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ARTICLE INFO ABSTRACT
Keywords: Research purpose: This study aims to outline the fundamental status of the German academic
Germany community’s research in the field of renewable energy and to foster collaboration between China

Renewable energy
CiteSpace

New energy
Visualization map
Bibliometric analysis

and Germany in this area.

Research methods: This study examines documents published by German scholars from 2008 to
2023, which are part of the “Web of Science (WOS) Core Collection” database and related to
renewable energy issues, using the bibliometric visualization tool CiteSpace 6.2.R6.

Research conclusions: The study examines the co-occurrence and burst of keywords, changes in
publication volume, international collaboration networks, research institution collaboration
networks, and researcher collaboration networks. It concluded that: (1) German academic
research in the field of renewable energy can be divided into three phases: nascent (2008-2014),
surge (2015-2021), and decline (2022-2023). (2) The Helmholtz Association and Reinhard
Madlener, among other prominent institutions and academicians, are responsible for the close
cooperation among personnel and institutions, the significant leading effect, and the emphasis on
cutting-edge topics. Research in this field notably focuses on cutting-edge issues like life cycle
assessment and developing countries. The study observes a transition in research concentration
from macro to micro perspectives. In the context of a global collective response to climate change,
the analysis of the German academic community’s overall situation will enhance the collabora-
tion between the two countries in the field of renewable energy research.

1. Introduction

Over one hundred nations worldwide have embraced the objective of limiting global warming to 2 °C or below (relative to pre-
industrial levels) as a fundamental concept to mitigate the risks, impacts, and damage caused by climate change [1]. In the midst
of the global transition towards sustainable energy and heightened emphasis on addressing climate change, the progress and appli-
cation of renewable energy technology have emerged as significant topics of mutual concern among influential nations. Germany, as a

* Corresponding author.
** Corresponding author.
E-mail address: thzthu@126.com (H. Tu).

https://doi.org/10.1016/j.heliyon.2024.e34933

Received 24 April 2024; Received in revised form 15 July 2024; Accepted 18 July 2024

Available online 24 July 2024

2405-8440/© 2024 The Authors.  Published by Elsevier Ltd.  This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:thzthu@126.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e34933
https://doi.org/10.1016/j.heliyon.2024.e34933
https://doi.org/10.1016/j.heliyon.2024.e34933
http://creativecommons.org/licenses/by-nc-nd/4.0/

H. He et al. Heliyon 10 (2024) 34933

leader in Europe’s industrial and technological progress, engages in research and applies methods in renewable energy. These efforts
serve as a guiding light for Europe and other regions, significantly impacting worldwide energy transformation and environmental
conservation. Germany has a rich history as a dominant force in industry and technology in Europe. Its industrial production has
traditionally been highly dependent on energy, particularly coal-fired and nuclear power. However, in addition to its strong industrial
base represented by the conventional automobile industry, the German government has shown impressive vision and resolve in
developing and executing national energy transition programs. In 2000, Germany introduced the Renewable Energy Sources Act
(Erneuerbare Energien Gesetz, EEG), with the aim of promoting the economic advantages of renewable energy production [2].

In 2010, the Federal Ministry of Economics and Technology, in partnership with the Federal Ministry for the Environment, Nature
Conservation, and Nuclear Safety, released the “Energy Concept: for an Environmentally Sound, Reliable, and Affordable Energy
Supply.” The aim of this proposal was to transform Germany’s energy system into an effective, sustainable energy-oriented, low-
emission, and free from nuclear power system [3]. Germany amended the Renewable Energy Sources Act from 2021 to 2023, with the
objective of achieving an 80 % share of renewable energy in electricity consumption by 2030 [4]. An analysis of these documents
underscores Germany’s commitment to substituting conventional energy sources with renewable alternatives. The German govern-
ment has maintained a longstanding dedication to conducting research on renewable and clean energy technology. Furthermore, it has
actively facilitated the expansion of the renewable energy industry through the implementation of well-planned energy policies.
German research in renewable energies has flourished due to strong state backing, positioning Germany as a notable global leader in
this field.

China, as a prominent participant in the advancement of renewable energy, has witnessed the emergence of electric vehicles and
photovoltaic power generation as prominent goods in the renewable energy sector, both inside the country and worldwide. China and
Germany have significant shared interests and opportunities for collaboration in the field of renewable energy development. The
Chinese academic community lacks a clear understanding of various aspects of German academic studies on renewable energy issues,
such as the status of international cooperation, collaboration among domestic research institutions, leading research institutions,
networks for research personnel cooperation, citation networks, research hotspots, and research frontiers. Therefore, it is crucial to
methodically arrange the current research progress on renewable energy matters within the German academic community in a sci-
entific manner. This will enable a more profound comprehension of the situation in Germany and foster collaboration between
research institutions from both countries on renewable energy topics.

In order to gather ideas from related research and establish parallels, a search was carried out in the Web of Science Core Collection
using the terms “Germany,” “renewable energy,” and “bibliometric,” resulting in 225 outcomes. However, upon further scrutiny, it was
discovered that the majority of these research concentrated on particular subtopics within the realm of renewable energy, such as
biofuels, wind power, and effective energy storage [5-7]. Some studies combine renewable energy with issues such as human capital,
economy, and energy poverty [8-10]. We discovered a limited number of focused investigations on Turkey or Russia, but, we did not
come across any extensive analysis on Germany’s renewable energy industry [11,12]. In order to expand the range of the search, a
search was performed on Google Scholar using the terms “German,” “bibliometric,” and “renewable energy.” Although a search
yielded 17,500 results, there is a lack of bibliometric studies that particularly examine the situation of renewable energy research in
Germany. Pawet Kut and Katarzyna Pietrucha-Urbanik performed a comparative analysis of renewable energy research in Poland and
Germany using data from the Web of Science database (WOS) [13]. Nevertheless, this study has two primary deficiencies: Firstly, the
text lacks depth since it just offers a basic overview of annual publication trends, research institutions, and research hotspots without
giving thorough analysis. Furthermore, the research design is rudimentary, lacking a comprehensive description of the data gathering
and cleansing procedures. Adam Sulich and Tomasz Zema did a bibliometric analysis of Germany’s energy transition as well [14].
Nevertheless, the data source utilized by the authors of that study was the Scopus database, which differs from the data source
employed in this study. Furthermore, their research primarily concentrated on the shifting hotspots of the energy transition, without
conducting analysis in other domains.

Peter Yang performed a bibliometric analysis on 1225 publications pertaining to Germany’s energy transition spanning from 1982
to 2022. The study delineated the research process into three distinct stages: visual analysis, manual analysis, and focused review. It
provided a clear identification of many technological difficulties and viable solutions in Germany’s energy transition [15]. Yang’s
study focuses mostly on the difficulties associated to urban expansion in Germany’s energy transition, with just a tiny section dedicated
to examining the current situation of German academics. The report primarily examines the present state and regulations governing
the shift towards urban energy in different cities across Germany.

In addition, literature was discovered that examines Germany’s renewable energy challenges, including comparative research on
renewable energy policy in Brazil, Austria, Japan, the United States, and Germany [16,17]. The majority of other literature merely
briefly touches upon Germany’s pertinent conditions when examining particular matters, with only a handful offering a methodical
and all-encompassing examination of the research conducted by German academia in the realm of renewable energy.

According to the review provided, numerous researchers have made efforts to examine this subject from different perspectives.
However, the current literature continuously fails to provide a thorough and detailed examination of the research conducted by the
German academic community on renewable energy matters. This difference also impedes collaboration between foreign nations and
German academia. The study tries to specifically address this problem, highlighting the significance of this study.

Prior to continuing, we have chosen to structure our study based on the following inquiries: what is the present condition of
research on renewable energy-related matters in German academia, and what are the prominent topics that could potentially guide
future research endeavors?

This study uses bibliometric techniques to examine research conducted in renewable energy within German academic institutions
from 2008 to 2023. Specifically, this study offers the following contributions: (1) This analysis examines German scholars’ publication
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patterns on this particular topic over several time periods. It also evaluates the areas of research that have received significant
attention, as well as the notable literature produced at each stage. (2) This document provides a comprehensive overview of the
collaboration between German academic institutions in the field of renewable energy. It identifies the prominent research organi-
zations and researchers involved, as well as the primary research areas and focal points. Furthermore, it examines the collaboration
between Chinese and German scholars, focusing specifically on the perspective of Chinese academia. (3) It integrates the compiled
literature data with research trends to suggest possible future research directions.

The following portions of this study are organized in the subsequent manner: Section 2 provides a thorough elucidation of the
research design, including the selection of research tools and databases, as well as the procedures for gathering and refining the data.
Section 3 provides a thorough analysis of the current state of research. This includes an investigation into the patterns of publication at
various stages, a critical evaluation of important literature, and an examination of the collaboration between prominent research
institutions and researchers. The article also explores study themes and focal points, such as keyword co-occurrence analysis, clus-
tering, and the temporal distribution and creation of topics. Section 4 provides the research conclusions, which succinctly outline the
primary discoveries of this study. Section 5 offers a comprehensive analysis that highlights the key differences, advantages, limitations
and progress made in this research when compared to other similar studies. Section 6 providing suggestions for further research.

2. Research design
2.1. Selection of research tools

Scientific research is confronted with the challenge of processing and analyzing immense quantities of data in the era of data
explosion. Traditional manual analysis methods are not only inefficient but also incapable of managing large datasets in the face of the
unprecedented growth in research outputs within the same field. Moreover, the insufficiency of a narrow disciplinary viewpoint and
the increasing intricacy of scientific investigation necessitate modern research tools that can elucidate the interrelationships among
different research areas, thus facilitating interdisciplinary research and collaboration. These technologies streamline complex scien-
tific networks, research patterns, and locations into user-friendly charts and images, making it easier for researchers to analyze and
understand data. Additionally, they enhance the accessibility of scientific discoveries to the general public. International collaboration
between a variety of academic institutions and academicians is particularly valuable for studying renewable energy-related issues,
particularly in the context of this study. The utilization of bibliometric analysis, which is based on knowledge graphs and visualization
technology, offers an objective panoramic analysis of centers and developmental trends in the field [18-23].

This requirement has established the groundwork for the development of visualization research tools, including CiteSpace. Cite-
Space provides precise, data-based analyses as a quantitative analysis instrument, thereby reducing the interference of subjective
biases. It generates dependable statistical analysis outcomes by utilizing algorithms to process substantial quantities of data. This helps
researchers rapidly understand the essential information regarding research trends, hotspots, collaboration networks, and co-citation
counts in their field by presenting it in a more intuitive visual format. The co-authored book “CiteSpace: Scientific Text Mining and
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Fig. 1. Study design.
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Visualization” by Chao-Mei Chen, a scholar of Chinese descent at Drexel University in the United States, and Li Jie, a deputy researcher
at the Documentation and Information Center of the Chinese Academy of Sciences, provides a comprehensive overview of the design
principles, operational processes, and usage methods of the CiteSpace research tool. The utilization of the CiteSpace tool for data
analysis and visualization analysis effectively presents a greater number of scientific research results [24].

CiteSpace is more comprehensive in terms of functionalities, has a data interface that is more suitable for systematically organizing
literature on the WOS website, and has a clearer operational logic, despite the fact that VOSviewer, Bibexcel, and Nvivo are similar
software. Consequently, CiteSpace is the primary instrument chosen by this study for the analysis of the research status of renewable
energy issues in the German academic community. The CiteSpace software has been updated to the advanced version 6.2.R6 (64-bit)
Advanced, as of the writing of this paper. This software is employed in this study to analyze the situation regarding renewable energy
research in the German academic field. The primary design procedure of this study is the following (see Fig. 1).

2.2. Selection of databases

It is evident that the quantity of various literature databases is quite substantial, including prominent ones such as Scopus, JSTOR,
Taylor & Francis Online, and the WOS, among others, after analyzing internationally renowned primary databases. Nevertheless, the
WOS is the database with the fewest limitations when factors such as the volume and coverage of data, the influence of the database,
and the proportion of cutting-edge literature are taken into account. This platform is capable of accommodating the requirements for
data capture across interdisciplinary domains and over extended periods of time, with a total of more than 2.2 billion referenced
citations. Mastery of the research trends and prospective hotspots within a specific research domain is facilitated [25]. The WOS
prioritizes indexing influential publications, particularly in the fields of natural and social sciences. While Scopus provides a wider
range of coverage, the journals included in Web of Science often have greater status and influence among the academic community.

Subsequent investigation revealed that the other databases had lower literature counts and their citation data interfaces were
incompatible with the CiteSpace software used in this research, thereby failing to satisfy the study’s requirements. Consequently, it is
possible to infer that the literature contained in the WOS database adequately covers the areas and subjects of renewable energy
research within the German academic community. A thorough comprehension of the current state and primary areas of focus in
renewable energy research within the German academic domain can be achieved by analyzing the data obtained from this database.
Consequently, the WOS is selected as the primary source of research data in this article.

2.3. Scope of data collection

The Kyoto Protocol, which is designed to mitigate global warming by restricting greenhouse gas emissions in developed nations,
establishes a timeframe for emission reductions from 2008 to 2012. The European Union is obligated to reduce its contribution by 8 %
[26]. In 2008, Germany made changes to the Renewable Energy Sources Act (EEG-2009), significantly expanding its provisions from
12 to 66. This amendment resulted in the establishment of a more comprehensive framework [27]. In that year, several regulatory
documents were put into effect to encourage the growth of the renewable energy sector. These included the Renewable Energy
Production Promotion Ordinance (SDE), the General Rules for Energy Subsidy Allocation no.1313/2007, and the Solar Cell Gov-
ernment Subsidy Rules n0.2009:689 [28]. Furthermore, the International Climate Initiative was initiated by the German Federal
Ministry for the Environment with the objective of increasing the utilization of renewable energy and decreasing carbon emissions
[29]. Germany achieved the Kyoto Protocol’s reduction targets ahead of schedule in 2008, with a total of 945 million tons of
greenhouse gas emissions. Given the aforementioned, it is regarded appropriate to commence the data collection range for this study in
2008. Consequently, this study analyzes the research outcomes associated with renewable energy issues that German scholars have
produced from 2008 to 2023, as documented in the WOS. This encompasses the examination of hotspots in renewable energy research
within the German academic community, major research institutions, international cooperation networks, co-cited authors, and
co-cited literature networks, with the objective of facilitating improved Sino-German exchange and cooperation on renewable energy
issues.

It is crucial to emphasize that the data collection procedure was designed to accurately reflect the fundamental situation and
frontier hotspots of the German academic community’s research on renewable energy issues, while also satisfying the data re-
quirements of this study. Despite their profound affinity for the German language, German scholars do not hesitate to employ English,
particularly in international exchanges and scientific research collaboration. The WOS typically contains the primary findings of
German scholars who are engaged in international cooperative research on renewable energy issues. This study predominantly
collected research outcomes written in English by German scholars, representing the research level of the German academic com-
munity in this field, in accordance with the research theme of this study and the characteristics of the WOS database. The scientific
integrity and representativeness of this study are not impacted by the selection of English as the literature language search scope.

2.4. Data cleaning

The “Core Collection” database of the WOS contains the most prestigious academic journals, books, and conference records in the
natural sciences, social sciences, arts, and humanities. It offers comprehensive bibliographic information for research analysis.” The
most recent research findings on renewable energy issues in the German academic community are effectively covered in this collection
of high-level literature. In addition to the term “Renewable energy,” equivalent terms include “New energy,” “Alternative energy,”
“Sustainable energy,” “Green energy,” “Clean energy,” and “Eco-friendly energy.” After conducting a search of these terms, it was
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discovered that, with the exception of “Eco-friendly energy,” each term produced a significant number of documents. Consequently, all
phrases except “Eco-friendly energy” were adopted as search keywords. Quotation marks were inserted around the search keywords to
guarantee that they were identified as complete phrases rather than individual words. The search keywords were “new energy,”
“renewable energy,” “alternative energy,” “sustainable energy,” “green energy,” or “clean energy,” resulting in a total of 34,536
documents. There were only 30 documents in German, and a very small number were in other languages. This supports the assertion
that the scientific integrity and representativeness of this study are not compromised by the use of English-language documents as the
data source, as previously stated.

The initial round of selection yielded 34,443 results by restricting the document language to English. These documents encompass a
diverse array of fields, such as engineering, energy fuels, chemistry, materials science, physics, biochemistry, microbiology, computer
science and artificial intelligence, theology, political science, and history. They encompass 15 types of documents, including articles,
review articles, conference proceedings, and book reviews. A total of 34,357 results were obtained in the second round of selection,
following the cleansing of data outside of the research period and the restriction of the timeframe to 2008 to 2023. It was also noted
that the volume of literature in this field was minimal prior to 2008, but it encountered a substantial increase starting in 2008. This
observation further substantiates the rationale for choosing 2008 as the starting point for the timeframe. Nevertheless, the data still
contained results from more than one hundred irrelevant countries, including the United States, the United Kingdom, and France.
Consequently, in the third round of selection, the country was restricted to “Germany” in order to more accurately represent the
research outcomes of the German academic community, resulting in 2554 remaining results.

The remaining 2554 valid entries essentially cover the actual data of research on renewable energy issues by the German academic
community from 2008 to 2023, fulfilling the requirements of this study, following the aforementioned data cleaning steps (see
Table 1).

”» <, ” <

3. Bibliometric results analysis and visualization

The timeframe was selected from January 2008 to December 2023, with time segments set to one year, after the necessary Java
environment was established for CiteSpace. The G-index is a metric that is used to evaluate the influence of a scholar or a collection of
documents. G-index is a metric for measuring the impact of a scholar or a collection of documents; K value is used to define the number
of neighbors considered for each node in clustering analysis; “Top N” selects a fixed number of the most significant items, while “Top N
%” selects a percentage of the most significant items based on citation frequency or other criteria. The G-index K value was set to 25,
the Top N value to 50, and the Top N% to 10 % in the node selection method area. Subsequently, the establishment of these funda-
mental parameters will be followed by the adaptation of various clustering nodes and thresholds to meet the diverse analytical re-
quirements. Visual analyses will then be conducted accordingly.

3.1. Publication volume analysis

The time series distribution of literature is a critical method for analyzing the status and trends over time in a research topic [30].
The current state of research in the field and future research prospects can be predicted by statistically analyzing the number of papers
published annually [31]. CiteSpace’s “Remove Duplicates” feature was employed to deduplicate local files and tabulate annual
publication volumes in order to account for fluctuations in the volume of publications on renewable energy issues by the German
academic community from 2008 to 2023. The following figure (see Fig. 2) illustrates the temporal variations in publication volume, as
indicated by the software output. The time distribution of publication volume in this study field is depicted in Fig. 1, which divides the
field into three phases: the embryonic phase (2008-2014), the expansion phase (2015-2021), and the decline phase (2022-2023). In
general, the volume of publications has increased consistently since 2008, with a brief dip in 2014, followed by a subsequent increase
until it reached a peak of 361 publications in 2021. Subsequently, it experienced a two-year decline to 205 publications in 2023,
although it has maintained a relatively high level. Nevertheless, the German academic community has demonstrated a significant
interest in renewable energy issues, as evidenced by the consistent increase in the volume of publications on this subject over the past
decade. The data foundation for this study is also established by the extensive literature.

Table 1
Data retrieval and cleaning process.
Category Limitation No. of refined
documents
Data Sources Select “Core Collection”
Retrieve Select “All fields”
location
Theme scope Search(“new energy”OR'Renewable energy”OR“Alternative energy”OR“Sustainable energy”OR“Green 34536
energy”OR“Clean energy”)
Language English 34443
Time scope 2008-2023 34357
Country Germany 2554
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Fig. 2. Changes in the number of publications on renewable energy research in Germany.

3.1.1. Embryonic phase (2008-2014)

The discipline experienced a slow pace of development from 2008 to 2014. This phase is distinguished by a gradual but consistent
increase in the quantity of publications, which experienced a decline in 2014. This phenomenon implies that the discipline, which
gradually attracted scholarly attention, remained immature, with research topics and methodologies still in the exploration and
development phase. The investigation scope encompassed a total of 372 documents during this period. The primary concentration of
this era’s research was on topics such as electricity loads, power generation, and power grids.

Published in 2010, the study on the impact of feed-in tariffs (FITs) on renewable energy investments by Toby Couture and Yves
Gagnon had the highest co-citation count at 13. The primary contention of this study posits that FITs represent the most efficacious
strategy for facilitating the expeditious and enduring implementation of renewable energies. The text examined the benefits and
drawbacks of different FIT models and their impact on both society and investors [32]. Manuel Frondel and his colleagues conducted a
study that examined the economic consequences of encouraging the use of renewable energy technology in Germany. It was found that
the country’s renewable energy laws, including the feed-in tariff schemes, did not successfully utilize the required market incentives to
ensure the cost-effective and viable integration of renewable energies into the country’s energy mix [33].

Matthias Kalkuhl and colleagues conducted an investigation into the potential of a combination of policy tools to advance
renewable energy technologies. They found that carbon pricing alone could result in costly lock-ins into non-learning energy tech-
nologies, and that the energy sector is susceptible to lock-ins due to the high substitutability of energy [34]. Staffan Jacobsson and
colleagues conducted a study of the EU’s renewable energy support policies through specific cases. Their findings indicated that the
current EU policies were inadequate to represent the future trajectory of renewable energy technology development in Europe and
should be redesigned [35]. It was anticipated that global greenhouse gas emissions would be reduced by half by 2050, as stated in a G8
communiqué [36].Malte Meinshausen and colleagues established a correlation between the consumption of fossil fuels and the
objective of preventing global warming. They determined that in order to prevent a 2 °C increase in global temperature by 2100, only
approximately one-third of the exploitable reserves of oil, natural gas, and coal could be consumed [37].

In this period, there was a rise in the number of researchers who concentrated on the significant role of renewable energy gen-
eration in mitigating climate change and reducing carbon emissions.

Electricity consumption in Germany in 2015 Electricity consumption in Germany in 2021
43.3% low-carbon 52.2% low-carbon
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Fig. 3. Changes in the electricity mix in Germany (2015-2021).
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3.1.2. Explosion phase (2015-2021)

The number of publications underwent a significant surge during this time frame, rising from 108 in 2015 to a peak of 361 in 2021,
with an average yearly growth rate of around 22.28 %. Despite the COVID-19 pandemic that began in early 2020, the number of
publications continued to rise. This implies that there is a delay between the conclusion of research and the publication of a paper. The
challenges posed by the pandemic in terms of personnel mobility and apparatus use have not yet had an impact on the quantity of
publications within academic research.

The energy structure of Germany underwent accelerated changes, as illustrated in the figure for 2015-2021. The combined share of
nuclear energy, hydropower, wind power, solar power, and bioenergy - five renewable energy sources - increased from 43.3 % to 51.6
%, while the share of traditional fossil fuels, coal and oil, decreased from 44.8 % to 31.6 % in its electricity structure. Furthermore, the
proportion of natural gas increased from 9.7 % to 16.8 % (see Fig. 3) [38]. This is indicative of the increasing significance of renewable
and sustainable energy sources in the nation.

Research subjects including community energy, coal phase-off, and power systems reflect these developments in the field of study
within this discipline. Notably, from 2015 to 2021 community energy has kept a strong degree of research interest. It highlights small-
scale renewable energy projects owned, run, and maintained by a range of communities—including cooperatives, non-profit orga-
nizations, community groups, and small businesses—including Its main goal is to help nearby populations move from importation of
energy to manufacturing of their own.

After conducting an analysis of the Renewable Energy Directive (RED II) in practice, Christina E. Hoicka and other scholars
determined that the Energy Transition requires the resolution of the complementarity of renewable energies, spatial organization of
resource potential, demographics, resistance from existing businesses, and inclusion of traditionally marginalized groups with
financing and ownership models [39]. In an analysis of the impact of various regulatory models on the expansion of transmission
networks, Jonas Egerer and other researchers proposed that incentive-based regulation may be more effective than cost-based
regulation in the context of the large-scale transformation of the power system toward renewable energies [40].

W. Fischer and other scholars conducted an analysis of stakeholders in the German energy transition process, identifying five
controversial issues: the security of electricity supply, the increase in industrial and commercial electricity prices, the rise in consumer
electricity prices, the impact of energy transition on employment, and the political agitation speed of energy transition on its actual
implementation [41].

The field’s research underwent a gradual maturation during this phase, with the focus transferring to the evaluation of renewable
energy policies and the development of specific mechanisms for the large-scale promotion of renewable energy technologies. Ger-
many’s renewable energy policies and legislation were substantially improved by scholars’ research.

3.1.3. Decline phase (2022-2023)

The publication situation during this period is distinct from that of the explosive phase, as it exhibits a substantial decline, with the
number of publications falling from 361 in 2021 to 208 in a mere two years. The global COVID-19 pandemic may be a contributing
factor to this phenomenon [42-45] The process of selecting a study title, finalizing it, and publishing it is a lengthy one. The number of
published papers does not immediately reflect the negative effects of the pandemic, which include the temporary suspension of
equipment and laboratory use, restricted personnel mobility, and the cessation of numerous research projects. Papers that were
published during the pandemic were frequently finalized prior to its onset. The pandemic’s effects may have authentically manifested
as a sudden decrease in the number of papers during the 2022-2023 phase.

High-impact keywords, such as renewable energy communities, artificial intelligence, quality certification, and green hydrogen
production, emerged in the field during this period. This indicates that academic research has transitioned from a focus on macro-level
policy analysis to a more in-depth examination of the issues that arise from the application of technology in specific regions, as
renewable energy technologies are increasingly implemented on a large scale in Germany.

Irmak Karakislak and other scholars conducted a case study analysis of the influence of political figures and social norms on wind
energy projects in Bavaria, Germany. They found that administrative officials’ support plays a crucial role in the success of wind energy
projects. They also underscored the significance of timely and comprehensive public information dissemination during the project’s
implementation [46].
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Fig. 4. Estimated energy consumption per request for various Al-powered systems compared to a standard Google search [29].
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The field’s research has also been revitalized by the rapid advancement of artificial intelligence technologies, as exemplified by
ChatGPT. A substantial energy demand has been generated by the advancement of artificial intelligence technology. ChatGPT may
require over 500,000 kWh of electricity per day to address approximately 200 million user requests, as indicated by a report published
by The New Yorker [47]. Alex de Vries posits that artificial intelligence could consume 85-134 TW-hours (TWh) of electricity annually
by 2027, which is approximately equivalent to the total electricity consumption of the Netherlands. This amount amounts to
approximately 0.5 % of the current global electricity consumption [48]. The report also compares the electricity consumption of
different artificial intelligence technologies with that of Google searches (see Fig. 4).

Scholars have been motivated to investigate the correlation between sustainable development and artificial intelligence (AI) due to
the substantial energy consumption. Alexander Kopka and Nils Grashof conducted a study on the relationship between regional energy
consumption in Germany and artificial intelligence. Their findings indicate that the impact of Al on energy consumption is significantly
influenced by the industrial composition, technology, and regional environment. Consequently, they contend that it is not conducive to
sustainable development to implement a “one-size-fits-all” subsidy for Al in order to resolve energy consumption concerns [49].

In recent years, with the increase in extreme weather events, some scholars have begun to question whether existing climate
policies can achieve their intended goals. Suzuki, Masahiro, Jewell, Jessica, and Cherp, Aleh, examined the historical evolution of the
power structures in the G7 and the EU to assess whether climate policies have accelerated the energy transition. They argue that
current climate policies have insufficient impact and that incremental reforms are unlikely to achieve climate targets. The G7 countries
and the EU must expand low-carbon electricity at five times the current rate and reduce fossil fuel use at twice the current pace [50].

Undoubtedly, close cooperation and enthusiasm among members play a crucial role in the progress of renewable energy projects.
Effective planning beforehand also helps sustain incentives throughout the project’s development. Radtke, Joerg, and Bohn, Nino S.
studied the diversity and inclusiveness of members in certain German renewable energy projects. They argue that one key reason for
the slow progress of some projects is the homogeneity of member structures, and they believe that enhancing diversity in membership
composition can facilitate the advancement of these projects [51]. Jessica Weber, who studied three wind energy development cases in
Germany and Sweden, found that proactive government planning helps provide effective incentives in the mid-to late stages of project
development [52].

Overall, this period’s research builds on the impacts of renewable energy technologies, which are increasingly permeating various
aspects of society and taking a dominant role in the energy structure. Scholars have started to focus on specific issues brought about by
new technologies like Al and electricity consumption. They also reflect on current energy policies, offering suggestions and analyzing
the challenges faced by different countries in advancing energy projects. This field of research is continually maturing.

3.2. Collaboration network analysis

3.2.1. International collaboration network analysis

In order to evaluate the robustness of a country’s research, it is imperative to conduct a comprehensive examination of its
collaboration network graph. This analytical method offers valuable insights into the patterns of collaboration within the scientific
exploration domain [53]. The node type (node) was set to country (Country) in CiteSpace to analyze the international collaboration on
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Fig. 5. International cooperation network for renewable energy research in Germany.
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renewable energy research within the German academic community. The G-index values, K values, Top N values, and Top N% values
were left unaltered. Nevertheless, the thresholds (c, cc, ccv) for the three time segments (early, middle, late) were individually set to (2,
2, 20), (4, 3, 20), and (4, 3, 20), respectively. The “visualize” button was then selected to generate the international collaboration
network visualization for the German academic community on renewable energy issues, as illustrated in Fig. 5.(“c” represents citation
count, “cc” represents co-citation count, and “ccv” represents co-citation coefficient.) Given the large number of nodes, we set the
threshold to 10 in the Control Panel to ensure the quality of the visualization results, thereby reducing the number of labels appearing.
You can use this international collaboration network visualization to analyze the patterns and dynamics of international collaboration
in this study field (see Fig. 5).

After completing the visualization with the country as the node type, the result screen showed N = 121and E = 1221. It’s important
to note that this does not mean that all the countries involved in the research had 1221 contacts in total; rather, it indicates that
between 2008 and 2023, according to the parameters set for this study, Germany and another 120 countries had a total of 1221
contacts. Regarding the frequency of collaboration, Germany’s universities and research institutions had the highest frequency,
reaching 2540 times (see Fig. 5).

These institutions also engaged in extensive collaborations with research institutions in other countries, including the United
States, the United Kingdom, China, the Netherlands, Australia, Switzerland, Italy, Norway, and other countries and regions. The most
frequent collaboration was with the United States, reaching 292 times. The frequency of collaboration with the United Kingdom,
China, and the Netherlands was relatively close, with China ranking third at 233 times, showing a significant gap with the United
States and Germany. Countries with a collaboration frequency higher than 40 times were selected from the data to reflect the dif-
ferences in collaboration frequency between countries (see Fig. 6), and an Excel table was created to view the specific situations of
collaboration frequencies between different countries (see Table 2).

The observation indicates that the majority of the countries that are closely collaborating with Germany in renewable energy
research are developed nations. China is the only developing country that ranks third with 233 instances of collaboration. This data
underscores China’s robust impetus in renewable energy research as a significant energy-consuming developing nation. China is
making increasingly substantial contributions to the increase in the proportion of renewable energy in global energy consumption as a
result of the rapid growth of its renewable energy industry, which includes photovoltaic products, batteries, and renewable energy
vehicles [54-57]. The primary focus of American scholars who collaborate with German researchers is on the impact of renewable
energy generation on the power grid through case studies, progress in storage technology, shortcomings in the development of electric
vehicle technology, and core elements of the global energy transition, as indicated by the number of citations in the WOS database
[58-62]. British scholars, on the other hand, explore the research domain from a variety of perspectives, including the range of study
and academic connections, organized joint research, the relevance of Circular Economy (CE) practices to Sustainable Development
Goals (SDGs), policy mixes for sustainability, and the similarities and differences between the UK and Germany in renewable energy
transition paths [63-67].

Additionally, this study also performed a burst analysis of the international collaboration network in renewable energy research
within the German academic community. The gamma (y) value adjusts the sensitivity of burst detection, with lower values detecting
more bursts and higher values detecting fewer bursts. By clicking the Burstness button in the Control Panel of the visualization
interface, setting the y value to 0.8 and the Minimum Duration to 2, then clicking Refresh, 8 bursts items were identified, sorted by
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Fig. 6. Countries with a frequency of international cooperation greater than 40 times.
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Table 2

Countries with more than 40 instances of international cooperation.
No. Country Frequency No. Country Frequency
1 USA 292 11 Sweden 90
2 England 236 12 Denmark 90
3 China 233 13 Australia 72
4 Netherlands 222 14 Canada 61
5 Austria 146 15 Ireland 54
6 Switzerland 134 16 Belgium 50
7 Italy 107 17 Brazil 47
8 Norway 101 18 Finland 46
9 France 100 19 Japan 46
10 Spain 94 20 Scotland 41

burst strength from highest to lowest (see Fig. 7). Notably, citations from China have not been strong over the long term, but since
2021, there has been a sharp increase in citation strength, with a burst strength reaching 21.71, far surpassing other countries. It’s
important to note that the y value setting only affects the number of bursts items appearing, not the burst strength. This data reflects an
increasing collaboration in renewable energy research between the German and Chinese academic communities, undeniably a positive
indicator for strengthening Sino-German renewable energy research cooperation [68].

3.2.2. Research institutions collaboration network analysis

According to the international collaboration analysis mentioned above, it’s clear that German universities and research institutions
are closely collaborating in renewable energy research. We set the node type to Institution in the CiteSpace initial interface to further
analyze the collaboration among German universities and research institutions in renewable energy research while keeping all other
parameters unchanged. However, the default setting results in too many nodes in the visualization, making it difficult to clearly discern
the research institutions’ collaboration overview. Therefore, we selected “Minimum Spanning Tree” and “Pruning sliced networks” in
the pruning settings to minimize the appearance of nodes of lesser significance and prevent overly complex visualization results. Then,
by clicking the visualize button, a network graph reflecting the collaboration among research institutions in renewable energy research
within the German academic community was generated (see Fig. 8).

The visualization results indicate N = 462 and E = 812, meaning that from 2008 to 2023, within the scope of literature included in
this study and after visualization analysis with the above settings, a total of 462 universities and research institutions have engaged in
812 instances of collaboration. However, there is a pronounced head effect in terms of the frequency of collaboration, with high
frequencies of cooperation between top research institutions from various countries, represented by the Helmholtz Association and the
Chinese Academy of Sciences, while many institutions have fewer than five or even just one instance of collaboration. This indicates a
clear head effect in institutional cooperation, with a few top-tier research institutions forming close collaborative relationships. Only
22 research institutions have a frequency of collaboration exceeding 50 times. Clustering analysis of these institutions reveals that their
research in this field is mainly reflected in 9 keywords (see Fig. 9): #0 social innovation, #1 integrated assessment model, #2 industrial
demand-side flexibility, #3 developing state, #4 transmission grid extension, #5 soil erosion, #6 Europe’s commitment, #7
palladium-catalyzed carbonylative synthesis, and #8 marine renewable energy. These nine keywords represent the fundamental di-
rections of the German academic community in renewable energy research [69-74].

The top ten German research institutions in terms of collaboration frequency were selected to emphasize the collaboration situation
among research institutions within the German academic community (see Table 3).

The statistics show that the top ten German universities and research institutions collaborating in renewable energy research are:
Helmholtz Association, Technical University of Berlin, Fraunhofer Gesellschaft, Potsdam Institute for Climate Impact Research,
Technical University of Munich, Karlsruhe Institute of Technology, Leibniz Institute for Catalysis at the University of Rostock, German
Institute for Economic Research, RWTH Aachen University, and Helmholtz Center for Environmental Research. It is noticeable that
among the top ten institutions in terms of collaboration frequency, six belong to cluster #0 with social innovation as the keyword,
reflecting the German academic community’s significant emphasis on social innovation-related issues and extensive collaborative
research.

Furthermore, institutional collaboration in renewable energy research within the German academic community is quite concen-
trated, with very close cooperation among domestic research institutions represented by the Helmholtz Association, Technical

Top 8 Countries with the Strongest Citation Bursts

Countries Year Strength Begin End 2008 - 2023
PEOPLES R CHINA 2009 21.712021 2023

ETHIOPIA 2021 3.312021 2023 —
IRAN 2018 3.142021 2023 —
TURKEY 2014 2732021 2023 —
SOUTH KOREA 2018 2.652021 2023 J—
CHILE 2016 2.552016 2018 —
AUSTRIA 2008 3492015 2016 e
CANADA 2010 3172012 2013 o

Fig. 7. Top 8 countries with the strongest citation bursts.
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Fig. 9. Clustering of research institutions.

University of Berlin, and Fraunhofer Gesellschaft. The Helmholtz Association’s strong research capabilities also allow it to significantly
lead other institutions in collaboration frequency. These large research institutions, with their high frequency of collaboration, guide
the direction of research on renewable energy issues in Germany.

Nevertheless, there is a discernible change in the frequency of collaboration among research institutions within the German ac-
ademic community. 22 burst items were identified by selecting the Burstness icon in the Control Panel, setting the y value to 1.5,
setting the Minimum Duration to 2, and then refreshing(see Fig. 10).
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Table 3

Top ten research organizations in terms of frequency of collaboration.
No. Organization Frequency Cluster
1 Helmholtz Association 326 #0
2 Technical University of Berlin 161 #0
3 Fraunhofer Gesellschaft 142 #2
4 Potsdam Institut fur Klimafolgenforschung 123 #1
5 Karlsruhe Institute of Technology 115 #0
6 Technical University of Munich 113 #4
7 Leibniz Institut fur Katalyse e.V. an der Universitat Rostock (LIKAT) 113 #7
8 Deutsches Institut fur Wirtschaftsforschung 96 #0
9 RWTH Aachen University 87 #0
10 Helmholtz Center for Environmental Research (UFZ) 83 #0

Top 22 Institutions with the Strongest Citation Bursts

Institutions Year Strength Begin End 2008 - 2023

Technische Universitat Wien 2008 6.712008 2016 p—
Potsdam Institut fur Klimafolgenforschung 2009 5942011 2013

Institut fur Weltwirtschaft an der Universitat Kiel (IFW) 2012 522012 2017 N
University of Gottingen 2012 4592012 2014 —
Leuphana University Luneburg 2011 4952016 2018 e ———
Nuertingen-Geislingen University (NGU) 2014 4592016 2018 e —
Helmholtz Association 2008 11.642017 2019 e ——
United States Department of Energy (DOE) 2010 4872017 2019 @ e ———
Karlsruhe Institute of Technology 2008 7.052018 20719 e
Research Center Julich 2010 6.992018 2019 e ——
Wageningen University & Research 2013 4392018 2021 —
University of Bayreuth 2014 4.332019 2020 e
University of Rostock 2017 13.82020 2021 i
University of Maryland College Park 2020 5.252020 2023 —
University of Cambridge 2020 4.63 2020 2023 —
Ruhr University Bochum 2010 4542020 20271
University System of Maryland 2016 4.47 2020 2023 e———
Dalian Institute of Chemical Physics 2020 35.68 2021 2023 ———
Chinese Academy of Sciences 2013 33.94 2021 2023 —
Leibniz Institut fur Katalyse e.V. an der Universitat Rostock (LIKAT) 2020 33.932021 2023 —
Zhejiang Sci-Tech University 2021 19.32021 2023 —
University of Potsdam 2014 8.032021 2023 ———

Fig. 10. Top 22 institutions with the strongest citation bursts.

It is evident from Fig. 10 that the German academic community has consistently favored collaborating with European universities
or research institutions. Nevertheless, in 2021, a trend of collaboration between the German academic community and research in-
stitutions in China began to emerge. This trend included high-profile institutions such as the Dalian Institute of Chemical Physics of the
Chinese Academy of Sciences, the Chinese Academy of Sciences, and Zhejiang Sci-Tech University. This change once more demon-
strates the institutional collaboration between the Chinese and German academic communities, as well as their mutual interests and
alignment in research directions on renewable energy research.

3.2.3. Researcher collaboration network analysis

To delve deeper into the collaboration among researchers in the German academic community on renewable energy research, the
node type was set to “Co-authorship” in the CiteSpace interface. Due to the complexity of the default visualization results, the
“Minimum Spanning Tree” was selected in the Pruning settings, along with “Pruning sliced networks” and “Pruning the merged
network” to reduce the appearance of less significant nodes, simplifying the visualization results. After setting up, clicking the visu-
alization button generated a researcher collaboration network map (see Fig. 11).

According to Fig. 11, there is a tight collaboration network among scholars in the German academic community on renewable
energy research. The image evidences a broad division of numerous scholars into seven prominent groups, where different researchers
collaborate closely. Also, these scholar groups typically include several influential scholars as core members. According to the study’s
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Fig. 11. Collaborative network of scholars.

collaboration frequency statistics, the top ten primary researchers in renewable energy research in Germany are as follows: Reinhard
Madlener, Daniela Thran, Gunnar G. Luderer, Mario Ragwitz, Johan Lilliestam, Carsten Herbes, Ottmar Georg Edenhofer, Valentin
Bertsch, Wolf Fichtner, Erik Gawel [75-84]. These ten scholars, along with other researchers in their teams like Felix Creutzig and
Wolf-Peter Schill, constitute the collaboration network in renewable energy research within the German academic community, as
shown above. Notably, the largest among these scholar groups is the team involving Gunnar G. Luderer and Ottmar Georg Edenhofer.
(central red part of the image)

The majority of these academics are affiliated with esteemed German universities or research institutions, including Gunnar G.
Luderer from the Potsdam Institute for Climate Impact Research, Reinhard Madlener from RWTH Aachen University, and Daniela
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Fig. 12. Keyword co-occurrence network.
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Thran from the Technical University of Berlin. The direction of renewable energy research in Germany is spearheaded by these
esteemed universities and research institutions, which have generated a plethora of advanced results and established a robust network
of scholarly collaboration.

3.3. Hotspots in German renewable energy research

3.3.1. Keyword Co-occurrence analysis

Given that keywords concisely summarize research topics and reflect the focal points of prominent researchers, their frequent
appearances are a critical indicator that reveals research hotspots in a certain field. Consequently, the co-occurrence network of
keywords becomes an indispensable instrument for researchers who are investigating prevalent research themes within a particular
domain [85].We set the node to “Keywords” in CiteSpace to analyze the research directions and frontiers in the field of renewable
energy-related issues within the German academic community. We selected “Minimum Spanning Tree” in the Pruning settings, along
with “Pruning sliced networks,” and deselected “Pruning the merged network” without adjusting other parameters to avoid overly
complex visualizations. We generated a keyword co-occurrence network after clicking the visualization button (see Fig. 12).

According to Fig. 12, under the specified parameters, there were 572 nodes with 1682 connections. Further filtering to exclude less
frequently occurring nodes identified 22 keywords with co-occurrence frequencies of 90 or above. The keywords are listed in order
from highest to lowest: renewable energy, policy, power, electricity, energy transition, energy, systems, technology, impact, gener-
ation, climate change, wind power, model, innovation, impacts, system, wind, energy policy, management, integration, wind energy,
and framework(see Table 4).

CiteSpace’s “cluster” function categorizes and aggregates keywords using a specific algorithm, distinguishing different clusters by
color. This allows for an analysis of the main research areas in renewable energy issues within the German academic community. LLR
(Log-Likelihood Ratio) is used to assess the significance of a term or feature within different document clusters to identify the terms
that best represent each cluster. Applying the LLR algorithm, keywords were clustered based on their similarity [18].Clicking the
cluster button yielded the visualization result shown in Fig. 13.

“Modularity Q” is a metric that evaluates the capacity of a network to be organically partitioned into distinct groups and the overall
structure of the network. It is evident from the observation that the modularity Q value in Fig. 13 is 0.4572, which is greater than 0.3,
suggesting a substantial clustering structure [86]. The Silhouette parameter, ranging from —1 to 1, evaluates the similarity of keywords
within a cluster, and the average Silhouette value in this study is 0.7575, surpassing 0.7, indicating convincing clustering results. It’s
evident that German academic research on renewable energy can be divided into ten clusters, each summarized by a keyword rep-
resenting the research area of its cluster, listed as follows in order of clusters #0-9: #0 developing countries, #1 life cycle assessment,
#2 energy storage, #3 energy efficiency, #4 energy transition, #5 alkenes, #6 renewable energy, #7 policy mix, #8 CO2 abatement,
#9 renewable energy sources. The primary areas and orientations of renewable energy research within the German academic com-
munity are broadly encapsulated by these ten phrases or words. It is important to note that cluster #0, which is tagged as “developing
countries,” is the most influential. This suggests that the German academic community perceives developing countries as having a
substantial influence on the development of renewable energy technologies.

The nodes within this cluster are analyzed to reveal high-frequency keywords such as sustainable development, governance, rural
electrification, and sustainability. This suggests that the German academic community has a precise understanding of the critical issues
involved in the development and promotion of renewable energy technologies. Significant energy demands during their industriali-
zation processes as well as conflicts between economic development and environmental preservation frequently result in technology,
funding, and talent shortages in developing countries for renewable energy research. For example, Marquardt Jens, having conducted
research on the promotion process of renewable energy policies in the Philippines, contended that the implementation of renewable
energy policies is significantly impeded by unclear responsibilities, conflicting regulations, weak local capabilities, a lack of recog-
nition of national intentions, and a lack of consultation [87]. The way developing countries address these issues significantly influences
the global prospects of renewable energy technology applications. Furthermore, the German academic community dedicates itself to
examining energy storage, energy efficiency, and energy conversion, as the resolution of these issues significantly influences the global
adoption of renewable energy technologies [88-90].

Table 4

Keywords with a co-occurrence frequency of 90 or more.
No. Keywords Frequency No. Keywords Frequency
1 renewable energy 856 12 wind power 134
2 policy 275 13 model 117
3 power 230 14 innovation 113
4 electricity 191 15 impacts 112
5 energy transition 191 16 system 105
6 energy 187 17 wind 104
7 systems 187 18 energy policy 97
8 technology 159 19 management 93
9 impact 158 20 integration 92
10 generation 152 21 wind energy 92
11 climate change 146 22 framework 91
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Fig. 13. Keyword clustering network.

3.3.2. Timeline analysis of research hotspots

We used CiteSpace’s Timeline View function to visualize various clusters on a timeline and examine the most recent concentrations
in renewable energy research within the German academic community. This analysis focused on the research frontiers of renewable
energy research within the German academic community. After completing the clustering analysis, we selected the Timeline View
function to produce a visualization of the keywords in renewable energy research by the German academic community from 2008 to

2023 along the timeline, without adjusting any parameters (see Fig. 14).

From Fig. 14, it is evident that cluster #0, labeled as developing countries, was the largest from 2008 to 2023. Issues related to
developing countries have always been a focus of the German academic community’s research on renewable energy, especially during
the decade from 2010 to 2020. This period coincides with global industrial shifts to developing countries, significantly increasing their
energy demand as they pursue extensive economic development. How to reduce energy consumption per unit of GDP while ensuring
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continuous economic growth in developing countries has been a major concern for the German academic community [91-93].
Additionally, life cycle assessment (LCA), represented by cluster #1, has been a long-term research focus [94-97]. The continuous
presence of cluster #1 nodes on the timeline underscores its longstanding importance in German research. However, fewer nodes on its
timeline indicate a gradual decline in focus for the energy transition cluster after 2020. The cluster labeled alkenes (alkenes) has
gradually become a research hotspot in recent years, with most of the literature within this cluster conducted by Chinese scholars in the
field of chemistry. We need to conduct further analysis to ascertain whether a breakthrough technology has sparked this surge in
interest. The policy mix cluster, #7, was particularly active from 2010 to 2020, a decade during which the German government
released or amended a series of policies or regulations, such as the Energiewende (Energy Transition).

Nevertheless, the enthusiasm for this domain has diminished in recent years, aligning with the development and establishment of
renewable energy-related regulations and legislation in Germany. The CO5 abatement cluster, also known as the carbon dioxide
abatement cluster, has experienced varying levels of interest over time, but it has recently garnered increased attention in the past two
years. This tendency is likely linked to the worldwide increase in emphasis on carbon neutrality. The German government has taken
aggressive measures in response to the issue. On May 12, 2021, the Federal Cabinet approved a new version of the Federal Climate
Change Act, at the recommendation of Federal Environment Minister Svenja Schulze. The main components include achieving carbon
neutrality by 2045, strategies to achieve carbon neutrality, and initiatives to decrease greenhouse gas emissions by 65 % by 2030 in
comparison to 1990 levels [98]. Naturally, the German academic community closely follows the forefront of research, emphasizing the
issue of CO, abatement.

China, being a significant contributor to carbon emissions, also has a community of scholars dedicated to researching this matter in
order to identify efficient strategies for mitigating carbon emissions. Mingwei Lin and colleagues undertook a bibliometric analysis of
material published between 2006 and 2021 in the domain of carbon neutrality. In order to meet China’s carbon dioxide reduction
goals, experts propose that it is crucial to not only decrease emissions, but also to boost “negative emissions” by utilizing carbon sinks
and implementing carbon capture, utilization, and storage technologies [99].

Due to the reduced publishing period and limited influence of papers on developing subjects, the enormous volume of data can
potentially inundate software-driven analysis. In this study, we performed a manual examination of 486 papers retrieved from the Web
of Science database. The publications were sorted based on their citation count from 2022 to 2024, in accordance with the research
criteria of our study. The investigation has identified geopolitical concerns and energy transition as emerging themes, possibly linked
to the protracted conflict between Russia and Ukraine and the growing tensions between Palestine and Israel.

Wiertz, Thilo, Kuhn, Lilith, and Mattissek, Annika, conducted a study on the influence of the Russia-Ukraine conflict on Germany’s
energy transition. The analysis of news articles, interviews, and parliamentary statements since the start of the war has revealed that
Europe’s energy shortages due to the conflict have moderately impacted the energy transition agreement. However, it has stressed the
need to accelerate the energy transition [100]. Hille Erik also conducted research on this topic, providing the first empirical evidence
on the influence of geopolitical crises in energy-supplying countries on the development of renewable energy in importing countries.
An analysis of energy trade data from 37 European countries between 1991 and 2021 revealed that geopolitical risks in the supplying
countries frequently facilitate the proliferation of renewable energy in Europe [101].

Chinese academicians have recently integrated renewable energy research with the increasingly prevalent subject of artificial
intelligence, a significant advancement. For instance, Lili Zhang and others used bibliometric methods to review the research on
artificial intelligence and renewable energy, finding that Al-related technologies can effectively address the integration of renewable
energy with power systems [102]. However, German academia has rarely combined the topic of artificial intelligence with renewable
energy research. We found only one study that strongly correlated with the AI theme. This situation requires German scholars to pay
close attention.

3.3.3. Keyword burst analysis

This article utilizes the burst detection feature of CiteSpace to ascertain the keywords that dominated research trends in specific
years and to investigate the evolution of research focal points within the German academic sphere regarding renewable energy issues
between 2008 and 2023. This instrument is employed to determine the temporal influence, intensity, and emergence of various
keywords, as well as to identify the bursts term that is presently influencing renewable energy research.

The CiteSpace interface configures nodes to keywords without altering any other parameters. Subsequently, the visualization icon

Top 14 Keywords with the Strongest Citation Bursts

Keywords Year Strength Begin End 2008 - 2023

economics 2008 7.152008 2015

renewable energies 2008 4.652008 20715 p—.
renewable energy 2008 4.46 2009 2012 .

feed-in tariff 2009 442009 2017 p——
market 2010 4992010 2017 p——
green electricity 2010 4532010 2016 m——
renewable energy policy 2011 5952011 2017  m————
markets 2013 4972013 2017 —
mitigation 2013 4552013 2017 —
biomass 2011 4632014 2017 o
climate change mitigation 2015 4.882015 2017 P
smart grids 2016 4632016 2019 e —
power system 2017 4.87 2017 2019 —
carbon emissions 2020 4282020 2023 —

Fig. 15. Top 14 keywords with the strongest citation bursts.
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is selected. In order to access the burst detection interface, the burstness button in the control panel is selected upon the visualization
results’ appearance. The default settings disclose as many as 78 bursts terms, the majority of which have a short duration and minimal
impact because of the extensive volume of literature involved in this study. Consequently, they lack representativeness for research
hotspots. In order to improve the representativeness of the bursts terms, it is imperative to raise the threshold for both duration and
impact. Consequently, the y value is adjusted to 1.5, and the minimal duration is set to 3, followed by a refresh. This results in 14 burst
terms with robust representativeness that satisfy the requirements of this study. The subsequent results are obtained by clicking the
visualization icon(see Fig. 15).

The 14 bursts terms are arranged in the following order of their occurrence: economics, renewable energies, renewable energy,
feed-in tariff, market, green electricity, renewable energy policy, markets, mitigation, biomass, climate change mitigation, smart grids,
power system, and carbon emissions.

Analyzing the results of the burst keywords reveals that the term economics appeared earliest and had the greatest impact, with a
high intensity of influence from 2008 to 2015, and it continues to exert a significant impact to this day. We can interpret this outcome
from two distinct perspectives. On one hand, the demand for renewable energy technologies emerged against the backdrop of massive
economic activities consuming traditional fossil fuels, leading to high pollution and emissions.

Additionally, new demands on energy sources and environmental impacts emerged as economies, particularly China, transitioned
from extensive growth models to high-quality development, with the goal of minimizing the environmental footprint of economic
activities. This also explains why life cycle assessment became the second-ranked cluster in the previous cluster analysis. On the other
hand, the economic feasibility of renewable energy technologies represents one of the major challenges in their development.
Traditional fossil fuels, such as coal and oil, enjoy conventional advantages in extraction costs and convenience of use, whereas
renewable energy technologies and derivatives, including wind power, bioelectricity, photovoltaics, and electric vehicles, often face
higher research and development and production costs, making them more expensive for consumers. Government subsidies and policy
support are essential for their survival. For the development and expansion of renewable energy technologies, addressing their eco-
nomic viability is a critical challenge.

Beyond economics, recent years have seen the emergence of significant terms such as renewable energy, feed-in tariffs, and green
electricity, which have significantly impacted the academic community. The figure shows that carbon emissions have become the most
recent term to influence research since 2020. The preceding text offers an explanation for this phenomenon, attributing the heightened
research interest in carbon neutrality and the development of the European Union Emissions Trading System (EU ETS) as drivers for
the study of issues related to carbon emissions [103].

4. Results

This study analyzes the literature on renewable energy issues within the German academic community from 2008 to 2023, utilizing
CiteSpace 6.2.R6 Advanced as the primary research instrument and obtaining data from the Web of Science (WOS) database’s Core
Collection. Visual analyses of the international collaboration network, research institution cooperation, research personnel collabo-
ration, and recent research centers were conducted, with a detailed analysis of the results. The primary findings of this study are as
follows:

4.1. International collaboration network

The international collaboration of the German academic community in the field of renewable energy research is extensive. Ger-
many has established a cooperation network with 120 countries or regions in the literature examined in this study. The top twenty
countries by frequency of collaboration are as follows: the United States, England, the People’s Republic of China, the Netherlands,
Austria, Switzerland, Italy, Norway, France, Spain, Denmark, Sweden, Australia, Canada, Ireland, Belgium, Brazil, Finland, Japan, and
Scotland.

The frequency of 292 is the highest among all countries, and the collaboration with the United States is the closest. England follows
with 236 collaborations, while China ranks third with 233, which is slightly less than England.

Following these nations, the Netherlands, Australia, Switzerland, Italy, Norway, and France each have over one hundred collab-
orations, while the remaining countries have fewer than one hundred, indicating a distinct decrease in frequency. This suggests that
German academicians’ research collaboration is primarily focused on countries with a high level of renewable energy research.

4.2. Leading institutions and scholar clusters

A series of universities and significant research institutions in Germany dominate research in this field. The following institutions
are included in this list: the Helmholtz Association, Technical University of Berlin, Fraunhofer Gesellschaft, Potsdam Institute for
Climate Impact Research, Technical University of Munich, Karlsruhe Institute of Technology, Leibniz Institute for Catalysis at the
University of Rostock, German Institute for Economic Research, RWTH Aachen University, and the Helmholtz Center for Environ-
mental Research.

Furthermore, the examination of research scholar collaboration demonstrates the same characteristics as the cooperation among
research institutions, with a handful of prominent scholars exhibiting exceptionally high levels of collaboration. Additional cluster
analysis indicates that German scholars engaged in renewable energy research can be classified into seven scholar groups, which
establish a complex and organized cooperation network with these high-frequency scholars as key nodes and maintain strong internal
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connections.

The study also observes that Wu Xiaofeng, a Chinese scholar, is actively involved in close collaboration with German scholars.
Consequently, the network of these Chinese scholars is an indispensable component of the visualization results. The positive trend of
progressively enhanced collaboration between the academic communities of Germany and China is reflected in this.

4.3. Research hotspots and directions

Finally, this study identified 22 keywords with a co-occurrence frequency of over 90 after conducting a co-occurrence analysis of
frequently appearing keywords to identify research directions and hotspots. Additional clustering analysis of these keywords identifies
ten clusters, which are sequentially designated #0-9 as follows: renewable energy sources, policy mix, CO, abatement, renewable
energy sources, energy storage, energy efficiency, energy transition, alkenes, and life cycle assessment. The primary disciplines and
research directions within the German academic community on renewable energy research are succinctly encapsulated by these
phrases or words.

This study also mapped these keywords along a timeline and discovered that the clusters labeled “developing countries” and “life
cycle assessment” have a consistent high level of research intensity. On the other hand, the “CO, abatement” cluster has significantly
increased its research intensity after 2020, likely due to the growing global focus on carbon neutrality.

Furthermore, this study conducted an analysis of the emergence of keywords, identifying 14 with substantial representativeness
and influence. Each of these keywords denotes a location in the renewable energy research of German academia during specific years.

5. Discussion

In the introduction, we conducted a cursory examination of the current state of literature of a similar nature and identified its
deficiencies. The content of this study indicates that there are three primary distinctions between this study and existing studies. The
initial distinction is the investigation’s focus. The internal state of German academia is not comprehensively examined in the majority
of extant studies, which primarily focus on specific issues within Germany’s energy transition. They frequently engage in comparative
studies with other countries or analyze the current status and policy strengths and shortcomings of Germany’s energy transition. In
contrast, this study underscores the importance of conducting a comprehensive examination of the internal condition of German
academia, which includes the distribution of research hotspots, the identification of significant research institutions and researchers,
and the various levels of collaboration.

Secondly, the data sources are not consistent. The Web of Science database is utilized by fewer studies, while existing studies
frequently depend on databases such as Scopus and ScienceDirect. Furthermore, this study incorporates a more extensive dataset than
comparable studies.

Third, the selection of literature takes place within a distinct time frame. Some extant studies set their data collection starting point
excessively far in the past. However, this study indicates that the majority of publications on renewable energy issues in German
academia emerged after 2008. Prematurely establishing the starting point could introduce a temporal span issue. This study pre-
dominantly relies on data as of December 31, 2023, while some existing studies have limited research on data post-COVID-19. At the
time of this paper’s completion, we manually analyzed only 65 publications published since 2024. This study exhibits innovation and
differentiation in its research focus, data sources, data volume, and time span in comparison to existing research, as indicated by these
factors.

Additionally, the majority of comparable studies employ tools such as VOSviewer or other software for analysis, whereas this study
utilizes the most recent version of CiteSpace (6.2.R6). CiteSpace is a comprehensive and powerful software that integrates the benefits
of similar tools and introduces corresponding enhancements. This results in a greater variety of types and clearer visual outputs,
thereby improving the effectiveness of bibliometric research. This study has an advantage in terms of instrument usage when compared
to similar studies.

In conclusion, this study’s most notable characteristic and advantage is its emphasis on the German academic community’s
research on renewable energy issues, as contrasted with comparable studies. The study delineates the data sources, provides a
comprehensive explanation of the data collection and cleansing process, and outlines the detailed steps for analysis using Citespace, all
using the most recent data. The study meticulously and thoroughly examines international collaboration networks, institutional
cooperation networks, scholar collaboration networks, and changes in research centers. This study outlines a procedure that can
replicate the study’s results consistently. This study accomplishes its objective of offering a comprehensive examination of the current
state of renewable energy research in German academia.

There are two primary constraints in this study. At first, it only used the WOS Core Collection database as its source of data.
Although WOS is a reputable scientific literature database, it mostly comprises English-language journals, which may result in the
exclusion of important non-English research. In addition, as WOS significantly depends on journal impact factors, the inclination of
high-impact journals to publish certain types of research can affect the bias of research findings. Moreover, the labeling and classi-
fication approach used by WOS has the potential to inaccurately categorize important studies during interdisciplinary research,
particularly in the field of renewable energy.

Furthermore, while bibliometric analysis can provide insights into broad aspects such as research patterns, the presence of key-
words, and collaborative networks, it is not well-suited for comprehending the exact intricacies of study content, methodology, and
empirical analyses. Furthermore, bibliometric studies may struggle to fully capture the complexities of transdisciplinary or nascent
subjects. To address these constraints, future studies could expand the scope of data sources, extend the research duration, increase the
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depth and breadth of research content and technique, and conduct a more comprehensive analysis of the extent and caliber of in-
ternational collaboration networks.

6. Conclusion

Based on the previous analysis, we anticipate that topics such as carbon emissions, carbon trading, artificial intelligence and energy
consumption, and geopolitical crises may become significant areas of focus in terms of potential research hotspots under this theme.
The carbon trading market in the European Union has been evolving for a number of years and is progressively improving. The carbon
price in the EU is consistently increasing as carbon emission control measures continue to advance.

The release of ChatGPT-4 and ChatGPT-40 has revealed substantial technological advancements in large language models. Baidu’s
“Ernie Bot” and iFlytek’s “Spark” models are both examples of the accelerated advancements in China’s large model technology.
Consequently, the advancement of artificial intelligence technology leads to a significant increase in electricity consumption. If a
country extensively deploys Al technology in devices like smartphones and computers for localized use, it will have a significant
impact on electricity consumption.

Nevertheless, our examination of German scholarly publications on renewable energy revealed a scarcity of articles that are closely
linked to artificial intelligence. This is a promising area for substantial investment and attention in future study within German
academia.

Despite the limited number of studies on the relationship between geopolitical crises and renewable energy, the ongoing stalemate
in the Russia-Ukraine war, the escalating conflict between Palestine and Israel potentially spreading to Lebanon, and the continuous
attacks on commercial vessels by the Yemeni Houthi movement suggest that the impact of geopolitical crises on renewable energy
development will continue to be an important topic for the foreseeable future.

In conclusion, this study conducts a systematic review of the international cooperation, research institution collaboration, research
personnel cooperation, research hotspots, and keyword emergence within the German academic community in the field of renewable
energy by analyzing 2554 documents from the WOS Core Collection database that are pertinent to this study. It identifies positive
phenomena in the collaboration between the two countries’ academic communities and suggests enhancing cooperation in the field of
renewable energy research by partially examining the cooperation between Chinese and German academic communities from the
perspective of Chinese scholars. There are an infinite number of opportunities and potential for future collaboration between China
and Germany in the renewable energy research field. The increasing collaboration between the academic communities of China and
Germany in the field of renewable energy research will serve as a critical factor in the promotion of global sustainable development,
thereby establishing a more sustainable, healthier, and environmentally friendly world for future generations.
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