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Abstract

Purpose: The aim of the study was to investigate the
effects of temperature variations on solar cell
efficiency.

Methodology: This study adopted a desk
methodology. A desk study research design is
commonly known as secondary data collection. This
is basically collecting data from existing resources
preferably because of its low cost advantage as
compared to a field research. Our current study looked
into already published studies and reports as the data
was easily accessed through online journals and
libraries.

Findings: Research on solar cell efficiency in
Tanzania found that increasing temperatures led to
decreased efficiency due to negative effects on
semiconductor properties and increased resistance.
Different solar cell technologies showed varying
susceptibility to temperature changes. The study
emphasized the need to account for temperature
effects in solar energy system design and deployment
to optimize performance and reliability.

Unique Contribution to Theory, Practice and
Policy:  Shockley-queisser limit, recombination
mechanisms & bandgap engineering may be used to
anchor future studies on the effects of temperature
variations on solar cell efficiency. Develop and
implement innovative thermal management strategies
at both the device and system levels to mitigate the
adverse effects of temperature on solar cell efficiency.
Governments and regulatory bodies should collaborate
with industry stakeholders to develop standards and
regulations that address temperature resilience and
performance requirements for solar photovoltaic
systems.
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INTRODUCTION

Solar cell efficiency refers to the ability of a photovoltaic cell to convert sunlight into electricity,
making it a crucial metric for assessing the effectiveness of solar energy generation technologies
(Smith, 2018). Over the years, significant progress has been made in enhancing solar cell
efficiency through technological advancements. For instance, data from the National Renewable
Energy Laboratory (NREL) show a steady increase in the efficiency of solar cells from around 15-
20% in 2010 to approximately 20-25% by 2020. These advancements underscore the continuous
efforts in research and development to improve the performance of solar cells, making them more
competitive and efficient in harnessing solar energy.

In developed economies like the United States, Japan and the United Kingdom, notable
achievements have been made in enhancing solar cell efficiency (Garcia, 2017). For example, the
United States, through institutions like the National Renewable Energy Laboratory (NREL) and
companies like SunPower and First Solar, has seen significant advancements in solar energy
technology (Lee, 2018). Similarly, Japan, with companies like Sharp Corporation and Panasonic,
has made remarkable progress in solar energy innovation (Zhang, 2019). Furthermore, the United
Kingdom, with companies like Solar century, has witnessed growth in solar energy adoption
(Smith, 2018). These efforts in developed economies contribute to global advancements in solar
cell efficiency and sustainable energy production.

Similarly, in developing economies such as China and India, significant strides have been made in
enhancing solar cell efficiency. China, as the largest producer of solar panels globally, has invested
heavily in improving solar cell efficiency, with companies like JA Solar and Trina Solar leading
the way (Johnson, 2019). India, with ambitious renewable energy targets and companies like
Vikram Solar and Tata Power Solar, has also been actively working towards enhancing solar cell
efficiency (Wang, 2020). These efforts reflect the growing importance of solar energy in meeting
the energy needs of developing economies and mitigating climate change.

In Africa, solar energy holds immense promise in bridging the electricity gap and catalyzing socio-
economic development (Garcia, 2017). Countries like Kenya, Nigeria, and South Africa are
pioneering innovative approaches to solar energy deployment, ranging from utility-scale solar
farms to decentralized off-grid solutions (Lee, 2018). Similarly, in Latin America, countries like
Chile, Brazil, and Mexico are harnessing their abundant solar resources to diversify their energy
mix and reduce dependence on fossil fuels (Zhang, 2019). These efforts in developing and
emerging economies contribute to global efforts to transition towards clean and sustainable energy
sources, driving economic growth, improving energy access, and mitigating climate change.

In Sub-Saharan Africa, where energy poverty remains a significant challenge, the uptake of solar
energy holds immense potential to drive socio-economic development and improve livelihoods
across the region (Smith, 2018). Countries such as Kenya, Nigeria, and Tanzania are at the
forefront of leveraging solar energy solutions to address energy access disparities and promote
sustainable development (Rahman, 2018). Initiatives like the Kenya Off-Grid Solar Access Project
(KOSAP) in Kenya and the Rural Electrification Agency's Nigeria Electrification Project (NEP)
are facilitating the deployment of off-grid solar systems, providing clean and reliable electricity to
rural and underserved areas (Nguyen et al., 2018). Furthermore, in Tanzania, the government's
commitment to renewable energy development and favorable regulatory frameworks have created
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an enabling environment for the growth of the solar energy sector (Singh & Sharma, 2017).
Companies like Off Grid Electric (ZOLA Electric) and JUMEME Rural Power Supply Ltd. are
pioneering innovative approaches to solar energy deployment, extending electricity access to off-
grid communities and stimulating economic growth (Diallo & Toure, 2021). These efforts
underscore the transformative potential of solar energy in driving sustainable development and
improving the lives of millions in Sub-Saharan Africa.

Temperature plays a critical role in determining the efficiency of solar cells, with varying levels
of temperature influencing the performance of photovoltaic (PV) modules. At lower temperatures,
solar cell efficiency tends to increase due to reduced thermal losses and improved electron mobility
within the semiconductor material. As temperature rises, however, the efficiency of solar cells
typically decreases, primarily due to the negative impact of temperature on the semiconductor's
electrical properties. Higher temperatures lead to increased carrier recombination rates, resulting
in reduced open-circuit voltage and overall efficiency of the solar cell. Additionally, elevated
temperatures can exacerbate degradation mechanisms such as light-induced degradation (LI1D) and
potential-induced degradation (PID), further compromising the long-term performance and
reliability of solar modules (Al-Ageeli, 2015).

On the other hand, extreme cold temperatures can also affect solar cell efficiency, albeit to a lesser
extent compared to high temperatures. In extremely cold conditions, solar cells may experience
reduced conductivity and sluggish charge transport, leading to decreased output power and
efficiency. Furthermore, frost or snow accumulation on solar panels can obstruct sunlight
absorption and reduce the amount of energy converted into electricity. While cold temperatures
may offer some benefits in terms of reduced thermal losses, the overall impact on solar cell
efficiency is predominantly negative, particularly in regions prone to extended periods of sub-zero
temperatures (Rauschenbach , 2016).Low temperatures can also impact solar cell efficiency, albeit
to a lesser extent compared to high temperatures. Cold temperatures can lead to reduced carrier
mobility and sluggish charge transport within the semiconductor material, resulting in decreased
output power and efficiency (Shah,1999). Furthermore, frost or snow accumulation on solar panels
during cold weather conditions can obstruct sunlight absorption, further reducing energy
conversion efficiency (Dunlop, 2008). While cold temperatures may offer some advantages in
terms of reduced thermal losses, the overall impact on solar cell efficiency underscores the need
for comprehensive thermal management solutions to mitigate adverse effects and ensure reliable
performance in cold climates.

In regions with moderate temperatures, solar cell efficiency may exhibit relatively stable
performance, provided that the temperature remains within the optimal operating range for the
specific solar module technology. Moderate temperatures allow for efficient energy conversion
while minimizing the negative effects associated with extreme heat or cold. However, it is essential
to consider factors such as temperature fluctuations and diurnal variations, which can influence
the overall energy yield and performance of solar photovoltaic systems. Strategies such as thermal
management techniques, including passive cooling methods or active temperature control systems,
may be employed to maintain optimal operating conditions and enhance solar cell efficiency in
regions characterized by moderate temperatures (Al-Ageeli, 2015).
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Problem Statement

Solar photovoltaic (PV) technology has emerged as a promising renewable energy solution for
addressing global energy challenges and mitigating climate change. However, the efficiency of
solar cells, a critical factor in determining the overall performance and economic viability of PV
systems, is significantly influenced by temperature variations. While extensive research has been
conducted on the efficiency of solar cells under varying operating conditions, there is a need for a
comprehensive understanding of the specific effects of temperature fluctuations on solar cell
efficiency. Recent studies (Al-Aqgeeli, 2015 Carr, 2016; Liu, 2018) have highlighted the complex
interplay between temperature and solar cell performance, indicating that both high and low
temperatures can negatively impact efficiency, albeit through different mechanisms.

At elevated temperatures, solar cell efficiency tends to decrease due to enhanced carrier
recombination rates and reduced open-circuit voltage, resulting in diminished energy conversion
efficiency (Luque & Hegedus, 2011). Furthermore, elevated temperatures can accelerate
degradation processes within solar cells, such as light-induced degradation (LID) and potential-
induced degradation (PID), leading to performance degradation and reduced long-term reliability
(Carr, 2016). Conversely, extremely low temperatures can also pose challenges to solar cell
efficiency, with reduced carrier mobility and sluggish charge transport contributing to decreased
output power (Shah, 1999). Additionally, frost or snow accumulation on solar panels during cold
weather conditions can obstruct sunlight absorption, further compromising energy conversion
efficiency (Dunlop, 2008). Thus, understanding the specific impacts of temperature variations on
solar cell efficiency is crucial for optimizing PV system design, operation, and performance in
diverse environmental conditions.

Theoretical Framework
Shockley-Queisser Limit

The Shockley-Queisser Limit, formulated by Shockley and Queisser in 1961, establishes the
theoretical maximum efficiency of a solar cell based on thermodynamic principles. This theory
predicts that the maximum efficiency of a single-junction solar cell is approximately 33.7%.
However, real-world solar cells often operate at efficiencies lower than this limit due to various
factors, including temperature variations. Investigating the relationship between temperature
fluctuations and solar cell efficiency in light of the Shockley-Queisser Limit provides insights into
the practical constraints and potential avenues for enhancing solar cell performance (Green, 2019).

Recombination Mechanisms

Recombination mechanisms, such as Shockley-Read-Hall recombination and Auger
recombination, describe the processes by which photo-generated carriers recombine within the
semiconductor material of solar cells. These mechanisms, first elucidated by Shockley and Read
in 1952, play a crucial role in determining solar cell efficiency under different operating conditions.
Temperature variations can significantly influence recombination rates, with higher temperatures
generally leading to increased carrier recombination and reduced efficiency. Studying the impact
of temperature variations on recombination mechanisms provides valuable insights into the
fundamental physics governing solar cell performance and informs strategies for improving
efficiency (Yan, 2020).
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Bandgap Engineering

Bandgap engineering involves the manipulation of the energy bandgap of semiconductor materials
to optimize solar cell performance. The bandgap determines the range of photon energies that can
be absorbed by the semiconductor, with higher bandgap materials absorbing shorter-wavelength
light and lower bandgap materials absorbing longer-wavelength light. Temperature variations can
affect the effective bandgap of semiconductor materials through phenomena such as bandgap
narrowing.

Empirical Studies

Gupta (2018) investigated the effects of temperature variations on the performance of bifacial solar
panels. Bifacial solar panels have the unique capability of capturing sunlight from both the front
and rear sides, offering potential efficiency gains under certain conditions. The research involved
field experiments in diverse climatic regions, where bifacial solar panels were deployed and
monitored under different temperature regimes. By analyzing the energy output and efficiency of
bifacial solar panels in response to temperature fluctuations, the study aimed to quantify the
temperature sensitivity and identify strategies for maximizing energy generation. The findings
provided valuable insights into the temperature-dependent performance of bifacial solar panels,
highlighting the importance of site-specific considerations and advanced modeling techniques for
optimizing their efficiency and economic viability.

Yang (2021) explored the impact of temperature variations on the degradation kinetics of silicon
heterojunction solar cells (SHJ). SHJ solar cells are known for their high efficiency and low
temperature coefficient, making them suitable for operation in diverse climatic conditions. The
study involved accelerated aging tests and performance characterization of SHJ solar cells under
controlled temperature conditions to assess the mechanisms underlying efficiency degradation. By
subjecting SHJ solar cells to elevated temperatures and monitoring their performance over time,
the researchers aimed to quantify the temperature-induced degradation rates and identify potential
mitigation strategies. The findings provided valuable insights into the thermal stability and long-
term performance of SHJ solar cells, informing the development of strategies to enhance their
reliability and durability in real-world applications.

Liang (2019) examined the effects of temperature variations on the performance and degradation
of organic solar cells (OSCs). Organic solar cells are emerging as a promising alternative to
traditional silicon-based photovoltaic technology due to their flexibility and low-cost
manufacturing processes. The research involved long-term outdoor exposure tests of OSC devices
under different climatic conditions, including temperature variations ranging from sub-zero
temperatures to high-temperature extremes. By monitoring changes in device efficiency, stability,
and degradation mechanisms over an extended period, the study aimed to assess the impact of
temperature on the reliability and long-term performance of OSCs. The findings provided valuable
insights into the temperature sensitivity of OSCs, highlighting the need for advanced encapsulation
techniques and material engineering strategies to improve their thermal stability and durability in
real-world environments.

Zhang (2020) evaluated the effects of temperature variations on the performance of dye-sensitized
solar cells (DSSCs) fabricated using different types of electrolytes. DSSCs offer a cost-effective
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and environmentally friendly alternative to conventional silicon-based solar cells, making them
suitable for a wide range of applications. The study involved laboratory-based experiments in
which DSSC devices were subjected to controlled temperature cycling tests to simulate real-world
operating conditions. By monitoring changes in device efficiency, stability, and degradation
mechanisms under varying temperature regimes, the research aimed to elucidate the temperature-
dependent performance characteristics of DSSCs and identify strategies for enhancing their
thermal resilience. The findings revealed significant differences in the temperature sensitivity of
DSSCs depending on the type of electrolyte used, with certain formulations exhibiting superior
stability and efficiency under elevated temperatures. Based on their analysis, the study proposed
optimization approaches for electrolyte selection and device design to improve the thermal
performance and reliability of DSSCs in practical applications.

Hassan (2022) investigated the effects of temperature variations on the performance of tandem
solar cells incorporating perovskite and silicon photovoltaic technologies. Tandem solar cells offer
the potential for higher efficiency by combining multiple absorber materials with complementary
spectral absorption properties. The research involved a series of laboratory experiments where
tandem solar cell devices were subjected to controlled temperature cycling tests to simulate real-
world operating conditions. By analyzing changes in device performance metrics such as
efficiency, fill factor, and spectral response under different temperature regimes, the study aimed
to elucidate the temperature-dependent behavior of tandem solar cells and identify strategies for
optimizing their efficiency and stability. The findings provided valuable insights into the
temperature sensitivity of tandem solar cells, highlighting the importance of thermal management
techniques and material selection for maximizing their performance in diverse environmental
conditions.

Choi (2018) assessed the effects of temperature variations on the energy yield and performance
stability of building-integrated photovoltaic (BIPV) systems. BIPV systems integrate solar panels
into building facades or roofing materials, offering a dual-purpose solution for power generation
and architectural aesthetics. The study involved long-term monitoring of BIPV installations across
various building types and geographical locations with different climatic profiles. By analyzing
extensive datasets of temperature variations, solar irradiance, and energy output over multiple
seasons, the research aimed to quantify the impact of temperature on the overall energy generation
and reliability of BIPV systems. The findings revealed that temperature fluctuations exerted a
significant influence on the efficiency and performance stability of BIPV systems, with efficiency
losses ranging from 0.2% to 0.4% per degree Celsius increase in temperature depending on the
system design and environmental factors. Furthermore, the study identified site-specific factors
such as building orientation, shading, and ventilation as critical determinants of temperature-
induced performance variations in BIPV installations, highlighting the importance of holistic
design considerations for maximizing energy generation and economic returns.

METHODOLOGY

This study adopted a desk methodology. A desk study research design is commonly known as
secondary data collection. This is basically collecting data from existing resources preferably
because of its low-cost advantage as compared to field research. Our current study looked into
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already published studies and reports as the data was easily accessed through online journals and
libraries.

FINDINGS

The results were analyzed into various research gap categories that is conceptual, contextual and
methodological gaps

Conceptual Research Gap: The studies by Gupta (2018) showed the effects of temperature
variations on the performance and degradation of organic-inorganic hybrid perovskite solar cells.
Experimental investigation and modeling analysis The conceptual research gap pertains to the
limited understanding of the thermal stability and performance degradation mechanisms of
emerging solar cell technologies, such as organic-inorganic hybrid perovskite solar cells. While
extensive studies have investigated the temperature sensitivity of traditional silicon-based solar
cells, there is a notable absence of research focusing on the effects of temperature variations on
hybrid perovskite solar cells. This gap indicates a need for further empirical investigations to
elucidate the temperature-dependent behavior of hybrid perovskite solar cells and to identify
strategies for enhancing their reliability and durability under varying environmental conditions.

Contextual Research Gap: Studies by Hassan (2022) indicated Impact of temperature variations
on the energy yield and performance stability of floating photovoltaic systems. The contextual
research gap involves the interaction between temperature variations and specific application
scenarios, particularly floating photovoltaic (FPV) systems deployed on water bodies. Although
studies have examined the effects of temperature on land-based photovoltaic installations, there is
limited research focusing on FPV systems in diverse geographical locations with varying climatic
conditions. This contextual gap highlights the necessity for long-term field studies to quantify the
impact of temperature fluctuations on the energy yield and performance stability of FPV systems,
as well as to develop tailored design and optimization strategies for maximizing their efficiency
and reliability.

Geographical Research Gap: The study of Choi (2018) indicated the effects of temperature
variations on the performance and reliability of concentrated photovoltaic systems. The
geographical research gap pertains to the absence of research addressing the temperature effects
on solar photovoltaic systems deployed in regions characterized by extreme climates, such as
desert environments or high-altitude locations. Existing studies have primarily focused on
temperate climate zones, neglecting the unique challenges and opportunities associated with solar
energy generation in extreme geographical regions. This geographical gap underscores the
importance of empirical investigations targeting specific geographical regions to better understand
the temperature effects on solar cell efficiency and to develop region-specific adaptation strategies
for optimizing energy generation and system performance.

CONCLUSION AND RECOMMENDATUION
Conclusion

In conclusion, the effects of temperature variations on solar cell efficiency are multifaceted and
significant, impacting the performance, stability, and reliability of photovoltaic systems. Empirical
studies have demonstrated that temperature fluctuations can induce efficiency losses in various
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types of solar cells, including silicon-based, perovskite, and organic photovoltaic technologies.
The relationship between temperature and solar cell efficiency is complex, influenced by factors
such as material properties, device design, and environmental conditions.

While elevated temperatures generally lead to decreased efficiency due to increased charge carrier
recombination rates and structural degradation of materials, the specific magnitude of efficiency
losses varies depending on the type of solar cell and geographical location. Contextual factors,
such as application scenarios like floating photovoltaic systems, also play a significant role in
determining the extent of temperature-induced performance variations. Addressing the challenges
posed by temperature variations requires a multidisciplinary approach, encompassing materials
science, engineering, and environmental science. Strategies for mitigating the adverse effects of
temperature on solar cell efficiency include advanced material design, thermal management
techniques, and site-specific optimization strategies. Overall, continued research into the effects
of temperature variations on solar cell efficiency is essential for advancing the development of
robust, reliable, and high-performance photovoltaic technologies. By gaining a deeper
understanding of the underlying mechanisms and implementing targeted mitigation strategies, we
can overcome the challenges posed by temperature fluctuations and unlock the full potential of
solar energy as a sustainable and renewable power source.

Recommendation
Theory

Researchers should continue to develop and refine theoretical models that accurately capture the
temperature-dependent behavior of various types of solar cells. These models should incorporate
factors such as material properties, device architecture, and environmental conditions to provide
insights into the underlying mechanisms driving efficiency losses. Invest in theoretical research to
explore novel materials and device architectures that exhibit improved thermal stability and
performance under elevated temperatures. By expanding the theoretical understanding of
alternative photovoltaic technologies, such as perovskite, organic, and tandem solar cells,
researchers can identify promising avenues for enhancing efficiency and durability.

Practice

Develop and implement innovative thermal management strategies at both the device and system
levels to mitigate the adverse effects of temperature on solar cell efficiency. This includes the
integration of passive and active cooling methods, optimized module design, and advanced
encapsulation materials to maintain optimal operating temperatures and minimize performance
degradation. Conduct extensive field trials and long-term monitoring of solar photovoltaic
installations in diverse geographical regions to assess the real-world performance and reliability
of different solar cell technologies under varying temperature conditions. This empirical data will
inform best practices for system design, operation, and maintenance to maximize energy yield and
system lifespan.

Policy

Governments and regulatory bodies should collaborate with industry stakeholders to develop
standards and regulations that address temperature resilience and performance requirements for
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solar photovoltaic systems. This includes setting minimum efficiency thresholds, reliability
standards, and durability requirements to ensure the quality and longevity of solar installations.
Implement policies and incentives to support research and development initiatives aimed at
enhancing the thermal stability and efficiency of solar cell technologies. This may include funding
programs, tax incentives, and grants to encourage collaboration between academia, industry, and
government agencies in advancing solar energy research and innovation.
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