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Abstract: Mounting climate concerns are making energy transition inevitable. Providing a reliable,
cost-effective energy supply that meets the needs of all, as set up by Sustainable Development
Goal 7, and promotes climate neutrality, as set up by the European Green Deal, is a complex task
that requires complex and combined interventions in various sectors and policy areas. This paper
aims to conduct a systematic analysis of the scholarly work focusing on energy transition towards
renewables and to contribute to the existing knowledge by offering a holistic perspective on the
dynamic landscape of energy transformation and the transition to renewables. To this end, advanced
bibliometric techniques, combined with a systematic in-depth review of the existing literature and
desk research, are used to uncover the intellectual landscape and identify influential works and
emerging themes within this critical intersection of the economic, governance, political, social, and
climate dimensions of energy transition. This analysis not only highlights prevailing trends and
influential works but also sets the stage for future research and discussions critical to shaping the
transition to renewable energy and policy actions in a rapidly evolving world. The results are useful
guidance in the formulation of policy actions.

Keywords: renewable energy; energy transition; energy policy actions

1. Introduction

Mounting climate concerns are making the energy transition inevitable. The global
vision, as shaped by Sustainable Development Goals (SDGs) [1] and the European Green
Deal [2], is clear: we are moving towards a cleaner, more sustainable energy matrix.
Providing a reliable, cost-effective energy supply that meets the needs of all, as set up
by SDG 7 [1], is a complex task that requires complex and combined interventions in
various sectors (such as the energy, transport, buildings, technology, agriculture, and food
industries) and policy areas (employment, research and development, and funding) to
address the technical, social, political, economic, legal, and ethical challenges that arise.

This paper aims to conduct a systematic analysis of the scholarly work focusing on en-
ergy transition towards renewables and to contribute to the existing knowledge by offering
a holistic perspective on the dynamic landscape of energy transformation and the transition
to renewables. The complex multifaceted nature of the energy transition is reflected in the
large number of scholarly papers that address various aspects of the energy transition in
the context of the economic, governance, political, social, and climate dimensions of our
society. In response, in this paper, the authors have conducted a comprehensive systematic
analysis of the evolving scholarly work focusing on energy transition towards renewables.
The aim is to contribute to the existing knowledge by offering a holistic perspective on
the dynamic landscape of energy transformation and transition. The analysis not only
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highlights prevailing trends and influential works but also sets the stage for future research
and discussions critical to shaping the renewable energy transition and policy actions in a
rapidly evolving world. The results are useful for providing guidance in the formulation of
policy actions.

By bringing together expertise from various research areas and by interacting with
industry players and policymakers, universities provide a unique environment for scholars
to explore and develop new ideas and deliver scholarly research and studies, enabling tech-
nological advancements and the development of robust and efficient solutions designed to
meet energy transition challenges [3]. Interdisciplinary collaboration among scholars cre-
ates grounds for delivering innovative interdisciplinary solutions for a smoother and more
effective energy transition, empowering individual actions in this direction [4], postulating
alternative economic models necessary for the transition [5], and engaging scholars in the
formulation of energy and climate policies [6].

As we explore the scholarly literature, it is clear that the challenges posed by climate
challenges and energy transition require a deeper understanding of their complexities [7–9].
Bibliometric analysis is an effective methodology for gaining systematic insights into
scholarly conversations. It involves examining citation patterns, co-authorship networks,
and thematic evolution to enhance understanding in various interdisciplinary domains.
Bibliometric analysis is a systematic and quantitative examination of bibliographic data. It is
a powerful tool for organizing and understanding knowledge within specific research fields.
Studies conducted by prominent researchers [10–15] have evidenced this approach. This
approach serves as a roadmap for navigating the latest trends, critical works, and overall
structure of a given academic domain. However, its application to the specific intersection
of energy transition and renewable energy at a global level requires further exploration.

To identify the key elements defining the renewable energy transition, a critical sys-
tematic review of the existing work and the relevant scientific literature was conducted,
starting from the results of the bibliometric analysis. Relevant articles and scholarly work
were selected, mostly from WOS-indexed publications. Desk research (of strategies, pol-
icy documents, and official reports) was also conducted in order to position and connect
scholarly research with the renewable energy transition strategic framework. Finally, the
authors have combined and triangulated the results of these research methods with the
aim of contributing to the existing knowledge by providing a holistic perspective on the
dynamic landscape of energy transformation and transition, not only for highlighting the
prevalent trends and influential works but also for identifying and selecting the relevant
scholarly findings to shape the renewable energy transition and policy actions.

The remainder of this paper is structured as follows. Section 2 provides a background
of the analysis by presenting the strategic policy approach to renewable energy transition,
as obtained through desk research. Section 3 presents the main methods and materials
used: bibliometric analysis combined with an in-depth systematic literature review com-
bined with desk research. Section 4 presents the main results obtained by applying the
research method. In Section 5, we have discussed the findings of the bibliometric analysis
combined with a systematic and critical literature review and desk research to frame the
conceptualization, drivers, and challenges of the renewable energy transition, along with
an examination of the policy implications and recommendations that have emerged from
this analysis. Section 6 presents the main conclusions and limitations of this paper, along
with further directions for research.

2. Background of the Research: Strategic Set-Up for Renewable Energy Transition

The growing environmental concerns and technological advances are paving the way
for the ascendance of low-carbon energy technologies and a net zero emissions (NZE)
economy [1,16]. The target of 1.5 degrees Celsius [17] represents a viable pathway towards
achieving climate neutrality. In light of the fact that global warming is primarily the
consequence of greenhouse gas emissions, which are predominantly generated by a carbon-
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intensive economy, it is imperative to pursue net zero emissions targets in order to achieve
climate neutrality [16].

At the global scale, the Sustainable Development Scenario (SDS), aimed at achieving
the Paris Agreement’s less ambitious goal to limit the temperature to “well below 2 ◦C”, is
also setting up targets for energy access and renewables, while the NZE Scenario sets out a
pathway for the energy sector to achieve net zero CO2 emissions by 2050.

At the global scale, under the NZE Scenario, CO2 emissions are expected to fall by
40% between 2020 and 2030, and to net zero in 2050 with significant contributions from the
following key sectors (in terms of energy supply and consumption): electricity and power
generation, fuel supply, industry, transport, and buildings [17]. The NZE Scenario ambition
for 2050 is built upon a broad energy transition from fossil fuels (demand is expected to fall
by 90% for coal, 75% for oil, and 55% for natural gas) to renewables (expected to represent
70% of the energy supply) and nuclear energy (expected to account for 10% of the energy
supply) [17]: fossil fuels are not expected to be fully eliminated but limited use is expected,
namely in the production of non-energy goods where the carbon is embodied in the product
or in industries where low-emissions technology options are scarce [17]. With renewables
rapidly becoming a dominant force in global power generation, the energy transition is
driven by key renewable energy and energy efficiency technologies.

To meet the target of 1.5 degrees Celsius set out in the Paris Agreement [17], it is
imperative to remain consistent in adhering to the remaining emissions budget, estimated
at approximately 420 to 1200 billion tons of CO2 by the year 2100 [18,19]; still, it is likely
to contribute to a reduction in global warming of only 1.8 degrees Celsius [19]. Therefore,
meeting the target of 1.5 degrees Celsius would call for more ambitious national targets.

By 2018, a total of 190 countries worldwide submitted their Nationally Determined
Contributions (NDCs) that outlined the climate commitments and actions that they would
undertake on a voluntary basis until 2030, of which 153 NDCs were updated and revised by
2022 [20]. As the International Energy Agency [21] reported, the majority of NDCs have an
energy sector target, but approximately 70% of NDCs have a conditional component that
is contingent on a range of possible conditions, such as financial, technical, and capacity-
building support. Under the NZE Scenario, it is anticipated that technologies that facilitate
or enable zero-emission energy or energy services will constitute 47% of spending in
2030, while technologies that offer emissions reductions but do not themselves deliver
zero-emission energy or energy services are expected to account for a further 7% [21].

It is important to mention that achieving the targets for renewables in total energy
generation of 85% under SDS and 90% under NZE by 2050 requires significant additional
consistent efforts in all regions of the world [22].

Decarbonization remains a major element of climate and environmental targets, guid-
ing energy transition at the global scale. Consequently, there is a strong commitment from
all large economies to reduce greenhouse emissions and increase renewables, as shown in
Table 1.

Table 1. Climate and environmental targets in selected countries.

Country Targets and Policies

Canada

2050: 80% reduction of greenhouse gas (GHG) emissions relative to 2005,
with an interim target of 30% by 2030.
Policies for uptake of renewable energy sources, increased energy
efficiency, and elimination of coal-fired electricity generation.

United States
of America

2025: 26% reduction of GHG emissions relative to 2005.
Policies for uptake of renewable energy sources.
Withdrew from the Paris Agreement in 2017.

China

2030: 60% reduction of CO2 intensity relative to 2005; 20% of non-fossil
energy in total primary energy consumption.
Policies for uptake of renewable energy sources, increased energy
efficiency, and restructuring of the economy.
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Table 1. Cont.

Country Targets and Policies

Japan

2050: 80% reduction of GHG emissions, with an interim target of 26% by
2030 relative to 2013.
Policies for uptake of renewable energy sources and nuclear energy, as
well as increased energy efficiency.

India

2030: 33% reduction of CO2 intensity relative to 2005; 40% installed
power of non-fossil energy technologies.
Policies and measures supporting energy efficiency, use of clean
fuels/technologies (renewable energy included), and renewables.

Russia
2050: 88% reduction of GHG emissions, with an interim target of 25–30%
by 2030 relative to 1990.
Policies supporting renewable energy sources and energy efficiency.

Australia 2030: 26–28% reduction of GHG emissions relative to 2005.
Policies supporting renewable energy.

Brazil 2030: 43% reduction of GHG emissions relative to 2005.
Policies for the uptake of renewable energy sources and renewable fuels.

European
Union

2050: 95% reduction of GHG emissions, with an interim target of at least
40% by 2030 relative to 1990. Climate neutrality.
Policies for Energy Trading Systems for carbon pricing, ambitious CO2
standards, energy efficiency measures, uptake of renewable energy
sources, and clean fuels.

Source: Adapted from [18].

On a global scale, it is the European Union that assumed the highest level of ambition
for reducing harmful greenhouse emissions and climate neutrality to guide the energy
transition towards renewables. In addition, as shown in Table 1, very few countries have
consistent long-term climate/emissions targets to guide their energy transition, with most
of them having set up their ambitions relative to 2030.

By adopting the European Green Deal (EGD) in December 2019, the European Union
(EU) has set the ambitious objective of achieving climate neutrality by 2050 [2]. Climate neu-
trality refers to the mitigation of all greenhouse gases and includes carbon neutrality targets.
The European Green Deal consists of a comprehensive package policy intervention [23]
tapped into the roadmap of key policies for the EU climate change agenda [24] and green
transition [25], with a clear focus on energy emissions [23] and energy policy. Taking into
consideration its position in the world economy and trade, for achieving climate neutrality
and with the aim of taking leadership, the European Union has set up ambitious targets to
mitigate emissions of detrimental greenhouse gases, aiming for a 55% reduction by 2030
and expecting a reduction of at least 80% up to 95% by 2025 as compared to 1990 [26].

Since energy is responsible for more than 75% of greenhouse gas emissions [27], the
energy transition has been inextricably linked from its inception with the potential it holds
for reducing greenhouse gas emissions by phasing out fossil fuels and replacing them with
renewable energy sources at the global scale. The energy sector remains one of the most
important stakeholders to contribute to climate neutrality [28] and full decarbonization of
the energy systems is essential for the EU’s climate neutrality ambition. The regulatory
and strategic package for energy subsequent to the European Green Deal has been setting
up targets and approaches to guide the energy transition: the EU has committed to act to
achieve an 11.7% improvement in energy efficiency [29] and a share of renewable energy
of at least 42.5% in gross final energy consumption by 2030, as set up in EU Directive
2023/24 [29,30]. Under the Green Deal, the energy transition aims at reducing greenhouse
emissions to reverse climate change and ensure energy security by reducing the EU’s energy
dependence on fossil fuels [31].

The European Green Deal is built on three key principles to guide a clean and just
energy transition, which will help reduce greenhouse gas emissions and enhance the quality
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of life of citizens [2,32]: (a) developing a fully integrated, interconnected, and digitalized EU
energy market; (b) improving energy efficiency, including the energy performance of our
buildings, and developing renewable sources based on the power sector; and (c) ensuring a
secure and affordable EU energy supply.

To this end, the European Green Deal and subsequent strategic documents contain
specific measures for: (a) phasing out fossil/carbon-based fuel sources and consumption;
(b) increasing energy efficiency and the efficient use of resources; and (c) investing in
renewable green energy production and storage [31,33]. Measures are delivered under
the form of regulatory actions together with funding for investments (new technologies,
R&D, and infrastructures (grid extension and improvement and production and storage
facilities)) and a just energy transition (with a particular focus on the most vulnerable
populations, sectors, and territories).

As compared to the EU, the commitments under SDG (guiding energy transition) in
other regions of the world have a lower level of ambition. Combined with different energy
mixes and resources, this delivers diverse renewable energy transition pathways across
various regions of the world.

In Africa, only 12 countries, producing about 43% of global CO2 emissions (as in
2020) [34], have announced long-term net zero emissions pledges, with the objective of
achieving carbon neutrality by 2050 (of which the most important are South Africa, Namibia,
Malawi, and Liberia), 2060 (Nigeria), or 2070 (Mauritius) [34,35]. At the Conference of the
Parties (COP26), only seven African countries and the East African Development Bank
signed the Statement on International Public Support for the Clean Energy Transition,
which sets up the end of financial support for unabated fossil fuel-based power generation
by the end of 2022; under this Statement, Morocco committed to refrain from constructing
any new coal-fired power plants, while Egypt has committed to phasing out coal-fired
power stations. On the other hand, South Africa has only committed to reducing coal
use [34]. In the case of Africa, if fully implemented, the 53 NDCs would collectively
result in the mitigation of approximately 550 Mt CO2 in 2030, equivalent to approximately
40% of the continent’s current emissions [34]. It is important to mention that all African
NDCs contain targets and actions in the energy sectors; this is mostly due to the fact that
the current power mix in Africa is dominated by fossil fuels, with coal, natural gas, and
oil accounting for approximately 72% of the power generated in 2023 [36]. The African
Union Agenda 2063, developed by the African Union, is a blueprint and master plan for
transforming Africa into the global powerhouse of the future [37]. It outlines the objective
to establish renewable and clean sources as the foundation for the expansion of Africa’s
energy systems to ensure energy security and decarbonization [19,35]. However, as the
necessity for decarbonization becomes paramount in the context of increasingly stringent
energy transition regulations and climate policies, it is anticipated that the share of Africa’s
renewable-driven (solar PV, onshore wind, and hydro) power mix will rise from 25% in
2023 to 75% by 2050. In addition, the role of fossil fuels in the power mix is anticipated to
decline gradually, with natural gas reducing its presence in the energy sector from 42% of
the power generated in 2023 to 10% in 2050 [36].

In Asia, climate commitments and renewable energy transition encompass variations
at the sub-continental level and across countries. At COP-26, India committed to achieving
Net Zero by 2070, with key milestones for 2030 (50% of energy requirements supplied by
renewable energy sources, an emissions reduction of 1 billion tons, and a reduction in the
economy’s carbon intensity of 45%) and 2047 (energy independence) [38]. In addition, the
ASEAN countries referred to their climate ambitions in COP 26, but full commitments and
clear roadmaps seem to be missing, unclear, or conditional: (a) the Indonesian government
has increased its climate ambition to reach net zero emissions by 2060 or sooner (with a
target reduction of 29 for greenhouse emissions by 2030); (b) Thailand has suggested that
the target of net zero emissions should be reached by the mid-century and is aiming to
achieve carbon neutrality by 2050 (with a target of a 20% reduction in greenhouse emissions
by 2030); (c) Vietnam announced a net zero target by 2050 (with a target of a 27% reduction
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in greenhouse emissions by 2030); and (d) Brunei Darussalam (with an oil and gas industry
that is dominant in the economy) declared its net zero target by 2050 (with a target of a
20% reduction in greenhouse emissions by 2030) [39]. For ASEAN countries, the existing
roadmaps suggest that, under the NZE Scenario, the share of renewable energy in total
final energy consumption will increase to 65% by 2050 [39].

In Southeast Asia, ambition in terms of renewable energy remains very low com-
pared to other regions of the world. As the International Energy Agency [22] reported,
in Southeast Asia, despite the rapid expansion of renewable energy sources, fossil fuels
continue to meet the majority of the growth in energy demand. Their consumption will
continue to increase until at least the mid-century and it is anticipated that the aggregate
proportion of fossil fuels in the energy mix will remain above 70% in 2050 (compared to
77% in 2022) [22]. In Southeast Asia, renewables currently account for nearly 25% of total
generation, and the share of renewables is expected to rise to nearly 40% by 2050 [22],
which is significantly lower compared to SDS and NZE Scenario ambitions. Therefore, the
transition to renewables is likely to be very costly since the region is home to the youngest
coal power fleet in the world (with an average coal plant age of 12 years of activity in 2022
and investments for decommissioning are estimated at approximately 13% of the region’s
total investment requirements [40]).

For Central Asia, for the last three decades, there was minimal focus on energy
efficiency and environmental concerns. The energy sector continues to be managed through
a centralized system and, despite their renewable energy potential, the energy transition
seems to be impeded in countries that are rich in fossil-based energy resources [41].

Latin America and Caribbean countries are rich in natural resources, particularly
fossil fuels (as is the case for Venezuela, Brazil, Mexico, Argentina, and Colombia), with
many economies dependent on fossil fuels. The primary energy supply in the region is
mainly from fossil fuels (69%), while only 1/3 of the supply is derived from renewable
sources [42]. This may explain why only 16 out of the 33 countries in the region have
promised to achieve net zero emissions targets by the mid-century or earlier, and only six
countries have explicitly mentioned an absolute or relative target, while the rest rely on
a counterfactual business-as-usual scenario to specify their potential emission reductions
as reported by the International Energy Agency [34]. Still, in the region, 65% of electricity
generation is renewable [42] which is likely to contribute to a smooth energy transition
to renewables. Latin America and Caribbean countries are demonstrating advancements
across multiple domains in their efforts to transition to a more sustainable energy future,
which include national energy policies that reflect their commitment to this transition, for
example, Uruguay’s 2005–2030 Energy Policy, Mexico’s 2020–2024 National Program for
Sustainable Energy Use, Chile’s Energy 2050 policy, and Costa Rica’s 2015–2030 National
Energy Plan [42].

Cross-examination of these commitments reveals the critical role of renewable energy
in achieving climate and sustainability targets. At the same time, it is worth mentioning
that solar and wind energy are common elements in all strategies, policies, and action plans.

December 2019 to August 2024 (the present time) stands out as a pivotal era for energy
transition, characterized by rapid and transformative shifts towards renewable energy,
and is of particular interest for this paper. Following the adoption of the European Green
Deal in December 2019, giving a boost to the renewable energy-driven transition in the EU,
several interconnected factors converged to accelerate this process, primarily in Europe.
The onset of the COVID-19 pandemic (late 2019–early 2020) initially dampened energy
demand but subsequently catalyzed a renewed focus on sustainability and resilience. As
economies rebounded, there was a growing recognition of the vulnerability of fossil fuel-
dependent energy systems. This crisis acted as a catalyst for diversifying energy sources
and investing in cleaner alternatives. Concurrently, the intensifying impacts of climate
change, manifested in increasingly frequent and severe extreme weather events, amplified
the global imperative to transition to a low-carbon economy. Public and political pressure
mounted on governments and businesses to adopt ambitious climate action plans.
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Geopolitical shifts, notably the Russian invasion of Ukraine in February 2022, dis-
rupted global energy markets and underscored the critical importance of energy secu-
rity [43,44]. In particular, European countries, heavily reliant on Russian gas, were com-
pelled to expedite their efforts to reduce fossil fuel dependence and diversify energy
supplies. In response to the attack on Ukraine, the European Union (EU) has taken the
decision to reduce its reliance on imported hydrocarbons from Russia, which has had global
impacts by prompting major players in energy markets to re-evaluate their investment
strategies. In addition, the global discourse on energy transition and climate change has
reached unprecedented levels, with a notable shift towards renewable energy sources [36].
This crisis served as a powerful impetus for rapid renewable energy deployment and
investments in energy efficiency. Moreover, technological advancements in renewable
energy, particularly solar and wind power, and declining costs made these technologies
increasingly competitive with traditional fossil fuels. This economic viability, support-
ive government policies, and financial incentives fostered the widespread adoption of
renewable energy sources.

These global, regional, and national insights are shaping the strategic landscape for
scholars to deliver solutions to challenges and policy recommendations for governments
for a smoother and more effective energy transition to support climate targets to which
countries have committed.

3. Materials and Methods

Research methods were combined to achieve the aims of this paper. This paper relies
on bibliometric analysis and secondary data.

The research design consists of several phases:

1. Desk research—with the aim of setting up the strategic policy framework of the subject
of this paper, namely the transition to renewable energy;

2. Bibliometric analysis using “energy transition” and “renewable energy” to identify
the relevant literature;

3. Selection of the relevant literature—since the bibliometric analysis revealed a large
number of scholarly works tackling the topic of renewable energy transition, funnel-
like techniques were used for selecting the relevant literature for systematic review.
Additional filtering consisted of applying additional keywords revealed by bibliomet-
ric analysis, which were relevant for the aim of this paper, the temporal frame, and
the relevance of this article (also measured by “most cited”, “hot papers”, etc.). In
addition, papers addressing only technologies and technology issues were excluded
since this subject does not fall under the scope of this paper;

4. Systematic review of the relevant selected papers, with a particular interest in the
specific features, challenges, and implications of the transition to renewable energy;

5. Combining the results of the research methods deployed to identify relevant issues to
be considered in policy-making.

The research design of this paper, which combines different research methods that
complement each other, allows the authors to properly position the topic of research and to
map and analyze only the recent and most relevant scholarly literature, delivering a holistic
perspective on the dynamic landscape of energy transformation and the transition towards
renewables. The research design and methods used ensure the reasonableness of the
selected literature sample. The relevant scholarly literature reflecting the prevailing trends
was selected, as well as influential works (using funnel-like techniques and additional
filters, including filtering by “most cited”).

Desk research was conducted to identify the main patterns and policy elements
guiding and shaping the global landscape of energy transition, as well as the main strategic
guidelines and targets for a smooth and sustainable energy transition. Legislation, reports,
policy documents, and strategies from European Union institutions and the United Nations
were consulted. In addition, reports from the International Energy Agency (IEA), the
International Renewable Energy Agency (IRENA), and the World Economic Forum (WEF)



Energies 2024, 17, 4719 8 of 40

were analyzed to frame the policy options for an effective and just renewable energy
transition. Websites hosting these official documents, statistics, and reports were accessed
from 1 June 2024 to 6 August 2024. The desk research contributed to the identification of
the key pillars and main drivers for the renewable energy transition policy framework, and
it was used for setting up the regional and global strategic set-up governing and orienting
the renewable energy transition.

The rapid growth of scientific knowledge due to advancing information technology
has led researchers to explore new methods for analyzing large amounts of data. This has
given rise to the field of bibliometrics. Bibliometric methods, as demonstrated by various
studies [45–47], can provide accurate and reliable quality indicators, especially useful for
comparing or categorizing comprehensive subjects [48,49]. While these measures are effec-
tive for comparing broad research topics, they may not capture the nuances of individual
research efforts [10,50–56]. For the assessment of experimental behavior, bibliometric analy-
sis is valuable for researchers seeking insightful data [48,53,54,57–60]. Bibliometric analysis
was selected for organizing and understanding knowledge within specific renewable en-
ergy transition research fields. The bibliometric analysis was conducted using the WoS
Core Collection database. The search query included the keywords “energy transition” and
“renewable energy” connected by the “and” connector to ensure comprehensive retrieval
of relevant articles. Filters were applied to restrict the search to articles and reviews pub-
lished in English between December 2019 and August 2024, capturing a significant period
of actions towards energy transition worldwide: the COVID-19 pandemic, the Russian
invasion of Ukraine in February 2022, and severe climate degradation manifested through
severe weather phenomena. Therefore, the period from December 2019 to August 2024
represents a unique opportunity to study the accelerated pace of the energy transition. By
examining the interplay of these factors, researchers can gain valuable insights into the
drivers of change, the impact of policies and investments, and the implications for the
future of the energy sector. Consequently, the study analyzed English-language articles
and reviews from the Web of Science (WoS) database published between 11 December 2019
and 6 August 2024.

VOSviewer, version 1.6.15, was the selected bibliometric analysis method—a freely
accessible information technology system developed for generating and visualizing biblio-
metric maps [61]. VOSviewer tools are used to generate a keyword chart, and this paper
concludes with a discussion of the study’s findings, limitations, and recommendations for
future research. Setting itself apart from other information technology tools, VOSviewer
emphasizes the creation of graphical maps, proving especially beneficial for analyzing
extensive datasets and demonstrating impressive capability in producing network-based
maps [62–65]. VOSviewer, which was accessed on 7 August 2024, at www.vosviewer.com,
is a specialized computer program that is specifically designed for creating, visualizing,
and analyzing scientific bibliometric maps. One of its key features is the ability to generate
term maps, which are two-dimensional visual representations where the size of word labels
corresponds to the frequency of the words, and the distance between terms indicates their
relatedness based on their co-occurrence in the corpus file [10,66,67]. The software also has
functionalities for identifying countries, frequently cited authors, and relevant keywords in
the research [68].

The bibliographic data that was gathered were then exported and processed for analy-
sis using VOSviewer, set at a minimum word frequency threshold to exclude rarely used
terms and make the keyword map clearer. This research examines the temporal develop-
ment, the distribution among journals and countries, author and institutional perspectives,
and citations received by the publications to assess their impact on the scientific literature.
Additionally, it used co-occurrence cutoffs to identify statistically significant relationships
between keywords. It also utilized a VOS clustering algorithm to find thematic areas
within the research landscape. Mapping and clustering techniques [62,69] are valuable
for identifying patterns and uncovering connections within these networks, providing
researchers with a comprehensive view of the dynamics and interrelationships within a

www.vosviewer.com
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research domain. This method helped visualize the intellectual structure of the field and
revealed prominent research clusters related to energy transition and renewable energy.

With the results of the bibliometric analysis as a starting point, a critical systematic
review of the existing scholarly literature was conducted to identify the key elements
defining the renewable energy transition. A systematic review of the scholarly literature
is an essential tool in all research areas for collecting and analyzing data [70] and for
revealing and describing previous research and relevant findings [71] on a specific topic.
As a research method, a systematic literature review synthesizes research findings in a
systematic, transparent, and reproducible manner [72], providing a broad perspective in
selected research/study areas by incorporating findings, approaches, and results from
many empirical findings and a large number of research papers, making it suitable for
addressing research questions with a completeness and power that no individual study
has [71].

As revealed by the bibliometric analysis, “energy transition” and “renewable en-
ergy”, as key parts of the conceptual design of “renewable energy transition”, have been
extensively examined by researchers from a multitude of perspectives, whose work is
reflected in a large number of articles and studies covering diverse disciplines and fields
of research. Thus, a systematic review of the existing literature was required to uncover
the intellectual landscape and identify influential works and emerging topics within this
critical intersection of the economic, governance, political, social, and climate dimensions
of the energy transition toward renewables. The systematic review of the existing scholarly
literature, complementing the bibliometric analysis, becomes necessary to reduce biases
and to provide reliable evidence for drawing relevant conclusions [73], supporting decision-
making for the proper achievement of the targets defined in strategic and policy documents
revealed by the desk research.

Because of the impressive scholarly work covering renewable energy transition, a
comprehensive review of the literature was impossible. Therefore, a funnel-like technique
was used for optimizing the selection of the relevant literature to be reviewed and ap-
praised to properly achieve the aims of this research. Thus, a funnel-like technique was
used: additional filtering was deployed and allowed the authors to move from broad
to narrow, i.e., from general results to the more specific literature to be discussed. The
bibliometric analysis and selected filters were correlated. The authors made use of the
clusters resulting from the bibliometric analysis (an “implications” cluster, a “system”
cluster, and a “challenges” cluster), and the literature was filtered by additional keywords:
renewable energy transition and additional (second-layer) filters were connected by the
“and” connector. The most relevant additional filters included the following keywords:
effects, impact, challenges, patterns, just transition, fairness, development, social impact,
energy system, storage, sustainability, sustainable development, renewable, power system,
capacity, generation, demand, adoption, greenhouse emissions, policy, and stakeholder
(also reflected in the “implications” and “system” clusters of the bibliometric analysis).
Then, for every additional keyword, there were two independent exercises for filtering the
literature (peer-reviewed scholarly articles) by (1) “most cited” and “hot papers” for the
temporal horizon of interest (2019–2024) to select the most influential works and (2) “most
recent” (2023–2024) to cover the newest works (which are likely not covered by “most
cited”). Therefore, to select the most influential and newest scholarly literature for a more
in-depth review, usually, for each filtering, the first 50 articles (or all articles if fewer than 50)
were scrutinized by the authors to ensure that relevant methods, findings, and conclusions
were selected and referred to in this paper. Articles relevant to two or more keywords were
of particular interest to the authors and were examined in more depth.

The bibliometric analysis revealed that the most prominent and most quoted articles
cover technological fields (in particular, technology development and uptake, technologi-
cal processes, technological effectiveness, etc.), but they were excluded from the system-
atic/more in-depth review since the focus of this article is not on covering technological pro-
cesses or technology-related issues. Its aim is not to identify technical methods/solutions
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to improve technology, nor to identify the newest technologies/processes/methods specific
to renewable energy/renewables. The finding of the bibliometric analysis revealed that
the mounting amount of scholarly work in the “technology” block is an indication for
policymakers to implement proper design for R&D&I policies and an adequate investment
framework in systems based on renewable energy-specific technologies; however, it is not
the aim of this article to provide insights related to the newest technological developments
revealed in the existing recent literature.

Relevant articles and scholarly work were selected, mostly from WOS-indexed publica-
tions; the preference for WOS-indexed publications was in connection with the bibliometric
analysis, the results of which are also integrated in this paper. The literature review covered
the period from 2014/2015–6 August 2024, divided into two sub-periods: 2014/2015–2019
(prior to and after the adoption of the Sustainable Development Goals) and December
2019–6 August 2024 (after the adoption of the European Green Deal and the subsequent
challenges of this period). We have considered that these two periods were essential for
conceptualizing the renewable energy transition. The adoption of the Sustainable Develop-
ment Goals (SDGs) [1], particularly SDG 7 “Ensure access to affordable, reliable, sustainable
and modern energy for all”, oriented the works of the scholars after 2015 towards energy
transition and renewable energy (features, patterns, drivers, and implications). Similarly,
attention on the renewable transition received a boost in the scholarly work after the
adoption of the European Green Deal in December 2019 and its ambitious objective of
transforming the European Union into the first climate-neutral economy by 2050 [2]. The
period 2020–2024 has been particularly scrutinized in this paper to reflect the most recent
scholarly work. In line with the bibliometric analysis, this period was of particular interest
in conducting the literature review and the desk research due to the specific challenges,
particularly the COVID-19 pandemic, the Russian invasion of Ukraine in February 2022,
and accelerated climate degradation (manifested through severe weather phenomena),
which have accelerated the phasing out of fossil energy and the implementation of a
renewable-driven energy transition on grounds of sustainability, security, and resilience.

The focus on the 2019/2020–2024 period for selecting the scholarly literature is reason-
able and duly justified for at least three main reasons. First, it was a period of disruptive
changes: the COVID-19 pandemic, Russian aggression against Ukraine, and severe climate
deterioration raised additional challenges, but also incentivized governments to speed up
the renewable energy transition. Secondly, more ambitious targets for reducing greenhouse
emissions and climate neutrality (and subsequent action plans were adopted with the Euro-
pean Union as a leader); the increased levels of ambition combined with fast technological
advancements are likely to give a boost to the renewable energy transition and redesign the
transition pathways and tools. Thirdly, rapid advancements in technology and other do-
mains are altering the durability of the results of any scholarly work. Therefore, only recent
and relevant scholarly works in the field of renewable energy transition were selected for
analysis and their results could provide reliable and updated guidance for policy-making.
It is important to mention that the earlier literature was considered, to a lesser extent, only
for the purposes of following the evolution of renewable energy transition.

Moreover, bibliometric analysis, while a powerful tool for understanding research
trends, has inherent limitations, particularly when applied to interdisciplinary research,
such as in this article. One significant challenge lies in its inability to accurately capture
the full spectrum of research activities. This limitation is exacerbated in interdisciplinary
fields where research may be published in a variety of journals across different disciplines,
making it difficult to comprehensively identify the relevant literature. As noted by Paez [74],
bibliometric analysis often overlooks research published in non-traditional outlets, such as
books, conference proceedings, and grey literature, which can significantly underestimate
the scope of research in interdisciplinary areas.

Another limitation of bibliometric analysis is the potential for duplicate results. This
occurs when the same research is published multiple times in different journals or under
different titles. While some databases employ algorithms to detect and remove duplicates,
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these methods are not always perfect, leading to inflated citation counts and skewed results.
As Haustein and Larivière [75] point out, duplicate publications can introduce bias into
bibliometric analyses, particularly when assessing the impact of individual researchers or
institutions. Therefore, in our paper, VOSviewer software was used to conduct the biblio-
metric analysis to avoid the use of duplicated publications. As stated in its manual [76], “If
there are duplicate documents in the data provided as input to VOSviewer, the documents
will automatically be deduplicated.”

Furthermore, bibliometric analysis often relies on a limited set of exclusion criteria,
which can hinder the accuracy of results. For instance, many databases exclude self-citations
and co-citations, which can be particularly problematic in interdisciplinary research where
collaborations are common. Additionally, bibliometric analysis may not adequately account
for the quality of research, as citation counts alone do not necessarily reflect the significance
or originality of a study. As various books and articles argue [77–80], bibliometric analysis
should be complemented by other methods, such as expert review and content analysis, to
provide a more comprehensive understanding of research trends. Therefore, our paper has
extended the conducted research by in-depth desk research.

Finally, the authors of this paper have combined and triangulated the results of the
research methods used with the aim of contributing to the existing knowledge by offering a
holistic perspective on the dynamic landscape of energy transformation and transition, not
only to highlight the prevalent trends and influential works but also to identify and select
the relevant scholarly findings to shape the renewable energy transition and policy actions.

This paper contributes to the existing knowledge by proposing a descriptive model of
the renewable energy transition as outlined by the scholarly literature (based on the analysis
performed), the model of which provides valuable insight for a better understanding of the
renewable energy transition to orient policy-making and policy actions.

4. Results
4.1. Renewable Energy Transition: Results of the Bibliometric Analysis

The central objective of the bibliometric analysis is to explore the intricate interconnec-
tions between “energy transition” and “renewable energy” in the last five years (2019–2024),
namely from the publication of the document “Communication on the European Green
Deal” (11 December 2019) until the present day (6 August 2024). Employing bibliometric
techniques as a critical analytical tool, this research seeks to unravel the associations and
relationships between these key concepts within the evolving landscape it encompasses.

An exhaustive keyword search was conducted utilizing the Social Sciences Citation
Index (SSCI) database within the ISI—Web of Science platform from Clarivate Analytics to
gather relevant data for this study. The selection of WoS, renowned for its reliability and
comprehensive coverage, reinforces the credibility of this research. The search spanned
multiple fields within the records, including titles, abstracts, author-assigned keywords,
and Keywords Plus. Moreover, the search was focused on articles and reviews published
between December 2019 and August 2024.

Applying these criteria generated a total of 12,259 articles. A thorough refinement
process was undertaken to eliminate irrelevant data from the dataset. This process involved
filtering for document type (either “article” or “review article”) and language (English).
As a result of this refinement, the dataset was reduced from 12,259 to 11,597 (based on
Document type) and eventually to 11,456 (Based on Language). This led to the creation
of a highly curated collection of 11,456 documents encompassing energy transition and
renewable energy in their title, abstract, or keywords, covering the period from 2019 to 2024.

Based on data collection and a literature review [10,81], this study involves three types
of analysis related to the relationship between “energy transition” and “renewable energy”:

1. Examining selected articles and reviews, including their distribution by publication year
and country, identifying leading journals, institutions, and authors, and categorizing
papers based on the research field:
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a. The temporal distribution of publications provides insights into the evolution-
ary trajectory of the field, shedding light on the emergence of novel research
paradigms and the waning prominence of previously dominant areas of inquiry.
Furthermore, the spatial distribution of publications offers an illuminating
portrayal of the global reach of research in the realm of energy transition and
renewable energy, signifying widespread international collaboration and the
cross-fertilization of ideas within this domain.

b. The identification of leading journals establishes a benchmark for evaluating the
quality and impact of research within a specific field. These renowned journals
are recognized for disseminating significant contributions to the discipline, and
their substantial publication output underscores their importance in scholarly
discourse.

c. The acknowledgment of prominent institutions and authors highlights the key
players in driving research in energy transition and renewable energy. These
institutions and individuals have made substantial contributions to the field
through their pioneering research and mentorship. Their prominence reflects
their impact on advancing knowledge.

d. The process of categorizing papers by research fields has played a crucial role
in enhancing our comprehension of the diverse themes present within the
research domain. Through this categorization, we have been able to discern the
multiple subfields within the broad topics of energy transition and renewable
energy. Each of these subfields exhibits a distinct focus and research agenda,
contributing to a comprehensive understanding of the complexities within these
areas of study.

2. The significance of the selected papers was evaluated through a quantitative analysis of
their citation counts. This assessment revealed a subset of papers that demonstrated
markedly higher citation rates than others, signifying their profound impact within the
scholarly literature under consideration. These papers, by virtue of their high citation
rates, have emerged as influential works, thereby underscoring their substantial
contributions to the academic domain and their enduring influence on current research
pursuits. Furthermore, the citation patterns observed among these papers elucidate
the interconnectedness of research topics and the evolutionary trajectory of the field.
Through this analysis, key research domains, emergent trends, and distinguished
scholars who have substantially shaped the field were identified.

3. The in-depth analysis of keywords encompassed their occurrence, link strength, and the
creation of a keywords map, with a specific focus on the context of energy transition
and renewable energy. This analysis unveiled the primary themes and subfields
that dominate research concerning the research focus, demonstrating the evolving
nature of the field as new keywords surfaced and existing keywords fluctuated
in prominence over time. Furthermore, the keywords map provided a dynamic
visualization of the thematic landscape, enabling the identification of clusters of
interconnected keywords and the comprehension of the interrelatedness of various
research areas. This visual representation facilitated a profound understanding of the
interconnectedness between energy transition and renewable energy.

The research approaches outlined in this paper are specifically crafted to align with
the article’s focus. They serve as the foundation for the upcoming data analysis and the
discussion of findings in the sections that follow.

4.1.1. Examination of the Selected Articles and Reviews

The examination of publications on energy transition and renewable energy spanning
from December 2019 to August 2024 has unveiled a consistent uptrend in published works.
Although the number of published documents in 2024 is fewer than in 2023, it is important
to note that the analysis only encompasses the initial eight months of the year. In 2023, the
most significant number of publications occurred, with 3160 papers, constituting 27.58%
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of the total 11,456 papers. The substantial increase in research activity within this domain
signifies a heightened interest in these subjects (refer to Figure 1).
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Figure 1. Number of research papers published annually (Notes: *—the publications for 2019 are from
the 11th of December until the end of the year; **—the publications for 2024 are from the beginning
of the year until the 6th of August). Source: Analysis developed by the authors using information
extracted from WoS, 2024.

China is at the forefront of publications on energy transition and renewable energy
sources with 2623 papers, followed by the United States of America with 1429 papers
and Germany with 1032 papers. According to Figure 2, which shows the countries that
have published articles and reviews on this subject, China, the United States of America,
Germany, the United Kingdom, and Italy are the primary hubs of research in this field,
accounting for 58.27% of the total papers.
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Between December 2019 and August 2024, significant research on energy transition
and renewable energy was published in 25 influential journals, as outlined in Table 2. These
25 journals contributed to 30.07% of the 11,456 articles and reviews analyzed in this study.
Moreover, the 11,456 selected papers were published in a wide variety of 1728 journals that
addressed the research’s subject matter.

Table 2. Top 25 Most Productive Journals.

Publication Record Count % of 11,456

Energies 943 8.231
Sustainability 459 4.007
Energy Research Social Science 410 3.579
Renewable Sustainable Energy Reviews 363 3.169
Energy Policy 311 2.715
Energy 306 2.671
Journal of Cleaner Production 289 2.523
Applied Energy 285 2.488
Renewable Energy 272 2.374
International Journal of Hydrogen Energy 224 1.955
Environmental Science and Pollution Research 207 1.807
Energy Reports 149 1.301
Journal of Energy Storage 140 1.222
Energy Conversion and Management 118 1.030
Energy Economics 109 0.951
Resources Policy 101 0.882
Energy Strategy Reviews 95 0.829
Frontiers in Energy Research 91 0.794
Ieee Access 87 0.759
Environmental Innovation and Societal Transitions 67 0.585
Sustainable Energy Technologies and Assessments 67 0.585
Journal of Environmental Management 63 0.550
Heliyon 61 0.532
Energy for Sustainable Development 58 0.506
Energy Sustainability and Society 57 0.498

Source: Analysis developed by the authors using information extracted from WoS, 2024.

Table 3 presents the top 25 most prolific researchers in energy transition and renewable
energy. These researchers are identified based on their published works from 34,212 authors
who have contributed to this topic.

Table 3. The 25 Authors with the Highest Publication Output.

Authors Record Count % of 11,456

Breyer C 69 0.602
Murshed M 50 0.436
Liu Y 47 0.410
Wang Y 47 0.410
Wang L 39 0.340
Li Y 37 0.323
Zhang Y 34 0.297
Li J 32 0.279
Bogdanov D 30 0.262
Wang Q 30 0.262
Zhang H 30 0.262
Wang H 28 0.244
Kumar A 27 0.236
Zhou Y 27 0.236
Sovacool BK 26 0.227
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Table 3. Cont.

Authors Record Count % of 11,456

Wang C 26 0.227
Streimikiene D 25 0.218
Aghahosseini A 24 0.209
Kim H 24 0.209
Zhang L 24 0.209
Zhang XY 24 0.209
Ali S 23 0.201
Liu X 23 0.201
Wang J 23 0.201
Zhang Q 23 0.201

Source: Analysis developed by the authors using information extracted from WoS, 2024.

According to Table 3, Breyer Christian from the Lappeenranta University of Technol-
ogy has the most individual contributions to the topic under study, with a remarkable
69 publications on energy transition and renewable energy. Breyer’s research has been
highly influential, earning her a H-index of 62 and garnering over 12,452 citations. Closely
following Breyer is another author, Murshed Muntasir, who has authored 50 articles on
this field of research.

Figure 3 illustrates the wide variety of research fields (155) investigated in the publica-
tions that were analyzed, with the number of articles published in each field depicted. It
is crucial to understand that one article can contribute to multiple research fields simul-
taneously, demonstrating the dynamic and interconnected nature of this expansive area
of study.
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The analysis of the 11,456 articles and reviews in this study revealed that “Energy
Fuels”, “Environmental Sciences”, “Green Sustainable Science Technology”, “Environmen-
tal Studies”, and “Chemistry Physical” emerged as the top five research areas with the
highest number of associated publications. “Energy Fuels” gained the most attention,
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with 4626 publications dedicated to this field. “Environmental Sciences” followed behind
with less than half as many publications, namely 2235. “Green Sustainable Science Tech-
nology” occupied the third position with 2181 publications, highlighting the persistent
focus on energy resources and their sustainable utilization. “Environmental Studies” so-
lidified its position as a fundamental pillar of energy transition and innovation, amassing
1952 publications. “Chemistry Physical” drew attention in 953 publications.

4.1.2. Quantitative Analysis of the Citations

The next phase of this study focuses on evaluating the citation metrics of the selected
9920 articles within a specific timeframe. A further refinement of the article list was neces-
sary as the WoS tools have limitations on analyzing citations for more than 10,000 works.
Therefore, only articles were included in this part of the analysis. Table 4 presents the ten
most influential scientific works on the intersection of energy transition and renewable en-
ergy, published between December 2019 and August 2024. This compilation offers valuable
insights into the foundational knowledge that has influenced our understanding of this
crucial intersection.

Table 4. Top 10 most cited articles and reviews.

Title of the Article Authors Publication
Year

Total Citations
December

2019–August 2024

Average
Citations
per Year

Materials for hydrogen-based energy
storage—past, recent progress and
future outlook

Hirscher, M., Yartys, V.A.,
Baricco, M., von Colbe, J.B.,
Blanchard, D., Bowman Jr, R.C.,
Broom, D.P., Buckley, C.E., Chang,
F., Chen, P. and Cho, Y.W.

2020 527 105.4

Hydrogen in energy transition: A
review

Kovač, A., Paranos, M. and
Marciuš, D. 2021 492 123

Mechanism of Oxygen Evolution
Catalyzed by Cobalt Oxyhydroxide:
Cobalt Superoxide Species as a Key
Intermediate and Dioxygen Release as
a Rate-Determining Step

Moysiadou, A., Lee, S., Hsu, C.S.,
Chen, H.M. and Hu, X. 2020 486 97.2

A study on hydrogen, the clean
energy of the future: Hydrogen
storage methods

Tarhan, C. and Çil, M.A. 2021 454 113.5

Platinum single-atom catalyst coupled
with transition metal/metal oxide
heterostructure for accelerating
alkaline hydrogen evolution reaction

Zhou, K.L., Wang, Z., Han, C.B.,
Ke, X., Wang, C., Jin, Y., Zhang, Q.,
Liu, J., Wang, H. and Yan, H.

2021 419 104.75

Engineering active sites on
hierarchical transition bimetal
oxides/sulfides heterostructure array
enabling robust overall water splitting

Zhai, P., Zhang, Y., Wu, Y., Gao, J.,
Zhang, B., Cao, S., Zhang, Y., Li, Z.,
Sun, L. and Hou, J.

2020 418 83.6

Cooperative CO2-to-ethanol
conversion via enriched intermediates
at molecule-metal catalyst interfaces

Li, F., Li, Y.C., Wang, Z., Li, J.,
Nam, D.H., Lum, Y., Luo, M.,
Wang, X., Ozden, A., Hung, S.F.
and Chen, B.

2020 407 81.4

Highly selective electrocatalytic CO2
reduction to ethanol by metallic
clusters dynamically formed from
atomically dispersed copper

Xu, H., Rebollar, D., He, H.,
Chong, L., Liu, Y., Liu, C., Sun, C.J.,
Li, T., Muntean, J.V., Winans, R.E.
and Liu, D.J.

2020 403 80.6
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Table 4. Cont.

Title of the Article Authors Publication
Year

Total Citations
December

2019–August 2024

Average
Citations
per Year

Direct evidence of boosted oxygen
evolution over perovskite by
enhanced lattice oxygen participation

Pan, Y., Xu, X., Zhong, Y., Ge, L.,
Chen, Y., Veder, J.P.M., Guan, D.,
O’Hayre, R., Li, M., Wang, G. and
Wang, H.

2020 396 79.2

Efficient electrically powered
CO2-to-ethanol via suppression of
deoxygenation

Wang, X., Wang, Z., García de
Arquer, F.P., Dinh, C.T., Ozden, A.,
Li, Y.C., Nam, D.H., Li, J., Liu, Y.S.,
Wicks, J. and Chen, Z.

2020 375 75

Source: Analysis developed by the authors using information extracted from WoS, 2024.

The 9920 articles on energy transition and renewable energy published between De-
cember 2019 and August 2024 have received 132,139 citations, an average of 13.32 citations
per year.

Table 4 provides a quantitative assessment of each article’s scholarly impact, tracking
the cumulative number of citations received since its publication until August 2024, focusing
on the top 10 most influential publications. Notably, the highest number of citations, 527,
belongs to the work “Materials for hydrogen-based energy storage—past, recent progress
and future outlook” by Hirscher, M., Yartys, V.A., Baricco, M., von Colbe, J.B., Blanchard,
D., Bowman Jr, R.C., Broom, D.P., Buckley, C.E., Chang, F., Chen, P. and Cho, Y.W. (2020).
This indicates that this article has accumulated 105.4 citations annually since its publication.

4.1.3. In-Depth Analysis of Keywords

The final stage of this study involves conducting an extensive analysis of the keywords
used in 11,456 scrutinized articles and review articles. This comprehensive assessment
includes an examination of both the keywords provided by the authors and the “keywords
plus” automatically extracted from the Web of Science database. Subsequently, these
keywords were subjected to scrutiny using VOSviewer software, which generated a visual
representation of the keyword distribution based on bibliographic data.

A database has been established to encompass data related to 11,456 chosen articles
and reviews. These data include the author’s name, article title, abstract, publication year,
keywords, and other pertinent details. The information was sourced from the WoS database
and integrated into VOSviewer software for subsequent analysis.

A total of 187,917 keywords were identified within the papers, articles, and reviews
pertaining to globalization, sustainability, and the European energy sector. To refine the
focus, we established a minimum occurrence threshold of 400, resulting in 134 keywords
meeting the criteria for further analysis. The 80 most relevant keywords, representing 60%
of the total, were utilized to generate the keyword map illustrated in Figure 4.

The analysis of keywords indicated a significant emphasis on terms related to “energy
transition”, such as “system” (3740 occurrences), “impact” (3151 occurrences), “challenge”
(2778 occurrences), “process” (2531 occurrences), “policy” (2419 occurrences), “potential”
(1555 occurrences), “scenario” (1548 occurrences), “government” (891 occurrences), and
“policymaker” (647 occurrences). Additionally, the concept of “renewable energy source”
was referenced 1980 times, and “sustainability” was mentioned 1086 times.

This comprehensive analysis offers valuable insights into the predominant themes and
terminology found within the research on energy transition and renewable energy. It effec-
tively underscores the numerous challenges inherent in this sector, particularly in relation to
its ongoing development and transformative processes. Furthermore, it boldly underscores
the pressing need for additional research and exploration in this particular domain.
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The utilization of VOS clustering, a widely esteemed methodology employed by sev-
eral researchers [62,82–85], was employed to represent keywords and visually categorize
them into clusters. The VOS clustering algorithm constructs a map based on various
factors, including node count, interconnections, total links, and overall link strength. The
positioning and distances of the nodes on a two-dimensional map, achieved through a
visualization technique, are determined by considering these factors. In Figure 4, the visu-
alization map of the 80 representative keywords is presented, illustrating the application of
the aforementioned principles.

The visualization in Figure 4 effectively depicts the thematic landscape resulting from
the bibliometric analysis conducted using VOSviewer. This graphical representation, a
keyword co-occurrence map, delineates three distinct clusters, each characterized by a
unique color and emblematic of key research themes within the domain of energy transition
and renewable energy:

• Red Cluster (impact focus)—The prominent red cluster, anchored by the term “impact”
and comprising a substantial 36 nodes, underscores the central role of impact assess-
ment in the broader context of energy transition and renewable energy research. This
cluster signifies a concentrated research focus on understanding the multifaceted con-
sequences of shifting energy systems and the integration of renewable energy sources.
Key themes within this cluster encompass “energy efficiency” (598 occurrences), “pol-
icy” implications (2419 occurrences), and the economic effects (“economy”—1965
occurrences and “economic growth”—695 occurrences) of the transition. By delving
into these areas, researchers aim to quantify the benefits, challenges, and trade-offs
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associated with different energy pathways. Ultimately, this cluster serves as a critical
foundation for informing evidence-based policies and decision-making to accelerate
the transition to a sustainable energy future.

• Green Cluster (challenge focus)—This cluster, centered around the concept of “chal-
lenge” and comprising 22 nodes, highlights the critical obstacles and complexities in-
herent in energy transition and renewable energy integration. This cluster underscores
the research focus on identifying and addressing the developmental implications of
these shifts within the broader context of global integration. Key themes within this
cluster include the challenges of sustainable energy development (“challenge” appears
2778 times), the complex interplay between energy access and economic growth (vari-
ous sources of energy are being linked together, such as “biomass”—536 occurrences,
“hydrogen”—1232 occurrences, or “solar”—490 occurrences), and the broader geopolit-
ical factors influencing energy transitions (connected with terms such as “potential”—used
1555 times and “performance”—used 1929 times). By examining these challenges,
researchers aim to develop strategies and solutions for overcoming barriers to a just
and equitable energy future.

• Blue Cluster (system focus)—This cluster, of equal size to the green cluster with
22 nodes, is centered around the concept of “system”. This indicates a research focus
on the interconnectedness and interdependencies within the energy landscape. It high-
lights the importance of examining individual country-level responses to the broader
challenges and opportunities presented by energy transition and globalization. Key
themes within this cluster include national energy policies (“power”—1726 occur-
rences, “capacity”—1597 occurrences, and “storage”—1090 occurrences), strategies
for renewable energy integration (“scenario”—used 1548 times), and the impact of
globalization on energy security at the country level (“grid”—1246 occurrences and
“integration”—1173 occurrences). By analyzing these factors, researchers can identify
best practices, challenges, and opportunities for different countries as they navigate
the complex path toward a low-carbon future.

By examining the key terms within each cluster and how they relate to one another,
we can identify the core research areas and their connections. This visual representation
provides a foundation for more in-depth investigations.

Therefore, the keyword clusters identified in this analysis reveal a complex interplay of
factors driving research on energy transition and renewable energy. The red cluster (impact
focus), green cluster (challenge focus), and blue cluster (system focus) are interconnected,
with each cluster influencing and informing the others. The red cluster highlights the
importance of understanding the impacts of energy transition and renewable energy
integration. These impacts, as captured by terms such as “energy efficiency”, “policy”,
and “economy”, are directly influenced by the green cluster’s focus on challenges. For
instance, the challenges of sustainable energy development, energy access, and geopolitical
factors can significantly impact the economic and social outcomes of energy transition.
Additionally, the blue cluster’s emphasis on system-level factors, such as national policies
and grid integration, is essential for effectively addressing the challenges and maximizing
the benefits of renewable energy adoption.

Conversely, the green cluster is shaped by the insights gained from the red cluster
and blue cluster. The red cluster’s focus on impact helps to identify the specific challenges
that need to be addressed to achieve the desired outcomes. The blue cluster’s analysis
of system-level factors provides a broader context for understanding the challenges and
opportunities associated with energy transition.

In essence, the three clusters are interdependent, and a comprehensive understanding
of energy transition requires a holistic perspective that considers the impacts, challenges,
and system-level factors. By examining the interrelationships between these clusters,
researchers can develop more effective strategies for navigating the complex path toward a
sustainable and equitable energy future.
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4.2. Mapping the Renewable Energy Transition: Systematic Scholarly Literature Review

As revealed by the bibliometric analysis, energy transition is a topic of enormous
importance for scholars and covers a broad range of topics including technologies and
processes, innovation, energy sources, system adaptation, energy efficiency, energy security
and independence, and financing tools and models, as well as social, economic, social,
environmental, and climate implications. Energy transition is of equal importance for
policymakers and practitioners since the scholarly work explores ideas and potential
solutions to address energy transition challenges.

The effectiveness of the policy in any area depends on the proper knowledge and
understanding of that policy area. Therefore, the conceptualization, identification, and
understanding of the specific features of the area/areas related to the policy are essential
for assessing and anticipating the challenges and implications of various policy choices. A
systematic review of the literature provides the conditions for an in-depth understanding
of the transition to renewable energy, the identification of future trends, assessing the
implications of various actions and evolutions, and exploring possible solutions to address
the anticipated challenges. The systematic scholarly literature review provides valuable
insights and guidance for policy-making and the scholarly results have the potential to
provide directions and guidelines for effective policy action in the field of renewable
energy transition.

4.2.1. Conceptualizing the Renewable Energy Transition

Energy transition refers to the shift from one dominant energy resource(s) to another,
e.g., switching from low-efficiency energy sources towards high-efficiency ones [86], and
describes the process by which the dominant resource/set of resources is initially challenged
and then replaced by another energy source/mix of sources [87]. Energy transition is
associated with changes in the nature and/or patterns of how energy is produced [88]
and how it is used [89], the type of fuels [90] used as energy sources, and their related
technologies [88].

The use of traditional fossil fuels and highly intensive carbon technology for energy
generation has resulted in a persistent deterioration of the natural environment, largely
due to harmful gas emissions. Furthermore, the continuously diminishing availability of
fossil fuels and other non-renewable resources (due to their overexploitation in response
to industrialization and economic growth, as well as increasing demands) has led to price
increases. Consequently, energy transition has become an “absolute necessity” [91] that
requires urgent action to phase out fossil fuels and utilize alternative solutions, such as
renewable energy sources, that are greener and more affordable.

Following previous transitions [86,92,93] (from firewood to coal and from coal to oil),
the current phase of energy transition is associated with the shift from carbon-based energy
to a lower-carbon energy model [93] and is embedded into a substantial transformation at
an unprecedented speed and on a global scale, which is required for meeting the energy
net zero emissions aim by 2050 [17].

The current phase is mostly referred to as a “renewable energy transition” (RET),
as it is characterized by a gradual shift from fossil fuel-based energy and from heavy
reliance on fossil fuels to renewable sources (RES), as well as the sustainable use of RES
across economies and societies [25,94]. Transition to renewable energy is a consistent
and comprehensive transformation from substantial reliance on fossil fuels towards a
more sustainable use of renewable energy sources, triggering profound socioeconomic
transformations far beyond the scope of an industrial revolution [31] while mitigating
the carbon-intensive economy that is driving climate change and severe environmental
degradation [86,95].

Renewable energy transition consists of the ongoing seismic shifts across the energy
value chain and fundamental changes in countries’ energy mix [96] towards a cleaner,
carbon-free energy system that is mostly based on renewable [86], clean, and sustainable
energy sources [31], driving substantial transformations in the systems of energy generation,
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delivery, and consumption [93]. It involves the phasing out of fossil fuels [31,86] and
increasing the share of renewable energy sources [86,93,97,98] and nuclear energy [93] as
cleaner energy sources that have close to zero emissions, along with increasing energy
efficiency [86,93].

Table 5 outlines the most relevant features and the explicit and implicit transformations
induced by renewable energy transition.

Table 5. Specific features of renewable energy transition.

Features Description

Speed of Transformation

Unlike earlier energy transitions (defined by a gradual
reduction in the utilization of “last-generation” fuels in
favor of alternative energy sources with superior
technical and economic attributes), under the current
renewable energy transition, there is a radical
restructuring of energy systems, wherein a
comprehensive array of green, renewable sources is
supplanting carbon fuels and nuclear power at a pace
estimated to be two or three times more rapid [93].

Type and complexity of
transformations

Explicit transformations: type of energy sources
(shifting from fossil fuels to renewable to renewables);
transportation modes (from pipelines and energy
channels to smart electricity grids); and spatial
distribution (from uneven to a more balanced and
decentralized/local model [86]).
Implicit transformations: technology focus (energy
technologies); energy management (shifting from
monopoly and centralization of fossil fuels towards a
distributed and intelligent approach and decentralized
energy geographies) [86].

Decarbonization

Transitioning to a cleaner, carbon-free energy system
that is mostly based on renewable energy [86].
The phasing out of fossil fuels [31,86] and increasing the
share of renewable energy sources [86,93,97,98] as
cleaner energy sources with close to zero emissions.
Full global commitment to decarbonization, reduction of
greenhouse emissions, and climate neutrality (as
outlined in Section 2. Background of the research).

Advanced technologies

The fundamental premise is the implementation of
technical policies that encompass pivotal engineering
solutions, technical specifications, and organizational
measures that are synchronized with the objectives of
the energy transition [93].
Renewable energy transition is largely associated with
and dependent on cutting-edge technology advances
generated as part of Industry 4.0 [99].

Social focus and fairness

An inclusive and just energy transition to catalyze
transformational co-benefits for the achievement of the
SDG [16].
Renewable energy transition is based on fairness and
equity [100], according to the principle that “nobody is
left behind” [2].
Renewable energy transition is also possible due to the
robust public demand for clean energy and domestic
and industrial consumers are increasingly reluctant to
accept a passive role with respect to energy consumption
as the global low-carbon initiative expands [93,101,102].

Source: Prepared by authors based on the literature surveyed.
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Renewable energy sources include wind power, solar power (thermal, photovoltaic,
and concentrated), hydro power, ocean energy (tidal, wave, and thermal), geothermal energy,
ambient heat captured by heat pumps, biofuels, and the renewable part of waste [103–105].
Interest in solar and wind power has seen significant growth in recent years, eclipsing
bioenergy and hydropower in the research and scholarly literature [103], with a particular
focus on processes and technologies (for power generation, storage, and distribution) to
improve their efficiency. Renewable energy sources represent more than mere technical
alternatives. They are driving significant transformation in the manner of energy produc-
tion and consumption, reflecting a broader commitment to sustainability, environmental
protection, and resilience [31] in line with increasing social awareness about environmental
degradation [106] and mitigation of climate change.

Scholarly work was accompanied by policy decisions and important public invest-
ments in renewable energy that are considered, at a global scale, as key elements of existing
scenarios to achieve the net zero emissions target [1,17] and climate neutrality ambition
of the European Union [2]. The work of Breyer et al. [103] shows that due to their low
cost, high efficiency, wide applicability, mature technologies, and vast access to renewable
resources, renewable electricity and energy efficiency combined will play a dominant role
in the energy transition. Ambitious targets of net zero emissions and climate neutrality are
based on the assumption of a CO2-free energy system. This signifies, in most countries, the
prevalence of a renewable energy supply [103], including up to 100% renewable energy
supply in at least one power sector, as is the case for 48 countries under COP 22 and
116 countries under COP 28 in 2023 [107], with a particular focus on solar and wind energy,
or up to 100% in all energy sectors as is the case for Denmark [108].

The current phase of energy transition is associated with specific concepts of renewable
energy, sustainable energy, and clean energy. It is common among scholars and practi-
tioners to use “sustainable energy” and “renewable energy” as interchangeable concepts
(renewable energy is less polluting and less harmful to the environment and climate and,
therefore, it is considered clean and more sustainable); however, some differences may be
observed [105]. “Renewable” energy refers to energy derived from natural sources that can
be replenished at a rate that is greater than the rate of consumption [109], making these
resources unlimited (since they regenerate naturally) and capable of satisfying manifest
and increasing energy demand [105,110]. Renewable energy is considered “clean” energy
since it has the capability of satisfying needs at affordable prices while reducing resource
waste, decreasing the carbon footprint, and mitigating harmful emissions. Therefore, it
promotes environmental sustainability [95,110,111] and sustains economic growth [112].
“Sustainable” energy is embedded into the broader concept of sustainable development
and intergenerational solidarity, allowing the present energy needs to be satisfied for all
without jeopardizing the ability of future generations to also meet their needs [1,2,113]
by preserving the environment and the planet for future generations [105]. Sustainable
energy is based on two pillars [114]: renewable energy (increased use to reduce depen-
dence on fossil fuels to their complete replacement, which is also contributing to reduced
environmental damage) and energy efficiency (to meet the increasing demand for energy
which comes with economic growth). Therefore, energy efficiency is a critical part of the
renewable energy transition, as it is essential to making better use of renewable energy to
achieve sustainability and climate goals.

None of the energy transitions, RET included, have occurred solely as a result of
technological advancements, instead evolving from a combination of factors including
changes in market structures and resource availability; sociopolitical dynamics and public
opinion, including changes in lifestyle, awareness, and economic capabilities; and geopo-
litical evolutions (as in the case of wars) and/or environmental crises that substantially
altered government priorities and the availability of resources [31]. The potential of renew-
able energy sources was well-known by industries and governments, but technological
advances (and incumbent cost reduction associated with these advances, particularly in the
case of photovoltaic panels) proved insufficient for their large-scale adoption [31], which
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was rather influenced by an urgent global call to mitigate climate change [31,110,112,115]
and accelerated by the COVID-19 pandemic [43] and Russian aggression in Ukraine, prov-
ing that dependence on fossil fuels from a few producers is seriously threatening energy
security [43,44,112]. Recent crises and geopolitical challenges (the COVID-19 pandemic
and subsequent energy crisis of 2021–2022 alongside the Russian invasion of Ukraine) have
the potential to slow the progress being made towards sustainability and the subsequent
goals of net zero emissions/carbon neutrality, prompting many countries to address the
objective of energy security [44] and “energy independence” [112]. At the same time, these
shocks represent an opportunity to challenge the status quo and to enact the requisite policy
measures to foster more resilient and ecological energy transition pathways, which may
facilitate decarbonization and climate neutrality [44,115]. Under these challenging evolu-
tions, it is renewable energy that could deliver a remedy for imminent energy scarcity and
dependence on fossil fuels and their suppliers [112]. Therefore, the transition to renewable
energy is put at the core of policy action to mitigate negative consequences of energy vul-
nerabilities in various regions, as is the case for the European Union, and “energy security”
and “energy independence” are embedded into the renewable energy transition’s broader
conceptual and policy frameworks. In addition, these shocks have positively impacted
public opinion towards clean renewable energy [43], creating favorable conditions to speed
up the energy transition to renewables.

Renewable energy transition, based on an increasing share of RES in the energy mix,
also responds to social expectations of supplying adequate quantities of affordable energy
without environmental degradation while meeting energy security requirements [91].

“Justice” or “fairness” are fundamental attributes of renewable energy transition and
are embedded under the term of a “just transition”. A just transition basically refers to
“a fair and equitable transition from a carbon-based to a low-carbon economy” [100] (to
address the specific needs of vulnerable communities, particularly low-income households
and communities from carbon-dependent industries [2], which are most affected by the
energy transition to achieve climate neutrality). The European Commission [2] refers
to the just transition as the imperative that “nobody is left behind”, which emphasizes
the mandatory requirement of engaging with affected communities and ensuring that
their voices are heard in the decision-making process [116]. Therefore, a just transition
calls for functional and effective collaborative relationships between diverse stakeholders
(including workers, trade unions, civil society organizations, and the government) [100]
and for policy actions to create conditions, through training and further assistance, for
workers transitioning from carbon-intensive industries and carbon-dependent regions [117]
to participate in the emerging carbon-free/climate-neutral economy. The “just” attribute
will contribute to higher social acceptance of the renewable energy transition [116,118].

The current ongoing energy transition consists of a gradual evolution in shifting
from carbon-intensive fossil fuels to renewable sources alongside an evolution for more
efficient energy solutions and technologies [119]. Energy efficiency is critical to deliver a
just transition since it can help make renewable energy more affordable for consumers [114].
Technological advancement has resulted in the emergence of innovative technologies and
a decline in the cost of renewable energy systems, but renewable energy solutions still
remain expensive, leading, in the short and medium term, to a disproportionate impact
on low-income communities, who are bearing the brunt of rising energy costs [114]. This
could increase the risk of poverty for these vulnerable communities [120]. In the early
phases of transition, renewable energy is not affordable for all, particularly for low-income
households. This calls for energy efficiency measures (including incentives for technology
advances to reduce the costs of renewable energy solutions) and financial support from the
government (incentives for vulnerable groups to enable the faster adoption of renewable
energy solutions) to ensure a just renewable energy transition.
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4.2.2. Renewable Energy Transition: Implications and Challenges

Energy is essential for economic development and social progress [110]. Since the
beginning of the 20th century, economic development has been fueled by energy from fossil
resources that are supplied by a limited number of countries. This continuously increased
the dependence of the entire world on these very few suppliers and their will for their
energy needs, and the suppliers are not always reliable and have discretionary powers to
control production and prices, as shown in the 1973 crisis [94,121]. This reliance is also
challenging the security of dependent countries, as recently experienced by the European
Union due to its dependence on Russia as a supplier of natural gas. In addition, the volatility
of the prices for fossil fuels, together with the negative impact of harmful greenhouse
emissions associated with the extraction, distribution, and use of fossil fuels [121], calls
for more efficient and sustainable solutions. Renewable energy emerged as a solution
to deliver self-sufficiency in energy production [94,103], which increases energy security
and the independence of various economies at lower costs in terms of environmental
and climate degradation [122]. It also provides the electricity necessary for economic
development and improved living standards in rural and remote off-the-grid areas [94].

The focus on renewable energy is fully justified because of the benefits generated.
Adoption of renewable energy has positive implications, particularly the reduction of
greenhouse emissions, CO2, and other harmful gases [106,123,124], the reduction of de-
pendence on fossil fuels [106], increased energy security and independence, particularly
for oil and gas, where the volatility of the markets remains high, and the diversification
of energy supplies and the energy mix [123], as well as the development and growth of
green industries and technologies which are accompanied by green job creation [86]. The
utilization of renewable energy has the potential to provide an abundant and cost-effective
energy source, ensuring the availability of energy for future use under environmental
sustainability [110,125]. Renewable energy contributes to the alleviation of poverty and the
diminishment of environmental damage [126,127], reducing dependence on non-renewable
energy sources and promoting more sustainable economic growth [128]. Renewable energy
“intersects with quality of life and socio-economic development” as energy access is critical
to improving the development of vulnerable areas [31]. Renewable energy provides inno-
vative decentralized and off-grid solutions for remote and isolated areas, contributing to
the achievement of SDG 7 of ensuring access to affordable, reliable, and sustainable energy
for all.

This encourages an increasing number of countries (with the EU as a leader) to commit
to expanding their capacities for clean energy generation by increasing investment in re-
newable energy [129]. This has resulted in the formation of an engaging and comprehensive
renewable energy transition pathway that appears to be irreversible. Renewable energy
transition facilitates the design of more sustainable energy futures and delivers a wide
array of pathways that point towards the achievement of socioeconomic, environmental,
and governance goals [44]. Table 6 depicts relevant findings on the possible impacts of
renewable energy and renewable energy transition.

Renewable energy transition is also a very challenging process.
The availability of RES differs across countries and their geographical variability [96]

influences country-level and local specific energy transition pathways [105,130].

Table 6. Impacts of renewable energy and renewable energy transition.

Type Impact

Energy systems Increased share of renewables in
energy systems

“The fundamental structure of the global energy system can shift
from conventional, low-efficient burning of extracted fuels
towards almost pure exergy, which is electricity, generated from
low-cost solar, wind, and other natural energy resources” [130].
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Table 6. Cont.

Type Impact

SDG/NZE targets,
environment and
biodiversity protection

Global GHG emissions to zero

“The results of the global transition towards a 100% renewable
energy system indicate a steady decline in global GHG emissions
to zero until 2050” (under the assumption of 98% renewables in
global electricity generation in 2040) [130].
An increase in the proportion of renewable energy consumption
contributes to the reduction in CO2 emissions in Europe [131] and
in toxic gases and environmental degradation in the USA [132];
modeling for the 1995–2015 period delivered similar results for
97 countries [133].

Reducing environmental
degradation

“Renewable energy is a promising tool for combating ecological
degradation due to its clean and pollution-free nature [110] and
still less harmful than fossil fuels [103] and it can be a viable
means of meeting the energy needs of high-carbon countries,
improving air quality and realizing the SD goals” and “more
renewable energy usage can promote the levels of SD and lessen
eco-logical degradation” [110].

Negative impact on the
environment and natural
resources

Production of renewable energy consumes many natural
resources [110], such as agricultural land for solar PV and wind
farms [134], deforestation of tropical areas [103], rare metals (such
as copper, zinc, nickel, lithium, and cobalt) for storage capacities
[103,135], and wood and pulp (for biomass production) [136], and
contributes to the deterioration of seawater quality [137] and
soil [94], which is detrimental to biodiversity conservation.

Entrepreneurship and
employment

Promoting entrepreneurship
“Energy transition can empower vulnerable groups with
sustainable entrepreneurship (. . .) but is not always
guaranteed” [44].

(Green) Job creation

Expected job creation by 2050 in the energy sector (under the
assumption of 100% electricity generation from RES): 34 mil.
globally, 3.7 mil. in Europe, 2,7 mil. in North America, 1,7 mil. in
South America, 3.2 mil. in Southeast Asia, and around 10 mil. in
Northeast Asia (incl. China and Japan) [138].
Positive impact is not always guaranteed [44].

Unemployment Unemployment in fossil fuel-dependent industries and
territories [2,116].

Poverty Alleviating poverty

“Renewable energy tends to reduce the degree of environmental
destruction caused by poverty in developing countries; since an
increase in poverty leads to environmental degradation, the
significant use and consumption of renewable energy can
contribute to a decrease in the poverty rate and promote
environmental sustainability” [139].
Renewable energy provides better access to energy and reduces
energy poverty in Latin America [140]; photovoltaic systems
improve households electricity access [141]; promoting renewable
energy access contributes to poverty reduction [140–142]; and
better access to renewable energy has a positive impact on
reducing poverty in developing countries.

Source: Prepared by authors based on the scholarly literature.

It is important to note that variability is an inherent characteristic of renewable energy
sources, particularly those derived from solar energy based on photovoltaic technology
and wind power based on turbines. Solar and wind energy generation is dependent on
external climate conditions (namely temperature, wind speed, fluctuations in intensity,
and the availability of solar and wind resources throughout the year); therefore, solar- and
wind-generated electricity fluctuates and cannot guarantee a constant supply (particularly
during periods of high peak consumption). The capacity of existing electricity grids is
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challenged to uptake excess electricity or to secure reliability and stability of provision to
end users. Thus, “intermittency”/discontinuity” is a defining attribute of these types of
renewable energy [103,135,143]. Because of this distinctive feature of variability, photo-
voltaic solar and wind power plants require inverter-based technologies to connect them
to the grid (to ensure reliability and stability of the energy systems based on these non-
synchronous sources) [103] and interconnections between local/national electricity grids
(to reduce variability over broader geographic areas and countries) [144]. The variability
of renewable energy calls for measures and investments in energy storage solutions to
meet the peak demand [94,103]. Therefore, scholarly work addressed the issue of stor-
age technologies as a feasible solution to mitigate the intermittent nature of renewable
energy [94,103,130,144–148]. Investments in renewable energy storage technologies and
capacities integrated into the electricity grids have become an important part of the energy
transition framework.

The variable nature of renewable energy sources brings additional challenges, as
they are not a constant source of energy. (a) The deployment of storage solutions, use of
new-generation inverters, and specific solutions for connecting RES-based power plants to
existing grids [103,144] and (b) setting up new infrastructures for RES (for power generation,
inverters, or storage solutions) require substantial initial capital [31,103] for investments
and can make renewable energy more expensive [149].

The existing conventional energy infrastructure is challenged by the renewable energy
transition. Renewable energy production, as is the case for solar, wind, and geothermal
energy, is rather decentralized [31] and is localized according to the geographical availability
of these renewable resources [94,103,135,144,145]. On the other hand, existing national
grids are rather centralized. The customization and extension of the existing grids for
connecting to and fully covering RES-abundant regions may increase the costs of renewable
energy, meaning that more cost-effective solutions become necessary.

Renewable energy is facing fierce competition from the fossil fuels industry [31,150].
Fossil fuel resources are concentrated in a few countries which, in most cases, are coop-
erating in producers’ alliances and cartels to control production and prices. Therefore,
suppliers have the ability to manipulate the market by decreasing the prices of fossil fuels
and making them a more attractive alternative to renewable energy sources [150]. Since
RES technologies are still emergent and their large-scale deployment requires significant
financing (for research and development, technological development, infrastructure devel-
opment, and territorial coverage), and due to their decentralized and variability patterns,
the renewable energy industry cannot equally compete with the fossil fuels industry. Thus,
renewable energy still remains costly and less attractive than fossil fuels, which may slow
the wide-scale uptake of RES. To address this challenge, governments are called to identify
and implement inventive and effective financing solutions for the renewable energy sector.

Despite their potential for electricity generation, discontinuity associated with RES
(particularly solar and wind power) requires the deployment of storage solutions. Existing
storage solutions, of which batteries are the most common, and new types of inverters (used
to connect solar and wind power plants to the electricity grid) require specific materials
(such as copper, zinc, nickel, lithium, and cobalt) and could generate new dependen-
cies [103,135]. Thus, the objectives of energy security and independence associated with
the transition to renewable energy seem to be challenged by this new dependence on
raw materials, which are essential for renewable energy storage. Domestic sourcing, as
an alternative to avoid dependency, is limited [135] and subject to environmental risks
(as production could require mining, which is detrimental to the soil and ecosystems),
economic risks (higher costs induced by conformation to stricter environmental regulations
or labor regulations), or due to the scarcity of materials [151].

Despite its contribution to reduced greenhouse emissions and sustainability [110],
scholarly work is also tackling the renewable energy challenges to the environment, which
policymakers should consider for policy choices and solutions to offset potential nega-
tive impacts. Although significantly less harmful as compared to fossil fuels, renewable
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energy generation consumes natural resources and could damage the environment and
biodiversity [152]. Earlier works emphasize the detrimental impact of biofuel production
on soils, forests, and agricultural land (which are decommissioned and converted into
lands for energy crops) [134] and the additional CO2 emissions and pollution generated
by the production of ethanol (which requires large quantities of sugar cane) [112]. Photo-
voltaic farms for solar energy and wind farms are usually constructed on land previously
used for agricultural purposes [153], effectively appropriating it for this purpose. More
recent works reveal that large quantities of wood and pulp required for the production of
biomass can cause soil contamination [136], while deterioration of the quality of marine
waters and marine ecosystems and biodiversity is observed in the construction of tidal
energy stations [137]. In addition, some renewable energy storage solutions could be very
expensive and detrimental to the soil, as in the case of pumped hydro storage (PHS), which
requires underground reservoirs and mining [94]. Hydropower may require the relocation
of communities and deforestation and could have negative externalities on biodiversity and
ecosystems. In addition, RES power plants may require steel and other carbon-intensive
materials [103], which are detrimental to the environment and climate.

Social acceptance of RES [123] continues to remain a challenge. The initial high cost of
installing individual capacities (such as photovoltaic panels or wind farms) for renewable
energy generation (such as photovoltaic panels or wind farms) and storage, the variability
of power generation induced by the variable nature of RES [31], combined with noise or
landscape change, and low awareness or a lack of information could make end users and
communities reluctant to adopt renewable energy solutions.

5. Discussion

The bibliometric analysis has revealed several significant insights, illuminating the
intricate and dynamic nature of the interplay between energy transition and renewable
energy. (1) The relationship between energy transition and renewable energy is intricate
and interconnected, with profound implications for global energy security, sustainabil-
ity, and economic development. (2) National policy frameworks play a crucial role in
shaping the integration of energy markets, facilitating cross-border energy flows, and pro-
moting renewable energy technologies to drive energy transition. (3) Ongoing challenges
have a substantial impact on energy prices, the security of energy supply, and innova-
tion in the energy transition. Countries must address these challenges while leveraging
opportunities from successful global energy markets. (4) Achieving sustainable energy
transition is an urgent global challenge, as evidenced by the extensive recent research in
this field [7,92,154–159]. Addressing these challenges requires a comprehensive and integrated
approach that harmonizes network integration, globalization, and technological advancements.

The comprehensive bibliometric analysis reveals critical implications for future re-
search and policy concerning the intricate interactions between energy transition and
renewable energy. (1) Further research is imperative to gain a comprehensive understand-
ing of these interactions and inform strategic decision-making. (2) Policymakers are urged
to meticulously consider the significant impact of transition on the energy sector and devise
comprehensive strategies to address the attendant challenges and opportunities effectively.
(3) Active engagement from industry stakeholders is essential in shaping the future of the
energy sector, leveraging the opportunities presented by the transition and globalization
while responsibly addressing associated challenges.

The bibliometric analysis of most cited papers reveals a clear focus of the recent
literature on renewable energy technologies and solutions. Advancements in technologies
and technical solutions are critical drivers for the adoption rates of renewable energy [25].
Since the initial costs of adopting new RES technologies remain high [25,44,110], incentives
for investing in research and innovation to support the development and uptake of new
technologies should be part of policy actions aiming to identify more efficient renewable
energy solutions. Most of the research work on new renewable energy technologies seems
to originate from China and the United States, which have patented their results. Taken
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together, these make up about 50% of global brevets and patents within the last decade [25],
covering photovoltaics, solar cells, storage solutions, wind turbine design, and green
hydrogen solutions.

The combined use of bibliometric analysis, a systematic scholarly literature review,
and desk research revealed that the achievement of the global ambition of climate neutrality,
as set up for 2050, requires a multi-decade stable and overarching policy framework for
an effective and just energy transition. It is incumbent upon national policymakers to
develop action plans and strategies that are driven by stakeholders, are socially inclusive,
and commercially viable to maximize benefits and mitigate negative consequences. These
should address concerns such as the elimination of fossil fuel subsidies and the promotion
of renewable energy through viability gap funding [160]. Any effective policy design
(a) should set up and enforce legally binding climate and energy transition targets and
associated policies to advance energy transition and (b) should regulate, finance, and
provide incentives to enhance the advantages of policy innovations pertaining to the
energy transition and mitigate the adverse externalities associated with renewable energy
sources [86]. It is important to mention that the role played by various forms of renewable
energy (solar, wind, hydro, geothermal, and biomass) in the energy mix is crucial in steering
the direction of the energy transition [31] and for policy choices at national and global levels.
It is imperative that targets defined by governments are achievable, not limited to power
systems alone (but should cover all energy users and producers), and should be supported
by open, reliable, and accountable governance systems [160]. As suggested by Li et al. [161],
policy design for renewable energy transitions should consider three key parameters for the
effective promotion of RE: (a) renewal potential assessment, (b) infrastructure development,
and (c) successful integration into the system.

Due to the complexity of the renewable energy transition, as revealed by bibliometric
analysis and a scholarly literature review, policymakers are required to deploy integrative
policies that combine financial, fiscal, and regulatory incentives with socio-economic re-
forms and the advancement of reliable technology, along with the creation of an enabling
ecosystem to facilitate the market structure and acceptance necessary for the production,
provision, and innovation of energy transition services and technologies [160]. For effec-
tive policy design, this requires proper mapping of energy transition enablers [118] and
enabling conditions, critical investments and actions in key industries and areas, and the
driving forces [17,162].

The Energy Technology Institute [118] identifies three key enablers of energy transition,
namely (a) government regulation and policy; (b) technology performance and innovation;
and (c) social acceptance.

Governments have the essential role of shaping the regulatory and policy framework
for energy transition. Governments are responsible [17,94,118,162] for:

• Defining climate/energy ambition and targets and establishing adequate strategies,
roadmaps, and plans to meet the targets while addressing multiple levels and groups
(e.g., industries, regions and territories, producers, and end users/consumers);

• Setting up the legislative and regulatory mechanisms driving energy transition, in-
cluding codes and standards (e.g., tradeable emission standards) and penalty schemes
(such as taxes for pollution and carbon taxes);

• Promoting cross-sectoral coordination (covering strategy/policy/regulatory layers);
• Designing and implementing just transition planning and support mechanisms (par-

ticularly for the most affected categories and territories);
• Designing financial support schemes, including public direct funding (e.g., subsidies,

grant schemes, tax reductions, and certificates), sustainable investment schemes, and
effective schemes to mobilize private funding (e.g., low interest loans, blended finance,
and guarantees).

The effectiveness of regulation and policy as an enabler of energy transition is critically
dependent on the integrative cross-sectoral approach embedded in the multi-decade time-
frame. The difficulty arises, in particular, from the political environment. The government
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is responsible for regulatory and policy design and implementation, but governments
are subject to political swings and mandates with different ideologies and agenda tran-
sitions [17,118,162], which jeopardizes the requirement of long-term consistent actions
specific to energy transition.

Technology performance and advances are a critical enabler of energy
transition [17,94,103,118,162]. New and more performant technologies could support
the large-scale use of energy from renewable resources to achieve net zero emissions and cli-
mate neutrality targets. As part of the energy transition, innovation can lead to the creation
of new business models and new markets (as might be the case for net zero emissions ma-
terials, inverters, or renewable energy storage capacities). Policymakers should incentivize
the uptake of performant technologies for a timely and effective energy transition.

Social acceptance of renewable energy and low-carbon solutions is important for
energy transition. The large-scale adoption of renewable energy by end users depends
on their awareness and understanding, as well as the perceived risks they associate with
renewable energy. Renewable energy, as a decentralized energy solution, may require
higher costs for the end-users adopting it, with individuals from poor and rural or remote
areas being the most affected. Therefore, these individuals may be the most reluctant to
take up renewable energy. Alongside the financial capacity to switch to renewables, the
willingness of individuals and businesses to adopt alternative energy solutions should be
explored and tackled by policymakers using specific measures to generate a behavioral
change in favor of renewable energy [94,103,118,162].

Key policy actions are expected to target technology production and development, the
deployment of available efficient energy solutions, and demand and recycling in key sectors
and for target groups (such as vulnerable consumers and territories, SMEs, and producers).

In renewable energy transition policy frameworks, enabling conditions [162] should
be considered, such as (a) international cooperation and fair competition; (b) infrastructure
optimization (planning and development); and (c) accurate and efficient data tracking
and monitoring.

The costs associated with energy transition remain high. Additionally, economic
measures will be implemented to address concerns such as the elimination of fossil fuel
subsidies and the promotion of renewable energy through viability gap funding [160].
Therefore, governments are called to implement inventive and effective financing solutions
for the energy transition to renewables. Qadir et al. [94] provide policymakers with a
synoptic picture of financing practices (in various countries), which are regrouped under
the following areas: (a) tax and financial incentives (of which financial subsidies/loans
are the most common); (b) R&D incentives (of which support for R&D activities is the
most common); (c) market incentives (quotas and market regulation); (d) grid connection
incentives (with feed-in tariffs and net virtual metering as the most common tools); and
(e) incentives via regulation (green certificates, emissions certificates, and purchase power
legislation). This scholarly work may serve as a source of inspiration for other governments
seeking to identify inventive financing solutions for their renewable energy transition.

Since renewable energy transition is dependent on advanced technologies [118], many
studies [31,94,103,105,125] emphasized the critical importance of publicly financing re-
search, development, and innovation (R&D&I) for renewable energy. Public funding is
required to overcome the existing financing gap and to develop renewable energy tech-
nologies. The financing gap is significant if we only consider the estimated budget of EUR
55 billion [163] for R&D&I in renewables for the achievement of the original EU 2023 targets
of a 40% reduction in emissions relative to 1990. As revealed by scholars, technology is
critical for a renewable energy transition. Therefore, public funding in R&D&I and for tech-
nology improvement contributes to lower costs for producing, storing, and using renewable
energy and lowers the cost of RE while mitigating environmental and sustainability risks
of using various types of RES [94,118]. Public funding should also be complemented by
efforts from private investors and businesses [164] for faster and more ambitious results.
Public funding in the renewable energy sector and technology may incentivize private
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investors to invest in renewable energy and technology due to expected higher returns on
energy investments [94,103,160,164].

Diversification of financing mechanisms and supplementing financial resources to
energy transition to overcome the high capital outlay for the achievement of RES targets
are needed. Even in the ideal situation, where 100% renewable energy could be produced,
investments in grids, connectors, and storage technologies will be needed to ensure a stable
energy supply. Efforts to identify additional public resources and incentives and simplify
access to finance are necessary to empower businesses to adopt renewable energy and
encourage private investment.

One of the most significant challenges, as revealed by the bibliometric analysis and
the literature review, is centered around the “system” node.

The discontinuity of power generation [135,143] makes renewable resources, particu-
larly solar and wind energy, different from conventional, synchronously connected power
plants [103]. Therefore, renewable resources are challenging the existing electricity that
was originally designed for deployment in large-scale conventional power installation,
generation, and transmission systems [103,165]. Existing power systems and conventional
electricity grids are confronted with difficulties pertaining to the integration of renewable
energy sources and they require modifications to accommodate a variety of decentralized
and intermittent systems (a renewable energy supply and an increasing number of cus-
tomers also acting as prosumers) [166]. Consequently, policy actions should address the
energy systems’ adaptability to ensure their capability to meet demand and overcome the
unpredictable nature of renewable energy. Significant work and investments will be needed
for the integration of decentralized renewable energy with centralized energy systems [167].
Proper policy actions are rooted in “ongoing planning that is grounded in robust data and
stakeholders’ input” [160].

For carbon-intensive sectors (such as heating, transportation, and heavy industries),
renewable energy-based electrification could be a solution for the net zero emissions am-
bition [25]; however, implementing renewable energy-based electrification solutions for
various industries calls for infrastructure upgrade and redesign. Thus, infrastructure be-
comes critical for policy actions, which should cover energy and power generation, storage
capacities, and efficient energy transmission systems [25]. Innovation and intelligent so-
lutions, such as digitization and smart grids, could be effective solutions to address the
specific challenges of renewable energy [168]. Given the variability and decentralized
nature of renewable energy production and distribution, policy actions targeting infras-
tructure and energy systems are essential to meet the commitment to sustainable energy
transition. In particular, this includes the adaptation of existing national grids designed for
centralized fossil fuel energy production to RES patterns [31] and increasing the capacity
storage of renewable energy and connectors to the existing grid.

The interoperability of energy systems between nation states [168] is also critical for
addressing fluctuations in renewable energy generation influenced by the availability of
renewable sources (wind, solar, and biomass) at regional and national levels depending on
seasonal factors, geographical position, and weather conditions. International collaboration
between nation states is crucial to overcome the intermittency and limitations in the
renewable energy resource endowments of countries [162], which depends on their climate
and geographical positions, capital constraints, and technology.

The digitization of the energy sector offers opportunities but, at the same time, it can
become a double-edged sword. On the one hand, the transition to digital energy promises
unprecedented efficiency of renewable energy transition. On the other hand, it can mask
major risks, such as data privacy concerns, potential cyber-attacks on energy infrastructures,
and the digital divide, with vulnerable groups at risk of being left behind. This requires
governments to act to develop measures to address challenges driven by the digitization of
energy systems.

Increasing interest in renewable energy is empowered by increasing public awareness
of RES and the rising cost of energy [91], as well as increasing concerns for environmental
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issues, triggering preferences for greener energy solutions [169] and positively influenc-
ing RES adoption rates. Therefore, this requires governments to act to strengthen this
trend [123] by the use of financial incentives to make the cost of setting up RES infrastruc-
tures and technology more accessible for end consumers and businesses [94,121].

Renewable energy transition involves several phases of decarbonization, for which
specific policy responses are required. Theoretical perspectives on transition phases are fre-
quently the subject of studies on technological diffusion and sustainability transitions [117].
Building on the work of Nacke et al. [170], which is grounded in socio-technical systems
theory, Cantoni [117] identifies the main policy areas for the decarbonization of carbon-
dependent regions as (1) the phasing out of fossil fuels; (2) responses from firms and
industries; and (3) regional strategies for socioeconomic recovery. In addition, building
on the previous work of other researchers, Cantoni [117] identifies the main response
actions to cope with challenges raised by renewable energy transition in carbon-dependent
regions, namely (a) resistance strategies with the intention of preserving existing condi-
tions and maintaining the status quo of fossil fuel economies or preventing perceived
or anticipated inequalities associated with the development of renewable energy-based
economies; (b) adaptation strategies to gradually shift from fossil fuel-based to renewable
energy-based economies while maintaining existing power structures and the broader
industrial context; and (c) transformative strategies seeking to deploy the reorganization of
systems of production and consumption. Resistance is mostly specific to phase 1 and phase
2; it manifests itself in the form of protests from workers in carbon-intensive industries
and its magnitude depends on factors such as economic diversification, industry tradi-
tion, the effectiveness of the lobby on renewables, the just transition measures to assist
communities in the phasing out of fossil fuels, government credibility, and the energy
mix [117]. Adaptative actions are implemented mostly in phase 2 (when incumbent fossil
systems are in decline, yet the industry is attempting to maintain their viability and prevent
destabilization), while transformative strategies are adopted in phase 2 and dominate phase
3 of the renewable energy transition as the new energy system and the low-carbon economy
consolidate [117]. Several case studies in European coal-dependent regions revealed that
government strategies and policy actions have different results, depending on the transition
phase, the individual patterns of the communities and regions affected, the energy mix,
and stakeholders’ participation [117].

The review of the scholarly literature reveals that the achievement of a timely renew-
able energy transition requires the involvement of a number of key players (innovators,
producers, aggregators, distributors, investors, and public and private financial institu-
tions), who must engage in multistage collaboration with one another in the process of
developing a modern, clean, and sustainable energy system [160]. Scholars emphasize
the importance of enhanced cooperation between various stakeholders, particularly be-
tween policymakers, the industrial sector, and society (citizens, academia, and civil society
representatives). They also call for further examination of alignments and misalignments
between the local, regional, national, and transnational scales and their implications since
distinct dynamics emerge at varying jurisdictional and geographical scales in line with RET
phases [171].

As revealed by the literature review and public discourse, effective energy transition
is critically dependent on stakeholders’ cooperation, from all countries [162], as a key
driver [17] to deliver an effective, smooth, inclusive, and just energy transition. The
magnitude of the current energy transition calls for concerted actions and cooperation
from stakeholders from all countries [162]. In order to have a clearer picture of the energy
transition policy framework, it is necessary to identify the stakeholders as accurately as
possible, an important step in addressing the complex challenges associated with the
development of renewable energy in any region. This activity is necessary to ensure
the fulfillment of the proposed goal of achieving a green economy in optimal conditions.
Numerous scientific articles emphasize the need to map stakeholders, considering this
action beneficial especially in strategic planning, risk identification and management,
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resource efficiency, conflict avoidance, promotion of transparency, etc. [172]. Stakeholder
theory presents a large body of knowledge that focuses on considering the interests of
different stakeholders simultaneously [173]. Stakeholders can be classified according to the
literature into several categories: primary stakeholders, i.e., those who have control over
resources, and secondary parties who do not have a direct, individual influence but need
to take collective action to achieve change. In addition, in the field of energy transitions
towards sustainability, generally due to the complexity of the decisions and the multitude
of actors involved, it must be considered that the stakeholders may have district interests
both favorable and unfavorable to the process (positive but also negative interests). As
such, the degree of influence of each can be decisive in defining future strategies [174].
For a more complete renewable energy transition policy framing, it is important to track
the attributes of citizens, as consumers/end users and consequently stakeholders in RET.
Considering that public awareness is the direct result of citizens’ perceptions of RET and
continues to remain a challenge for RES adoption, citizen engagement in renewable energy
transition is even more important. Successful energy transition will require a change of
mindset in approaching the process [175].

Participatory approaches significantly involve all actors, multi-stakeholder coalitions,
and public–private partnerships that contribute to shaping the desired energy future. The
private sector must play a significant role in implementing the transition. Almost as
important are citizens as co-producers, research institutions, and indigenous communities
to become part of the energy system [162].

Due to the complexity of the renewable energy transition, effective policy actions
should also integrate economic factors, such as the cost-effectiveness of renewable energy
sources [25] and the accessibility, affordability, and social acceptance of renewable energy.

The ongoing influence of technology, economics, and markets on renewable energy
choices worldwide is evident and this could also explain the increasing work of scholars
on renewable energy transition (whose outcomes could support better policy-making);
however, it is the actions of policymakers that will prove pivotal in effecting transformation
within the global energy sector [130].

6. Conclusions

The bibliometric analysis and the scholarly literature review have provided valuable
insights into the intricate dynamics that define the interaction between energy transition
and renewable energy. This research significantly enhances our comprehension of the chal-
lenges, opportunities, and future pathways within the energy landscape by systematically
examining prominent trends, emerging themes, and influential works. Such knowledge is
critical for policymakers, scholars, and industry stakeholders working towards constructing
a more sustainable, secure, and integrated energy system in an increasingly interconnected
global context.

While acknowledging its limitations, it is important to note that this study draws data
solely from the Web of Science, potentially excluding research published in other reposito-
ries or formats. This could result in the omission of pertinent papers that have not yet been
indexed in this specific database and may impact the comprehensiveness and completeness
of the scholarly work selected, potentially influencing the identification of influential works
and leading trends. This limitation is considered as a starting point for future work for the
authors who will integrate the literature from other databases. The use of broad keywords
(“energy transition” and “renewable energy”) led to an extensive body of literature from
the WOS database, which is likely to make the systematic review of the relevant literature
more difficult. Therefore, funnel-like techniques were deployed to address this limitation.
Additionally, this study’s usage of VOSviewer software limits its ability to integrate data
from diverse databases for keyword analysis, serving as another constraint. Further work
of the authors based on more sophisticated software will be considered.

Scholarly work exclusively rooted in technical fields (technology, techniques, and
technical processes) was not considered in this paper, which limits the multidisciplinary and
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multidimensional ambition of this paper; thus, influential work on technological processes
was not considered and cannot be used for setting up priorities and guidance for research
and development and innovation policies, nor for financing policies and mechanisms.

The results of the bibliometric analysis performed by the authors revealed an impres-
sive number of scholarly literature covering the topic of the energy transition towards
renewables, despite the fact that the selection base was limited to WoS publications and to
a narrow temporal frame (2019–2024).

Similar results were obtained by other studies [160] using multiple selection crite-
ria, identifying 2169 relevant articles from the WoS and Scopus databases. In addition,
bibliometric analysis confirmed the most prominent author (Breyer C. – the most cited
author according to Table 3), whose work is likely to shape renewable energy policy. The
most important focus of scholars (most cited articles and authors) [160] covered the “role
of renewable energy in global energy transformation” and “energy governance”, unlike
our findings, which indicate a higher orientation towards challenges, implications, and
system considerations.

Recent bibliometric analysis of articles from the Wos database [176] outlines the
high interest of the scholars in renewable energy and its contribution to sustainability
(2900 articles filtered), confirms China’s domination over scholarly works on renewable
energy’s contribution to sustainability, and provides evidence that the academic literature
has an important role in shaping and implementing environmental policies, emphasizing
their influence on political and academic decisions related to renewable energy-based
sustainability. A bibliometric analysis of the scholarly work of research institutes in Poland
and Germany [177] indicates an increasing interest in “energy security” and “energy
transformation” nodes in Poland, aligned with the countries’ imperative need to transition
from coal-based energy sources and tackle energy security concerns and an increasing
interest in “prosumers” and “energy systems” nodes in Germany (as they represent relevant
challenges that need to be addressed by tailored policies).

These findings reconfirm the necessity of the descriptive model of renewable energy
transition to support and orient renewable energy policy-making. Despite its limitations,
the insights of renewable energy transition, a multifaceted process, delivered by our study
can serve as a valuable source of information for policymakers, scholars, and stakeholders.
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