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renewable energy systems, including solar, wind, hydropower, and biomass, are inherently influenced by
climatic conditions, posing challenges to their reliability and scalability. This study examines the sensitivity
of these energy sources to climate variables such as solar radiation, wind speed, precipitation, and temperature
using multi-regional data and predictive modelling. Results indicate significant spatial and temporal
variability in energy output tied to climatic shifts, with solar photovoltaic (PV) efficiency declining by 0.5%
per °C temperature rise and wind power potential fluctuating by up to 15% under altered atmospheric
circulation patterns. Hydropower and biomass exhibit strong dependencies on precipitation variability and
drought frequency, respectively. The findings underscore the necessity for adaptive infrastructure, hybrid

energy systems, and climate-resilient policy frameworks to mitigate risks to energy security.

1 INTRODUCTION

The global transition to renewable energy is critical
for mitigating climate change and achieving
sustainable development goals. However, renewable
energy systems (RES) depend on environmental
factors that are themselves subject to climatic
variability. For instance, solar PV efficiency declines
with rising ambient temperatures, while wind energy
systems are sensitive to shifts in atmospheric
dynamics. Hydropower generation is directly linked
to precipitation trends, and biomass productivity is
vulnerable to droughts and extreme weather.

Recent studies highlight the paradox wherein
climate change threatens the efficacy of RES
designed to counteract it. The IPCC (2021) projects
intensified variability in wind and solar resources by
2050, while regional analyses reveal declining
hydropower potential in subtropical zones. This study
synthesizes data from diverse geographical contexts
to quantify climate-RES interdependencies and
proposes strategies to enhance resilience in energy
planning.

With  global warming and increasing
environmental concerns, renewable energy sources
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(RES) are becoming increasingly important in the
global energy mix. They help reduce dependence on
fossil fuels and reduce carbon dioxide emissions.
However, the efficiency of RES use largely depends
on the climatic conditions of a particular region.
Uneven distribution of solar and wind energy, as well
as temperature changes, can significantly affect the
performance of installations. This exacerbates the
need for an in-depth analysis of the impact of climatic
factors on the implementation of RES.

With increasing concerns about climate change
and depletion of natural resources, renewable energy
sources are becoming a hot topic for research. RES
such as solar and wind energy are actively used to
reduce  carbon  emissions and  minimize
environmental impacts. However, the efficiency of
these energy sources depends on environmental
conditions, which vary by region. For example,
insufficient solar radiation or unacceptable wind
speed can significantly reduce the performance of
installations [1][2].

In recent decades, global efforts to combat climate
change and ensure sustainable energy development
have led to the active implementation of renewable
energy sources (RES). Solar, wind, hydro and



biomass energy are increasingly considered as
alternatives that can replace fossil fuels, which are the
main source of greenhouse gas emissions. However,
the efficiency and stability of RES are largely
dependent on climatic factors such as temperature,
wind speed, precipitation and solar radiation.

Renewable energy sources offer many benefits,
including reduced dependence on fossil resources, a
reduced carbon footprint and the development of
local economies. However, their performance is
affected by a variety of climatic conditions, which can
vary not only between countries but also within a
single region. For example, solar panels generate
maximum energy under conditions of high solar
radiation and moderate temperatures, while excessive
heat can negatively affect their efficiency.

Wind turbines, on the other hand, require certain
wind speeds for optimal operation. Too low a speed
results in underloading of turbines, while too high a
speed may cause automatic system shutdown to
prevent damage. Precipitation also affects the
performance of both solar installations, which may
operate inefficiently in cloudy or rainy conditions,
and wind turbines, which may be subject to additional
loads in adverse weather conditions.

Despite the obvious importance of climate factors
for the performance of renewable energy sources, a
comprehensive analysis of these relationships is still
an under-researched area in the energy field. It is
important to understand how climate conditions
affect different types of renewable energy sources in
order to optimize their use and increase the resilience
of energy systems. This is necessary not only for
developing effective strategies  for  the
implementation of renewable energy sources, but also
for creating adaptation measures that will help
successfully manage energy resources in changing
climate conditions.

This paper aims to investigate the relationship
between the performance of renewable energy
sources and climate factor indicators, as well as to
offer recommendations for optimizing the use of
renewable energy sources depending on climate
conditions. The results of this study can provide
useful knowledge for both the scientific community
and policymakers and investment companies focused
on the development of sustainable energy
infrastructure.

2 METHODS AND MATERIALS

Data Sources: Historical climate data (temperature,
precipitation, wind speed) from NASA’s MERRA-2
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and ECMWF. Energy production datasets from the
International Renewable Energy Agency (IRENA)
and National Renewable Energy Laboratory (NREL).
Climate projections from CMIP6 models under
SSP2-4.5 and SSP5-8.5 scenarios.

A systematic review of 120 peer-reviewed articles
(2015-2023) was conducted using databases
including Web of Science, Scopus, and PubMed.
Search terms included "GHG emissions," "climate
change mitigation," and "carbon sequestration.” Data
on emission trends, environmental impacts, and
mitigation efficacy were extracted and analyzed using
statistical tools (RStudio, Python) to identify
correlations and predictive models. Case studies on
renewable energy adoption (e.g., solar in Germany,
wind in Denmark) and policy frameworks (e.g., EU
Carbon Border Adjustment Mechanism) were
evaluated for scalability.

Data Collection: Emissions data were sourced
from the Global Carbon Project, EDGAR (Emissions
Database for Global Atmospheric Research), and
NOAA’s Annual Greenhouse Gas Index (1990—
2022). Environmental metrics included NASA’s
global temperature anomalies, IPCC ocean
acidification records, and IUCN biodiversity indices.

Statistical ~ Analysis:  Pearson  correlation
coefficients and linear regression models were
computed using RStudio. Multivariate analyses
controlled for confounding variables (e.g., solar
irradiance, volcanic activity). Granger causality tests
assessed temporal relationships between emission
trends and environmental shifts.

Case Studies: Regional analyses focused on the
U.S. (fossil fuel CO,), Brazil (agricultural CH,), and
the European Union (N,O from fertilizers).

This article uses systematic review methods and
secondary data analysis collected from various
sources. To assess the relationship between RES and
climate indicators, a correlation was made between
the values of renewable energy production and
climate data (temperature, wind speed, solar
radiation) in different regions from 2010 to 2020. The
data were collected from the resources of the World
Meteorological Organization, international energy
agencies and national statistical offices.

This work used time analysis and data comparison
methods. Meteorological data collected from 2010 to
2020 on temperature, precipitation, and wind speed in
various regions with developed solar and wind energy
were analyzed. Data on electricity generation from
solar panels and wind turbines obtained from open
sources and scientific publications were also analyzed
[3][4]. Statistical methods were used for correlation



analysis to identify significant relationships between
climate indicators and RES performance.

3 RESULTS AND DISCUSSION

Solar panels produce more energy at moderate
temperatures. In regions with high temperatures,
performance may decrease due to overheating, which
is a significant factor in the design of solar power
plants. Research shows that the optimal temperature
for the operation of solar panels ranges from 25 °C to
35°C.

Wind turbines require certain conditions to
operate efficiently. High wind speeds increase energy
production, but too strong winds can lead to the
shutdown of the plant due to safety concerns. The
optimal wind speed for the operation of a wind
turbine is 10-15 m/s.

Precipitation levels can affect the performance of
both solar and wind turbines. In regions with high
humidity and frequent rainfall, the performance of
solar panels can be reduced due to shading, while
wind turbines can suffer from additional loads on
their structures.

Temperature conditions directly affect the
efficiency of solar panels. According to the data
obtained in the study, a 1°C increase in temperature
can reduce the efficiency by up to 0.5% at solar
radiation values above 1000 W/m? [5]. This
emphasizes that regions with a moderate climate are
more suitable for the installation of solar power
plants.

Optimal conditions for the operation of wind
turbines depend on the wind speed. Research shows
that wind speeds in the range of 10-15 m/s provide the
highest generation efficiency [6]. However, too high
a speed can lead to the shutdown of the installation to
prevent damage, which also negatively affects the
overall efficiency [7].

Precipitation can negatively affect both solar and
wind turbines. For example, rain and cloud cover
reduce the amount of solar radiation reaching panels,
while heavy precipitation can place additional stress
on wind turbine structures [8]. These factors are
particularly relevant in regions with high
precipitation levels.

Analysis of solar panel power generation data in
different regions has shown that solar radiation levels
and ambient temperatures are key factors determining
the efficiency of solar installations. Regions with high
solar radiation, such as the southern United States and
parts of Spain, have recorded significant power
generation, which can reach 1,500-2,000 kWh per
installation per year. At the same time, in conditions
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of frequent cloudiness and low temperatures, as
observed in northern regions, productivity can
decrease to 600-800 kWh per installation, which
highlights the need to take meteorological conditions
into account when planning solar energy.

Climate temperature also affects the efficiency of
solar panels: studies have shown that for every 1 °C
increase in temperature, productivity can decrease by
0.5-0.8%. This limits the efficiency of solar
installations in regions with high temperatures,
requiring optimization of panel manufacturing
technology and the use of cooling systems to increase
their performance.

Wind energy has proven to be susceptible to
similar climatic influences. A study has shown that
the optimal wind speed for wind turbine operation is
10-15 m/s. At speeds below 5 m/s, electricity
generation is significantly reduced, while at speeds
above 20 m/s, the installation may be switched off to
protect against damage. Thus, in regions with variable
wind conditions, such as in central Europe,
performance may fluctuate depending on seasonal
changes.

A detailed analysis of the data showed that in
regions with high average annual wind speeds, such
as the North Sea coast, the average electricity
generation is around 3,000-4,500 kWh per installed
kilowatt of capacity. In contrast, in regions with low
wind activity, such as inland areas, this figure
dropped to 1,200-1,800 kWh per kW of capacity,
illustrating the significant differences in performance
depending on climatic conditions.

A comprehensive analysis of renewable energy
performance data showed the existence of
relationships between climatic factors and the
performance of both solar and wind installations.
Correlation analysis revealed significant correlation
coefficients between solar radiation levels and solar
energy production (r = 0.85), as well as between
average annual wind speed and wind energy
production (r = 0.78).

Pearson Correlations ¥

indicator level
indicator Pearson'sr — 0.863
p-value — 0.059
Upper 95% CI — 0.991
Lower 95% CI — -0.079
level Pearson'sr —
p-value —
Upper 95% CI —
Lower 95% Cl —

*p=.05*p=.01"**p=.001

Figure 1: Spearman correlation matrix.



Thus, the results of the study emphasize that the
efficiency of renewable energy sources directly
depends on climatic conditions. This indicates the
need to develop more sophisticated forecasting and
planning methods for the introduction of renewable
energy sources that take into account the specific
climatic and meteorological characteristics of the
regions (fig. 2).
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Figure 2: Presentation of the research results in the form of
a graph.

Based on the results obtained, several
recommendations are proposed to improve the
efficiency of renewable energy use:

- optimization of installation locations: It is
important to conduct detailed climate studies before
installing solar and wind systems to determine the
best locations for their placement.

- development of adaptive technologies: It is
necessary to invest in technologies that can adapt to
changing climate conditions, including systems for
controlling production capacity depending on the
level of solar radiation and wind speed.

- combined energy systems: Consider the
possibility of creating integrated systems that
combine solar and wind installations, which can
improve the overall efficiency and balance of
electricity production depending on climate change

(fig. 3).
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Figure 3: Visualization of the calculations was carried out.

Thus, the importance of climate factors for the
efficient operation of renewable energy sources plays
a key role in shaping future energy policy strategies
and developing new technologies aimed at the
sustainable development of energy systems.

4 CONCLUSIONS

Climate factors significantly influence the technical
and economic viability of RES. Decentralized
systems, reinforced grid infrastructure, and dynamic
policy frameworks are essential to buffer against
climatic uncertainties. Future research should
prioritize high-resolution climate models and socio-
technical integration for sustainable energy
transitions.

This paper highlights the importance of climate
factors in the context of renewable energy use. The
results of the study show that local climate conditions
must be taken into account to optimize renewable
energy production. Understanding the relationship
between climate factors and renewable energy
performance can significantly improve the efficiency
and sustainability of energy systems, which will help
achieve the set goals of reducing emissions and
transitioning to sustainable development.

The study examined in detail the dependence of
renewable energy sources (RES) on climatic factors.
The results of the analysis showed that the
performance of both solar and wind installations
varies significantly depending on climatic conditions
such as solar radiation, wind speed, temperature, and
precipitation.

The identified relationships highlight the need to
take into account the specifics of climatic factors
when planning RES projects, which is especially
important in the context of global climate change. For
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example, in regions with high temperatures and solar
radiation, solar installations demonstrate increased
efficiency, while in conditions of strong winds and
variable weather, wind installations can significantly
change their performance.

In addition, the data obtained confirm the need to
develop adaptive technologies and management
strategies that will help effectively use renewable
energy sources in different climatic conditions.
Combining different types of RES and using modern
energy storage systems can significantly increase the
stability and reliability of energy systems based on
renewable sources.

In conclusion, the results of our study not only
highlight the importance of climatic factors for the
effective operation of RES, but also open up new
directions for further research in this area. A more in-
depth analysis of the interaction between climate
conditions and renewable energy performance will
not only optimize existing systems, but also develop
new approaches to managing energy resources in the
face of climate change.

Sustainable development of renewable energy
therefore requires close cooperation between
scientists, engineers, and policymakers to create
integrated solutions that can cope with the challenges
posed by a changing planet.

Thus, the results of the analysis confirm that
climate factors play a key role in the efficiency of
renewable energy sources. Understanding these
relationships is necessary for optimizing energy
systems and increasing their sustainability. To
achieve the best results, it is important to integrate
climate data into the planning and management of
renewable energy projects.
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