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Abstract
In the modern world, electric energy plays a pivotal role in sustaining life and driving technological, scientific, and human 
development. Consequently, the selection and availability of the energy sources used for electricity generation have 
become crucial elements of strategic planning for countries and economic blocks. Moreover, the impact of these choices 
extends beyond the mere energy demand/supply, affecting economies, societies and the environment across geographi‑
cal boundaries. This study delves into the various factors influencing the composition and the recent expansion of the 
European electricity mix. It explores the interplay of environmental, climatic, political, economic, and external factors 
that shape Europe’s energy choices. To conduct this analysis, we utilized data from the International Energy Agency on 
electricity generation and GHG emissions. Data mining techniques were employed to uncover patterns and trends in the 
monthly data from 2010 to 2022, from which political and economic milestones such as the shutdown of nuclear power 
plants and the European Union’s increased reliance on natural gas imports from Russia were examined. The study also 
discusses the impact of using natural gas for power generation on increasing GHG emissions. Ultimately, this research 
reveals that the European Union choices in transitioning towards a cleaner electricity mix have not yet proven efficient. 
In fact, these choices may have inadvertently created favorable conditions for Russia’s invasion of Ukraine, triggering, 
not only a humanitarian crisis, but also an economic downturn in Europe due to soaring energy prices. This crisis could 
potentially extend beyond Europe and impact the whole planet in 2023 and on, including developing countries that 
rely on stable energy prices for their sustainable growth.

Keywords  Clean energy · Climate change · Natural gas · Greenhouse effect

1  Introduction

In the year 2022, the consumption of electricity from all the countries in the Americas, Asia, Oceania, and Europe encompass‑
ing the Organization for Economic Cooperation and Development (OECD) reached a staggering 11,390 TWh versus 10,850 
TWh consumed in 2012. This means an increase of 5% in 20 years. Despite the seemingly modest difference in relative figures, 
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the observed increase amount to a substantial energy expansion of 540,000 GWh over this period. To put this into perspec‑
tive, the mentioned value exceeds the combined energy consumption of Portugal, Spain, Belgium, and Greece, in the year 
2022, which was close to 518,000 GWh, as observed using the data by the US Energy Information Administration (EIA).1.

To meet this ever-increasing demand, electricity generation has become a significant contributor to the planetary 
degradation and greenhouse gas (GHG) emissions. The release of GHGs into the troposphere intensifies the global 
greenhouse effect, disrupting the Earth’s natural climate balance [1, 2]. According to the International Energy Agency 
(IEA) estimates for 2020, power generation of all OECD countries (from all sources) accounted for 11.085 million tonnes of 
CO2 eq, while non-OECD countries (with some major oil and gas producers, such as Russia and the Middle East countries, 
included here) contributed around 23.446 million tonnes of CO2 eq.

However, a comprehensive analysis of the life cycle of electricity generation, including seemingly cleaner and renew‑
able such as geothermal, hydro, wind and solar, reveals varying degrees of environmental degradation at different stages 
(installation, operation, or disposal) [1–3]. Importantly, studies that consider the life cycles of generation sources often 
underestimate the impact of vegetation suppression during installation, and the subsequent loss of carbon sequestra‑
tion capacity [4, 5]. This underestimation means that the contribution of electrical generation, regardless of the source, 
to the intensification of the planetary greenhouse effect may be greater than currently believed. Moreover, the benefits 
of power generation from natural gas, compared to other fossil fuels such as coal, are subject to significant controversy, 
particularly when considering the whole cycle, including extraction and transport [6–8].

Given the indispensable nature of energy production for all activities in the contemporary world, and at the same time 
knowing that any source of generation will at some point causes damage to the environment, attention must always be 
focused on technologies and sources that have less environmental impact, to mitigate the on ongoing climate change 
and its adverse effects on the planet.

In the overall, the selection of an electricity mix for a country or economic block should be guided by several pillars, 
including technological efficiency, societal impact, economic viability, the security of the service, and environmental 
considerations, and should be thought in a context of climate change. Climate change, with its devastating and abrupt 
consequences, may disrupt the availability of natural resources used for energy generation [9] and affects the patterns 
of energy demand. Such disruptions have already been observed in the form of heat waves, droughts, unprecedented 
wildfires, and other extreme events hitting all regions around the globe [10–15].

Nonetheless, the process of generating electricity carries additional societal implications, beyond the direct environ‑
mental impact, intertwined with its entire life cycle. Catastrophic incidents occurring in nuclear power plants, like the 
Fukushima disaster in 2011, the bursting of dams in reservoirs regulating power generation, accidents associated with oil 
exploration, explosions in gas pipelines, and similar occurrences, can directly endanger the lives of thousands of people, 
resulting in irreparable environmental, social and economic consequences [16–19].

Furthermore, spotlights have recently been directed towards the energy mix of OECD Europe, as it potentially holds 
an indirect yet significant link to the Russian invasion of Ukraine [20–23].

Therefore, this paper aims to delve on the expansion of European electricity mix over the past two decades, with a 
specific focus on its interconnections with events such as the Fukushima Tsunami, the Ukraine war, the global climate 
change, the recent energy-related protests in Europe (including those against wind power deployments), and its potential 
economic and social implications for the entire planet.

2 � Understanding the European energy market

Europe is not a homogeneous entity, but it relies on a robust regulatory mechanism. The EU has set four main goals to 
develop its internal energy market, preserve and improve the environment, and promote renewable energy sources. 
These goals include ensuring the functioning of the energy market, guaranteeing energy supply security, promoting 
energy efficiency, and saving, and fostering the interconnection of energy networks [24].

The main actors in this process are the European Union Agency for the Cooperation of Energy Regulators (ACER) 
and the National Energy Regulators, all bind into the Council of European Energy Regulators (CEER). To track relevant 
policy instruments, actions of the European Parliament through EU Directives, as well as the actions of ACER, CEER 
and the National Energy Agencies act to observe and identify patterns, actions plans and raising of best practices 
among member countries, indicating a coordinated approach to address European energy issues.

1  https://​www.​eia.​gov/​opend​ata/.

https://www.eia.gov/opendata/
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Article 194 of the Treaty on the Functioning of the European Union, as amended by the Treaty of Lisbon, highlights 
the shared competences of the energy policy among member states; particularly in areas related to the energy tran‑
sition, energy efficiency, internal energy networks interconnection and most importantly supply security, signaling 
a move towards a common energy policy [25].

While member states retain the right to “determine their energy resources, energy sources, and energy supply 
structure, the Council, rather than the Commission, holds the authority to authorize negotiations and conclude 
international agreements” [26].

Environmental and economic aspects, such as the taxes in the internal energy market, are also important con‑
siderations. The EU has issued directives to regulate the internal energy market, aiming to eliminate competition 
distortions among different tax systems and transition towards a low-carbon, energy-efficient economy to protect 
the environment and climate [27]. The 2020 Climate and Energy Package, also known as the 20–20–20 horizon, 
exemplifies the unified approach taken by the EU to address energy challenges. The package set targets for member 
states that should have been achieved by 2020, including a 20% reduction in GHG emissions based on 1990 levels, 
ensuring that at least 20% of EU energy comes from renewable sources, and improving energy efficiency by 20% [28].

Furthermore, the EU employs a strategy outlined by [29], effecting a policy change. The European Commission, as 
a supra national policy entrepreneur, seeks legitimacy by building on existing norms, exercises authority based on 
expertise, advocates for its own targets persistently, building alliances within member states, leveraging policy win‑
dow opportunities during crises, and constructing a narrative on energy, as a supra national solution. An illustration of 
this strategy can be seen in the study done by [30], where different alternatives for Asina Natural Gas pipelines were 
analyzed, including the Nabuco project. Another manifestation of EU’s vision can be seen in the Energy Integration 
Policy, which treats one member’s problem as a concern for all. For instance, the EU regulates the internal energy 
market by setting taxes as in the Council Directive 2003/96/EC aiming to protect consumers and ensure affordable 
energy prices across Europe, albeit with limited consideration for environmental and social interests [31].

Consequently, individual member states may forfeit the possibility to increase taxes on fossil fuel to subside eco‑
nomically unsound renewable energy generation. Notably, gas supply disruptions in 2006 and 2009 prompted a shift 
in the perception from secure to insecure gas supply and heightened concerns about dependency on a small number 
of suppliers, particularly Russia. The results have been a power transfer from member states to the EU, exemplified 
by the case of the Caspian pipeline (in 2011) [29].

The Third Energy Package, implemented in 2009, reflects the EU’s vision of creating an open framework for com‑
mon solutions adopted by all countries, in a “one fix for all” vision [32]. It involves the de-verticalization of each 
country’s energy-related industries (put apart supply and generation from the operation of transmission of energy), 
the decoupling of energy regulators from national policies and stakeholders, the establishment of the Agency for 
the Cooperation of Energy Regulators (ACER). Emphasis is placed on creating a European Energy Market as a solution 
to the internal difficulties, by the removal of cross-border barriers and fostering inter-country cooperation (thus an 
EU vision solution).

Understanding how energy solutions are developed, whether driven by regulation or opportunity costs, is crucial. 
In Brazil for instance, the growth of the photovoltaic market is driven by commercial uses rather than private housing. 
This new trend is not a result of the regulation or policy, but rather favorable market conditions.

On the other hand, Germany independently implemented its own liquefied natural gas station, demonstrating 
the country’s ability to pursue its own solutions [33].

3 � Methodology

The methodology employed in this work consisted of three main components. Firstly, an extensive literature review was 
conducted to examine GHG emissions and factors influencing energy generation in Europe. This review also encom‑
passed scholarly articles, newspaper publications, as well as legal frameworks, agreements and governments processes 
related to promoting renewable energy generation, and to expand the natural gas utilization and importation.

The second part of the methodology involved describing the data used in the study, which was sourced from the 
International Energy Agency—IEA. The IEA provides consistent, accurate and timely energy data and statistics serving 
as a vital resource for developing effective energy policies and long-term planning.

Finally, in order to evaluate the monthly time series of energy generation according to their source, data mining tech‑
niques were applied, such as clustering, principal component analysis, trends and Pearson correlations [34].
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Overall, the methodology employed a combination of literature review, data sourcing, manipulation, and data min‑
ing techniques to gain insights into the European electricity mix expansion and its associated factors. The Python pro‑
gramming language served as a valuable tool for data analysis and visualization, leveraging various libraries specifically 
tailored for these purposes.

3.1 � Database

The IEA Energy Data Centre offers comprehensive global energy data, including supply and demand statistics compiled 
into energy balances. The dataset covers a time series starting from 1971, encompassing up to 95% of global energy 
supply and over 150 countries. The focus is on ensuring data quality, comparability, and alignment with internationally 
agreed definitions and methodologies, achieved through close collaboration with national energy statistical offices and 
other stakeholders. This study primarily utilized monthly power generation data from 2010 to 2022, categorized by source 
and economic bloc, with a specific emphasis on the OECD Europe generation data. The analyzed sources included Coal, 
Natural Gas, Hydro, Wind, Solar, and Nuclear, excluding other sources due to their minimal contribution to the overall 
OECD Europe energy mix.

Furthermore, GHG emission analysis associated with coal and natural gas power generation relied on IEA data [35] 
available at https://​www.​iea.​org/​data-​and-​stati​stics/​data-​produ​ct/​green​house-​gas-​emiss​ions-​from-​energy-​highl​ight. 
The analysis employed the concept of CO2 equivalent (CO2 eq) to account for the varying greenhouse effect potentials 
of different gases, with a molecule of Methane having approximately 25 times greater long-wave radiation trapping 
capacity than CO2 [36].

3.2 � Applying data mining techniques

The data manipulation and analysis were carried out using Microsoft Excel PivotTable and Python 3.11 algorithms. Python 
libraries included Pandas, Datetime, Numpy, Matplotlib, Openpyxl, Seaborn, Plotly.express and Statsmodels, which can 
be accessed from the Python website.2.

These techniques encompassed principal component analysis, trend analysis, and Pearson correlations, aiming to 
uncover non-trivial patterns related to the time series of power generation by source in OECD Europe, in isolation or 
together. These results were complemented by graphical visualizations and secondary calculations.

Temporal decomposition seeks to establish a framework for the series that could enhance its predictability. For 
instance, this Zt pattern can be derived using Eq. 1:

where Tt represents the trend of the series, St represents its seasonality, and Et denotes the residual or random error [37].
The Pearson correlation, as extensively employed for assessing the correlation of time series [38], constituted another 

pertinent aspect of the analyses. This correlation is elucidated by Eq. 2.

The Pearson coefficient (r) represents the correlation between two variables, denoted as P and O. The average values 
of these variables are represented by P and O , respectively.

Furthermore, an analysis of the generational series trend by energy source was undertaken, considering the cumula‑
tive differences between each source and the benchmark years of 2010 and 2016. This approach was based on the Rippl 
method, also referred to as the mass curve method [39], which entails consolidating the deviations in measurements for 
each year in relation to the reference year, resulting in an accumulation graph of variances.
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2  https://​docs.​python.​org/3/.

https://www.iea.org/data-and-statistics/data-product/greenhouse-gas-emissions-from-energy-highlight
https://docs.python.org/3/
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4 � Results

The results section is structured into two main parts: a time series analysis examining the evolution of the electricity 
matrix in OECD Europe, focusing on its primary generation sources, and an analysis of the CO2 eq emissions stemming 
from the power generation process.

4.1 � European electricity mix data analysis

To assess the temporal evolution of the OECD Europe electricity mix in relation to its sources of generation, an analysis was 
conducted of the total annual generation by each source from 2010 to 2022 (Fig. 1). The analysis reveals several trends.

Wind generation shows a significant increase, followed by a relatively less significant increase in solar generation over 
the period. Hydroelectric generation remains relatively constant, with low variability considering these are annual totals 
where seasonal variations are filtered out.

Nuclear generation experienced a small decrease in 2012 compared to the previous year, which may reflect the 
shutdown of some nuclear plants after the tsunami that hit the Fukushima plant in Japan [40, 41]. The generation from 
this source remains stable, with slight declines in 2015, 2016 and 2020, possibly influenced by the COVID-19 pandemic3. 
[42]. The highest rate of decrease since 2010 is observed in 2022 primarily due to the shutdown of nuclear power plants 
in Germany that began during this year. This occurred ten years after the disaster of Fukushima and despite the limited 
availability of natural gas for power generation from Russia, and in liquefied form, which lead to increased energy prices 
and difficulties in meeting demand in Germany [43, 44]. It is important to note that the reduction in the generation of 
energy by nuclear sources does not significantly contribute to reducing the emission of GHGs, since during the operation 
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Fig. 1   Time evolution of total annual energy generation by source in OECED Europe for the period 2010 to 2022. The white dotted line indi‑
cates the year of the COVID-19 Pandemic (2020). Source of data: IEA

3  https://​www.​iea.​org/​repor​ts/​covid-​19-​impact-​on-​elect​ricity.

https://www.iea.org/reports/covid-19-impact-on-electricity
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phase of the nuclear power plant, its greenhouse gas emissions are practically zero. Therefore its generation could be 
part of the decarbonization plan of the European electricity mix [45].

Coal-fired generation starts to show signs of decline in 2015/2016, with a more pronounced fall between 2018 and 
2020. It experiences a small increase in generation after the pandemic, in the years 2021 and 2022.

Natural gas generation exhibits a peculiar behavior, with a significant drop from 2010 to 2014, remaining stable in 
2015, followed by a significant increase again in 2016 and 2017. Then it returns to almost the same generation levels 
as in 2011; remaining at this level until the end of 2022, despite the invasion of Ukraine by Russia (the main supplier of 
natural gas for Europe) in February of that year [46].

Figure 1 illustrates that, except for the year 2020, which was impacted by the COVID-19 Pandemic, in all remaining 
years the total generation from all these non-renewable sources, has exhibited a relatively stable trend.

In summary, the analysis reveals the increasing prominence of wind and solar generation in the OECD Europe electric‑
ity mix, the stability of hydroelectric generation, and fluctuations in nuclear, coal, and natural gas generation.

To further illustrate the above insights, Fig. 2 depicts the temporal evolution of each energy source’s relative contri‑
bution to the electric matrix of OECD Europe between 2010 and 2022, exclusively considering their generation. Prior 
to 2015, the contribution from the burning of natural gas experienced a decline, reaching its lowest percentage of 17% 
in 2017. However, from 2016 onwards it started to rise again, reaching a contribution of 22% in 2022, only 3% less than 
in 2010. Notably, an increase contribution of solar and wind energy can be observed, which in conjunction with the 
reduction in coal-based generation, contributed to the decrease in the percentage of generation from non-renewable 
sources from 77% in 2010 to 59% in 2022.

4.1.1 � Time decomposition of power generation series

To make a more detailed evaluation, a time decomposition of the monthly generation series of OECD Europe was made, 
by source, grouped in Fig. 3 for renewable generation sources (Wind, Solar and Hydro) and Fig. 4 for fossil generation 
sources (Nuclear, Coal and Natural Gas).

Fig. 2   Distribution of generation contribution by energy source in OECD Europe for the period 2010 to 2022. Source of data: IEA
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Fig. 3   Time decomposition of OECD Europe’s monthly generation by generation source from 2010 to 2022 of Wind (top), Solar (middle) and 
Hydro (bottom) generation
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Fig. 4   Time decomposition of OECD Europe’s monthly generation, by generation source, from 2010 to 2022 of Nuclear generation (top), 
derived from coal burning (middle) and Natural Gas burning (bottom)



Vol.:(0123456789)

Discover Energy             (2024) 4:2  | https://doi.org/10.1007/s43937-024-00026-8	 Research

The results reveal distinct seasonal patterns for renewable and clean energy sources, particularly wind, solar, and 
hydro generation. Although both wind and solar show a steady growth march in the generation of solar and wind energy 
sources, practically constant, since 2010, wind generation has experienced a significantly higher growth rate compared to 
solar generation. Seasonally, solar generation exhibits, as expected, a pronounced cyclic behavior, like a normal distribu‑
tion, with minimum in winter and maximum in summer, the opposite to the wind pattern. Notably, while the maximum 
solar generation has nearly tripled since 2012, the minimum seasonal solar generation has remained relatively unchanged 
over time. This suggests that solar expansion may be occurring in regions with limited solar radiation throughout the 
year, resulting in a reduced contribution from this source.

Hydroelectric generation, distributed across different regions of Europe, does not present any discernible trend in its 
availability for generation, except for a slight decrease in 2021 and 2022. This decrease may be attributed to the severe 
drought that affected Europe during this period, as discussed by [47].

Figure 4 presents the time decomposition of monthly generation for non-renewable sources, namely nuclear, coal, and 
natural gas. These sources present a certain degree of seasonality, with higher generation during the boreal winter. This 
seasonal pattern is associated with the complementary nature of non-renewable sources to the renewable generation 
sources, except wind power, which also peaks in winter). The increased energy demand during this time of the year in 
Europe contributes to the observed seasonal pattern.

An analysis of the annual generation trends reveals a downward trend in nuclear and coal-based sources over the 
last decade, with a more pronounced decline since 2019 for coal and since 2020 for nuclear. Additionally, there was a 
decrease in natural gas-based generation from 2013 to 2016, followed by an increase that brought the generation levels 
back to nearly the same values as in 2012 by 2022.

When analyzing the noises of the temporal decompositions, it can be seen that the solar and wind generation noises 
show a seasonal behavior both at the beginning and at the end of the time series. This behavior shows that this decom‑
position was not able to fully eliminate the trend of the series, requiring the application of another method for these 
statistical analyses, as will be shown further on.

4.1.2 � Analysis of power generation trends

To further analyze the evolution of the OECD Europe electricity mix, the reference years of 2010 (Fig. 5) and 2016 (Fig. 6) 
were examined. These analyses aimed at confirming the observed trends in the time series data and highlight the year 
2016, which marked a crucial point for the resurgence of natural gas-based generation in OECD Europe.

Figure 5 shows a very promising trend towards cleaner energy generation, with an almost progressive decrease in 
all non-renewable and/or dirty sources such as coal, natural gas and nuclear. Conversely, there has been an increase 
in the generation of cleaner renewable energies, particularly solar and wind, while hydroelectric generation has been 
maintained. In fact, several studies have highlighted that hydroelectric power is over exploited in Europe, particularly 
when environmental constraints are considered, e.g. [48], hence an upward trend was not and should not be expected.

However, when assessing the trend in energy generation based on the year 2016 in OECD Europe (Fig. 6), a significant 
increase in natural gas-based generation is observed, comparable to the growth of solar generation that year. On the 
other hand, the decline in coal-fired generation becomes more pronounced from 2019 onward, remaining practically 
constant until 2022.

Monthly averages of the generation from each source, computed for the entire period spanning from 2010 to 2022 
(Fig. 7), revealed higher values during the winter period, except for solar power. This can be attributed to a larger energy 
demand experienced by thermal plants, and the greater intensity of wind and rainfall, in this season, which benefits wind 
and hydroelectric plants. Conversely, solar generation exhibits a higher generation during summer and lower during 
winter, building on the complementary nature of, in particular, wind and solar electricity generation [49–52].

This aspect holds significant importance when considering a renewable energy matrix for OECD Europe. If solar gen‑
eration expands in the future, it can play a complementary crucial role alongside other renewables sources, mitigating 
the need for substantial thermal generation to supply sudden fluctuations in energy demand. Such fluctuations present 
a great challenge in achieving a renewable electricity matrix [53, 54].

However, given that that Europe has regions with ample solar radiation all year-round, this finding raises questions 
about the optimal deployment of solar generation resources. Optimal sitting of variable renewable energies facilities 
is crucial to guarantee the efficiency and safety of the energy transition aimed at achieving and, importantly, maintain 
net greenhouse gas neutrality. However, it should be thought in a comprehensive rather than individual or local way. 
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Therefore, it must do not only with high-capacity factors (of a single resource at a particular location), but also with the 
capability (of the whole system) to guarantee the supply under different weather situations. In this sense, several works, 
focused on balancing productivity and stability, came to the general conclusion that wind and solar powers are called 
to play, jointly, a decisive role [50, 55, 56]

Subsequently, Fig. 8 displays the difference of each source’s monthly generation with respect to its monthly average. 
It is important to note that these differences follow the trend of the series that have a trend, as is the case of coal, wind 
and solar. In the case of natural gas, it is observed that the trend of these differences was negative from 2010 to 2016. 
Then these differences become positive, corroborating what has already been shown regarding the increase in natural 
gas generation, starting in 2016.

Another important point is that the variation of generation in relation to the average of hydroelectric and nuclear 
plants is much smaller than that of the others, except in the years 2021 and 2022, when significant negative differ‑
ences appear in nuclear generation, due to the shutdown of nuclear plants in Germany. The fact that the variability of 
the hydraulic generation be small is important, since it accredits this type of generation to be considered with a more 
stable generation, among the renewable ones, and that, due to its fast operational response. This means that in a future 
renewable matrix of OECD Europe, the hydro generation that could attend the large fluctuations in energy demand as is 
currently the case in Brazil, where thermal generation (conventional, biomass and nuclear) was limited to less than 11% 
during the month of April 2023, with all other generation based on renewable sources, such as solar, wind and hydro.4.

To complement the study of the time series variability, the series trend was removed. For this process the monthly 
generation of each generation source was subtracted by its annual average generation. And then this difference was 
divided by its annual average, eliminating any kind of trend from the time series to be analyzed. The Pearson correlation 
(Fig. 9) was then computed for this noise series, along with their principal components (Fig. 10).

In terms of correlation (Fig. 9), positive correlation values stand out among the non-renewable sources, indicating a 
relatively coordinated dispatch of these sources. On the other hand, the noise from solar generation presents a stronger 
negative correlation with practically all other sources. This can be attributed to the that solar generation experiences 
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4  https://​www.​ccee.​org.​br/​dados-e-​anali​ses/​dados-​gerac​ao.

https://www.ccee.org.br/dados-e-analises/dados-geracao
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its highest outputs, and corresponding fluctuations, during summer, while other sources, especially wind generation, 
exhibit this pattern in the winter. This leads to a greater negative correlation between solar and other sources.

Lastly, a principal component analysis (PCA) was performed to determine the most significant modes of variability 
explaining the total variability of the OECD Europe’s power generation mix (Fig. 10). It is important to remember that 
this PCA was also done with the residuals of the monthly difference of each generation source.

By analyzing Fig. 10 we observe that Principal Component 1 (PC1) explains almost 64% of the variability of power 
generation from its different sources. This PC1 is composed of the variability of natural gas, nuclear, wind and coal genera‑
tion plus solar generation, which is orthogonally opposite. This analysis corroborates the previous one based on Pearson 
correlation, emphasizing the essential role that solar generation can play in complementing generation in OECD Europe.

PC2 has the largest contribution from hydro generation, which shows that this generation does not follow any pattern 
of variability similar to the others, as was also observed in the correlations. This fact is due to the fact that hydropower 
plants in Europe are installed in different countries and often have different seasonal precipitation regimes, which often 
complement each other. It’s may also explain the small variability of hydropower generation in OECD Europe, when 
analyzing total generation rather than generation by each region.

4.2 � Natural gas as part of a green matrix in Europe

The idea that thermoelectric plants powered by burning natural gas are a more environmentally efficient way to gener‑
ate energy, by emitting fewer GHGs into the atmosphere, than burning coal and oil, is not new and it is supported by 
many authors [57, 58]. In fact, when considering only the process of power generation, this information holds relatively 
true in terms of CO2 eq emissions. Additionally, the low cost of power generation using natural gas makes it an attrac‑
tive option [58].

Fig. 10   Principal Component Analysis based on the monthly series of OECD Europe’s electricity generation sources for the period 2010 to 
2022. Data source: IEA
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However, the entire life cycle of natural gas has been studied extensively, encompassing extraction, separation, stor‑
age, and transport until it is burned for energy generation [59]. Throughout these processes, natural gas is susceptible to 
leaks due to cracks or ruptures in structures, resulting in large amounts of methane emissions to the atmosphere [59–61]. 
The displacement of natural gas during transport to the energy generation site can further increase these emissions [59]. 
This is particularly relevant for large pipelines supplying the OECD Europe from Russia [62].

It is important to note that methane, the primary component of natural gas, has a greenhouse effect that is about 25 
times greater than CO2 [36]. Under natural climatic conditions, methane would not be part of the atmospheric chemical 
composition of the atmosphere, as it originates from the extraction of fossil fuels [63]. Thus, even though the emissions 
from natural gas for energy generation appear lower in terms of CO2 eq compared to the burning of other fuels such 
as coal and oil, its influence on the current unbalance of the planet’s climatic conditions cannot be neglected [63, 64].

Analyzing the emissions associated with energy generation (including all types of generation and not only electric‑
ity) a decrease in CO2 eq emissions can be observed for coal from 2010 to 2021, in both the sum of emissions from all 
OECD (Fig. 11), and in the case of OECD Europe (Fig. 12) (data for 2022 were not yet available at the preparation of this 
work). Notably, the decrease in emissions in 2020, attributed to COVID-19 pandemic, does not significantly impact the 
analyses in this study.

Simultaneously, an increase in CO2 eq emissions associated with the use of natural gas is observed. The emissions 
from gas surpasses those from coal in 2018, and in the case of Europe (Fig. 12) these emissions increase significantly from 
2016, aligning with the increase in power generation from natural gas during the same period.

Focusing on OECD Europe again, when comparing the amount of CO2 eq emitted in 2021 with those in 2010, a reduc‑
tion of approximately 34% is observed for emissions from coal burning, while the reduction for gas burning is only 6%. If 
the decrease in CO2 eq emissions gas-derived had followed the same rate of decay observed from 2010 to 2015 (indicated 
in dashed blue line in Fig. 12), the reduction in gas emissions in 2021, compared to the base year 2010, would have been 
about 47%. This translates into a saving almost 502 million tons of CO2 eq per year, instead of the 66 million tons of CO2 
eq per year indicated by the current policies governing the expansion of the European electricity mix. This would mean 
a decrease in emissions about 8 times greater, relatively, than what was observed in this period.
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5 � Discussion

The electricity mix of the OECD Europe has undergone a complex transition over the past 12 years, characterized by a 
struggle between cleaner and renewable mix and geopolitical and economic interests. While significant changes were 
only witnessed almost a decade after the Fukushima incident in Japan in 20115,6, Germany played a prominent role in 
the EU driving the shift towards cleaner generation. However, the inclusion of natural gas in the energy mix has sparked 
debates due to its status as a fossil fuel7,8. [65].

The notion that thermoelectric generation using natural gas is a cleaner alternative gained widespread acceptance 
in OECD Europe [61, 66, 67]. Nevertheless, the burning and exploitation of any fossil fuel, exacerbates climate change, 
contributing to an unnatural alteration of the planet cycles and intensifying the greenhouse effect, the global tempera‑
ture rise, and the frequency of extreme weather events [68].

This study highlights the crucial bloc decisions made in 2015 and 2016 that lead to OECD Europe’s increased depend‑
ency on natural gas, primarily sourced from Russia. Germany’s support for the Nordstream 2 pipeline project, connect‑
ing Russia directly to Germany across the Baltic Sea, payed a significant role. However, this project was controversial, as 
it increased Europe’s dependence on Russian gas, raising concerns about energy security [69]. Germany’s decision to 
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Fig. 12   Total annual GHG emissions from coal- and gas-fired power generation from 2010 to 2021 for OECD Europe. Data source: IEA

5  https://​www.​bbc.​com/​news/​world-​europe-​13592​208.
6  https://​www.​thegu​ardian.​com/​envir​onment/​2011/​may/​25/​europe-​divid​ed-​nucle​ar-​power-​fukus​hima.
7  https://​www.​cnbc.​com/​2023/​04/​18/​germa​ny-​shuts-​down-​last-​nucle​ar-​power-​plants-​some-​scien​tists-​aghast.​html.
8  https://​www.​dw.​com/​en/​germa​ny-​shuts-​down-​its-​last-​nucle​ar-​power-​stati​ons/a-​65249​019.

https://www.bbc.com/news/world-europe-13592208
https://www.theguardian.com/environment/2011/may/25/europe-divided-nuclear-power-fukushima
https://www.cnbc.com/2023/04/18/germany-shuts-down-last-nuclear-power-plants-some-scientists-aghast.html
https://www.dw.com/en/germany-shuts-down-its-last-nuclear-power-stations/a-65249019
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decrease nuclear generation in 2022 further complicated the energy mix situation, aiming for a cleaner generation but 
potentially compromising security9 [70].

Germany’s agreement with Russia raised concerns, particularly given the strained relations between the two countries 
since 2014. Germany suspected Putin of lying on several issues, including the invasion of Crimea, which led to doubts 
about the agreement’s implications [71]. The dependence on Russian gas supply created a geopolitical dilemma, as it 
potentially emboldened Russia to invade Ukraine, knowing that European bloc sanctions would be difficult to impose 
due to the reliance on natural gas imports to meet its energy demand, especially in winter [72]. Efforts to diversify and 
reduce reliance on Russian gas imports have been challenging and have led to increase the price of energy for the final 
consumer in the EU [72].

While limited efforts have been made to generate energy from other than natural gas, such as coal based thermoelec‑
tric generation, renewable sources like hydro, solar and wind depended on installed capacity and weather conditions. The 
narrative that coal-fired thermal generation contributes more to climate change than using natural gas, led to protests 
regarding the reuse of decommissioned coal mines10,11 [73].

Amid the energy crisis that has led Europe to deep reflections on its electricity mix, the European Commission’s 
response has been the EU Taxonomy Regulation and the REPowerEU Strategy. The Commission introduced the REPow‑
erEU strategy, setting targets for renewable energy capacity to be at 1236 GW in 2030 and to save up to 21 bcm of gas per 
year [73]. The Commission also introduced, for example, a new target for sustainable biomethane production by 2030 as 
a cost-efficient way to reduce natural gas imports from Russia, and an ambitious target of 20 million tons of renewable 
hydrogen, of which 10 produced domestically and 10 imported via priority corridors by 2030.

The technical, economic, and logistical aspects of hydrogen production, storage, transportation, distribution, and 
utilization pose significant challenges in achieving net-zero emissions. It is worth noting that most of the hydrogen 
produced worldwide, approximately 95%, comes from processes that heavily rely on fossil fuels. This type of hydrogen 
is commonly referred to as “grey hydrogen” and contributes to around 2% of global carbon emissions [74].

Hydrogen used in a Net Zero system will be either produced by processes which generate carbon dioxide, but which 
is permanently extracted and stored (“blue hydrogen”), or through the use of renewable power to allow the electrolysis 
of water (“green hydrogen”). The current deployment of carbon capture, utilization, and storage (CCUS) technology is 
insufficient to significantly reduce our emissions on a large scale. Moreover, the economic and commercial conditions 
necessary for widespread utilization of CCUS have not been established [75].

Consequently, relying on blue hydrogen as a substantial means of decarbonization in the near to medium future 
is not feasible, and there are also several drawbacks for the large-scale production of green hydrogen via electrolysis 
and solar photovoltaics [76–78].

While hydrogen is expected to play a role in our energy portfolio, it is important to avoid viewing it as a miraculous 
solution to all our challenges, as some may perceive it to be. There are critical questions that still need to be addressed 
regarding the future production, distribution, and utilization of large quantities of hydrogen in a manner that aligns 
with the goal of achieving Net Zero emissions while maintaining cost efficiency [79].

We must carefully consider how to overcome hurdles such as scaling up hydrogen production to meet demand, 
establishing efficient distribution networks, and ensuring its compatibility with Net Zero objectives. Furthermore, 
cost-effective methods and technologies need to be developed to make hydrogen a viable option in the transition 
to a sustainable energy future. By addressing these key concerns, we can better understand the role hydrogen can 
play in our overall decarbonization efforts. It is very likely that any future use of hydrogen will be limited rather than 
universal.

Moreover, in 2021, the European Commission adopted the EU taxonomy regulation. The EU taxonomy regulation 
classifies economic activities based on their environmental sustainability to guide investments towards climate change 
mitigation and environmental objectives. It covers sectors such as energy, transportation, agriculture, manufacturing, 
and more, and establishes criteria and disclosure requirements to determine if an activity is environmentally sustainable. 
The inclusion of natural gas in the EU taxonomy has sparked debate due to its status as a fossil fuel. Advocates argue that 
natural gas can serve as a transitional fuel towards a low-carbon future, as it emits less carbon dioxide and air pollutants 
compared to coal and oil.

9  https://​www.​dw.​com/​en/​germa​ny-​shuts-​down-​its-​last-​nucle​ar-​power-​stati​ons/a-​65249​019.
10  https://​www.​bbc.​com/​news/​world-​europe-​64309​628.
11  https://​www.​reute​rs.​com/​busin​ess/​envir​onment/​german-​police-​drag-​away-​activ​ists-​prote​sting-​coal-​mine-​expan​sion-​2023-​01-​10/.

https://www.dw.com/en/germany-shuts-down-its-last-nuclear-power-stations/a-65249019
https://www.bbc.com/news/world-europe-64309628
https://www.reuters.com/business/environment/german-police-drag-away-activists-protesting-coal-mine-expansion-2023-01-10/
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They believe it can reduce greenhouse gas emissions in the short term and provide backup to intermittent renewable 
energy sources, ensuring energy security and grid stability. However, critics express concerns about methane leaks during 
extraction and distribution, as methane is a potent greenhouse gas. They emphasize the need to prioritize investments 
in renewable energy sources to achieve long-term climate goals. The EU is actively working on criteria to determine the 
sustainability of different activities, including natural gas, in the taxonomy.

In response to these debates, the EU has been working to establish criteria and thresholds for including or excluding 
different economic activities, including natural gas, in the EU taxonomy. The aim is to ensure consistency with climate 
objectives and avoid greenwashing. The decision on whether natural gas will be classified as a sustainable investment 
in the EU taxonomy will depend on the outcome of these ongoing discussions and assessments of its environmental 
impact throughout its life cycle.

Even though once again the European Energy Commission has met and suggested goals and directives for a cleaner, 
more sustainable, and safer generation, the doubt will always remain as to which will be the guiding processes for the 
fulfillment of these directives. Will it really be, that this time, the bloc will move towards a cleaner, independent and safe 
electric mix or will the economic and individual interests of some countries once again overcome all the others?

Based on the analysis of the OECD Europe’s electricity generation data from 2010 to 2022, and extensive literature 
review, it is evident that the transition of the European electricity mix to a cleaner and more sustainable mix has not 
occurred as anticipated. The notion that natural gas is a cleaner solution compared to coal or oil, is flawed.

In fact, this is a solution that, even when analyzing the entire life cycle, according to many authors, has a lower impact 
on the concentration of greenhouse gases in the atmosphere. But that is only if compared to burning coal or oil, and 
even then, this lower emission of GHGs may depend on the country, technology, and transportation of natural gas, 
among others [80].

But the reality is that the entire process of extracting, transporting, and burning natural gas emits a large amount of 
GHGs into the atmosphere, and does influence climate change and the entire climate imbalance experienced by Europe 
and much of the planet in recent years [9, 81–84].

In 2021, the use of natural gas for power generation in OECD Europe resulted in approximately 1010 millions tones 
of CO2 eq into the atmosphere, compared to 794 Millions tones of CO2 eq from the use of coal. Is this the migration to a 
clean electric and energy mix?

Many researchers have asked this same question, raising concerns about the bloc’s progress towards a clean energy 
mix. The lack of political interest and public understanding regarding renewable energy sources, such as solar and wind, 
has hindered their implementation [85, 86].

Apparently, many studies using robust tool methodologies and more current technical capacity estimates on Europe’s 
potential for really cleaner and renewable energy generation, such as solar and wind, and their advantages, e.g. [87–90], 
have not aroused enough political interest for their implementation. As well as investment in new technologies for the 
conversion of solar energy based, for example, on natural dyes, which would have a lower environmental impact in their 
disposal phase [91] are not always encouraged and developed on an industrial scale.

Just the opposite, some protests the installation of even wind farms have been observed in regions of the bloc12,13,14,15. 
This illustrates how the lack of understanding and clarification of the population in relation to the impacts of the electric‑
ity mix on the climate, the economy and society as a whole, can lead to totally erroneous interpretations.

Decisions made by influential countries within the bloc, driven by economic interests, have contributed to the expan‑
sion of natural gas-based energy generation and increasing the dependence on countries like Russia [21, 72]. This depend‑
ence may have influenced Russia’s invasion of Ukraine, leading to rising energy prices, inflation, and economic challenges 
across Europe [92, 93].

12  https://​www.​ejatl​as.​org/​confl​ict/​popul​ar-​and-​insti​tutio​nal-​oppos​ition-​to-​the-​serra-​morena-​and-​la-​macana-​wind-​farms-​in-​lanoia-​spain.
13  https://​editi​on.​cnn.​com/​2023/​03/​01/​europe/​greta-​thunb​erg-​wind-​farm-​norway-​sami-​clima​te-​intl/​index.​html.
14  https://​www.​reute​rs.​com/​world/​europe/​norway-​wind-​farms-​heart-​sami-​prote​st-​viola​te-​human-​rights-​minis​ter-​says-​2023-​03-​02/.
15  https://​renew​ables​now.​com/​news/​anti-​renew​ables-​prote​sters-​from-​rural-​spain-​desce​nd-​on-​madrid-​757820/.

https://www.ejatlas.org/conflict/popular-and-institutional-opposition-to-the-serra-morena-and-la-macana-wind-farms-in-lanoia-spain
https://edition.cnn.com/2023/03/01/europe/greta-thunberg-wind-farm-norway-sami-climate-intl/index.html
https://www.reuters.com/world/europe/norway-wind-farms-heart-sami-protest-violate-human-rights-minister-says-2023-03-02/
https://renewablesnow.com/news/anti-renewables-protesters-from-rural-spain-descend-on-madrid-757820/
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6 � Summary

First and foremost, it is essential to acknowledge that the expansion of an electricity mix within a globalized world, should 
not solely prioritize economic interests. The environmental must be a central consideration and the population should 
be adequately informed and engaged in transparent and objective discussions about energy generation sources. Envi‑
ronmental education plays a vital role in fostering informed decision-making and raising awareness about the impacts 
of the electricity mix on climate, the economy, and society as a whole.

The authors emphasize the need for transparent and objective communication, free from manipulation, regarding 
energy generation sources. This involves collaboration between the public and private sectors, as well as the active 
participation of the scientific community. Additionally, reflection on consumption patterns and modes of society are 
necessary to ensure a sustainable future and reduce greenhouse gas emissions associated with power generation.

These reflections and discussions are necessary so that the expansion of the electric matrix in Europe and in any bloc 
or country does not repeat past actions that had, and still have, major global repercussions. In this sense we can list:

–	 The European community’s reactions to the Fukushima disaster only occurred practically on “discourse”, with the 
most effective shutdown of nuclear plants occurring only 10 years after the incident. This is because safety involving 
generation conditions also has to be weighed against the safety of energy supply;

–	 The decarbonization of an electric matrix from the use of natural gas is a fallacy, as can be observed when one evalu‑
ates the emissions and concentrations of CO2 eq;

–	 The expansion using hydrogen, even “green” hydrogen (the only environmentally viable option), should still be care‑
fully analyzed because of the costs and the environmental impact of the whole process;

–	 The solution for decarbonization of the electric matrix already exists and should be, at this moment, based on wind 
(on shore and offshore) and solar generation, as described in the most recent IEA Report, called “Renewable Energy 
Market Update Outlook for 2023 and 2024” 16. However, this expansion must be done in a coordinated manner with 
the climatic potential of each region, so that there is no excess generation at one time and deficit at another, and 
always seeking new conversion technologies with less environmental impact;

–	 The life cycle and the operation risk must always be analyzed when thinking about a source of energy generation. A 
nuclear power plant, for example, emits, in its operating phase, practically no gram of CO2 eq; however, it has a high 
operational risk, in addition to the production of radioactive waste. A hydroelectric power plant has a low environ‑
mental impact during its operation; however, it has a high impact during its construction, which is also perpetuated 
during its operational phase, unless the vegetation suppression is restored.

The lack of a broad and efficient environmental education, allied to fake news and a certain manipulation of reality 
due to political and economic interests, often leads the population itself to not ask the right questions, as for example:

–	 Couldn’t small hydroelectric plants (with their due environmental compensation) and nuclear plants (investing more 
and more in their operational safety) be part of the expansion of an electric matrix thinking about its decarbonization?

–	 Although burning coal emits to the atmosphere other pollutants that are harmful to human health, besides GHG, such 
as CO2, in a period of war and humanitarian crisis, knowing that natural gas generation contributes to the greenhouse 
effect in a similar way to coal, is it unthinkable to reactivate coal plants to create greater independence for the invad‑
ing country (a natural gas exporter)?

–	 Are protests against the installation of wind farms valid for local reasons linked to landscape change, bird routing 
(which is quite questionable) and some noise? Are these factors worse than crises associated with climate extremes 
such as prolonged droughts, large forest fires, hailstorms, floods, etc. that can occur on a local as well as a global scale?

Finally, the authors hope that with this work they are contributing to a greater dissemination of knowledge, based 
on real data and reliable sources, with in-depth analysis and free of any kind of passion. Future work can be done using 
remote sensing tools to better understand the spatial and temporal distribution of emissions from the electricity matrix 
of OECD Europe.

16  https://​iea.​blob.​core.​windo​ws.​net/​assets/​63c14​514-​6833-​4cd8-​ac53-​f9918​c2e4c​d9/​Renew​ableE​nergy​Marke​tUpda​te_​June2​023.​pdf.

https://iea.blob.core.windows.net/assets/63c14514-6833-4cd8-ac53-f9918c2e4cd9/RenewableEnergyMarketUpdate_June2023.pdf
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7 � Conclusions

The transition of the electricity matrix of OECD Europe was going on a path, until 2016, prioritizing the decrease in coal 
and gas generation and the increase in the insertion of renewables, such as wind and solar. However, this path apparently 
also had changed by political decisions, placing natural gas as belonging to this transition to a cleaner matrix, which is 
observed to be not true, when evaluating, for example, the CO2 eq emissions associated with power generation.

In relation to the security of electricity supply, this study also discussed that Europe’s electricity matrix could rely on 
hydroelectric generation, in addition to thermoelectric generation, to meet peak periods of high demand that require 
rapid and secure dispatch, since the variability of hydroelectric generation is small on the continent, due to its spatial 
complementarity. In this way, the need for conventional thermoelectric and nuclear generation, added together, could 
be around 15 to 20%, to make up, together with hydroelectric generation, 30% of electrically stable generation. This 
figure is much lower than the 58% of thermoelectric generation applied in 2022.

This decision has brought consequences that go beyond the delay in the transition of the electricity matrix and, conse‑
quently, the worsening of the changing climate process. In fact, it made Europe “hostage” to Russian gas exports, which, 
in a way, may have been a decisive element for Russia’s invasion of Ukraine, creating a war that has already exceeded 
500 days, with accusations of crimes against humanity, and that has reactivated tensions regarding a possible nuclear 
conflict.

Acknowledgements  The authors would like to thank “Programa para la recualificación del sistema Universitario Español durante el trienio 
2021-2023—Convocatória Maria Zambrano” funded by European Union—NextGenerationEU for having provided the knowledge exchanges 
and the necessary conditions to carry out this study.

Author contributions  MC—Articulating the ideas in the text, drafting the main text and processing the data. NE—Proofreading the text, describ‑
ing sustainability topics and the history of the EE Mix. SJ—Proofreading the text and describing studies on EE Mix projections in changing 
climate scenarios. JPM—Proofreading the text and helping with statistical analysis. LS—Proofreading the text and helping to prepare the dis‑
cussions on CO2 Equivalent. JD—Proofreading the text and describing the topics on hydrogen energy generation. MT—Proofreading the text.

Data availability  The datasets generated during and/or analyzed during the current study are available from the corresponding author on 
reasonable request.

Declarations 

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adapta‑
tion, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article 
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Rahman S, Castro A. Environmental impacts of electricity generation: a global perspective. IEEE Trans Energy Convers. 1995;10(2):307–
14. https://​doi.​org/​10.​1109/​60.​391897.

	 2.	 Laurent A, Espinosa N. Environmental impacts of electricity generation at global, regional and national scales in 1980–2011: what 
can we learn for future energy planning? Energy Environ Sci. 2015;8:689. https://​doi.​org/​10.​1039/​C9CE0​1771B.

	 3.	 Liu D, Guo X, Xiao B. What causes growth of global greenhouse gas emissions? Evidence from 40 countries. Sci Total Environ. 
2019;661:750–66. https://​doi.​org/​10.​1016/j.​scito​tenv.​2019.​01.​197.

	 4.	 Lal R, Lorenz K, Hüttl RF, Schneider BU, von Braun J. Ecosystem services and carbon sequestration in the biosphere. Springer Dordrecht; 
2013. p. 467. https://​doi.​org/​10.​1007/​978-​94-​007-​6455-2.

	 5.	 Almeida RM, Shi Q, Gomes-Selman JM, et al. Reducing greenhouse gas emissions of Amazon hydropower with strategic dam plan‑
ning. Nat Commun. 2019;10:4281. https://​doi.​org/​10.​1038/​s41467-​019-​12179-5.

	 6.	 Howarth RW. A bridge to nowhere: methane emissions and the greenhouse gas footprint of natural gas. Energy Sci Eng. 2014;2(2):47–
60. https://​doi.​org/​10.​1002/​ese3.​35.

	 7.	 Jenner S, Lamadrid AJ. Natural gas vs. coal: policy implications from environmental impact comparisons of Natural gas, conventional 
gas, and coal on air, water, and land in the United States. Energy Policy. 2013;53:442–53. https://​doi.​org/​10.​1016/j.​enpol.​2012.​11.​010.

	 8.	 Balcombe P, Brandon NP, Hawkes AD. Characterising the distribution of methane and carbon dioxide emissions from the natural gas 
supply chain. J Clean Prod. 2018;172:2019–32. https://​doi.​org/​10.​1016/j.​jclep​ro.​2017.​11.​223.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1109/60.391897
https://doi.org/10.1039/C9CE01771B
https://doi.org/10.1016/j.scitotenv.2019.01.197
https://doi.org/10.1007/978-94-007-6455-2
https://doi.org/10.1038/s41467-019-12179-5
https://doi.org/10.1002/ese3.35
https://doi.org/10.1016/j.enpol.2012.11.010
https://doi.org/10.1016/j.jclepro.2017.11.223


Vol:.(1234567890)

Research	 Discover Energy             (2024) 4:2  | https://doi.org/10.1007/s43937-024-00026-8

	 9.	 Getirana A, Libonati R, Cataldi M. Brazil is in water crisis—it needs a drought plan. Nature. 2021; 600: 218–220. https://​www.​nature.​
com/​artic​les/​d41586-​021-​03625-w.

	10.	 Kent ST, McClure LA, Zaitchik BF, Smith TT, Gohlke JM. Heat Waves and Health Outcomes in Alabama (USA): the importance of heat 
wave definition. Environ Health Perspect. 2014;122(2):151–8. https://​doi.​org/​10.​1289/​ehp.​13072​62.

	11.	 Amirkhani M, Ghaemimood S, von Schreeb J, El-Khatib Z, Yaya Z. Extreme weather events and death based on temperature and CO2 
emission—a global retrospective study in 77 low-, middle- and high-income countries from, 1999 to 2018. Prevent Med Rep. 2022. 
https://​doi.​org/​10.​1016/j.​pmedr.​2022.​101846.

	12.	 Royé D, Codesido R, Tobías A, Taracido M. Heat wave intensity and daily mortality in four of the largest cities of Spain. Environ Res. 
2020. https://​doi.​org/​10.​1016/j.​envres.​2019.​109027.

	13.	 Çulpan HC, Sahin Ü, Can G. A step to develop heat-health action plan: assessing heat waves’ impacts on mortality. Atmosphere. 
2022;13:2126. https://​doi.​org/​10.​3390/​atmos​13122​126.

	14.	 Gazol A, Camarero JJ. Compound climate events increase tree drought mortality across European forests. Sci Total Environ. 2022. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2021.​151604.

	15.	 Chen M, Cataldi M, Francisco CN. Application of hydrological modeling related to the 2011 disaster in the mountainous region of Rio 
De Janeiro, Brazil. Climate. 2023;11:55.

	16.	 Burgherr P, Hirschberg S. Comparative risk assessment of severe accidents in the energy sector. Energy Policy. 2014;74(Supplement):1. 
https://​doi.​org/​10.​1016/j.​enpol.​2014.​01.​035.

	17.	 Burgherr P, Giroux J, Spada M. Accidents in the energy sector and energy infrastructure attacks in the context of energy security. Eur 
J Risk Regul. 2015;6(2):271–83. https://​doi.​org/​10.​1017/​S1867​299X0​00045​78.

	18.	 Sovacool BK, Kryman M, Laine E. Profiling technological failure and disaster in the energy sector: a comparative analysis of historical 
energy accidents. Energy. 2015. https://​doi.​org/​10.​1016/j.​energy.​2015.​07.​043.

	19.	 Mignan A, Spada M, Burgherr P, Wang Z, Sornette D. Dynamics of severe accidents in the oil & gas energy sector derived from the 
authoritative energy-related severe accident database. PLoS ONE. 2022. https://​doi.​org/​10.​1371/​journ​al.​pone.​02639​62.

	20.	 Aitken C, Ersoy E. War in Ukraine: the options for Europe’s energy supply. World Econ. 2022;46:887–96. https://​doi.​org/​10.​1111/​twec.​
13354.

	21.	 Osička J, Černoch F. European energy politics after Ukraine: the road ahead. Energy Res Soc Sci. 2022;91: 102757. https://​doi.​org/​10.​
1016/j.​erss.​2022.​102757.

	22.	 Deng M, Leippold M, Wagner AF, Wang Q. Stock Prices and the Russia-Ukraine War: sanctions, energy and ESG, CEPR Discussion Paper 
No. DP17207, 2022. Available at SSRN: https://​ssrn.​com/​abstr​act=​41213​82.

	23.	 Sturm C. Between a rock and a hard place: European energy policy and complexity in the wake of the Ukraine war. J Ind Bus Econ. 
2022;49:835–78. https://​doi.​org/​10.​1007/​s40812-​022-​00233-1.

	24.	 EU—European Union. Consolidated version of the Treaty on the Functioning of the European Union. Part Three—Union Policies and 
Internal Actions. Title—Energy, Article 194. Document 12016E194. OJ C 202, 7.6.2016, p. 134–135. Available at: http://​data.​europa.​
eu/​eli/​treaty/​tfeu_​2016/​art_​194/​oj. Assessed at: 02 Apr 2023.

	25.	 EU. Treaty of the European Union—consolidated version, 2020: https://​eur-​ex.​europa.​eu/​legal-​conte​nt/​EN/​TXT/​PDF/?​uri=​CELEX:​
12016E/​TXT&​from=​EN, Accessed at: 25 may 2023.

	26.	 Pepe JM. Geopolitcs and Energy Security in Europe—How do we move forward? Friedich-Ebert-Stiftung. CCCSJ | FES Just Climate, 
21 pp, 2022. https://​www.​funcas.​es/​artic​ulos/​the-​geopo​litics-​of-​energy-​in-​europe-​short-​term-​and-​long-​term-​issues/.

	27.	 EU. Council Directive 2003/96/EC of 27 October 2003 restructuring the Community framework for the taxation of energy products 
and electricity (Text with EEA relevance). Document 32003L0096. OJ L 283, 31.10.2003, p. 51–70. Available at: http://​data.​europa.​
eu/​eli/​dir/​2003/​96/​oj. Assessed at: 02 Apr 2023.

	28.	 EU. Directive 2009/28/EC of the European Parliament and of the Council of 23 April 2009 on the promotion of the use of energy from 
renewable sources and amending and subsequently repealing Directives 2001/77/EC and 2003/30/EC (Text with EEA relevance), 
Document 32009L0028, OJ L 140, 5.6.2009, p. 16–62. Available at: http://​data.​europa.​eu/​eli/​dir/​2009/​28/​oj. Assessed at 02 Apr 2023.

	29.	 Maltby T. European Union energy policy integration: a case of European Commission policy entrepreneur ship and increasing supra 
nationalism. Energy Policy. 2013;55:435–44. https://​doi.​org/​10.​1016/j.​enpol.​2012.​12.​031.

	30.	 Yenikeyff SM. Kazakhstan’s gas: export markets and export routes. Oxford Institute for Energy Studies, NG 25, 2008. Available at: https://​www.​
oxfor​dener​gy.​org/​wpcms/​wp-​conte​nt/​uploa​ds/​2010/​11/​NG25-​Kazak​hstan​sgasE​xport​Marke​tsand​Expor​tRout​es-​Shami​lYeni​keyeff-​2008.​pdf. 
Assessed at: 15 mar 2023.

	31.	 EU. Regulation (EU) No 1227/2011 of the European Parliament and of the Council of 25 October 2011 on wholesale energy market integrity 
and transparency Text with EEA relevance. Document 52015DC0080. Available at: https://​eur-​lex.​europa.​eu/​legal-​conte​nt/​EN/​TXT/?​uri=​CELEX:​
52015​DC0080. Assessed at: 13 Mai 2023.

	32.	 EU. Regulation (EC) No 714/2009 of the European Parliament and of the Council of 13 July 2009 on conditions for access to the network for 
cross-border exchanges in electricity and repealing Regulation (EC) No 1228/2003 (Text with EEA relevance). Document 32009R0714. OJ L 
211, 14.8.2009, p. 15–35. Available at: http://​data.​europa.​eu/​eli/​reg/​2009/​714/​oj. Assessed at 02 Apr 2023.

	33.	 RWE—Rheinisch-Westfälisches Elektrizitätswerk. Elbehafen LNG SRU Terminal Brunsbüttel. Available at: https://​www.​rwe.​com/​en/​resea​rch-​
and-​devel​opment/​proje​ct-​plans/​float​ing-​lng-​termi​nals/​elbeh​afen-​lng/. Assessed at 04 Apr 2023.

	34.	 Hegland M. Data mining techniques. Acta Numer. 2001;10:313–55.
	35.	 IEA, World Energy Outlook 2019. ISSN 2072-5302. Available at: https://​iea.​blob.​core.​windo​ws.​net/​assets/​98909​c1b-​aabc-​4797-​9926-​35307​

b418c​db/​WEO20​19-​free.​pdf. Assessed at 20 June 2023.
	36.	 IPCC, 2007: Climate Change 2007: Mitigation. Contribution of Working Group III to the Fourth Assessment Report of the Intergovernmental 

Panel on Climate Change [B. Metz, O.R. Davidson, P.R. Bosch, R. Dave, L.A. Meyer (eds)], Cambridge University. Press, Cambridge, United King‑
dom and New York, NY, USA.

	37.	 Harvey AC. Shephard, N. 10 Structural time series models, Handbook of Statistics, Elsevier, 1993; 11: 261–302. https://​doi.​org/​10.​1016/​S0169-​
7161(05)​80045-8.

https://www.nature.com/articles/d41586-021-03625-w
https://www.nature.com/articles/d41586-021-03625-w
https://doi.org/10.1289/ehp.1307262
https://doi.org/10.1016/j.pmedr.2022.101846
https://doi.org/10.1016/j.envres.2019.109027
https://doi.org/10.3390/atmos13122126
https://doi.org/10.1016/j.scitotenv.2021.151604
https://doi.org/10.1016/j.enpol.2014.01.035
https://doi.org/10.1017/S1867299X00004578
https://doi.org/10.1016/j.energy.2015.07.043
https://doi.org/10.1371/journal.pone.0263962
https://doi.org/10.1111/twec.13354
https://doi.org/10.1111/twec.13354
https://doi.org/10.1016/j.erss.2022.102757
https://doi.org/10.1016/j.erss.2022.102757
https://ssrn.com/abstract=4121382
https://doi.org/10.1007/s40812-022-00233-1
http://data.europa.eu/eli/treaty/tfeu_2016/art_194/oj
http://data.europa.eu/eli/treaty/tfeu_2016/art_194/oj
https://eur-ex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:12016E/TXT&from=EN
https://eur-ex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:12016E/TXT&from=EN
https://www.funcas.es/articulos/the-geopolitics-of-energy-in-europe-short-term-and-long-term-issues/
http://data.europa.eu/eli/dir/2003/96/oj
http://data.europa.eu/eli/dir/2003/96/oj
http://data.europa.eu/eli/dir/2009/28/oj
https://doi.org/10.1016/j.enpol.2012.12.031
https://www.oxfordenergy.org/wpcms/wp-content/uploads/2010/11/NG25-KazakhstansgasExportMarketsandExportRoutes-ShamilYenikeyeff-2008.pdf
https://www.oxfordenergy.org/wpcms/wp-content/uploads/2010/11/NG25-KazakhstansgasExportMarketsandExportRoutes-ShamilYenikeyeff-2008.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52015DC0080
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52015DC0080
http://data.europa.eu/eli/reg/2009/714/oj
https://www.rwe.com/en/research-and-development/project-plans/floating-lng-terminals/elbehafen-lng/
https://www.rwe.com/en/research-and-development/project-plans/floating-lng-terminals/elbehafen-lng/
https://iea.blob.core.windows.net/assets/98909c1b-aabc-4797-9926-35307b418cdb/WEO2019-free.pdf
https://iea.blob.core.windows.net/assets/98909c1b-aabc-4797-9926-35307b418cdb/WEO2019-free.pdf
https://doi.org/10.1016/S0169-7161(05)80045-8
https://doi.org/10.1016/S0169-7161(05)80045-8


Vol.:(0123456789)

Discover Energy             (2024) 4:2  | https://doi.org/10.1007/s43937-024-00026-8	 Research

	38.	 Rodgers JL, Nicewander WA. Thirteen ways to look at the correlation coefficient. Am Stat. 1988;42(1):59–66. https://​doi.​org/​10.​1080/​00031​
305.​1988.​10475​524.

	39.	 Saplioglu K, Kucukerdem TS, Senel FA. Determining rainwater harvesting storage capacity with particle swarm optimization. Water Resour 
Manage. 2019;33:4749–66. https://​doi.​org/​10.​1007/​s11269-​019-​02389-3.

	40.	 Kim Y, Kim M, Kim W. Effect of the Fukushima nuclear disaster on global public acceptance of nuclear energy. Energy Policy. 2013;61:822–8. 
https://​doi.​org/​10.​1016/j.​enpol.​2013.​06.​107.

	41.	 Hayashi M, Hughes L. The Fukushima nuclear accident and its effect on global energy security. Energy Policy. 2013;59:102–11. https://​doi.​org/​
10.​1016/j.​enpol.​2012.​11.​046.

	42.	 Buechler E, et al. Global changes in electricity consumption during COVID-19. iScience. 2022. https://​doi.​org/​10.​1016/j.​isci.​2021.​103568.
	43.	 Ruhnau O, Stiewe C, Muessel J, et al. Natural gas savings in Germany during the 2022 energy crisis. Nat Energy. 2023. https://​doi.​org/​10.​1038/​

s41560-​023-​01260-5.
	44.	 Lan T, Sher G, Zhou J. The economic impacts on Germany of a potential Russian gas shutoff, IMF Working Papers, 2022(144), A001 (2022). 

https://​doi.​org/​10.​5089/​97984​00215​285.​001.
	45.	 Fell H, Gilbert A, Jenkins JD, et al. Nuclear power and renewable energy are both associated with national decarbonization. Nat Energy. 

2022;7:25–9. https://​doi.​org/​10.​1038/​s41560-​021-​00964-w.
	46.	 Pereira P, Bašić F, Bogunovic I, Barcelo D. Russian-Ukrainian war impacts the total environment. Sci Total Environ. 2022. https://​doi.​org/​10.​

1016/j.​scito​tenv.​2022.​155865.
	47.	 Toreti A, Bavera D, Acosta Navarro J, Cammalleri C, de Jager A, Di Ciollo C, Hrast Essenfelder A, Maetens W, Magni D, Masante D, Mazzeschi M, 

Niemeyer S, Spinoni J. Drought in Europe August 2022, Publications Office of the European Union, Luxembourg, 2022, https://​doi.​org/​10.​
2760/​264241, JRC130493.

	48.	 Xu R, Zeng Z, Pan M, et al. A global-scale framework for hydropower development incorporating strict environmental constraints. Nat Water. 
2023;1:113–22. https://​doi.​org/​10.​1038/​s44221-​022-​00004-1.

	49.	 Jerez S, Tobin I, Turco M, Jiménez-Guerrero P, Vautard R, Montávez JP. Future changes, or lack thereof, in the temporal variability of the combined 
wind-plus-solar power production in Europe. Renewable Energy. 2019;139:251–60. https://​doi.​org/​10.​1016/j.​renene.​2019.​02.​060.

	50.	 Jerez S, Barriopedro D, García-López A, Lorente-Plazas R, Somoza AM, Turco M, et al. An action-oriented approach to make the most of the 
wind and solar power complementarity. Earth’s Future. 2023;11:e2022EF003332. https://​doi.​org/​10.​1029/​2022E​F0033​32.

	51.	 Weschenfelder F, Leite GNP, Araújo da Costa AC, Vilela OC, Ribeiro CM, Ochoa AAV, Araújo AM. A review on the complementarity between 
grid-connected solar and wind power systems. J Cleaner Prod. 2020. https://​doi.​org/​10.​1016/j.​jclep​ro.​2020.​120617.

	52.	 Schindler D, Behr HD, Jung C. On the spatiotemporal variability and potential of complementarity of wind and solar resources. Energy Conver‑
sion Manag. 2020. https://​doi.​org/​10.​1016/j.​encon​man.​2020.​113016.

	53.	 Impram S, Nese SV, Oral B. Challenges of renewable energy penetration on power system flexibility: a survey. Energy Strategy Rev. 2020. 
https://​doi.​org/​10.​1016/j.​esr.​2020.​100539.

	54.	 Al-Shetwi AQ, Hannan MA, Jern KP, Mansur M, Mahlia TMI. Grid-connected renewable energy sources: review of the recent integration require‑
ments and control methods. J Cleaner Prod. 2020. https://​doi.​org/​10.​1016/j.​jclep​ro.​2019.​119831.

	55.	 Grams C, Beerli R, Pfenninger S, et al. Balancing Europe’s wind-power output through spatial deployment informed by weather regimes. Nature 
Clim Change. 2017;7:557–62. https://​doi.​org/​10.​1038/​nclim​ate33​38.

	56.	 Wohland J, Brayshaw D, Pfenninger S. Mitigating a century of European renewable variability with transmission and informed siting. Environ 
Res Lett. 2021;16(6): 064026.

	57.	 Zhang X, Myhrvold NP, Caldeira K. Key factors for assessing climate benefits of natural gas versus coal electricity generation. Environ Res Lett. 
2014;9: 114022. https://​doi.​org/​10.​1088/​1748-​9326/9/​11/​114022.

	58.	 Brehm P. Natural gas prices, electric generation investment, and greenhouse gas emissions. Resour Energy Econ. 2019;58: 101106. https://​
doi.​org/​10.​1016/j.​resen​eeco.​2019.​06.​003.

	59.	 Weisser H. The security of gas supply—a critical issue for Europe? Energy Policy. 2007;35(1):1–5. https://​doi.​org/​10.​1016/j.​enpol.​2005.​10.​002.
	60.	 Burnham A, Han J, Clark CE, Wang M, Dunn JB, Palou-Rivera I. Life-cycle greenhouse gas emissions of shale gas, natural gas, coal, and petroleum. 

Environ Sci Technol. 2012;46(2):619–27. https://​doi.​org/​10.​1021/​es201​942m.
	61.	 Kemfert C, Präger F, Braunger I, et al. The expansion of natural gas infrastructure puts energy transitions at risk. Nat Energy. 2022;7:582–7. 

https://​doi.​org/​10.​1038/​s41560-​022-​01060-3.
	62.	 Lamb WF, et al. A review of trends and drivers of greenhouse gas emissions by sector from 1990 to 2018. Environ Res Lett. 2021. https://​doi.​

org/​10.​1088/​1748-​9326/​abee4e.
	63.	 Rosenzweig C, Karoly D, Vicarelli M, et al. Attributing physical and biological impacts to anthropogenic climate change. Nature. 2008;453:353–7. 

https://​doi.​org/​10.​1038/​natur​e06937.
	64.	 Ruddiman WF. The early anthropogenic hypothesis: challenges and responses. Rev Geophys. 2007;45:RG4001. https://​doi.​org/​10.​1029/​2006R​

G0002​07.
	65.	 Wittneben BBF. The impact of the Fukushima nuclear accident on European energy policy. Environ Sci Policy. 2012;15(1):1–3. https://​doi.​org/​

10.​1016/j.​envsci.​2011.​09.​002.
	66.	 Azam A, Rafiq M, Shafique M, Zhang H, Yuan J. Analyzing the effect of natural gas, nuclear energy and renewable energy on GDP and carbon 

emissions: a multi-variate panel data analysis. Energy. 2021. https://​doi.​org/​10.​1016/j.​energy.​2020.​119592.
	67.	 Giampietro M, Bukkens SGF. Knowledge claims in European Union energy policies: unknown knowns and uncomfortable awareness. Energy 

Res Soc Sci. 2022;91: 102739. https://​doi.​org/​10.​1016/j.​erss.​2022.​102739.
	68.	 IPCC: Climate Change 2022: Impacts, Adaptation, and Vulnerability. Contribution of Working Group II to the Sixth Assessment Report of the 

Intergovernmental Panel on Climate Change [H.-O. Pörtner, D.C. Roberts, M. Tignor, E.S. Poloczanska, K. Mintenbeck, A. Alegría, M. Craig, S. 
Langsdorf, S. Löschke, V. Möller, A. Okem, B. Rama (eds.)]. Cambridge University Press, Cambridge, UK and New York, NY, USA, 3056 pp. (2022) 
https://​doi.​org/​10.​1017/​97810​09325​844.

	69.	 Cunha Rael R. Merkel’s mistakes in German foreign policy towards Russia. Conjuntura Austral. 2023;14(65):21–31. https://​doi.​org/​10.​22456/​
2178-​8839.​127738.

https://doi.org/10.1080/00031305.1988.10475524
https://doi.org/10.1080/00031305.1988.10475524
https://doi.org/10.1007/s11269-019-02389-3
https://doi.org/10.1016/j.enpol.2013.06.107
https://doi.org/10.1016/j.enpol.2012.11.046
https://doi.org/10.1016/j.enpol.2012.11.046
https://doi.org/10.1016/j.isci.2021.103568
https://doi.org/10.1038/s41560-023-01260-5
https://doi.org/10.1038/s41560-023-01260-5
https://doi.org/10.5089/9798400215285.001
https://doi.org/10.1038/s41560-021-00964-w
https://doi.org/10.1016/j.scitotenv.2022.155865
https://doi.org/10.1016/j.scitotenv.2022.155865
https://doi.org/10.2760/264241
https://doi.org/10.2760/264241
https://doi.org/10.1038/s44221-022-00004-1
https://doi.org/10.1016/j.renene.2019.02.060
https://doi.org/10.1029/2022EF003332
https://doi.org/10.1016/j.jclepro.2020.120617
https://doi.org/10.1016/j.enconman.2020.113016
https://doi.org/10.1016/j.esr.2020.100539
https://doi.org/10.1016/j.jclepro.2019.119831
https://doi.org/10.1038/nclimate3338
https://doi.org/10.1088/1748-9326/9/11/114022
https://doi.org/10.1016/j.reseneeco.2019.06.003
https://doi.org/10.1016/j.reseneeco.2019.06.003
https://doi.org/10.1016/j.enpol.2005.10.002
https://doi.org/10.1021/es201942m
https://doi.org/10.1038/s41560-022-01060-3
https://doi.org/10.1088/1748-9326/abee4e
https://doi.org/10.1088/1748-9326/abee4e
https://doi.org/10.1038/nature06937
https://doi.org/10.1029/2006RG000207
https://doi.org/10.1029/2006RG000207
https://doi.org/10.1016/j.envsci.2011.09.002
https://doi.org/10.1016/j.envsci.2011.09.002
https://doi.org/10.1016/j.energy.2020.119592
https://doi.org/10.1016/j.erss.2022.102739
https://doi.org/10.1017/9781009325844
https://doi.org/10.22456/2178-8839.127738
https://doi.org/10.22456/2178-8839.127738


Vol:.(1234567890)

Research	 Discover Energy             (2024) 4:2  | https://doi.org/10.1007/s43937-024-00026-8

	70.	 Siddi M. German foreign policy towards Russia in the aftermath of the Ukraine crisis: a new ostpolitik? Europe Asia Stud. 2016;68(4):665–77. 
https://​doi.​org/​10.​1080/​09668​136.​2016.​11738​79.

	71.	 Newnhan R. Germany and Russia since reunification: Continuity, change, and the role of leaders. German Politics and Society, 2017; 35(1): 
42–62. https://​go.​gale.​com/​ps/i.​do?​id=​GALE%​7CA49​47432​94&​sid=​googl​eScho​lar&v=​2.​1&​it=​r&​linka​ccess=​abs&​issn=​10450​300&p=​AONE&​
sw=​w&​userG​roupN​ame=​anon%​7Ed66​66f79​&​aty=​open+​web+​entry.

	72.	 McWilliams B, Sgaravatti G, Tagliapietra S, Zachmann G. How would the European Union fare without Russian energy? Energy Policy. 2023;174: 
113413. https://​doi.​org/​10.​1016/j.​enpol.​2022.​113413.

	73.	 EU. Commission, 2022. REPowerEU: Joint European Action for More Affordable, Secure and Sustainable Energy. EC, Strasbourg. COM (2022) 
108 final. https://​energy.​ec.​europa.​eu/​system/​files/​2022-​03/​REPow​erEU_​Commu​nicat​ion_​with_​Annex​es_​EN.​pdf.

	74.	 IEA, Greenhouse Gas Emissions from Energy 2022—Database documentation, 2022. Available at: https://​www.​iea.​org/​data-​and-​stati​stics/​
data-​produ​ct/​green​house-​gas-​emiss​ions-​from-​energy. Assessed at 24 may 2023.

	75.	 Howarth RW, Jacobson MZ. How green is blue hydrogen? Energy Sci Eng. 2021;9(10):1676–87. https://​doi.​org/​10.​1002/​ese3.​956.
	76.	 Kayfeci M, Keçeba A, Bayat M. Hydrogen production. In Solar Hydrogen Production, Academic Press, pp 45–83, 2019.
	77.	 Beswick RR, Oliveira AM, Yan Y. Does the green hydrogen economy have a water problem? ACS Energy Lett. 2021;6(9):3167–9. https://​doi.​org/​

10.​1021/​acsen​ergyl​ett.​1c013​75.
	78.	 Palmer G, Roberts A, Hoadley A, Dargaville R, Honnery D. Life-cycle greenhouse gas emissions and net energy assessment of large-scale 

hydrogen production via electrolysis and solar PV. Energy Environ Sci. 2021;14(10):5113–31. https://​doi.​org/​10.​1039/​d1ee0​1288f.
	79.	 Assemblée Nationale. Les modes de production de l’ hydrogène, 2021. Available at: https://​www.​senat.​fr/​filea​dmin/​Fichi​ers/​Images/​opecst/​

quatre_​pages/​OPECST_​2021_​0032_​note_​Hydro​gene.​pdf. Assessed at: 02 Apr 2023.
	80.	 Agrawal KK, Jain S, Jain AK, et al. Assessment of greenhouse gas emissions from coal and natural gas thermal power plants using life cycle 

approach. Int J Environ Sci Technol. 2014;11:1157–64. https://​doi.​org/​10.​1007/​s13762-​013-​0420-z.
	81.	 AghaKouchak A, Chiang F, Huning LS, et al. Climate extremes and compound hazards in a warming world. Annu Rev Earth Planet Sci. 

2020;48(1):519–48. https://​doi.​org/​10.​1146/​annur​ev-​earth-​071719-​055228.
	82.	 Turco M, Jerez S, Augusto S, et al. Climate drivers of the 2017 devastating fires in Portugal. Sci Rep. 2019;9:13886. https://​doi.​org/​10.​1038/​

s41598-​019-​50281-2.
	83.	 Kron W, Löw P, Kundzewicz ZW. Changes in risk of extreme weather events in Europe. Environ Sci Policy. 2019;100:74–83. https://​doi.​org/​10.​

1016/j.​envsci.​2019.​06.​007.
	84.	 Weilnhammer V, Schmid J, Mittermeier I, et al. Extreme weather events in Europe and their health consequences—a systematic review. Int J 

Hyg Environ Health. 2021;233: 113688. https://​doi.​org/​10.​1016/j.​ijheh.​2021.​113688.
	85.	 Skrúcaný T, Kendra M, Stopka O, Milojevi S, Figlus T, Csiszár C. Impact of the electric mobility implementation on the greenhouse gases pro‑

duction in central European countries. Sustainability. 2019;11(18):4948. https://​doi.​org/​10.​3390/​su111​84948.
	86.	 Burchart-Korol D, Jursova S, Folga S, Pustejovska P. Life cycle impact assessment of electric vehicle battery charging in European Union coun‑

tries. J Cleaner Prod. 2020. https://​doi.​org/​10.​1016/j.​jclep​ro.​2020.​120476.
	87.	 Tobin I, Greuell W, Jerez S, Ludwig F, Vautard R, van Vliet MT, Bréon FM. Vulnerabilities and resilience of European power generation to 1.5 C, 

2 C and 3 C warming. Environ Res Lett. 2018;13(4):044024. https://​doi.​org/​10.​1088/​1748-​9326/​aab211.
	88.	 Šúri M, Huld TA, Dunlop ED, Ossenbrink HA. Potential of solar electricity generation in the European Union member states and candidate 

countries. Solarenergy. 2007;81(10):1295–305. https://​doi.​org/​10.​1016/j.​solen​er.​2006.​12.​007.
	89.	 Ryberg DS, Caglayan DG, Schmitt S, Linßen J, Stolten D, Robinius M. The future of European onshore wind energy potential: detailed distribu‑

tion and simulation of advanced turbine designs. Energy. 2019;182:1222–38. https://​doi.​org/​10.​1016/j.​energy.​2019.​06.​052.
	90.	 Enevoldsen P, Permien FH, Bakhtaoui I, von Krauland AK, Jacobson MZ, Xydis G, Sovacool BK, Valentine SV, Luecht D, Oxley G. How much wind 

power potential does Europe have? Examining European wind power potential with an enhanced socio-technical atlas. Energy Policy. 2019. 
https://​doi.​org/​10.​1016/j.​enpol.​2019.​06.​064.

	91.	 Pereira JWC, Cataldi M, Salcedo IL. Natural dye-sensitized solar cells: case study with tropical organic pigments. Environ Prog Sustain Energy. 
2021;1:1–7. https://​doi.​org/​10.​1002/​ep.​13603.

	92.	 Liadze I, Macchiarelli C, Mortimer-Lee P, Sanchez Juanino P. Economic costs of the Russia-Ukraine war. World Econ. 2023;46:874–86. https://​
doi.​org/​10.​1111/​twec.​13336.

	93.	 Guan Y, Yan J, Shan Y, et al. Burden of the global energy price crisis on households. Nat Energy. 2023;8:304–16. https://​doi.​org/​10.​1038/​
s41560-​023-​01209-8.

Publisher’s Note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1080/09668136.2016.1173879
https://go.gale.com/ps/i.do?id=GALE%7CA494743294&sid=googleScholar&v=2.1&it=r&linkaccess=abs&issn=10450300&p=AONE&sw=w&userGroupName=anon%7Ed6666f79&aty=open+web+entry
https://go.gale.com/ps/i.do?id=GALE%7CA494743294&sid=googleScholar&v=2.1&it=r&linkaccess=abs&issn=10450300&p=AONE&sw=w&userGroupName=anon%7Ed6666f79&aty=open+web+entry
https://doi.org/10.1016/j.enpol.2022.113413
https://energy.ec.europa.eu/system/files/2022-03/REPowerEU_Communication_with_Annexes_EN.pdf
https://www.iea.org/data-and-statistics/data-product/greenhouse-gas-emissions-from-energy
https://www.iea.org/data-and-statistics/data-product/greenhouse-gas-emissions-from-energy
https://doi.org/10.1002/ese3.956
https://doi.org/10.1021/acsenergylett.1c01375
https://doi.org/10.1021/acsenergylett.1c01375
https://doi.org/10.1039/d1ee01288f
https://www.senat.fr/fileadmin/Fichiers/Images/opecst/quatre_pages/OPECST_2021_0032_note_Hydrogene.pdf
https://www.senat.fr/fileadmin/Fichiers/Images/opecst/quatre_pages/OPECST_2021_0032_note_Hydrogene.pdf
https://doi.org/10.1007/s13762-013-0420-z
https://doi.org/10.1146/annurev-earth-071719-055228
https://doi.org/10.1038/s41598-019-50281-2
https://doi.org/10.1038/s41598-019-50281-2
https://doi.org/10.1016/j.envsci.2019.06.007
https://doi.org/10.1016/j.envsci.2019.06.007
https://doi.org/10.1016/j.ijheh.2021.113688
https://doi.org/10.3390/su11184948
https://doi.org/10.1016/j.jclepro.2020.120476
https://doi.org/10.1088/1748-9326/aab211
https://doi.org/10.1016/j.solener.2006.12.007
https://doi.org/10.1016/j.energy.2019.06.052
https://doi.org/10.1016/j.enpol.2019.06.064
https://doi.org/10.1002/ep.13603
https://doi.org/10.1111/twec.13336
https://doi.org/10.1111/twec.13336
https://doi.org/10.1038/s41560-023-01209-8
https://doi.org/10.1038/s41560-023-01209-8

	Balancing cleaner energy and geopolitical interests in the complex transition of the European electricity mix: from Fukushima to the Ukraine war
	Abstract
	1 Introduction
	2 Understanding the European energy market
	3 Methodology
	3.1 Database
	3.2 Applying data mining techniques

	4 Results
	4.1 European electricity mix data analysis
	4.1.1 Time decomposition of power generation series
	4.1.2 Analysis of power generation trends

	4.2 Natural gas as part of a green matrix in Europe

	5 Discussion
	6 Summary
	7 Conclusions
	Acknowledgements 
	References


