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Abstract: This paper, from the perspective of Mode 3 of knowledge production, takes the important
carrier of knowledge, scientific research papers, as the research object. The mainstream databases
(SCIE and SSCI) are chosen as the data sources. Firstly, bibliometric methods are applied to analyze
the cooperation status among the main bodies of paper production, including authors and their
affiliated institutions, countries, and disciplines; secondly, the Analytic Hierarchy Process (AHP) is
used to construct a comprehensive evaluation model for the state of research cooperation in carbon
neutrality. Based on the evaluation model, the cooperation characteristics of different disciplinary
fields and the relationship between paper cooperation status and high-impact research papers are
comparatively analyzed. At the same time, an analysis is conducted on the support from the
government, the sponsorship from enterprises, and the participation of the public in the process of
paper production. Finally, some suggestions are put forward on how to build an innovative
ecosystem for carbon neutrality research from the perspective of Mode 3 of knowledge production.

Keywords: carbon neutrality; mode 3 of knowledge production; scientific research cooperation;
bibliometrics

1. Introduction

Since the beginning of the 21st century, extreme weather and natural disasters closely related to
global climate change have occurred with increasing frequency, and carbon emissions are considered
the primary cause of global warming. In order to protect the common home of humanity, reducing
carbon emissions has become a consensus among nations worldwide. On December 12, 2015, at the
21st United Nations Climate Change Conference, 178 contracting parties from around the world
jointly signed the Paris Agreement, an agreement aimed at combating global warming. The Paris
Agreement has pushed carbon neutrality to the forefront of climate policy research, and the concept
of "carbon neutrality" was thereby born.[1] As a strategy aimed at reducing the net value of carbon
emissions caused by human activities to zero, "carbon neutrality” is a comprehensive research field
with the goal of achieving global public welfare, which requires the concerted efforts of all parties
worldwide. However, to promote scientific research cooperation in the field of carbon neutrality, it
is necessary to analyze the current state and patterns of cooperative research to facilitate more
efficient and high-quality knowledge production. This study intends to employ bibliometric and
other research methods to analyze the current status, characteristics, and issues of scientific research
cooperation in the field of carbon neutrality, with the aim of providing reference suggestions for
building an innovative ecosystem in carbon neutrality and other related research fields.
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The bibliometric study of collaboration in the scientific research field began in the 1960s with the
American science scholar Derek J. de Solla Price, who used the "Chemical Abstracts” as a data source.
After analyzing the author collaboration characteristics of the papers published in this journal, Price
concluded that scientific research was gradually transitioning from the era of "little science" to the era
of "big science."[2] In the era of "big science," it has become a common practice for researchers with
similar interests to collaborate on scientific research. The study of this collaborative research model
has also gradually become a focus in the field of bibliometrics. Existing literature not only focuses on
the collaboration in various fields of scientific research but also includes areas such as natural
disasters, [3] the field of medical engineering etc.[4]. The study also examined the state of scientific
research cooperation across different regions, such as the international cooperation status in Latin
America[5], the international cooperation status among 11 countries in the European Union etc.[6].
Additionally, it investigated the collaboration between authors, institutions, and countries, as well as
their roles, motivations, and patterns in research papers etc.[7,8].

What is the current state of collaborative research in the field of carbon neutrality? In recent
years, as the scientific community's attention to global ecological systems and climate issues
continues to grow, research on carbon neutrality has gradually increased. In terms of research
themes, it mainly includes technological pathways to achieve carbon neutrality, related action plans,
and implementation schemes etc. [9-11]. The focus of existing literature has extended from purely
technical fields such as energy conservation, emission reduction, renewable energy, and energy
storage to economic, policy, and industrial structure areas [12,13], Exploring the actual effects,
strategic behaviors, and mechanism construction of global climate collaborative governance centered
on carbon neutrality[14-18]. In terms of research perspectives, some studies take the current status
of carbon neutrality as an independent variable and analyze the relationship between it and related
dependent variables, such as the relationship between carbon neutrality and the sustainable
development of marine ecology, the relationship with human health, and the relationship with the
digital transformation of cities etc.[19-21]. As the research literature continues to grow, attention to
the state of scientific research cooperation in the field of carbon neutrality is also increasing. As some
studies have argued, carbon neutrality, as a comprehensive research field aimed at achieving global
public welfare, is crucial for scientific collaboration. No single technology can achieve carbon
neutrality, no single solution can address the challenges of carbon neutrality, and no country can
expect to achieve the goal of carbon neutrality alone.[22] However, existing literature on carbon
neutrality research cooperation mostly focuses on the cooperative pathways to achieve carbon
neutrality, such as cooperation among countries in climate games, economic policies, and energy
development[23-26], or studies on the impact mechanisms and spatial effects of different industries'
collaborative agglomeration on carbon emission intensity[27], Studies analyzing the characteristics
of scientific research cooperation from the perspective of the knowledge production model are rarely
reported. In terms of research methods, in recent years, some studies have also begun to use
bibliometrics, quantitative research methods, etc., to study the state of carbon neutrality scientific
research cooperation. For example, some have conducted surveys to study whether the COVID-19
pandemic would affect cooperation in carbon neutrality research between China and the United
States[28], or used bibliometrics to review the current state of a particular research topic in carbon
neutrality, with a simple count of the number of publications by main authors and main research
institutions[29-33]. However, most existing studies are based on descriptive research using database
statistical functions, lacking in-depth analysis of the degree of cooperation. In light of this, this study
intends to adopt the theoretical perspective of the knowledge production model, that is, to focus on
the knowledge production carried out by different entities and disciplines in collaboration. On the
basis of analyzing the authorship, institutions, countries, and disciplinary cooperation of each paper
in carbon neutrality research, a cooperation degree analysis model will be constructed to provide a
quantitative assessment of the state of cooperation. Furthermore, based on the evaluation results, this
study will investigate the trends of cooperation over time, the characteristics of cooperation across
different disciplines, and the relationship between the state of cooperation and the impact of papers,
etc.
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2. Theoretical Foundations, Research Design, and Data Sources
2.1. Theoretical Foundations and Research Design

The theory of knowledge production modes was proposed by researchers in the field of
sociology of science, represented by Michael Gibbons, based on their study of the collaborative
characteristics in knowledge production [34]. The theory of knowledge production modes was
developed by researchers in the field of sociology of science, with Michael Gibbons as a key
representative. They defined the traditional knowledge production, dominated by academic
communities and based on single disciplines, as Mode 1. In contrast, they defined Mode 2 as
knowledge production that is problem-oriented, transcending the scope of traditional single
disciplines, and characterized by significant interdisciplinarity, social pervasiveness, applicability,
reflexivity, heterogeneity, etc. Mode 2 proposed a triple helix model of knowledge production
involving academia, government, and industry. However, this classification still could not explain
the knowledge production process aimed at achieving global public welfare for major international
and domestic issues, such as global warming and carbon neutrality issues. To address this,
Carayannis et al introduced Mode 3 of knowledge production in 2003[35]. This model focuses on
significant issues related to the public interest of society as its research objects. Its purpose is to reduce
the negative effects of the commercialization and commercialization of knowledge on the
development of science and society in the process of global problem governance. It aims to transform
the purpose of knowledge production from commercialization and commercialization to public
welfare, and to build an innovation ecosystem based on public interest. The implementation paths
mainly include two aspects: First, in terms of the subject attributes of knowledge production, break
through the artificially set disciplinary barriers and create interdisciplinary and transdisciplinary
knowledge production clusters. Second, in terms of the subjects of knowledge production, introduce
public organizations and civil social forces centered on the general public to build a four-helix
dynamic mechanism model of collaborative governance by universities, governments, industries,
and the public. Ultimately, it forms a multi-level, multi-form, multi-node, multi-combination, and
multi-interactive knowledge innovation ecosystem. Therefore, Carayannis and Campbell's Mode3 is
more suiTable for addressing the issues of global sustainable development in the knowledge
economy era than Mode 2. The mutual cooperation and joint production between different entities
and disciplines become the foundation and core of Mode 3 of knowledge production. At the same
time, Norstrom et al. also believe that compared with more traditional scientific methods, co-
production is expected to better address the complexity of the challenges faced by contemporary
sustainable development. They have proposed principles for the co-production of knowledge in
sustainable development research, arguing that high-quality sustainable development knowledge co-
production should be context-based, diverse, goal-oriented, and interactive [36].

As a topic closely related to global interests and human life, the theory of Mode 3 of knowledge
production is an important theoretical foundation for guiding research cooperation. So, under the
perspective of Mode 3 of knowledge production, what is the state of cooperation in the production
process of carbon neutrality research papers? What is the relationship between the state of scientific
cooperation and the impact of papers? What are the characteristics of government support, corporate
investment, and public participation in the production process of carbon neutrality papers? This
study has analyzed these questions, and the specific research approach (as shown in Figure 1) and
research steps are: 1) An overview analysis of carbon neutrality research based on scientific paper
data; 2) Analysis of the degree of disciplinary cooperation in carbon neutrality research papers; 3)
Analysis of the degree of author cooperation, institutional cooperation, and national cooperation in
carbon neutrality research papers; 4) Using the Analytic Hierarchy Process (AHP), construct a
comprehensive evaluation model for the state of cooperation. Based on this model, analyze the
evolution trend of cooperation over time, differences between countries, and differences between
disciplines, and explore the relationship between the state of cooperation and the impact of papers;
5) Investigate the involvement of governments, enterprises, and the public in carbon neutrality
research.
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Figure 1. Research Framework.

2.2. Data Sources and Analytical Methods

Using the search strategy TS= ("carbon neutral*"), we selected authoritative journal articles from
the natural science and social science fields in the Science Citation Index-Expanded (SCIE) and Social
Sciences Citation Index (SSCI) databases from the Web of Science search platform as the data source.
We conducted a search for literature related to carbon neutrality research from 1999 to 2024, with the
search date being March 11, 2024, and a total of 11,464 papers were obtained.

In this study, we define interdisciplinary collaboration in the following way: if the authors of a
paper come from different disciplines, we consider that paper to be the result of interdisciplinary
collaboration. For instance, authors A and B, who come from two distinct disciplines, are engaged in
interdisciplinary collaboration regardless of the discipline of the journal in which their collaborative
paper is published [37]. We extract the secondary institutions from the author's affiliations and
determine whether they belong to the same discipline based on the keywords in the institution names,
thereby assessing whether the paper is a result of collaboration among several disciplines.

3. Overview of Carbon Neutrality Research

3.1. The Chronological Order of the Publication of Papers Indicates That the global Emphasis on Carbon
Neutrality Research Is Increasing

Figure 2 displays the publication trends of carbon neutrality research from 1999 to 2024,
revealing that the study of carbon neutrality can be roughly divided into several phases. The first
phase is from 1999 to 2012, where the annual number of publications was in the double digits,
indicating that the academic community's research on carbon neutrality was clearly in the
exploratory stage. The second phase is from 2012 to 2015, during which related research gradually
increased, but the number of publications remained in the double digits, growing slowly. The third
phase is from 2015 to 2021, a period of rapid growth in publications, reaching over 300 papers by
2020. The fourth phase is from 2021 to 2023, where there was a sharp increase in the number of
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publications; the number of publications in 2021 was more than three times that of 2020. By 2023, the
number of publications reached 4,458, and it can be anticipated that by the end of 2024, the number
of publications will likely reach a new peak. The significant increase in the number of papers reflects
a growing global emphasis on carbon neutrality research. An increasing number of researchers are
dedicating themselves to this field, which will undoubtedly promote the exchange of knowledge and
collaboration among research entities, laying the foundation for scientific cooperation in carbon
neutrality research.
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Figure 2. Annual time trends in publications on carbon neutrality.

3.2. Research Themes Related to Carbon Neutrality Are Primarily Focused on Technological Pathways, but
There Is a Joint Involvement of Both Technological and Policy Research Pathways

Using VOSviewer software, a keyword clustering analysis was conducted on all retrieved
papers, and the results are shown in Figure 3, in conjunction with current research reviews[38]. Based
on a general overview, current research is primarily divided into five themes: carbon neutrality
research utilizing biofuels and hydrogen; research on energy transformation, energy utilization,
energy efficiency, and renewable energy; global climate change research; research on carbon footprint,
carbon cost, and carbon effect evaluation; and policy and management research. If categorized into
technological and policy pathways, the technological pathway mainly includes new energy research
and carbon footprint-related research, while the policy pathway encompasses legal regulations, local
action plans, industry and corporate carbon neutrality constraints and incentives, community and
individual encouragement policies, and policy system reviews etc.

Although the current research presents different five themes, with a primary focus on the
technological pathway, a joint involvement of both technological and policy research pathways has
been established. The knowledge production mode 3, which aims at the public welfare of knowledge,
requires support from interdisciplinary and transdisciplinary knowledge clusters. This also implies
that carbon neutrality research under the theoretical framework of knowledge production mode 3
not only needs the technological consortium based on discipline in the framework of knowledge
production mode 1 but also needs to build a knowledge production discipline cluster that includes
policy capital and cultural capital to leverage the agglomeration effect of knowledge.

In Figure 3, the dense connections between research themes reflect that research in the field of
carbon neutrality has already shown the characteristics of a multiform, multi-entity innovative
ecosystem as advocated by the knowledge production mode 3.
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Figure 3. Keyword clustering analysis on carbon neutrality.

4. Analysis of Interdisciplinary Collaboration Characteristics in Carbon Neutrality Research

4.1. Interdisciplinary Collaborative Papers Account for 55.72% of the Total Number of Papers, and There Is a
Positive Correlation between the Number of Disciplines Involved in a Paper’s Collaboration and the Paper’s
Impact

Given that some papers do not have clear annotations or lack annotations for their secondary
institutions, it is impossible to determine whether their authors come from different disciplines.
Therefore, this data was excluded. The final number of papers included in the cooperation evaluation
was 10,333, of which interdisciplinary collaborative papers accounted for 5,758, representing 55.72%.
The majority of these collaborations were between 2 to 3 disciplines, accounting for 31.92% and
15.01% respectively (Figure 4). The analysis revealed that from 2007 to 2015, the proportion of
interdisciplinary collaborative papers fluctuated, which is related to the relatively low number of
papers published during these years. Starting from the signing of the Paris Agreement in 2015 to
2018, the proportion of interdisciplinary collaborative papers in both natural science and social
science papers began to increase. Since 2019, the proportion of interdisciplinary collaborative papers
in both natural science and social science has been steadily increasing, gradually reaching 60%. This
indicates that after a period of exploration, both the natural science and social science fields are more
inclined towards multidisciplinary cooperation, and the mode of paper production in the field of
carbon neutrality is gradually shifting from "little science" to "big science.” The analysis also found
that the number of collaborating disciplines is concentrated between 2 to 4, and within this range, the
higher the number of collaborating disciplines, the greater the proportion of highly cited papers,
meaning the higher the probability of becoming highly cited papers in the future (Figure 5).
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Figure 5. Interdisciplinary collaboration in the papers on carbon neutrality.

4.2. Social Science Papers and Natural Science Papers Cite Each Other, Indicating That Interdisciplinary
Knowledge Clusters Are Forming in Certain Thematic Areas of Carbon Neutrality Research

Upon further analysis of interdisciplinary collaborative papers, it is found that another form of
interdisciplinary cooperation is the mutual citation between social science papers and natural science
papers. The research from both fields is integrating through citation relationships, becoming a trend
in interdisciplinary cooperation. Citation analysis reveals that among the 2196 SSCI papers retrieved,
there are 18,942 SCIE papers cited in their reference lists, mainly concentrated in disciplines related
to the environment, energy, and green sustainable technology (as shown in the grey area of Table 1).
Considering the limitations of the database's citation analysis function on the number of papers, a
citation analysis was conducted on 9,075 SCIE papers from 2021 to 2024, and there were 8,445 SSCI
papers cited in their reference lists, mainly in disciplines such as environmental studies,
environmental science, and green sustainable technology (as shown in the grey area of Table 2). The
natural sciences and social sciences contribute reference value to each other in carbon neutrality
research, indicating that a transdisciplinary knowledge cluster is forming in certain thematic areas of
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carbon neutrality research. In fact, interdisciplinary research in carbon neutrality knowledge
production has already attracted the attention of scientists from various countries. For instance, the
TAME-BC project planned by Liina Tonisson and others launched an interdisciplinary approach in
2019, combining natural sciences, health sciences, and social sciences to address the long-standing air
pollution issues in the Manila metropolitan area [39]. Gao Jie and colleagues conducted a comparative
analysis of carbon neutrality policies and the keywords of carbon neutrality research papers,
reflecting an emphasis on the knowledge production model that integrates technological and policy
pathways[40].

Table 1. Web of Science categories distribution of SCIE papers citing for SSCI papers.

Rank Web of Science categories Number of Proportion (%)
1 Environmental Sciences 8977 45.94
2 Energy Fuels 5136 26.28
3 Green Sustainable Science 4984 25.5
4 Environmental Studies 2931 15.00
5 Engineering Environmental 1962 10.04
6 Engineering Chemical 1230 6.29
7 Thermodynamics 898 4.60
8 Materials Science Multidisciplinary 734 3.76
9 Multidisciplinary Sciences 707 3.62
10  Chemistry Physical 666 3.41

Table 2. Web of Science categories distribution of SSCI papers citing for SCIE papers.

Rank Web of Science categories Number of Proportion (%)
1 Environmental Studies 5574 54.29
2 Environmental Sciences 4381 42.67
3 Green Sustainable Science 3598 35.04
4 Economics 1474 14.36
5 Energy Fuels 992 9.66
6 Public Environmental Occupational 542 5.28
7 Business 481 4.68
8 Regional Urban Planning 470 4.58
9 Management 439 4.28
10  Development Studies 274 2.67

5. Analysis of the Collaborative Characteristics of Authors, Institutions, and Countries as
Knowledge Production Entities in Carbon Neutrality Research

5.1. In Terms of Author Collaboration, Papers with a Single Author Account for Only 4%, while the Vast
Majority of Papers are Completed through Collaboration among Multiple Authors, with the Highest
Proportion of Papers Being the Result of Collaborations Involving 2 to 6 Authors

Regarding research on "carbon neutrality," the results of the author collaboration in papers are
shown in Figure 6. There are very few non-collaborative papers, which only account for 4% of the
total number of papers. Collaborative papers amount to 10,981, representing 95.79% of the total
number of papers. Most of these papers are the result of collaborations between 2 to 6 authors, with
the highest number being collaborations of 4 authors. The paper with the most authors involves 73
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co-authors and is titled "The 2022 China report of the Lancet Countdown on health and climate
change: leveraging climate actions for healthy ageing" (2023, LANCET PUBLIC HEALTH, IF=50).
Authors can come from the same institution, the same country, and the same discipline, or they can
come from different institutions, different countries, and different disciplines. Author collaboration
is an important foundation for collaboration between institutions, between countries, and between
disciplines. The analysis shows that collaboration is very common in the field of carbon neutrality
research.
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Figure 6. Authors collaboration in the papers on carbon neutrality.

5.2. Institution Collaborative Papers Account for 77% of the Total Number of Papers, Primarily Involving
Collaborations between 2 to 3 Institutions

Based on the statistics from the secondary affiliations of authors, there are 8,851 papers with two
(including two) or more institutions involved, which constitutes 77% of the total number of published
papers. The majority of these papers are collaborations between 2 to 3 institutions. The paper with
the highest number of collaborating institutions has been completed in cooperation with 45
institutions. Figure 7 shows the number of papers corresponding to the number of collaborating
institutions. It can be seen that multi-institution collaboration has become the main mode of paper
production in the field of carbon neutrality. To further promote research on carbon neutrality, a large
number of specialized carbon neutrality research institutions have been established in various
countries [41], It is anticipated that in the future, institutional collaborations in the field of carbon
neutrality research will become increasingly frequent, not just at the secondary institution level but
also at the primary institution level. Institutional cooperation can break the internal cycles of
institutions, incorporate external new forces, and is crucial for enhancing research capabilities and
filling knowledge gaps, which can effectively promote interdisciplinary collaboration.
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Figure 7. Affiliations collaboration in the papers on carbon neutrality.

5.3. China, the United States, South Korea, the United Kingdom, and Japan Are the Main Forces in the Field
of Carbon Neutrality Research. These Countries Have Close Cooperation, but the Number of Collaborative
Papers among These Countries only Accounts for 28% of All Papers

Using VOSviewer software for a cluster analysis of the countries producing papers, Figure 8
shows the results, where each node represents a country, the size of the node indicates the volume of
publications by the country, and the thickness of the lines between countries represents the closeness
of their cooperation—the thicker the line, the closer the cooperation. The cluster map clearly reflects
that the countries with the most publications are China, the United States, South Korea, the United
Kingdom, Japan, Germany, and Australia, in that order. The interwoven, dense connections between
countries also show that cooperation has transcended geographical distance limitations. China, with
the highest volume of publications, collaborates with the United States, the United Kingdom,
Australia, Japan, Pakistan, Canada, Germany, and Singapore. The United States, with the second-
highest volume of publications, also collaborates with countries such as China, the United Kingdom,
Germany, and Denmark. Figure 9 reflects the correspondence between the number of cooperative
countries and the number of papers, as well as the proportion of all papers. Although carbon
neutrality is a field of research involving global common interests and international cooperation is
the most effective way to solve global problems, the Figure shows that only 28% of papers in the field
of carbon neutrality are the result of international cooperation, indicating that international
collaboration is not frequent enough. In recent years, in response to the issue of carbon neutrality,
countries have made efforts, especially in terms of policy consultation and communication, but
further strengthening of scientific research cooperation is needed.
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6. Comprehensive Evaluation of Collaborative Research Status in the Field of Carbon Neutrality
and Analysis of Its Relationship with High-Impact Papers

6.1. Constructing a Comprehensive Evaluation Model for the State of Collaborative Research in Papers

Regarding the effectiveness of scientific collaboration, Gu et al. proposed a data-driven
framework for assessing the state of collaboration within research teams [42]. Although the model
they constructed is mainly aimed at internal collaboration within research teams, their research has
indeed achieved a quantitative evaluation of team collaboration status through a data model. The
research object of this study is not the internal cooperation situation of a certain research team, but to
evaluate the cooperation status of a single paper. We construct a quantitative evaluation model for
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carbon neutrality scientific research cooperation by four dimensions: author collaboration,
institutional collaboration, disciplinary collaboration, and national collaboration:
F =a1 F1 +o2 F2 +a3 Fs +as Fa @)

In this model, F represents the comprehensive score of the collaborative state, Fi represents the
standardized score of the number of authors of a paper, reflecting the state of collaboration among
authors; Forepresents the standardized score of the number of secondary institutions of the authors,
reflecting the state of collaboration among institutions; Fs represents the standardized score of the
number of countries (regions) of the authors, reflecting the transnational collaborative state of the
paper; Fs represents the standardized score of the number of disciplines to which the authors'
institutions belong, reflecting the interdisciplinary collaborative state of the paper. a1, az, a3, and o
represent the weights of different dimensions of collaboration in the comprehensive collaborative
evaluation score.

During the construction of the model, the Analytic Hierarchy Process (AHP) is used to
determine the weights. The importance of the four dimensions of collaboration is compared pairwise,
with equal importance being scaled as 1; slightly more important as 3; significantly more important
as 5; much more important as 7; and extremely important as 9;intermediate values for two adjacent
judgments are 2, 4, 6, 8. A weight evaluation questionnaire was distributed to 16 experts and scholars
from renowned universities at home and abroad, and the weight matrix was established using the
geometric mean, as shown in Table 3:

Table 3. Scale matrix of Cooperation Importance.

Author Affiliations Countries Disciplinary
Author 1 6/7 4/5 1/2
Affiliations 7/6 1 1 1/2
Countries 5/4 1 1 1/2
Disciplinary 2 2 2 1

Matrix Calculation Results:a1=0.18+ a2=0.21. «3=0.21. a4=0.4. Therefore, the collaboration status
evaluation model is:

F =0.18 F1 +0.21F2> +0.21F5 +0.4F (2)

The model indicates that in terms of collaborative research status, institutional collaboration and
international collaboration are considered equally important, with a weight of 0.21, while the weight
for author collaboration is slightly lower, at 0.18. Interdisciplinary collaboration is regarded as the
most important, with a weight of 0.4. This suggests that experts and scholars in the field of carbon
neutrality place great emphasis on collaboration between disciplines, advocating for the
transcendence of artificially created disciplinary barriers to create an interdisciplinary and
transdisciplinary knowledge production system. The collaborative philosophy of scientists in this
field will promote the research in the field of carbon neutrality to gradually present the collaborative
state proposed by Mode 3 of knowledge production. This study calculated the standardized score for
each dimension of collaboration and substituted them into the collaboration status evaluation model
to calculate the comprehensive collaboration status score for each paper.

6.2. The Collaborative Research Status of Papers Published in Different Years and Belonging to Different ESI
Disciplines

6.2.1. The Average Comprehensive Evaluation Score of the Collaborative Research Status Has Been
Increasing Year by Year, and since 2014, it Has Basically Maintained a Collaborative State of More
Than 8 Points

The analysis shows the temporal trend of the average annual comprehensive collaboration score
(F) for papers (Figure 10). It can be observed that the collaboration score fluctuated in the initial years
and then began to steadily increase after 2011. Since 2018, it has consistently maintained a
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collaboration state above 9 points. This indicates that, over time, collaborative research on carbon
neutrality has increasingly gained the attention of researchers.
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Figure 10. Annual time trends in Average score of cooperative status evaluation(F).

6.2.2. Papers in the Field of Carbon Neutrality Are Distributed across Multiple ESI Disciplines, and
the Average Collaboration Status Scores of Papers in Different Disciplines Vary

According to the ESI discipline classification, we conducted a comprehensive evaluation
analysis of the collaborative state of the disciplines involved in the field of carbon neutrality research
papers, and the results can be seen in Table 4. It can be observed that the engineering disciplines,
environmental/ecological disciplines, chemistry, and materials science have a high volume of
publications, and these four fields are mainly involved in the technological pathways of carbon
neutrality. Their collaborative states are essentially at the same level. The social sciences, economics,
and management disciplines have a lower volume of publications compared to the natural science
fields, and their collaborative state scores are also lower than those of the technological disciplines.
The other disciplines have fewer publications, with biotechnology, plant and animal science, and
agricultural sciences having the same level of comprehensive collaboration scores. It is evident that
different disciplines have distinct collaborative states, which may be related to the research style of
the knowledge producers and the research objectives. If the research topic relies on a knowledge base
and problems that can only be solved through collaboration, it tends to be more collaborative. From
Table 4, it can be seen that among the top 10 disciplines with the highest volume of publications in
carbon neutrality research, the comprehensive collaborative state evaluation scores (F) are divided
into four levels, from high to low: the first level is Earth Sciences and Biology & Biochemistry, the
second level is Materials Science, Agricultural Sciences, and Plant & Animal Science, the third level
is Engineering, Chemistry, Environmental/Ecological Sciences, and Social Sciences, and the fourth
level is Economics & Business. In carbon neutrality research, the disciplines with the highest volume
of publications are Engineering, Environmental/Ecological Sciences, Chemistry, Materials Science,
and Social Sciences. These disciplines have a collaborative state of level 2-3. As research on carbon
neutrality becomes more in-depth and widespread, the collaborative state is expected to improve,
after all, carbon neutrality research is a global issue closely related to human life that needs to be
addressed collectively.
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Table 4. Cooperation Status of ESI Categories.

Average Average Average Average Average

ESI Categories score of score of sc_o_re _of score gf _sc_ort_a Nl:)r:;)::sof
overall author__affiliation countries discipline
Geosciences 11.96 11.68 12.69 11.21 12.09 347
Biology & Biochemistry 11.09 11.15 11.26 10.96 11.03 212
Agricultural Sciences 10.58 11.03 11.01 9.23 10.85 122
Materials Science 10.23 12.25 9.9 9.27 10.01 782
Plant & Animal Science 10.15 9.74 10.54 9.79 10.33 132
Environment/Ecology 9.79 9.06 10.11 9.89 9.91 2291
Social Sciences, general 9.51 7.37 10.15 10.37 9.68 545
Chemistry 941 11.28 8.79 8.91 9.16 1408
Engineering 9.36 9.21 9.22 9.69 9.34 3157
Economics & Business 8.91 6.23 9.5 10.25 9.1 240

6.3. Analysis of the Relationship between Collaborative Research Status and High-Impact Papers

Generally speaking, the higher the impact of a paper, the more it will facilitate the global
dissemination of knowledge, accelerate the generation of more knowledge, and thus jointly promote
the realization of carbon neutrality from both technical and policy perspectives. Based on this, this
paper will use the characteristics of highly cited papers, the Category Normalized Citation Impact
(CNCI), and the impact factor of the journal in which the paper is published as analysis indicators to
analyze the relationship between the collaborative research status score and the impact of the paper.

6.3.1. The Probability of Becoming a Highly Cited Paper in the Future Is Significantly Positively
Correlated with the Comprehensive Score of the Paper's Collaborative Research Status

Highly cited papers are an important indicator of the impact of a paper, which takes into account
the influence of the subject and the time of publication on the frequency of citations. It refers to papers
that rank in the top 1% of citation frequency in the same subject and published in the same year
globally. In this study, the probability of becoming a highly cited paper in the future is used as the
dependent variable, and the comprehensive score of the collaborative research status is used as the
independent variable to examine the relationship between the two. For the convenience of the study,
we treat the comprehensive score of the collaborative research status as an integer, so that papers
with similar scores are merged into one group. Then, we examine the proportion of highly cited
papers in each group relative to the total number of papers in that group, using this proportion to
represent the probability of the paper becoming a highly cited paper in the future. The results are
shown in Figure 11, where it can be seen that the probability of becoming a highly cited paper in the
future is significantly positively correlated with the comprehensive score of the collaborative research
status. Therefore, it can be considered that papers with a higher comprehensive score of collaborative
research status are more likely to become highly cited papers in the future.
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Figure 11. The relationship between cooperative status score and the proportion of highly cited
papers.

6.3.2. The Category Normalized Citation Impact (CNCI) of a Paper Is Significantly Positively
Correlated with the Comprehensive Score of the Paper's Collaborative Research Status

The Category Normalized Citation Impact (CNCI) of a paper is the ratio of the actual number of
citations of the same type, category, and year of publication to the expected number of citations. If
this ratio is greater than 1, the paper's citation performance is above average. The higher the CNCI
value, the better the paper's citation performance. For the convenience of the study, we also rounded
the comprehensive score of the collaborative research status to the nearest integer, merging papers
with similar scores into one group. We then examined the relationship between the average CNCI of
each group and the comprehensive score of the collaborative research status. To more clearly
illustrate the issue, we excluded the collaborative research status scores with fewer than 100
publications and also excluded papers with missing CNCI values from the analysis. The number of
papers involved in the analysis was 8,894. The results, as shown in Figure 12, indicate a significant
positive correlation between the average CNCI and the comprehensive score of the collaborative
research status.
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Figure 12. The Relationship between Cooperative Status Score and the Average Score of CNCIL.
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6.3.3. Analysis of the Relationship between Collaborative Research Status in Natural Science and
Social Science Fields and Journal Impact Factor

Based on the publication volume of journals, this paper selects journals in the engineering
category of the natural science field (Figure 13) and the general social science category of the social
science field (Figure 14) according to the ESI discipline classification for comparative analysis. It can
be observed that in the research papers in the field of carbon neutrality, in the natural science field,
there is a significant positive correlation between the average score of the paper's collaborative state
and the impact factor of the journal to which it belongs. However, this feature is not obvious in the
social science field.
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Figure 13. The relationship between the average score of journal papers cooperation status(F) and
journal impact factors in engineering.
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Figure 14. The relationship between the average score of journal papers cooperation status(F) and
journal impact factors in social sciences, general (ESI category).

7. Analysis of the Participation of Governments, Enterprises, and the Public as Knowledge
Producers in the Field of Carbon Neutrality Research

Governments, universities, enterprises, and the public are the driving mechanisms for
advancing Mode 3 of knowledge production. Collaborative efforts among these entities are key to
achieving carbon neutrality. Typically, the majority of research papers are attributed to universities
or specific research institutions, so the involvement of governments and enterprises is not reflected
in the author affiliations of papers. However, in reality, governments, enterprises, and the public
make significant but subtle contributions to the output of scientific papers. Some studies have
specifically examined the influence and role of governments in the formulation of policies related to
energy, construction, and carbon neutrality [43-46]. There is also literature that specifically studies
the relationship between the public, government, and research institutions [47]. Wang, Liping, et al.
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conducted scenario experiments based on the public's response to heterogeneous environmental
policies, taking into account interest claims, implementation costs, and commitment mechanisms [48].
Wang, Bo, et al. explored the public's attention and emotions towards carbon neutrality from the
perspective of social psychology [49]. These studies indicate that the support of governments and the
participation of the public have already been valued by researchers in the knowledge production
process of the carbon neutrality field.

7.1. Governments and Enterprises Have Both Provided Certain Support for Research in the Field of Carbon
Neutrality. Analyzing Solely from the Perspective of Funding Sources, the Level of Government Support
Exceeds That of Enterprises

This study only analyzed the support of governments and enterprises for paper production in
the field of carbon neutrality from the perspective of paper funding and institutional affiliations.
Among the 11,464 papers retrieved, 8,684 were funded, accounting for 77%. Table 5 is a list of the
funding situation for funds that have supported more than 100 papers. It can be seen that the support
from governments for research funding is quite substantial, with the top 10 all being government-
funded support, especially the Chinese government's funding support for carbon neutrality
knowledge production is the greatest. Compared with governments, the situation of corporate
funding support is too small to be reflected in the ranking of paper output. The involvement of
enterprises in carbon neutrality research can also be seen from the institutional affiliations of the
papers. Table 6 is the top ten situation of enterprises as cooperative units participating in carbon
neutrality research in the paper's affiliations, and the first-ranked enterprise only participated in 91
papers. Among all enterprises participating in knowledge production, Chinese enterprises have the
largest proportion, and most of them are state-owned enterprises. However, as mentioned earlier,
the support of governments and enterprises cannot be fully reflected in the paper's information, so
this study only reflects the support of governments and enterprises from one aspect.

Table 5. Funding Agency Top10.

Rank Funding Agency Country/ Number of
Region papers
1 National Natural Science Foundation of China Nsfc CHINA 3729
2 Fundamental Research Funds for The Central Universities CHINA 541
3 National Key Research and Development Program of China CHINA 386
4 China Postdoctoral Science Foundation CHINA 312
5 National Key R D Program of China CHINA 261
6 National Office of Philosophy And Social Sciences KOREA 237
7 National Research Foundation of Korea USA 218
8 United States Department of Energy Doe EU 210
9 European Union Eu USA 207
10 National Science Foundation Nsf JAPAN 164

Table 6. Top10 Enterprises in Affiliations of papers.

Rank Enterprises Number of papers
1 State Grid Corporation of China 92
2 Helmbholtz Association 84

3 China National Petroleum Corporation 55
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4 Egyptian Knowledge Bank Ekb 39
5 CEA 30
6 Sinopec 27
7 China Southern Power Grid 19
8 Fraunhofer Gesellschaft 16
9 Ec Jrc Ispra Site 15
10 Inrae 15

7.2. The Public’s Collaborative Research on Carbon Neutrality Focuses on Policy, Energy, and Carbon
Emissions, but Overall Participation Is Not High Enough

Carbon neutrality is a global issue closely related to the lives of people around the world. The
construction of an innovative ecosystem for carbon neutrality cannot be separated from public
participation. The public's involvement in the production process of scientific papers, like
government participation, will not be reflected in the author's affiliations. In this study, we analyzed
and searched the abstracts of papers; if the abstracts contained words such as "questionnaire,”
"interview*," "consult," "public," "news," "consumer," "poll," etc., we considered that there was public
involvement in the production process of the paper. After a secondary search of the abstracts, a total
of 734 papers were retrieved, accounting for only 6.42% of the total number of papers. Overall, the
level of public participation is not high. Using VOSviewer software for keyword clustering analysis
of these papers (see Figure 15), it was found that public participation mainly focuses on research
related to policy, energy, and carbon emissions, and is mostly passive, lacking active involvement. In
addition to allowing the public to receive knowledge products in the field of carbon neutrality, we
also need the public to participate more extensively in scientific research. Holt points out, "We need
the public to be more involved in guiding and supervising science, and we also need the public to
apply scientific thinking more in public affairs, which requires joint action by the public and the
scientific community."[50]
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Figure 15. Topic clustering on papers of public participation.

5. Conclusions and Prospects

1)  Globally, there is an increasing focus on research related to carbon neutrality. The number of
scientific research papers, as one form of knowledge expression, is growing significantly each
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year. The research topics are primarily centered on technological pathways but are gradually

showing a trend where both technological and policy pathways are jointly involved.

2) In the process of paper production in the field of carbon neutrality, author collaboration and
institutional collaboration are already very common, with 96% of papers being completed
through collaboration among multiple authors and 77% of papers being the result of
collaboration among multiple institutions. Cross-country collaboration is still relatively weak,
with only 28% of papers being the product of collaboration among multiple countries, and this
is concentrated in countries with higher publication volumes, such as China, the United States,
the United Kingdom, South Korea, Japan, and Australia. 56% of papers are completed through
interdisciplinary collaboration. In addition, mutual citation between papers in different
disciplines, especially between papers in the natural science and social science fields, is another
form of interdisciplinary integration.

3) Based onasurvey of some experts and scholars in the field of carbon neutrality, a comprehensive
evaluation model for the state of paper collaboration was established, consisting of four
dimensions: author collaboration, institutional collaboration, national collaboration, and
disciplinary collaboration, with the highest weight given to disciplinary collaboration at 40%.
Based on this model, the collaboration score of papers was calculated, and it was found that
papers from different disciplines and different journals show varying degrees of collaboration.
In the field of natural sciences, there is a significant positive correlation between the
comprehensive score of collaboration status and the impact of papers, but in the field of social
sciences, no obvious correlation was found between the two.

4) Governments, enterprises, and the public, as the main bodies of knowledge production, have
different levels of involvement in carbon neutrality research. The government's participation is
mainly reflected in the funding of scientific research, and the enterprise's participation is
reflected in the institutions affiliated with the papers, but the level of participation needs to be
improved. Although the public also participates in carbon neutrality research, the level of
participation is not high, mainly concentrated in research related to policy, energy, and carbon
emissions, and is mostly passive.

In summary, from the perspective of Mode 3 of knowledge production theory, a multi-level and
multi-form collaborative situation has begun to emerge in carbon neutrality research, and an
interdisciplinary and transdisciplinary knowledge production innovation system is taking shape.
However, carbon neutrality research also faces certain challenges, specifically:

- Collaborative research across natural and social sciences in carbon neutrality has begun, but
further research is needed on how to integrate cooperation between the two fields and extend
research findings from the realms of science and policy to carbon-neutral lifestyle practices.

- International cooperation is mostly limited to countries such as China, the United States, South
Korea, the United Kingdom, Japan, Germany, and Australia, with the involvement of other
countries still requiring enhancement.

- Existing research on carbon neutrality is primarily concentrated on technological pathways,
with a deficiency in the study of policy pathways.

- Enterprises and the public have begun to participate in carbon neutrality research but have yet
to play a central role.

This study also has certain limitations. The analysis was only conducted on the production
model of research papers as a form of knowledge in carbon neutrality research, and it is generally
macroscopic and phenomenological. A more in-depth and detailed analysis of the collaboration
mechanisms of high-level teams is needed; the reasons why 4% of the papers are solely authored
without collaboration, whether due to individual author factors or discipline culture, also merit
further exploration; and the definition of government, enterprise, and public participation in carbon
neutrality research also needs to be refined.
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