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Household carbon emissions (HCEs) in urban communities are significant sources of China’s total carbon emissions and contribute to global warming and climate change dramatically. This study aims to estimate the HCEs and investigate their influential factors based on a total of 185 household survey data collected from three typical types of urban communities in Beijing: traditional communities, unit communities, and commercial housing communities with the application of the consumer lifestyle approach analysis and econometrics model. The results show that unit communities contribute to the highest direct carbon emissions and the commercial housing communities produce the most indirect carbon emissions, with the traditional communities emitting the lowest carbon emissions both directly and indirectly. The highest direct carbon emissions of households are found in unit communities at 723.79 kgCO2 per month, followed by commercial communities at 580.01 kgCO2, and finally the traditional communities with 526.44 kgCO2 direct carbon emissions monthly. And the highest monthly indirect carbon emissions of households are found in commercial communities at 707.70 kgCO2, followed by unit communities at 669.38 kgCO2, and finally with 554.85 kgCO2 indirect carbon emissions monthly in traditional communities. It concludes that the community type affects HCE characteristics and their driving factors significantly. Household income, household population, and the ownership of cars increase HCE in more than one type of community. Scientific research work-related population, community environment satisfaction, housing area have positive effects, while community convenience has negative impacts on HCEs in one certain type of community. Policy implications tailored to general and specific community types are proposed as the guidance of carbon reduction and community transformation finally. This study contributes to the understanding of the impact of community attributes on HCEs and proposes some methods for microregional carbon emission reduction and the ecological transformation of urban communities.
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INTRODUCTION
Over the years, the emission of greenhouse gases (GHGs) especially CO2 is confirmed as the primary reason for global warming (Eckstein et al., 2017). With the climate change caused by global warming, natural disasters and extreme weather are more likely to appear in those years (Calleja-Agius et al., 2021; Marlon et al., 2021). In 2020, China accounts for 27.2% of global energy consumption and 31.8% of global carbon emissions (BP 2021). Besides large amounts of industrial energy consumption, the daily life of communities has become a significant producer of greenhouse gases (Anderson et al., 2016; Lin et al., 2013; Yang and Chen, 2011; Yang, S. et al., 2018). The household carbon emissions (HCEs) accounted for 30–40% of China’s national total emission between 2000 and 2010 (Li et al., 2019). And the proportion shows a trend of growth (Wang and Yang, 2014). To protect the environment and to explore the path of community ecological construction and transformation development, CO2 emissions need to be controlled (Liu et al., 2021).
China emphasized the concept of carbon peak and carbon neutral recently and it is essential for environmental health. However, a broad and profound economic and social systemic change is needed to achieve it (Huo et al., 2021; Zhang and Hanaoka, 2021). Higher requirements have been given for the promotion of new-type ecological civilization construction and the realization of healthy and high-quality development (Bai et al., 2019; Deng, 2021; Lin and Zhu, 2021). As the capital of China, Beijing is in the process of transforming from a general city to an ecological city, and it is also faced with the challenges above, which will inevitably become obstacles to its development. Given its special urban nature and development orientation, it has a great demand for urban community transformation (Yang, Q. et al., 2018; Yang, S. et al., 2018). During its urbanization, the overexpansion of population, increasingly congested traffic, housing prices continuing to rise, resources and environmental carrying capacity are seriously insufficient (Wang et al., 2021), and much more carbon emission has been brought into Beijing with a high concentration of people and energy-consumed industries. The reduction of HCE will play a significant role in this section, and ecological communities will be the key to reduce regional carbon emissions. Recently, scholars start to set their sights on HCEs and discover methods to regulate carbon emission from a more micro perspective.
The results of studies on carbon emission carried out worldwide were impressive in the last 2 decades (Davis and Caldeira, 2010; Yang and Chen, 2011; Sun and Huang, 2020; Wang et al., 2021). Aside from the influence of carbon emission on global warming, there are some studies on the impact of carbon emission on public health and environmental protection (Yang, Q. et al., 2018; Yang, S. et al., 2018). In China, studies on carbon emission developed rapidly and HCE studies began after 2008 in different regions (Qin, 2009). Studies on HCE developed rapidly throughout these years, and huge progress was made (Ye et al., 2017; Zhang et al., 2021). In related studies, the growing household consumption level was confirmed as the main reason of the increase in emissions and waste (Wilson et al., 2013; Zhang et al., 2020). The community-level carbon emission research started at the same time as household level. At the same time, due to the large scale and variety of local communities, ecological community construction is expected to become a major way to break the bottleneck of its development, so it has a typical research significance. To reduce residents’ carbon emissions and promote low-carbon community construction is to strengthen the construction of a low-carbon society, an important way to promote the development of low-carbon communities and an important measure to mitigate global warming.
Existing studies confirm that HCEs are divided into direct and indirect carbon emissions (Liu et al., 2011; Zhang et al., 2015). However, the academic circle has not formed a strict unified standard for the estimation boundary of household direct and indirect carbon emissions. In general, direct carbon emissions refer to those that are obtained from energy consumption, such as fossil fuels and electricity. Indirect carbon emissions refer to the carbon emission from consumer goods and services, including food, clothes, and furniture, caused by the energy consumption during industrial production (Bin and Dowlatabadi, 2005; Liu et al., 2011; Zhang et al., 2015; Chen et al., 2019). Another point of view is that HCEs can be divided into three tiers. Tier 1 is direct carbon emissions, including only fossil fuels that directly produce carbon emissions; Tier 2 and tier 3 are indirect carbon emissions; tier 2 is energy consumption that does not directly emit carbon emissions, such as electricity and heating. Tier 3 are emissions from products and services (Matthews et al., 2008; Kenny and Gray, 2009; Andrew and Cortese, 2011; Zhao, 2019).
As for the influential factors of HCEs, socioeconomic factors, household characteristics, and geographic factors are widely considered (Li et al., 2016; Yang et al., 2016; Zhang et al., 2015). On the basis of previous studies, Zhang et al. (2015) summarized that the household income, age, household size, education level, household location, gender, and rebound effects are major influencing factors of HCEs. However, fewer studies have taken community attributes into consideration. Gu et al. (2013) illustrated the disparity in transport energy consumption of different residential communities. In Yang et al. (2016)’s study, HCEs are relevantly inequal in different communities, and this is due to the different level of infrastructure construction and commuting distance. Rong et al. (2020) demonstrated the influence of the built environment on HCEs. More profound influential factors on community attributes are looking forward to being examined in the following HCE studies (Rong et al., 2020; Yang et al., 2016).
The consumer lifestyle approach (CLA) was first proposed by Bin and Dowlatabadi (2005) for exploring consumer-related energy consumption and carbon emission. In China, the term CLA was first carried out in the same year (Wei et al., 2007). In previous studies, CLA was considered to be more efficient by combining the advantages of the input–output model and emission coefficient method (ECM), but it is complicated to apply (Zhang et al., 2015). CLA provides an integrated evaluation framework that is a clear understanding of the interaction factors affecting consumers, personal determinants, household characteristics, consumer choices, and consequences. Previous studies are more focused on the overall carbon emissions of communities (Adalilar et al., 2015; Rong et al., 2020), and CLA contributes to correlating carbon emissions with residents’ lifestyles, revealing effective pathways for the government to formulate effective policies of energy conservation and emission reduction targeting urban communities.
In this paper, different structures of CO2 emissions among three types of communities are estimated based on household survey questionnaires, and the influencing factors on the carbon emission of residents in different communities are identified. In our research, communities are classified differently and the factors involved, especially the factors of HCEs, are different from early studies. This paper contributes to the previous studies with the following perspectives: we explore new boundaries of HCE evaluation based on traditional studies with the selection of typical and distinctive communities. In addition, we focus more upon community residential services as well as attributes and their connections with HCEs, instead of simply explaining their structural features. Through our research, we hope to reveal the differences in HCE and their influential factors, respectively, between typical communities. Then, we can explore the eco-transformation solutions for the significant influential factors.
The remainder of this paper is organized as follows: in Study Area, the research area is introduced, in Methodology and Data, the relevant data are collected and analyzed, and the corresponding mathematical method is introduced. In Results, the results of HCE characteristics and driving factors in different communities are presented. The obtained results are discussed in Discussions; the policy implications obtained from this research are drawn in Policy Implications. Conclusion draws conclusions.
STUDY AREA
Beijing is the capital of China with the Global Positioning System (GPS) coordinates of 39°55′0.0048″N and 116°22′59.9916″E, which is located in the northern part of the North China Plain. Because of its dynamic economy, high-level urbanization construction, and strong innovation capability, Beijing has become an important engine for the economic development of north China. As the political, economic, and cultural center of China, Beijing has a large population of more than 20 million and a high GDP per capita, reaching up to 164,889 yuan in 2020 according to the National Bureau of Statistics (China Statistical Yearbook, 2021). Relying on a long history and a developed economy, Beijing has several different types of communities with distinctive characteristics: traditional communities, unit communities, and commercial housing communities. Due to the excellent protection of traditional buildings, a large number of houses and traditional communities built in the Ming and Qing dynasties have been preserved in Beijing. In addition, because of historical reasons, there are unit communities that are developed and uniformly allocated by the government and commercial communities, which are developed by commercial companies and allocated by the market. These three types of communities have obvious differences in lifestyles, consumption patterns, resource utilization styles, ecological adaptation, and public services. However, with the target of sustainable development, these three communities are facing the same challenge: ecological transformation. As widely recognized, the concept of the ecological community is committed to seeking harmony among people, society, and the environment (Dalton et al., 2007; Maliene et al., 2008; Roseland, 2012), and energy-saving and emission reduction in residential areas are thus one inevitable pathway for the ecological transformation of communities (Yang et al., 2016). For the reason that the study of community ecological transformation requires different types of research samples, Beijing has become a natural testing ground for studying the ecological transformation of communities in the process of ecological civilization construction and urban–rural integration development.
METHODOLOGY AND DATA
HCEs in communities can be divided into direct carbon emissions and indirect carbon emissions, of which the direct carbon emissions are building energy consumption system and transportation system emissions (Wei et al., 2007), as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Boundary of household carbon emissions’ estimation system.
The estimation of direct carbon emissions was based on the ECM. Indirect carbon emissions are estimated by the conceptual model of consumers’ lifestyle and input–output method after the carbon emission coefficients of eight types of household expenditures were determined, and the carbon emissions implied in the production of products and services obtained by households in the process of consumption were calculated.
Estimation of Household Direct CO2 Emissions
Direct carbon emissions in this paper refer to those produced from the energy consumption process of cooking, heating, lighting, and transportation, which were calculated from 2 sources: building energy consumption system and transportation system.
Carbon Emissions From Building Energy Consumption System
According to the Intergovernmental Panel on Climate Change (IPCC) Guidelines for National Greenhouse Gas Inventories 2017 and “China Energy Statistical Yearbook”, the energy consumed by communities in Beijing can be divided into three categories: residential electricity, gas, and heating. The accounting formula is (Fan et al., 2013; Liang et al., 2013; Chancel, 2014)
[image: image]
where [image: image] is the carbon emissions generated by the monthly average [image: image] energy consumption of households; [image: image] is the monthly average energy consumption of [image: image] consumption; [image: image] is the carbon emission factor of [image: image] energy consumption; and [image: image] is the energy type. The carbon emission factors are based on the method used by the IPCC (2006), and their main data and data sources are shown in the following Table 1:
TABLE 1 | Carbon emission factor of energy.
[image: Table 1]Carbon Emissions From Transportation System
Private cars, online car-hailing, motorcycles, buses, planes, trains, bicycles, and electric cars are the significant means of transportation used by modern families. Carbon emission accounting in the category of community microresearch should have clear regional boundaries. Residents often travel beyond the community boundaries by long-distance vehicles such as planes and trains, so the carbon emissions generated are not included in this research, and these transportation modes are not considered. In recent years, Beijing has adopted a series of traffic management measures on motorcycles and implemented regulations banning motorcycles on many road sections from 2021, which has gradually reduced the number of families traveling by motorcycle. Shared bikes, private bikes, buses, and subways are commonly used, but their carbon emissions are low and data are not readily available. The carbon emissions of electric vehicles are accounted for in the building energy system in the form of household electricity consumption. To sum up, this paper only considers private cars and online car-hailing, which have high carbon emissions and are frequently used by residents for daily travel, and establishes a carbon emission model by referring to relevant literature (Yang et al., 2016) and the data required is declared in Table 2.
TABLE 2 | Data declaration of transportation carbon emissions estimation.
[image: Table 2]Carbon Emissions From Private Car
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where [image: image] refers to the average monthly carbon emissions generated by driving a private car; [image: image] is family monthly gasoline expenditure per capita; [image: image] is the price of gasoline; and [image: image] is the carbon emission factor of gasoline.
Carbon Emissions From Online Car-Hailing
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where [image: image] is the carbon emission generated by a family getting a car-hailing service every month; [image: image] is the distance in kilometers that a family travels by ride-hailing per week; [image: image] is the car-hailing gasoline consumption amount; [image: image] is the vacancy rate; and [image: image] is the carbon emission factor of fuel when hailing a car.
Estimation of Household Indirect CO2 Emissions
Indirect carbon emission refers to the carbon emission indirectly generated by residents in the process of obtaining consumer goods and services to meet the needs of household food, clothing, housing, and transportation. The paper adopts the consumer lifestyle method (Feng et al., 2011; Wang and Yang, 2014; Chen et al., 2019) to determine the carbon emission coefficient of household consumption for accounting.
The common practice is based on the classification of the “China Energy Statistical Yearbook,” dividing the household consumption expenditure for food, clothing, supplies and services, healthcare, transportation, communication, education, culture and entertainment, eight housing, and other goods and services with reference to Wei et al. (2007) and others, each corresponding to one or more of the production departments. In this paper, our divisions of household consumption departments are shown in Table 3. The ratio of production carbon emission to the output value of multiple industries is used to represent the carbon emission coefficient of each type of expenditure, and the indirect carbon emission generated by consumption expenditure is determined by combining consumption.
TABLE 3 | Related sectors of consumer expenditure.
[image: Table 3]The input–output method is a frequently used optimization method in the application of CLA in China in recent years (Zhang et al., 2015). It is a common method to quantify and estimate carbon emissions (Wang et al., 2019). It was originally established by the American economist W. Leontief, and Bicknell et al. (1998) applied it and explained the principle reasonably. It determines the carbon emission coefficient by considering the correlation between industries, which can reflect the change of carbon emission caused by the change of one or more industries.
The formula is listed as follows: 
[image: image]
where C is the carbon emission of household indirect energy consumption; F represents the implied carbon emission intensity of departments in the n × n input–output table; F′ represents the departments’ direct carbon emission intensity; A is the direct consumption coefficient matrix of the n × n input–output table; I is the same order of the identity matrix as A; Y is the column vector, representing the expenditure of the family; (I – A)−1 is the Leontief inverse matrix, which shows the impact on all other departments when there are technological changes in a sector of the national economy.
Data Sources
In order to simplify the calculation and consider the availability of data, this paper uses the carbon emission coefficient of standard coal to calculate the carbon emission of industry production (Tu and Liu, 2014). Since the input–output table is published every 5 years, the input–output table used in this paper comes from the relevant data of the 2017 Beijing Input–Output Table, and the energy consumption of various industries comes from the “2018 Beijing Statistical Yearbook.” The household characteristics of Beijing residents, including basic household information, household energy consumption, the consumption of life services, community life satisfaction, and residents’ decision-making behavior evaluation, were collected by a questionnaire survey.
The community type should have its representative characteristic and distinct characteristic. Based on community classification in the existing research results, this article first embarks from the community property, which could be divided into the traditional community, unit community, and commercial housing community, and selected the Beijing six rings of those three types of typical communities as the data sampling objects. The distribution of survey samples is shown in Figure 2. The survey covered six districts and 11 streets in Beijing, namely, the inner city (Dongcheng and Xicheng) and the inner-city suburbs (Chaoyang, Haidian, and Shijingshan). We adopted the method of random sampling, and distributed roughly the same number of questionnaires to each target community, which were scattered in space and did not overlap each other. Moreover, due to the randomness of questionnaire distribution, the interference of some subjective factors could be well avoided. Since the survey was conducted by a one-to-one interview, the authenticity and accuracy of data acquisition were also guaranteed. Thus, the differences of the community location, management mode, and residents’ income class make the selection of the three communities believed to have the significance of horizontal comparative analysis.
[image: Figure 2]FIGURE 2 | Distribution of the 185 selected household samples.
Based on the existing research and experts’ opinions, the questionnaire of our survey was divided into five modules: the basic information of individuals and families, information of household energy consumption, information of household life service consumption, community life satisfaction, and residents’ decision-making behavior evaluation. The rationality and feasibility of the questionnaire were determined through a pre-survey through online channels, and the survey was officially started after several revisions. In the early stage of the survey, questionnaires were collected through field visits and one-to-one interviews. In the later stage, due to the impact of the COVID-19, questionnaires were collected through the Internet. Finally, we collected 185 valid household samples.
This paper defines influencing factors such as housing satisfaction and participation in energy conservation and environmental protection based on the existing data obtained from the questionnaire. From the family and community levels, we assumed that there are a total of 17 influence factors, including the family monthly income, family structure, engaged in scientific research work, age structure, level of education, floor, housing area, travel mode, air conditioning temperature settings, environment satisfaction, housing satisfaction, energy conservation, environmental protection, activity participation, degree of willingness to participate in community management, community facilities, and car ownership.
Empirical Models
Referring to the cross-sectional data model of the influencing factors of carbon emissions in existing studies, we took the total carbon emissions of traditional communities, unit communities, and commercial housing communities as dependent variables and studied the impact of the influencing factors on carbon emissions by applying econometrics analysis. The basic model is preliminarily set as
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where [image: image], [image: image],……, [image: image] is the independent variables as follows (Table 4) and [image: image] is the total residential carbon emission in the three types of communities. The definitions of variables are shown in the following Table 4.
TABLE 4 | The definitions of variables in regression analysis.
[image: Table 4]It is assumed that the observed individuals of the cross-sectional data are independent and there is no autocorrelation. Therefore, the Variance Inflation Factor (VIF) test, Breusch-Pagan (BP) test, and White test are carried out on the explained variables, respectively, and some factors that have negative effects on the model are removed by stepwise regression. Taking the traditional community as an example, we first test the multicollinearity of independent variables. The correlation matrices of the independent variables and variance inflation factor in the multiple regression model both indicate that there is no multicollinearity in the independent variables. The p-value of the BP test is 0.000, indicating that the independent variable has heteroscedasticity, so the heteroscedasticity robust standard error is added for correction.
After the modification, the two-stage least square method (2SLS) command was applied to it, and it was found that the estimators of the two models had little difference, and there was no endogeneity problem. For further verification, environmental satisfaction was set to be an endogenous variable. According to the coefficient of the correlation matrix, it is found that the correlation between environmental satisfaction and infrastructure satisfaction of tool variables is 0.599, which is suitable to be a tool variable of environmental satisfaction. Assuming that all other variables are exogenous, the 2SLS was used for regression. The results of Anderson Canon. Corr. LM Statistic and Cragg–Donald Wald F Statistic show that the instrumental variables pass the over recognition and just recognition tests. Also, for the test, namely, the results of the Minimum Eigenvalue statistic, its value 32.2022 significantly rejected the null hypothesis of the existence of weak instrumental variables. We also carried out the Durbin Wu Hausman (DWH) test to test the endogeneity of explanatory variables because of heteroscedasticity, and all the results above proved that the original hypothesis is verified without an endogeneity problem and all variables are considered exogenous. A more robust model is selected under the condition that there is no significant difference in estimated values and no significant difference in parameters.
RESULTS
Basic Characteristics of the Three Typical Communities
From the data gathered in the survey, the basic characteristics of the three typical communities (traditional community, unit community, and commercial housing community) are portrayed in Table 5.
TABLE 5 | Basic characteristics of three typical communities.
[image: Table 5]As shown, the community type affects its attributes significantly. The residents of traditional communities share the lowest income among the three types of communities. At the same time, this kind of community lacks labor-aged people more than the other two, with an average age structure of 0.72. The commercial housing community appears to have a much younger age structure of 0.94 and a higher level of education, at 3.61; thus, the respondents in this kind of community share the highest average income of 34,415. The family pattern of 2 or 3 members is common in commercial housing communities. The satisfaction with the community environment there is highest, while those with supporting facilities came in second place among three communities, respectively, at 3.88 and 3.76.
Characteristics of Carbon Emissions of Different Communities
Figure 3 illustrates the estimation of direct carbon emissions in three typical communities. The estimation of indirect carbon emissions of the three typical communities is exhibited in Table 6 and Figure 4, and the structure of that is demonstrated in Figure 5.
[image: Figure 3]FIGURE 3 | Direct carbon emissions per month in three typical communities.
TABLE 6 | Estimation of indirect carbon emissions of three typical communities (kg/month).
[image: Table 6][image: Figure 4]FIGURE 4 | Indirect carbon emissions per month in three typical communities.
[image: Figure 5]FIGURE 5 | Composition of indirect carbon emissions in three typical communities.
Estimated direct carbon emissions are presented with the quantitative relation of unit community > commercial housing community > traditional community, while indirect carbon emissions are presented with the quantitative relation of commercial housing community > unit community > traditional community.
The average monthly direct carbon emissions of households in the unit community are the largest at 723.79 kgCO2, followed by the commercial housing community at 580.01 kgCO2 and traditional community at 526.44 kgCO2. Between its two subsystems, the building energy consumption system accounts for the maximum proportion, which takes more than 70% of direct carbon emissions in all three communities. The transportation carbon emissions correspondingly take less than 30% of direct carbon emissions in all three communities. With the largest population scale, households in unit communities produce 559.78 kgCO2 monthly from the building energy consumption system. On the contrary, households in traditional and commercial communities produce much lower carbon emissions from building energy consumption at 397.40 and 410.93 kgCO2, respectively, mainly because of their smaller family size. The transportation carbon emissions in the traditional community are the lowest with 129.04 kgCO2 per month, and that is mainly because the residents there are older and mostly retired without work-related mobility and the level of transportation carbon emissions in unit communities and commercial housing communities is flat, both estimated slightly more than 160 kgCO2 per month.
The average monthly indirect carbon emissions of households in the commercial housing community are largest at 707.70 kgCO2, followed by the unit community at 669.38 kgCO2, and traditional community at 554.85 kgCO2. Food consumption occupies more than 20% share of indirect carbon emissions in all three communities, numerically at 201.40, 187.70, and 187.30 kgCO2, respectively, per month. Food, clothing, and residents are the three major sectors of indirect carbon emissions, occupying more than 10% separately, and altogether near 60% of indirect carbon emissions in all three communities. The indirect carbon emissions of the other 5 household consumption sectors are found much lower on the whole. Different communities witness a significant disparity in their indirect carbon emission structure. Residents in traditional communities produce much fewer carbon emissions from clothing consumption, with only 86.05 kgCO2 per month, while those in the other two communities are both more than 120 kgCO2 monthly. That is mainly because more aged citizens live in traditional communities and they often spent their expenses sparingly and lack the passion for purchasing new clothes. As illustrated in the analysis of direct carbon emissions, traditional community residents also produce the lowest amount of carbon emissions in transportation and communication sectors, numerically about half of the other two’s levels. Traditional communities are more likely spatial aggregations in separation from the consumerism of modern society; residents there prefer a traditional and frugal living style, and thus, they choose to consume more on necessary daily needs and spend less on other sectors. Reasonably, expenses on medical care in traditional communities account for its largest constitution of the indirect carbon emission structure among three types of communities. Overall, the indirect carbon emission structures of unit communities and commercial communities are similar. No significant differences can be found in carbon emissions from food, clothing, and medical care consumption of these two kinds of communities. However, residents in commercial housing communities hold the highest income; therefore, the total indirect carbon emissions of consumption there is correspondingly the largest. Residents there tend to expend more on the fixture and repairing, which is included in residence consumption compared to others. The carbon emissions produced by expenditure on cultural and educational goods and services is highest in unit communities, more than ones from resident consumption there, which is probably because residents there are most likely former high-qualified staff of state-owned enterprises or colleges in China and perform cultural consumption more frequently.
Combining and comparing the direct and indirect carbon emissions, it can be found that the unit community owns the highest total carbon emissions among three types of communities, which is 1393.17 kgCO2, followed by commercial housing community with 1287.71 kgCO2, and the lowest in traditional community, which is 1081.29 kgCO2. Among them, the average indirect carbon emissions of the three types of communities exceeded direct carbon emissions, indicating that indirect carbon emissions accounted for a greater proportion of HCEs in the general community. However, according to the above calculation results, the indirect carbon emission of traditional community is 28.41 kg higher than direct carbon emission, while the indirect carbon emission of unit community is 54.41 kg lower than direct carbon emission. The indirect carbon emission of commercial housing communities is much higher than direct carbon emission, reaching 127.69 kg.
Analysis of Household Carbon Emission Influential Factors
We further conducted the econometric regression model to examine the influential factors of total carbon emissions in three different types of communities. The results showed that the monthly income in households has shown a significant positive correlation with total carbon emissions in three communities, which means that the household income increases total carbon emissions (Table 7). Results also indicated that income is one of the most important factors influencing HCEs. In three types of communities, one enhanced standard unit of income increases 2.659, 1.611, and 0.463 of total HCEs, respectively. Household population plays a vital role in HCEs in unit communities and commercial housing communities. Compared to income, this variable increases HCEs both directly and indirectly. When the household population in unit communities and commercial housing communities increased by one unit, more 0.261 and 0.22 HCEs will be emitted. However, our research shows that its impact on HCEs in traditional communities is much weaker than the other two and is not strong enough to be significant. The obtained also depicts that car ownership is positively correlated with HCEs in both traditional communities and unit communities, at the level of 5% and 1%, respectively. It was also reported that the households with cars in these two communities produce more 0.117 and 0.139 of HCEs than those without cars monthly. However, car ownership is not in a statistically significant positive correlation with HCEs in commercial housing communities.
TABLE 7 | Regression analysis results of HCEs in three typical communities.
[image: Table 7]In addition to universal influential factors in more than one type of community, each community owns some unique driving factors of HCEs there, which reflects their varied attributes and other characteristics. In traditional communities, there existed significant positive correlations between engaged in scientific research-related work and environmental satisfaction and HCEs. In unit communities, the housing area is positively correlated with carbon emissions while community convenience is negatively correlated with HCEs. Besides income and household population, no other unique significant correlations can be found between HCEs and other variables; the personnel involved in scientific research have a significant impact at the 1% level, and each additional unit of personnel involved in scientific research in the family will increase HCEs in traditional communities by 0.249. Carbon emissions are positively correlated with environmental satisfaction at the level of 0.05, and every unit increases in environmental satisfaction will increase carbon emissions by 0.217. In unit communities, there existed a positive correlation between the housing area and HCEs, and this impact is significant under the 1% level, and every 1 standard unit increase in the housing area increases carbon emissions by 0.563. The degree of convenience is proven to decrease carbon emissions significantly in unit communities. Each added degree of community convenience can reduce 0.324 of HCEs here.
During the process of the linear regression model, there are some other influential factors of HCEs that can be enlightening to us, although they were not statistically significant enough in each kind of community. The results suggest a positive correlation between the household population on the average level of education and carbon emissions in the commercial housing communities, but in the unit communities and traditional communities, this correlation turns out to be negative.
DISCUSSIONS
From our HCE estimation model, we draw the conclusion that both direct and indirect carbon emissions in three communities are distinctive, and those differences are detailed and showed the unique features of typical sort of communities clearly. In comparison, existing studies concentrate more on exploring the changes of HCEs cross-time and the inequality between urban and rural areas (Donglan et al., 2010; Feng et al., 2011; Wang and Yang, 2014; Chen et al., 2019). Our study design is based on a new vision concerning the inequality of HCEs in communities, and what we obtained declares that the phenomenon of unbalanced HCEs can occur in more microspatial units than urban and rural, or developed and developing, places. As for the quantitative relationship of two carbon sources, it is widely accepted that indirect carbon emissions account for most or the majority of HCEs (Zhang et al., 2015; Yin et al., 2020), but this study found that although the average amount of indirect carbon emissions in three communities is more than direct carbon emissions, the households in unit communities produce more direct carbon emissions than indirect ones while the remaining two types of community indirect carbon emissions are more than direct carbon emissions. A possible explanation is that with the application of clean production and energy-saving technologies (Khan et al., 2019), the embedded carbon intensities in industrial production are much lower in Beijing recently, and the defined calculating boundary of carbon emissions in different studies plays a role in the disparity of their findings. Our results provide insights for revealing the different quantitative relations of direct and indirect HCEs in different kinds of communities, which can be heuristic in future studies. More than one kind of community presents a positive correlation between car ownership and HCEs.
In terms of influencing factors, existing studies suggested that household expenditure or income is one of the most important driving factors of carbon emissions (Pachauri, 2004; Weber and Matthews, 2008; Xu et al., 2015; Li et al., 2016) which was consistent with our results. It is believed that income affects the purchasing power of households, differing their lifestyles and characteristics of consumption structure to shape their carbon emissions indirectly. Higher incomes are closely associated with high-quality life, as well as higher daily expenditure.
The household population is also recognized to have a significant positive correlation with HCEs in many papers (Qu et al., 2013; Xue, 2020; Yang and Liu, 2017). It is reasonable that the more members in a household, the more HCEs foreseeable to emit because people are the dual subjects of both basic energy and living services or goods consumption. However, from what we attained in this study, because it was lacking young family members, the carbon emissions in traditional community households are not significantly correlated with the household population. A possible explanation is that young family members seldom settle in traditional communities for long with their parents, leaving fewer energy needs in households there. Since that, it presents that the permanent population in households is a better choice for future studies. On the whole, the HCE drivers suiting all kinds of communities in this paper are the household income and household permanent population to a certain extent. Similar to Lyons et al. (2012), we find that the household income is a more significant driving force of HCEs in households than the household population.
The impact of car ownership on HCEs shows a significant positive effect in both traditional communities and unit communities. The daily use of vehicles increases HCEs from transportation (Wang and Liu, 2015; Xu et al., 2015), but it is worth mentioning that car ownership shapes lifestyle and personal decisions dramatically in modern society, from which more carbon emissions can be produced. In commercial housing communities, the impact of car ownership on HCEs is also positive but not statistically significant enough. Only 20.5% of residents choose car driving or car-hailing as their major travel decisions, while the percentage of private car owners here is 65.3%, which verifies that cars are not frequently used here for daily transportations. Besides, the large composition of consumption-induced indirect HCEs in carbon emissions structures there inhibits the positive effect of transportation carbon emissions in some means.
The other significant influential factors of HCEs obtained from our study are the scientific research work-related population, community environment satisfaction, housing area, and community convenience, which belongs to one certain kind of communities.
In traditional communities, scientific research work-related population and community environmental satisfaction are proven to increase HCEs here. The personnel involved in scientific research participate in more cultural and educational services and spend more in this field. At the same time, the carbon emission intensity of cultural and educational activities has also been confirmed to have a significant improvement in recent years. Additionally, the personnel involved in scientific research are generally highly educated, which may have more requirements for the quality of life and more frequent traffic activities (Büchs and Schnepf, 2013; Han et al., 2015) and such people may have a more luxurious lifestyle. These characteristics of people in those occupations are contrary to the overall structure of the main residents in the traditional communities, who are older and prefer a simple life and single carbon energy consumption concentrated in the basic daily consumption activities, making this factor significantly stimulate the carbon emissions of traditional communities to rise. This also suggests that households living in environmentally sound communities could have higher incomes and are able to pursue a better quality of life, but that higher environmental satisfaction in such communities may not be proportional to higher energy conservation awareness.
In unit communities, housing areas increase but the community convenience reduces HCEs significantly. This is mainly because the larger the residential area, the more the fixed devices, and the more energy needed (Li et al., 2019). When heating equipment is used, more energy is needed to achieve the same effect, so carbon emissions will consequently increase. Due to the frequent short-haul transmission between households and workplaces in this certain type of communities, the improvement of community convenience can reduce a lot of transportation carbon emissions there (Yang et al., 2016). This sheds a light on the importance of urban convenience in the means of carbon reduction (Rong et al., 2018).
Our study portrays the distinction between these three typical communities in Beijing via a new perspective: carbon emissions and their driving factors. From the aspect of carbon emissions, traditional communities emit the lowest total carbon emissions among the three types of communities, which is caused by the low mobility of its residents and their limited life quality demands. The commercial housing community takes the highest part of indirect carbon emission in the three kinds of communities, which suggests that the residents there are more likely wealthy and expect high life quality during daily living. The unit communities should be ones with both the largest household scale and total carbon emissions. As for the carbon emissions’ influential factors, they indicate that traditional communities and unit communities are a characteristic with most significant drivers and can be regulated with carbon restriction targets through multiple pathways. However, each of these two types of communities is very distinctive; carbon emissions in traditional communities are concentrated on community environment and human-related factors, like community environment satisfaction and scientific research work-related population,. while those in unit communities are more tightly related with community functions, such as convenience and housing area. Commercial housing communities are correspondingly the most complex or unknown type of community among these three types of communities with less obvious drivers. The following studies need to concentrate on these kinds of communities more from multi-angles to dig the mechanism behind their complexity.
Considered as important emitters of carbon emissions, households gain the great attention of scholars in recent years. In recent studies, the necessary data are mostly gathered from the microsurvey and their quality and quantity are highly connected with the credibility of study results (Zhang et al., 2015). To study HCEs more accurately and profoundly, more available related data should be provided with open access. Due to the limited resources, our research needs more effective samples to revise itself as with many survey studies. The following studies should enlarge the scale of the samples and re-examine the conclusions, and more classification of households should be taken into consideration in the future. Further studies exploring the interrelation between HCEs and community attributes can concentrate more on the concept of eco-community, establishing widely applicable models of community carbon emissions and estimating their eco-efficiency. Furthermore, we can evaluate the community management mode, and propose reasonable decision-making intention, treat the community as an independent unit to manage carbon emissions.
POLICY IMPLICATIONS
According to the results obtained in our study, concrete policies can be proposed to deal with carbon emissions in different communities specifically. Food consumption accounts for the largest share of indirect carbon emissions from eight types of consumption. Household food purchasing should be based on the principle of an appropriate amount; avoiding waste as much as possible, the consumption mode of unit community and commercial housing community is more diversified, and the quality requirements of daily life, clothing, and daily necessities are higher. It should mainly guide the rational consumption of these two types of community residents, thrift, and form a correct consumption concept. Residents in traditional communities are generally older and have simple lifestyles, which prefer needy daily consumption. We should add health equipment and provide exercise places, which can reduce medical consumption-induced HCEs to some extent. The commercial housing community and unit community residents’ lifestyles are relatively complex and diverse; guiding their green consumption to alleviate carbon emissions is more important. In particular, it is necessary to strengthen the investment in infrastructure in the unit communities. In the unit communities, improving the convenience of the community will greatly reduce the utilization rate of transportation tools or the frequency of the use of private cars. Under the condition of improving the same convenience, the unit community can achieve a better emission reduction effect than the other two communities.
On the whole, the following policy implications based on universal influential factors in three types of the community also need wide attention. With the steady growth of per capita disposable income, the level of indirect carbon emissions will remain high. Relevant policies should be promoted to improve the consumption structure of residents, encourage and guide green consumption, and reduce the proportion of consumption of goods with high carbon emissions. In our research, it is found that the residents’ living habits are one of the important factors affecting community carbon emissions. The government needs to strengthen the publicity of environmental protection and improve the residents’ living habits. At the same time, the residents’ consumption behavior can also be restrained by controlling energy prices within a reasonable range. In addition, promoting the development and utilization of renewable energy promotes the technology research and development and achieves the transformation of solar energy, tidal energy, and wind energy as well and realizes the technological breakthrough and practical application as soon as possible. More investment, development, and utilization of low-energy-consumption equipment. At the same time, the government will improve the coverage and utilization rate of low-carbon equipment through subsidies or tax exemption for low-carbon equipment in order to phase out traditional household equipment with low energy efficiency and high energy consumption. Manufacturers should be encouraged to continuously develop and launch household equipment with higher energy efficiency and lower energy consumption. Then, low-carbon transformation should be carried out at the community level to reduce carbon emissions without reducing the residents’ living standards.
CONCLUSION
This paper mainly analyzed the different characteristics of HCEs in three kinds of typical communities in Beijing and driving factors behind them, aiming to assist the ecological transformation of urban communities. During our research, we tried to examine the interaction between community attributes and HCEs and provide implications for policymakers to congratulate carbon emissions specifically on microspatial units: communities. Based on a micro survey conducted with 185 samples, we utilized the ECM method and input–output revised CLA method to evaluate HCEs in the traditional, unit, and commercial housing communities from direct and indirect portions. Then, we applied the econometric regression model to explore the influential factors behind their disparity.
The results suggested that direct carbon emissions are actually with the quantitative relation of the unit community (723.79 kgCO2) > commercial housing community (580.01 kgCO2) > traditional community (526.44 kgCO2), while indirect carbon emissions are with the quantitative relation of the commercial housing community (707.70 kgCO2) > unit community (669.38 kgCO2) > traditional community (554.85 kgCO2). The structure of carbon emissions in three kinds of communities is distinctive dramatically, and diverse and reliable factors were found. It was proven that the household income is the universal driver that increases HCEs in all three types of communities. Household population affects carbon emissions positively in the unit communities and commercial housing communities. Car ownership increases HCEs in traditional communities and unit communities significantly. A set of demographic, economic, and community attribute factors is the unique driver of HCEs in one certain type of community. The scientific research work-related population and community environment satisfaction increase HCEs in traditional communities. Housing areas increase, but the community convenience reduces HCEs in unit communities effectively. There are also some non-significant factors that have mentionable impacts on HCEs, like the average education level of households.
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housing area, sci_research represents engaged in scientiic research related work, convenient represents community convenience satisfaction, environSat represents housing

satisfaction.
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Clothing
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Residence

85.44

84.96
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Equipment
supplies and
services

51.34

53.15
67.51

Transportation and  Cultural and Medical
communication educational goods  care
and services
2432 4354 4898
51.52 114.89 33.05
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Other
services

13.78

20.80
37.25

Total amount
of indirect
carbon
‘emission

554.85
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Community type ~ Sample size Average Average age  Average level of
(person)  family size (") structure (*) education (*)

Tragitional 54 3.33 072 1.92

community

Unit community 53 433 078 2.70

Commercial housing 78 2.60 0.94 361

community

Average household
income (yuan)

13,280

19,877
34,415

Satisfaction with
community
environment (*)

3.37

37
3.88

Satisfaction
with supporting
facilities ()

315

3.81
3.76

Note: Satisfaction with community environment is calculated with the average level of the surroundling environment and environmental protection work in community; Satisfaction with
supporting facilties is calculated with the average level of seven kindss of fecilties needed for daiy e in community. The definitions of other indicators with * are consistent with Table 4.
Average family size, both satistactions and average level of education are vakued by the full mark of 5. Average age siruciure ranges from 0 to 1.
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Energy type i

Electricity
Natural gas

Liquefied petroleum gas (LPG)
Coal

Heating

Carbon emission factor

1.00
2.09
43.21
1.98
27.50

Unit

KgCO/kWh
KgCO,/m®
kgCO,/can
kgCO/kg
KkgCO/m?

Data sources

Carbon Emission Factors of the North Grid in 2016
IPCC Guidelnes for National Greenhouse Gas Inventories 2006
IPCC Guidelines for National Greenhouse Gas Inventories 2006
IPCC Guidelnes for National Greenhouse Gas Inventories 2006
Building Energy Research Center, Tsinghua University
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Variable

Total carbon emissions
Direct carbon emissions
Indirect carbon emissions
Total monthly income
Total household population

Engaged in scientific research related work
Age structure
Education Level

Floor

Housing area

Trip mode

The temperature setting of air conditioner

Housing satisfaction

Participation in energy conservation and environmental

protection activities
Ownership of cars

Permanent residents

Job involvernent

Urban residents

Lighting

Community convenience satisfaction

Variable
symbol

n
Y2
Ya
X1
X2

X3
Xe
X5

Xo
xr
Xg
X0

X10
xn

Xi2
X1z
X1
Xis.
X16
Xi7

Definitions

The sum of direct and indirect carbon emissions
Household carbon emissions caused from energy consumption

Household carbon emissions caused from services consumption

Monthly total income in a household (yuan)

one member = 1, two mermbers = 2, three members = 3, four members = 4, five o more
than five members = 5

Engaged in scientific research = 1, otherwise = 0

Proportion of the youth population to the total number of families aged 18-65

Average education level, primary school and below = O, junior high school = 1, senior high
school or technical secondary school =2, junior college = 3, bachelor's degree = 4, master's
degree and above = 5

Floor of household

Housing area for residential construction (m?)
Car or online car-hailing = 0, otherwise = 1
Air-conditional temperature set in summer <21°
above =5

Average value of house type, area, and lighting satisfaction

Average value of trip mode, air conditioning temperature, environmental decoration, garbage
sorting, and community management wilingness

Household with car = 1, otherwise = 0

Inhabitant in the community = 1, otherwise = 0

The percentage of adults in households who are working

Permanent urban residence certiicate = 1, otherwise = 0

To the south = 1, otherwise = 0

Average value of the accessivity to supermarket, subway and employment place (accessible
in 20 min by walking = 1, otherwise = 0)

=1,22-24'C =2,25-27°C=4,28'Cand
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Data declaration Sources

Household expenditure on gasoline of private car (montr) Micro survey data
Price of gasoline National Development and Reform Commission
Carbon emission factor of gasoline IPCC 2006

frequency on car-hailing senvices (week) Micro survey data

Average distance of rding car-haiing services Micro survey data

Gasoline consumption per km of haling-car and its vacant rate National average data
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Consumer expenditure

Food

Clothing
Residence

Equipment suppiies and services
Transportation and communication
Cultural and educational goods and
services

Medical care
Other services

Related sectors

Processing of food from agricultural products, manufacture of foods, manufacture of wine, beverage and refined
tea, manufacture of cigarettes and tobacco

Manufacture of textile, manufacture of textile wearing apparel and omament

Construction, manufacture of non-metallic mineral products, manufacture of fabricated metal products, renting and
leasing activities and business services

Processing of timbers, manufacture of wood, bamboo, rattan, paim, and straw products, manufacture of fumiture,
manufacture of electrical machinery and equipment

Manufacture of computer, communication equipment and other electronic equipment, information transmission,
software and information technology services, manufacture of motor vehicles, manufacture of railway locomotives,
building of ships and boats, manufacture of air and spacecrafts and other transportation equipment
Manufacture of paper and paper products, printing, reproduction of recording media, manufacture of articles for
culture, education, artwork, sport and entertainment activities, education, culture, sports, and entertainment
Healthcare and social works

Wholesale and retail trade, accommodation and restaurants, resident services, repair, and other services
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