[image: image1]Low-carbon urban development hot topics and frontier evolution: a bibliometric study from a global perspective

		ORIGINAL RESEARCH
published: 30 August 2024
doi: 10.3389/fbuil.2024.1464529


[image: image2]
Low-carbon urban development hot topics and frontier evolution: a bibliometric study from a global perspective
Rongjiang Cai, Xi Wang, Chon Cheng Vong, Shufang Zhao and Tao Zhang*
Faculty of Humanities and Social Sciences, Macao Polytechnic University, Macao, China
Edited by:
Junfei Zhang, Hebei University of Technology, China
Reviewed by:
Ruina Fan, Fudan University, China
Zhiqiang Lu, Ningbo University, China
* Correspondence: Tao Zhang, taozhang@mpu.edu.mo
Received: 14 July 2024
Accepted: 19 August 2024
Published: 30 August 2024
Citation: Cai R, Wang X, Cheng Vong C, Zhao S and Zhang T (2024) Low-carbon urban development hot topics and frontier evolution: a bibliometric study from a global perspective. Front. Built Environ. 10:1464529. doi: 10.3389/fbuil.2024.1464529

The escalating challenges of global climate change have made the development of low-carbon cities—urban areas committed to reducing carbon emissions through sustainable energy use, enhanced building efficiency, and low-carbon transport solutions—a critical area of study. However, there remains a significant gap in the systematic review of the thematic evolution and emerging frontiers within this field. This study addresses this gap by analyzing data from the Web of Science database, initially retrieving 1,743 articles and review articles. Following the PRISMA systematic review guidelines, we refined this selection to 1,648 high-quality publications. Using tools such as CiteSpace and VOSviewer, we conducted an in-depth analysis to identify core authors, prolific countries/regions, leading institutions, and key journals. Our thematic analysis revealed three evolutionary stages in the research on international low-carbon city development. Additionally, we identified seven predominant topics in recent studies: land use, carbon emissions, ecological environment quality, ecosystem services, human health, energy consumption, and economic costs. These findings contribute to a clearer and more comprehensive framework for the development of low-carbon cities, serving as a valuable reference for scholars and practitioners involved in both theoretical and practical aspects of this field.
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1 INTRODUCTION
People increasingly view the development of low-carbon cities as a crucial strategy to address the global challenge of climate change. As urban areas are significant contributors to greenhouse gas emissions, transitioning to a low-carbon development path is essential for mitigating the adverse impacts of climate change and ensuring sustainable urban development (Zhao et al., 2024; Zhou et al., 2024). Urban development is at the forefront of both the climate change problem and its solutions (Zhu and Hu, 2023). Due to high energy consumption (Ze, 2019; Liu et al., 2023a), developed transportation networks (Wang et al., 2022; Wang et al., 2024; Wu et al., 2024), and dense populations (Habrich et al., 2021), urban areas account for a substantial portion of global carbon emissions (Chen et al., 2019; Fang et al., 2022). Therefore, developing and implementing low-carbon technologies (Nuhu et al., 2021) and policies in urban environments is vital for reducing overall emissions and achieving global climate goals (Yu et al., 2024). The concept of low-carbon city development encompasses various strategies, including energy-efficient building design (Ridha, 2022; Luo et al., 2024), integration of renewable energy (Huang et al., 2022; Yue et al., 2023), sustainable transportation systems (Yuan et al., 2018), and green infrastructure (Cai et al., 2024), all aimed at reducing the carbon footprint while enhancing the city’s adaptability and livability (Nguyen et al., 2023). Over the past three decades, against the urgent backdrop of global climate change and carbon emission reduction, research on low-carbon urban development has yielded abundant results, spanning a wide range of disciplinary fields and having a profound impact on future environmental policies (Halbac-Cotoara-Zamfir et al., 2022; Han et al., 2023; Huang et al., 2023; Peng et al., 2024; Zeng et al., 2024) and technological innovation (Yu et al., 2023; Li et al., 2024a; Zhang et al., 2024).
Recent bibliometric studies have prominently shown an increasing interest in the academic community regarding the development of low-carbon cities, reflecting its interdisciplinary nature across environmental sciences, urban planning, policy research, and engineering (Lu et al., 2022; Crippa et al., 2023; Liu et al., 2023b; Wang et al., 2023a; Wang et al., 2023b). However, existing literature often lacks a systematic review of the evolution of topics and emerging frontiers in this field. To address this research gap. This study utilized advanced bibliometric tools, specifically CiteSpace and VOSviewer. CiteSpace was employed to detect and visualize key nodes and citation bursts within the literature, helping to identify core authors and influential institutions shaping low-carbon city research. Concurrently, VOSviewer was used to construct and analyze networks of journals, countries, and regions based on citation and co-authorship data, facilitating the identification of high-yield countries/regions and prominent journals in the field. These tools collectively enabled a comprehensive analysis of research trends and major contributors, highlighting the evolving themes within low-carbon city development literature (Gu et al., 2022; Liu et al., 2022; Bi et al., 2023; Wang et al., 2023a; Lin et al., 2024; Yan et al., 2024).
This study provides a comprehensive bibliometric analysis of hot topics and cutting-edge evolutions in low-carbon city development from a global perspective. This study carefully examined all relevant literature from 1993 to 2023 in the Web of Science (WOS) database to better understand how research on measuring and evaluating low-carbon development levels in cities has evolved over time. Some significant findings were obtained by meticulously counting the number of publications each year and observing the annual trends, as revealed in Figure 1. To handle temporal changes in research focus, the study divided the analysis into three distinct periods: the embryonic stage (1993–2003), the development stage (2004–2013), and the expansion stage (2014–2023). Each stage was characterized by different research priorities and methodological approaches, reflecting the shifting focus and maturation of the field over time. The study identifies the main research hotspots and outlines the knowledge structure of low-carbon city development by examining global research outcomes. The analysis reveals key areas such as sustainable urban planning, urban energy transition, climate-adaptive infrastructure, and policy frameworks that support low-carbon initiatives. Additionally, the research depicts the cooperative networks among countries, institutions, and researchers, highlighting the interdisciplinary and international nature of the field’s research.
[image: Figure 1]FIGURE 1 | PRISMA flowchart.
This study aims to provide valuable insights into the current status and future directions of low-carbon city development research through bibliometric analysis. It highlights the importance of continuous innovation and collaboration in advancing global sustainable urban development practices. This comprehensive review can be a foundational resource for researchers, policymakers, and practitioners committed to promoting low-carbon, sustainable urban environments.
In summary, this study aims to address the following questions:
(1) Since the early 1990s of this century, how has low-carbon city research been distributed among authors, countries/regions, institutions, and journals?
(2) What are the trends in low-carbon city research over the past 30 years?
(3) What are cutting-edge fields in low-carbon city development research?
2 LITERATURE REVIEW
Research on the development of low-carbon cities began in the early 20th century, with early studies focusing on the environmental impact assessment and resource management of low-carbon city development (Sang et al., 2024). The development of low-carbon cities includes the impacts on the environment, economy, social structure, and health (Wang et al., 2023a; Zhu and Hu, 2023; Li et al., 2024b). Various studies have explored various issues related to the development of low-carbon cities from multiple perspectives, including changes in ecosystems, health risks, economic development models, resource management, and the Sustainability of urban planning (Cai et al., 2017; Fang et al., 2022; Lu et al., 2022). These studies have employed a variety of methods and tools, such as geographic information systems, multi-criteria decision analysis, system indicator assessment, and ecological footprint models, aiming to provide an in-depth understanding of the diverse issues in the development of low-carbon cities (Song and Li, 2012; Lin et al., 2016). Research on the development of low-carbon cities began in the early 20th century, with early studies focusing on the environmental impact assessment and resource management of low-carbon city development (Pandey et al., 2023). The development of low-carbon cities includes impacts on the environment, economy, social structure, and health (Zywiolek et al., 2021; Huang and Huang, 2023; Huang et al., 2024). Various studies have explored various issues related to the development of low-carbon cities from multiple perspectives, including changes in ecosystems, health risks, economic development models, resource management, and the Sustainability of urban planning (Giri et al., 2019; Jamal and Ahmad, 2020; Shen et al., 2024). These studies have employed a variety of methods and tools, such as geographic information systems, multi-criteria decision analysis, system indicator assessment, and ecological footprint models, aiming to provide an in-depth understanding of the diverse issues in the development of low-carbon cities (Waterhouse et al., 2013; Ge et al., 2015; Hu et al., 2021; Shen et al., 2024).
In terms of low-carbon city planning and management, research on the quantification of the degree of sustainable development of resources (Dong et al., 2021; Wang and Wang, 2023). Dai et al. (2021) proposed an evaluation model for the sustainable development of mineral resources, demonstrating the application of systems science in managing resources in low-carbon cities. Framework research on urban environmental health risks: Ezzati et al. (2005) discussed the development of environmental health risk exposure indicators, which are significant for urban public health policies.
In addition, research in low-carbon technologies and applications includes. Implementing low-carbon technologies in cities (Zhao et al., 2023). Zhao et al. (2024) Water Resources Evaluation for Low-Carbon Cities Based on the DPSIR Framework. Asaad et al. (2023) study the application of low-carbon technologies and policy effects in cities along the Yellow Sea using the DEMATEL model and dynamic cluster analysis. Evaluation of low carbon development efficiency: Lin et al. (2023), Lin et al. (2023) apply the entropy weight-TOPSIS method to analyze and evaluate the efficiency of low carbon development in cities and provide decision-making support for city managers. Application of Satellite Remote Sensing Technology in Environmental Monitoring (Bai et al., 2023; Chen and Yao, 2023; Peng et al., 2023). Shepherd et al. (2004), Shepherd et al. (2004) used satellite remote sensing data to study the urban heat island effect, providing a scientific basis for understanding the impact of urbanization on regional climate. Assessment of urban soil resources: Hossack et al. (2004), Hossack et al. (2004) developed decision support tools to assess urban soil resources and analyze their role in urban ecosystems, reflecting the importance of urban soil management. Resource-environmental modelling in a system perspective (Ercan et al., 2017; Glaas et al., 2018; Ma et al., 2022; Yu et al., 2024). Ma et al. (2022) constructed the Super-NEBM model based on a two-stage resource-environmental system perspective, integrating resource efficiency and environmental impacts. Application of Models in Urban Policy Evaluation: Hou et al. (2023) and He et al. (2022) analyzed the impact of low-carbon policies on urban development using the DPSIR framework and the ISPA-VFSM model, highlighting the importance of models in policy evaluation. Advances in urban remote sensing monitoring: Jiao et al. (2022) analyzed the changes in low-carbon urban environments by using the Remote Sensing Eco-Index (RSEI) model through an integrated assessment, showing the advancement of remote sensing technology in monitoring urban ecological health. Predicting and Identifying Low-Carbon Urban Development Trends (Chen et al., 2022; Lu et al., 2022; Lei et al., 2023; Lu et al., 2023). Mou et al. (2023) predicted and identified urban land-use changes using the PLUS model and the K-Medoids algorithm, providing insights into future urban planning (Zhu et al., 2022).
Secondly, in the research on policies and strategies for low-carbon city development. Comprehensive evaluation of low-carbon policies. Studied the actual effects of low-carbon policies on urban sustainable development by combining the DPSIR framework and the ISPA-VFSM model, providing significant references for policy formulation (Wang and Fu, 2023; Lu and Feng, 2024; Zhao et al., 2024). Research on strategies for urban low-carbon development: investigated the implementation effects of urban low-carbon development strategies, assessing the influence and correlation of various strategies through the DEMATEL model (Trembecka et al., 2023; Xu et al., 2023; Chen et al., 2024).
With time, the focus of low-carbon city research gradually shifted to applying low-carbon technologies and urban planning strategies. The 20th decade of the 21st century saw a widespread application of technological innovations and systematic approaches to urban low-carbon development strategies. Fang et al. (2022) used the DEMATEL model and dynamic clustering algorithms to study the low-carbon development strategies of cities along the Yellow Sea coast, highlighting the role of advanced analytical tools in forming effective low-carbon policies. Meanwhile, Lin et al. (2022) evaluated the low-carbon development efficiency of Chinese cities through the entropy weight-TOPSIS method, and these studies helped policymakers and urban planners formulate more scientific and precise low-carbon development plans. By comprehensively considering the interactions among technological advancements, systems approaches, and policy-making, low-carbon city research provides multidimensional solutions for urban sustainable development. These studies have improved urban planning and management by introducing advanced technologies and methods, enhanced the adaptability of cities to environmental changes, and promoted harmonious development between socio-economics and environmental protection.
The above literature review reveals a multidisciplinary and highly integrated research trend in low-carbon city development research, with a tightening connection between research outcomes and urban policy-making. Future research can further explore the innovation and practical application of low-carbon technologies, as well as how to more effectively translate scientific research achievements into urban policies and practices to promote sustainable development on a global scale. Developing low-carbon cities is a complex and multidimensional process involving environmental monitoring technology and policy-making. Future research can further explore the intersections within these fields, especially how to leverage technological innovation to support more sustainable urbanization strategies. These research findings provide valuable insights and tools for policymakers and urban planners to promote the low-carbon transformation of cities worldwide.
3 METHODOLOGY AND MATERIALS
3.1 Research method: bibliometric
Bibliometrics is a quantitative analytical method that, through the statistical analysis of the quantity, quality, and citation situation of academic literature, reveals the dynamics, trends, and academic influence of scholarly research. From its inception at the start of the 20th century, bibliometrics emerged as an independent discipline in 1969 and has since found widespread application in literature analysis (Bar-Ilan et al., 2016). Bibliometric analysis provides a quantitative method for reviewing and investigating existing literature in a specific field (Diem and Wolter, 2013). Detailed information about authors, keywords, journals, countries, institutions, and references can be obtained during the analysis process. Thus, the development of a field can be obtained through bibliometric analysis (Abramo and D’Angelo, 2011). However, the use of bibliometric tools like Cite Space and VOSviewer comes with certain limitations. These tools rely heavily on the quality and completeness of the data in the databases, which can lead to biases if certain publications are underrepresented or excluded. Additionally, the algorithms used for clustering and visualizing data may introduce subjective elements that affect the interpretation of results. These limitations might impact the study’s findings by potentially overlooking emerging trends not well-represented in the data or misinterpreting the significance of certain research contributions. Acknowledging these limitations is crucial for providing a balanced perspective on the study’s outcomes.
Furthermore, besides the papers, most items within the papers, including authors, keywords, institutions, and countries, can be applied through this method. Visualization aids in mining the intrinsic relationships between this information, such as different authors having the same research topics, different institutional research focuses, new theories from existing institutions, etc. Bibliometric analysis typically uses CiteSpace and VOSviewer to construct knowledge maps. Both software have their own merits and can complement each other’s advantages. CiteSpace employs a set theory-based data standardization method for measuring the similarity of knowledge units, with similarity algorithms used to obtain timezone and timeline views within time slices, thus allowing for a clear delineation of the process of knowledge evolution and the historical span of literature within certain clusters over time to understand the development process and trends in the field. VOSviewer adopts a probability theory-based data standardization method, offering various visualization views in areas such as keywords, co-institution, and co-authors, including network visualization, overlay visualization, and density visualization, characterized by easy mapping and aesthetically pleasing images.
This study primarily utilizes CiteSpace and VOSviewer, two visualization software, to meticulously comb and analyze key literature, hot topics, and development trends of measurement methods and driving factors in low-carbon city research. The study uses this method to show the global research hotspots, the logic of how topics change over time, and the most recent progress in measurement methods and driving factors in low-carbon city research. This will help future studies that are similar by giving references and direction.
3.2 Data retrieval
This article selects the Web of Science (core collection) as the data source. To ensure comprehensive and accurate retrieval of data, the indexes chosen are SCI and SSCI. The final search strategy determined in this article is TS=[(city OR urban) AND (green OR ecology OR ecological OR sustainable OR low carbon OR health OR carbon emission) AND (development) AND (influencing factors OR driving factors) AND (evaluation OR assessment)] as the search expression, with the time set from January 1993 to December 2023, and the document types selected are Articles and Review Articles. The initial search yielded 1737 documents (in Table 1).
TABLE 1 | Summary of data source and selection.
[image: Table 1]3.3 Literature screening
The literature obtained through retrieval often contains some irrelevant items that seem related; hence, to ensure that the literature included in the analysis is closely related to the topic of this study, it is often necessary to manually select the final literature for analysis after the initial literature search. Following the PRISMA systematic review guidelines, we rigorously selected 1,648 high-quality publications based on specific criteria: relevance to low-carbon urban development, high citation counts, recent publication dates to ensure current relevance, and inclusion in high-impact factor journals. This selection process aimed to ensure that our analysis encompassed the most influential and pertinent contributions to the field (Figure 2). We finally selected a total of 1,648 articles that met the research criteria.
[image: Figure 2]FIGURE 2 | Number of articles issued over the years.
4 PERFORMANCE ANALYSIS
This section primarily provides a descriptive statistical analysis of the overall development trend of international low-carbon city research, including authors, countries, institutions, and journals. It uses a visual map to display the cooperative relationships between countries and the field’s evolutionary development status.
4.1 Time trend of the publications
This study carefully looked at all the relevant literature from 1993 to 2023 in the Web of Science (WOS) database to better understand how research on measuring and evaluating low-carbon development levels in cities has changed over time and where it is now. Some significant findings were obtained by meticulously counting the number of publications each year and observing the annual trends, as revealed in Figure 2. Through the statistical analysis of the relevant literature in the WOS database from 1993 to 2023, it can be seen that the research on the measurement and evaluation of urban low-carbon development levels has experienced a process from stable development to rapid growth and has reached an unprecedented level of activity in recent years. This trend reflects the global emphasis on urban low-carbon development and provides abundant material and a wide space for future related research.
Specifically, before 2004, the number of research publications in this field continued to grow, but the growth rate was relatively stable and slow. However, starting in 2005, the number of related research publications began to increase significantly, with the output of literature soaring and showing an exponential growth pattern. Data shows that in 2005, there were only 7 publications, while by 2020, this number had soared to 134. More notably, by 2023, the number of related research publications had reached a peak of 409.
This notable growth trend not only reflects the increasing attention from both the academic and practical sectors in measuring and evaluating the level of low-carbon development in cities but also suggests the widespread emphasis on sustainable development, environmental protection, and global climate change challenges. With the rapid advancement of urbanization and increasingly severe environmental issues, how to scientifically and effectively assess and enhance low-carbon development in cities has become an urgent issue to be addressed. Therefore, more and more researchers are devoting themselves to this field, attempting to provide theoretical support and practical guidance for the low-carbon transformation of cities through in-depth research.
This notable growth trend not only reflects the increasing attention from both the academic and practical sectors in measuring and evaluating the level of low-carbon development in cities but also suggests the widespread emphasis on sustainable development, environmental protection, and global climate change challenges. With the rapid advancement of urbanization and the increasingly severe environmental issues, how to scientifically and effectively assess and enhance low-carbon development in cities has become an urgent issue to be addressed. Therefore, more and more researchers are devoting themselves to this field, attempting to provide theoretical support and practical guidance for the low-carbon transformation of cities through in-depth research.
4.2 Quantitative analysis of the author
Analyzing the publication volume of authors can reveal representative scholars and core research forces in the field of international low-carbon development research. Table 2 presents the relevant information about core authors in this field, including their names, number of publications, and the starting date of publication. Price’s Law reveals that in any scientific field, a group of highly productive authors write about half of the papers, approximately equal to the square root of the total number of authors. According to Price’s Law, core authors who measure and evaluate urban low-carbon development must have a minimum number of publications. Therefore, in the field of carbon emission reduction, scholars with a publication count of no less than can be considered core authors in this field. According to this criterion, 158 scholars meet the standard of core authors. Analyzing the collaboration among the core authors, it is found that they are roughly affiliated with Zhou Qian’s research team, focusing on energy system analysis, dedicated to exploring and optimizing energy use and distribution methods to achieve more efficient and sustainable energy utilization.
TABLE 2 | Most important authors in the carbon city research field.
[image: Table 2]Furthermore, they are actively researching energy models, creating accurate models to mimic and forecast the dynamic fluctuations of energy systems, thereby offering a scientific foundation for developing energy policies. Regarding climate policy assessment, she evaluates the impact of different policies on the environment and economy, providing strategic recommendations for addressing climate change. Meanwhile, Zhou Qian is also skilled in input-output analysis, quantifying the flow of resources and the value creation process in economic activities, revealing the intrinsic laws and potential opportunities for industrial development. These studies not only contribute to the advancement of the discipline but also provide strong support for the country’s sustainable development and environmental protection.
4.3 Quantitative analysis of countries/regions and organizations
To understand which countries have made the most significant contributions to international low-carbon city research, this study analyzed 1,684 articles associated with 75 countries. Table 3 presents the top five countries in terms of publication volume in this field.
TABLE 3 | Top 10 influential organizations in the low carbon city research field.
[image: Table 3]To clearly understand the number of publications from different countries and their cooperative relationships, this study draws a chord diagram to present the top 30 countries by publication volume, as shown in Figure 3. The chord diagram is composed of nodes and chords: nodes are scattered along the circumference, with the length of the nodes representing the number of publications (the longer the node, the higher the number of publications); the weighted (wide) arcs connecting any two points on the circle are called chords, representing the cooperative relationship between them, with the width of the arc indicating the degree of cooperation (the wider the arc, the closer the cooperation). In terms of cooperative relationships, countries with major publications in the field of low-carbon city research all have cooperation to some extent, which can be considered relatively close international academic exchanges in the field of low-carbon city research, with a high degree of internationalization in academic research. Figure 3 reveals a trend of multiploidization in the distribution of research areas on factors affecting low-carbon development in cities, with China, Europe, and Australia being the main centres. Although China has many related studies, the degree of centrality is relatively low (0.09), clearly showing the insufficiency of authority and influence and relatively less cooperation and interaction with other countries in this field in Figure 4. The cooperation network of countries and regions consists of 117 nodes and 730 connections, with a network density of only 0.1076. This indicates that the research areas on factors affecting the level of low-carbon development in cities are scattered, and there is less cooperation between authors from different countries and regions, resulting in a relatively dispersed distribution of research areas.
[image: Figure 3]FIGURE 3 | Number of articles issued over the years.
[image: Figure 4]FIGURE 4 | Number of publications by country and region.
Further analysis of the issuing agencies is conducted, with Table 3 presenting the top 10 organizations regarding the number of publications. Among them, the Chinese Academy of Sciences and the University of Chinese Academy of Sciences, which are affiliated with China, have the highest number of publications in the field of low-carbon city development, with 133 and 55 papers, respectively in Figure 5. In contrast, the Institute of Geographic Sciences & Natural Resources Research has the highest average citation rate of 52 per paper among the top 10 organizations. In addition, among the top 10 organizations in terms of the number of publications, 9 are located in China, which, to some extent, reflects the leading position of Chinese scientific research institutions in this field of study.
[image: Figure 5]FIGURE 5 | Number of publications by organization.
4.4 Analysis of journals publishing articles
To accurately identify academic journals with significant influence in measuring and evaluating the level of urban low-carbon development and its influencing factors, this study conducted a detailed statistical analysis of the number of related papers published by each journal. Given the large number and uneven distribution of journals related to the research on measuring and evaluating the level of urban low-carbon development and its influencing factors, these journals not only dominate in quantity but also reflect a high academic standard in quality, representing the core research achievements in the field.
The Web of Science database’s analysis of journal types revealed that fields like sustainable development, resource and environmental management, health management, and urban management primarily house journals that study factors influencing the level of urban low-carbon development. Journals in these fields tend to focus on the interaction between the environment and human activities and how to achieve sustainable resource use and green development in cities through scientific management.
Overall, the journals listed in Table 4 provide significant support for studying factors influencing low-carbon urban development with high professionalism. This table lists the measurement, evaluation, and influencing factors in urban low-carbon development.
TABLE 4 | WoS Top 10 core journals by publication volume.
[image: Table 4]We have identified relevant academic journals and some of their key indicators. Among these journals, JOURNAL OF CLEANER PRODUCTION stands out for its significant contribution to the study of factors influencing the level of urban low-carbon development, with a total of 676 publications, a centrality of 0.03, an impact factor of 11.1 in 2023, and a total of 295,285 citations, ranking at the top. The journal focuses on cleaner production, sustainable consumption, and resource efficiency. It provides abundant theoretical and practical results for measuring and evaluating urban low-carbon development levels, demonstrating its strong influence and leading role in the field. SCIENCE OF THE TOTAL ENVIRONMENT follows with 674 citations, a centrality of 0.04, an impact factor of 9.8, and 372,205 citations. Sustainability ranks third with 657 citations, a centrality of 0.06, and an impact factor as high as 13.9, for a total of 187,953 citations. These figures demonstrate the significant influence and wide academic recognition of these journals in urban low-carbon development research, with Sustainability boasting the highest impact factor, indicating its notable influence in sustainable development. Other journals, such as ECOLOGICAL INDICATORS, Journals such as the Journal of Environmental Management also exhibit high centrality and impact factors, indicating their significant role in environmental management and ecosystem assessment. The research outcomes from these journals are important reference points for guiding urban low-carbon development, environmental protection, and sustainable urban planning. These journals provide a platform for researchers to exchange and present their latest research findings and offer significant references for guiding urban low-carbon development, environmental protection, and sustainable urban planning. Through research in these frequently published journals, we can gain an in-depth understanding of the current status, challenges, and future trends of urban low-carbon development, providing a scientific basis and strategic recommendations for promoting sustainable urban development.
5 TEMPORAL KEYWORD ANALYSIS: THEMATIC EVOLUTION
5.1 Keyword clustering
Keyword clustering analysis provides researchers with a powerful tool to reveal hotspots and trends within a research field. This study utilized Citespace software’s clustering function to conduct a detailed keyword clustering analysis, aiming to explore the core thematic structure of the literature on the measurement and evaluation of urban low-carbon development levels and their influencing factors. We meticulously processed the clustering results, eliminating keywords with weak identification to draw a clear clustering distribution map, as illustrated in Figure 3. Figure 3 reveals a wide range of content in the research on measuring and evaluating urban low-carbon development levels and influencing factors, leading to the formation of numerous research clusters. These clusters encompass various research methods, such as factor analysis, clustering analysis, comprehensive evaluation, and coupling coordination degree, but also involve various specific topics, including land use, carbon emissions, the Desir model, the economic belt, physical activity, and ecological environment quality.
Researchers have meticulously classified and evaluated land use patterns in different regions using spatial analysis and Geographic Information System (GIS) technologies. For instance, through factor analysis, researchers can identify the main factors influencing land use change, such as economic development, population density, and policy orientation. Moreover, cluster analysis helps researchers group regions with similar land use characteristics, providing a scientific basis for local governments to develop more targeted land management strategies. Based on this, researchers have applied comprehensive evaluation and coupled coordination degree models to assess the level of carbon emissions in different industries and their relationship with economic growth. These studies reveal the complex connections between economic development and environmental protection and provide theoretical support for formulating low-carbon economic development strategies. By simulating how the system would react to different policy scenarios, researchers have used the DESIR model, which models the interactions between social, economic, and environmental systems, to help policymakers figure out how to balance social progress and environmental protection. This model, especially in research on economic belt development, has demonstrated the long-term impact and Sustainability issues of regional development policies. Research in physical activity has focused on the relationship between people’s lifestyles and health. Using comprehensive evaluation methods, researchers have assessed the level of physical activity in different populations and explored various social and environmental factors that promote physical activity. Finally, researchers have used the coupled coordination degree model to evaluate the interaction between ecosystem service functions and human activities in studying ecological environment quality. These studies emphasize the coordination between ecological protection and social and economic development, providing important scientific evidence for achieving sustainable development goals. In summary, these diverse research methods and topics have enriched academic discussions in social and natural sciences and provided practical tools and strategies for solving complex real-world problems.
Specifically, the keyword clustering map in the WOS data further illustrates the distribution of these clusters. For example, the indicator system cluster talks about how to make a scientific evaluation indicator system to measure low-carbon development in cities. The research methodology cluster, on the other hand, focuses on how to make and use evaluation methods and models. Finally, the topic clusters talk about different types of research, like how changing land use affects carbon emissions and how to balance environmental protection and economic growth.
Additionally, the clustering map presents cross-level clustering variables, which reflect that different clusters are not completely independent in the actual research process but are interconnected and intersecting. This cross-disciplinary intersection indicates that measurement and evaluation research on the level of low-carbon development in cities is a complex system that is multidimensional and interdisciplinary, involving the interaction and impact of various aspects such as economy, environment, and society.
This research not only identifies several current hot topics in the field, such as land use, carbon emissions, and energy consumption, but also suggests actionable strategies to address these challenges. We recommend the formulation of urban planning policies that promote green building practices, the enactment of stringent carbon emissions regulations, including carbon taxes, and the support of renewable energy transitions through government incentives. These strategies aim to operationalize the findings into practical applications that significantly contribute to the development of sustainable, low-carbon cities. The clustering analysis of these high-frequency keywords also provides an intuitive visual mapping for understanding the research structure and trends within the field, which helps researchers and policymakers better grasp the dynamics of the research and formulate corresponding strategies and measures.
The research on the measurement and evaluation of the level of low-carbon development in global cities and its influencing factors is a complex process involving multiple aspects, including historical data analysis, the evolution of research methods, observation of international trends, action patterns of different countries, current situation assessment, and prospects. Through a comprehensive analysis of these dimensions, a more comprehensive understanding of the dynamics and challenges of global carbon reduction can be obtained, which provides support for formulating effective emission reduction strategies.
5.2 Logic of frontier evolution
Cite Space is used in this study to do a high-frequency keyword evolution analysis on 1,648 target references. Figure 6 shows how the research tracked and observed the dynamic development process and cutting-edge topics throughout the research journey. It's clear from the placement of keywords and the strength of their connections that research on measuring and evaluating global urban low-carbon development levels and the factors that affect them follows a certain pattern, which can be roughly broken down into three stages: 1993–2003: keywords are relatively independent, marking the first stage (incubation period in Figure 7); 2004–2013: keywords become more refined and their relationships gradually become closer, marking the second stage (exploration period in Figure 8); from 2014 to 2023, new terminologies further evolve and develop, marking the third stage (development period in Figure 9).
[image: Figure 6]FIGURE 6 | Keyword clustering map.
[image: Figure 7]FIGURE 7 | Keyword co-occurrence map (1993–2003).
[image: Figure 8]FIGURE 8 | Keyword co-occurrence map (2004–2013).
[image: Figure 9]FIGURE 9 | Keyword co-occurrence map (2014–2023).
The first stage is the embryonic stage. In this stage, researchers typically focus on establishing foundational theories and identifying core issues. For example, in the field of climate change, this may include the preliminary classification of greenhouse gas emission sources, the basic impacts of climate change on agriculture and ecosystems, etc. These early studies laid the foundation for subsequent in-depth exploration and began to construct the conceptual framework of the entire research field. Furthermore, these studies aid in comprehending the interrelationships among various regions and industries and the impact of climate change on them. These studies allow us to predict potential future problems better and take appropriate measures to address them. Therefore, these early studies are important for understanding and responding to global warming and other issues.
The second stage, the development stage, is at this point. Research focuses on applying theoretical knowledge to practical problem-solving and technological development. This trend is represented in the figure by keywords such as “ecosystem services,” “human health,” “energy consumption,” and “economic costs.” For instance, studies focus on how ecosystem services influence human health, the financial implications of energy usage, and the influence of urbanization on these aspects. This research promotes scientific progress and facilitates policy-making and practical application, such as designing and implementing green infrastructure projects and improving risk assessment methods.
The third stage is the expansion phase. On the far right of the graph, some larger circles and dense connections can be seen, indicating that certain topics or concepts have become the core of research and that multiple research fields have begun to integrate. This stage’s research outcomes are typically comprehensive in scope. For example, in the field of climate change, research may focus on the impact of global warming on economic corridors, the interaction between ecological security and biodiversity conservation, and so on. These studies often require interdisciplinary cooperation involving climate science, economics, sociology, ecology, etc. Research in this stage promotes scientific progress and facilitates policy-making and practical application, such as designing and implementing green infrastructure projects, improving risk assessment methods, and so on.
Overall, from left to right, the figure illustrates the process of a research field from its inception, development, and maturity, with each stage having its characteristics: the early stage is about exploration and foundation-laying, the middle stage is about expansion and deepening, and the later stage is about integration and interdisciplinary cooperation.
5.3 Frontier evolution keyword maps and clustering maps
Keyword co-occurrence maps and clustering maps indicate that the research perspective on measuring and evaluating urban low-carbon development levels is gradually diversifying, and the research content is also continuously enriching. By further organizing and integrating these clusters and representative literature, it can be known that the research on urban low-carbon development can be deeply analyzed in the following three aspects in Figure 10.
(1) As for the ecological evaluation index system, in evaluating the low-carbon, sustainable development of cities, the ecological evaluation index system plays an indispensable role. A unified standard for the evaluation index system of urban low-carbon development remains unformed, as the low-carbon sustainable development of cities involves multiple levels and continuously acquires new connotations with the evolution of time.
[image: Figure 10]FIGURE 10 | Keyword timeline.
From the perspective of transformational development. The study focused on the three major aspects of economic, social, and environmental transformation, constructing a low-carbon transformation evaluation index system for coal resource-exhausted cities. These studies not only provide rich theoretical insights but also offer practical evaluation tools for the low-carbon development of cities. We can better understand the multidimensional characteristics of urban low-carbon sustainable development by comparing and analyzing evaluation indicator systems from various perspectives, which in turn supports the formulation of more effective policies. Collectively, the research outcomes represent a valuable asset in pursuing urban low-carbonization, guiding the future direction of sustainable urban development.
(2) Aspects of the categories of influencing factors. In exploring the complexity of low-carbon sustainable development in cities, scholars have systematically analyzed it from a wide and deep perspective. In summary, the factors influencing cities’ low-carbon, sustainable development are diverse and complex, involving aspects such as the natural environment, socio-economics, industrial development, and energy structure. Starting from different perspectives, scholars have provided comprehensive and profound insights through in-depth research and theoretical exploration. These research findings help to understand the intrinsic mechanisms of urban low-carbon development and offer important references and guidance for policy-making and practice.
(3) Environmental assessment. Numerous scholars have utilized empirical frameworks and relevant theories to thoroughly analyze the influencing mechanisms of factors related to urban low-carbon development. These studies provide new perspectives for understanding the complex relationship between urban development and environmental protection and offer valuable references for policymakers. Therefore, they emphasized the importance of sustainable resource utilization and the diversification of the urban economy. These studies, taken together, constitute a valuable asset in the research on urban low-carbon development. They not only deepen our understanding of the drivers of low-carbon urban development, but they also provide a scientific basis for formulating and adjusting urban environmental policies. Future research must continue exploring sustainable paths for urban development, contributing wisdom and strength to achieve coordinated economic, social, and environmental development.
6 HOTSPOT EVOLUTION ANALYSIS
The study of how keywords have changed over time shows a clear development trend and evolutionary hotspots in low-carbon city development research. The appearance and disappearance of keywords can also show how research hotspots have changed. Therefore, as shown in Figure 11, the study utilized CiteSpace’s burst detection feature to identify the top 15 keywords with the strongest burst intensities.
[image: Figure 11]FIGURE 11 | Analysis of hotspot trends for emerging keywords.
Figure 11 shows the top 15 keywords with the strongest citation bursts in low-carbon city development from 1993 to 2023. The chart displays each keyword’s year, burst strength, beginning and ending year. This data allows us to identify which keywords received widespread attention during specific periods.
Since 1993, “Health” has shown an intensity as high as 5.06, persisting until 2020. This suggests that health is a long-term and important focus topic in low-carbon city development research. Similarly, environmental issues such as “air pollution” and “carbon emissions” have also demonstrated sustained research interest, starting in 2004 and 2016, respectively, and ending in 2019 and 2020. Additionally, newer keywords, such as “spatial distribution” and “resources,” have emerged since 2021 and are still ongoing in 2023, reflecting new trends and focus areas in recent years. Environment and Health: The terms “health,” “air pollution,” and “water quality” indicate that the impact of environmental factors on health is a primary concern in this field. The prolonged use of these keywords indicates that environmental health is a continuously highlighted issue.
The emergence of keywords such as “cellular automata” and “source apportionment” reflects the evolution of research methodologies and technologies and indicates scientific progress’s role in driving research. The surge of keywords like “adaptation” and “ecosystem services” emphasizes policy-making and resource management, especially in addressing climate change and environmental challenges.
Recent keywords such as “spatial distribution” indicate that spatial analysis is becoming increasingly important in environmental research, particularly in exploring the geographical differences in resource allocation and environmental impact. The keyword “China” suggests that specific regions (such as China) play an increasingly significant role in global environmental science research, reflecting the regional characteristics of global environmental issues.
The evolution of these keywords and changes in the intensity of their outbreaks can help researchers understand the shifts and development trends of research focuses over the past 30 years, which reflect not only the evolution of scientific research but also the comprehensive impact of various factors such as society, policy, and technology. By deeply analyzing these burst words, researchers can gain insights into potential future research directions and challenges, allowing them to allocate resources and set research agendas more effectively.
7 CONCLUSION AND FUTURE RESEARCH
7.1 Conclusion
As an important current research topic in low-carbon development, studying low-carbon city development is still evolving. This study systematically reviewed the development trend of this field using bibliometric methods, discussing and analyzing the core authors, high-productivity national institutions, key journals in the field, and the evolving development trend. We summarize the conclusions based on the bibliometric analysis as follows.
This study employs bibliometric methods based on the core set of low-carbon papers from the Web of Science (WoS) database over nearly 30 years to track carbon emission reduction research dynamics. It is found that: 1) carbon emission reduction research is in a period of development, with journals such as JOURNAL OF CLEANER PRODUCTION, SCIENCE OF THE TOTAL ENVIRONMENT, and Sustainability as the core publications; research teams with ZhouQia as the core, and countries like China, the United States, and India as the core contributors in terms of publications and research strength. 2) including land use, carbon emissions, ecological environment quality, ecosystem services, human health, energy consumption, and economic costs. 3) The evolution of research has gone through three stages: exploration of basic theories, application in specific industries, and policy interventions, integrating the goals of low-carbon cities into social and economic development plans.
Based on the conclusions above, this study also provides practical value for scholars and related practitioners in the field. Firstly, it constructs a clear framework of existing research in the field of low-carbon cities for new scholars or practitioners, clarifying the development process of the research field; this study identifies several current research hotspots, offering decision-making references for related scholars in the selection of research topics; through the analysis of the volume of publications, this study determines several core journals in the field of low-carbon city development, and identifies comprehensive open access (Open Access) journals (Sustainability) that publish a higher number of articles in this field, which to some extent can guide related scholars in selecting journals when submitting papers on this topic.
7.2 Limitations and future research
This study also has certain limitations due to some objective factors. First, the bibliometric analysis software has high data standards; to ensure the quality and integrity of the collected data, the study only selected journal articles indexed in the Web of Science core collection SCIE, SSCI, excluding other databases and publications such as conference papers and editorials, which may overlook certain scientific research and unique insights in the field of low-carbon city development. In addition, although this study used professional software for bibliometric analysis and obtained relatively objective quantitative data, the analysis and interpretation of the data still inevitably have a certain degree of subjectivity, and it is impossible to avoid the influence of subjectivity on data analysis completely. Therefore, in future related research, we will broaden the scope of literature selection to gain a deeper understanding of the research dynamics and hotspots, engage in active communication with field scholars, acquire objective and cutting-edge insights, and reduce the negative impact of personal subjectivity on the analysis.
While the paper recognizes inherent limitations in bibliometric analysis, such as potential biases from the reliance on specific databases and the subjectivity in data interpretation, it further explores how these limitations could influence the results. To mitigate these biases, we propose expanding the range of databases included in the study, integrating grey literature, incorporating publications in multiple languages, and cross-validating findings with input from field experts. These steps aim to broaden the analytical scope and enhance the robustness of our conclusions, ensuring a more comprehensive and balanced overview of the field.
Moreover, through keyword evolution and clustering, this study primarily uses bibliometric methods to showcase and analyze the progress and details of research on low-carbon city development, providing an overall picture of the current state of research on low-carbon city development. However, it falls short in exploring and analyzing specific factors and practices that influence the development of low-carbon cities. Subsequent research can further map out the research landscape of low-carbon city development using methods like systematic literature reviews and meta-analyses.
“To advance the field of low-carbon urban development, this paper suggests a focused exploration of under-researched areas such as the integration of renewable energy in urban districts, advancements in energy storage technologies, development of smart urban mobility solutions, impacts of urban form on low-carbon development, and strategies for fostering behavioural changes towards low-carbon lifestyles. These areas represent critical gaps in current research and offer substantial potential for impactful studies that can drive innovative and sustainable urban planning solutions.”
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