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16 ABSTRACT
17
18  Global attention is shifting to climate change, with carbon neutrality acting as a global

19  development strategy since the Paris Agreement to emphasize the strict control and mitigation of
20  emissions. This phenomenon allows the international community to explore carbon neutrality from
21  different disciplines. The unavailability of a cross-database bibliometric perspective on carbon
22 neutrality since Paris Agreement adoption created a wide opportunity to explore new knowledge.
23 Therefore, this study aimed to present a comprehensive visualization and analysis of carbon
24 neutrality research from the Scopus database. For acquiring data, we use the PRISMA Protocol by
25  considering factors such as search period, document type and source, language, and keywords.
26  This led to 1,017 data samples processed using VOS viewer and R-tools. The results showed that
27  publication trends, recent analyses, journals, authors, institutions, and countries contributed the
28  most to carbon neutrality research. We explore the areas and topics under investigation and
29  conclude future research opportunities through thematic analysis, including historical development
30 process, research hotspots, and research frontiers. We identified carbon neutrality, renewable
31  energy, green innovation, green hydrogen, and electric vehicles as emerging areas that need more
32 attention. Our study is useful for academics and policymakers to prioritize their research and policy
33 to achieve carbon neutrality.
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35  Introduction

36 The most urgent environmental problem and major socioeconomic concern of the world at the
37 moment is climate change caused by increased carbon emissions ([1]). The worldwide land-ocean
38  temperature index in 2020 was about 1.2°C higher than in 1880, based on the most recent statistics.
39  This exceeds the mean temperature variations of the earth over the last 10,000 years. The Paris
40  Agreement was adopted in 2015 by 197 countries of the Paris Climate Change Conference (PCCC)
41  in response to the rising global carbon emissions and the anomalous climate change ([2]). This
42  agreement desires to control the rise in the average world temperature to 1.5°C over pre-industrial
43 levels [3]. The concept of "carbon neutrality" is a crucial component of international development
44  strategy, which calls for rigorous control and mitigation of emissions in all sectors and regions. A
45 new climate governance system requires each country to update the Nationally Determined
46  Contribution (NDC) progressively and set the carbon neutrality targets. This phenomenon has led
47  institutional and academic research in various countries to place new emphasis on exploring carbon
48  neutrality from different disciplines and related issues.

49 Countries all across the world have made commitments to technological innovation in recent
50  years in an effort to bring carbon emissions down to neutral levels. Numerous specialists and
51  scholars have conducted research to balance economic and environmental factors as well as
52 promote innovation, particularly in the adoption of contemporary low-carbon technologies [4], [5].
53 [6] confirmed that implementing green innovation through environmentally friendly technology
54  reduces carbon emissions. The disparity between industrialized and developing nations'
55  approaches to reducing carbon emissions is becoming more apparent. Most developed countries
56  worldwide are controlling energy consumption with strict targets. A range of technologies,

57  including clean and low-carbon energy, have been developed and adapted to an electricity-based
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58  energy foundation. Due to their dependency on energy consumption and their hurried pursuit of
59  net-zero emissions, emerging nations may experience carbon lock-in, stranded assets, and
60  significant economic losses [7]. In this context, sustainable energy consumption growth is driven
61 by economic growth. Despite the fact that progress in lowering carbon emissions varies, there are
62  several innovations in energy consumption, resident lifestyles, as well as process reengineering to
63  meet carbon neutrality objectives.

64 Theoretically and practically, an important grasp of carbon neutrality research is significantly
65  valuable. We observed a long track record and various research focuses in this field. Experts
66  concentrate on developing scientific theories for carbon neutrality and emission reduction, while
67  governments prioritize policy formulation [8], [9]. These include research on reduction policies
68  and social impacts [10], [11], [12], decarbonization and negative emission technologies [13], [14],
69  [15] carbon emission reduction and low-carbon development [13], [16], as well as neutrality and
70 net-zero emissions [17], [18]. We also found limited bibliometric analysis in previous studies, for
71  example, exploration of technology innovation technology innovation [19], bioenergy carbon
72 capture and storage [20], renewable energy in COVID-19 condition [21]

73 A variety of contributions has been made to the literature. The result shows the originality and
74  outlines the knowledge of carbon neutrality to analyze the shortcomings of earlier research.
75  Additional research will be performed on tools for reducing carbon emissions that use innovative
76  technologies and the contribution of green innovation to carbon neutrality targets. The main
77  contributions are summarized as follows (1) International collaborations on carbon neutrality
78  research are visualized and analyzed to further promote cross-country collaboration, (2) A
79  bibliometric framework is designed to deliver a method as well as the visualization for research

80  hotspots, developments, and trends on carbon neutrality in various fields, and (3) A visual analysis
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81  of carbon neutrality research developments is carried out to document themes and potentials in the
82  future as well as prioritized different areas. The methodology, results, thematic analysis, and
83  conclusion are described in the second, third, fourth, and fifth sections, respectively. The third and
84  fourth parts present the results and theme analysis, the second section describes the method and

85  data, and the fifth section presents the conclusions.

s6 Materials and methods

87
88 Bibliometrics is quantitative research used to analyze the characteristics of certain journal

89  publications [22], [23], [24], [25] as well as show the characteristics, development trends, and
90  priorities of publications in a particular field [17], [26], [27]. The analysis is a suitable method for
91 analyzing and evaluating scientific data [28]. This method explains the limits in examining
92  complexities and evolutionary history. The intricacies of the evolutionary history are explored in
93  anparticular field to identify existing focal points, investigate the evolution of academic fields, and
94  predict future research directions [29], [30], [31], [32].
95 We use the Scopus database for bibliometric analysis as a more comprehensive citation [28],
96 [33], [34]. We follow the PRISMA protocol for data acquisition by considering factors such as
97  search period, document and source types, search language, and keywords (Table 1). The Scopus
98  database is exclusively used to ensure completeness and high quality of articles [35], [36]. Other
99  databases are not used in this study, such as Google Scholar (consideration of overall article
100  quality). Although the entire papers on Web of Science are of high quality and are readily available,
101  Scopus offers a more comprehensive representation of the publications [37], [38],
102 [39]Additionally, Scopus applies strict indexing requirements to increase the quality of published
103 articles. Data exploration only includes articles and reviews in journals, excluding other

104  publications such as book series, chapters, and conference proceedings. This is because articles
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105  and reviews published in journals are subjected to more rigorous peer review than other sources
106  [37]. English is exclusively used as the search language to avoid bias in bibliometric analysis [40],
107  [41]. The search period spans 2015 to 2024, covering the initial implementation of the Paris
108  Agreement as well as the various carbon emission policies and regulations development, including
109  the Talanoa Dialogue and the Katowice Rulebook (2018). In 2021, different countries were
110  committed to increasing emission reduction targets through NDC.

111

112

113 Table 1. PRiSMa Protocol

Stage Description Results
Identification =~ Keyword searched: 1.322 publications
Data were "emissions intensity target" or "1.5 °C target" or

retrieved on ‘"emissions reduction target" or '"climate
December, 29 neutral*" or "carbon neutral*" or '"net-zero
b

2024 emissions" or '"zero carbon" or "emission
control" or “decarbonization” or “carbon
offset* AND “green innovation" or ‘“green
research and development” or “green research &
development” or “green R&D” or “green
technolog®” or “green engineering” or “low-
carbon innovation”

Screening Screening criteria: Screened and  excluded
1. Year: 2015-2024 (N=305)
2. Document type: article & review 1. Year=67
3. Source type: journal 2. Doc type= 136
4. Language: English 3. Source type= 50
4. Language= 52
Eligibility Validation process and bibliometric analysis 1017 articles were eligible
& Inclusion
114
115 Initially, bibliometrics consisted of measuring attributes and processes related to documents,

116  namely word frequency, citation, and co-word examination, as well as uncomplicated document
117  counting [42]. For performance and science mapping, the bibliometric analysis proposed by [33],

118  [43] was used to comprehend the demographic production of research in carbon neutrality. The
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119  performance analysis included yearly scientific production graphs and the total number of
120  publications generated by institutions, nations, and national collaboration networks. The journals,
121  citations, and articles fractionated are analyzed to identify leading documents in carbon neutrality.
122 Therefore, this research aimed to determine the conceptual context and suggested future lines of
123 inquiry for carbon neutrality. To achieve this objective, we utilize science mapping in bibliometric
124  analysis, such as word cloud, factorial analysis, thematic map, trend topics, and thematic evolution,
125  based on keywords’ author.

126 We use VOSviewer because different studies have repeatedly verified the software and the
127  map results are reliable. VOS viewer is used because different studies have repeatedly verified the
128  software and the map results are reliable. The software also helps academics analyze past studies
129  and comprehensively assess prospects [44]. Furthermore, our study is strengthened by the R-tool,

130  which has gained wide recognition and support from international academics [43], [45].

131 Document general characteristics
132
133 Table 2 displays the characteristics overview of the data employed. The investigation focuses

134  on global emission decrease as well as innovation-related literature on carbon neutrality topics
135  over the past decade, characterized by globalization and rapid technological progress. Following
136  strict criteria, 1,017 articles are selected from 423 journals. The average annual growth of carbon
137  neutrality publications and citations per document reaches 55.4% and 20.25. In this context, 3,328
138  keywords and 2,968 authors contributed to the bibliometric analysis and other relevant
139  information.

140 Table 2. Document-level characteristics

Description Results Description Results
Main information about data Authors
Timespan 2015:2024 Authors 2968
Sources (Journals) 423 Authors of single-authored docs 81
Documents 1017 Authors collaboration



http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a Creative Commons Attribution 4.0 I nternational
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.

Annual Growth Rate % 55.4 Single-authored docs 84
Document Average Age 1.36 Co-Authors per Doc 4.18
Average citations per doc 20.25 International
References 71895 co-authorships % 31.37
Document contents Document types
Keywords Plus (ID) 5435 Article 848
Author's Keywords (DE) 3328 Review 169
141
142

143 Results
144 Scientific research production

145

146 (Insert Fig. 1)

147

148 Fig. 1 shows the growth in the publications' digits with citations in carbon neutrality research.

149  In 2015, there were 7 documents and the number steadily increased throughout the research period
150  until 2024 by 370 (36.4%). Meanwhile, there has been a rise in the number of publications directly
151  relevant to global carbon neutrality. By 2060 and 2050, China and the EU hope to achieve carbon
152  neutrality, respectively [46]. The necessity of reducing carbon emissions has been reported by
153  global environmental issues [47]. This sense of urgency contributes positively to reaching carbon
154  neutrality. According to [48], technological innovation plays a significant role in reducing global
155  emissions. Technological developments, decarbonization, and the monumental global agreement
156  to address climate change have increased publications over the past 10 years. Fig. 2 shows a strong
157  drive in the scientific community to explore innovative solutions and new technologies to reduce
158  carbon emissions. Therefore, research on carbon neutrality will develop rapidly in the future, and
159  more academics are expected to participate in the domain to encourage the growth of a sustainable
160  environment, society, and economy [49], [50], [51].

161 Furthermore, Fig. 1 shows that the average citations per year are decreasing since the concept

162  is time-dependent. Articles published a long time ago tend to have more citations. However, new
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163  publications must greatly impact and gain attention in the short term. In this context, future
164  research needs to be more innovative and explore important areas that are not well-established.
165  The highest average citation was in 2018 with 12 publications but declined in the following years,
166  where production increased until the average citation was below 10, 7.79, and 3.07 for 2022, 2023,
167  and 2024, respectively.

168 We divide it into three stages for further analysis. Stage 1- Since the Paris Agreement, there
169  has been a substantial increase in publications regarding carbon neutrality. Between 2015 and
170 2017, (e.g. [52] concentrated on creating novel scenarios in accordance with national policy to
171  investigate different facets of the carbon cycle and the influence on climate change. [53] addressed
172 the difficulty of reaching neutrality and showed various carbon cycle reactions to climatic changes.
173 Therefore, this period marked an increase in academic literature focusing on the challenges and
174  strategies to achieve carbon neutrality in line with the global ambition set out in the Paris
175  Agreement.

176 Stage 2- From 2018 to 2020, following the launch of the Talanoa Dialogue (COP23) as well
177  as the Katowice Rulebook (COP 24), there was a significant surge in publications about carbon
178  neutrality and climate change mitigation methods. The Talanoa Dialogue aimed to improve the
179  climate action’s ambition by promoting inclusive discussions among stakeholders and catalyzing
180  broader engagement in climate change research [54]. Scientific publications evaluating the effects
181  of the Paris Agreement and exploring novel approaches to achieving carbon neutrality, such as
182  non-market and market-based processes, increased over this time [55]. Different countries have
183  improved transparency and accountability in emissions reporting, as reported in the Katowice
184  Rulebook governing the technical implementation of the Paris Agreement. Therefore, the

185 academic community has yielded a wide range of research contributing to understanding the
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186  complexities of carbon neutrality to reflect a growing recognition of the need for urgent and
187  collaborative climate action ([55]

188 Stage 3- From 2021 to 2024, following the COP26 conference, there has been a substantial
189 increase in publications examining carbon neutrality, specifically the concept focusing on
190  implementing NDC to lessen GHG emissions. COP26 emphasized the urgency of improving
191  emission reduction targets to fulfill the Paris Agreement goals, leading to enhanced strategies for
192 reaching net-zero emissions [10]. According to earlier research, adopting renewable energy and
193  switching to low-carbon technology are crucial parts of national strategy to meet the objectives.
194  Furthermore, the commitment to carbon neutrality has evoked research on the implications of
195  pledges for global climate action, with a substantial increase in collaborative efforts and
196  knowledge sharing [56] ; [57]. The literature from this era indicates the necessity for a
197  comprehensive strategy to achieve carbon neutrality and represents the developing understanding
198  of the connections between economic development, technological innovation, as well as climate
199  policy [58]

200 We also see that in the last five years, previous studies have contributed to the literature, such
201  as proposing 6 configuration pathways to provide a new perspective on carbon emission decrease.
202 This was pushed by ambidextrous green innovation plans[59] to examine the role of emission
203 reduction technological innovation in influencing carbon trading and designing effective carbon
204  trading parameters [60], recommend the government to adopt carbon emission reduction
205  technology innovation in facilitating the Pathways to 2050 carbon-neutrality agenda in Argentina
206  [61], adopt the Malmquist-Luenberger (MML) metafrontier index to examine the feasibility of
207  green cultural revolution regulatory policies to achieve 2050 carbon-neutral economy in Korea

208  [62] and provide a policy priority framework for the commercialization of Carbon Capture and
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209

210

211

212
213

214
215
216
217
218
219

220

Storage (CCS) developed by the Global Institute [9]. Therefore, technological advancements

contribute to driving carbon emission reduction practices toward neutrality, attracting different

stakeholders.

Documents

Table 3 provides the 10 most quoted academic papers with excellent reference value. These

papers examine technological innovation and carbon neutrality as ways to reduce emissions. Table

3 provides an overview of the importance of decarbonization [63], [64], carbon neutral fuel

synthesis [65]; sustainable energy technology development [66], [67], [68], as well as policy,

implementation path, and future transition toward carbon neutrality [64], [69], [70], [71], [72].

Table 3. Most significant articles

No Title Author Significant contribution TC  Avg.
Year
1 Science and technology of (Kobayashi ~ Exploring the importance of 139 2326
ammonia combustion etal.,2019)  decarbonization through the development 6 7
of ammonia combustion technology as a
carbon-neutral fuel.
2 Net-zero emissions energy (Davis et al., Reviewing the factors needed to achieve 135 192.8
systems 2018) decarbonization of the energy system 0 6
3 A review of technology and (Bataille et Reviewing policy options to encourage 358 51.14
policy deep decarbonization al., 2018) innovation and investment in
pathway options for making decarbonization technologies to achieve
energy-intensive industry net zero emissions by 2035-2060
production consistent with the
Paris Agreement
4 Carbon peak and carbon (Wang et al., Discussing 4 main implementation 344 86
neutrality in China: Goals, 2021) pathways for carbon peak and neutrality
implementation path and by accelerating green technology
prospects innovation.
5 Role of Long-Duration Energy (Dowling et Exploring that long-term storage 295 59
Storage in Variable Renewable al., 2020) technology makes the lowest-cost
Electricity Systems electricity system.
6 The co-evolution of policy mixes  (Edmondson  Proposing a new conceptual framework 270 45
and socio-technical systems: etal.,2019)  to conceptualize the co-evolutionary

Towards a conceptual framework
of policy mix feedback in
sustainability transitions

dynamics of policy mix and socio-
technical systems.

10
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7 Carbon-neutral sustainable energy (Anetal., Providing an overview of the current 267  26.7
technology: Direct ethanol fuel 2015) innovations in DEFC technology and the
cells prospects.

8 Review on available biogas (Miltner et Proposing innovative and effective 265 33.13
upgrading technologies and al., 2017) technologies along the biomethane
innovations towards advanced production chain, namely
solutions desulfurization, and gaspermeation.

9 The nexuses between energy (Ma et al., Analyzing macroeconomic determinants 258  64.5
investments, technological 2021) of reducing carbon emissions in China.

innovations, emission taxes, and
carbon emissions in China

10 Exploring the role of green (Guo et al., Investigating the impact of green 233 58.25
innovation and investment in 2021) innovation and investment in the energy
energy for environmental quality: industry

An empirical appraisal from
provincial data of China

221

222 Leading Journals

223

224 (Insert Fig. 2)

225

226 Fig. 2 provides the Bradford Law sources clustering result, which aim to visually convey the

227  documents' distribution across multiple journals. A total of 1,017 publications were obtained from
228 423 journals, where the carbon neutrality discipline area is published in 14 core sources. The
229  decrease in the graph after the core zone shows that other journals contribute a small number of
230 articles outside the scope. The quantity of publications specifies the impact of journals and directly
231  connects with the citations. Meanwhile, the total number obtained is used to find the most
232 important sources. Energy and environmental science comprise the bulk of the periodicals. For 43
233 articles in the discipline, the "Journal of Cleaner Production" receives 1554 citations. There are
234 very few articles in some journals, such as "Sustainable Energy Reviews" and "Journal of
235  Environmental Management and Renewable." However, the publications receive a large amount
236  of citations and are well respected in the subject of carbon neutrality. Table 4 shows top 10 the

237  most relevant journals that relate with carbon neutrality and green innovation. The IF2023 shows

11
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238  the absolute potency in the scope, "Renewable and Sustainable Energy Reviews", which has the

239  highest IF at 16.3.

240

241

242

243 Table 4 Most relevant journals
No Journal name NP [IF CS TC [Initial

2023 2023 Year

1 Journal of Cleaner Production 43 98 20.4 1554 2017
2 Journal of Environmental Management 29 8.0 13.7 1475 2020
3 Renewable And Sustainable Energy Reviews 14 163 31.2 980 2016
4 Energy Policy 16 9.3 17.3 881 2015
5  Environmental Science and Pollution Research 39 58* 87 574 2021
6  Sustainability 55 33 6.8 569 2019
7  Energy Research And Social Science 14 6.9 14.0 558 2015
8  Frontiers in Environmental Science 31 33 45 407 2021
9  Energies 35 3.0 6.2 332 2018
10 Energy 15 9.0 153 160 2022

244 *1F 2022; IF 2023 is not available.

245

246 Authors

247

248 Table 5 shows an index of the most productive as well as influential authors in carbon

249  neutrality research. The quantity of research, total citations, G-index, as well as H-index are the
250  four primary indicators acting as the focus of the analysis. The research with citation counts equal
251  to or higher than H are considered to have an H-index [73]. Meanwhile, the G-index, which is the
252 derivative of H-index can "average" the number of citations in publications [74]. Wang Y is the
253  most prominent in the discipline, with 38 publications, 1,127 citations, and 13 impacts out of the
254 2968 authors. Wang Y has received great attention through research on insulating materials for
255  realizing carbon neutrality. This is achieved by addressing the challenges and opportunities in
256  electrical equipment and electrified transportation systems. In second place, with 26 publications

257 and 650 citations, Li Y examined green innovation and environmental standards in China.

12
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258  Additionally, expertise from various disciplines was applied to neutrality to promote the carbon-

259  neutral economy’s development worldwide.

260  Tabel 5.
261  Most contributing authors
No Name NP TC H- G No Name NP TC H- G-
index index index index
1 Wang, Y. 38 1127 13 33 6 Li,J 17 177 6 13
2 Li, Yaya 26 650 10 25 7 Zhang, X 17 124 6 11
3 Wang, X. 25 195 6 13 8 Zhang,] 16 158 6 12
4  Wang,J. 20 413 6 20 9 Chen, J 14 257 6 14
5 Zhang, Y. 18 207 7 14 10 Wang, L. 14 184 6 13
262
263 (Insert Fig. 3 here)
264 Fig. 3 visualizes the collaboration network to produce more outstanding publications. Larger

265 related nodes in the collaboration network show more publications co-authored with others.
266  Authors with at least 5 publications are selected to be grouped into 7 clusters. In addition, Wang
267 Y (h-13), Wang X (h-6), and Li Y (h-10) are good collaborative network nodes. Research
268  collaborations enhance the understanding and discussion in the articles and expand the network.
269  Fig. 3 is consistent with Table 5 where the top 3 authors show strong intermediary centrality.
270  Energy transition, carbon accounting, footprint impacts, as well as the climate change impact on
271  everyday behavioral choices are the main topics. There are major financial and environmental
272  advantages to the creation and use of new energy. The quality of the research types also
273  concentrates on sustainable governance and environmental behavioral decision-making to attain
274  carbon neutrality.

275 (Insert Fig. 4 here)

276 Achieving carbon neutrality includes a comprehensive knowledge framework, enabling
277  scholars and academics to shift from isolated research to increasingly collaborative efforts. In

278  addition, the analysis shows the dynamics of collaboration and shifting developments among

13
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279  stakeholders in the field. Fig. 4 reports global collaboration and communication among countries,
280  with China and Pakistan leading with 22 joint publications. This is followed by China and the UK
281  (20), China and Australia (16), China and Hong Kong (15), as well as China and the US (15). Fig.
282 5 shows institutional collaborations ranked by betweenness, identifying Tsinghua University,
283  North China Electric Power University, and Imperial College London as major collaborators, with
284  the National Renewable Energy Laboratory and the Institute of Petroleum Exploration and
285  Development. The complex network states that carbon neutrality has developed into a globally
286  cooperative and participatory research domain. However, collaboration is rarely strengthened and
287  there are very few exchanges between nations in South America, Africa, and other regions.
288  Academics from all nations should actively collaborate and share ideas to advance the

289  development of global carbon neutrality, safeguard the environment, and reduce emissions.

290

291 Institutions and countries

292

293 Table 6 and Fig. 5 show the top 10 most productive institutions and collaborations, reporting

294  the significance of carbon neutrality as a major concern for academics globally. Tsinghua
295  University in China tops the list on the topic with 48 publications. Imperial College London and
296  North China Electric Power University in UK (22) and China (34) are the next in line. The 7 of
297  the top 10 institutions are in China, totaling the 22.5% of all publications. This is supported by
298  Table 7, where China ranks first in the most publications. The influence of emission taxes, R&D
299  investment, technical innovation, as well as the utilization of renewable energy sources to reduce
300 carbon dioxide emissions is a significant article from Tsinghua University [75]. Numerous facets
301  of carbon neutrality have been examined, such as creating CCS technology, urging the renewable
302  energy sources utilization, calculating GHG emissions, and significantly impacting the field.

303  Similarly, substantial progress in carbon emission research has attracted the attention of various

14
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304  stakeholders due to the positive impact on corporate sustainability performance. well-designed
305 carbon emission reduction strategy can fulfill stakeholders' expectations to enhance corporate
306  reputation.

307  Table 6. Top ten institutions with the most publications.

No Affiliation Negara NP
1 Tsinghua University China 48
2 North China Electric Power University China 34
3 Imperial College London UK 33
4  National Renewable Energy Laboratory USA 33
5  Institute of Petroleum Exploration and Development China 32
6  Chongqing University China 31
7  Tongji University China 29
8  Qingdao University China 28
9  Nanjing University China 27
10 University of California USA 26
308
309 (Insert Fig. S here)
310 The next stage is the selection of organizations with more than 5 publications for collaborative

311  network investigation. Fig. 5 reports the degree of collaboration with other universities shown by
312  the node size, and the same color denotes clusters. As the backbone of a cooperative network to
313  expand influence in the area, Tsinghua University and North China Electric Power University have
314  a large quantity of publications and solid connections with other academic institutions. The
315  objective of the partnership is to provide novel solutions, and support international initiatives.
316  Academics from various universities should actively engage in interaction and idea sharing to
317  increase the attainment of global carbon neutrality. This is because inter-institutional interactions
318  and partnerships greatly enhance the advancement of research.

319 Table 7 lists the top 10 countries by publication output, reporting that 8 countries excluding
320 India and the Netherlands have a stronger Single Country Publication (SCP) than Multiple Country
321  Publication (MCP). This shows a preference for domestic collaboration over international

322 partnerships and reports the need to enhance global research collaboration. Regarding publications,
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323  China is ahead of other countries, ranking first with 467 articles (SCP: 363, MCP: 104). The
324 country has become a center for carbon emission mitigation research and the largest energy
325  consumer, attracting global attention [76], [77], [78]. The objectives of "carbon peak" and "carbon
326  neutrality" have been reported to undertake a number of policies for carbon mitigation in important
327 industries such as power generation, coal mining, electricity, transportation, and building [79],
328  [80]. The governments and industries of all stripes should cut carbon emissions and offer financial
329  incentives with the development of low-carbon technology [81], [82]. The UK and the US have
330 77 and 43 publications at 7.57% and 4.23%, respectively. In a broad collaborative relationship, the
331  topics are not limited to a country or continent but are evenly distributed globally.

332  Table 7 Top 10 countries with the most publications.

Countries NP % SCP MCP ((;10);) ranking
1 China 467 4592 363 104 2
2 United Kingdom 77 7.57 5l 26 6
3 USA 43 423 33 10 1
4  Germany 29 2.85 15 14 3
5 Italy 23 2.26 17 6 8
6 India 19 1.87 8 11 5
7  Australia 18 1.77 11 7 13
8  Netherlands 17 1.67 8 9 17
9  Korea 15 1.47 11 4 14
10 Hongkong 14 1.38 8 6 39
333
334 In addition, we see eight developed and two developing countries, as reported in Table 7. The

335  urgency of emission reduction varies, where emission reduction is an urgent challenge and requires
336  greater focus for developing countries. Developed and developing nations prioritize economic
337  growth and have decades of experience in reducing carbon emissions. To steer clear of pitfalls on
338  emission reduction, Developing nations should optimize policies and learn from the governance
339  experience of developed nations.

340 (Insert Fig. 6 here)
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341 This result is consistent with Fig. 6 which shows the potential gap in research contributions
342  between developed and developing nations. Due to the volume of publications, China is the only
343 developing nation with the most citations, while the other 9 are found in developed nations. For
344  example, the US has more innovative research topics and trends such as sustainability issues
345  related to carbon emissions. Sustainability issues have received great attention in recent years
346  among the worsening climate change, waste, and emissions [83]. Nowadays, discussion has been
347  performed on carbon neutrality, green innovation, carbon capture, and circular economy.
348  Therefore, developed countries dominate the list of countries with the most citations, showing
349  substantial contributions to emission control compared to developing countries. The UK was
350 among the first to encourage studies on net zero emissions. Study on carbon neutrality in the US
351  is primarily concerned with technological and scientific issues. In recent years, study on climate
352 change and low carbon has been a priority for China, the US, and Europe. Other countries investing
353  in net zero-emission research include Germany (29), Italy (23), India (19), Australia (18), the

354  Netherlands (17), Korea (15), and Hong Kong (14).

355  Discussion
356 Research hotspots

gg; Keyword cluster analysis provides important insights into the field of carbon neutrality,
359  enhancing comprehension of subjects and research objectives for different nations. Fig. 7 reports
360 word cloud analysis where the font size reflects the frequency of the keywords. The analysis
361 identifies the five most frequent topics functioning as key research hotspots, including carbon
362 neutrality (134), renewable energy (59), climate change (53), green innovation (51), and

363  sustainability (49) (Table 8). The transition is increasingly recognized as essential to mitigate

364  climate change, which requires adopting of renewable energy sources as well as cross-sectors’
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365 innovative practices. Different types of research are identifying and developing effective strategies
366  to achieve this goal. For example, green innovation has been shown to improve organizational
367  performance by integrating sustainable practices into business models [84], [85]. Companies with
368 a strong green learning orientation are positioned to implement innovative solutions in line with
369  sustainable performance metrics to strengthen the connection between green innovation and
370  sustainability[86]. Finally, green innovation is essential for driving the shift to renewable energy
371  as well as achieving sustainability [87], [88].

372  Table 8. Global carbon neutrality research hotspots, 2015-2024.

No Terms Freg. No Terms Freqg.

1 carbon neutrality 134 11 energy efficiency 29

2  renewable energy 59 12 circular economy 27

3 climate change 53 13 carbon emissions 26

4 green innovation 51 14  decarbonization 26

5 sustainaibility 49 15 energy transition 23

6 china 39 16 co2 emissions 22

7  innovation 39 17 net zero 20

8 technological innovation 34 18 hydrogen 16

9 sustainable development 31 19 carbon footprint 14
373 10 green technology innovation 22 20 energy policy 14
374
375 (Insert Fig. 7 here)
376 Some research reported that investment in renewable energy was positively associated with

377  carbon neutrality, by providing a framework for the development and implementation of clean
378  technologies [16], [89], [90]. Research that advances the green innovation as well as renewable
379  energy policy knowledge to attain carbon neutrality and show the best practices used by different
380  industries is a current and growing area of interest [91], [92], [93]. Therefore, further investigation
381  is suggested to explore the utilization of government policies to promote green innovation and
382  renewable energy usage, as well as the impact on achieving sustainability targets and reducing

383 carbon emissions.
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384 Research frontiers

385

386 The word cloud analysis results contain numerous keywords with the potential to obfuscate
387  crucial information and create noise. Similar to Principal Component Analysis (PCA), the
388  Factorial Analysis is performed to reduce the dimensionality of data in multivariate statistical
389  analysis. This enables the classification and refinement of pertinent variables to show the
390  underlying factors (Fig. 8) [94]. Economic and technological development, the green economy,
391  and environmental variables such as economics, policy, and protection are important components
392 for global carbon neutrality. In addition, environmental methods from economic, policy, and
393  protection perspectives are the focus of global carbon neutrality research. Factorial analysis offers
394  insightful information about important areas of focus and identifies possible underlying

395  components. In this context, the environment should be considered when maximizing energy

396 efficiency and lowering carbon emissions.

397 (Insert Fig 8 here)
398 (Insert Fig 9 here)
399 According to [95] thematic maps identify and document themes, patterns, and as well as trends

400 in a topic of study. In Fig. 9, significant and well-developed themes are summarized in quadrant 1
401  (motor themes), while highly developed and isolated ideas are reported in quadrant 2 (niche
402  themes). Quadrant 3 (declining themes) shows increasing or decreasing themes in the earlier
403  stages. Additionally, quadrant 4 (basic themes) is significant to the area but the themes have not
404  been completely explored and are typically relate to basic notions. There is no distinct topic serving
405 as the motivating factor of the field in quadrant 1. Energy, climate, and emissions are at the
406 intersection between motor and niche themes. In quadrant 2, electrocatalysis, carbon dioxide, and

407  SDGY are not relevant to achieving carbon neutrality. Therefore, academic research should
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408  distinguish the significant themes and focus on further development. Themes related to carbon
409  capture, CCUS, and environment show lower centrality in quadrant 3. Carbon neutrality,
410 renewable energy, green innovation, climate change, sustainability, and innovation show practical
411  relevance in basing further research on fundamental concepts in quadrant 4. These themes need a

412  bridge between academic innovation and practical application to increase relevance on a global

413  scale.
414 (Insert Fig. 10 here)
415 The next application of the Trend Topics module analyzes the keyword development. The

416  length of the line segment shows the years covered by the high frequency, while the size of the
417  blue node indicates the frequency of the associated terms (Fig.10). The trend of the high-frequency
418  keywords has changed since 2018, with increased concentration in 2022—-2024. The range of the
419  year is the development expansion and deepening phase. Early publications focused more on
420  emission reduction targets, including the effects of transportation policies on costs and mitigation
421  potential of the 2°C &1.5°C targets [80], [90], energy systems with net-zero emissions [63], as
422  well as options for deep decarbonization pathways [64]. The scope of the carbon neutrality
423  examination has shifted to economics, sustainability, and environmental policy in Europe to
424  implement green strategies [96], [97], [98] and extend into business model innovation. Carbon
425  emission reduction, technology development, [99], [100], green economy, resource efficiency, as
426  well as social welfare [85], [101], [102] have been developed as interesting research areas.

427 (Imsert Fig. 11 here)

428 Fig. 11 shows the flow of research contributions from specific themes and the distribution
429  across countries. Chen H, Wang G, and Zhang Y have significant contributions to key themes,

430  such as carbon neutrality, renewable energy, sustainability, green innovation, and climate change.
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431  The themes represent topics of great interest in current research. Chinese academics form the bulk
432 of the 2968 writers, covering all topics and giving particular attention to carbon neutrality,
433  renewable energy, green innovation, technical innovation, and green technology innovation. This
434  shows the emphasis on cutting carbon emissions through sustainable development and innovation
435  in renewable energy. Additionally, the US and the UK report worldwide contributions to the
436  development of green technology, focusing on technical innovation and the circular economy. The
437  outputs from other nations are more evenly distributed and cover fewer themes.

438 Fig. 11 lists authors, subjects, and nations to identify research focal points and areas of interest
439 in sustainability and green innovation. Academics are expected to find interdisciplinary
440  possibilities, possible partners, and patterns of communication and knowledge dissemination
441  across areas. This has been helpful in promoting academic collaboration and multidisciplinary

442  research.

443 Future research

444

445 Comprehensive transformations in all facets of the economy and society are initiated by net-
446  zero emissions [103] . The method of comprehending carbon neutrality is changing as the research

447  grows more varied and comprehensive, as demonstrated by the evolving thematic map shown in

448  Figo.

449  Optimal path to achieve carbon neutrality

450 Research on the best strategies to become carbon neutral is essential in the context of global
451  climate change. A multipronged method is required to develop renewable energy technology,
452  boost energy efficiency, and put regulations for facilitating the shift to a low-carbon economy.
453  [104] and [105] emphasized that research in sustainable energy technologies and synthesizing

454  carbon-neutral fuels required further exploration, considering the challenges faced in transitioning
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455  to carbon neutrality. Scenario analysis also considers the growth of renewable energy sources as
456  well as the decrease of carbon emissions in transportation and industry to determine the most
457  effective and sustainable routes [106]. Technology developments, community inclusion, and an
458  assessment of the social and economic effects of suggested policies are among the additional
459  elements [107]. Future research should be carried out to fully comprehend the effects of carbon
460 taxes and trading policies, which successfully lower emissions in a number of nations [108].
461 Innovative technologies such as CCS as well as Bioenergy with Carbon Capture and Storage
462  (BECCS) have also been identified as potential solutions [109], [110]. Therefore, suggestions for
463  further research include a deeper exploration of the integration of various technologies and policies
464  for effectively and efficiently supporting the transition to carbon neutrality effectively and

465  efficiently.

466  Clean renewable energy vs CCUS(Carbon Capture, Utilization, and Storage)

467 CCUS, parallel techniques, and the clean renewable energy sector are taken into consideration
468 in the context of emission reduction. CCUS is essential to reaching net-zero emission goals
469  because it permits the continuous use of fossil fuels while lessening their environmental effect
470  [16],[111]. The shift to a renewable energy industry is essential to reduce dependence on carbon-
471  based energy sources, which dominate the global system[112]. However, major challenges remain,
472  including high investment costs and dependence on existing infrastructure. CCUS has been
473  developed as a key technology enabling the sustainable use of fossil fuels and significantly
474  reducing carbon emissions. Technology development has shown rapid progress with great
475 potential to support emission reduction efforts [111], [113]. In order to encourage the
476  implementation of the technology, it frequently depends on suitable government regulations and

477  incentives [88], [111]. A parallel method combining the strategies may offer a more
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478  comprehensive solution, where renewable energy directly reduces emissions, while CCUS
479  captures unavoidable emissions from sectors relying on fossil fuels [86]. Therefore, further
480 research should explore the synergies between these methods and to develop policies that support

481  an effective shift to a low-carbon economy.

482  Green innovation and carbon neutrality

483 Further research on the relationship between green innovation and carbon neutrality should
484  focus on developing more efficient green innovation technologies implemented under stringent
485  environmental policies. Since sustainability is increasingly recognized, green innovation is
486  becoming essential to corporate operational strategies, in line with global efforts to mitigate
487  climate change. According to previous research, boosting efficiency may help many industrial
488  sectors meet carbon neutrality objectives. Therefore, green technology innovation plays a key role
489  inreducing emissions [20], [114], [115]. To support the development of low-carbon technologies,
490  the relationship between green innovation and financing should be investigated[116], [117].
491  Government initiatives that can promote businesses to invest in green innovation, including
492  progressive carbon taxes, should also be analyzed research [83]. In this context, a
493  multidimensional method combining technological, economic, and policy aspects provides more
494  comprehensive insights into the contribution of green innovation to achieve carbon neutrality

495  effectively and sustainably.

496  Carbon neutrality and sustainability
497 Carbon neutrality and sustainability follow a multipronged method incorporating
498  governmental reform, technical innovation, and societal transformation as key objectives in the

499  global response to climate change. Achieving net-zero carbon emissions, or carbon neutrality, is

23


http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a Creative Commons Attribution 4.0 I nternational
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.

500 essential for reducing the negative effects of climate change and advancing sustainable
501  development. Future research could focus on the relationship by exploring the different strategies
502  needed to achieve both goals across sectors. For example, institutions can play a critical role in
503  promoting sustainability initiatives to support greenhouse gas emission reductions and increase
504  energy efficiency [118], [119]. Furthermore, research on the development of new technologies,
505  such as the use of hydrogen fuel, provide insights into the transformation of industries towards
506  sustainability [120]. Policy and technology-based methods, such as the adoption of renewable
507  energy and the development of sustainable supply chain models, are also critical to achieving
508  synergies [121], [122]. Future research integrating multiple disciplines and industry sectors is

509  invaluable in understanding and addressing carbon neutrality and sustainability challenges.

510 Green hydrogen, electric vehicles, dan carbon neutrality

511 Future research on the connection between carbon neutrality, electric cars, as well as green
512 hydrogen should create integrated energy systems. Green hydrogen is used as the primary energy
513  source for electric vehicles and sustainable transportation infrastructure. The manufacture is
514  accomplished by electrolyzing water through renewable energy in shifting carbon-neutral society
515  to lower dependency on fossil fuels and carbon emissions [123], [124]. Hydrogen-powered
516 (FCEVs) and electric cars worked within the larger transportation system due to energy
517  management rules and strategies [125], [126]. The challenges and opportunities associated with
518  the development of hydrogen infrastructure were also analyzed, including the production, storage,
519  and distribution, as well as the impact on energy and environmental policies [127], [128]. Deeper
520  insight should be provided into the synergistic contribution of green hydrogen and electric vehicles
521  to achieve global carbon neutrality goals.

522
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523

524  Conclusion

525

526 Climate change demands massive implementation of more sustainable innovations, especially
527  since many countries adopted the Paris Agreement. The keyword “carbon neutrality” received
528  attention from different disciplines. This research mapped the intellectual terrain of scientific
529  advancement in carbon neutrality using bibliometric analysis. From 2015 to 2020, 1,017 research
530  publications were gathered from 423 journals. Even though the term carbon neutrality recently
531 appeared in academic literature, the results increased exponentially since 2020. As a
532  multidisciplinary area, the majority of the research on carbon neutrality was published in
533  publications related to sustainability and the environment. According to the justification, this
534  research offered intriguing new perspectives on the present carbon neutrality boom. Academics
535  should also concentrate more on reducing carbon emissions, developing new technologies, using
536  clean energy, and the effects on the environment, society, and economy. The different areas
537  requiring further attention included carbon neutrality, renewable energy, green innovation, green
538  hydrogen, and electric vehicles. Scientific collaborations from different countries could ensure a
539  comprehensive and diverse understanding since carbon neutrality was reported as a global issue.
540  This research helped policymakers prioritize analyses to attain carbon neutrality.

541 A number of recommendations were made, including a review of the best method to reach
542  carbon neutrality, evaluation of the clean renewable industry and CCUS synergy, investigation
543  into the role of green innovation in reaching carbon neutrality, exploration of the different
544  strategies required to achieve sustainability and carbon neutrality, and analysis of the
545  complementary contributions of green hydrogen and electric vehicles in reaching global carbon

546  neutrality objectives.
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547 The results assisted policymakers in making informed decisions and prioritizing policies to
548 achieve carbon neutrality. For example, policies were created to increase demand for
549  decarbonization-related investments, promote more green innovation, and provide greater cost-
550  cutting incentives for sectors using green technologies, renewable energy, and sustainable growth.
551  Studies on collaboration networks encouraged cooperation between government organizations,
552 academia, as well as industry stakeholders to close the gap between research, policy, and improve
553  policy outcomes.

554 The results of this analysis might be affected by subjective search methods and data selection
555 standards. The inclusion of inappropriate or omission of relevant keywords affected the
556  determination of clusters and themes. Despite the limitations, this research exploration provided
557  anoverview and comprehensive review as well as contributed to future directions related to carbon

558  neutrality.
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