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Abstract

:

The field of carbon emissions in the construction industry has drawn extensive attention from researchers and practitioners due to the issue of global warming. In this study, an in-depth analysis of the research status, trends, and frontiers in the field of carbon emissions in the construction industry was carried out. The CiteSpace tool was used to visualize and analyze relevant papers from 1985 to 2023, to describe the overall knowledge structure in the field of carbon emissions in the construction industry using dual-map overlay analysis, journal co-citation network analysis, and keyword co-occurrence network analysis, to apply cluster analysis and burst detection to identify research trends in the field and the frontiers, and to analyze the scientific collaborations in the field. Further, the core issues in the field of carbon emissions in the construction industry were explored and relevant recommendations were proposed. The results are of great significance in identifying and analyzing knowledge systems and research patterns in the field of carbon emissions in the construction industry and help us to discover and understand the current deficiencies, trends, and frontiers in this field, thus providing useful suggestions and reflections for policymakers, practitioners, researchers, and other stakeholders.
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1. Introduction


The issue of climate change, which stems from global warming, remains a significant concern that has captured the global community’s attention [1,2]. Various studies have highlighted that global climate change has had a serious impact on ecosystems and human society, such as the melting of polar ice, reduction of biodiversity, increase in extreme weather events, and impact on agricultural production [3,4,5,6]. The State of the Global Climate 2022 released by the World Meteorological Organization (WMO) points out that the global average temperature in 2022 is 1.15 °C higher than the average from 1850 to 1900 [7]. The period from 2015 to 2022 was the warmest eight years on record in 173 years. One of the biggest causes of climate change is the massive emissions of anthropogenic greenhouse gases [8], mainly known as carbon emissions. Scholars have therefore conducted a great deal of research around carbon emissions.



Studies have shown that the construction industry is one of the most carbon-emitting industries [9,10]. Compared to 2020, building energy demand increased by 4% in 2021, with the highest level of carbon emissions from building operations (i.e., approximately 10 billion tons of carbon dioxide) [11]. Carbon emissions from the construction sector accounted for 37% of total emissions in 2021 [12]. Despite the increasing number of countries committed to improving energy efficiency and reducing carbon emissions, the carbon emissions in the construction industry continue to remain high, and the reduction of carbon emissions is negligible. Therefore, research on carbon emissions in the construction industry deserves more attention.



Carbon emissions produced by the construction industry have garnered worldwide attention for their crucial research significance [13,14]. As a result, numerous research works and publications have emerged in this area. While this focus has yielded positive outcomes, it also presents some potential risks. Specifically, it is difficult to accurately assess the scope and impact of the knowledge discovered, including which critical areas may still require further exploration [15]. To help scholars and practitioners have a deeper understanding of the current status and future trends of research into carbon emissions in the construction industry, it is necessary to conduct a systematic analysis of the existing research findings. Prior review studies have made valuable contributions to this field. However, most existing related studies are qualitative and based on manual evaluation. While such studies are informative, they lack repeatability and are susceptible to subjective biases, which may limit their reliability [16]. Furthermore, most review studies tend to concentrate on specific and narrow aspects of carbon emissions in the construction industry. For example, Ref. [17] offers a comprehensive analysis and comparison of diverse techniques employed in calculating the carbon footprint of buildings. Ref. [18] focuses on the embodied carbon emissions of buildings and provides a review of measurement methods and reduction strategies for embodied carbon emissions. Ref. [19] examines various authoritative data and articles related to the carbon emissions of commercial buildings. A recent scientometric review of carbon emissions in the construction industry provides an overview of research regarding carbon emissions in public buildings [20]. Nevertheless, there are limitations to the reference value of these studies for carbon emissions.



To the authors’ knowledge, there is no study that provides a comprehensive understanding of the literature on carbon emissions in the construction industry. To fill this gap, this review study stands out for its innovative use of quantitative techniques to comprehensively investigate the overall body of knowledge and trends in carbon emissions in the construction industry. The purpose of this study is to analyze and comprehend the current research status, trends, and frontiers of carbon emissions in the construction industry. To better achieve this research goal, this paper focuses on addressing the following questions: (1) What is the trend in the number of publications on carbon emissions in the construction industry? (2) What is the knowledge system in the field of carbon emissions in the construction industry, including knowledge flow, research carriers, and research interests, from different perspectives such as macro, meso, and micro? (3) What are the active fields and research frontiers of carbon emissions in the construction industry at different times? (4) What is the status of scientific cooperation in the field of carbon emissions in the construction industry?



The outline of the paper is as follows: Section 2 introduces the related methodologies. Section 3 describes the in-depth analysis of carbon emissions in the construction industry. Section 4 provides further discussion and suggestions. Finally, Section 5 summarizes the conclusions of this study.




2. Methodology


The scientific mapping method, which describes the conceptual, intellectual, and social structure of a particular field of study [21], was used in this study and categorized into bibliometric analysis and scientometric analysis [16]. The former focuses on the literature itself, while the latter covers bibliometric methods, tools, and data to assess the literature and identify potential profound patterns and trends in the field [15]. As this can provide a broader approach, the scientometric analysis method was adopted.



2.1. Science Mapping Tools


Researchers utilize a variety of science mapping tools, each possessing distinctive features. Among the commonly employed software tools are VOSviewer, Gephi, and CiteSpace [15,16]. VOSviewer focuses on network analysis, and Gephi is a specialized network drawing tool. However, CiteSpace can perform both network analysis and visualization simultaneously [22], and it outperforms other tools in terms of its capabilities [21]. Moreover, CiteSpace has the following advantages: (1) It allows users to visualize and perform various scientometric analyses on complex networks constructed from citation data from mainstream academic databases and open-access sources. (2) It is actively maintained and updated, with new visual analysis characteristics and theoretical development [23,24]. (3) Its graphical interface offers good interactivity, allowing for various analyses and adjustments to different layouts [21]. In this study, CiteSpace 5.7.R2 was ultimately selected.




2.2. Data Collection


A systematic literature search was conducted to obtain research works within the field of carbon emission research in the construction industry. The search for relevant publications minimized the exclusion of the most important and relevant publications in the field and tried to avoid subjective judgments. A search strategy applicable to this study was developed with reference to the structured approach proposed by Webster and Watson [25].



Firstly, conduct a pilot literature search on prominent databases, such as Web of Science Core Colelection (WoSCC), Scopus, and Google Scholar. The primary objective is to identify representative papers on carbon emissions in the construction industry. Subsequently, a comparative analysis of the databases used can provide insights into their respective strengths and limitations. Remarkably, the process of scientometrics research, particularly with regard to data collecting, should be conducted with transparency to enable reproducibility by other researchers [26], so the following explains the details of the data source. The literature search was conducted via the library of Huazhong University of Science and Technology. Since WoSCC contains ten sub-datasets, Huazhong University of Science and Technology only subscribes to a customized subset of the whole core collection, as described below:




	
Science Citation Index Expanded (SCI-EXPANDED)—1997–present



	
Social Sciences Citation Index (SSCI)—2000–present



	
Arts & Humanities Citation Index (AHCI)—2005–present



	
Conference Proceedings Citation Index–Science (CPCI-S)—1998–present



	
Conference Proceedings Citation Index–Social Science & Humanities (CPCI-SSH)—2001–present



	
Emerging Sources Citation Index (ESCI)—2019–present



	
Current Chemical Reactions (CCR-EXPANDED)—1985–present



	
Index Chemicus (IC)—1993–present








Secondly, based on preliminary search and analysis, WoSCC is identified as the citation database for this study. The reasons are summarized as follows: (1) It is difficult to obtain datasets from all databases as analysis objects. Choosing a database to obtain the target dataset is the most feasible and common practice. (2) Google Scholar has issues with insufficient citation information and the relatively low quality of available metadata [27,28,29]. Web of Science (WoS) and Scopus are two leading and competing citation databases, where the former is the oldest, most extensively used, and authoritative database of research publications and citations [30,31]. (3) WoSCC is a commonly used comprehensive database in citation analysis. It sets high standards for publishing, with publications that are expertly reviewed and have high-quality citation data [31,32]. (4) WoSCC is the most popular tool of scientometric analysis in the field of construction.



Thirdly, search in WoSCC to form the dataset for this study. To comprehensively cover publications in the field of carbon emissions in the construction industry as much as possible, relevant published review studies [33,34,35] and a wide range of concepts and variants have been considered. The search terms were divided into two aspects, i.e., carbon emissions and construction. Through Boolean operations, synonyms and corresponding subordinate subject terms of the construction industry or carbon emissions are taken into account. According to the preliminary analysis, the corresponding words for the construction industry include construction industry, construction sector, and civil engineering, the subordinate subject words related to carbon emissions include building, architecture, construction project, construction management, and construction engineering, and synonyms for carbon emissions include greenhouse gas emissions and GHG emissions. All relevant terms and hyponyms need to be taken into account in the search. In this study, all sub-datasets subscribed by our institution are selected and the following retrieval code is used: TS = ((carbon emission* OR carbon dioxide emission* OR greenhouse gas emission* OR GHG emission*) AND (building* OR architecture* OR construction project* OR construction sector* OR construction industry OR construction management OR construction engineering OR structural engineering OR civil engineering)). “TS” is a search term that is short for “Topic” in the WoS, which can be used to search the following fields within a record: Title, Abstract, Author Key, and KeyWords Plus®. KeyWords Plus® is an index term automatically generated from the titles of cited articles. The wildcard “*” is employed to denote the possible presence of zero, one, or multiple unspecified characters, enabling the search for various forms of words, including plurals and inflections. The language is “English”, and no “date range” limit is set. The search type is only for “articles”, as articles can provide a wide range and high quality of information, and a large number of reviews in the field of construction management are also for articles [35,36,37]. As of 10 July 2023, a total of 13,507 articles have been retrieved, and all records and references have been exported.




2.3. Scientific Techniques


This study conducted dual-map overlay analysis, journal co-citation network analysis, keyword co-occurrence network analysis, and scientific collaboration network analysis with the help of CiteSpace. In addition, cluster analysis and burst detection were conducted based on the results of keyword co-occurrence networks.



The parameter settings for CiteSpace are explained as follows. The time slice is set to one year, and the selection criteria is g-index. Usually, within a specific scientific discipline, the higher the g-index, the greater the influence of the analysis object. Details about the g-index can be found in Ref. [38]. The pathfinder networks algorithm recommended by Chen and Morris [39] was used to prune the network to obtain clearer visualization results.





3. Scientometric Analysis of Carbon Emissions in the Construction Industry


3.1. Annual Publishing Trends


In the dataset of this study, the earliest article was published in 1997 [40], which may be affected by any intrinsic limitations of the customized subset’s coverage of publications and the topic search in WoS in the old historical literature retrievals [41]. We attempted to refine our search criteria to focus only on keywords related to carbon emissions and excluded those related to the construction industry. Then, the earliest publication on carbon emission research dated back to 1992. From 1992 to 1996, the number of carbon-emission-related articles remained in the single digits. In 1996, there were only six articles, but it drastically increased to 1141 in 1997, indicating a significant increase in scholarly attention towards carbon emissions. In July 1996, the second conference of the parties to the United Nations Framework Convention on Climate Change (UNFCCC) called on countries to strive to conclude a “binding” legal document by December 1997. In 1997, the Kyoto Protocol was agreed upon, which made specific provisions on the types of greenhouse gas emissions to be reduced, as well as the emission reduction schedules and quotas of major developed countries [42]. This may explain the sudden increase in the number of publications in 1997 and the beginning of attention paid to carbon emissions in the construction industry.



Figure 1 shows the number of articles published annually on carbon emissions in the construction industry between 1997 and 2023. Although WoSCC has continued to expand its content coverage over time [43], its impact on annual publications on carbon emissions in the construction industry is limited, and it is necessary to analyze in detail the potential factors that affect the number of publications. As mentioned before, the data was collected on 10 July 2023, and the articles in the dataset do not include publications after the retrieval time point. Therefore, the line in Figure 1 shows a significant decrease in 2023. Given this, 2023 is excluded from the discussion on the trend of changes in the number of publications. From 1997 to 2007, the number of annual publications grew slowly. In 2007, the number of annual publications exceeded 100 for the first time and maintained stable growth in the following decade. The adoption of the “Bali Road Map” by the United Nations Framework Convention on Climate Change (UNFCCC) in 2007 clarified the responsibilities of each country for climate change [44]. This led to an increase in the importance placed on carbon reduction by countries and regions around the world, driving the rapid development of carbon emission research in the construction industry. This is consistent with Ref. [45]. On 4 November 2016, the Paris Agreement was officially implemented, outlining the plan for global climate governance actions after 2020. This is the third legally binding climate agreement after the United Nations Framework Convention on Climate Change and the Kyoto Protocol. According to Figure 1, since 2017, the annual increase in the number of publications has been greater than before. In 2020, the number of publications surpassed 1000 for the first time, reaching 1179, and is still in a period of rapid growth. In 2021, the United Nations Intergovernmental Panel on Climate Change (IPCC) released the sixth climate change assessment report, which highlights how carbon emissions have led to climate change and extreme events. In the same year, the 26th conference of the parties of the UNFCCC called on countries to accelerate technology development, application, and promotion, and formulate corresponding policies to address carbon emission issues. These events motivated decision-makers, researchers, and practitioners to pay more attention to carbon emissions, especially in the field of construction, which is consistent with the increasing annual publications on carbon emissions in the construction industry.




3.2. Structure of the Body of Knowledge


3.2.1. Macro Knowledge Flow


The overlay maps module can display the distribution of disciplines involved in a certain research field. This is achieved by conducting a combinatorial analysis of publications, depicting the sources and objectives of citations, as well as demonstrating the flow of knowledge [46]. Dual-map overlay analysis was performed on the dataset and link classes with significance were merged using the Z-Score algorithm. The results are shown in Figure 2.



The left part in Figure 2 is the citation graph, while the right part is the cited graph, and they are connected by the citation line which can show the citation trajectory. Each curve in the figure starts from the citing journal on the left and points to the cited journal on the right. The labels at both ends of the curve represent the corresponding disciplines of the journal. The left part shows the main disciplines of the research, indicating the application fields [35]. On the other hand, the right part indicates which disciplines are mainly cited in the research on carbon emissions in the construction industry, denoting the research foundation [35].



Seven major citation trajectories can be observed in Figure 2: (1) From “Physics, Materials, Chemistry” to “Chemistry, Materials, Physics”; (2) From “Physics, Materials, Chemistry” to “Environmental, Toxicology, Nutrition”; (3) From “Veterinary, Animal, Science” to “Chemistry, Materials, Physics”; (4) From “Veterinary, Animal, Science” to “Environmental, Toxicology, Nutrition”; (5) From “Mathematics, Systems, Mathematical” to “Environmental, Toxicology, Nutrition”; (6) From “Veterinary, Animal, Science” to “Economics, Economic, Political”; (7) From “Economics, Economic, Political” to “Economics, Economic, Political”. From the perspective of both application fields and research foundations, there is a significant cross-disciplinary phenomenon in the study of carbon emissions in the construction industry.



In the field of carbon emissions in the construction industry, three main subject groups are cited as the research basis: “Chemistry, Materials, Physics”, “Environmental, Toxicology, Nutrition”, and “Economics, Economic, Political”. The research findings on carbon emission in the construction industry are mainly applied to “Physics, Materials, Chemistry”, “Veterinary, Animal, Science”, “Mathematics, Systems, Mathematical” and “Economics, Economic, Political”. This shows that besides fields such as environmental science, chemistry, materials, physics, economics, and politics, the field of carbon emissions in the construction industry has close links with veterinary science, animal science, toxicology, and nutrition. It indicates that carbon emissions in the construction industry is not only related to the environment and economy but also has a significant impact on the lives of animals and humans, as well as social development, which has garnered attention from scholars.




3.2.2. Meso Research Carrier


Figure 3 shows the visualization results of conducting journal co-citation analysis. The journal co-citation network displays the status of the journals cited in research on carbon emissions in the construction industry. The findings from these cited journals are absorbed, and the knowledge flows into the field of carbon emissions in the construction industry [35]. Additionally, journal co-citation analysis can help depict the impact level of the journals.



The journal co-citation network consists of nodes and connections. The size of a node indicates the frequency with which the journal has been cited, indicating the number of papers published on carbon emissions in the construction industry. The centrality of a node shows its influence, and a higher centrality indicates that the journal associated with that node has greater influence [47]. In the co-citation network, centrality refers to betweenness centrality and is a measure of the importance of the node [48]. The centrality of a node is the proportion of the shortest path connecting two points in the network that passes through that node in the total number of shortest paths. It is assessed by Freeman’s method and details can be found in Ref. [49]. The outermost circle of nodes with a centrality exceeding 0.1 is marked in purple.



Table 1 shows the top ten journals in terms of cited frequency and centrality. The top three journals with the highest cited frequency are Journal of Cleaner Production, Renewable and Sustainable Energy Reviews, and Energy and Buildings, while the top three most influential journals are Environmental Science & Technology, Energy Policy, and Environmental Science & Policy. Among these six journals, three of them are particularly interested in topics directly related to energy, indicating that research on carbon emissions in the construction industry is highly related to energy. In addition, we found that there is no significant correlation between the citation frequency of journals and centrality, which is due to the fact that the process of calculating centrality is independent of the citation frequency. Thus, the cited frequency of a journal is not strictly positively correlated with its influence. The results are expected to guide industry professionals to quickly find suitable journals to study or publish research in, including research on carbon emissions in the construction industry.




3.2.3. Micro Main Research Interests


Keywords are the crucial words or phrases of a paper that express its main content. Analyzing keywords can provide opportunities for discovering research interests in any field [50]. Keyword co-occurrence networks can present a picture of research interests in a certain field, as well as their intellectual connections and structures [51].



Preprocessing of the first network obtained is necessary to obtain a valuable keyword co-occurrence network. Dealing with duplicates and misspellings is necessary. Some nodes in the visualization results may represent the same objects or concepts with different spellings, such as “carbon dioxide” and “CO2”. Occasionally, there could be spelling errors, such as missing spaces between words, e.g., “residentialbuilding”. However, keywords with similar concepts will not be merged, such as “carbon emission” and “carbon dioxide emission”. A detailed explanation of the theoretical basis can be found in Ref. [47]. Furthermore, nodes unrelated to the research topic were removed. To ensure that all articles related to carbon emissions in the construction industry in the database are included as much as possible, we adopted a topic search method and used fuzzy search. Therefore, it is inevitable that some individual literature that does not align well with the target topic will be mixed in, and it is necessary to exclude irrelevant nodes, such as “nanocomposite”, “aerenchyma”, etc. Note that our exclusion behavior is cautious. Only when it is determined that the keyword represented by this node is not related to carbon emissions in the construction industry, can an exclusion operation be made.



After preprocessing, the resulting keyword co-occurrence network is shown in Figure 4. It provides insight into the research interests of the researchers and how they are connected. The keyword co-occurrence network is also composed of nodes and connections. Nodes with a large size indicate that the corresponding keywords appear frequently in publications. As mentioned earlier, the centrality of a node represents its influence, and nodes with a centrality of over 0.1 are marked with purple on the outermost circle. The connections between nodes not only represent the relationship between keywords but also the strength of the relationship [51]. The more publications have keywords appearing simultaneously, the stronger the link strength between keywords, and the thicker the line displaying the link in network visualization [48]. These descriptions are also applicable to other networks in this paper. Keywords can be replaced with journals, institutions, or countries, and co-occurrence relationships can be replaced with co-citation relationships or co-authorship relationships. In addition, when nodes are displayed in a ring structure, the thickness of the ring is directly proportional to the frequency of citations in that year. In Figure 4, nodes with keyword frequencies exceeding 200 and higher centrality rankings are labeled. The top 20 keywords in frequency and centrality rankings are shown in Table 2.



“Carbon emission” is the keyword with the highest frequency of occurrence, as the topic discussed in this study is carbon emissions. Meanwhile, “carbon emission” has a high connection strength with “consumption”, “renewable energy”, “carbon dioxide emission”, “energy efficiency”, and “China”. This illustrates the following points: (1) Research on carbon emissions in the construction industry is highly related to energy research, including improving energy efficiency, reducing energy consumption, and promoting renewable energy. This is consistent with the views of the other literature [52]. The building life cycle includes various stages such as material production, construction, operation, and demolition. Each stage requires a significant amount of energy consumption and results in emissions. There is a significant positive correlation between energy consumption and carbon emissions [53]. The relationship between energy efficiency and carbon emissions will be further explained in this study. (2) In the field of carbon emissions in the construction industry, compared to other greenhouse gas emissions, carbon dioxide emissions are the most concerning. (3) Many publications have studied carbon emissions in China’s construction industry, which has the highest carbon emissions globally [54]. The research potential for reducing carbon emissions in the Chinese construction industry is huge.



“Life cycle assessment” (LCA) ranks second in frequency due to its importance in carbon emission evaluation [55]. LCA is a technology used to evaluate the environmental impact of a product throughout its entire life cycle, starting from the acquisition of raw materials to production, use, and disposal after use. LCA research includes four stages, i.e., goal and scope definition, life cycle inventory analysis (LCI), life cycle impact assessment (LCIA), and interpretation. This method can offer critical information to decision-makers, designers, engineers, and other construction industry practitioners by assessing the environmental impact of construction products. Most studies evaluating carbon emissions use the LCA method [56]. Keywords with high correlation with “Life cycle assessment” include “environment”, “embodied energy”, “product”, “concrete”, and “environmental impact assessment”.



The third most frequently ranked keyword is “performance”. In the field of carbon emissions in the construction industry, carbon performance [57], energy performance [58,59,60], environmental performance [61,62], and building thermal performance [63] are all widely discussed topics. Ref. [57] utilized BIM to analyze the carbon performance of residential buildings during their life cycle and researched the design optimization of residential buildings. Ref. [58] proposes a new modeling method for evaluating energy performance and carbon dioxide emission performance. According to the research, several major countries such as China and the United States have poor energy performance and carbon dioxide emission performance, which may be related to their lower power generation efficiency and consumption of large amounts of fossil fuels. Ref. [61] developed a monitoring framework that can provide indicator information on building performance, describe the environmental performance of operating buildings, and provide support for optimizing design and developing energy-saving buildings. Keywords with high connection strength to “performance” include “design”, “optimization”, “power system”, etc.



“Energy efficiency” is the keyword with the highest centrality, and its frequency is also ranked highly. It is especially important to improve building energy efficiency, as it can significantly contribute to carbon reduction efforts [64,65]. According to the International Energy Agency (IEA), the operational energy consumption of buildings accounts for 34% of global consumption. It is worth noting that building operations and construction account for over one-third of global energy-related emissions, and this does not even include other stages of the building life cycle. Therefore, energy plays a critical role in reducing carbon emissions in the construction industry. Besides “energy efficiency”, the top 20 energy-related keywords in terms of centrality include “energy”, “energy conservation”, and “energy saving”.



“Barrier” is the second keyword in centrality. Identifying barriers helps develop more reasonable and effective solutions, thereby promoting the development of this field. Therefore, studying the existing barriers in the field of carbon emissions in the construction industry has a significant impact. Existing research has indicated that the barriers in the field of carbon emissions in the construction industry include natural environmental effects, incomplete and uncoordinated policies, imperfect regulatory mechanisms, financial, time, and technological limitations, as well as negative social attitudes [66,67,68].



In addition, energy-saving and emission reduction retrofit and renovation of existing buildings [69,70,71], as well as low-carbon design and optimization of buildings [71,72], are highly influential topics in the field of carbon emissions in the construction industry. This corresponds to several keywords that rank high in centrality, such as “design”, “building stock”, “refurbishment”, “optimization”, and so on. “China” ranks ninth in terms of centrality. As mentioned earlier, China’s construction industry has the highest carbon emissions in the world. Moreover, China has increasingly attached importance to carbon emissions in the construction industry, actively formulating policies and increasing investment [73]. Thus, the frequency of “China” is also ranked highly. We have noticed that “concrete” also has a high impact. Concrete is widely used as a building material. The production of concrete-related materials, construction, and demolition of buildings produce a large number of emissions at various stages and contribute significantly to carbon emissions in the construction industry [55]. In the field of carbon emissions in the construction industry, the research on concrete mainly focuses on using waste or green materials to replace traditional fuels and raw materials, improving energy efficiency and carbon capture and storage [74,75,76]. These are also carbon reduction measures recommended by the IEA for the concrete industry. Among them, fuel and raw material replacement, energy efficiency improvement, and other related technologies have been matured, with lower implementation costs, and have been widely applied. Carbon capture and storage can significantly reduce carbon emissions, but there are still obstacles to the implementation of this technology, which has enormous research potential [76].



In summary, energy is the most studied and influential research field for carbon emissions in the construction industry, i.e., energy and carbon emissions are closely related. Improving energy efficiency and reducing energy consumption are important measures for reducing carbon emissions in the construction industry. Beyond energy efficiency, research on barriers is highly influential. There are several barriers to carbon emissions in the construction industry, and identifying and addressing them will drive global progress. In terms of assessment methods, LCA occupies an important position. In addition, performance, design, building stock, refurbishment, optimization, China, concrete, and other topics are widely studied or considered influential by scholars.





3.3. Research Trends and Frontiers over Time


3.3.1. Research Trends


Cluster analysis can provide active fields and trends of certain research areas in time series [22], and it can be used to extract important terms from the titles, keywords, or abstracts of publications as clustering labels. There are three algorithms for extracting terms: latent semantic index (LSI), logarithmic likelihood ratio (LLR), and mutual information (MI). The results obtained by LLR tend to be more satisfactory than the other two algorithms [22]. Therefore, this study uses the LLR algorithm to extract terms from keywords in articles as clustering labels.



Based on the network structure and clustering clarity, two metrics, Q value and S value, are commonly used in cluster analysis and are referred to as the modularity and silhouette, respectively. A Q value greater than 0.3 indicates a significant clustering structure, and the closer to 1, the better the clustering effect. An S value greater than 0.7 suggests that the clustering results are very reliable [22]. This study conducts clustering based on keyword co-occurrence networks. Filtering small clusters and displaying them as a time zone graph, the visualization is shown in Figure 5. The modularity Q value is 0.8621, and the weighted mean silhouette S value is 0.949, indicating a reliable clustering result. In Figure 5, the solid line in front of each cluster label represents the range of active years in the research field. For example, cluster #0 became an active field in 2001 and continued until 2023. Due to the incomplete literature statistics in 2023, the discussion on current research trends here is based on 2022.



Research on carbon emissions in the construction industry can be divided into 17 major clusters based on existing research interests. The serial number of a cluster is sorted based on the number of members it contains. Remarkably, the three largest clusters are “energy management”, “life cycle analysis”, and “energy”. These clusters have maintained their pre-eminence since the nascent stages of research on carbon emissions in the construction industry and continue to captivate the scholarly community’s attention. This is consistent with the previous analysis in this paper. There is a significant correlation between energy consumption and carbon emissions in the construction industry. The goal of energy management is to improve energy efficiency, mitigate climate change, etc. [77]. Life cycle analysis is an important method for assessing the impact of carbon emissions.



“Embodied carbon” is the third largest cluster and has remained active since 2005. Carbon emissions in the construction industry can be divided into operational carbon emissions and embodied carbon emissions [18]. Operating carbon emissions mainly include carbon emissions generated by the energy consumption of electrical appliances or other equipment operated during the use or operation phases of a building, such as space lighting, temperature regulation, etc. Carbon emissions related to material production, construction, maintenance, and demolition processes may be classified as embodied carbon emissions [18,78]. In the early stages of research on carbon emissions in the construction industry, scholars paid more attention to operational carbon emissions, as they believed that the relative share of carbon emissions from the operation of traditional buildings in the life cycle of buildings could reach or even exceed 80% [18]. With the progress in energy efficiency, building performance, and other related fields, the proportion of operating carbon emissions has decreased, while the proportion of embodied carbon emissions has increased [79]. The embodied energy of low-energy buildings may be equivalent to 40–60% of the entire life cycle energy [80]. Moreover, considering that the service life of buildings is short in many developing countries and regions, even the proportion of carbon emissions in the life cycle of ordinary buildings can reach 50% [81]. Therefore, research on embodied carbon is increasingly receiving attention from scholars. For example, Ref. [82] emphasizes the importance of research on embodied carbon emissions in the construction industry and reviews the research background, methods, and progress of embodied carbon. However, the results of this study suggest that although there has been some progress in assessing the embodied carbon of buildings, there are still barriers to reducing carbon emissions. The study of embodied carbon emissions is still an active research field.



In addition to the four largest research fields mentioned above, fields such as “building performance”, “passive house”, “uncertainty”, “carbon neutral”, “climate change”, “thermal energy storage”, “refurbishment”, and “economic growth” are also current research trends. Building performance is mainly reflected in energy efficiency, carbon dioxide emissions, and other indicators related to sustainability [83]. Passive house refers to a building that does not use traditional heating or cooling methods to achieve a comfortable indoor environment [84]. This type of building advocates minimizing the consumption of fossil fuels as much as possible by planning and designing the location, shape, enclosure structure, doors, and windows of buildings, utilizing natural methods such as solar energy and natural ventilation to maintain a comfortable indoor environment. Uncertainty refers to a lack of understanding of the facts. In the field of carbon emissions in the construction industry, uncertainty includes models, parameters, methods, future scenarios, etc. [78,82]. Carbon neutrality can be understood as carbon emissions equal to or less than carbon sink values, sometimes also known as net zero emissions. Executive Order EO 14057 of the US explicitly proposes to achieve carbon neutrality in the construction industry by 2045. The “European Green Agreement” sets out the goal of achieving carbon neutrality by 2050. China announced efforts to achieve carbon neutrality by 2060. Therefore, carbon neutrality research in the construction industry is not only a current research hotspot but will also be a key focus field in the future. The main paths to achieving carbon neutrality in the construction industry that existing research focuses on include reducing carbon emissions, waste recycling, and increasing carbon sinks [85,86]. Climate change is an important reason for global attention to carbon emissions. Thermal energy storage is a key path to reducing building energy consumption and achieving low-carbon development in the construction industry. Thermal energy storage technology mainly includes sensible energy storage, latent energy storage, and thermochemical storage. In recent years, latent energy storage using phase-change materials has become a research hotspot, especially for phase-change materials [87,88]. Refurbishment is an important measure for increasing the energy efficiency of existing buildings and reducing carbon emissions [68]. The research on carbon emissions in the construction industry inevitably has an impact on economic growth [89,90]. The relationship between economic growth and carbon emissions and the balance between economic growth and carbon emission reduction is the focus of scholars [90,91].



“Prefabrication”, “transportation”, “recycling”, and “machine learning” were once research hotspots, but now they have become neglected. This does not mean that they lack research value, and based on a review of existing research findings, these fields should receive renewed attention. Prefabricated buildings have the advantages of energy conservation, environmental protection, high construction efficiency, and easy-to-ensure construction quality. With the promotion of the concept of sustainable development and the advancement of building technology, prefabricated buildings have been favored by the industry and actively promoted globally [92,93,94]. A large number of scholars have researched the carbon emissions of prefabricated buildings and demonstrated that prefabricated buildings can reduce carbon emissions compared to traditional buildings [95,96]. However, there are obvious deficiencies in the existing research [93,94], which can be summarized as follows: (1) Limited research on the operation and demolition stages of buildings; (2) Insufficient diversification of building types and structural forms, limited to low-rise residential; (3) A lack of transparency of information in the existing research; (4) A lack of evaluation of the effect of carbon emission measures. It is regrettable that the field of prefabrication has been overlooked by scholars at present. The transition within and between stages of the building life cycle involves a significant amount of transportation-related carbon emissions, which should be considered in carbon emission assessments [18,82]. Recycling is one of the most effective measures of reducing carbon emissions in the construction industry [18]. Predicting carbon emissions and determining the influencing factors of carbon emissions are beneficial for formulating policies and taking targeted measures. Many studies have shown that machine learning is a reliable tool for achieving the above goals [97,98]. Fields such as prefabrication, transportation, recycling, and machine learning were overlooked in 2022, but they still have research potential.




3.3.2. Research Frontiers


Identifying keywords frequently cited in the field of carbon emissions in the construction industry research during a specific period can reflect research frontiers [99]. Figure 6 shows the top 30 burst terms. The blue line in the figure represents the year range, while the red line represents the duration of the burst keyword.



From 1997 to 2013, “greenhouse gas”, “energy”, “climate change”, “carbon dioxide”, and “emission” were the research hotspots of the construction industry. In the early days, scholars and practitioners mainly focused on top-level design. These studies focus on the possible social and environmental impacts of carbon emissions in the construction industry, policy and planning recommendations, and how to control carbon emissions in the construction industry. Ref. [100] shows that practitioners have a lower willingness to voluntarily improve traditional construction methods, although these processes may generate significant carbon emissions. In addition, financial incentives can have a significant positive impact on the development of green buildings. Ref. [101] points out that the construction industry is the most important energy-saving field. This study introduces China’s energy conservation policies from 2006 to 2010 and analyzes the trend of future energy consumption in the construction industry. Ref. [102] evaluates the life cycle greenhouse gas emissions of a residential area and suggests that carbon reduction targets should be set during the construction and operation stages of buildings to mitigate climate change. In addition, scholars are mainly focused on carbon dioxide emissions. In the early stages of research on carbon emissions in the construction industry, researchers and practitioners pay more attention to the most important greenhouse gas, rather than to all.



During the period from 2007 to 2018, researchers gradually refined their research on carbon emissions in the construction industry, and the research topics presented multiple developments. Researchers had a broader focus on greenhouse gases, and methane and nitrous oxide became research hotspots. Methane is the second largest greenhouse gas [103,104], and its global warming potential exceeds that of carbon dioxide by 28 times [105]. The global warming potential of nitrous oxide on a 100-year time scale is 298 times that of carbon dioxide [106]. Therefore, in addition to carbon dioxide, understanding, quantifying, and managing methane and nitrous oxide are indispensable. Life cycle inventory (LCI) research stands out in terms of tools and methods for assessing carbon emissions. LCI is a tool for compiling resource consumption (input) and emissions (output) of products during their life cycle and is also an important component of LCA research [107]. In addition to studying how to reduce carbon emissions, research on carbon sequestration has also gradually attracted attention. Reducing carbon emissions by itself is insufficient to mitigate the climate impact, and it is necessary to consider carbon sequestration [108], especially for the construction industry and its high energy consumption. Patware et al. [109] summarized the direct and indirect methods of carbon sequestration. At present, the construction industry mainly focuses on indirect technology, which utilizes ecosystems to absorb and store carbon. This is a win-win or multi-win strategy. For example, soil carbon sequestration can not only improve soil quality but also offset carbon emissions generated by energy consumption [110].



Since 2019, research on carbon emission in the construction industry has been further deepened, focusing on the impact of more potential factors. The driving force has gradually become a hot topic, which has important theoretical and practical significance for the research of carbon emissions in the construction industry. According to existing research, factors or driving forces such as social systems, changes in values, macro policy regulation, industrial structure adjustment, technological progress, economic change cycles, and energy price fluctuations can all affect carbon emissions [111,112]. The focus on driving forces proves that researchers have begun to pay more attention to various specific factors that affect carbon emissions in the construction industry in order to find reliable solutions. A study has pointed out that among the many factors affecting carbon emissions, the relationship between carbon emissions and economic development has been given more attention [113], which is consistent with the results of this paper. Circular economy, investment, and economic analysis have become research hotspots for industry scholars in the field of carbon emissions in the construction industry [114,115]. As a scientific economic development model, circular economy has achieved decoupling between economic development, resource utilization, and environmental impact [116], which is of great value for achieving the carbon neutrality goal of the construction industry. Circular economy advocates for the conservation and intensive use of resources and promotes the recycling of waste resources [117], which can effectively improve the resource output rate of the construction industry, produce more products or value with less resource investment, and significantly reduce carbon emissions. Research has shown that implementing a circular economy can reduce carbon emissions from key industrial materials such as cement, steel, and aluminum globally by 40% by 2050 [118]. Households, renovations, and waste management have received widespread attention, and the projects considered in the field of carbon emissions in the construction industry are further comprehensive and refined. Household emissions, building renovation, and waste management are important areas that are easily overlooked in the early stages of carbon emissions in the construction industry research. Household emissions are a huge source of carbon emissions [119]. For example, heating and electricity are often factored into the carbon footprint of a building during its operation. Building renovation is not only a source of embodied carbon emissions in buildings but also an important measure to reduce carbon emissions during the operation phase of existing buildings [120,121]. Construction waste is the main source of global social and environmental solid waste, accounting for 20–60% [122]. The traditional ways of dealing with waste are landfills and incineration, which will generate a large amount of carbon emissions. Studies have pointed out that properly managed construction waste can be recycled as an important resource for alternative materials and reduce carbon emissions [82]. Therefore, studying the field of waste management in the construction industry is very valuable. Ref. [123] assesses the waste generated by newly built buildings in Shanghai. Building waste management can significantly reduce carbon emissions. Ref. [124] utilized BIM and Network Map Service (WMS) technology to construct an information-based waste management system, providing novel ideas for optimizing waste management.





3.4. Scientific Collaboration Networks


Scientific collaboration networks contribute to the acquisition of professional knowledge and financial support, while also improving productivity [125]. The analysis of co-authorship networks using scientometric analysis methods can almost comprehensively examine scientific cooperation [126].



3.4.1. Institution Co-Authorship Analysis


Analyzing the scientific collaboration networks between institutions that invest resources in studying carbon emissions in the construction industry research makes it easier to investigate partnerships and formulate policies [125]. The visualization results obtained by conducting institute co-authorship analysis on the dataset are illustrated in Figure 7, and the top ten institutions for frequency and centrality are shown in Table 3.



In Figure 7, each node represents an institution. Institutions containing 45 or more publications are labeled, and 35 institutions are eligible. It can be found that the distribution of nodes is relatively scattered, indicating that the connections between institutions are limited. In particular, the connections between large nodes are weaker, indicating a lack of cooperation between the institutions with the highest number of published articles. This is a surprising discovery. Publications with collaborative research are more likely to have a higher impact. Moreover, in the scientific collaboration networks of specific research fields, a lack of cooperation is considered a manifestation of weak research productivity [127].



According to the distribution and connectivity of existing institutional collaboration network nodes, they can be roughly divided into three sub-networks, distinguished from each other by black dashed lines. The connections between nodes within each sub-network are tight, while the connections between sub-networks are weak. The bottom left corner is the largest sub-network, which contains the most nodes. Among them, institutions with significant influence include Chongqing University and the University of Colorado. Chongqing University has established close cooperation with institutions such as Harbin Institute of Technology, Hebei University of Technology, Curtin University, Lawrence Berkeley National Laboratory, and others. There is a close relationship between the University of Colorado and the Norwegian University of Science and Technology, as well as the University of California, Berkeley. This sub-network includes many research institutions in East Asia, North America, Europe, and Australia. In sub-network 2, several institutions are closely connected, such as the Chinese Academy of Sciences, Peking University, University of the Chinese Academy of Sciences, Tongji University, China University of Geosciences, Beijing University of Technology, Beijing Normal University, North China Electric Power University, and so on. These institutions all come from China and lack communication and cooperation worldwide. In sub-network 3, closely connected institutions include Shanghai Jiao Tong University, National University of Singapore, MIT, the University of British Columbia, and others. It is worth noting that institutions such as Tsinghua University, the University of Cambridge, and Zhejiang University have also published a large number of journals with high influence. However, they lack cooperation with other highly productive institutions.



Among the top ten institutions that publish journals, there are nine universities and one academic institution, i.e., the Chinese Academy of Sciences. The top ten institutions in terms of influence are all universities. Universities have contributed a key force in the research on carbon emissions in the construction industry. In addition, seven of the top ten institutions that publish articles come from China, while only three Chinese universities, including China University of Geosciences, University of the Chinese Academy of Sciences, and Fudan University, rank in the top ten in terms of influence. This indicates that many institutions in China have invested a large amount of resources in the field of carbon emissions in the construction industry and have achieved certain results. Although some institutions have an advantage in the number of publications, their influence needs to be improved. This also indicates that there is not a strict positive correlation between influence and the number of publications. Institutions with a high number of publications and influence are the University of the Chinese Academy of Sciences and the University of Cambridge.




3.4.2. Country Co-Authorship Analysis


The visualization results obtained from the country co-authorship network analysis of the dataset are shown in Figure 8. It showcases the exchange and cooperation of carbon emissions in the construction industry research among countries. The top ten countries in terms of published articles and influence are organized as shown in Table 4.



Countries with more than 150 published articles are labeled, and a total of 20 nodes meet the requirements. The labeled nodes are very scattered in the network, indicating that there is a lack of cooperation among major countries in the field of carbon emissions in the construction industry. The two largest nodes are China and the United States, indicating that they have the highest number of published articles. Moreover, the node representing China has an obvious purple band, denoting a high centrality and high influence. However, they have only a weak connection with other annotated nodes, i.e., they lack cooperation with other countries that publish more publications. This does not mean that they have no communication and cooperation with other countries at all, as a large number of line segments can be found radiating from these two nodes. This suggests that they have cooperative relationships with many countries, but the number of articles published by these countries is too small to appear as a node in the Figure. The other three countries in the top five in terms of the number of publications are England, Germany, and Canada, where a similar situation is also present. Countries with strong cooperative relationships that can be observed are Australia and Malaysia, Italy and Switzerland, and Brazil and Sweden.



Among the 20 countries marked in the network, developing countries account for only 20%. China and India are the only two developing countries among the top 10 publishing countries. In terms of centrality, only China is among the top ten. This indicates that developed countries and developing countries with better economic development have invested more attention and resources in the field of carbon emission in the construction industry. They have more resources to invest in the field of carbon emissions in the construction industry, including funding and technology.



The US and China have significantly higher numbers of articles in the field of carbon emissions in the construction industry than other countries. This is consistent with the fact that China and the US have been the top two contributors of WoS-SCI indexed papers for many years, and China has surpassed the US to become the top contributor [128]. More importantly, they are the two largest carbon emitters in the world, and both countries are vigorously promoting research on carbon emissions in the construction industry. Both governments have proposed emission reduction goals and plans for the construction industry, and have successively introduced a series of policy tools to ensure the achievement of these goals. According to the definition of policy tools proposed by McDonnell and Elmore [129], the policy tools adopted by the two countries for carbon emissions in the construction industry research include at least three categories, i.e., mandatory command type, short-term incentive type, and capacity building type.



Generally, mandatory command type refers to relevant policies and documents issued by the country or industry that require researchers to pay attention to the field of carbon emissions in the construction industry. At the national policy and planning level, the US government has proposed the “Nationally Determined Contribution” (NDC), which clearly outlines decarbonization strategies related to construction. In addition, the US government has established goals and strategies for achieving net zero emissions from buildings by 2045 through Executive Order 14057 and the Federal Sustainable Development Plan. The Chinese government has issued a notice on the “Action Plan for Carbon Peak before 2030”, an implementation plan for carbon peak in urban and rural construction, and a development plan for building energy conservation and green buildings during the 14th Five-Year Plan period. At the level of industry standards and regulations, the current relevant regulations and standards in the US include “2024 International Energy Conservation Code”, “2021 International Residential Code”, and “Standard 189.1” [130]. China has issued documents such as the “General Specification for Building Energy Conservation and Renewable Energy Utilization”, the “Evaluation Standard for Ultra Low Energy Buildings”, and the “Guidelines for Passive Design of Green Buildings”.



Short-term incentive type refers to material and spiritual rewards given to individuals, teams, or institutions. These include the Tien-yow Jeme Civil Engineering Prize, the China Construction Engineering Luban Prize, the Green Building Innovation Award, and various awards established and awarded by the American Society of Civil Engineers. Capacity building type expects to receive returns in the future and can play a long-term incentive role. This includes government funding for research projects or setting up laboratories and research institutes to carry out long-term research on specific topics. The US and China have established the National Natural Science Foundation (NSFC) and the National Science Foundation (NSF), as well as various other scientific funding institutions, to support key scientific research projects. Research organizations such as the New Building Institute (NBI) and the International Ecological Future Research Institute (ILFI) were founded in the United States. China has established the Green Building Research Center of the China Urban Science Research Association and the National Key Laboratory of Green Building. Moreover, most laboratories and research institutes do not operate independently. They can collaborate with other research institutions such as universities to further improve national research.



In conclusion, there is a general lack of cooperation among important countries engaged in research on carbon emissions in the construction industry, and the participation of developing countries is significantly lower than that of developed countries. Additionally, China and the US have enormous carbon reduction potential, and with the support of policy tools, they have the richest research results in the field of carbon emissions in the construction industry.






4. Discussion and Recommendations


4.1. Discussion


The articles published in the field of carbon emissions in the construction industry began in the late 1990s. In the early days of this research, the number of articles published each year slowly increased and remained in the double digits. In 2007, the annual number of articles published reached 116. Afterward, the number of articles published each year maintained rapid growth. This proves the sustained growth of global interest in carbon emissions in the construction industry. However, through scientometric analysis of a large number of articles, it was found that the knowledge system of carbon emission in the construction industry still has obvious limitations, especially when certain important topics are ignored.



The existing research focuses on housing construction, while infrastructure such as roads and bridges are neglected. There are significant differences in the construction, operation, maintenance, and demolition processes of infrastructure and housing buildings, so carbon emission assessment methods and carbon reduction measures cannot be simply analogized. Therefore, it is necessary to conduct a specific assessment of infrastructure carbon emissions and propose targeted carbon reduction measures. In addition, it is also necessary to study the mechanism of the impact of infrastructure on carbon emissions. For example, transportation infrastructure can improve transportation between regions and promote the flow of people and goods, thereby reducing energy consumption, promoting technology dissemination and innovation, and ultimately affecting carbon emissions [131]. Therefore, studying the impact of infrastructure construction on carbon emissions is of great significance for formulating scientific and effective carbon reduction policies.



Research on building materials has focused on concrete or cement, while other carbon-intensive building materials such as steel and aluminum have been overlooked. The manufacturing, transportation, and other processes of building materials generate a large amount of carbon emissions. For example, the carbon emissions generated by the manufacturing process of concrete and steel may exceed 40% of the carbon emissions of a building’s life cycle [132]. Concrete, steel, aluminum, glass, and other carbon-intensive materials are widely used in the construction industry [133]. To control carbon emissions in the construction industry, it is necessary to reduce their carbon emissions or their usage, such as improving energy efficiency in production processes or finding alternative materials. To control carbon emissions in the construction industry, it is not enough to focus on concrete.



Modern information technology, such as BIM technology, has not been fully applied in the field of carbon emissions in the construction industry. With the development of science and technology, scholars and practitioners are increasingly interested in the application of information technology in the sustainable development of the construction industry, especially BIM technology [57]. BIM can achieve digital representation and information sharing of physical and functional features of building objects, providing a reference basis for all decisions throughout the entire life cycle of buildings [134]. Moreover, BIM can integrate various modern technologies, such as the Internet of Things (IoT), Big Data, and Artificial Intelligence (AI), making it even more powerful. Therefore, BIM has important application value in the field of carbon emissions in the construction industry, and more and more scholars are calling for research on the impact and application of BIM technology in this field [135].




4.2. Recommendations


Analyzing important research topics that are absent can provide reference for scholars. Identifying the problems with carbon emissions in the construction industry and providing reliable recommendations for decision-makers and practitioners is also an important goal of this study. Through reflecting on and reviewing the existing literature, to address the problems faced by the construction industry in the field of carbon emissions, the following suggestions are proposed.



	(1)

	
Strengthen top-level designs and improve policy systems, management systems, and guarantee mechanisms. Specifically, this includes formulating policies, regulations, and standards that are tailored to local conditions, and clarifying work objectives and measures. At the same time, strengthen the construction of management and execution capabilities, and improve the quality and efficiency of execution. Actively promote the labeling system for building energy efficiency. Building energy efficiency labeling can make building energy consumption information more transparent and provide incentives for improving energy efficiency in the construction industry. By providing appropriate policy guidance and actively conducting policy lectures and educational training, increase the participation and willingness of construction-related enterprises, institutions, and individuals in conducting practical and research activities.




	(2)

	
Adhere to technological innovation. Technological innovation is the primary driving force for solving the problem of carbon emissions in the construction industry. The development and maturity of new technologies can reduce the cost of implementing carbon reduction plans, and even lead to the emergence of new and more efficient solutions. For example, breakthroughs in fields such as clean energy technology and carbon capture and storage technology will have a significant impact on the field of carbon emissions.




	(3)

	
Pay attention to all aspects of the whole life cycle of the building. In the materials production stage, improve the energy efficiency of the materials production process, and use low-carbon environmental protection materials or raw materials instead of traditional materials. In the construction phase, promote the use of low-energy construction machinery and equipment, and utilize information technology for low-carbon production management. For example, by inputting data such as equipment configurations, construction progress, and personnel information into a database for overall management, it is possible to optimize the allocation of personnel, machines, raw materials, methods, and environmental factors, ultimately achieving high efficiency, low energy consumption, and low emissions. At the same time, it can also accelerate the progress of the project. During the operational phase, improve the electrification level in the fields of building heating, cooling, and living consumption, and minimize fossil fuel consumption as much as possible. Moreover, encourage people to use energy-efficient appliances. At the stage of maintenance and demolition, improve the recycling rate of construction waste. For example, promote the recycling and utilization of construction waste resources from aspects such as classification, recycling, regeneration, resource utilization, and product application.




	(4)

	
Strengthen cooperation. Active cooperation between enterprises, research institutions, and countries is crucial. Climate change is a global challenge, and cooperation brings together stakeholders to address this challenge and contribute to the global carbon reduction goals of the construction industry. Carbon reduction in the construction industry is not only related to the construction industry itself but also to the entire supply chain. Enterprise cooperation can promote carbon reduction measures in all aspects of the supply chain, achieving overall low-carbon development. In addition, cooperation between enterprises and countries is conducive to fully leveraging their respective technological, management, and financial advantages. Collaboration between research institutions can facilitate the exchange of technology and knowledge, thereby accelerating technological innovation and transformation.









5. Conclusions


With global attention on climate change and other related environmental issues, more and more researchers and practitioners are focusing on carbon emissions in the construction industry. This study uses a scientific mapping method to review the articles in the field of carbon emissions in the construction industry, in order to identify and explore the current research status, trends, and frontiers in the field. A total of 13,507 articles from 1985 to 2023 were retrieved from the WoSCC database as the dataset for this study. The main conclusions are as follows:




	(1)

	
Researchers and practitioners have paid much attention to carbon emissions in the construction industry in recent years. From 1997 to 2006, the number of articles published annually was below 100 and the growth was slow. Since 2007, the annual publication of articles has maintained a rapid growth. In 2022, the number of articles published reached 2265.




	(2)

	
The research on carbon emissions in the construction industry has a clear interdisciplinary phenomenon. This field is not only closely related to the environment and economy but also has a significant impact on the lives of animals and humans, as well as social development. Research carrier analysis is expected to guide researchers and practitioners in finding suitable journals for learning and publishing. In terms of research interests, energy is the most relevant topic. In addition, “carbon emission”, “life cycle assessment”, and “performance” are the three keywords that have received the most attention in existing research. “Energy efficiency”, “barrier”, “China”, “concrete”, “design”, “building stock”, “refurbishment”, and “optimization” are highly influential topics.




	(3)

	
The existing research topics can be identified as 17 clusters, with the largest five clusters corresponding to “energy management”, “life cycle analysis”, “energy”, “embodied carbon”, and “building performance”. Other hot research trends include “passive house”, “uncertainty”, “carbon neutral”, “climate change”, “thermal energy storage”, “refurbishment”, and “economic growth”. The fields of “prefabrication”, “transportation”, “recycling”, and “machine learning” have been briefly overlooked, but they still have high research potential. In addition, the research frontiers analysis results indicate that scholars and practitioners pay more attention to the impact of potential factors, and the research topic continues to deepen. “Driving force”, “circular economy”, “household”, “waste management”, and “circular economy” are currently research frontiers.




	(4)

	
The analysis of the scientific collaboration networks has identified institutions and countries with a high number of publications or high influence, as well as the connections between institutions and countries, thus providing a reference for seeking communication and cooperation. In the field of carbon emissions in the construction industry, the connections between institutions with high publications or high influence and between countries are limited. It is recommended to further strengthen cooperation. In addition, China and the United States have published the most articles through a series of policy tools.









Valuable results were obtained in this study, which can help researchers and practitioners understand the knowledge system, research trends, frontiers, and scientific cooperation of the field of carbon emissions in the construction industry. In addition, based on the review of existing research, we propose several targeted suggestions that can motivate researchers and practitioners to participate in scientific research and practice in this field, and to promote the global progress of the field of carbon emissions in the construction industry. However, this study still has several limitations. The dataset was collected from the WoSCC and may be affected by the coverage of WoSCC. Additionally, the dataset only includes English articles. Therefore, the research results may not take into account all publications in the field of carbon emissions in the construction industry. Future research can extract broader data to address the limitations of this study.
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Figure 1. Trends in publication quantity (1997–10 July 2023). 
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Figure 2. Dual-map overlay of the literature on carbon emissions in the construction sector. 
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Figure 3. Journal co-citation network. 
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Figure 4. Keyword co-occurrence network. 
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Figure 5. Timeline view of keyword co-occurrence network clustering. 
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Figure 6. Top 30 keywords with the strongest citation bursts. 
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Figure 7. Institution co-authorship network. 
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Figure 8. Country co-authorship network of construction-sector carbon-emission literature. 
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Table 1. Top 10 journals in co-citation frequency and centrality.
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	Number
	Cited Journals (Frequency)
	Cited Journals (Centrality)





	1
	Journal of Cleaner Production (5034)
	Environmental Science & Technology (0.65)



	2
	Renewable and Sustainable Energy Reviews (4826)
	Energy Policy (0.44)



	3
	Energy and Buildings (4624)
	Environmental Science & Policy (0.44)



	4
	Applied Energy (4406)
	Energy Conversion and Management (0.22)



	5
	Energy (4267)
	Biomass and Bioenergy (0.21)



	6
	Energy Policy (4180)
	Nature (0.18)



	7
	Building and Environment (3505)
	Science (0.17)



	8
	Sustainability (2385)
	Atmospheric Environment (0.15)



	9
	Environmental Science & Technology (2318)
	Journal of Geophysical Research-Atmospheres (0.15)



	10
	Renewable Energy (2013)
	Energy (0.12)










 





Table 2. Top 20 keywords in co-occurrence frequency and betweenness centrality.






Table 2. Top 20 keywords in co-occurrence frequency and betweenness centrality.





	Number
	Keywords (Frequency)
	Keywords (Centrality)





	1
	carbon emission (1815)
	energy efficiency (0.43)



	2
	life cycle assessment (1633)
	barrier (0.35)



	3
	performance (1431)
	carbon emission (0.29)



	4
	energy (1361)
	energy (0.28)



	5
	emission (1308)
	emission (0.26)



	6
	impact (1203)
	design (0.24)



	7
	energy efficiency (1182)
	energy conservation (0.24)



	8
	carbon dioxide emission (1179)
	performance (0.22)



	9
	building (1096)
	China (0.22)



	10
	system (1096)
	balance (0.18)



	11
	climate change (856)
	model (0.18)



	12
	model (826)
	construction (0.17)



	13
	consumption (815)
	concrete (0.15)



	14
	construction (755)
	building stock (0.15)



	15
	design (748)
	refurbishment (0.14)



	16
	sustainability (739)
	climate change (0.13)



	17
	energy consumption (704)
	energy saving (0.13)



	18
	optimization (698)
	impact (0.13)



	19
	China (676)
	optimization (0.13)



	20
	carbon dioxide (554)
	carbon reduction (0.13)










 





Table 3. Top 10 institutions in frequency and betweenness centrality.






Table 3. Top 10 institutions in frequency and betweenness centrality.





	Number
	Institutions (Frequency)
	Institutions (Centrality)





	1
	Chinese Acad Sci (271)
	China Univ Geosci (0.28)



	2
	Tsinghua Univ (211)
	Univ Colorado (0.22)



	3
	Chongqing Univ (165)
	CALTECH (0.17)



	4
	Hong Kong Polytech Univ (157)
	Natl Univ Singapore (0.17)



	5
	Univ Cambridge (115)
	Univ Chinese Acad Sci (0.16)



	6
	Beijing Normal Univ (109)
	Univ Illinois (0.15)



	7
	Univ Chinese Acad Sci (102)
	Deakin Univ (0.15)



	8
	Univ Calif Berkeley (100)
	Univ Melbourne (0.12)



	9
	UCL (97)
	Fudan Univ (0.12)



	10
	Tianjin Univ (90)
	Univ Cambridge (0.11)










 





Table 4. Top 10 countries in frequency and betweenness centrality.






Table 4. Top 10 countries in frequency and betweenness centrality.





	Number
	Countries (Frequency)
	Countries (Centrality)





	1
	PEOPLES R CHINA (2737)
	GERMANY (0.46)



	2
	USA (2146)
	NETHERLANDS (0.45)



	3
	ENGLAND 1 (850)
	SPAIN (0.4)



	4
	GERMANY (484)
	PEOPLES R CHINA (0.37)



	5
	AUSTRALIA (481)
	SWEDEN (0.36)



	6
	CANADA (429)
	ENGLAND (0.34)



	7
	ITALY (415)
	ITALY (0.3)



	8
	SPAIN (358)
	AUSTRALIA (0.29)



	9
	SOUTH KOREA (341)
	FINLAND (0.22)



	10
	INDIA (294)
	NEW ZEALAND (0.21)







1 England is a constituent country of the United Kingdom.
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