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Introduction

The relationship between energy and economic growth has traditionally been examined through the role of energy
as a productive input sustaining industrial activity, technological development and long-term economic expansion.
For decades, much of the literature focused on the extent to which rising energy consumption could stimulate output
growth, particularly in industrialized economies heavily dependent on fossil fuels. Within this framework, energy
was generally interpreted as a relatively stable factor supporting production systems and economic modernization.

Over time, however, this perspective has become increasingly difficult to maintain in its original form. Climate
change, decarbonization policies, technological transformation and geopolitical instability have progressively
altered the structure of global energy systems. More recently, the energy crises experienced after 2022 further
revealed how deeply energy markets are connected not only to economic growth, but also to inflation dynamics,
industrial competitiveness, infrastructure stability and broader macroeconomic resilience. In several countries,
sharp increases in gas and electricity prices rapidly transmitted across production chains, exposing structural
vulnerabilities that had remained partially hidden during periods of lower market volatility.
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As a result, the traditional energy—growth nexus now appears insufficient to fully explain the complexity of
contemporary energy fransitions. Current debates increasingly extend beyond the simple relationship between
energy consumption and GDP, incorporating broader issues such as environmental sustainability, energy security,
transition resilience and infrastructure adaptability. At the same time, the growing diffusion of renewable energy,
renewed interest in nuclear power and the emergence of renewable gases such as biomethane have contributed
to reshaping discussions around long-term transition pathways.

From these considerations, this paper aims to provide a broader interpretation of the contemporary
relationship between energy systems, economic performance and environmental sustainability. Rather than
offering an isolated empirical contribution, the study develops a structured review of the literature focusing on the
interaction between energy transition, macroeconomic resilience and environmental objectives. The central
argument is that energy systems can no longer be analysed separately from technological change, infrastructure
constraints, policy design and geopolitical uncertainty. These dimensions increasingly interact in shaping the
stability and effectiveness of transition pathways.

Particular attention is devoted to the growing relevance of energy resilience, diversification and transition
stability, especially following the recent disruptions observed in global energy markets. The review also highlights
how nonlinearities and country-specific conditions influence the outcomes of energy policies, helping to explain why
similar transition strategies may produce heterogeneous results across economies.

The remainder of the paper is organized as follows. Section 2 reviews the main theoretical and empirical
contributions on the energy—growth nexus and its evolution over time. Section 3 presents the methodological
approach adopted for the structured literature review. Section 4 discusses the main findings emerging from the
literature, with particular attention to renewable energy, nuclear power, environmental sustainability and energy
resilience. Finally, Section 5 concludes with broader implications for future energy-transition strategies.

1. Literature Review

This section considers the contributions on the nexus between the energy system, economic growth, and
environmental sustainability, with a focus on the recent development of the energy transition literature. As there is
so much available, the review does not try to give an in-depth review of all the literature. It is concerned, rather,
with the main theoretical orientations, empirical results and structural changes which have gradually reconfigured
the traditional energy—growth nexus. Over the years the literature has changed rapidly. Previous research focused
primarily on the dependence on fossil fuels and the macroeconomic consequences of oil-price shocks. Recent
studies have also increasingly focused on renewable energy, decarbonization strategies, environmental
sustainability and the effects of energy-market volatility. Simultaneously, methodological practices have adapted to
shifting from standard linear models to more nuanced frameworks that have the capacity to reflect nonlinear,
dynamic and country-specific relationships. The review is arranged in thematic areas in order to develop a clearer
analytical framework. First, we critique the conventional literature related to energy and economic growth, before
addressing the structural changes linked to the energy transition. The next step through the analysis centers on
environmental sustainability, renewable energy and the low-carbon transition pathways, namely, nuclear energy
and renewable gases such as biomethane. Special focus is made on the increasing significance of energy security,
resilience and infrastructure stability in modern transition strategies.

1.1 Energy and Economic Growth: Evidence and Controversies

Researchers have studied the link between energy and economic growth for many years, but it is still a topic of
debate. Early studies mainly looked at how oil price shocks affect the economy. Hamilton (1983, 2009) found that
higher oil prices often lead to economic downturns, showing a strong negative connection between energy costs
and output. Kilian (2008, 2009) later pointed out that not all energy shocks are the same, separating them into
supply-driven, demand-driven, and precautionary demand shocks. Baumeister and Kilian (2016) also showed that
expectations and future outlooks play a role in how energy shocks affect the economy.

Many studies have looked at how energy use and economic growth are connected, not just focusing on oil.
The results are mixed. Some research supports the idea that energy use drives economic growth, while other
studies find support for the opposite or for a two-way relationship (Stern, 2000; Narayan and Smyth, 2008; Payne,
2010). Reviews like Ozturk (2010) show that these differences often depend on factors such as how much energy
a country uses, its industry makeup, and the quality of its institutions.

More recent studies have included factors such as financial development, globalization, and changes in
economic structure when looking at energy and growth. Shahbaz et al. (2020) show that financial systems influence
both energy demand and economic performance. Acheampong (2018) finds that government policies affect how
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energy use, growth, and environmental quality are connected. Bhattacharya et al. (2016) report that renewable
energy can support economic growth, but its effect depends on a country's institutions and technology.

Environmental limits and the shift to cleaner energy have made the relationship between energy and growth
more complex. Recent research shows that it is not possible to study this link without considering climate policies
and efforts to reduce carbon emissions (Dong et al., 2018; Nathaniel and Bekun, 2020). Moving to cleaner energy
often means balancing short-term economic costs with long-term benefits for sustainability.

In the European context, natural gas and electricity markets have become very important. Gas is a key part
of industrial production and often the fuel that sets electricity prices, increasing its impact on the economy. Recent
studies show that changes in gas prices have lasting and varied effects on inflation and economic activity (Adolfsen
et al., 2024). This matches findings from the European Central Bank (2024) and the European Commission (2024),
which note that energy prices strongly affect inflation and production costs in the euro area. Supply problems can
also cause big drops in output, especially in countries that use a lot of energy, as Bachmann et al. (2022) point
out.literature has increasingly recognized that the relationship between energy and growth is nonlinear and time-
varying. Traditional linear models may therefore provide only a partial representation of the underlying dynamics.
To address this limitation, recent studies have adopted more flexible approaches. Wavelet-based methods allow
researchers to disentangle relationships across different time horizons. In this context, Magazzino et al. (2021)
show that in Italy the relationship between energy consumption and economic growth varies significantly between
short- and long-run frequencies, suggesting that causal dynamics are scale-dependent.

Recent studies increasingly rely on machine-learning approaches to capture nonlinear interactions between
energy systems and macroeconomic performance. These approaches are particularly useful when relationships
evolve over time or differ across economic conditions. Magazzino et al. (2021) found that renewable energy
supported economic growth in Brazil, especially during difficult periods like the COVID-19 crisis. The results suggest
that the macroeconomic effects of energy sources may vary across different phases of the business cycle.

Studies that look at specific energy sources highlight how important the energy mix is. Magazzino et al.
(2021) found that natural gas use is closely tied to economic growth in industrial countries like Germany and Japan,
showing that gas is a key part of advanced production. Similarly, Magazzino et al. (2020) found that nuclear energy
supports economic growth in Switzerland, suggesting that reliable and controllable energy sources are important
for long-term economic success.

Energy-price dynamics affect macroeconomic performance through multiple transmission channels. Rising
energy prices increase production costs, reduce firms’ profitability and weaken households’ purchasing power. In
economies where natural gas plays a central role in electricity-price formation, these effects are amplified through
wholesale electricity markets and transmitted across industrial supply chains. Consequently, energy shocks may
influence inflation, industrial production and investment dynamics simultaneously.

Recent studies increasingly recognize that these relationships are nonlinear and time-varying. The
macroeconomic impact of energy shocks depends on the composition of the energy mix, the structure of electricity
markets, the degree of import dependence and the institutional characteristics of each economy. This complexity
has become particularly evident during recent energy crises, which exposed the structural vulnerability of highly
interconnected energy and production systems.

1.2 Energy Transition and Structural Change

Environmental limits and decarbonization policies have gradually changed how energy and economic growth are
connected. Recently, research has moved beyond just focusing on fossil fuel dependence to consider the broader
concept of energy transition. This shift involves big changes in energy systems, influenced by technology,
environmental concerns, and regulations.

The energy transition is a structural change that affects how energy is produced and used. Acemoglu et al.
(2012) show that targeted technical changes are important for how quickly and in what direction the transition
happens, and that policy incentives can support cleaner technologies. Aghion et al. (2016) add that environmental
policies can boost growth by encouraging green innovation, but their success depends on how the policies are
designed and on market conditions.

However, real-world evidence shows the transition is not always smooth. Many studies point out that shifting
resources between sectors leads to adjustment costs. For example, Popp et al. (2010) and Johnstone et al. (2010)
find that while environmental policies can encourage technological change, they may also cause short-term
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inefficiencies because of inflexible capital and imbalances between sectors. Dechezleprétre and Sato (2017) also
note that environmental regulations can affect competitiveness, especially in industries that use a lot of energy.

The mix of energy sources has become a key topic in this discussion. While using more renewable energy
usually supports long-term sustainability, adding it to existing systems is difficult. Research by Marques et al. (2010)
and Apergis and Payne (2014) shows that renewable energy can support economic growth, but the extent and
consistency of its benefits depend on technology and how flexible the system is.

Recent studies show that different energy sources often operate together during the transition. Rather than
just replacing fossil fuels with renewables, both are used at the same time, which can make energy markets
unstable. How these sources interact matters. For example, continuing to use fossil fuels for electricity can make
prices more volatile, especially when renewable energy is unpredictable (Joskow, 2011; Newbery et al., 2018).

Recent research also finds that energy security and supply limits are important for the transition. More
studies now recognize that depending on imported energy can make economies vulnerable to external shocks,
which can have major effects. Research on European countries shows that energy supply disruptions can have
lasting impacts on output and industry, especially where energy dependence is high (Bachmann et al., 2022).

The process of transitioning is also highly uncertain. Investment decisions now rest on expectations about
future energy prices, technological change and regulatory frameworks. In these environments, uncertainty can slow
down investment and hinder capital from reallocating toward low-carbon technologies (Bloom, 2009; Pindyck,
2013).

Recent contributions wonder whether prevailing electricity-market models still remain fully compatible with
large-scale renewable integration. The marginal pricing method adopted in some electricity markets may,
especially, enhance instability in supply-stressed times and may not sufficiently capture long-term overall system
costs for a variety of technologies (Joskow, 2022; Newbery et al., 2018).

The literature thus argues with caution that the energy transition needs to be viewed as a complex structural
transformation, rather than some straightforward technological substitution process. Its economic consequences
are determined by a number of interacting factors, among them energy diversification, infrastructure flexibility,
institutional coordination and the capacity of energy systems to absorb external shocks. In this case, transitional
and hybrid energy solutions that could have a role in creating system stability during decarbonization may be crucial
for stabilizing the systems through an energy transformation process during decarbonization.

1.3 Energy, Environment and the Environmental Kuznets Curve

Researchers have studied how energy use, economic growth, and environmental damage are connected, often
using the Environmental Kuznets Curve (EKC) as a framework. The EKC suggests that pollution rises in the early
stages of economic growth but falls after income reaches a certain level. While this idea is influential in
environmental economics, there is still much debate about whether it holds true in practice.

Grossman and Krueger (1991, 1995) are often credited with starting EKC research, noting that some signs
of environmental damage seemed to decrease as income rose. Panayotou (1993) and Shafik and Bandyopadhyay
(1992) also found that economic growth could lead to better environmental outcomes through new technology,
changes in the economy, and stronger environmental rules.

Later studies have found less clear evidence for the EKC. Stern (2004) argues that the EKC should not be
seen as an automatic link between growth and better environmental quality, since lower pollution often comes from
changes in industry or moving polluting activities elsewhere, not real improvements. Dinda (2004) also points out
that results depend a lot on how studies are set up and which countries are included, making it hard to find a
universal pattern between income and emissions.

The literature changed direction when researchers began to include energy use in EKC models. Earlier
studies often linked growth and pollution directly, without looking closely at energy systems. Ang (2007), in a study
of France, found that energy use is a main cause of CO, emissions, and that growth and emissions are linked in
complex ways. Soytas and Sari (2009) also found that the connection between energy use, economic output, and
emissions varies a lot between countries, depending on their industries and how much they rely on energy.

Recent studies stress the need to separate renewable from non-renewable energy sources. The type of
energy used is key to understanding environmental results. Menyah and Wolde-Rufael (2010) found that using
more renewable energy does not automatically lower emissions unless the economy also changes in other ways.
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On the other hand, Dogan and Turkekul (2016) show that relying on fossil fuels is still a major cause of
environmental harm in developed countries, even as they add more renewables.

Researchers now pay more attention to how globalization, urban growth, and financial development affect
the link between energy and the environment. Al-Mulali et al. (2015) say that open trade and financial ties can
increase environmental problems in emerging economies. Charfeddine and Mrabet (2017) find that good
institutions and governance also shape how energy use affects emissions. These studies show that we need to
look beyond income and consider wider structural and institutional factors to understand environmental damage.

Recent studies increasingly employ nonlinear and asymmetric approaches to examine the relationship
between energy use, economic growth and environmental quality. Traditional linear specifications have often been
criticized for oversimplifying the dynamic interactions between emissions, technological change and structural
transformation. Threshold models and advanced econometric techniques suggest that the environmental impact of
energy consumption varies across stages of development, institutional conditions and energy compositions. For
example, Balsalobre-Lorente et al. (2018) show that the environmental benefits associated with renewable energy
become more significant once technological development reaches sufficient levels.

At the same time, several contributions question whether the Environmental Kuznets Curve remains fully
adequate for interpreting contemporary decarbonization processes. Current energy transitions involve complex
interactions among renewable energy systems, storage capacity, infrastructure adaptation and geopolitical
constraints. Consequently, environmental outcomes increasingly depend not only on income growth, but also on
technological capabilities, institutional quality and energy-security conditions.

The literature therefore suggests that improvements in environmental sustainability do not emerge
automatically from economic growth. Instead, effective decarbonization requires coordinated policies, technological
innovation and long-term structural adaptation of energy systems.

1.4. Renewable Energy and Economic Growth

The link between renewable energy and economic growth is now a key topic in energy—growth research. Earlier
studies looked mostly at fossil fuel use, oil shocks, and total energy consumption. More recent work focuses on
renewable energy as a possible driver of sustainable growth. This shift partly reflects the growing role of climate
policies and the recognition that energy composition matters for long-term economic performance.

Some studies show that renewable energy can help economic growth. Apergis and Payne (2010) found a
long-term link between renewable energy use and output in OECD countries, suggesting feedback between the
two. Bhattacharya et al. (2016) also found that renewable energy use supports growth in several major countries,
though the size of the effect depends on each country’s institutions and technology. Inglesi-Lotz (2016) found a
similar positive link, noting that renewables may boost productivity, investment, and energy security.

Empirical findings, however, remain heterogeneous. Menegaki (2011), focusing on European countries,
finds. However, not all studies agree. Menegaki (2011) looked at European countries and found less evidence that
renewable energy directly boosts growth, possibly because the sector is not large enough in some places. Marques
and Fuinhas (2012) also found that the impact depends on policy, market structure, and how much a country relies
on fossil fuels. Consequently, renewable energy does not automatically generate positive growth effects; its effect
depends on how it fits into the overall energy system. Tugcu, Ozturk and Aslan (2012) show that renewable and
non-renewable energy may have different effects on growth depending on the country group considered. Dogan
(2015) and Dogan and Seker (2016) similarly argue that the environmental and economic impact of renewable
energy depends on the interaction between energy composition, trade openness and financial development. These
contributions are important because they move the literature away from the idea of energy as a homogeneous
input.

Another group of studies looks at the environmental side of renewable energy. Here, renewables are seen
as a way to balance economic growth with lower emissions. Sadorsky (2009) found that renewable energy use is
closely tied to income growth in emerging economies. Al-Mulali, Fereidouni, Lee, and Sab (2013) found that
renewables can lower environmental pressure if there is enough development and strong institutions. Destek and
Aslan (2017) also showed that renewable and non-renewable energy have different effects on growth, highlighting
the need to study them separately.

The picture becomes more complex once renewable electricity systems are considered. Solar and wind
power are cheap to run, but they are not always available and need backup, storage, and grid upgrades. Hirth
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(2013) found that the market value of these renewables can drop as their share grows, unless the system is flexible
enough. Joskow (2011) also says that comparing these sources to traditional ones means looking at both
generation and system costs. This aspect is particularly relevant since renewables can only support growth if they
are part of a reliable and efficient energy system.

Recent studies use more advanced methods to understand complex relationships. For example, Magazzino,
Mele, and Morelli (2021) studied how renewable energy and economic growth were linked in Brazil during the
COVID-19 crisis using machine learning. They found that renewable energy may help the economy even during
tough times, showing that renewables can support both the environment and economic resilience.

In another study, Magazzino, Mele, and Schneider (2021) looked at solar and wind energy, coal use, GDP,
and CO, emissions in China, India, and the United States. Using machine learning, they showed that there are
complex links between renewable energy, fossil fuels, economic activity, and emissions. These findings suggest
that renewable energy operates within broader industrial and infrastructural systems, their effects depend on how
they interact with coal use, industry, and each country’s energy system.

Mele, Magazzino, and Morelli (2021) also used an LSTM model to study how renewable energy affects
economic growth in Brazil. They found that using more renewables may help the economy recover and improve
GDP, especially during the pandemic.

In general, the available literature supports both economic growth (through renewable generation) and
environmental sustainability (through clean energy), but its impact is heterogeneous and varied by country and
energy system. Some of these structural forces determine the economic contribution of renewable energy, namely
market design, institutional quality, technological development, and infrastructure flexibility. New evidence also
suggests that renewable energy cannot be considered separately from energy-system dynamics more broadly.
Increasing demand for intermittent renewable sources of electricity necessitates an investment in storage, and also
in the ability to adapt to, and balance systems, that assure system reliability within periods of market stress.
Accordingly, renewable energy is increasingly related to the degree of integration of low-carbon technologies,
infrastructure resilience and long-term transition strategies in economic performance. These results suggest that
decarbonization is not only a substitution, but a more profound transformation (in terms of systems including energy)
and changes in industrial adaptation and macroeconomic stability.

1.5 Biomethane, Energy Security and Economic Resilience

Recently, biomethane has gained more attention in discussions about energy transition, decarbonization, and
energy security. Unlike other renewables, biomethane stands out because it is both renewable and programmable,
and it can be used in current natural gas systems with only minor changes. Because of this, some researchers see
biomethane not just as another renewable fuel, but as a transitional energy source that can help keep energy
systems stable during decarbonization.

Early research on biomethane looked mostly at its technology and environmental impact. Ahman (2010)
points out that biomethane has often been overlooked compared to liquid biofuels, even though it offers clear
benefits in efficiency, compatibility with existing infrastructure, and long-term growth. Ahman notes that using
current gas networks and compressed natural gas systems lowers the investment needed for new fuels. This is
especially important for the transport sector, which is still hard to decarbonize.

Later studies have looked at the wider impacts of biomethane. Bérjesson and Berglund (2006) found that
biogas and biomethane can greatly cut greenhouse gas emissions compared to fossil fuels, especially when made
from farm waste and organic materials. Murphy and Power (2009) also say that biomethane is one of the most
efficient biofuels for energy use and cutting emissions, especially in transport.

Recent research often sees biomethane as part of the circular economy and energy resilience. Here,
biomethane is more than just an energy source; it is part of a system that includes waste management, sustainable
farming, and cutting emissions. The IEA Bioenergy Task 37 report highlights that biomethane can help with
decarbonization, lower methane emissions, improve waste treatment, and boost energy security, especially in long-
distance and heavy-duty transport.

Transport is a key part of this discussion. Even though renewable electricity is growing fast, transport still
relies a lot on fossil fuels, especially for heavy vehicles, ships, and long-distance logistics. Some studies see
biomethane as a useful addition to electrification. For example, Patrizio et al. (2015) found that using biomethane
in Italian transport could be more cost-effective than other uses of biogas, mainly because ltaly already has a strong
natural gas network and compressed natural gas systems.
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Recent technical and economic studies also show that biomethane can help decarbonize heavy-duty
transport and improve energy independence. Biomethane’s importance has become clearer after recent energy
crises in Europe. The 2022 gas shock and later geopolitical issues showed how vulnerable countries are when they
rely on imported fossil fuels. Because of this, biomethane is now seen not just as an environmental solution, but
also as part of energy security plans. Recent research shows that making renewable gas at home can help protect
against outside shocks and make national energy systems stronger. This is especially important in Europe, where
natural gas is still vital for electricity and industry.

The literature also points out that biomethane is not a complete replacement for other renewables, but works
alongside them. Solar and wind are still key for decarbonization, but their variable output can make it hard to keep
the electricity system stable. Biomethane helps with this because it can be stored and used when needed, making
it useful during times of low renewable output or high demand. Many researchers believe renewable gases like
biomethane can help balance energy systems that rely more on renewables.

Rural development and economic resilience are also important factors. Achinas and Euverink (2020) note
that making biomethane can benefit farming communities by turning waste into value, bringing in extra income, and
supporting the circular economy. Scarlat et al. (2018) reach similar conclusions, pointing out that Europe has a lot
of unused biomethane potential that could help diversify energy sources and boost local economies.

Recently, some studies have started to look at biomethane from a broader economic view. Instead of just
focusing on cutting emissions, they examine how renewable gases can help keep economies stable during crises.
Mele (2026) argues that using biomethane in transport can support both decarbonization and economic growth in
Italy by lowering reliance on imported energy and making the national energy system more flexible. The study
highlights how renewable gas, transport, and economic stability are linked, especially when energy markets are
unstable.

Despite the growing interest in biomethane, important research gaps remain. Most existing studies primarily
focus on technological efficiency, emissions reduction or regulatory aspects, while comparatively less attention has
been devoted to the broader macroeconomic implications of renewable gases. In particular, limited evidence is
available on the relationship between biomethane deployment, industrial competitiveness, energy resilience and
economic stability during periods of geopolitical and market uncertainty.

The literature nevertheless suggests that biomethane may play an increasingly relevant role within
contemporary fransition strategies, especially in energy-importing economies exposed to volatile fossil-fuel
markets. Its compatibility with existing gas infrastructure, potential contribution to transport decarbonization and
capacity to provide programmable renewable energy distinguish biomethane from other renewable sources. These
characteristics may support both decarbonization objectives and long-term energy-system resilience, particularly
within the European context.

2. Metodology

This study adopts a structured literature-review approach to examine the relationship between energy transition,
economic resilience and environmental sustainability, with particular attention to the role of biomethane and
renewable gases within contemporary energy systems. The review combines systematic selection criteria with a
broader interpretative framework in order to identify the principal theoretical contributions, empirical findings and
policy implications emerging from the literature.

A structured review methodology was considered appropriate because the topic spans multiple research
areas, including energy economics, environmental policy, sustainability studies, transport systems and energy
security. Existing contributions remain highly fragmented across disciplines and frequently address specific
dimensions of the transition process separately. The methodological approach adopted in this study therefore aims
to provide a more integrated interpretation of the current literature, highlighting the interactions between
decarbonization strategies, infrastructure adaptation, energy security and macroeconomic resilience. The review
focuses on how biomethane as a renewable energy can contribute to decarbonisation, sustainable transport,
energy security, economic resilience as a renewable energy. It focuses on Europe and ltaly, where the role of
renewable gases is growing towards an importance in energy policy and with energy-importing countries facing
more vulnerable from shocks from the outside. To address these issues an interdisciplinary study of related
environmental, economic and geopolitical aspects of how the spread of biomethane. In addition to reduction in
emissions, this includes broader topics such as industrial competitiveness, infrastructure integration and the
robustness of energy markets to volatility. A number of academic databases were searched, where various studies
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on biomethane, renewable energy, transportation decarbonization, and energy resilience were found. We combined
different terms to identify and track down research that addresses both the environment and macroeconomic
influences on biomethane systems. Our literature search included the main databases, keyword combinations and
topics that we considered; we show this in Table 1.

Table 1. Literature Search Strategy and Sources

Database Keywords Main Focus
Scopus biomethane, renewable gas energy transition
Wo$S biomethane AND transport transport decarbonization

ScienceDirect

energy resilience

macroeconomic resilience

Google Scholar

renewable gas ltaly

policy & institutional studies

Source: Authors’ elaboration based on Scopus, Web of Science, ScienceDirect, and Google Scholar databases.

The literature search strategy in table 1 included work from several academic fields, such as energy
economics, sustainability studies, transport systems, and energy policy. This multidisciplinary approach was
important because research on biomethane is spread across different areas.

The review focused on studies that look at how biomethane relates to energy security and economic
resilience, especially in Europe and during recent energy crises.

Institutional and technical reports were also reviewed to supplement the academic literature, especially for
recent updates on European energy policy and biomethane deployment. These included reports from the
International Energy Agency (IEA), IEA Bioenergy, the European Biogas Association (EBA), the European
Commission, and ARERA.

The search focused on studies published from 2000 to 2026, but earlier key works were included if they
were important for understanding the development of energy—growth and energy-transition research.

The search strategy was based on combinations of the following keywords:

= “biomethane”;

= “renewable gas”;

= “biogas”;

= “energy transition”;

= “economic growth”;

= “energy security”;

= “energy resilience”;

= “transport sector”;

= “decarbonization”;

= “renewable energy”;

= “circular economy”;

= “gas infrastructure”;

= “energy crisis”.

Boolean operators like AND and OR were used to make the search more precise. For example,
combinations such as “biomethane AND economic growth®, “renewable gas AND energy security”, and
“biomethane AND transport decarbonization” were often used during screening.

2.1. Inclusion and Exclusion Criteria

Specific inclusion and exclusion criteria were set to ensure the review was consistent and reliable.
The inclusion criteria comprised:
= peer-reviewed journal articles;
= studies written in English;
= contributions focusing on biomethane, renewable gas or biogas systems;
= studies addressing economic, environmental or energy-security implications;
= papers related to transport decarbonization, renewable energy systems or resilience analysis;
= empirical, theoretical and review studies considered relevant to the research objectives.
Conversely, the following categories were excluded:
purely technical or engineering studies without economic or policy implications;
microbiological or chemical analyses unrelated to energy systems;
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= conference abstracts without full-text availability;
= duplicated studies across databases;
= studies focused exclusively on local technical optimization without broader systemic relevance.
The screening process was done in stages. First, titles and abstracts were checked for relevance. Then, full
texts were reviewed for studies that matched the review’s objectives.

2.2. Literature Screening and Thematic Organization

The screening process followed a structured selection procedure which ensured a consistent, relevant,
unambiguous process through which we focused analysis. Since the energy—-growth field is rich coverage, we
focused on relevant studies that capture linkages between economic growth, environmental sustainability, and
energy system changes through a single lens. Specialized studies examining the connections between renewable
energy, nuclear energy, environmental sustainability, and macroeconomic performance were looked at. Because
the literature spans energy economics, environmental economics, sustainability, climate policy, and engineering
fields, we set some broad criteria to encapsulate the complexity of the topic and therefore we kept the review
focused. We relied mainly on peer-reviewed journal articles available in English and these were available from
global databases including Scopus and Web of Science. We searched both empirical and theoretical articles and
used those of any publication if they had provided valuable information on at least one of the following areas:

= energy consumption and economic growth;

= renewable energy and macroeconomic performance;

= nuclear energy and low-carbon transition pathways;

= environmental sustainability and decarbonization;

= energy security and energy resilience;

= energy transition and structural transformation;

= emissions reduction and climate policy.

As well as this, we included review articles, as well as important institutional reports if these provide relevant
information in light of recent changes in energy-transition policies and sustainability strategies. Reports from
agencies including the International Energy Agency (IEA), International Renewable Energy Agency (IRENA),
European Commission, and Intergovernmental Panel on Climate Change (IPCC) added to the academic literature,
particularly regarding recent energy crises and decarbonization objectives. We excluded some categories of
literature in our search to keep our review narrower. Studies involving technical engineering of lab processes,
chemical optimization, or highly specialized technologies were excluded unless they also covered broad economic,
environmental, or policy related issues. We also left out studies that only targeted local technical applications
without wider relevance. Conference abstracts, duplicate studies in different databases, and studies without full text
access were excluded. We also took care to exclude studies that repeated the analyses or data. We first conducted
a search for potentially relevant studies. We then screened abstracts for alignment with the purpose of the review.
Lastly, we examined the full texts to check for the methods used and the contributions each study makes to the
broader conversation on energy transition, environmental sustainability, and economic growth.

Table 2. Inclusion and Exclusion Criteria

Inclusion Criteria Exclusion Criteria

Peer-reviewed journal articles Purely technical engineering studies
Studies published in English Chemical or laboratory-only analyses
Renewable energy and sustainability studies Highly specialized microbiological studies
Nuclear energy and low-carbon transition research Conference abstracts

Energy-growth nexus literature Duplicate studies

Energy security and resilience analysis Studies lacking systemic relevance
Environmental sustainability and climate policy studies Non-accessible full-text publications
Review, empirical and theoretical studies Studies unrelated to energy systems

The final sample was selected for an intentionally interdisciplinary nature. Rather than an exclusive focus
on one energy source or technology, the review analyzes how these energy pathways (renewable energy, nuclear
energy, new low-carbon solutions) are linked to economic development, environmental sustainability, and long-
term energy-system resilience. The aforementioned exclusion criteria were used throughout the literature screening
process. Table 2 summarizes the main inclusion and exclusion criteria applied in this study, as the inclusion and
exclusion criteria were important in this review for an overview of the screening strategy used in this study.
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The inclusion and exclusion criteria (table 2) helped create a balanced selection of literature that matched
the review’s goals. This method also made it possible to bring together insights from various research traditions
and analytical perspectives, which is especially important for current energy-transition debates.

2.3. Analytical Framework

We then grouped the final sample according to their primary themes and analytic contributions, post-screening and
selection of the studies. This allowed us to pinpoint important research trends and better understand how the energy
- growth nexus has changed in recent years, moving beyond just fossil-fuel perspectives. This review builds on a
framework that acknowledges the energy transition debate is now about more than just the link between total energy
use and economic growth. Recent studies show how factors such as renewable energy, nuclear power,
environmental sustainability, energy security, and system resilience all interact. To illustrate these changes we
organize these studies into four main themes. The first theme is the traditional energy—growth nexus. This theme
concerns studies on these dimensions. These works examine the relationship between energy use and economic
growth, often deploying things such as time-series analysis, panel data, and causality tests. They comprise the
foundation of the debate, from early fossil-fuel studies to more recent analyses of alternative energy sources. The

second theme covers renewable energy and environmental sustainability.
Table 3. Classification of Selected Studies

Authors

Main Topic

Methodology

Area of

Main Findings

Analysis
. Oil  shocks and | . . . . QOil shocks significantly affect
Hamilton (1983) macroeconomy Time-series analysis | United States economic activity
Stern (2000) Energy and economic Comtegrahon United States Strong relationship between
growth analysis energy and GDP
Ozturk (2010) Energy-growth nexus | Literature review International E;)isltjgwersal causality pattern
Apergis & Payne | Renewable  energy Panel econometrics OECD_ Renewable energy supports
(2010) and growth countries long-run growth
Bhattacharya et al. | Renewable  energy . . Positive relationship between
. Panel analysis 38 countries
(2016) consumption renewables and growth
Renewable vs non- . . . Different  energy  sources
Tugcu et al. (2012) renewable energy Causality analysis G7 countries affect growth differently
Environmental pressure may
83);58)%” & Krueger EKC hypothesis Econometric analysis | International | decline at higher income
levels
Stern (2004) Critique of EKC Literature review International E KC , evidence  remains
inconsistent
Renewable . .| Electricity System costs matter beyond
Joskow (2011) intermittency Comparative analysis systems generation costs
Hirth (2013) Variable renewable Market-value analysis | Europe High renewable penetration
energy may reduce market value
Magazzino et al | Renewable energy Machine Learning Brazil Repgwables may .strengthen
(2021) and growth resilience during crises
Magazzino et al | Solar, wind and Machine Learnin China, India, | Energy interactions are
(2021) emissions 9 USA nonlinear and country-specific
Mele ef al. (2021) Renewable resources LSTM model Brazil Renewable  energy ~ may
and growth support recovery dynamics
Renewable energy
Dogan &  Seker Renewgblg ENeT9Y | Panel econometrics E“T°pea“ contributes  to  emissions
(2016) and emissions Union .
reduction
Biomethane may support
Scarlat et al. (2018) Biomethane potential | Review study Europe decarbonization and
diversification
Mele (2026) Blomethane and Structured review Italy Renewable gases  may
resilience support energy resilience

Source: Authors’ elaboration based on the literature reviewed in this study.

Those research studies examine how renewables support growth, reduce emissions, and allow decarbonization.
They also watch carefully how renewable systems, technology changes, and environmental policies are
interconnecting. The third theme considers nuclear energy and pathways to low-carbon transition. Public debate,
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for its part, often divides nuclear power from renewables, but recent studies have found that nuclear power is a
stable, low-carbon option that can help keep electricity systems reliable as the country takes a step toward climate
neutrality. Trade-offs, such as safety, costs, and waste management, are also discussed. The fourth theme looks
at energy security, resilience, and transition stability. This area grew in importance as a result of the major energy
crises following 2022. The report shows how high energy-importing countries are vulnerable, the opportunities
offered by diverse energy sources, and the need to navigate decarbonization with reliable and affordable energy.
This approach describes the connections between various research areas. The link between energy and economic
growth is now determined by transition trends, environmental limits, and geopolitical factors. Table 3 presents the
key findings and structure of selected studies, and provides a summary by the themes, methods, and main findings.

Several important patterns in the literature were identified in Table 3. First, most conventional research on
the energy - growth nexus has centered on fossil fuels and total energy use. Second, new research focuses more
on renewable energy, environmental sustainability, and energy transition challenges. Third, it's getting more
common for energy systems to be resilient and stable - particularly given recent geopolitical and energy-market
crises. The literature suggests that today’s energy dialogue is no longer confined as an issue of energy and growth.
It now encompasses environmental sustainability, energy security, and the ability to adapt over the long term.

3. Findings

From the literature that we have reviewed in this study, it appears that contemporary debates on energy systems
go beyond the conventional link of energy demand to economic growth. The latest works more frequently look at
how renewable energy, environmental sustainability, energy security, and transition resilience relate at a
macroeconomic level. Literature suggests several similarities. First, renewable energy has come to be seen as a
core component in long-term economic transformation and decarbonization strategies. Second, sustainability of
energy transitions is not only a matter of emissions reductions, but has to do with infrastructure flexibility, system
reliability and the ability to absorb external shocks. Third, energy diversification including renewables, nuclear
energy and renewable gases, in order to achieve an environmental dimension, energy security and macroeconomic
stability, is being increasingly discussed. While the empirical evidence is heterogeneous, the literature consistently
emphasizes transition resilience as the focus and the importance of infrastructural transformation and institutional
coordination in low-carbon pathways. For clearer understanding of this, key findings are presented within four major
topics: renewable energy and environmental sustainability; nuclear energy and low-carbon transition pathways;
energy security and resilience; and the evolution of the energy—growth nexus beyond its traditional fossil-fuel
framework.

3.1 Renewable Energy and Environmental Sustainability

This study highlights that in recent years, renewable energy has come to be considered as not just an environmental
tool, but also a strategic tool contributing to the long-term economic transformation. The earlier research examined
renewable energy’s impact on emissions of greenhouse gases in the context of decarbonization goals. Recent
contributions take this perspective by investigating the interrelations of renewable energy, technological innovation,
energy security and macroeconomic resilience. Many reports that renewable energy expansion leads to less carbon
intensity and environmental sustainability, especially in countries that historically have been fossil fuel dependent.
However, the evidence indicates that renewable energy’s economic impacts are still diversified among countries
and in institutional settings. Bhattacharya et al. (2016), for instance, demonstrate that renewable energy technology
can facilitate economic growth and sustainability, but the magnitude of these effects depends on technological
development and institutional quality. Dogan and Seker (2016) reached similar conclusions, in their article
highlighting supportive policies and integrated transitions in particular. We also find significant structural limitations
of renewable-energy systems within the literature. Solar and wind generation are intermittent, therefore they need
storage capacity, grid flexibility, and balancing mechanisms that can maintain electricity-system stability. Joskow
(2011) and Hirth (2013) point out that massive integration of renewable electricity may generate new system costs
if infrastructure adaptation is inadequate. Newer studies are starting to explore renewable energy more specifically
in broader terms concerning energy security and transition resilience. After the energy crises observed after 2022,
renewable energy has come to be considered increasingly more than just a climate-policy tool: it is also recognized
to be a strategic way to decrease reliance on imported fossil fuels and promote long-term energy security. Various
tools of analysis such as machine-learning and nonlinear modeling further argue that renewable energy, economic
growth and the environment are dynamically influenced by changes in the structure and conditions of the market.
Overall, this evidence suggests that effective renewable-energy transitions are determined by not only the process
of deploying renewable energy, but infrastructure adaptation, institutional coordination, and the resilience of
systems during a time of economic and geopolitical flux.
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3.2 Nuclear Energy and Low-Carbon Transition

Nuclear energy remains a tricky issue in the current energy transition debate, evidence indicates. Unlike sunlight
or wind, nuclear has very low operating carbon emissions, high energy density and provides smooth electricity
flows. This is why nuclear energy is now a key component of long-term plans for decarbonization and stable energy
systems, not just an option. New studies indicate reaching climate neutrality might require more diverse energy
mixes than thought to occur during the era dominated by renewables. Prior discussions have tended to emphasize
shifting away from fossil fuels in short order to intermittent renewable power. Now, as a number of studies have
noted, deep decarbonization and dependable electricity are much more difficult to deliver without reliable low-
carbon sources to fill in the gaps of renewables. As the Intergovernmental Panel on Climate Change (IPCC, 2022)
list nuclear power as a key low-carbon electricity source for reducing greenhouse-released gases. The International
Energy Agency (IEA) also concludes decarbonization on an international scale is more expensive and hard without
nuclear power. These studies state that nuclear could minimize emissions, both directly by making low-carbon
electricity and indirectly by aiding the stabilization of power systems that consume a high proportion of renewables.
An important issue in the literature is system stability. Solar and wind energy is good for the environment, but their
output varies through the year depending on the weather and the season. With increasing reliance on renewables
comes growing variability, making running electricity systems more difficult. As Hirth (2013) and Joskow (2011)
note, balancing reliability, storage, and flexibility is vital in decarbonized markets. That’'s why nuclear power is now
so often perceived as a complement to renewables, rather than a competitor. Nuclear power, they say, can help
stabilize the grid by delivering a stable base load of electricity. Davis and Hausman (2016) also point out that
durable low-carbon systems require not just more renewables, but technologies to ensure supply is not disrupted
in the absence of renewables. Sepulveda et al. (2018) also contend that deep decarbonization is significantly more
expensive in the absence of a firm low-carbon source such as nuclear power, carbon capture, or long-term storage.
The relationship between nuclear energy and energy security has received increasing attention following recent
geopolitical instability and energy-market volatility. The energy crises observed after 2022 highlighted the
vulnerability of economies highly dependent on imported fossil fuels, particularly natural gas. In this context, several
studies interpret nuclear power as a potential instrument for strengthening long-term energy independence and
reducing exposure to external supply shocks.

At the same time, the literature emphasizes the significant economic and political challenges associated
with nuclear-energy development. Nuclear projects require large initial investments, long construction periods and
stable regulatory frameworks. Sovacool (2008) notes that nuclear power remains strongly dependent on public
support and long-term financing mechanisms, while Lovering et al. (2016) observe that construction costs have
increased over time in several advanced economies. Consequently, the economic sustainability of nuclear projects
remains a central point of debate.

Environmental and social concerns also continue to influence the discussion. The legacy of major nuclear
accidents, including Chernobyl and Fukushima, has significantly affected public perception and energy-policy
decisions. In addition, long-term radioactive-waste management remains an unresolved issue within many national
energy strategies.

More recent contributions increasingly examine the potential role of next-generation nuclear technologies,
including Small Modular Reactors (SMRs), which may offer greater flexibility, improved safety standards and better
integration with renewable-electricity systems. Although these technologies remain at an early stage of
development, the literature suggests that they could contribute to future low-carbon transition pathways.

Overall, recent studies increasingly interpret nuclear energy within a broader framework linking
decarbonization, electricity-system stability, energy security and macroeconomic resilience. Rather than treating
nuclear power and renewable energy as mutually exclusive alternatives, contemporary research increasingly
emphasizes the importance of diversified and flexible low-carbon energy systems.

3.3 Energy Security and Transition Resilience

Energy security concept has emerged greatly at various phases of development over the past years. Conventional
perspectives have relied primarily on the energy resources available and states' ability to guarantee reliable energy
resources at low cost. But the energy vulnerability and recent energy crises as well as geopolitical instability have
exposed larger macroeconomic implications of being vulnerable to energy supply disruption. The steep increase in
natural gas and electricity prices seen following 2022 made it pretty clear that energy insecurity can create
significant impact not just on energy, but on all areas. Increasing energy prices were quickly passed along industrial
chains to inflationary pressures, production costs and macroeconomic instability. Thus, growing literature is
interpreting energy security in the context of price stability, infrastructure resilience and the capacity of economic
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systems to absorb shocks, rather than considering only the availability of physical supply. For Cherp and Jewell
(2014) the point is that current energy systems are subject to different types of risk at once such as geopolitical
tensions, market instability, infrastructure vulnerability and technological risk. By the same token, Winzer (2012)
believes that the main issue with energy security concerns the ability of an economy to sustain stability in times of
disturbances. Recent writings also note that the energy transition itself may introduce new kinds of uncertainty.
Renewable energy is thus critical for decarbonization, yet renewable-electricity systems marked by high shares of
intermittent generation require flexible grids, storage capacity and balancing systems that can keep the system
stable during periods of stress. According to Johansson (2013), long-term sustainability cannot only mean cutting
emissions, but also depends in particular on resilience and adaptability for energy infrastructures. In practical
terms, resilience means being flexible under stress. Another concern that has repeatedly been raised in recent
work is that of diversification. It is obvious that energy dependent economies that rely heavily on imported fossil
fuels continue to suffer from geopolitical pressures and fluctuations in international prices. Concurrently, systems
that are focused on intermittent renewables but do not have sufficient backup capacity may have stability issues
too. For this reason, several recent contributions suggest that transition strategies should be careful not be too
technologically concentrated. In this larger debate, nuclear power, storage technologies and renewable gases
appear as supplemental instead of competing alternatives. Nuclear power typically correlates with stable low-
carbon generators of electricity, whereas the discussion of renewable gases such as biomethane has grown to
emphasize their role in providing flexibility for transport and maintaining infrastructure continuity. Scarlat et al.
(2018) emphasize that bioenergy can support emissions reduction as well as diversification and energy autonomy.
A second pervasive theme in the literature is infrastructure compatibility. Transitions involve more than simply
swapping one technology for another. They also require costly, complicated and slow-changing infrastructures.
One reason that renewable gases get increasing attention is because they can link up with established networks
and transport systems. Mele (2026), in his chapter on the Italian example, claims that biomethane might enhance
resilience from its adoption because it mixes decarbonisation goals with the potential of utilizing existing systems.
Increasingly, the literature also indicates that resilience is not just a technical problem. Institutional capacity is just
as important. Energy systems need long-term planning, investment stability and coherent regulatory frameworks.
Without such provisions, even high fidelity systems may be subject to volatility and geopolitical stress. Overall, the
literature suggests that the debate has progressively moved far beyond the energy-growth dynamic as seen in
recent literatures.

Table 4. Main Dimensions of Contemporary Energy Transition

Dimension Main Challenges s LI HE L Key_thc_erature Dimension
ources Involved Findings

Transition requires

Decarbonization Emissions reduction | Renewables, nuclear low-carbon Decarbonization

diversification

Energy security Import dependence Gas, nudlear, Diversified SVSteFT‘S Energy security
renewables reduce vulnerability

System stability Intermittency Nug:gﬁ:étshtg;e;ge, Flexibility is essential System stability

Stable systems

sustainability

Climate objectives

Renewables, nuclear

. " . - Diversified ener rt - o
Economic resilience Price volatility ers e.d energy support Economic resilience
mix macroeconomic
resilience

Infrastructure Grid and storage Renewable gases, Existing Infrastructure

adaptation constraints electricity networks | infrastructures matter adaptation

. Decarbonization must .

Environmental Environmental

remain economically
sustainable

sustainability

Source: Authors’ elaboration based on the literature reviewed in this study.

Energy is no longer considered purely an entry point to economic growth. More and more, the main issue is about
the ability of energy systems to be relatively stable given a state of uncertainty. More and more, in this regard,
resilience, the ability to diversify and adapt to change have become as vital as growth and decarbonization
themselves. The earlier sections of that work demonstrate that the energy transition we see today is not a problem
to be tackled by only one approach alone. Researchers increasingly take the inter-relationships between
decarbonization, energy security, system stability, and economic resilience into account. This means that these
studies don't just focus on ordinary “energy use”; they also examine environmental, geopolitical and infrastructure
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metrics. Table 4 synthesizes the main trends presented in the study. It summarizes the fundamental aspects of the
current energy transition, the key challenges facing every component, and the key results from recent research
projects.

The evidence in Table 4 shows that today’s energy transition covers many connected areas, not just the
usual link between energy use and economic growth. Recent studies suggest that sustainability, resilience, and
system stability should be seen as working together, not as separate goals, in long-term transition plans.

3.4. Beyond the Traditional Energy - Growth Nexus

One of the principal findings emerging from the reviewed literature is that the traditional energy—growth nexus no
longer appears sufficient to explain the complexity of contemporary energy systems. Earlier approaches generally
examined energy as a productive input supporting industrial activity, economic expansion and long-term output
growth. Within this framework, empirical research mainly focused on identifying causal relationships between
energy consumption and GDP under relatively stable economic and technological conditions.

Recent developments have substantially altered this perspective. Contemporary energy transitions take place
within a context characterized by geopolitical instability, climate-policy pressures, technological transformation and
persistent energy-market volatility. As a result, energy systems increasingly influence not only industrial production,
but also inflation dynamics, infrastructure stability, investment behaviour, industrial competitiveness and broader
macroeconomic resilience.

The European energy crises observed after 2022 provide a clear example of these dynamics. Sharp
increases in natural-gas prices rapidly transmitted to electricity markets and production systems, generating higher
industrial costs and persistent inflationary pressures across several economies. These developments exposed
structural vulnerabilities associated with highly interconnected energy and industrial systems.

Consequently, recent literature increasingly interprets energy systems as strategic infrastructures
embedded within broader economic, institutional and geopolitical frameworks. In this perspective, resilience,
diversification and infrastructure flexibility have become central dimensions of contemporary energy-transition
strategies. Consequently, energy resilience, diversification and infrastructure flexibility now seem just as important
as what used to be considered traditional discussions around energy efficiency or consumption growth. Some of
the recent literature has focused equally on how the transition process itself may lead to temporary instability.
Previous transition stories had typically portrayed a slow, if relatively seamless, replacement of fossil fuels with
cleaner technologies. Recent evidence instead suggests that the periods of transition may be characterized by
significant infrastructural bottlenecks, market instability and coordination problems, especially when new and old
energy systems occur concurrently for extended periods. That is particularly seen in renewable-electricity systems.
Although renewable energy is a major contributor to emissions reductions, much of the impacts based on its
macroeconomic implications are contingent on storage, grid flexibility, and balancing functions capable of
maintaining electricity-system stability. In many European countries, though, recent energy crises have shown that
such rapid renewable expansion on its own will not help protect electricity markets from volatility associated with
natural gas, especially in marginal-pricing systems. The evolution in focus has paralleled the literature on nuclear
power. Nuclear power has also been studied in recent investigations increasingly from a practical viewpoint of
electricity-system reliability, long-term energy security and infrastructure stability. Recently, interest has increased
towards other renewable gases like biomethane, whose compatibility with current infrastructure can help transition
processes to reduce adaptation costs as well. A further question is related to the heterogeneity of national energy
systems. Countries are markedly different in terms of structure of industry, domestic energy resources, reliance on
imports and institutions. As a result, recent literature is now tending to dispute general transition concepts and in
favor of country specific pathways influenced by their local economic and geopolitical context. Importance of the
literature Also the literature shows certain key policy implications. Modern energy transitions call for long-run
infrastructure planning, regulatory stability and collaborative investment strategies. Energy policy no longer
functions separately from industrial policy, infrastructure investment and geopolitical strategy in this regard.
Generally, the evidence considered under review indicates that the transition to low carbon systems should be
considered a complex structural change through energy systems, industrial adaptation and macroeconomic
resilience, not a straightforward technological replacement.

Conclusion

The studies reviewed here illustrate that the relationship between energy systems, economic growth, and
environmental sustainability has become more complex than conventional energy—growth perspectives would
suggest. Previous studies focused on energy as a productive input, primarily for industrial activity and long-term
economic growth. Modern energy transitions increasingly involve broader interactions between decarbonization,
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geopolitical instability, infrastructure adaptation and macroeconomic resilience. Recent energy crises, especially
during or after 2022, have shown how energy market volatility can rapidly transmit not only across electricity
systems but also across industrial production and the dynamics of inflation. These points of risk revealed the
structural fragility of highly integrated energy systems, especially in states highly reliant on imported fossil fuels.
Consequently, recent studies focus on resilience, diversification and infrastructure flexibility in long-term transition
approaches. The review also demonstrated that decarbonization should not be considered a mere technological
substitution process. Renewable energy assumes a core role in emission reduction and sustainability goals yet
large-scale renewable integration requires storage capability, flexible power systems and coordinated adaptation
to infrastructure. Likewise, recent studies systematically explore nuclear energy and renewable gases as
complementary sources that can enhance electricity-system stability, energy security and transition resilience.
Another essential finding concerns the heterogeneity of transition pathways between countries. There is a wide gap
in the industrial structure, institutional capacity, domestic resources and geopolitical exposure of national energy
systems. The success of transition policies, therefore, differs based on state-specific conditions and on government
capacity to arrange long-term investment, infrastructure planning and regulatory stability. In general, there is an
increasing indication that contemporary energy systems ought to be understood as strategically shaped
infrastructures with implications for economic growth as well as dynamics of inflation, industrial competitiveness,
energy security and macroeconomic stability. From this perspective, the shift to low-carbon systems encapsulates
a broader structural change that has to be matched with the simultaneous integration of environmental
sustainability, infrastructure resilience and long-term economic stability.
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