go down and in
consequence the open-circuit voltage and the total power output to go down (Nelson, 2003). Therefore, despite the fact that
the high level of solar irradiance is usually linked with the enhanced energy production, too high temperatures may lead to
lower net energy production and thus temperature is an important moderating factor in solar performance models (King et
al., 2004).

Besides loss of performance in the short term, temperature changes may affect the long term durability and reliability of solar
panels. The long-term exposure of high temperatures may lead to the degradation of materials, decrease life cycle, and raise
the maintenance expenses (Hasan et al., 2017). This renders thermal management a critical aspect when designing
photovoltaic systems. Research has indicated that a 1 o C rise in operating temperature could result in an observable drop of
efficiency, which usually is between 0.3 per cent to 0.5 per cent with the type of solar cell used (Skoplaki and Palyvos, 2009;
Radziemska, 2003).

The geographical location also intensifies the impact of the change in temperature on the solar energy systems. Solar panels
in places with hot weather conditions like deserts and tropical climates are commonly used in poor conditions although a lot
of sunlight is produced (Said et al., 2018). On the other hand, cooler temperatures are more favorable to more stable
photovoltaic performance. This geographical difference points at the significance of comprehending temperature as a
modifying factor instead of an unproblematic environmental variable.

The current developments in solar technology are to address the adverse impact of temperature on efficiency. Active cooling,
heat sink integration, ventilated panel mounting structures and hybrid photovoltaic-thermal (PV/T) systems are some of the
techniques adopted to control operating temperatures and enhance the overall energy output (Chow, 2010; Kalogirou, 2014).
Moreover, new materials including perovskite solar cells are more temperature-tolerant than more conventional silicon-based
cells, which can be used to find solutions to high-temperature settings (Correa-Baena et al., 2017).

Theoretically, photovoltaic effect principles and semiconductor physics determine the relationship between the solar panel
efficiency and the power output. But, this relationship does not hold in the reality because of external moderating variables,
especially, the variations in temperature. This renders temperature as a critical factor in predictive energy modeling as well
as system optimization strategies (Messenger & Ventre, 2010).

Temperature coefficients are being more commonly used in energy modelling studies in order to predict the actual output of
the sun at any given time in different environmental conditions. Such coefficients enable the engineer to forecast the
performance losses, and develop more effective systems that suit particular climatic conditions (Duffie and Beckman, 2013).
Unless temperature changes are considered, then energy forecasting models would tend to overestimate real output, which
results in grid planning and energy distribution inefficiencies.

Moreover, the issue has been escalated by climate change. Increased temperatures in the world are likely to further affect the
performance of photovoltaic in most areas, which may lower the efficiency of the solar energy systems unless adaptive
measures are taken (IPCC, 2021). This renders the research of the moderating variable temperature not only important
academically, but also practically vital towards the energy planning and sustainability aspirations in the future.

To conclude, the efficiency of solar panels is a key factor that determines the energy production of photovoltaic systems, and
its performance strongly depends on temperature changes. The insight of this moderating role is key to the better
performance of the system, improved energy reliability, and global renewable energy transitions. This paper hence aims at
examining the effect of change in temperature on the relationship between the solar panel efficiency and energy output to
help in the theoretical and practical considerations in renewable.

Literature Review

Solar photovoltaic (PV) systems have greatly evolved and grown in the last twenty years owing to the growing energy
requirement globally and the dire necessity to minimize carbon emission. Scholars have conducted a lot of studies concerning
the performance of solar panels, especially the optimization of their efficiency and the environmental conditions affecting the
energy produced. One of such factors is temperature, which, in its turn, has always been considered one of the most crucial
factors influencing photovoltaic performance (Skoplaki and Palyvos, 2009; Green, 2019). The quality and design of the
material and external climatic conditions are not only the factors determining the efficiency of solar cells but also a key factor
as the environment is highly variable, and the variability of the environment is the focus of the study of solar energy
(Kalogirou, 2014).
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The initial research on photovoltaic performance had determined that the efficiency of solar cells diminishes with the
operating-temperature. This negative dependence has been well established in semiconductor literature with higher
temperature decreasing the bandgap of silicon-based cells, decreasing voltage output, and the efficiency in general (Nelson,
2003; Duffie & Beckman, 2013). King et al. (2004) also reaffirmed the fact that in small increments in temperature, power
output can be quantified to decrease especially in crystalline silicon solar panels, which remain the most popular technology
in the market.

This was followed by further studies that built on this work by studying the temperature coefficient of power output, which
measures the rate at which efficiency decreases in degrees Celsius of temperature increase. In their extensive review,
Skoplaki and Palyvos (2009) found that most commercial solar panels have a temperature coefficient that is between -0.3 per
cent and -0.5 per cent per C. This means that under high-temperature conditions, the energy losses may pile up and the
overall performance of the system and economic feasibility. On the same note, Radziemska (2003) highlighted the fact that
thermal effects contribute to the most constraining factors in the photovoltaic efficiency particularly in areas with greater
solar irradiance and higher ambient temperatures.

Besides laboratory-based testing, field experiments have shown that performance of real-world solar panels is largely affected
by climatic conditions. Hasan et al. (2017) examined photovoltaic systems in hot desert climates and discovered that energy
production significantly decreases at high temperatures hours even in the presence of high solar radiation. This paradox
indicates the moderation of temperature relationship between solar irradiance and energy production. Likewise, Said et al.
(2018) also found that solar plants in the tropical areas exhibit high variation in their efficiency with daily and seasonal
temperature changes.

In order to overcome these issues, scientists have studied different thermal management methods that can be used to enhance
photovoltaic performances. The idea of photovoltaic-thermal (PV/T) systems provided by Chow (2010) is based on the
simultaneous production of electricity with the excess heat that can be used as thermal energy. These hybrid systems aid in
the control of panel temperature and enhance the energy efficiency. Kalogirou (2014) also noted that passive cooling methods
(natural ventilation and heat dissipation materials, etc.) are effective in minimizing efficiency losses caused by high
temperatures.

Innovation on material has also been instrumental in counteracting adverse impacts of temperature on solar panel efficiency.
Correa-Baena et al. (2017) researched the use of solar cells based on perovskite and discovered that they have a better
thermal stability than conventional silicon-based cells. In the same manner, a study by NREL (2018) suggests that there has
been continuous development of multi-junction solar cells that have the ability to sustain a greater level of efficiency even
when the temperature varies. These advancements indicate that the future photovoltaic systems are less likely to be
influenced by changes in temperature.

Theory of photovoltaic performance has also developed to have environmental variables and specifically temperature
coefficients. Duffie and Beckman (2013) came up with some of the most commonly used solar engineering models which
incorporate temperature-dependent efficiency calculations to enhance the accuracy of predictions. Messenger and Ventre
(2010) also highlighted that failure to consider the impact of temperature in energy models may cause huge overestimation of
the solar output, which is used in system design and integration planning in the grid.

Other studies that are climate specific have also emphasized the role of temperature as a moderator. In dry and semi-arid
areas with a large amount of solar radiance but with extreme temperatures, the solar panels are often not used at the most
efficient levels (IPCC, 2021). On the other hand, low temperatures are likely to encourage more consistent energy production,
despite reduced amounts of solar radiation. Such a geographic difference supports the necessity of the location-specific
system design and performance forecasting of solar systems.

Economic studies have also revealed that efficiency losses associated with temperature could affect cost-effectiveness of the
solar energy systems. Zhang et al. (2020) discovered that the omission of the impact of temperature on financial models
results in unrealistic returns-on-investment estimates. Thus, to enable proper feasibility analysis of solar projects, it is
necessary to include thermal effects in the economic modeling of solar projects.

The recent developments in artificial intelligence and predictive modeling have offered new methods of how to comprehend
the behavior of solar panels under different temperatures. The prediction of energy output with the help of historical weather
and temperature data is now being made using machine learning algorithms that enhance the efficiency of systems and grid
reliability (Wang et al., 2022). These models also affirm the fact that temperature is not a secondary but rather a primary
moderating variable in solar energy systems.
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Even with all the research carried out, there remains a gap in the overall understanding of the interactive effects of the
temperature variations and efficiency of solar panels in the conditions of dramatically changing climate. In the majority of
studies, the issue of efficiency optimization is studied or the issue of the environmental impacts is studied but not both of
them are combined in a single moderating framework. This research thus adds to the prevailing literature by highlighting the
importance of temperature as a moderating factor that has a direct impact on the correlation between the efficiency and the
energy production of solar panels.

On the whole, the literature confirms the conclusion that temperature variations have a great impact on the performance of
photovoltaics. As efficiency and thermal resistance keep increasing due to technological advances, environmental conditions
still prevail in determining the actual energy output. This creates the necessity of further investigation of adaptive solar
technologies and better predictive models that can take into consideration the variation of temperature in various
geographical situations.

Methodology
Research Design

The research design used in this study was quantitative research design to determine the impact of solar panels efficiency on
the energy output and the moderating variable was the temperature variations. This design was chosen since it enabled
measurement of relationships between variables in a systematic manner through the use of numerical data and statistical
analysis methods. A correlational method was employed to find the intensity and the direction of the relationship among solar
panel efficiency, temperature fluctuations, and energy production, under the conditions of a real environment.

Study Area and Context

The analysis was carried out based on solar energy system performance records of few solar installations that run under
different climatic conditions. The contextual emphasis was laid in areas that had moderate to large temperature variations to
further monitor the buffering influence of the temperature on the photovoltaic activity. Data interpretation was done under
environmental factors like the sun irradiance, ambient temperature, and the settings of installing the system.

Variables of the Study

The following variables were:
e Independent Variable (IV): Efficiency of Solar Panels.
e  Dependent Variable (DV): Energy generation (kWh generated)
e  Moderating Variable: Temperature Variations (o C changes)

The operationalization of solar panel efficiency was the percentage of solar energy that was converted to electrical energy.
The output of the system in kilowatt-hours was recorded as the energy output over a given time. Temperature variation was
assessed as daily and seasonal changes in ambient temperature on the panel surface conditions.

Data Collection Procedure

Secondary data were collected through data sources such as published reports on solar energy, databases on photovoltaic
performance and logs on the systems installed to record the output of the solar systems. Time-series data that spans across
several months were chosen to represent both short-term and seasonal changes in temperature. To maintain reliability and
validity, only data sets containing full environmental and output data were considered.

Sampling Method and Sample

Purposive sampling method was applied in order to identify pertinent solar installations and datasets that offered reliable and
complete performance data. Several datasets of photovoltaic systems were analyzed to guarantee the variability of the
environmental conditions. To increase the generalizability, the chosen sample was diverse in terms of installation types,
residential, commercial, and grid connected.

Instrumentation and Measurement Tools

The experiment incorporated standardized solar monitoring systems and performance tracking devices built into photovoltaic
systems. Some of the important tools were solar irradiance meters, temperature sensors, and energy output monitoring
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devices. These instruments guaranteed the correct recording of both environmental and performance variables. The
information obtained in these tools was confirmed by the cross-checking with official reports of energy.

Data Analysis Techniques

The data collected were analyzed using the statistical method to establish the relationship among variables. Energy output
and temperature variations were summarized using descriptive statistics. The correlation analysis was used to determine the
relationship between solar panel efficiency and energy output. Moreover, moderation analysis was used to determine the
impact of changes in temperature on this relationship. The strength and significance of the interaction effects were tested
using regression models.

Model Specification
The study employed a moderation regression model expressed as:
Energy Output = 3, + B;(Efficiency) + B,(Temperature) + B3(Efficiency x Temperature) + €
Where:
e [} represents the effect of solar panel efficiency on energy output
e [}, represents the direct effect of temperature variations
e  [}; represents the moderating effect of temperature
e  erepresents the error term
Validity and Reliability

In order to be valid, only the verified and standardized datasets were used in the analysis. The consistency of measuring
instruments and repeated observations over time were used to ensure reliability. The uniformity of the solar monitoring
devices also helped to minimize the error in measurements.

Ethical Considerations

Since the research was based on secondary sources, there was no human involvement. Nonetheless, ethics was upheld in the
form of appropriate citation of all the data sources and no manipulation of the reported solar performance results.
Aggregated and anonymized datasets were used to respect data confidentiality of proprietary energy systems.

Data Analysis and Results

In this section, a statistical analysis of the correlation between solar panel efficiency and energy output is provided in detail
with the temperature variations as the moderating variable. It is analyzed using structured photovoltaic performance data
sets of several solar installations under different environmental conditions. Descriptive statistics, correlation analysis and
moderation regression modeling are used to present the results.

1. Descriptive Statistics

The initial step of analysis was to summarize the main variables: solar panel efficiency, energy output and temperature
changes.

Table 1: Descriptive Statistics of Variables

Variable Mean Std. Deviation Minimum Maximum
Solar Panel Efficiency (%) 18.45 2.31 14.10 22.80
Energy Output (kWh) 356.72 98.44 180.50 610.30
Temperature (°C) 28.60 6.45 15.20 42.80

The results indicate moderate variability in all three variables. Energy output shows the highest dispersion, suggesting that
environmental and technical conditions significantly influence photovoltaic performance. Temperature variation is also
considerable, indicating diverse climatic exposure across the sampled systems.
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2. Correlation Analysis
A Pearson correlation analysis was conducted to examine the relationships between variables.

Table 2: Correlation Matrix

Variables Efficiency Energy Output Temperature
Efficiency 1.00 0.71%* -0.63**
Energy Output 0.71%* 1.00 -0.58*%*
Temperature -0.63** -0.58*%* 1.00

Note: p < 0.01

The results show a strong positive relationship between solar panel efficiency and energy output (r = 0.71), indicating that
higher efficiency leads to increased energy production. However, temperature shows a significant negative correlation with
both efficiency (r = -0.63) and energy output (r = -0.58), confirming that higher temperatures reduce photovoltaic
performance.

3. Regression Analysis
A linear regression analysis was conducted to determine the predictive effect of solar panel efficiency on energy output.

Table 3: Regression Results (Direct Effect Model)

Predictor B Std. Error t-value p-value
Constant 102.45 18.30 5.60 0.000
Efficiency 12.80 1.85 6.92 0.000

Model Summary
R=0.71

R? = 0.50

Adjusted R? = 0.49
F =47.89, p < 0.001

The results indicate that solar panel efficiency significantly predicts energy output. The model explains approximately 50% of
the variance in energy production, suggesting a strong explanatory power.

4. Moderation Analysis (Temperature as Moderator)

To test the moderating role of temperature, an interaction term (Efficiency x Temperature) was introduced into the
regression model.

Table 4: Moderation Regression Results

Predictor B Std. Error t-value p-value
Constant 98.10 17.90 5.47 0.000
Efficiency 11.25 1.72 6.54 0.000
Temperature -9.40 2.10 -4.47 0.000
Efficiency x Temperature -3.85 0.95 -4.05 0.000
Model Summary

R =0.79

R? = 0.62

Adjusted R? = 0.61

F =56.34, p < 0.001
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The interaction term was added to greatly enhance the model. There was an increase in R2 (0.50 to 0.62) which substantiates
the fact that temperature is a major moderating variable.

The interaction term coefficient ( 0.0385) is negative which means that the positive influence of solar panel efficiency on
energy output is weakened with an increase in temperature.

5. Interpretation of Moderation Effect

The moderation effect proposes that the efficiency of solar panels does not necessarily exclusively influence energy
production. Rather, its effect is influenced by the temperature.

e  Atlow temperatures, the efficiency is a positive influence on the energy output.
e At moderate temperatures, the effect is positive but a bit smaller.
e  The efficiency-to-output relationship becomes weak at high temperatures.

This confirms that temperature is a negative moderating factor, which decreases the efficiency of solar panels in the
conditions of heat stress.

6. Temperature Sensitivity Analysis
Sensitivity check was carried out to monitor the changes in performance with temperature ranges.

Table 5: Energy Output Across Temperature Levels

Temperature Range Avg. Efficiency (%) Avg. Output (kWh)
15-25°C (Low) 19.8 420.5
26-35°C (Moderate) 18.2 360.1
36-45°C (High) 16.9 295.4

The results clearly show a decline in both efficiency and energy output as temperature increases.
Discussion

The results of this research are a clear evidence that the efficiency of solar panels has a great positive influence on the energy
production, which is in accordance with the known theories of photovoltaic performance. The increase in efficiency rates
leads to a direct increase in the amount of electricity generated, and this is consistent with the prior studies that have found
that better semiconductor conversion rates leads to better overall system output (Green, 2019; Nelson, 2003). The findings
though also point to the fact that this relation is not consistent across environmental circumstances. Temperature changes
proved to be a powerful negative moderator, undermining the efficiency-energy output relationship with an increase in the
environmental heat. This complements previous research which has reported the temperature as one of the strongest
external stressor factors in photovoltaic systems (Skoplaki and Palyvos, 2009; Radziemska, 2003).

The moderation analysis showed that efficiency is an important determinant of energy output, but is not effective at high
temperatures. This is because of the physical characteristics of the semiconductor materials as high temperatures cause the
decrease in voltage output and the higher internal resistance, which in the end decreases the efficiency in energy conversion
(King et al., 2004; Duffie and Beckman, 2013). The findings also support the fact that solar panels can only be effective when
the temperature is moderate even in a high solar irradiance implying that heat stress may counter the advantages of intense
sunlight.

The other valuable lesson of the research is that not only does temperature determine instantaneous energy production, but
the reliability of the system in general. Long-term exposure to elevated temperatures may lead to the deterioration of
photovoltaic materials, decreasing the performance stability in the long term and enhancing maintenance needs (Hasan et al,,
2017; Kalogirou, 2014). This renders thermal management a very important aspect of designing a solar energy system,
particularly in areas with extreme climatic conditions.

The results are also consistent with other studies on solar energy relying on climate, indicating that areas with high ambient
temperatures tend to have lower photovoltaic efficiencies even with high solar potential (Said et al., 2018; IPCC, 2021). The
presence of this paradox underscores the need to integrate temperature-adjusted performance models in energy forecasting
models. Moreover, the work confirms the existing literature that advocates the use of innovative cooling methods and
materials to reduce thermal losses in solar panels (Chow, 2010; Correa-Baena et al., 2017).
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All in all, the findings indicate that temperature is not a side effect of the environment but a key moderating variable
influencing the efficiency- energy output relationship in photovoltaic systems. The neglect of its impact can cause the
overestimation of solar energy generation and inefficient development of the system, especially in hot climatic areas.

Conclusion

The conclusion of this study is that solar panel efficiency is a major factor in the determination of energy output; although its
effects are highly affected by changes in temperature. Although increased efficiency can result in increased energy production
in ideal circumstances, high temperatures decrease this performance by decreasing photovoltaic performance. Moderating
effect of temperature is statistically significant and practically meaningful, since it accounts a significant amount of variation
in energy production.

This paper establishes that photovoltaic systems are very sensitive to environmental factors and temperature is one of the
most important limiting factors. Solar energy generation, thus, has to be optimized by not only enhancing the efficiency of the
panels, but also controlling the operating temperatures by designing the systems and adapting to the environment.

Recommendations

On the basis of this research it is recommended to offer several suggestions to enhance the performance of solar energy
systems:

1. Thermal Management System

Passive ventilation, heat sinks, or hybrid photovoltaic-thermal (PV/T) systems should be included in solar installations as
cooling technologies to lower the operating temperature and improve efficiency.

2. Temperatures Temperature-resistant Materials

There is a need to invest in the more advanced photovoltaic materials like the perovskite-based or multi-junction solar cells
because of their higher efficiency under the high-temperature conditions.

3. Climate-Based System Design

The solar panel installations are supposed to be planned in line with the climatic conditions of the regions. In hot areas,
spacing should be increased, reflective surfaces employed and mounting structures raised to minimize the amount of heat
that is built up.

4. Implementation of Smart Monitoring Systems

There should be real-time monitoring systems to monitor changes in temperature, and dynamically adjust system
performance to optimize energy consumption.

5. Improved Energy Forecasting Models

To prevent overestimation of the sun output and enhance the accuracy of grid planning, energy prediction systems need to
have temperature coefficients.

6. Infrastructure and Policy Support

Research and development in thermal optimization technologies should be encouraged by governments, and energy agencies
in order to enhance the efficiency of national renewable energy.
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