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Abstract: In recent years, the domain of renewable energy communities has experienced dynamic
growth, spurred by European Union (EU) legislation that became law for all 27 Member States in June
2021. This legislative framework intensified research efforts aimed at discovering new methods for
sustainable energy sources through the development of individual and collective energy communities.
Each EU country has implemented distinct frameworks for renewable energy communities, leading to
varied legislative approaches. This has spurred exponential investment, facilitating the deployment
of photovoltaic and battery energy storage systems, offering significant economic and environmental
benefits to community members. Against this backdrop, the purpose of this analysis is to investigate
academic publications related to renewable energy communities. Using a dataset extracted from
the ISI Web of Science database, this study employs a bibliometric approach to identify the main
authors, affiliations, and journals and analyze collaboration networks, as well as discern key topics
and the countries involved. The analysis reveals an annual growth rate of 42.82%. Through thematic
maps, WordClouds, three-field plots, and a review of the top 10 globally cited documents, this study
provides a comprehensive perspective on the evolving domain of renewable energy communities.

Keywords: energy communities; renewable energy communities; bibliometric analysis; Biblioshiny

1. Introduction

Numerous countries are focusing on reducing greenhouse gas emissions by adopting
more and more renewable sources. One of the main purposes of these efforts is to reduce
the electricity bills of consumers and connect conventional energy methods with green
energy sources [1]. The European Union wants to have, by 2050, a roadmap for renewable
energy sources, together with progressive service electrification [2]. The implementation
will be difficult considering the actual nature of power grids, which are consistently striking
a balance between supply and demand, together with centralized thermoelectric power
plants. Scientists at MIT studied the data related to peaker plants between 2005 and 2009
and explained why these plants are no longer a sustainable source [3]. The usage of data
and IT in order to coordinate these processes remotely can assist systems, as they adapt to
changing grid conditions [1].

Renewable energy (RE) projects have significant impacts on communities and en-
vironmental benefits, ensuring involvement by assuring support for these projects [4].
Individuals are more interested in participating in RE projects if the models are built on
principles of cooperative norms. Also, local investors are more interested in supporting RE
projects [5]. These renewable energy systems, mainly photovoltaic (PV), have increased
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the volatility of electricity prices, offering various opportunities and challenges for storage
processes [6].

The process of decentralization of the energy domain and the bringing of environmen-
tally friendly energy sources and methods and relevant populations into the process are
the main objectives of the EU [7]. Energy communities, including energy cooperatives and
energy clusters, are one of the solutions to the problem of providing self-sufficient electricity.
There are numerous advantages, starting with the cooperation between members and the
offering of economic benefits by maximizing energy self-consumption, which balances
the daily–hourly electricity consumption, also providing a cheaper and cleaner form of
energy. The profit rates of energy cooperatives are lower since there are fewer discount
rates compared to traditional prosumer scenarios, but research results have showed the
great potential of energy cooperatives on the global and individual levels [7].

Weckesser et al. [8], in their article, described the benefits and potential of renewable
energy communities (RECs) for matters related to electricity distribution. A linear pro-
gramming model that optimizes an energy-community-based photovoltaic and battery
energy storage system has been created. The battery form of energy storage is one of the
oldest; it is a well-developed existing storage system for electrical energy in the form of
chemical energy [9,10], achieved by connecting, in series and parallel, individual cells,
each cell having an electrolyte, cathode, and anode [11]. Using the linear programming
model, a flow analysis was elaborated in order to investigate the potential impacts of energy
communities’ configurations on villages, cities, and suburban areas, each one having a
unique setup, with various strategies and different battery positions and features. The
experiments led to a series of results indicating a strong correlation between the battery
location and the feeder, which had an impact on the minimum and maximum voltages if
the battery was not located at the beginning of the feeder. Strategy is also very important,
and these considerations could lead to reductions in the low-voltage grid of up to 58%.
The optimum energy-community-based capacity of communal batteries and photovoltaic
means should be up to three times larger for city grids [8].

Recent advancements in RECs emphasize the importance of efficient power distri-
bution and sharing mechanisms. For instance, the application of a demand–response-
optimized electrical load profile to a plant supplying an energy micro-community demon-
strated the potential for enhancing load management and energy efficiency [12]. Moreover,
the innovative Power Sharing Model (PSM), proposed for Low-Voltage Direct Current
(LVDC) energy community microgrids, offers significant improvements in the integration of
renewable energy sources and the management of power distribution among end users [13].
Additionally, the development of LVDC microgrids provides a robust framework for power
sharing within energy communities, further highlighting the advantages of Direct Current
(DC) distribution systems in terms of flexibility, efficiency, and simplicity [14].

Germany has been identified as a leading country in the implementation of local
energy governance and local energy systems, with Feldheim being the first community in
Germany to produce its own energy and heat using local grids without relying on nuclear
energy, coal, or gas. In 2015, Feldheim successfully brought about energy self-sufficiency by
finalizing the installation of a storage battery [15]. According to Busch and McCormick [16],
the entire process of reaching 100% renewable energy took nearly 20 years.

Energy production accounts for nearly two-thirds of global greenhouse gas emissions,
making it one of the most pressing issues to address. Despite having increased the use of
renewable energy sources, the EU Member States still remain heavily dependent on fossil
fuels, the primary contributors to greenhouse gas emissions [17].

Energy transition involves more than just wind turbines, solar panels, electric vehicles,
storage batteries, and biomass plants. It also requires policies that facilitate the implemen-
tation of renewable sources, along with supportive legal frameworks, human actions, and
institutions, as presented by Moss et al. [18].

According to a report released in June 2024 by the EU [19], renewable sources were
the leaders in power generation in 2023. The natural gas supply decreased to 12.8 million
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terajoules, 7.4% lower than 2022, making it the smallest value since 1995 [19]. Renewable
energy generated 1.21 million Gigawatt-hours (GWh), 12.4% higher than 2022, producing
in total 44.7% of all the electricity in Europe. Nuclear plants produced 0.62 million GWh, or
22.8% of the EU’s energy, 1.2% higher compared to 2022 [19].

The unequal distribution of energy results in high costs and creates a vulnerable envi-
ronment for certain segments of society. Hanke and Lowitzsch [20] examined vulnerable
individuals, highlighting the main factors that exacerbate poverty or energy poverty. Indi-
vidual characteristics such as age, gender, and income can significantly affect communities’
vulnerability. Additionally, discriminating structures such as transparency in the energy
market, household location, policy-making influences, and the ability to access a stable
energy source all play crucial roles when it comes to undermining an already vulnerable
environment.

The purpose of this study is to academically evaluate the area of RECs and understand
what has been achieved and how the domain can evolve. By using a bibliometric approach,
the main factors facilitating the evolution of RECs will be identified, aiming to answer the
following scientific questions:

• SQ1: How did the publication of scientific articles evolve during the analyzed timespan?
• SQ2: Which are the countries with the most articles published?
• SQ3: Taking into consideration the papers published on the REC domain, who are the

authors with the most significant impact?
• SQ4: Which are the journals with the most articles published on RECs?
• SQ5: Which are the most relevant universities?
• SQ6: What does the collaboration network between authors look like for the REC domain?

To fulfill the objectives presented above, the initial step was to identify the most
suitable documents in the research domain [21,22]. Biblioshiny 4.3.0, an R library, allows
the user to perform bibliometric analysis, offering numerous graphics and insights on the
imported database, as Aria and Cuccurullo explained in their paper [23]. It enables the
investigation of the data, making extractions for the most relevant authors, countries, and
journals extremely easy while also providing a means to visualize the temporal evolution of
the researchers. Additionally, Biblioshiny offers advanced visualization options, including
thematic maps, co-authorship networks, and keyword co-occurrence networks. These
visualizations are crucial for identifying research trends, key themes, and influential papers
within the REC field. It should be mentioned that most of the figures presented in this
paper were obtained through the use of Biblioshiny software [23]. The selection of the
figures was in line with similar studies from the field [24–28].

The article is divided into several sections, as follows: Section 1 describes the intro-
ductory part of the analysis, explaining its purpose and presenting the domain. Section 2
provides an overview of the methods used in the bibliometric approach, detailing the
major steps applied. Section 3 focuses on the results of the analysis, highlighting the most
important journals, authors, and countries, the most-cited documents, and the keywords
used in titles and abstracts. Section 4 discusses the limitations of the study and includes a
discussion. The paper concludes with final remarks.

2. Materials and Methods

The choice of the Clarivate Analytics’ Web of Science Core Collection database for
bibliometric research—also known as the Web of Science (WoS) database [29]—is based
on previous analyses. Bakir et al. [30] outlined the reasons why Clarivate Analytics’ Web
of Science is considered suitable, citing its coverage across various domains and indexing
numerous well-regarded journals within the academic community [31]. Despite having a
narrower inclusivity compared to other databases, WoS remains one of the most commonly
used sources of scientific literature [32–34].

As mentioned in the scientific literature [35,36], when working with the Clarivate
Analytics’ Web of Science Core Collection database, one should state the indexes to which
they have had access to when extracting the dataset. Knowing that Clarivate Analytics’ Web
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of Science Core Collection database works on a paid subscription, this step is mandatory, as
shown by Liu [37] and Liu [38], since the access to various indexes might affect the papers
included in the dataset. Therefore, in our case, we had access to all the indexes offered by
Clarivate Analytics’ Web of Science Core Collection database for the periods mentioned in
the following:

• Index Chemicus (IC): 2010–present;
• Book Citation Index—Science (BKCI-S): 2010–present;
• Book Citation Index—Social Sciences and Humanities (BKCI-SSH): 2010–present;
• Social Sciences Citation Index (SSCI): 1975–present;
• Arts and Humanities Citation Index (A&HCI): 1975–present;
• Current Chemical Reactions (CCR-Expanded): 2010–present;
• Conference Proceedings Citation Index—Social Sciences and Humanities (CPCI-SSH):

1990–present;
• Emerging Sources Citations Index (ESCI): 2005–present;
• Conference Proceedings Citation Index—Science (CPCI-S): 1990–present;
• Science Citation Index Expanded (SCIE): 1900–present;

The steps required by the analysis considered in this paper are highlighted in Figure 1
and are in line with the ones used and suggested by Cobo et al. [39] and Zupic and
Cater [40]. As can be observed, the first step is referring to the papers’ dataset extraction
based on specific keywords, followed by the bibliometric analysis. According to the
elements considered or not considered in these two steps, discussion and limitation steps
are needed, followed by concluding remarks.
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It shall be noted before discussing the particular elements of our analysis that a
difference should be established between a bibliometric analysis and a review analysis. As
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Block and Fisch [41] noted, while a review analysis focuses on providing the main findings
in the field, a bibliometric analysis deals with offering more insight into the structure and
development of a particular field [41–43]. Nevertheless, a review analysis presents an
alternative perspective; hence, we decided to also incorporate, in the bibliometric analysis
conducted in this paper, a review of the most-cited papers from the extracted dataset.

In the following section, the dataset extraction and bibliometric analysis steps are
described in detail.

Having in mind the purpose of the analysis, a dataset was extracted from the Clarivate
Analytics’ Web of Science Core Collection database platform, and the main steps that were
applied are presented in Table 1.

Table 1. Data selection steps.

Exploration
Steps

Filters on Web of
Science Description Query Query

Number Count

1 Title/Abstract/Authors’
Keywords

Contains specific
keywords related to

REC in
title/abstract/authors’

keywords

((TI=(renewable_energy_communit*))
OR

AB=(renewable_energy_communit*))
OR

AK=(renewable_energy_communit*)

#1 323

2 Language Limit to English (#1) AND LA=(English) #2 315

3 Document Type Limit to Article (#2) AND DT=(Article) #3 237

4 Year Published Exclude 2024 (#3) NOT PY=(2024) #4 200

The first step was to filter titles, abstracts, and authors’ keywords separately, looking
for the group of words “renewable_energy_communit*”, which is equivalent to searching
for singular and plural forms, while keeping the three-word group together, returning a
total number of 323 papers.

The second filter was applied on the language of the papers, keeping only English
documents, decreasing in this way the dimensionality of the database by 8, comprising a
total of 315 papers.

The third filter was applied to the type of the paper, keeping for analysis only the
documents which were checked as “Article” in the WoS database, resulting in 237 docu-
ments. Regarding the type of document, it should be stated that papers in the WoS database
are marked as “Article” if it is considered that they contain new and original work [44].
Therefore, a conference paper can be included in this category, as well as other papers
that are published in journals [44]. Moreover, we have to mention that we chose to limit
the document type, as we followed the guidelines offered by Donner [45], who stated
that different types of papers might receive different numbers of citations, and thus it is
recommended to consider the document type when conducting bibliometric analyses.

The last filter applied to the database excluded the data registered for 2024, as this
year is not yet complete. By including the papers from the current year, it would give a
misleading number of papers indexed in the WoS database at the dataset extracting date, as
there is still time for more articles to be published. Furthermore, incorporating very recent
papers in the dataset might also affect the indicators related to the number of citations, as it
is known that some time is needed for newly published and/or indexed papers to start
receiving citations. This approach has also been used by Moreno-Guerrero et al. [46]. The
use of this filter further reduced the dataset, which after these steps contained 200 articles
that will be analyzed from a bibliometric point of view in the present paper.

For the bibliometric analysis step, a description of the dataset is provided for the
purpose of highlighting some of the main properties of the dataset, such as the period in
which the papers were published, the number of sources published by the authors, the
average number of years since the publication date, and indicators related to the number of
citations, such as the average number of citations per document and the average number of
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citations per year per document, as well as the number of references used by the papers
included in the dataset. Furthermore, information related to authors is provided, e.g., the
number of authors, authors of single-authored documents, authors of multiple-authored
documents, co-authors per document, international co-authorship, and authors’ keywords.
Additionally, two other aspects are discussed: information related to the evolution of the
number of papers over time and the growth rate of the number of papers.

Another analysis included is related to the sources. In this analysis, elements related
to the top 10 most relevant sources in terms of number of papers published and their
production over time are addressed. Moreover, the top 10 most relevant sources based on
their H-index are presented and discussed.

In terms of authors, the yearly production of the top 10 most productive authors is
analyzed. The authors’ productivity based on Lotka’s Law is also examined, along with
the top 10 authors’ impact based on the H-index. The most encountered affiliations in the
dataset are also provided in this analysis.

The top 10 most important authors and their corresponding countries are shown in
the country analysis.

The most-cited document analysis presents a review of the top 10 most-cited papers,
highlighting their number of citations, the normalized number of citations, data regarding
the papers’ identification (e.g., authors, journal, and title), as well as the data used within
the papers and the main research focus.

The word analysis discusses the most-used words in the papers in the dataset in titles
and abstracts. A n-gram analysis is conducted in order to extract these words and examine
them in the paper.

The collaboration analysis identifies the main clusters among the authors and provides
a discourse related to the topics associated with each cluster. Additionally, a country
collaborative map is presented.

A thematic map consisting of four main quadrants—representing motor themes, basic
themes, emerging or declining themes, and niche themes—is created and discussed within
the thematic analysis. This map has the purpose of highlighting the trends in the research
conducted in the papers included in the dataset.

Lastly, a mixed analysis is put forward in which connections between countries and
authors and keywords and connections between affiliations and authors and keywords
plus are discussed.

The assessment is continued with discussions and limitations, followed by
concluding remarks.

3. Dataset Analysis

The bibliometric approach focuses on identifying which are the most relevant authors,
journals, and countries, how the authors collaborated, which are the most-cited documents,
and many other types of information. Initially, an overview of the data was performed in
order to extract the timespan and other useful details about the dataset.

3.1. Data Description

This section focuses mainly on creating an overview of the data extracted, presenting
the main information about the authors, the yearly production, and the average citations
per year.

As can be observed from Table 2, the timespan of the published papers included in
the dataset ranges between 1996 and 2023. The papers have been published in 61 sources,
which, when compared to the number of documents, 200 papers, it can be noted that this is
an extended number of sources, highlighting the increased number of sources that are of
importance to this field.
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Table 2. Main information about dataset.

Indicator Value

Timespan 1996:2023
Sources 61

Documents 200
Average years from publication 2.73
Average citations per document 21.87

Average citations per year per document 5.221
References 8640

The average years since the publishing date is relatively small, 2.73 years, which shows
that we might expect to encounter a large number of papers published in recent years in
the dataset, showing the novelty and increased interest from the research community.

Furthermore, considering the annual growth rate, Biblioshiny provides a value of
42.82% [23], highlighting once more the increased interest from the research community on
the topic of RECs.

In terms of citations, an increased number of citations per document was observed,
namely 21.87 citations. This might be due to the interest manifested by the research
community in this field as well as due to the specificity of the broader field related to the
energy communities, as, in a similar paper on energy community analysis, it was observed
that the average citations per document is 17.81 [47]. In addition, in this study, the average
citations per year per document exhibited an increased value of 5.221, comparatively
greater than the one recorded in a similar study on energy communities, where the value
was 3.414 [47], showcasing the increased interest from the research community for the REC
domain. As for the references, it an increased number of references per paper was observed,
approximately 43.2 references.

The information about the authors of the paper included in the dataset is further
discussed in Appendix A.

Figure 2 shows the annual scientific production in the REC domain. It can be observed
that between 1996 and 2023, the interest from the research community grew exponentially.
In 1996, only one paper was published, while the next article on this subject appeared in
2009, 13 years later.

Observing this time difference between 1996 and 2009, we looked further in the dataset,
and we noticed that the paper published in 1996 belongs to Miller and Serchuk [48]. These
authors focused their research on renewable energy in competitive energy markets and
pointed out that a “restructured electricity system may undervalue renewable energy” [48].
In this context, the authors noted that the current restructuring of electricity systems might
not fully recognize the value of renewable energy. Therefore, the authors pointed out
that unregulated markets should be regarded with caution, and they encouraged the
renewable energy community to prepare for and embrace growing consumer preferences
for energy choices.

As for the paper published in 2009, authored by Gueymard and Myers [49], it can
be observed that the paper focuses on solar RECs and examines the impact of instrument
uncertainties on solar energy systems’ design and radiation modeling. In terms of impact—
as we will see in the following subsections of this paper—the article authored by Gueymard
and Myers [49] succeeded over time to be placed in the top 10 most-cited papers.

In 2012, the third document was published, authored by Sibi and Valetta [50], which
provided insight on the Park of Renewable Energy, an environmental technology park
located in the middle of Italy that features an integrated system for the production of
renewable energy.
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Two more papers were published in 2013, and, starting in 2015, a consistent number of
papers have been elaborated. In 2020, the trend grew exponentially, from 19 documents to
31 in 2021, 55 in 2022, and a peak in 2023 with 72 documents. The rise in interest in the areas
related to energy has been observed in other papers from the scientific literature as well. For
example, Oprea and Bara [51], in a paper analyzing the evolution of prosumers and their
influence on sustainable energy transition, found that the year 2010 marked the start of a
rising interest for the research community in this field, while Brunelli et al. [52] determined
2009 as the year in which scientific production started to rise in the area of energy storage
in energy communities. The international interest in renewable energy methods provided
a great opportunity for researchers to explore this new area. Furthermore, as Brunelli
et al. [52] observed, in the area of renewable energy communities, a steady and progressive
increase in the number of publications has taken place since 2018.

The rise in the number of publications could be a consequence of multiple efforts
put together in many countries worldwide, starting with the increase in international
agreements that favored the transition to renewable energy, technological advancements
and facility growth, supportive policies and funding (including the European Union’s
Horizon 2020 Program, which has substantially funded renewable energy projects), the
global focus on renewable energy (including the Paris Agreement in 2015 [53]), the focus
on public–private partnerships, and the development of an international research consortia.
As Brunelli et al. [52] pointed out, the rise in the number of papers on RECs in the last
years corroborated with the home countries of the corresponding authors of these papers
(which, as it will be seen later in this paper, are mostly located in the EU, which might also
be a consequence of the directives approved by the European parliament, e.g., Directive
2018/2001/EU (RED II) [54] and Directive 2019/944/EU (IEM) [55].

Lastly, a discussion related to the average yearly citations’ evolution is provided in
Appendix B.

3.2. Sources

One of the main steps in a bibliometric approach is to extract information related to
the sources that are included in the database.
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For our case, shown in Figure 3, the most relevant source is Energies, with 44 articles
published on RECs, followed by Sustainability, with just a half of the papers published
compared to the first-place journal, namely 22 articles.
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The third place is occupied by Renewable Energy with 13 papers, while fourth place is
retained by Energy with 11 documents.

In fifth and sixth place we find Applied Energy and Energy Policy, both with nine articles.
Energy Research & Social Science and the Journal of Cleaner Production both have eight articles
each. The last two journals in this top 10 are Renewable & Sustainable Energy Reviews and
Energy Conversion and Management with seven and five documents, respectively.

Considering all the aforementioned journals, we observed that most of them offer a
fast publication process and an open-access license, which seems to be preferred by the
authors publishing scientific papers in this field. One of the main reasons for choosing
these journals might reside in the fast evolution of the research field, which needs to be
supported by a fast evaluation and publication process. Moreover, the papers are made
rapidly available to the public, without requiring payments or subscription plans to access
them. On the other hand, considering the interval between submission and acceptance,
we discovered that authors publishing in the area of RECs had mixed experience with the
publication process, which is to be expected considering the variety of sources and their
indexing, as presented in Appendix D.

The evolution of the top 10 most important journals during the analyzed period, along
with the top 10 sources regarding their H-index local impact, are described in Appendix C,
while the quartile distribution is displayed in Appendix D.

3.3. Authors

Analyzing authors is a crucial step in a bibliometric approach. It involves extracting
the most influential researchers on a certain topic along with their yearly productivity and
how they have helped the domain to evolve.

Figure 4 explores the authors’ productivity as a whole, presenting the top 10 authors
with the most publications. We observed that there are four authors with the highest
number of papers, namely Ceglia F., Fina B., Marrasso E., and Sasso M. Ceglia F. has a
fractional authorship value of 1.25. It should be noted that the fractional authorship value
describes an individual author’s contribution to a number of published papers [56]. Fina B.
scored the highest value in fractional authorship, 2.5, showing a greater contribution per
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paper, as well as a reduced collaboration rate for published papers. Marrasso E. and Sasso
M. both have six articles, with a fractional authorship value of 1.25. Next, there are three
authors with five published papers in the area of RECs, namely Auer H., Krug M., and
Lowitzsch J. In terms of fractional authorship, Auer H. scored a value of 1.49, Krug M. a
value of 0.77, and Lowitzsch J. a value of 2.16.
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Di Nucci MR., Laes E., and Menniti D. published four papers each, scoring fractional
authorship values of 0.66, 0.52, and 0.63.

Appendix E provides Lotka’s Law with regard to the aggregate behavior of multiple
authors, along with the top 10 authors’ production over time and their H-index values.

Figure 5 explores the 10 most relevant universities based on the number of published
papers that contributed to research in the area of RECs.

The most relevant university is Sapienza University Rome, which published 12 articles,
followed by the Polytechnic University of Turin with 10 publications. The Polytechnic
University of Milan and the University of Sannio come in third and fourth place, with eight
papers published each. Technische Universitat Wien is in fifth place, having published
seven papers, the same as Universidade de Lisboa. The last four universities in the top 10
each have six publications: the Austrian Institute of Technology (AIT), European University
Viadrina Frankfurt ODER, Fraunhofer Gesellschaft, and the University of Pisa. By analyzing
the provenience countries of the above-mentioned universities, we observed that half of
them are from Italy, one is from Austria, one is from Germany, and one is from Portugal.
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3.4. Countries

Table 3 contains the information related to the 10 most relevant countries based on
the number of publications from an academic perspective in the REC domain. The country
with the highest number of published articles is Italy, having 71 papers: 55 (approximately
77.50%) of them are Single-Country Publications (SCPs) and 16 (22.5%) are Multiple-
Country Publications (MCPs). The articles written by Italian authors represent 35.5% of
the total number of publications in the REC domain, almost 27% higher than Austria,
the country in second place, showing that Italian researchers have the greatest interest in
this area.

Table 3. Top 10 countries with the most important corresponding authors.

Country Articles SCP SCP Percentage MCP MCP
Percentage Percentage

Italy 71 55 77.50% 16 22.5% 35.5%

Austria 16 10 62.50% 6 37.5% 8.00%

Germany 16 10 62.50% 6 37.5% 8.00%

Portugal 11 10 90.90% 1 9.1% 5.50%

Belgium 7 3 42.90% 4 57.1% 3.50%

Netherlands 6 2 33.30% 4 66.70% 3.0%

Spain 6 4 66.70% 2 33.30% 3.0%

USA 6 5 83.30% 1 16.70% 3.0%

China 5 3 60.00% 2 40.00% 2.5%

France 5 1 20.00% 4 80.00% 2.5%

Austria ranks second with 16 articles, comprising 10 SCPs and 6 MCPs, accounting for
8% of the total documents published. Germany holds the third position with an identical
count and distribution of SCPs and MCPs, also representing 8% of the total number of
publications. Portugal is fourth with 11 papers, 10 of which are SCPs, showcasing the
expertise and interest of Portuguese authors in this domain; the single MCP brings their
contribution to 5.5% of the total number of articles. Belgium follows with seven papers,
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split into three SCPs and four MCPs, making up 3.5% of the total number of published
documents. The Netherlands, Spain, and the United States of America (USA) each have
six articles published. The USA has five SCPs and one MCP, the Netherlands has two
SCPs and four MCPs, and Spain has four SCPs and two MCPs, each contributing 3% to the
total number of publications. China is ninth with five papers, three SCPs and two MCPs,
representing 2.5% of the total number of released records. France rounds out the top ten
with five articles, only one SCP, indicating the initial efforts of French authors in the REC
field, often collaborating with more experienced international researchers. The four MCPs
from France constitute 2.5% of the total number of articles.

Table 3 and Figure 6 present the ten most-cited countries. Italy, as expected, is the
most-cited country due to having the most published articles, as detailed in Table 3. Italian
articles have a total of 951 citations, averaging 13.4 citations per year, representing 21.91%
of the total number of citations. Austria is in second place with 439 citations, less than
half of Italy’s total, averaging 27.4 citations per year and accounting for 10.11% of the total
number of citations. Germany follows with 380 citations, averaging 23.8 citations per year,
making up 8.75% of the total number of citations. Portugal and the Netherlands have 321
and 307 citations, respectively, with Portugal averaging 29.2 citations per year and the
Netherlands 51.2, significantly higher than the previous countries. They make up 7.39%
and 7.07% of the total number of citations, respectively. The USA has 282 citations, with
an average of 47 citations per year, accounting for 6.5% of the total number of citations.
Canada has 257 citations, all from the most recent analyzed year, resulting in the highest
average citations per year, though it constitutes only 5.92% of the total number of citations.
Turkey has 187 citations, averaging 93.5 citations per year, representing 4.31% of the total
number of citations. China and Belgium round out the list with 157 and 156 citations,
averaging 31.4 for China and 22.3 for Belgium, representing 3.62% and 3.59% of the total
number of citations, respectively.
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The increase in the number of publications authored by researchers from the European
Union compared to other countries or territories, such as the USA or China, has also
been highlighted by Brunelli et al. [52]. They concluded that this trend might be due to
the European Parliament’s approval of Directive 2018/2001/EU (RED II) and Directive
2019/944/EU (IEM) as a part of the regulations adopted for the purpose of decarbonization
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of European energy systems [52]. Furthermore, as underlined by Kut and Pietrucha-
Urbanik [22], Poland and Germany’s contributions, in terms of published papers in the
area of renewable energy, have increased in recent years, a trend also identified by Brunelli
et al. when looking at Italy, Spain, and the EU-27 [52].

Given the significant contribution of Italy to the analyzed domain, we selected papers
from the dataset that were identified as having Italian affiliations, and we briefly analyzed
and compared them with the general dataset extracted above. The results are summarized
in Appendix F.

3.5. Most-Cited Documents

To gain a comprehensive understanding of the analyzed subject, a detailed investiga-
tion of the top 10 most-cited documents is necessary to identify the main topics discussed.
We have to note that, for determining the list of the top 10 most-cited papers, a pre-check
step was performed. During this step, we arranged the papers in descending order based
on the number of citations and eliminated from the list the articles that are strictly connected
to the REC field. As a result, we described and analyzed the following derived list. Three of
the papers, which were initially in positions #4 (reference [57]), #7 (reference [58]), and #10
(reference [49]), and which were not strictly related to the REC fields, were not included in
this list. We decided to provide a brief description of all of these in Appendix G.

Table 4 lists the top 10 most-cited documents in RECs (after the curation process
described above), providing information on the number of authors, total citations, region,
total citations per year, and normalized total citations. With regard to the normalized
total citations (NTCs) indicator, it should be stated that it is determined by dividing the
number of citations a paper has received to the average number of citations received by the
other papers included in the dataset and published in the same year as the paper under
analysis [59]. As a result, it should be noted that the NTC provides a picture of how well a
paper has scored in terms of citations compared to papers published in the same year and
that have discussed similar topics.

Table 4. Top 10 most-cited documents.

No. Paper (First Author, Year,
Journal, Reference)

Number of
Authors Region/Country Total Citations

(TCs)
Total Citations
per Year (TCYs)

Normalized
TCs (NTCs)

1
Lowitzsch, J., 2020,

Renewable and Sustainable
Energy Reviews [60]

3 Germany and
Canada 257 51.40 4.48

2 Ines, C., 2020, Energy
Policy [61] 6 Portugal, Germany,

and UK 217 43.40 3.78

3 Doci G., 2015, Futures [62] 3 The Netherlands 171 17.10 2.00
4 Barbour, E., 2018, Applied

Energy [63] 4 USA and
Switzerland 144 20.57 2.44

5 Gjorgievski, VZ., 2021,
Renewable Energy [64] 3 North Macedonia

and Cyprus 134 33.50 3.75

6 Azarova, V., 2019, Energy
Policy [65] 4 Austria 96 16.00 2.16

7 Hoicka CE., 2021, Energy
Policy [66] 5 Canada, Germany,

UK, and Austria 95 23.75 2.66

8
Heldeweg MA., 2020,

Renewable and Sustainable
Energy Reviews [67]

2 Netherlands and
UK 83 16.60 1.45

9 Bartolini A., 2020, Renewable
Energy [68] 4 Italy 83 16.60 1.45

10 Hanke, F., 2021, Energy
Research & Social Science [69] 3 Germany, France,

and Netherlands 74 18.50 2.07

The most-cited paper, authored by Lowitzsch et al. [60], has a total of 257 citations,
averaging 51.40 citations per year, and 4.48 normalized total citations. The authors are from
Germany and Canada. The document discusses the evolution of renewable energy in the
European Union (EU), beginning in December 2018 with the adoption of the Renewable
Energy Directive (RED II), the Internal Electricity Market Directive (IEMD), and the In-
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ternal Electricity Market Regulation (IEMR), all part of the larger “Clean Energy for All
Europeans” package. EU countries are required to create national laws based on the RED II
by June 2021, introducing a governance model and enabling energy sharing within RECs.
Renewable energy clusters, characterized by strong interconnectivity and flexibility, are
established from various energy sources. A test of 67 best practices involving consumers
from 18 different countries was conducted, each project having cluster potential. The results
showed that only nine cases had cluster potential, all in rural areas, with five being both
RECs and renewable energy (RE) clusters. The researchers concluded that implementing
RECs will require extensive regulations and attention.

The second most-cited paper, authored by Ines et al. [61], has 217 citations, averaging
43.40 citations per year, with a normalized total citation value of 3.78. Six authors from Por-
tugal, Germany, and the United Kingdom (UK) collaborated on this document. The paper
discusses citizens’ roles in the transition to low-carbon methods, making them part of the en-
ergy production process as renewable energy prosumers. The EU energy policy has enabled
the possibility of RE prosumers, and the article compares the regulatory frameworks of
nine countries: Belgium (Flanders region), Croatia, France, Germany, Italy, Portugal, Spain,
the Netherlands, and the UK. The results indicate that four countries—France, Germany,
the Netherlands, and the UK—have stronger frameworks for RE prosumers. The current
legal frameworks offer benefits and opportunities for prosumers. Spain and Portugal, after
implementing restrictive rules in 2019, have now adapted legal frameworks for collectives.
There are numerous opportunities for evolution, enhancing business competitiveness. It
is crucial to prevent the exclusion of vulnerable communities due to increased costs, and
Citizen Energy Communities (CECs) could involve citizens who are unable to participate
in a place-based community.

The third most-cited article, published by Doci et al. [62] along with two other authors,
all from the Netherlands, has received 171 citations, averaging 17.10 citations per year,
with a normalized total citation value of 2. The paper defines RECs and explores the
environmental goals achievable through this clean energy solution. The research aimed
to identify the potential of RECs in the Netherlands to facilitate the transition to new
energy methods, proposing three proxies based on technological evolution to measure this
potential. Niches are described as complex systems where social innovation and technology
co-evolve. The authors conducted a comparative analysis of the literature and papers to
demonstrate the impact of RECs on Dutch energy systems, examining current legislation,
policies, and services. The study also highlights the diversity of communities in terms of
size, location, and available technologies.

Barbour et al. [63] explored the role of energy storage in local renewable generation,
addressing questions related to the optimal deployment level. The authors simulated 15 min
electricity consumption for households in Cambridge, Massachusetts, USA, grouping them
into communities based on locations and road networks. Following this, they simulated
photovoltaic production to understand storage adoption and potential costs. The findings
showed that, by grouping households into communities, batteries were 64% to 94% more
effective at reducing exports to the external network per kilowatt-hour, with the optimal
storage for the community being 65% of that for individual households. These results
suggest a more efficient energy production solution through increased residential battery
use, necessitating updated legislation to facilitate community storage deployment. The
authors, hailing from the USA, Switzerland, North Macedonia, and Cyprus, have achieved
144 citations, with a normalized total citation count of 2.44 and an average of 20.75 citations
per year.

Gjorgievski et al. [64] underscore the imperative of enhancing energy efficiency and
adopting new environmental energy practices, particularly in deploying distributed gen-
eration where consumers can actively engage in the energy sector. Energy communities
offer environmental, social, and economic benefits at both individual and collective levels,
while also reducing greenhouse gas emissions. A widely adopted technology in energy
communities is shared solar photovoltaics, known for its simplicity and modularity. How-
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ever, investments in low-carbon communities may pose financial challenges for some
members. The primary objectives of energy community projects include affordability,
environmental sustainability, and energy security, necessitating a delicate balance between
goals and stakeholder impacts, considering potential trade-offs and conflicts of interest.
The paper, authored by three individuals from North Macedonia and Cyprus, has garnered
134 citations, averaging 33.50 citations per year, with a normalized total citation count
of 3.75.

Azarova et al. [65] illustrate the challenges in public acceptance of new energy infras-
tructures, hindering the achievement of the goal of 32% renewable energy consumption.
The paper analyzes data from an experimental survey of 2000 respondents in Germany,
Italy, Switzerland, and Austria to explore power-to-gas technology and potential transfor-
mations in local energy systems. The results offer insights into the acceptance levels of
local energy communities, with solar farms and power-to-gas infrastructure being more
accepted compared to gas power plants and power lines. Wind farms show mixed accep-
tance due to varying perceptions of their effects. Monthly willingness to pay for acceptance
technologies significantly increases, ranging from EUR 8.5 for power-to-gas technology to
EUR 29.5 for photovoltaic (PV) systems. The analysis also examines government support
at the local, national, and EU levels, revealing that Italian decisions are influenced slightly
by EU opinions (3.5%) and more significantly by national governmental bodies (2.7%).
Switzerland demonstrates sensitivity to local politicians’ opinions, influencing decisions by
2.3%. The research involved four authors from Austria, and the publication has received
96 citations, averaging 16 citations per year, with a normalized total citation count of 2.16.

Hoicka et al. [66] explored the Renewable Energy Directive (RED II), which established
a legal framework for RECs across all 27 EU countries starting from June 2021. RECs are
predominantly owned by local individuals or shareholders who have the authority to
share energy within the community, thereby enabling private investments to fund new
renewable energy sources and achieve social benefits. Successful implementation of this
framework necessitates a blend of social sciences, engineering knowledge, and evidence-
based decision-making processes. To ensure an equitable energy transition, it is crucial for
EU countries to finance tools that spatially organize resources and demographics, including
marginalized groups. The EU targets renewable energies to constitute at least 63% of the
energy system by 2040. The implementation of the RED II is expected to accelerate the
development of equitable and sustainable energy systems by promoting REC concepts
that involve communities in system development. The publication involved five authors
from Canada, Germany, UK, and Austria. The paper has received 95 citations, averaging
23.75 citations per year, with a normalized total citation count of 2.66.

Heldeweg and Saintier [67] proposed to create a legal entity for RECs, which should
have a socio-legal institution, promoting a transition to a just new energy domain. The
actual challenge is to achieve an energy transition that is equal for each member of society,
respecting energy citizenship. The authors explained how the institution should be defined
but also investigated the decentralization and democratization processes and what their
impact is in achieving energy justice. The recast Renewable Energy Directive (RED II) aims
to create RECs in all EU Member States, but the implementation should be carried out by
each Member State by adopting national laws. RECs could exist without a legal institution,
but the institution could be more supportive, and the authors promoted a legal institution
between a government and a civil society organization that should cooperate. The actual
RED-II is not sufficient in offering decentralized RECs or protecting them so that they may
become resilient. The paper has two authors, from the Netherlands and the UK, and has
83 citations, with 23.75 total citations per year and a normalized total citation of 2.66.

Bartolini et al. [68] investigated how a district with a significant level of non-controllable
renewable energy generation can self-consume its production at the community level, par-
ticularly for heating and cooling purposes. The study analyzed the potential roles of storage
systems and polygeneration in renewable energy communities (RECs). Two distinct scenar-
ios were defined: the first evaluated the optimal portfolio of energy conversion and storage
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technologies, while the second aimed to optimize the portfolio using exclusively batteries.
Both scenarios presented viable solutions for managing excess electricity production from
photovoltaic (PV) plants. The authors also provided specific results for polygeneration
technologies (CHPs), including a 42 kWe CHP micro gas engine fueled by a natural gas–
hydrogen blend, a 135 kWh battery system, and a 2830 kWh hydrogen storage system. The
research, conducted by four authors from Italy, has garnered 83 citations, with an average
of 16.60 citations per year and a normalized total citation count of 1.45.

Hanke et al. [69] carried out a comprehensive examination of 71 European renewable
energy communities (RECs) to elucidate their social role, particularly focusing on the
integration of vulnerable groups into the efficient distribution of affordable energy. Recent
European Union legislation has underscored the significance of the social function of
RECs in mitigating energy poverty, stressing the necessity of incorporating all social
demographics, especially those underrepresented and vulnerable, into RECs. Data for this
study were collected via a questionnaire and analyzed through the lens of the energy justice
framework, which scrutinizes RECs from three perspectives aligned with energy justice
policies: distributive, recognitional, and procedural. The primary objective is to address
the needs of underrepresented groups that suffer from a deficiency of affordable energy.
The liberalization of the energy market has augmented the popularity and competitiveness
of RECs. They now offer a blend of cost competitiveness and cost effectiveness, ensuring a
high level of equity and access to clean energy, thereby making a substantial contribution
to energy justice. This study, authored by three researchers from Germany, France, and the
Netherlands, has achieved 74 citations, with an average of 18.50 citations per year and a
normalized total citation score of 2.07.

Table 5 presents information on the top 10 most-cited documents, including their titles,
the data used, and the scope of the analysis.

Table 5. Brief summary of the content of the top 10 most-cited global documents.

No. Paper (First Author, Year,
Journal, Reference) Title Data Purpose

1
Lowitzsch, J., 2020, Renewable

and Sustainable Energy
Reviews [60]

Renewable energy
community under the
2019 European Clean

Energy
Package—Governance
model for the energy
clusters of the future?

A dataset that contains 67
best-practice cases from 18

countries of consumer
ownership

To understand how the new
laws related to renewable

energy adopted by the EU will
affect the reality

2 Ines, C., 2020, Energy
Policy [61]

Regulatory challenges
and opportunities for
collective renewable
energy prosumers

Regulatory frameworks and
legislation from each country

To compare the regulatory
frameworks from nine

countries and to extract the
main opportunities

and challenges

3 Doci G., 2015, Futures [62]
Exploring the transition
potential of renewable
energy communities

Literature and documentary
review between 2012 and

2013

To explore the REC potential in
the Netherlands and to

contribute to transitioning the
energy system

4 Barbour, E., 2018, Applied
Energy [63]

Community energy
storage: A smart choice

for the smart grid?

PV data and locations from
community microgrids

To simulate, analyze, and
compare the results of storage
adoption in 4500 individuals’

households from
200 communities
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Table 5. Cont.

No. Paper (First Author, Year,
Journal, Reference) Title Data Purpose

5 Gjorgievski, VZ., 2021,
Renewable Energy [64]

Social arrangements,
technical designs and

impacts of energy
communities: A review

EU legislation

To express individuals’ interest
in the energy sector

transformation by offering the
opportunity to join individual

or collective energy
communities and to explain

the social arrangements and to
explore the impact of
energy communities

6 Azarova, V., 2019, Energy
Policy [65]

Designing local
renewable energy

communities to increase
social acceptance:

Evidence from a choice
experiment in Austria,

Germany, Italy and
Switzerland

Experiment survey related to
energy domain with 2000

respondents from Germany,
Italy, Switzerland, and

Austria

To offer solutions on how to
increase social acceptance of

RECs in order to achieve
EU goals

7 Hoicka CE., 2021, Energy
Policy [66]

Implementing a just
renewable energy

transition: Policy advice
for transposing the new

European rules for
renewable energy

communities

EU legislation implemented
in June 2021 by all 27 EU

Member States

To explain the benefits and
challenges of the

implementation of RECs and
why this domain should

be financed

8
Heldeweg MA., 2020,

Renewable and Sustainable
Energy Reviews [67]

Renewable energy
communities as

‘socio-legal institutions’:
A normative frame for

energy decentralization?

REC-II

To create an institution that
will facilitate the creation of

RECs, providing a just energy
source for each citizen

9 Bartolini A., 2020, Renewable
Energy [68]

Energy storage and multi
energy systems in local

energy communities with
high renewable energy

penetration

Data collected from an open
consumption dataset with

data from households
located in Austin, USA

To investigate the potential of
power to gas, which manages

the excess of electricity
production in multi-energy

districts that tend to
become RECs

10 Hanke, F., 2021, Energy
Research & Social Science [69]

Do renewable energy
communities deliver

energy justice? Exploring
insights from 71
European cases

Data collected from 71
European RECs using a

questionnaire

To explore how RECs impact
society by improving the

allowed vulnerable groups to
participate and distribute

affordable energy

3.6. Most-Used Words

The most frequently used words provide insight into the patterns and priorities of
authors when investigating the REC domain. This analysis categorizes words into two
groups, unigrams and bigrams, extracted from both titles and abstracts. WordClouds were
for keywords and authors’ keywords.

Table 6 lists the most frequently used unigrams in titles. The first two columns present
the unigrams along with their frequencies. Titles serve as the initial engagement point for
readers, necessitating a selection of words that are both intriguing and relevant, effectively
summarizing the accomplishments of the analysis. To ensure a comprehensive analysis of
the REC domain, synonyms and closely related terms were excluded. Consequently, the
most prevalent unigram is “recs”, appearing 551 times. This term encompasses various
synonyms such as “renewable”, “energy”, “communities”, “systems”, and “community”,
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thereby mitigating redundancy and enhancing diversity. Another notable unigram is
“analysis”, though it appears only 18 times, significantly less than “recs”. The third most
frequent unigram is “optimal”, occurring 14 times, reflecting the focus on optimizing
REC operations to ensure equitable and cost-effective energy provision across community
members. Other notable unigrams in titles include “assessment” (13 occurrences), “eco-
nomic” (13 occurrences), “Italian” (13 occurrences), “transition” (13 occurrences), “design”
(13 occurrences), “European” (12 occurrences), and “study” (12 occurrences).

Table 6. Top 10 most-used unigrams in titles and abstracts.

Unigrams in Titles Frequency of
Unigrams in Titles

Unigrams in
Abstracts

Frequency of Unigrams
in Abstracts

recs 551 recs 2807
analysis 18 Electricity 147
optimal 14 Results 127

Assessment 13 Study 122
Economic 13 Local 119

Italian 13 Economic 111
transition 13 Model 96

design 12 Power 89
European 12 transition 87

local 10 European 87

Abstracts are also crucial components of scholarly articles, providing a concise overview
of the research’s objectives and methodologies. To enhance clarity and avoid redun-
dancy, synonyms were also employed in abstracts. The most frequently used unigram
in abstracts is “recs”, appearing 2807 times. Following this is “electricity”, which occurs
147 times, emphasizing the essential resource that REC members require, becoming in-
creasingly challenging to procure. The third most frequent unigram is “results”, appearing
127 times, encapsulating the expected outcomes for both the European Union (EU) and
REC stakeholders. Other notable unigrams found in abstracts include “study” (122 occur-
rences), “local” (119 occurrences), “economic” (111 occurrences), “model” (96 occurrences),
“power” (89 occurrences), “transition” (87 occurrences), and “European” (87 occurrences).
These prevalent terms collectively describe the EU’s strategic initiative to establish self-
sufficient local communities capable of sustainable electricity production, thereby deliver-
ing economic benefits.

Table 7 shows bigrams pertinent to investigating the REC domain, excluding those
related to search terms and synonyms. Examining the first column, the top four bigrams in
titles illustrate advancements in sustainable energy technologies and methods. The most
frequent bigram is “energy communities” with 152 occurrences, followed by “renewable
energy” (124 occurrences), “energy transition” (56 occurrences), and “district heating”
(4 occurrences). The fifth bigram pertains to the legislative body behind REC regulations,
“European Union”, appearing four times. Other bigrams explore REC implementation,
the outcomes of sustainable electricity sources in Italy, and lessons for other EU Member
States: “techno-economic analysis” (four occurrences), “clean energy” (three occurrences),
“Italian context” (three occurrences), “collective self-consumption” (three occurrences), and
“comparative analysis” (two occurrences).
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Table 7. Top 10 most-used bigrams in titles.

Bigrams in Titles Frequency Bigrams
Titles Bigrams in Abstracts Frequency Bigrams

Abstracts

Energy communities 152 Energy communities 443
Renewable energy 124 Renewable energy 362
Energy transition 56 Energy transition 314
District heating 4 Community recs 38
European union 4 Clean energy 23

Techno-economic
analysis 4 Red II 21

Clean energy 3 European union 19
Italian context 3 Storage systems 18

Collective
self-consumption 3 Local energy 16

Comparative analysis 2 Linear programming 13

Similarly, bigrams in abstracts were analyzed after removing irrelevant terms. They
can be categorized into theoretical elements such as “energy communities” (443 occur-
rences), “renewable energy” (362 occurrences), “energy transition” (314 occurrences), “com-
munities recs” (38 occurrences), “clean energy” (23 occurrences), “storage systems” (18 oc-
currences), and “local energy” (16 occurrences). There are also bigrams related to legislation,
such as “red ii” (21 occurrences) and “European Union” (19 occurrences). Lastly, the bi-
gram “linear programming” (13 occurrences) describes the methodologies used in the
REC domain.

Considering the above most-used n-grams, it can be observed that they align with the
general topics associated with the renewable energy field. Based on the scientific literature,
it has been observed that similar words can be found in papers related to prosumer
literature, e.g., Oprea and Bara [51], who highlighted that, among the most-used authors’
keywords, one can find general energy-field-related terms such as “renewable energy”,
“renewable energy sources”, and “energy management”, along with efficiency-related
terms such as “optimization”.

Using the R library Biblioshiny [23], WordClouds were defined. A WordCloud contains
the most frequently used words, and the bigger the text is, the more common the word
is. On the left part of Figure 7 is a WordCloud for the 50 most-used keywords. The most
frequently used word is ”systems”, which appears 33 times, followed by “optimization” and
“storage” with 25 and 22 appearances. On the right part is the WordCloud for the 50 most
frequent authors’ keywords. The highest frequency is for “renewable energy communities”
with 55 occurrences; in second place is the singular of the first group of words, ”renewable
energy community”, with 43 appearances, and in third place is “energy communities” with
27 occurrences. Similar results were obtained by Brunelli et al. [52] when analyzing the
keywords with the highest number of occurrences in RECs extracted from the database, e.g.,
“energy community”, “renewables”, “renewable energy communities”, “energy storage”,
and “optimization”.
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3.7. Collaboration Analysis

In order to understand how the authors and countries worked together, a dedicated
section of the collaboration was defined, and it was analyzed in detail.

In Figure 8, the collaboration network of authors is presented, where there are seven
different groups. The minimum number of edges was set to 3, the repulsion force to 0.3,
the edge size to 3, and the label size to 1.
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Figure 8. Collaboration network of authors.

The first cluster, highlighted in blue, includes the following authors: Fina B., Auer
H., and Monsberger C. An analysis of their publications revealed that these authors have
examined the REC domain in two papers, focusing on the transition to Austrian law and
the economic impacts of technologies [70,71]. Additionally, Fina B. and Monsberger C.
collaborated on two more articles discussing REC legislation, citizen energy communities
in Austria, and economic impacts [72,73].

The second cluster, colored in brown, comprises only two authors, Coosemans T. and
Felice A. Together, they have authored three papers focused on the transition of RECs
in rural areas, optimization, multi-criteria analysis, forecasting, and the analysis of PV
systems [74–76].

The third cluster, colored in pink, consists of two authors, Fichera A. and Volpe R.
They have collaborated on three publications discussing prosumers, the optimization of
self-consumption, stakeholders, and relevant indicators for analysis [77–79].

The fourth cluster, represented in green, includes five authors: Krug M., Di Nucci MR.,
Laes E., Schwarz L., and Standal K. This cluster is one of the most significant due to the size
of the circles and the number of members. Their three articles focus on the implementation
of EU laws and directives in the REC domain, presenting current frameworks from various
countries and governance in Europe [80–82].

The fifth cluster, colored in orange, consists of Pastore LM., De Santoli L., and Io
Basso G. They collaborated on three different papers where they discussed the benefits
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of using hydrogen, power-to-gas technologies, and smart energies through comparative
analyses [83–85].

The sixth cluster, colored in purple, is particularly significant due to its size, compris-
ing five authors: Menniti D., Pinnarelli A., Sorrentino N., Brusco G., and Vizza P. Their
main topics of discussion include flexibility market frameworks for RECs, distributed
storage systems, nanogrids, and real-world use cases aimed at enabling technologies for
RECs [86–89].

The seventh cluster, colored in red, comprises four researchers: Ceglia F., Marrasso E.,
Sasso M., and Roselli C. They have the highest number of jointly published papers, totaling
in six publications. Their main subjects of discussion include energy communities, electric
vehicles, poverty, biomass, and heating networks [90–95].

Figure 9 represents the world map and the collaboration between countries.
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Figure 9. Country collaboration map.

It should be noted that in Figure 9, the density of the lines between the countries
represents the intensity of their collaboration (in number of papers in which authors
from the two countries have collaborated as co-authors), while the colors of the countries
(ranging from pale blue to dark blue) represent the contributions (in number of papers)
of each country in the REC field. As expected, the country with the highest contribution
in terms of number of papers in the REC field is Italy, depicted in dark blue in Figure 9.
Furthermore, it can be observed that the most prolific collaboration is between Germany
and the Netherlands, jointly publishing seven articles. This is followed by Germany and
Belgium, which have collaborated on five papers. The third most successful collaboration
involves Italy and Spain, with four publications. Other collaborations have resulted in
three or fewer papers: Austria and Belgium, Belgium and the Netherlands, Germany and
Norway, Germany and Portugal, Germany and Spain, Italy and Poland, and Italy and
the UK.

3.8. Theme Analysis

Figure 10 depicts the thematic map for keywords plus. To generate this map, specific
parameters were defined: 125 words were included in the analysis, with a minimum cluster
frequency of 15 per 1000 documents and a label size of 0.35. Two clusters of similar size
are highlighted in gray and green, both encompassing terms relevant to the REC domain
such as “systems”, “optimization”, “storage”, “transition”, “projects”, and “barriers”. The
implementation of RECs aims to optimize energy systems and facilitate a transition to
sustainable energy through individual or community projects involving electricity storage.
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The third cluster, marked in red, focuses on system performance, highlighted by
keywords like “model”, “performance”, and “system”. Although smaller in size, the
remaining four clusters also contribute to our analysis by delineating various aspects of the
REC domain. The purple cluster on the left emphasizes storage elements with terms such as
“microgrids” and “energy-storage”. The pink cluster explores electricity transmission and
applicable algorithms with keywords like “algorithm” and “ancillary services”. Positioned
at the center of the graphic, the cluster in yellow delves into the evolution of electricity
networks, encompassing terms like “networks” and “evolution”. Lastly, the turquoise
cluster at the bottom left focuses on the design of frameworks, featuring terms like “design”
and “framework”.

Furthermore, considering the significant contributions of Italian researchers to the
REC field, an additional analysis was conducted on papers with at least one author from
Italy. This analysis focused on the themes addressed in the published papers included in
the dataset. By performing a bigram analysis on the titles of these papers, the thematic map
presented in Figure 11 was obtained.

As can be observed from Figure 11, in terms of basic themes, one can identify classic
themes related to RECs, such as the integration of district heating systems within energy
districts (“district heating”, “energy districts” bigrams), the utilization of biomass as a
renewable energy source (“biomass_based renewable”), the role of energy storage solutions
within renewable energy systems (“energy storage” and “energy systems” bigrams), or the
analysis and optimization of energy demand profiles (“demand profiles”). Furthermore, in
the basic themes, we can observe the focus on the influence of European Union policies
on renewable energy communities or the analysis of the success of renewable energy
communities across Member States through the use of the “european union” bigram.

In terms of motor themes, as can be expected, the focus has been on specific challenges,
opportunities, and case studies related to the creation and operation of renewable energy
communities within the Italian context by highlighting local initiatives and community
engagement (“Italian context” and “community energy” bigrams).
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Lastly, in terms of niche themes, one can identify the focus on collaborative approaches
to renewable energy adoption (“active renewable” and “jointly acting” bigrams). Regarding
this theme, one can expect to encounter papers discussing how different stakeholders
(e.g., governments, private sector, and communities) can work together to promote and
implement renewable energy solutions. The focus of the niche themes is to examine which
joint actions and collective efforts should be considered to achieve renewable energy goals.

3.9. Mixed Analysis

Figure 12 underscores the correlation between countries, authors, and keywords
within the domain of RECs.

Italy emerges as the most representative country, with a significant number of active
contributors, such as Krug M., Di Nucci M.R., Ceglia F., Marrasso E., and Sasso M.

The prevalent keywords are highly aligned with the REC lexical field, including
terms such as “renewable energy community”, “renewable energy communities”, “energy
community”, “community energy”, “microgrids”, and “energy sharing”.

Other notable countries contributing to this field include Austria, Germany, Belgium,
and the Netherlands.

Figure 13 demonstrates the interplay between affiliations, authors, and keywords
within the field of RECs. The most significant affiliations are from Italy, specifically the
University of Calabria, Sapienza University of Rome, the University of Sannio, and the
University of Turin.

Prominent authors in this domain include Ceglia F., Sasso M., and Marrasso E.
The most frequently utilized keywords in this context are “systems”, “buildings”, “in-

tegration”, “transition”, and “optimization”, reflecting the focus areas within REC research.
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4. Discussions and Limitations

The bibliometric analysis performed here provides a comprehensive examination of the
evolution of the REC domain. The analysis begins in 1996, the year of the first publication,
which initially had minimal impact. However, driven by technological advancements, the
field has experienced exponential growth in recent years. In the final year of our analysis,
2023, a notable number of papers were published, more specifically 72 papers. Over the
27-year span, a positive trend in annual scientific publications has been identified, with the
highest average annual citations peaking at 11.48 in 2020.
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Several journals have emerged as key publications in the REC domain. Among the
most prominent are Energies, Sustainability, Renewable Energy, and Energy, all of which cover
a diverse array of subjects related to renewable energy sources.

The paper with the highest number of citations was authored by Lowitzsch et al. [60].
The authors provided information with regard to the new laws related to renewable energy
adopted by the EU and analyzed how this new regulatory context will affect the situation
for the Member States. The paper authored by Lowitzsch et al. [60] was also placed in the
first position based on the number of received citations in a bibliometric analysis conducted
by Brunelli et al. [52] on thermal energy storage in energy communities when discussing
papers related to renewable energy communities.

The domain of RECs has increasingly attracted researchers’ interest, especially follow-
ing the European Union’s promotion of new objectives and legislation related to renewable
energy. Italy stands out as a leading contributor to this field, producing 71 papers and
accumulating 951 citations, which account for 35.5% of the total number of publications.
The substantial influence of Italian research is underscored by the presence of five Italian
universities among the top ten most-cited affiliations: Sapienza University of Rome, the
Polytechnic University of Turin, the Polytechnic University of Milan, the University of
Sannio, and the University of Pisa. The obtained results are in line with the ones obtained
by Brunelli et al. [52], who identified the Polytechnic University of Turin, Sapienza Uni-
versity of Rome, and the Polytechnic University of Milan as the top contributors in terms
of number of documents in the area of RECs. Furthermore, Cruz-Lovera et al. [96], in a
bibliometric paper dealing with energy savings and community detection, and Seminario-
Cordova et al. [97], in a bibliometric paper discussing energy saving and energy production,
identified Italy as one of the most significant countries in publishing articles about RECs.

The research provided important details about the REC domain, offering a complete
perspective on the evolution of the analyzed area, but it is crucial to admit and talk about
the limitations that affected the research and the results.

A significant limitation of this study pertains to the article selection process. Only
papers marked and indexed as “Article” in the Web of Science (WoS) database were
analyzed, encompassing both journal and conference papers. As it has been observed in
the dataset selection steps description, the document type used for extracting the database
was “Article’. If instead of “Article” we would have opted for “Conference Proceeding”
papers, the database would have had a smaller dimension, encompassing only 64 papers.
By briefly analyzing the database comprising these 64 papers, it was observed that the
annual scientific production was 31.95% for the 1996–2023 time period. Moreover, the
number of citations attracted was less, ranging from 0 to 38 citations, while the number of
conferences in which the papers have been presented was larger compared to the number
of papers, namely 45. Some of the most relevant sources in terms of conferences were
the following: the 2023 19th International Conference on the European Energy Market
(EEM)—seven papers; 2022 IEEE 21st Mediterranean Electrotechnical Conference (IEEE
MELECON 2022)—four papers; 2021 21st IEEE International Conference on Environment
and Electrical Engineering and 2021 5th IEEE Industrial and Commercial Power Systems
Europe (EEEIC/I&CPS EUROPE)—three papers; 2022 IEEE International Conference on
Environment and Electrical Engineering and 2022 IEEE Industrial and Commercial Power
Systems Europe (EEEIC/I&CPS EUROPE)—three papers; 2023 IEEE Belgrade Powertech—
three papers; 2019 1st International Conference on Energy Transition in the Mediterranean
Area (SYNERGY MED 2019)—two papers; 2020 IEEE Power & Energy Society General
Meeting (PESGM)—two papers; 2021 IEEE 15th International Conference on Compatibility
Power Electronics and Power Engineering (CPE-POWERENG)—two papers; and 2023
IEEE Power & Energy Society General Meeting PESGM—two papers. The remainder
of the conferences included in the conferences’ dataset had only one paper presented in
the REC-relevant theme. Furthermore, it can be stated that, even when discussing the
papers presented at conferences and published in conference proceedings, Italy holds the
first place in terms of the number of papers having an Italian corresponding author, 23,
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followed by Portugal with 13, Austria with 4, Belgium, Spain, and the USA with 3 each,
and France and Latvia with 2 each. As for the themes approached in these papers, most of
them are on energy and power sharing, energy transition, energy markets, and regulation
methods. Even when discussing the conference proceedings dataset, it can be observed
that a series of papers emphasize the regional aspects—highlighted by the “mediterranean
region” bigram.

The choice for using WoS database introduces a potential bias due to differences
between the Scopus and WoS databases, as elucidated by Singh et al. [98]. WoS coverage has
significantly improved since 1990, predominantly featuring papers written in English and
indexing approximately 13,610 journals with over 13 million publications as of June 2020.
This extensive coverage typically results in a higher impact for WoS articles. Conversely,
Scopus indexes a broader array of journals and articles, with around 40,385 journals and
18 million papers as of June 2020, but the impact of Scopus-indexed journals is generally
lower compared to WoS. The decision to exclude Scopus-indexed journals from the analysis
may have affected the results, potentially overlooking significant contributions from a
wider range of sources.

The time selection of the dataset can also be listed as a limitation, as Liu [99] pointed
out. According to the author, for the articles published before 1990, there is limited access
to the abstracts, keywords plus, and authors’ keywords, which could affect the results of
the analysis. Since the timespan of the extracted database is between 1996 and 2023, these
limitations do not apply to our scenario.

Another limitation of this study is the criteria used for filtering papers. By including
only articles written in English, we excluded research published in other languages, po-
tentially overlooking valuable contributions to the REC domain. Additionally, the specific
keywords used for filtering the database present another limitation, as they may have
excluded relevant papers using different terminologies related to RECs.

Ultimately, despite significant improvements in the article collection processes by
databases in recent years, there remains an inherent limitation that could influence the
accuracy of the results. These limitations highlight the potential for bias and the exclusion
of relevant research, which could impact the comprehensiveness of the analysis.

5. Conclusions

The present paper aims to provide a comprehensive academic evaluation of the
REC domain and to understand its development and future potential. By employing a
bibliometric approach, this study had the purpose of identifying the main contributors, key
publications, collaboration networks, and significant topics in REC research. This analysis
seeks to address key scientific questions regarding the evolution, impact, and collaboration
within the field.

Based on the research findings presented in this paper, we can conclude the following:

• The domain has evolved significantly, especially in recent years. The first paper was
released in 1996, and the second one appeared in 2009, but starting with 2019, the
domain grew exponentially. More and more researchers are becoming interested in
the REC domain, especially from Europe, with a total of 200 publications.

• The most relevant countries that focused on the REC domain when considering
the number of articles published and the total citations are Italy, Austria, Germany,
Portugal, the Netherlands, the USA, and Canada. EU countries have shown a high
level of interest in this area starting in 2021, when the EU adopted the legislation
related to new energy sources. Similar results were discovered by Mentel et al. and
Cruz-Lovera et al. [96,100].

• The most notable authors in the REC domain when taking into consideration the
number of articles published are Ceglia F., Fina B., Marrasso E., Sasso M., Auer H,
Krug M., and Lowitzsch J.; all the aforementioned authors published at least five
documents indexed in the WoS database.
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• The most important journal in the REC area is Energies, which published a total
number of 44 papers. Other relevant journals are Sustainability, Renewable Energy,
Energy, Applied Energy, Energy Policy, Energy Research & Social Science, the Journal of
Cleaner Production, Renewable & Sustainable Energy Reviews, and Energy Conversion and
Management. Moreover, in terms of the sources quartile, it has been noted that SCIE
dominates in the high-impact quartile (Q1), reflecting its strength in covering top-tier
scientific journals. SSCI also shows a strong presence in Q1, but to a lesser extent.
Additionally, it can be observed that ESCI shows more journals in the Q2, Q3, and
Q4 quartiles, which could indicate a focus on emerging or niche fields that are still
developing their impact.

• The foremost affiliations in terms of the number of papers published are predominantly
from Italy, including Sapienza University of Rome, the Polytechnic University of Turin,
the Polytechnic University of Milan, the University of Sannio, and the University of
Pisa. Austria is represented by 2 universities in the top 10 most productive universities
based on the number of published papers: Technische Universität Wien and the Aus-
trian Institute of Technology (AIT). Similarly, Germany also features two universities:
European University Viadrina Frankfurt ODER and Fraunhofer Gesellschaft. Portugal
is represented by Universidade de Lisboa as the sole institution in the top affiliations
list for REC research.

• The collaboration network for authors in the domain of RECs predominantly involves
researchers from the same countries, as indicated by the high values of the Single-
Country Publication (SCP) indicator among the top ten most significant countries,
with values ranging from 20% to 90.90%. Exceptions to this trend include France,
the Netherlands, and Belgium, which have more publications involving international
co-authors, indicating the emergence of French, Dutch, and Belgian researchers in
the REC domain. In contrast, countries such as Italy, Austria, Germany, Portugal,
Spain, the USA, and China primarily focus on domestic collaborations. Among bi-
lateral collaborations, the most significant is between Germany and the Netherlands
with seven publications, followed by Germany and Belgium with five articles. Other
notable collaborations include Italy–Spain, Austria–Belgium, Belgium–the Nether-
lands, Germany–Norway, Germany–Portugal, Germany–Spain, Italy–Poland, and
Italy–the UK. Belgium and the Netherlands stand out for their extensive international
collaborations, contributing significantly to the development of RECs by exploring
new implementation methods and understanding the legislative and decentralization
aspects of energy systems. The collaborative network has had a notable impact on
discovering new methods of sustainable and affordable energy sources, highlighting
the contributions of key authors working in this domain.

Future research could expand upon this work by incorporating additional databases,
exploring non-English publications, and examining the impact of emerging technologies
and policies in REC development.
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Appendix A

Regarding the main information about the authors, the data in Table A1 were extracted.
The number of authors is equal to 686, with 12 of the authors being authors of single-
authored documents and 674 of the authors being authors of multiple-authored documents.
The number of co-authors per document is 4.13, comparable with other findings from the
energy communities field studies [47].

Table A1. Main information about authors.

Indicator Value

Authors 686
Authors of single-authored documents 12

Authors of multiple-authored documents 674
Co-authors per document 4.13

International co-authorship 32.5%
Authors’ keywords 717

Appendix B

Figure A1 points out the average yearly citations. As was presented in Figure 2, 1996
is the first year with publications, having an average total citations per year of just 0.07.
The next year with publications in the REC domain is 2009, with an average citations per
year of 5.56. The peak of average citations per year was registered in 2020, with a value of
11.48. Other important years are 2015, 2017, 2018, and 2019, having an average of 8.55, 8.10,
8.43, and 7.40, respectively.
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It should be noted that the decline in publications in the last few years—starting with
2020—might be due to a lag between the moment a paper was published and the moment it
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started gathering citations. Thus, overall, an increased trend can be observed in the number
of average citations per year.

This trend can be put in connection with the growth of facilities and the implementa-
tion of support policies in the renewable energy field. In terms of facilities, it was showed
that the growth in facilities has determined the use of fewer facilities, and these facilities
have succeeded in producing more energy. Improvements in photovoltaic (PV) technology,
particularly in efficiency and cost effectiveness, led to increased adoption of solar energy.
Similarly, innovations in wind turbine design and materials resulted in higher efficiency
and lower costs, enhancing the viability of wind energy. Advances in energy storage sys-
tems, especially lithium-ion batteries, improved the management of intermittent renewable
sources. The integration of smart grid technologies further enhanced the efficiency and
reliability of energy distribution networks. Additionally, new research facilities dedicated
to renewable energy provided the infrastructure for cutting-edge experimentation and
development. As Tabassum et al. [101] showed in a paper discussing solar energy in the
USA, in recent years, a rise in the global annual addition of renewable energy sources in
the USA can be observed, pointing out that solar energy has the highest rising potential,
reaching the top position in the list of annual capacity installations for four consecutive
years. Furthermore, in terms of policies, the EU has issued a series of directives that sup-
ported the shift to renewable resource utilization, aiming to reach its 32% renewables target
by 2030 [102], which has boosted both the number of papers in the field and the citation
metrics of these papers.

Appendix C

Figure A2 illustrates the evolution of the top 10 most important journals during the
analyzed period. The journal with the highest number of publications is Energies, depicted
in orange.
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Considering the top 10 sources’ production over time, it can be observed that all
journals have something in common, namely the lack of publications until 2015.

Thus, the first publications in Energies appeared in 2020, and then it had a continuous
positive trend, reaching 44 published articles in 2023.
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The second most important source based on the number of published papers, but at a
considerable distance from the first one, is Sustainability, represented in Figure 5 in pink,
which had a peak in terms of published papers in 2023 with 22 articles, which is half that of
the Energies publications in 2023.

The third most relevant journal based on the number of published papers in the area
of RECs is Renewable Energy, which had only 13 documents published in 2023, followed by
Energy with 11. The rest of the journals had less than 10 publications in the last year, but
all of them have a positive trend, which shows the growing interest of researchers in the
domain of RECs.

Another observation related to the journals included in the top 10 most productive
sources is related to the specificity of the journals, namely that these journals have as their
main scope a focus on the energy section and on aspects related to sustainability in general.

Figure A3 presents the impact of a particular journal using the H-index, known as
the Hirsch index, which is calculated by summing the total number of papers for which a
source has been cited at least the same amount of times [103].
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Energies is the journal with the highest impact, having an H-index of 14 and a total
citation of 522, followed by Applied Energy with an H-index of 9 but just 350 citations.

The highest number of citations is observed for the journal Energy Policy, having
581 citations, but the H-index value is 9.

Sustainability occupies the fourth position when looking at the H-index value, with an
H-index equal to 9, having 261 citations. Energy has an H-index equal to 8 and 207 citations.
Renewable Energy has 321 citations, and the H-index is 8. The Journal of Cleaner Production
has an H-index of 7, with a total citation of 248. Renewable & Sustainable Energy Reviews has
less impact: the H-index value is only 6, having 471 citations. The last two journals are
Energy Conversion and Management and Energy Research & Social Science, each one having an
H-index of 5 with total citations of 148 and 157, respectively.

Appendix D

Furthermore, considering all the journals included in the dataset, the quartile distri-
bution according to the latest report from the Web of Science (2024) was analyzed. The
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distribution of journals across the Q1, Q2, Q3, and Q4 quartiles for each of the three indexes—
the ESCI (Emerging Sources Citation Index), SCIE (Science Citation Index Expanded), and
SSCI (Social Sciences Citation Index)—is presented in Figure A4. It is important to note
that the ESCI covers high-quality, peer-reviewed publications of regional importance and
emerging scientific fields. The SCIE is a multidisciplinary index encompassing the scientific
journal literature, while the SSCI covers journal literature in the social sciences. As shown
in Figure A4, the highest number of journals is listed in the SCIE (41 journals, 67.21%),
followed by the ESCI (16 journals, 26.22%) and the SSCI (5 journals, 8.19%).

1 
 

 
Figure A4. Sources quartile based on JIF, AIS, and JCI.

Considering the ESCI, it can be observed that the number of top-quartile journals
(Q1) is relatively low across all metrics, with only two journals in JIF, one in AIS, and
three in JCI. This indicates that very few ESCI journals are considered highly impactful.
Furthermore, there is moderate presence in the second quartile, with five journals in both
JIF and AIS, but a much lower presence in JCI with only one journal. As for the Q3 quartile,
the distribution is scattered with higher representation in JCI (five journals) compared to
JIF and AIS. Nevertheless, it can be noticed that the highest concentration of journals is in
Q4, particularly in the JIF metric (eight journals), indicating that many ESCI journals have
lower impact factors. Therefore, we concluded that the distribution of journals in the ESCI
shows a tendency towards the lower quartiles, particularly in the JIF metric.

Furthermore, the SCIE showcases a strong presence in the higher quartiles, especially
Q1. First, it can be observed that there is a significant portion of SCIE journals in the top
quartile, with 22 journals in JIF and 21 journals in both AIS and JCI. This suggests that
many SCIE journals are highly regarded and influential in their fields. Second, there is a
substantial number of journals in the second quartile as well, with 13 journals in both JIF
and AIS and 14 in JCI, while the number of journals decreases significantly in Q3 and Q4,
especially in Q4, where there is only 1 journal in JIF and 2 journals in both AIS and JCI.
Based on these observations, it can be stated that most SCIE journals are performing well
above average.

The SSCI demonstrates a strong presence in Q1, but the distribution in lower quartiles
is sparse. From Figure A4, it can be noted that a high proportion of SSCI journals are in
the top quartile, with four journals in JIF, three in AIS, and two in JCI, indicating a good
level of influence and impact in the social sciences. Additionally, there are fewer journals
in the second quartile, with one journal in both JIF and AIS and three in JCI. Moreover,
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the absence of journals in the Q4 quartile, according to this index, might suggest that SSCI
journals are either highly impactful or tend to not be indexed in these quartiles.

Appendix E

Figure A5 provides information related to the yearly productivity of the authors. When
looking at author Ceglia F., we observed that the first year in which the author published
an article was 2021. The publishing peak was achieved by the author in 2022, when three
publications were released, having a total citations per year of 20.33. Fina B. published four
articles in 2022, with an average citations per year of 16.33. Marrasso E. and Sasso M. both
published the most articles in 2022, three, with the same total number of citations per year
of 20.33. Lowitzsch J. published three papers in 2020. Based on the number of citations per
year, it can be observed that the papers published by this author have reached the highest
average citations per year, 67.6. The full list of top 10 authors is available in Figure A5.
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Lotka’s Law is a significant metric in bibliometric analyses, offering insights into the
productivity levels of various authors [104]. The purpose of Lotka’s Law is to predict
the aggregated behavior of multiple authors. Figure A6 illustrates a negative correlation
between the number of articles and the percentage of authors: as the number of papers
increases, the percentage of authors decreases rapidly. This trend highlights the challenges
researchers face in publishing multiple documents within a complex field such as RECs.

Figure A7 shows the impact of top 10 most relevant authors using the H-index (the top
10 most relevant authors were presented in Figure 4). The author with the highest impact
is Fina B., who has an H-index value of 6. Auer H., Ceglia F., Marrasso E., and Sasso M.
each have an H-index value of 5. The list is completed by the following authors: Krug M.,
Lowitzsch J., Monsberger C., Pastore LM., and Roselli C., each generating an H-index value
of 4.
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Appendix F

According to the Web of Science, there are 77 papers with authors from Italy, with 71
of these papers having an Italian corresponding author. The evolution of Italy’s annual
scientific production is illustrated in Figure A8.

Compared to the overall dataset, it is evident that the contribution from Italian re-
searchers to the REC field has been concentrated primarily between 2020 and 2023. Con-
sequently, the annual growth rate for Italy has been recorded at 151.49%, significantly
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exceeding the annual growth rate of the entire dataset. This underscores the substantial
contribution made by Italy to the REC field.

Furthermore, according to the latest report by Enerdata [105] on Italy’s energy in-
dependence, the energy independence rate was estimated at 22.5% for 2022. The share
of renewables in electricity production surpassed the renewable targets set for 2020 by
3.4 percentage points, reaching 20.4% of the final energy consumption. Additionally, in
2021, renewables accounted for 19% of the final energy consumption [105].

Thus, when integrating these findings, it can be stated that Italy’s robust scientific
output in the REC field aligns with its advancements in renewable energy and energy
independence. Therefore, a synergy can be observed between the scientific research and
practical applications, which boosted Italy’s top position both in the REC scientific commu-
nity and the tangible improvements in energy sustainability and independence.
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Appendix G

The paper authored by Uyar and Besikci [57], from Turkey, has 166 citations, with
a normalized total citation count of 2.56 and an average of 20.75 citations per year. The
authors investigate the potential of achieving 100% renewable energy through the use of
hydrogen and fuel cells, which facilitate energy transportation and storage. The study
underscores the importance of adopting new energy methods, such as renewable energy
fuels and hydrogen—both considered clean energy carriers—to reduce reliance on fossil
and nuclear fuels. The paper argues that improper energy management and environmental
pollution hinder the harmonious coexistence of humans and nature. Renewable energy
investments, which began in 2013, surged to USD 290 billion by the end of 2015, highlighting
the potential role of hydrogen fuel cells in providing a clean and sustainable energy solution.
These investments and the decreasing costs of renewable energy are expected to enhance
hydrogen production, diversify energy supplies, and reduce fossil fuel dependence. The
authors conclude that hydrogen will play a crucial role in the energy sector, aiding in the
attainment of a 100% renewable energy target.

Zhou et al. [58] investigated graphitic carbon nitride (g-C3N4), a metal-free catalyst
used in solar energy for water splitting. Photocatalytic hydrogen production is a promising
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solution to address global energy and environmental challenges. The efficiency of photo-
catalysis depends on maximizing sunlight absorption to generate photoexcited electrons
and holes. The study highlights synergistic effects achieved with similar materials obtained
through different methods but of the same phase, which is expected to stimulate further
research into discovering new materials and advancing RECs. The paper, authored by six
researchers from China and the USA, has garnered 99 citations, averaging 12.38 citations
per year, with a normalized total citation count of 1.53.

Gueymard and Myers [49], both from the USA, authored a publication ranked 10th
in the REC domain based on citations, totaling 89. The paper receives an average of
5.56 citations per year, with a normalized total citation score of only 1, the lowest among
the top 10 documents analyzed. Their research focuses on solar RECs, emphasizing the
reliance on instrumentation and radiometric measurements for system design, monitoring,
and validating solar radiation methods. The study highlights the volatile nature of both
the quality and quantity of measured solar radiation, noting that current radiometers still
employ outdated technology. Two indirect techniques are employed to measure radiation
components: a pyrheliometer for direct irradiance, which exhibits errors ranging from 50 to
80% during clear winter days, and two pyranometers, which have smaller errors of 5–15%
but are seasonally and application-dependent. The authors conclude by advocating for
improvements in radiometric instrumentation and correction methods.

A summary of the above discussed papers is provided in Tables A2 and A3.

Table A2. Documents removed from the top 10 list.

No. Paper (First Author,
Year, Journal, Reference)

Number of
Authors Region/Country Total Citations

(TCs)
Total Citations
per Year (TCYs)

Normalized
TCs (NTCs)

1
Unay, TS., 2017,

International Journal of
Hydrogen Energy [57]

2 Turkey 166 20.75 2.56

2
Zhou, MJ., 2017,

Sustainable Energy &
Fuels [58]

6 China, USA 99 12.38 1.53

3 Gueymard CA., 2009,
Solar Energy [49] 2 USA 89 5.56 1.00

Table A3. Brief summary of the content of the documents removed from the top 10 most-cited global
documents list.

No. Paper (First Author, Year,
Journal, Reference) Title Data Purpose

1
Unay, TS., 2017,

International Journal of
Hydrogen Energy [57]

Integration of hydrogen
energy systems into

renewable energy systems
for better design of 100%

renewable energy
communities

No data have been
used

To describe the concept of
renewable energy, the role of
hydrogen and fuel cells, and

moving from fossil and nuclear
fuels to renewable energy fuels
in order to create clean energy

2 Zhou, MJ., 2017, Sustainable
Energy & Fuels [58]

n/n junctioned g-C3N4 for
enhanced photocatalytic

H2 generation

No data have been
used

To describe a promising
metal-free catalyst that can be

used for solar energy and
water splitting

3 Gueymard CA., 2009, Solar
Energy [49]

Evaluation of conventional
and high-performance
routine solar radiation

measurements for improved
solar resource, climatological

trends, and
radiative modeling

Solar radiation data
from various sources

To evaluate the actual solar
radiation measurements and to

propose how to improve
their accuracy
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