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Households are an important sector in carrying out human development activities, accounting for more than 30% of the total global energy consumption. The continued growth of household energy consumption (HEC) and carbon emissions is threatening economic and environmental sustainability. This review focuses on the research in the field of HEC and conducts a bibliometric analysis of research articles from the Web of Science Core Collection since 2000. The results show that: 1) HEC research has undergone rapid development since 2014, and interdisciplinary fusion and collaborative research have become dominant trends. 2) Keyword co-occurrence analysis clearly identifies the current urgent themes, including energy demand and its determinants, environmental impact factors and assessments, and energy-saving technologies and emission reduction measures. 3) The analysis of citations reveals that economic models, such as input-output models and life cycle assessment, are frequently employed in the field of HEC. Based on a summary of household energy-saving and emissions reduction work, this paper critically discusses the limitations of existing measures such as smart home technology, sustainable energy systems, and behavioral interventions. The main directions for promoting household energy-saving development in the future are identified: including improving the security and customer engagement of smart home technology, focusing on the availability and stability of sustainable energy, and paying more attention to low-income and aging households in behavioral intervention measures. One of the important obstacles facing research is how to reduce energy management efficiency and usage costs through technology and policy.
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1 INTRODUCTION
Climate change and environmental impacts caused by energy consumption and carbon emissions have raised global awareness. In response to the “Paris Agreement”, many countries or regions have developed long-term policies and action plans to reduce greenhouse gas emissions. The EU introduced the “Energy Efficiency Directive”, which aims to reduce total energy consumption, reduce emissions and respond to energy poverty (Energy Efficiency Directive, 2018). The Japanese government submitted its National Autonomous Contribution (NDC), stating that it will reduce greenhouse gas emissions by 26% compared to 2013 by 2030 (Taniguchi-Matsuoka et al., 2020). The U.S. proposed the “CLAEN Futures Act” in the 117th Congress. It sets the goal of reducing greenhouse gas emissions from the U.S. economy by 50% by 2030 compared to 2005, and by 100% by 2050 (CLEAN Future Act, 2021). As the largest developing country, China attaches great importance to addressing climate change and strengthening the implementation of the national autonomous contribution target. It has adopted “reducing CO2 emissions per unit of GDP by 18% in 2025 compared to 2020”as a binding target in the 14th Five-Year Plan (MEE, 2022). At the same time, a series of Energy Conservation and Emission Reduction Policies (ECERP) have been introduced with the aim of controlling the total amount of energy consumption, improving energy efficiency and promoting the green transformation of economic and social development (Luo et al., 2023). India has a target to reduce carbon intensity of its economy to 45% by 2030 (Amin et al., 2023).
Reducing building-related energy use is widely recognized as key to reaching these ambitious targets and facilitating the transition to a low-carbon and sustainable world (Zhao et al., 2023b). The household sector consumes large amounts of energy in the form of heating and cooling, among other things, and accounts for a significant share of greenhouse gas emissions (Goldstein et al., 2020). It plays an important role in reducing carbon footprint and achieving energy sustainability. In the household sector, the widespread use of electricity is driving changes in our lifestyles. In the Kingdom of Saudi Arabia (KSA), electricity consumption in the residential sector accounts for 50% of total production (Alqahtani and Balta-Ozkan, 2021); 26% of U.S. households rely on electricity as their sole energy supply (Michelle Lewis, 2022). The residential sector accounts for about 24% of India’s total electricity consumption (Ramapragada, 2022); which is already close to 40% in China (CESY, 2020). Continued high growth in electricity demand has contributed to a rise in enthusiasm for clean, sustainable energy generation and energy independence. However, about 80% of global energy and 66% of electricity generation still originates from fossil fuels (UNEP, 2022). Not only does this lead to environmental problems such as atmospheric pollution and climate warming, but for countries or regions where fossil fuels are scarce, the issue of energy supply, demand conflicts and energy security are more prominent (Qerimi et al., 2020).
We are at a critical turning point in the energy transition and sustainable development, and it is urgent to achieve energy savings in the household sector. The prerequisite is a comprehensive understanding of trends in household energy consumption (HEC), quantitative analysis of environmental impacts, and actual causes so as to facilitate more sustainable measures to reduce the household carbon footprint (Wang T et al., 2023). Some scholars have reviewed and summarized the research progress in the HEC.
First, the exploration of influencing factors is a topic that has been extensively covered by scholars (Bhattacharjee and Reichard, 2011; Jiang et al., 2020). Mainly evaluated the influence of social and economic factors on household energy consumption. The behavior of family members often has a significant impact on energy consumption, equipment use decisions, etc. (Borozan, 2018) integrated and external factors and individual behavioral features for multiple discussions of causes (Hafner et al., 2019; Adua, 2020); focus on a review of factors that reduce household energy demand from a behavioral and habitual perspective (Su et al., 2023). Developed a dynamic assessment model to quantify the impact of occupant behavior on household energy consumption and carbon emissions. Faced with a range of negative impacts caused by solid fuel use (Elasu et al., 2023), concentrates on exploring the determinants of a clean energy transition (Guta et al., 2022). Pays more attention to the barriers of energy transition for households in the middle-income and low-income countries.
Secondly, The review of quantitative methods as well as energy and carbon reduction programs was also a popular topic (Zhang et al., 2015). Mainly discusses the methods for quantifying household carbon emissions, and related emission reduction measures (Hertwich, 2005). Focuses on the different of the life cycle approach in sustainable consumption (Wiedmann, 2009). Reviews the contribution of input-output approach (IOA) in the work on consumption and emissions accounting (Oladokun and Odesola, 2015). Critically reviews modeling methods and techniques related to household energy consumption and carbon emissions (McAndrew et al., 2021). Systematically examines the effectiveness of a range of household energy efficiency interventions (Liu L et al., 2020). Review focused on the evaluation methods and analysis of influencing factors for HECs.
Some other studies have focused on the prospects of household energy efficiency development. The household sector, recognized as an energy-intensive and high-emission sector, has consistently garnered attention regarding the realization of energy-saving effects. Faced with the continual growth in energy consumption pressures, enhancing residential energy efficiency is regarded as a pivotal means to mitigate energy costs and reduce emissions (Kaufmann et al., 2023; Zheng et al., 2024). Xu L et al. (2021) expressed the pioneering nature of future research in the study. Studies identified behavioral interventions, energy efficiency and energy poverty were identified as possible research frontiers. Especially with the widening scope and spatial disparities of energy poverty, scholars have initiated multidimensional explorations into its influencing factors and policy interventions. The assessment of energy efficiency levels and the projection of energy saving potentials are important prerequisites for the formulation of effective policies (Jia and Wu, 2022; Stojilovska et al., 2022). In study of (Calvin Nsangou et al., 2020), the energy demand Frontier function model was used to estimate the electricity efficiency index of households; the model was applied by (Wang X et al., 2023) to evaluate a 31% energy saving potential for heating in HSCW zones in China. In addition to this, some scholars have focused on the impact of income inequality on the energy efficiency gap to explore ways to reduce energy costs for low-income households (Chaudhuri and Huaccha, 2023).
There is an increasing focus on the impact of HEC. Increasing attention is being paid to accounting for household energy consumption, environmental impact assessment, and implementation of energy efficiency measures. This paper reviews the current literature related to HEC. A descriptive analysis of research trends, the main performance and contributions of countries, regions, organizations, and authors was performed in combination with bibliometric tools. Keyword cluster analysis, citation analysis, etc., were performed in combination with co-occurrence maps.
Compared to previous review articles, the novelty of this paper lies in two aspects. Firstly, it provides a classification and comprehensive review of research methods in Household Energy consumption (HEC). These methods revolve around three aspects: environmental impact assessment, factor analysis of influences, and behavioral analysis. The advantages and disadvantages of their applications are discussed. This provides valuable information for researchers to gain a deep understanding of the development of HEC and offers targeted references for future research method selection and optimization. Another contribution of this paper is the attempt to review and critically discuss recent popular approaches to household energy conservation and emission reduction.
Furthermore, this paper summarizes important themes that have sparked widespread discussion in recent HEC research. These include key factors influencing household energy consumption, the implementation of energy-saving programs and policies, as well as the barriers faced. It also examines the development and optimization effects of smart home technologies and how residents’ consumption behavior and decision-making processes impact energy usage. This provides consumers with information and tools for energy conservation and offers guidance to utilities and governments in formulating energy plans, enabling them to make wiser decisions in sustainable energy production and utilization.
The content of the paper is following: In part 2, explained the literature search sources, databases, and analysis tools; In part 3, the results of the bibliometric analysis are described in terms of journal contribution, disciplinary contribution, literature coupling, keyword co-occurrence, and country/organizational productivity; In part 4, the currently popular research methods are summarized; In part 5, a critical discussion is presented on the aspects of energy efficiency measures that are currently of high interest.
2 METHODS, DATA SOURCES
2.1 Methodology
Bibliometric analysis, with its flexibility and powerful data processing capabilities, is an important tool for exploring the current stage of quantifying and analyzing a discipline or a particular research element. It can track the trends and dynamic hotspots of research topics in an objective and comprehensive manner. However, literature metrics analysis exhibits a certain degree of citation bias, where some innovative perspectives might be overlooked due to the low prominence of authors or journals. Additionally, literature databases often suffer from a time lag, impeding their ability to promptly reflect the latest developments in research. Based on this, this study will be conducted with a combination of bibliometric analysis and manual review.
Firstly, a review and statistical analysis were conducted on literature related to household energy consumption published in peer-reviewed journals over the past 20 years. A descriptive analysis was employed to characterize the current state, trends, and peer contributions. Through manual examination, duplicates and non-academic literature were excluded to ensure the validity of the analytical results. Simultaneously, recent viewpoints and research findings were introduced to discuss prevalent model approaches, dynamic focal points, and research challenges in the field.
2.2 Data sources
The bibliometric literature search of the literature database is performed on the “Web of Science Core Collection database”. The database covers many peer-reviewed, high-quality academic journals containing scientific and technical literature in more than 260 subject areas worldwide, which can provide much of the information needed for interdisciplinary development. It facilitates identification and statistical information for researchers. In addition, a multiple of data extraction formats are supported, providing a complete record of all necessary literature information that can be imported into bibliometric software tools for visual analysis.
The first step in the study was to identify the literature dataset using a keyword search. Using the literature search platform in Web of Science, the final dataset was determined by inputting keywords, date range, and other relevant criteria. The literature collection was exported in January 2023 and underwent subsequent screening processes. The keywords included “energy consumption”, “households”, and “residential”, and the time frame was set from 2000 to 2021. From the conditional search, a total of 791 open access papers were generated. Second, the search results were refined using the filtering function of web of science, and the language was set to English for ease of subsequent understanding. Among the types of literature, research papers are the main contribution to research in the field, accounting for about 85% of the total number of publications, followed by conference proceedings papers with about 13.3%, and other publications belonging to reviews as well as online publications. Since research articles usually provide more pioneering research results and have more information about authors, institutions, and citations. Therefore, only journal articles published in English are considered for further analysis in this paper, totaling 673 articles. The second step involves the article’s indicators, including title, abstract, keywords, references, authors, and organization. This data provides key information about research trends and directions in the HEC. These articles and related information are exported in text format. Finally, we need to further review the exported 673 articles. The main screening objects were withdrawn articles, duplicate articles, and articles that did not match the topic. A final literature dataset of 619 manuscripts was obtained and studied in depth using bibliometric analysis tools. Figure 1 represents the output process of the literature dataset.
[image: Figure 1]FIGURE 1 | Research flow.
2.3 Analysis tools
The selected articles have been identified, and it is necessary to use literature analysis tools for networked and visual analysis of the database. With the application and development of bibliometrics, many different types of knowledge graph tools have been derived. Among them, Citespace, HistCite, VOSViewer, Bibliometrix, etc., are commonly used analysis tools (Xu et al., 2023). Compared with other bibliometric software, VOSViewer has strong graphical presentation capabilities and is suitable for large-scale data; it can create co-authorship, bibliographic coupling and co-citation networks based on citation data, or construct keyword maps using co-occurrence data (Hu et al., 2022). It can also use the thesaurus function for data processing to improve the accuracy of analysis results.
3 RESULTS OF BIBLIOMETRIC ANALYSIS
3.1 Trends in HEC research
3.1.1 Number of publications
The statistics of article publication trends are presented in Figure 2. The number of annual publications on household and residential energy consumption is generally on the rise. Especially since 2014, which has witnessed a period of rapid growth, with an average annual number of 76.8 articles and an average annual growth rate of 27.5%. This also indicates that energy consumption in the household sector has attracted a great deal of attention from scholars in the face of global climate action, energy depletion, and carbon emission.
[image: Figure 2]FIGURE 2 | The number of publications in HEC.
3.1.2 Discipline performance
According to the web of science, the research topics were mainly related to 65 different disciplines, and the results are detailed in Figure 3. Interdisciplinary integration has been a common phenomenon in HEC research, with energy fuels ranking first among all disciplines, accounting for about 21.9%. This shows that studies from an energy transition perspective are a key discipline for HEC, such as the development of sustainable energy sources and how to reduce dependence on traditional energy sources. This is followed by Environmental Sciences (12.7%), Environmental Studies (12.4%), and Green and Sustainable Science Technology (8.4%); the negative impacts of HEC and how to improve environmental benefits are also gaining importance. It is worth noting that Economics (7.0%) is also one of the indispensable disciplines in HEC research. It plays an important role in improving pricing measures in the electricity sector and optimizing energy management systems. In addition, disciplines related to building technology, construction, and materials are among the major contributors to HEC. Specifically, they include Building Technology (4.8%), Engineering Civil (3.9%), Engineering Electrical Electronic (3.5%), and Engineering Chemical (2.6%). The remaining other disciplines collectively contributed 20.6%.
[image: Figure 3]FIGURE 3 | Subject performance.
3.2 Research contribution
3.2.1 Contribution of journals
The 619 articles were published in 177 different journals, but about 66% of these journals published only one relevant article. The 10 categories of journals that contributed the most to the field are listed, showing their total publications (TP), total citations (TC), and the average number of citations (AC) for the period 2000-2021. Secondly, the impact factor (IF) of journals, which is an important indicator to evaluate the impact of articles, was also examined as one of the objects. The results are shown in Table 1.
TABLE 1 | The contribution of major journals.
[image: Table 1]In terms of TP scores of journals, Energies is the most productive journal with 81 articles, but the TP, AC and IF scores are not high. This is followed by Sustainable development (61 articles) and Energy policy (47 articles). The combined TC and AC scores of the journals were considered, and Energy policy and Applied Energy were ranked first and second, respectively. This indicates that both journals contribute many high-quality articles to HEC. It is worth mentioning that Applied Energy’s IF score (11.446) is the highest score in this journal contribution review process, representing the high influence of the journal in HEC research. Energy and buildings (1,506) also have a good performance in terms of TC and AC score. Energy economics is also one of the representatives of high-quality journals. Although there are only 16 publications, the articles have relatively high TC (726) scores and AC scores (45.38) and the journal has the second highest IF score (9.252). This again confirms the high attention given to research related to energy economics. Other important journals include Sustainable development, IEEE access, Energy, Energy research and social science, Energy efficiency, Environmental research letters, Energy reports.
3.2.2 Country and region
In terms of country/region contributions, a total of 80 countries/regions published papers related to the topic of household energy consumption, with about 25.6% of countries/regions contributing only one article. The 10 countries/regions which are most active in research field are listed in Table.2, based on the score of TP, TC and AC to articles. Joint collaborations (JC) is used to explain the strength of cooperative relationships between countries and is one of the objectives of the review. They are the United States (USA), the United Kingdom, China, Germany, Australia, Netherlands, Spain, Japan, South Korea, Canada, and Italy.
TABLE 2 | The contribution of country/region.
[image: Table 2]In view of the TP, the USA (141), the United Kingdom (105) and China (102) have the highest scores, accounting for about 51.8% of the total number of published articles. The impact of HEC has attracted high attention from carbon-emitting countries. For TC, the USA (5,474) is far ahead and has a high influence on HEC research. As one of the major countries in global energy consumption, the US has played a significant role in energy policy and technological innovation (Subbiah et al., 2017). This is followed by the United Kingdom (3,276), the Netherlands (2,916). European countries are committed to promoting energy transition and enhancing energy efficiency (De Boeck et al., 2016), and they have played a pivotal role in research on household energy consumption as well. China (2,161) as one of the world’s largest energy-consuming countries, is actively focusing on areas such as renewable energy and smart grids (Gao et al., 2015). Although the Netherlands (81) and Canada (75.72) did not score high in TP, TC and AC scores were second only to the US and the United Kingdom, indicating that they have a strong research capacity and contribute high quality articles regarding the HEC field. In addition, most countries/regions have concentrated their publication productivity in 2017–2018.
The analysis of country/region cooperation was carried out using the full counting calculation method in VOSviewer, and the minimum threshold of published articles was set to 12, which finally filtered out 20 countries/regions that met the above conditions. Figure 4 shows the international cooperation relationships between countries/regions in the field of household energy consumption research. The countries are divided into four different color clusters based on the strength of the relationship, with the red cluster centered on the United States and containing Germany, France, and Switzerland. The green cluster is led by China and the United Kingdom, and includes Japan, Australia, Ireland, and Pakistan. The blue cluster is represented by the Netherlands and Spain, with South Korea, Denmark Sweden, Portugal, and Italy. The red cluster consists of Canada and Finland. Secondly, the circles represent the number of publications, and the connecting lines point out the cooperation relations between countries, with the thickness of each connecting line representing the intensity level of cooperation between countries.
[image: Figure 4]FIGURE 4 | Major Country/Region cooperation.
Germany has the densest international cooperation network among the country cooperation networks and maintains cooperation with 16 countries. Although the total number of publications in Germany is only 50, 48 of the articles are collaborative papers. Germany holds a leading position in renewable energy and energy development, and it collaborates with the United States and other European countries in joint research in this field (Andor et al., 2021; Heesen and Madlener, 2021). The USA and the United Kingdom, as the most productive countries, maintain cooperation with 14 countries and have the strongest partnership with China. China also maintains international collaborations with 12 countries, including the USA the United Kingdom, Australia, and Japan, more than 70% of the 102 articles published are collaborative articles. The emissions and climate issues brought about by HEC have attracted global attention. International research cooperation has not only promoted the achievement of global carbon reduction goals, but also enhanced cooperation and understood among different countries.
3.2.3 Organization
A total of 871 organizations published articles on household energy consumption, with nearly 73% of them publishing only one article. The difference in the number of publications between the organizations is not significant, with the University of Oxford and Aalborg University having a relatively high number of publications, with 13 articles each. This is followed by, Delft Univ Technol, Tech Univ Denmark, Tsinghua Univ, and Univ Calif Berkeley, with 11 articles respectively. From the total number of citations of the papers, Carnegie Mellon Univ (634) was the most active, followed by Univ Calif Berkeley (517) and Univ Oxford (509). Five of the selected institutions are from the United States, reflecting the important contribution of the United States in this area of research. Two each are from China, Denmark, and the Netherlands.
By using the full counting method of VOSviewer, by setting the threshold of the minimum number of published articles to 5, a network of partnerships between organizations was obtained, and for organizations with no partnerships, the color of the circles was marked in gray. The results are shown in Figure 5. The organizations are divided into seven clusters according to the strength of their partnerships. Blue is the largest cluster, with Univ Calif Berkeley as the core organization of the cluster and the largest number of collaborating organizations. The second largest cluster is the green cluster headed by Eindhoven Univ Technol, with 5 organizations in partnership. This is followed by the red and yellow clusters, with Trinity Coll Dublin and Univ Maryland as the cores, respectively. Meanwhile, there is a clear cross-collaboration between the blue, green, and orange clusters. In terms of the number of collaborative papers, Univ Calif Berkeley, Eindhoven Univ Technol, Hong Kong Polytech Univ, Trinity Coll Dublin, and Econ & Social Res Inst all have 8 collaborative papers and are jointly ranked first.
[image: Figure 5]FIGURE 5 | Collaborative network of organizations.
3.2.4 Authorship
A total of 2,227 authors contributed to the study of household energy consumption, with only 167 authors having more than 3 papers. Table 3 lists the eight authors who made major contributions and the organizations to which they belonged. Also, their total number of publications, total frequency of citations, and average number of citations per article are concluded. Alberini, Anna from the University of Maryland has published 6 relevant articles with the highest total and average citation frequency, and her research has had a significant impact. Grunewald, Philipp (5 articles) from the University of Oxford is in the second. And Baik, Sung Wook from Sejong University and Ullah, Amin from Oregon State University scored relatively high in terms of the frequency of cited papers and the average number of citations.
TABLE 3 | The contribution of major authors.
[image: Table 3]Figure 6 further shows the network of collaborative relationships between the authors and the strength of the links. A visual analysis of the authors’ collaboration network is performed using fractionalization in the normalization method. The most active research groups in the research are shown by using different colors, each with 1 or 2 authors at the core. In contrast to national and organizational collaborations, research groups are isolated from each other. Each circle in the figure represents an author, the size of the circle represents the number of publications by each author, and the connecting lines indicate the collaborative relationships between authors. The Blue Cluster constructed by Hanaoka, Tatsuya, Kanamori, Yuko, Masui, Yoshihiko, Xing, and Rui maintain a strong collaborative relationship. In the published articles, all four of them were collaborated. The Green Cluster, headed by Grunewald, Philipp, also formed a collaborative group. Of his five published papers, three belong to the collaborative group. The red cluster led by Alberini, Anna, although she has the largest number of papers, has only two collaborations with Torriti, Jacopo, and Filippini, Massimo. The next closest collaborations are the pink cluster with Baik, Sung wook from Sejong University and the purple cluster with Shen Guofeng, Shu Tao from Peking University.
[image: Figure 6]FIGURE 6 | The network map of collaborative relationships between major authors.
3.3 Theme evolution
3.3.1 Keyword co-occurrence
The co-occurrence analysis of keywords provides a clear sense of the key research content of a topic at a certain period. Using the Keywords plus function in VOSviewer, 1,231 keywords were selected from the database. To increase the accuracy of the results, the keyword dataset was processed. Firstly, we filtered words that were not relevant to the study topic, such as diffusion, refurbished, heterogeneity, etc. Secondly, we used thesaurus file function to merge and replace words with similar or same meaning, such as household and households, impact and impacts, carbon emissions, dioxide emissions, CO2 emissions, etc. To extract more accurate and valuable information, the minimum frequency of keywords was set to 8, and finally a network map containing 73 keywords was exported Figure 7. Each circle represents a keyword, and the size of the circle is determined by the frequency of keyword occurrence, which is divided into three clusters (Cluster 1,2,3) according to the correlation strength of the keywords, and there is a close relationship between the three clusters.
[image: Figure 7]FIGURE 7 | The network map of keywords co-occurrence.
In Table 4, list the research themes, main keywords, and their frequency of occurrence for three clusters. In the face of global concerns about climate change, HEC research has increasingly focused on sustainable energy utilization and improving energy efficiency. This includes aspects such as the utilization of renewable energy, the development of energy management systems, and technological innovations (Abushnaf et al., 2016). Cluster 1 focuses on household energy efficiency and energy management systems, sustainable energy development and energy storage, and energy efficiency technology improvement and system optimization (Bak and Yoon, 2021; Bataineh and Alrabee, 2018; Chang et al., 2018; Hamilton et al., 2013; Kumar et al., 2023; Xu et al., 2013). The development of data technology has sparked research and discussions on the potential for household electrification. Additionally, residents’ behavior and decision-making processes have emerged as popular topics, exploring how changes in residents’ energy consumption behavior can lead to reductions in energy consumption and emissions (Das et al., 2018).
TABLE 4 | Keyword cluster and brief description.
[image: Table 4]Cluster 2 focuses on household electricity consumption, demand, and determinants; energy efficiency policies and efficiency studies; residents’ energy consumption behavior and attitudes. Energy efficiency effectiveness has become a key measure in achieving energy savings in the household sector. This includes an assessment of energy efficiency (Hamilton et al., 2013), an exploration of determinants (Adha et al., 2021), and a prediction of future energy savings potential (Bataineh and Alrabee, 2018). The exploration of the determinants affecting energy efficiency is one of the topics that have been widely and continuously studied by scholars, which is of great significance for the development of effective policy planning and the full utilization of the economic benefits of energy (Chang et al., 2018; Bak and Yoon, 2021). Confirmed the significant impact of dwelling characteristics, building envelope performance, etc., on energy efficiency. Occupants’ energy behavior, rational use of equipment, and awareness of energy conservation are also factors that cannot be ignored (Xu et al., 2013; Das et al., 2018). Second, government and local policy interventions have driven improvements in residential energy efficiency (Jafari, 2023; Kumar et al., 2023).
Cluster 3 covers the impacts resulting from household energy consumption, including the increase in carbon emissions, climate change, etc. (Adua et al., 2016); and the analysis of factors affecting household energy and demand, such as urbanization level, lifestyle, income, transportation, etc., (Cao et al., 2019; Mainimo et al., 2022).
3.3.2 Citation analysis
Citation analysis is an activity and method that is based on the citation and referenced relationships between literature, authors, journals, and other sources. It involves studying the network or chain relationships among citations to reveal the development and connections within a field, as well as to provide insights into prospects. The more times an author or article is cited in other scholarly articles, the more influential it is in that discipline, enabling the importance of that article or researcher in any given field to be judged.
A simple method of citation analysis is to count the TC to a paper. However, the comparison of a single condition is often too abstract and causes large errors. However, the comparison of a single condition is often too abstract and causes large errors. According to the spreading pattern of academic literature, generally scientific papers reach the peak of citations within 3–5 years after publication, so recently published articles may not receive higher attention, so we will consider the average number of citations per year of the article (AC/Y) as well as the Normalized citation count of the article (NC). We analyzed the most influential articles in the field over the past 20 years, setting the minimum number of citations to 50, resulting in a total of 34 articles, which are shown in Figure 8, where the size of the points represents the TC, and the shade of the color indicates the year of publication.
[image: Figure 8]FIGURE 8 | Co-occurrence network map of citations.
Table 5 further shows the top 10 articles and their performance in terms of TC, AC/Y, and NC for the past 20 years of research in HEC. The highest combined score comes from Abrahamse et al. (2005), reviewing research on the effectiveness of interventions to promote energy efficiency in the household. The articles by McLoughlin et al. (2015) and Asensio and Delmas (2015) ranked second and third, respectively, based on AC/Y. McLoughlin et al. (2015) extends the development of clustering methods in characterizing household electricity demand. Asensio and Delmas (2015) investigates the effectiveness of nonprice incentives in motivating energy-saving behaviour. Bin and Dowlatabadi (2005) ranked third in terms of NC, first proposed the Consumer Lifestyle Approach (CLA), which discusses the importance of consumer activities for energy conservation and emission reduction.
TABLE 5 | The performance of major citations.
[image: Table 5]4 RESEARCH HOTSPOTS IN HEC
Household activities are attracting more attention for issues such as energy consumption and environmental impact. Research on household energy consumption (HEC) is complex and continuous, involving multiple fields and disciplines. There are variations in the research methods preferred by scholars due to different ways of collecting research data, different scales of research, and different research purposes. Firstly, a filtered search of the dataset was conducted by using the terms model, method, analysis, and quantification to identify the main popular methods and models regarding HEC. This study will discuss the popular research methods in HEC around the mainstream directions of energy use and quantification, environmental impact assessment, exploration of influencing factors. Considering that the behavior, habits, and awareness of households are closely related to changes in household activities and energy consumption, it is necessary to discuss the energy consumption behavior of households.
4.1 Environmental assessment
Environmental assessment plays an important role in the study of HEC, leading to a comprehensive understanding and management of energy use patterns, identification of potential energy waste, and the development of more effective energy management strategies for reducing negative environmental impacts (Dioha, 2018; Bülbül et al., 2023).
4.1.1 Input-output approach
Input-output approach (IOA) is an economic model for comprehensive analysis of the quantitative dependence between inputs and outputs in economic activities. According to different measurement methods, it is divided into physical model and value model, dynamic model and static model; according to the research scope, national model, single-region model, inter-region model, sectoral model and enterprise model can be established.
In the field of household energy consumption, IOA is widely applied to the allocation and utilization of energy, as well as the assessment of potential carbon footprints and economic benefits (Qin et al., 2022; Wang F et al., 2023). In the selected paper collection, the authors used several types of IOA to carry out their studies on energy use in the household sector. Poom and Ahas (2016); Tomas et al. (2020) used the environmentally extended IOA to evaluate household energy use and carbon footprint; (Baltruszewicz et al., 2021; Sato and Narita, 2023); studied the composition and inequalities associated with household energy footprint based on the multi-regional input-output (MRIO) model. Quantifying household indirect and direct energy consumption-demand relationships using IOA is a particularly widely studied topic (Supasa et al., 2017; Singh et al., 2018; Long et al., 2019). In addition, input-output models have established an important role in measuring household carbon emissions, especially in China (Xu L et al., 2021; Tian et al., 2017; Zhang and Lei, 2017).
Many studies have confirmed the contribution of IOA models in promoting energy efficiency and in developing energy efficiency policies of household (Stagnitta et al., 2020). However, some studies have also shown that energy efficiency improvements are instead a potential risk to retard energy efficiency effects. And IOA models also play an important role in estimating and explaining the energy rebound effect (Thomas and Azevedo, 2013; Wen et al., 2018).
4.1.2 Life-cycle assessment
Life-cycle assessment (LCA) is a tool for evaluating the environmental impact of a product or service from production, use to disposal. It can be used to assess the overall environmental impact of a household, including buildings, equipment, water use and waste management (García-Valiñas et al., 2023). LCA has been widely used in the building sector and is one of the most important tools used to assess the building performance (Utama and Gheewala, 2009), energy sustainability in buildings (Vogt Gwerder et al., 2019; Walzberg et al., 2019), building environmental impact and stress (Vega-Azamar et al., 2017). Secondly, it has also been widely deployed to evaluate home energy efficiency improvements and explore improved pathways to energy conservation. Nichols and Kockelman (2014) used LCA to confirm that changes in the built environment and increases in population density can promote improvements in home energy efficiency, and (Stephan and Crawford, 2016) quantified the implied energy due to changes in house size that improve the effectiveness of building energy efficiency regulations.
With the emergence of home energy management systems, LCA plays an equally important role in assessing the environmental impacts of smart buildings and home automation (Louis et al., 2015; Louise and Pongracz, 2017).
4.2 Influencing factors analysis
Large population sizes and rapidly growing economies lead to large energy consumption and carbon emissions in the residential sector (Xu L et al., 2021), which are threatening environmental sustainability. Identifying and analyzing the key drivers affecting household energy consumption (HEC) has proven to be an important step in improving energy efficiency and pursuing sustainable energy strategies (Wang et al., 2015).
The analysis of factors influencing HEC typically considers two perspectives: internal and external factors within households. Internal factors mainly encompass socio-economic factors, population dynamics, and residential environmental factors (Mashhoodi et al., 2020; Amber et al., 2021). In terms of socio-economic factors, characteristics of household members are considered a key factor discussed by many scholars. Apart from individual behavior and attitudes, factors such as household size and age composition of occupants are recognized as important determinants influencing HEC. There are studies that confirm the overburden of older households in terms of energy supply and expenditure (Berrill et al., 2021), and the phenomenon of aging has been explained as a determinant of household energy use efficiency (Pais-Magalhaes et al., 2020). With rapid economic development, household sizes are further shrinking, and small households or nuclear families are becoming the mainstream. This trend is expected to drive a significant increase in residential energy demand in the future (Zeng et al., 2021). In addition to this, the type of residential building and the environment also have an impact on energy consumption patterns to a certain extent (Namazkhan et al., 2020; Moadab et al., 2021).
Among the external factors, energy policies as well as climate conditions are the main perspectives discussed by scholars. The implementation of time-of-use electricity pricing plans (Kwon et al., 2020) and energy-efficient appliance subsidy policies (Nie et al., 2021) play a significant role in controlling electricity consumption and reducing energy costs. Climate conditions are a major driving factor in HEC and have been widely applied in estimating household energy use. In developed countries such as Europe and the United States, the number of heating and cooling degree days is an important indicator for measuring household heating and cooling demand (Adua et al., 2016; Alberini et al., 2019). In emerging economies, Li established temperature-electricity response functions to predict the impact of climate change on electricity consumption. Additionally, (Bezerra et al., 2021), developed and applied end-use models to assess the changes in HEC due to temperature and relative humidity.
Furthermore, under the global decarbonization goals, climate change has driven increased attention to the sustainable development of future residential energy and the formulation of related policies. For example, in Jordan, the implementation of this goal is reflected in the retrofitting of existing housing for improved energy efficiency (Bataineh and Alrabee, 2018). In India, increasing the supply of low-income housing is considered an avenue for achieving climate mitigation (Khosla et al., 2019). A number of methods or models have been used to develop the analysis of the factors affecting the drivers of household energy consumption, as shown in Table 6.
TABLE 6 | The popular methods for influencing factors.
[image: Table 6]4.2.1 Regression analysis
Economic methods are increasingly used in HEC research. It can help researchers understand household demand for energy and consumption behavior. The elastic response to energy under different economic conditions is analyzed, as well as the impact of price, income and other factors on HEC (Guo et al., 2023). Regression and econometric methods are frequently used methods. It useful to deal with and analyze investigate large data sets (Greenblatt et al., 2013; Copiello and Gabrielli, 2017). Hassen et al. (2023) used a multivariate probit model to discuss the behavioral and socio-economic factors that influence energy efficiency technologies in urban households. Shi et al. (2020) developed a LASSO regression model to identify the main drivers of direct or indirect HCEs. Belaid and Garcia (2016) conducted an empirical study on the main factors that motivate energy saving behavior in French households through econometric modeling. Zhang and Wen (2021) develop a Panel Smoothed Transition Regression (PSTR) model and explore the driving effects of urbanization level and income level on household electricity consumption according to empirical data. In addition, Least squares method (LMS) (Besagni and Borgarello, 2019) and Quantile regression model (Tilov et al., 2020) are frequently used to explain the effect of factors such as social-economic and household characteristics on HEC.
4.2.2 Decomposition analysis
Decomposition analysis as an analytical framework for studying the characteristics of changes in things, quantifying environmental impacts and relative contributions, has been widely used in environmental economic research. Structural decomposition analysis (SDA) and Index decomposition analysis (IDA) are the two main categories of decomposition analysis. SDA enables a more detailed description of the energy demand and consumption structure based on input-output models (Du et al., 2018; Kim et al., 2015) which also means a higher request for data. While the IDA method is more adaptable and easier to use, the Logarithmic Mean Divisia Index (LMDI) method is the most popular (Zhao et al., 2023a). Most studies have used LMDI to quantitatively identify the effects of different factors on changes in energy consumption (Roman-Collado and Jose Colinet, 2018; Meng et al., 2019; Reuter et al., 2019). In China, scholars paid attention to use LMDI to comprehensively analyze the differences in inter-provincial (Li et al., 2020; Rong et al., 2021) and urban-rural (Chen et al., 2019; Yang et al., 2020a) of energy consumption and carbon emissions in the household sector. In recent years, some scholars have started to focus on the decoupling analysis of REC, Yang et al. (2020b) and Zhang and Bai (2018) combined Tapio decoupling model and LMDI method to evaluate the decoupling relationship between energy consumption and residential income. In addition, the Kaya identity is one of the main methods of decomposition analysis. Chen and Lin (2015) and Serrano et al. (2017) used the Kaya identity to evaluate the effect of economic, policy and demographic factors on the environmental impact.
4.2.3 Other method
The augmented Stochastic Impacts by Regression on Population, Affluence and Technology (STIRPAT) model is also an important method for exploring the factors influencing household energy consumption (Ding et al., 2016). Investigated the spatial heterogeneity of household energy consumption and its influencing factors in China using the STIRPAT model, and the results confirmed that income level is the main factor contributing to the spatial effect. Zhou and Liu (2016); Bai et al. (2019) used the STIRPAT model to assess the effects of population, income, and urbanization on energy-related CO2. Other methods include numerical modeling, such as structural equation modeling (SEM) (Boukarta and Berezowska-Azzag, 2018), Multiple Discrete Continuous Extreme Value (MDCEV) model (Pinjari and Bhat, 2021), Cost-benefit analysis (CBA) (Maljkovic et al., 2022).
4.3 Behavioral analysis
The consumption of energy generated by household activities is highly behavioral (Long et al., 2019). The lifestyles of residents present a serious threat to energy sustainability. User behavior is considered one of the most significant factors influencing household energy consumption. As the main driver of household activities, more research focuses on exploring user consumption behavior to enhance energy efficiency and reduce environmental impact (Eirinaki et al., 2022). Therefore, exploring the factors influencing households’ consumption behavior is essential to achieve energy efficiency in households. It is worth mentioning that due to the global COVID-19 pandemic in recent years, social distancing and home lockdown measures have exacerbated household energy stress, and behavioral analysis of occupants during the pandemic has generated much attention from scholars as well as policymakers (Ludtke et al., 2021; Tleuken et al., 2021). Secondly, during the COVID-19 era, there has been a significant emphasis on energy efficiency and the willingness to purchase energy-saving home appliances (Jamil et al., 2022). Due to the complexity of consumer behavior, which is also influenced by various factors, scholars have adopted different research approaches from different research perspectives.
4.3.1 Theory of planned behavior
The theory of planned behavior (TPB), which consists of the elements of attitudes, subjective norms, perceptual behavioral control, and behavioral intentions and behaviors (Ajzen, 1991), is widely used in behavior-related research fields to predict, and understand human behavior (Ajzen, 1985). The theory assumes that behavioral intention is the most direct factor influencing behavior, and that behavioral intention is in turn influenced by attitudes, subjective norms, and perceived behavioral control. It has been confirmed that TPB and its extended theory contribute to the explanation of household energy saving behavior and to the intervention of residential energy behavior (Schwartz et al., 2015; Ru et al., 2018).
Since the theory is mainly based on human behavioral intentions to make judgments, the data sources for the research are mainly obtained through customer questionnaires. The use of TPB theory to explore and identify the role of consumer attitudes, subjective norms, and perceived behavioral control on building energy efficiency behaviors and intentions is commonly studied (Liu X et al., 2020; Ru et al., 2018). Khurshid et al. (2023) based on Pakistani household data, combined Structural Equation Modeling (SEM) and TPB to gain insights into the psychological factors and emotions driving energy-saving behaviors. Tan et al. (2017) studied the indirect effects of residents’ willingness to purchase energy-efficient appliances through the extrapolation of personal moral norms in TPB. Adnan and Shahrina (2021) and Masrahi et al. (2021) based on the TPB research model, predicted consumers’ willingness to use renewable energy.
4.3.2 Consumer lifestyle approach
Bin and Dowlatabadi (2005) first proposed the Consumer Lifestyle Approach, which aims to develop a comprehensive consumer-oriented assessment framework for quantifying the environmental impacts of consumer lifestyle factors on energy use and resulting impacts. At the same time, it defines the direct and indirect impacts of consumer activities or use of products from the consumer’s perspective and is widely used to estimate trends in energy consumption and carbon footprint in the household sector. Wang and Yang (2014) used the CLA method to estimate the indirect energy consumption of households in urban and rural areas of China. Wang and Zhang (2015) analyzed the characteristics of direct and indirect household energy consumption in rural China for the period 1988-2011. As carbon emission research fever continues to rise, numerous scholars have analyzed the quantity and trends of household carbon emissions using the CLA method (Chen et al., 2019; Xu et al., 2016). And the combination of STIRPAT model (Jin et al., 2019; Wang et al., 2018; Wang and Yang, 2014) to explore the main influences of household carbon emissions has been favored by many researchers.
4.3.3 Cluster analysis
Cluster analysis is a statistical analysis method that simplifies and mines data by using different algorithms. The sample data are divided into relatively homogeneous clusters, where objects in the same cluster have high similarity and different clusters are heterogeneous from each other. Commonly used clustering algorithms include K-means, K-medoids and CLARANS (Han et al., 2022). K-means algorithm is one of the relatively simple and widely used methods (Fernandes et al., 2017; Trotta et al., 2020), its provides a new perspective for identifying occupant behavior and understanding energy use in buildings (Yu et al., 2011). It has also proven to be important in improving and adjusting the usage patterns of residential air conditioning and saving energy costs (An et al., 2018; Mitra et al., 2021). With the rise of machine learning, clustering analysis has also gained popularity and has been widely applied to household meter data in recent studies (Roberts et al., 2019; Satre-Meloy et al., 2020), providing a basis for understanding residential electricity demand and explaining the driving forces affecting electricity consumption patterns. Cluster analysis has been beneficial in exploring residential water end-use consumption categories (Makki et al., 2015), land use policies, and improving public transportation services (Zahabi et al., 2012).
4.3.4 Other methods
With the implementation of Demand Response Programs (DRPs), Household Energy Management systems (HEMS) and its key role in achieving the Sustainable Development Goals (Ramos et al., 2019). It is especially important to monitor the energy use behavior of occupants (AlSkaif et al., 2018), especially in identifying the behavioral habits of electricity users (Granell et al., 2015; Gajowniczek and Zabkowski, 2017; Khosla et al., 2019). Nakano and Washizu (2019) Kim et al. (2019) analyze and predict the characteristics of household electricity consumption under different behavioral patterns by using the Survey on Time Use. Sadeghianpourhamami et al. (2016) and Haben et al. (2016) based on smart meter data, conduct in-depth analysis of household behavior, and use it as a basis to build an energy load prediction model. Ouyang et al. (2009) and Wu et al. (2017) developed their studies based on the data from microdata surveys. In addition, neural network framework has been applied to analyze and understand residential electricity consumption habits and predict energy loads on the household sector (Justo et al., 2017; Alhussein et al., 2020; Estebsari and Rajabi, 2020).
5 EXPLORATION OF HOUSEHOLD ENERGY SAVING
The large share of the household sector in global energy consumption and the implied potential for energy savings is attracting more and more attention (An et al., 2018). In response to global climate action, many countries have actively taken steps to promote sustainable development of household energy and enhance energy efficiency. The EU, for instance, has implemented energy taxation policies aimed at modifying electricity consumption through energy price adjustments. France has provided financial support, including the quelle energie premium and credits from the Family Allowance Fund, to incentivize citizens to reduce energy consumption (Orset, 2021). The Chinese government has established energy efficiency standards and regulations to promote the energy efficiency of energy-consuming products (Tao and Yu, 2011).
However, how to develop and implement public measures to reduce energy consumption is not just a goal for governments or utilities anymore (Rutland and Aylett, 2008). For the supply side, it is effective by promoting renewable and clean energy, green energy-saving technologies to occupants (Duan et al., 2023). For the demand side, how to change their own awareness and participation behavior, and flexible adoption of smart technologies and green energy is important to reduce energy costs and achieve low carbon households. Focusing on energy-saving technologies, energy transition, and behavioral interventions, it discusses the contribution of energy-saving and emission reduction measures in the household sector and the facing challenges.
5.1 Transitioning towards smart energy
The emergence of information and communication technologies has paved the way for the construction of smart cities (Liaqat et al., 2021). And the development of smart cities cannot be achieved without efficient energy services. Residential customers as the main users of electrical energy, have a strong influence on electricity demand due to the randomness of their household activities and the flexibility of their appliance usage patterns (Wang et al., 2022). The promotion and application of smart control systems based on energy monitoring, management, and data analysis play a crucial role in optimizing energy utilization and providing personalized recommendations (Alsaigh et al., 2023; Paneru and Tarigan, 2023). The development and diffusion of smart home devices such as smart thermostats, smart lighting and smart appliances support the monitoring and management of energy behavior in the household (Alhussein et al., 2020; Moadab et al., 2021), to better control energy use and improve energy efficiency. Figure 9 shows the application of a HEMS in a typical residence (Zhao et al., 2021).
[image: Figure 9]FIGURE 9 | Basic framework of HEMS used in typical household (Zhao et al., 2021).
First, smart home technology allows seamless automation and control of various home systems from a single access point, such as lighting, heating, cooling, etc., improving quality of life and convenience. In terms of energy management, it can help control electricity usage through automated systems, reducing energy bills and a smaller carbon footprint (Louis et al., 2015; Pang et al., 2021). The data monitoring function of smart meters can effectively explore customers’ electricity consumption demand, which also supports the utility companies to optimize customer management, adjust electricity cost and policy innovation (Gholami et al., 2021). Moreover, (EL Jaouhari et al., 2019), proposed the possibility of smart technologies in establishing the interaction between energy, wellbeing, and health management through the study.
Although smart homes offer unlimited possibilities for future smart energy consumption in the household sector and promote the achievement of energy saving and emission reduction goals, there are still many obstacles to their promotion and popularization in households at this stage. Residential customers need to pay a high initial cost for the introduction of a smart home, which discourages many homeowners. In addition to reducing operational and service costs through technological means (Iqbal et al., 2019), deepening customers’ understanding of the value for smart services (Gonçalves and Patrício, 2022) and providing incentives to push the program forward. This will require more in-depth research and surveys (Srivastava et al., 2019). Second, as smart home systems connect more ports, security risks are put to the test (Komninos et al., 2014). The setup and maintenance of smart home technology requires a certain level of technical expertise, and customers inevitably have difficulty setting up and troubleshooting system issues. Thus, it is especially important to help customers gain a deeper understanding of the service and learn about it (Hollebeek et al., 2019), and to support them in taking on new roles.
5.2 Transitioning renewable energy
The continuous growth of energy demand and the transitional dependence on fossil fuels for power generation are the main perpetrators of negative impacts such as climate change and environmental degradation. The adoption of green energy and technologies at the household level is recognized as an effective tool for achieving sustainable economic development in the future (Eirinaki et al., 2022). Sustainable development goals are driving a deep energy transition among the demand side, to reduce the use of carbon energy (Elmorshedy et al., 2021). The rapid growth in electricity consumption has contributed to the widespread adoption of clean and renewable energy sources (Leitao et al., 2021). The use of renewable energy, mainly solar, wind and hydro power, emits almost no pollutants into the atmosphere, and produces no greenhouse gas emissions, which has the advantage of coping with climate change and effectively improves environmental benefits. Secondly, renewable energy comes from domestic sources, effectively reducing the dependence on energy imports, thus improving energy security (Dioha, 2018; Khan et al., 2020). Solar energy plays a crucial role in renewable energy and holds significant importance for achieving energy diversification and independence. The United States has implemented solar energy policies, such as investment tax credits to incentivize the development of renewable energy (Heng et al., 2020). In China, Japan, and India are gradually increasing green financing for renewable energy to support sustainable development (Rahmani et al., 2023).
In the household sector, sustainable energy management measures are rapidly developing (Heinisch et al., 2019; Puranen et al., 2021). Renewable energy systems consisting of photovoltaics, micro wind turbines, etc., are becoming increasingly popular (Camargo et al., 2019) and are playing a critical role in the energy transition (Palm and Eriksson, 2018). Although the contribution of renewable energy systems in saving household energy bills as well as environmental benefits has been proven, the high cost of equipment and the stability of energy storage systems have hindered its popularity in the household sector (Kiprop et al., 2019). For users, the high upfront costs and the risks to be taken are one of the main barriers (Ellabban and Alassi, 2019). For national governments, overly heavy energy allowances impose a financial burden (Hancevic et al., 2017). The analysis of technical, energy and economic benefits for renewable energy systems is a topic of focus for scholars (Lazzeroni et al., 2021). Alqahtani and Balta-Ozkan (2021) evaluated the optimal size of PV, battery storage capacity by building a techno-economic model. Figaj et al. (2020) attempted to build a new hybrid power system to reduce the reliance on traditional energy sources for household cooling and heating, but the results of the final simulation showed that it was less economic and competitive than the conventional system due to the high cost of the system components.
In addition, as most renewable energy systems are intermittent, and require energy storage systems to provide a continuous energy supply, their energy flexibility and balance of supply are yet to be tested (He et al., 2021; Li et al., 2017). Integrating microgrids to build a power sharing framework is one of the reliable methods available (Quiggin et al., 2012). Microgrids are small systems that integrate distributed energy sources, energy storage systems, and energy conversion, and monitoring devices into one. It helps to optimize generation, distribution, and consumption (AlSkaif et al., 2017). However, as energy storage and distribution systems, it is still a challenge to utilize renewable energy sources within the microgrid to generate electricity (Bashir et al., 2018), optimize community energy planning, and reduce operational and investment costs (David Mina-Casaran et al., 2021; Xu et al., 2022).
5.3 Enhancing energy-saving intentions
The molding of occupants’ behaviors toward greater energy-efficient is identified as a crucial approach in decreasing household energy consumption (Urquizo et al., 2017). Especially during the recent pandemic, with increased time spent at home, some households have more frequently utilized devices such as air conditioning, water heaters, and electricity, contributing to the rise in residential energy consumption levels. Beyond the replacement of high-efficiency appliances and the adoption of energy-saving technologies, there is a growing emphasis on the shift in individual energy-saving awareness and behavior (Bae et al., 2023; Conradie et al., 2023).
The factors influencing energy-saving behavior are diverse, including socio-economic factors, technological convenience, policy constraints, and individual awareness and attitudes (Cvetković et al., 2021; Nguyen et al., 2023). Among them, individual awareness and attitudes are crucial for the initiation and maintenance of energy-saving behavior (Xu Q et al., 2021). The balance between economic costs and benefits is a crucial prerequisite for implementing decisions related to energy-saving behavior, especially in low-income households (Hottman and Monarch, 2020; Birkmann et al., 2022). Due to the diversity of household characteristics, there is a higher demand for the availability and convenience of energy-saving technologies, which directly impacts behavioral decisions (Mills and Schleich, 2012; Adua, 2020). Additionally, incentives from policies and constraints from regulations can often encourage residents to adopt more energy-efficient behaviors to a certain extent (Ren et al., 2020). Stringent energy efficiency standards are common in European countries to drive households to adopt more efficient heating and cooling systems (DESNZ, 2023); the United States encourages the implementation of energy tax credits to encourage households to invest in energy efficiency improvements (Adebayo and Alola, 2023); and Japan incentivizes households to use smart technologies to improve energy management efficiency (Zhao et al., 2021).
Taking into account these factors, researchers and policymakers often implement behavior intervention policies to motivate occupants change habits, promoting the adoption of more sustainable energy practices. Behavioral interventions are usually carried out through awareness and education, information feedback, incentive measures, and social norms. Knowledge dissemination and education is a key first step in modeling eco-energy behavior (Grodek-Szostak et al., 2021), usually through information campaigns, public services, or workshops. Studies have confirmed that implementing education and awareness campaigns can significantly reduce energy waste (Song and Leng, 2020). Zhang J et al. (2021) evaluated the positive impact of low-carbon knowledge promotion on energy saving behavior by constructing an integrated “knowledge-intention-behavior” model.
Providing real-time feedback to households on their energy use is an incentive to reduce energy consumption (Ruokamo et al., 2022). Most of the information feedback is currently done through smart grid tools, or other monitoring tools (Kendel et al., 2017; Ozawa et al., 2017; Lazowski et al., 2018) combined with regression analysis, found the impact of energy feedback reports on household lifestyles, and contributed to a reduction in household electricity consumption. The economic incentives and government financial subsidy policies for reducing energy consumption, can motivate households to adopt energy efficiency measures and increase welfare (Vuelvas and Ruiz, 2017; Zhang G et al., 2021). In the face of rapid residential electrification, increasing the share of energy-saving appliances in households is one of the effective strategies. However, emerging small appliances have not yet attracted much attention as ownership is not saturated (Cabeza et al., 2018). Interventions based on social norms play an equally important role in shaping energy-efficient behavior (Alberini and Filippini, 2018; Ru et al., 2018). Most of the mitigation measures lack heterogeneity in the consumer population, which is not substantial for low-income, elderly households (Trotta et al., 2020).
6 CONCLUSION
The household sector is a major contributor to the increase of energy consumption and carbon emissions in a country, and the negative environmental impacts caused by its consumption activities and household behavior are seriously hindering sustainable economic and social development. This paper combines a bibliometric approach to summarize and review current work related to HEC. Analysis on the overall structure of the screened 619 papers was conducted, with descriptive statistics on research clusters and major contributors related to the topic, etc. A discussion is focused on the current mainstream research methods, relevant measures regarding household energy efficiency, and attempts to explore the values played and challenges faced by HEC in the global carbon reduction movement. This paper found that,
1. Although HEC studies have been widely conducted, less in-depth studies have been conducted on developing countries. The trend towards reducing carbon emissions and addressing climate change has sparked a global research fervor in the field of household energy efficiency and renewable energy. However, there are variations in focus across different countries and regions. Cold regions such as Canada and the United States prioritize addressing heating demand under extreme climatic conditions, while Japan concentrates on adjusting energy policies and innovating energy-efficient technologies. In developing countries like India, optimizing energy structures and traditional consumption patterns emerge as prevalent trends.
2. For accounting methods or approaches, the IOA has standardized datasets, is relatively easy to use, and is easily adaptable to other methods. But it can only output the environmental impact of the product or service itself and cannot predict the subsequent economic or social impact. Also, the modeling is highly dependent on comprehensive national or local economic data and is not applicable to all regions of the study. LCA can reflect environmental, social, and economic impacts throughout the life cycle, but data collection and practical application are time-consuming and laborious.
3. For analysis methods, TPB and CLA both focus on the influence of consumer behavior on energy consumption by establishing a structural framework. The TPB focuses more on factors such as individual awareness and perceived behavior, The CLA focuses more on the role of social and cultural factors in shaping consumer behavior. Decomposition analysis is easy to understand and highly applicable. It has a prominent position in exploring HEC drivers and can identify and quantify the impact of different factors on energy consumption and environmental change.
4. For technology, many empirical studies have demonstrated the potential of technologies such as smart homes and renewable energy systems to play a role in household energy sustainability, high operational costs, technical and system barriers, lack of customer knowledge and the risks to be taken, etc., make diffusion extremely difficult.
Finally, this paper puts forward the future research direction of HEC. It is important to evaluate the effectiveness of energy policies and energy standards for the future development of HEC, particularly in developing countries. About household energy consumption behavior, low-income or elderly households will be the key focus. The energy consumption generated by small appliances cannot be ignored and more statistics need to be adopted to compensate. Similarly, we identified limitations in the study. The research on household energy consumption behavior is characterized by a singular data source, predominantly relying on observational data gathered through methods such as questionnaire surveys and interviews. The findings of these studies lack universality. In addition, the definition of HEC is not comprehensive, and the energy consumption of small appliances is often ignored, which hinders the accounting of HEC.
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