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With China’s rapid urbanization and rising living standards, the household sector has
become the second largest contributor to urban carbon emissions and important pathway
to achieve China’s carbon reduction targets. Based on data of Chinese Residential Energy
Consumption Survey in 2014, this paper establishes standard households in 54 cities to
identify the carbon emission characteristics and explores the emission reduction paths of
urban households. We present evidence that rich households tend to increase their use of
clean energy, low-income households will not completely abandon inferior energy because
of their usage habits and costs and they always live in suburban areas and urban villages.
Cities with high household carbon emissions are almost located in north of Huai River/
Qinling Mountains line, while cities with low carbon emissions are mostly located around
the line and which are mainly on the south side. Monocentric urban development patterns
and frigid climates are easy to increase higher household carbon emissions. In this regard,
policy makers should help low-income households to escape from inferior energy
dependence, encourage the use of new energy vehicles and green housing
technologies, introduce a two-part pricing system for central heating services and
maintain relative balance of residential and public resources in urban planning.
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1 INTRODUCTION

As urbanization advances and population climbs, cities have become centers of economic, cultural and
political power. However, the uncontrolled expansion of urbanization has also led to high energy
consumption and exponential growth of greenhouse gas emissions, which poses huge environmental
and climate risks to society (Ding and Li, 2017; SunH. et al., 2020). In recent years, the household sector
has become a new focus for carbon emissions with the improvement of industrialization and energy
efficiency in China (Cui et al., 2016). In developed countries such as Europe and the United States,
carbon emissions generated by the household sector account for 70%–80% of total domestic carbon
emissions (Bin and Dowlatabadi, 2005; Baiocchi et al., 2010), but households only contribute 40% of
total carbon emissions in China, making them the second largest source of emissions after the
industrial sector (Liu et al., 2011; Dong and Zhao, 2017). As the structure of residential energy
consumption is gradually being transformed, driven by the process of urbanization, the energy
consumption and carbon emissions generated by households will further increase (Du, 2016). At the
same time, the household sector has 25% of all energy saving opportunities (The McKinsey Global
Institute, 2007), so households are not only the main contributors to urban carbon emissions, but also
an important path to achieve energy conservation and emission reduction in China. In the context of
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carbon peak and carbon neutrality goals, it is of great significance
practical to develop low-carbon economy and construct green
cities, through reducing household carbon emissions with
clarifying urban households’ energy consumption habits and
changing their energy consumption behavior and motivation.

In general, ecological degradation affects urbanization through
the exclusion of the resident population (Lu et al., 2018; Wang
et al., 2021). In order to exclude systematic differences in
population distribution between cities, Glaeser and Kahn (2010)
use the “standardized household” concept to explore the “pure”
effect of urban characteristics on the carbon emissions of residents.
This is a household with a fixed household size, income level and
age of household members. On this basis, Zheng S. et al. (2011)
rank the carbon footprints of households in 74major Chinese cities
based on China Urban Household Survey in 2006. They assess the
impact of regional development plans on CO2 emissions in China,
suggesting that regional economic development policies that
promote urban development in the Northeast may bring about
an increase in household carbon emissions. Using data from the
China Household Income Survey in 2002, Li et al. (2013) estimate
residential carbon emissions and inter-city migration costs in 56
major cities in China and analyze the reasons for differences in
inter-city carbon emission. They find that low-density urban
development patterns and lower winter temperatures both can
increase residential carbon emissions. However, the above studies
cannot fully reflect the specific status of household carbon emission
in detail due to the limitation of early micro-survey data in China.

This paper uses data from the Chinese Residential Energy
Consumption Survey (CRECS) of 2014 to empirically analyze the
characteristics and emission reduction paths of Chinese urban
household carbon emissions, reflecting a more realistic picture of
urban household carbon emissions in China and providing a
theoretical reference for urban carbon emission reduction. We
also make the following contributions: 1) we use micro-data to
comprehensively measure the complete carbon emissions of
Chinese households for the first time, including transportation,
honeycomb briquet, straw and firewood, which have been always
neglected in previous studies. 2) Compared with previous studies,
our results better reflect the characteristics of China’s urban
household carbon emissions in the new era, including cost
calculations of household migration from low-carbon cities to
high-carbon cities. 3) In contrast to using the urban density, we
use the polycentric spatial structure to better capture the impact
of urban characteristics on household carbon emissions.

The remainder of this paper is organized as follows: we review
relevant literatures in Section 2; Section 3 presents the
econometric model and associated data; Section 4 gives a
detailed analysis of the empirical results. Section 5 introduces
the ranking of urban household carbon emissions and the
explanation of the difference, and these are discussed in Section
6; Section 7 presents conclusions and policy recommendations.

2 LITERATURE REVIEW

With increasingly serious environmental problems, the energy
consumption from the household sector and its carbon emissions

have attracted widespread attention from the academic community
(Han and Wei, 2021). Several scholars have explored and discussed
the influencing factors and regional differences in household carbon
emissions, based on research methods such as carbon emission
coefficient, input-output, and life-cycle evaluation methods. In the
analysis of impact factors influencing household carbon emissions,
household characteristics and urban form are a hot topic of research.
In terms of household characteristics, Wu and Zheng (2022) find
that an increase in household incomewould contribute to the energy
transition of households, but rural residents would not completely
abandon “inferior” energy sources due to energy prices and supply.
Tong and Zhou (2020) believe that the characteristics of family aging
help reduce household carbon emissions, and family structures in
which elderly and young members live together are more “energy-
saving and environmentally friendly.” Yu et al. (2018) show that the
smaller household size and family aging increases household energy
consumption and carbon emissions. Hu et al. (2018) argue that
household size has a significant inhibitory effect on average
household carbon emissions. It is undesirable to control carbon
emissions by reducing household size, and it is necessary to further
strengthen of low-carbon environmental knowledge dissemination
as well as to implement energy-efficient appliances. The economic
level and urban scale of cities also have a significant impact on
household carbon emissions. Shen and Shi (2018) find a “U” shaped
relationship between urban population and per capita domestic
energy consumption in the early stage of urbanization. The per
capita domestic energy consumption tends to decline due to the scale
effect generated by urban population gathering. With the spread of
urban expansion and the change of residents’ lifestyles, the impact
on domestic energy consumption turns positive in the middle and
late stages of urbanization. Hu et al. (2018) argue that city size is an
important contributing factor to urban household carbon emissions,
while the level of urban economy significantly drives the upgrading
of household energy structure.

Urban spatial form is also a key influencing factor of household
carbon emissions. Liu et al. (2016) show that urban sprawl has a
significant positive effect on household carbon emissions in
southern Chinese cities and call for a compact and rational
urban spatial structure in the urbanization process. Sun B. et al.
(2020) find that compared with the “monocentric” spatial
structure, the “polycentric” urban spatial structure is more
conducive to shortening commuting time, thereby reducing
commuting carbon emissions. However, households have larger
housing space in “polycentric” cities, thus also increasing
household energy consumption and carbon emissions. Li et al.
(2020) emphasize the impact of physical environmental factors
around households on household energy consumption. They find
that household energy consumption and carbon emissions are
mutually substituted between the two spatial domains of residence
and transportation. This substitution phenomenon between
different energy sources in different spatial domains is
attributed to the different characteristics of influencing factors.
Li et al. (2017) find that the farther the distance between housing
and public services, the higher the tendency of residents to choose
high-carbon travel modes. Martins et al. (2019) show that an
increase in building height dispersion in a building complex can
significantly reduce the heating energy demand of a building,
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reducing energy consumption by nearly 40 KWh per cubic meter
per year.

Climatic conditions can also have a significant impact on
residential carbon emissions. China established centralized urban
heating system at the beginning of the country based on the Soviet
model. Due to the relatively backward economic level and limited
coal production capacity at that time, the Huai River/Qinling
Mountains line was created to artificially divide the northern
compulsory centralized heating area due to the cost of energy
saving and the colder north. Central heating is provided in the
north but not in the south (Almond et al., 2009). Zheng et al.
(2017) argue that there are significant north-south differences in
the energy consumption characteristics of Chinese households.
Per capita energy consumptions and carbon emissions are
significantly higher in the north than in the south due to
differences in winter heating practices. Zheng S Q. et al.
(2011) show that the per capita residential carbon emissions in
cities on both sides of the Huai River/Qinling Mountains line
have significantly discontinuity due to China’s heating policy.
The per capita residential carbon emissions of northern cities are
1.7 times higher than southern cities. Comparing the differences
in residential energy consumption and energy use behavior under
different heating modes, Jing et al. (2020) find that centralized
heating produces higher energy consumption and emissions
compared to self-heating but is also relatively more energy
efficient. If centralized heating is adjusted by charging heating
consumption, the heating expenditure of residents can be reduced
by more than 35%.

In summary, research on household carbon emissions has
developed rapidly in recent years, and the number of quantitative
studies related to the evaluation of urban household carbon emission
patterns and policies has increased. While city-level studies tend to
analyze the overall carbon emission characteristics of urban
households, household-level studies focus more on the energy
consumption in communities and households itself. The former
mainly provides a quantitative basis for the government to formulate
energy conservation and environmental protection policies for
macro regulation, while the latter identifies factors driving the
differences in lifestyles from the perspective of consumers
themselves and then proposes specific operation suggestions.
Domestic research in China has gradually evolved from the
earlier analysis of macro statistical data to the use of
comprehensive social survey data. Because of the lack of detailed
data on household energy consumption at the national level, most
studies focused on the a few conventional energy sources or certain
type of factors affecting energy consumption. Therefore, we used
data from the 2014 Chinese Residential Energy Consumption
Survey to capture the use of non-conventional energy sources,
such as coal, firewood and straw, while also estimating the
energy consumption of sample households due to central heating
and private car travel based on Zheng et al. (2017), with the aim that
the results would be more consistent with the actual situation of
energy consumption and carbon emissions in urban households.
Specifically, this paper firstly establishes behavioral equations for
different energy types in each cities as a way to study the relationship
between household energy consumption and specific household
characteristics. Secondly, it estimates and ranks total household

carbon emissions in each city. Finally, it analyzes the differences in
standardized household carbon emissions between cities and
discusses the impact of polycentric urban spatial structure on
residents’ transportation trips.

3 DATA AND ESTIMATION STRATEGY

3.1 Data Sources and Variables Selection
This study uses data from the Chinese Residential Energy
Consumption Survey (CRECS) of 2014, which was initiated
by the School of Applied Economics, Renmin University of
China, with the aim of monitoring the overall pattern of
household energy consumption in China under a dynamic
socio-economic background. Similar to the US Household
Energy Consumption Survey (RECS) conducted by the US
Energy Information Administration (EIA), the CRECS is
divided into six modules: household demographic
characteristics, residential characteristics, kitchen and
household appliances, residential heating and cooling,
private and public transportation and household energy
consumption. In addition, the CRECS also collects detailed
information on appliances (power, year of purchase, energy
efficiency label) and consumption behavior of these residential
devices (frequency and duration of device use, maintenance,
etc.), allowing us to estimation of the energy consumption of
devices. Compared with other comprehensive Chinese micro
household surveys, the CRECS not only records the use of
conventional energy such as electricity, natural gas and coal
gas, but it also records the consumption of coal, gasoline,
firewood and straw, thus reflecting the energy consumption of
Chinese households in a more comprehensive, systematic and
accurate way (Zheng et al., 2014). The CRECS 2014 covered a
total of 3,863 urban and rural households in 28 provinces and
85 cities. Only urban residents were selected in this study
sample. In order to ensure that each city has enough sample
observations, 1,610 households in 54 cities (including
municipalities directly under the central government,
provincial capitals, prefecture-level cities and some county-
level cities) were finally selected.

City-level data are mainly from the China City Statistical
Yearbook. Climate data are drawn from the China
Meteorological Network, and the nighttime light brightness
data are drawn from the global DMSP/OLS nighttime light
remote sensing data provided by the website of the National
Oceanic and Atmospheric Administration (NOAA) of the
United States. Carbon emission coefficients of household
electricity consumption in different regions were obtained
from the 2014 China Regional Grid Baseline Emission
Coefficients Bulletin announced by the National
Development and Reform Commission (NDRC). It is only
necessary to match the city where the household is located
with the coverage area of each power grid to obtain the carbon
emission coefficient generated per unit of electricity, and then
estimate their electricity carbon emissions from domestic
electricity consumption with their electricity consumption.
And the carbon coefficients for the household fuels such as
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coal, liquefied petroleum gas (LPG), natural gas and firewood
are obtained from the Provincial Greenhouse Gas Inventory
Weaving Guide. Tables 1, 2 present definitions and the
statistics descriptions of the key variables, A “standardized
household” is a household with an annual income of 96,146
yuan, three household members and a household head with an
average age of 50.8. The values of these three indicators are
obtained by averaging the entire samples. Detailed use of
various types of energy by sample households in various
cities is shown in (Supplementary Table S1).

3.2 Framework for Estimating Household
Carbon Emissions
In order to exclude systematic differences in population
distribution among cities and thus examine more precisely the
impact of urban factors on household carbon emissions, we
construct standardized households in 54 cities by referring to
Glaeser and Kahn (2010), which can answer the question of
whether total carbon emissions will rise or fall if a household
moves from a low-carbon emission city to a high-carbon
emissions city. In this paper, we focus on four main sources of
household carbon emissions: residential electricity, residential
heating, domestic fuels and travel. Based on this, we construct a

framework to estimate the CO2 emissions of a standardized
Chinese urban household, as shown in Eq. 1.

CMtot � γ1CMele + γ2CMheating + γ3CMfuel + γ4CMtransportation

(1)
CMtot denotes the total household carbon emissions, CMele,
CMheating, CMfuel and CMtransportation denote the carbon
emissions from residential electricity, central heating,
household fuels and transportation, respectively. Household
fuels include cellular coal, coal briquettes, liquefied petroleum
gas (LPG), natural gas, gas, straw and firewood. Transportation
carbon emissions are mainly from the use of private cars. We
multiply the energy consumptions by the corresponding carbon
emission coefficient γ to each type of carbon emission, and then
we obtain the household total carbon emission by summing each
type carbon emission.

4 HOUSEHOLD ENERGY CONSUMPTION
MODEL SELECTION AND EMPIRICAL
RESULTS
According to Eq. 1, we analyze household energy consumption in
each city by regressing the energy consumption of each 54 sample

TABLE 1 | Definitions and descriptive statistics of household-level variables.

Variables Definition Units Mean Std. Deviation

ELE Household’s electricity consumption in 2014 KWh 1,881.72 1,454.5
Heating Household Central heating energy consumption kgce 1,345.86 684.93
Car use Binary:1 = own a car, 0 = otherwise 1 0.2 0.4
Car energy use Energy consumption for private car travel kgce 1,501.84 855.57
Honeycomb briquet Binary:1 = use Honeycomb briquet, 0 = otherwise 1 0.02 0.14
Honeycomb briquet Q Household’s Briquetting consumption in 2014 kg 1,329.45 1,390.21
Coal Binary:1 = use coal, 0 = otherwise 1 0.04 0.19
Coal Q Household Coal consumption in 2014 kg 2,285.96 2,121.19
LPG Binary:1 = use LPG, 0 = otherwise 1 0.27 0.44
LPG Q Household’s LPG consumption in 2014 kg 795.08 3,504.72
Natural gas Binary:1 = use natural gas, 0 = otherwise 1 0.54 0.5
Natural gas Q Household’s natural gas consumption in 2014 m3 963.79 4,921.29
Gas Binary:1 = use gas, 0 = otherwise 1 0.11 0.26
Gas Q Household’s gas consumption in 2014 m3 1,174.82 9,261.01

Straw Binary:1 = use straw, 0 = otherwise 1 0.009 0.1
Straw Q Household’s straw consumption in 2014 kg 1,412.81 1743.87
Firewood Binary:1 = use firewood, 0 = otherwise 1 0.03 0.17
Firewood Q Household’s Firewood consumption in 2014 kg 1990.10 2,754.57
Hsize Housing unit size Person 2.67 1.25
Age Household head’s age Year 50.81 17.43
Inc Annual household income yuan/household 96,145.9 189,247.6

TABLE 2 | Definitions and descriptive statistics of city-level variables.

Variables Definition Units Mean Std. Deviation Min Max

Inclevel City average household income Yuan 55,656.01 13,651.88 38,318.25 104,467.6
POP City population 1,000 persons 2,753.67 3,639.55 215 19,439
Mono Polycentric index 0.9941913 0.0166 0.9154 0.9999
Jan Tem Average temperature in January °C 2.44 8.7 −22.5 16
Jun Tem Average temperature in July °C 26.69 2.85 18 31
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cities, which can estimate the carbon emissions of energy
consumption of one standardized household in the sample
cities. We first estimate the standardized household electricity
consumption, and the model of household electricity
consumption is shown to the following form:

Log(ELEij) � β1Log(Incij) + β2Ageij + β3Hsizeij + μ. (2)
where i and j denote a household i living in city j. ELE is the
standardized household electricity consumption, Inc indicates the
total household income, Age means the age of the household head,
Hsize is the household size, β1 ~ β3 are the regression coefficients,
and μ is the random disturbance term. As household demographics
have different marginal effect on household electricity consumption
across cities, we control for household structure in Eq. 2.

Considering the area of each household, residential
construction year, use of insulation materials and other
factors, we estimate the central heating energy consumption
with methods proposed by Zheng et al. (2017). As for
household electricity consumption, we regress the central
heating energy consumption for a standardized household
based on household income and demographic data.

Log(Heatingij) � β1Log(Incij) + β2Ageij + β3Hsizeij + ε (3)
Many households in the sample cities have zero consumption of

a particular energy type due to differences in household energy use
habits. For example, the ownership rate of private cars in Shanghai
is 9.7%, which means that 90.3% of all households have zero
transportation energy consumption. The same problem exists for
other types of energy consumption, such as coal and LPG, etc. In
order to correct for the bias in the regression estimation due to
sample selection, we use the Heckman two-step estimation for the
other types of energy consumption (Heckman, 1979).

In the first step, we calculate the probabilities of using various
energy types with a probit model:

Prob(consume fuel ) � f(β1Log(Inc) + β2Age + β3Hsize)
(4)

In the second step, we estimate:

Log(consumption|consumption> 0) � c1Log(Inc) + e (5)
Because of the smaller sample sizes of the different types of

energy consumption, the effects of age of household head and
household size on energy consumption cannot be accurately
estimated, and we exclude these variables from the second step
of the Heckman method. We use pooled regressions for the
households in 54 cities and add city fixed effects for the electricity
and heating equations in Table 3 to control for differences in
marginal effects on energy consumption across cities.

Table 3 shows that, the income elasticity of electricity
consumption is 0.119, which indicates that household energy
demand also rises with improving living standard. However, the
popularity of energy-efficient appliances and environmental
protection policies promote the efficient use of energy, so the
electricity consumption does not show a larger increase with the
rise of the residents’ income. In addition, household size also has a

significant positive effect on electricity consumption. The effect of
the age of the household head on household electricity consumption
is negative and insignificant. We believe that the difficulties in the
use of new technologies may constrain the use of new energy-using
products by the elderly. In addition, older people are more conscious
of saving and more sensitive to energy prices than younger people
(Hu et al., 2020;Wu and Zheng, 2022). The coefficient of family size
for central heating energy consumption is 0.048, which is due to the
fact that larger households tend to choose larger houses, resulting in
more heating energy consumption. The income elasticity of private
car use is 0.669, indicating that an increase in resident’ income
significantly enhances the willingness to purchase and use private
cars. Unlike the results of previous studies, the income elasticity of
private car energy consumption is −0.041, but it is not statistically
significant. It indicates that there is still a more complex relationship
between residents’ income and carbon emissions from
transportation energy consumption, which will be one of the
focuses of future research.

LPG is generally used more intensively in urban villages and
peri-urban areas, where a large number of rural migrant workers
live. As their income increases, the workers may still use LPG in
order to save money and the consumption has been reduced.
Both the willingness to use natural gas and its consumption are
positively correlated with family income, this is due to the fact
that it is cleaner than LPG and piped directly to homes, which
making it more convenient to use. Similar to the use of LPG,
households in urban villages and peri-urban areas tend to use
more inferior energy sources such as honeycomb, briquettes,
firewood and straw, which can produce a lot of pollution and
carbon emissions. As their incomes rise, they are significantly
less willing to use such type of energy, and more willing to use
clean energy. This suggests that income growth will contribute
the energy transition of households, but the replacement of
inferior energy by clear energy will not happen overnight. The
rise in the energy ladder will not see a complete substitution of
clear energy for inferior energy, and residents will not
completely abandon the use of inferior energy due to energy
use habits and costs. As in Wu and Zheng (2022), we find that
the energy ladder process is also coeval with the energy stack
process in urban areas.

5 THE DIFFERENCE ANALYSIS OF URBAN
HOUSEHOLD CARBON EMISSIONS

5.1 Estimation of Urban Household Carbon
Emissions
In order to further assess whether the migration of a household
from the city of residence to the target city leads to an increase in
carbon emissions from household energy consumption, we use
Eqs 2, 3 to approximate the regression analysis for a standardized
household and we also use the microdata to estimate the
regression model for household’ electricity and central heating
consumption across all 54 cities, each with the same equation.

For example, the electricity regression estimation based on the
data from the sample of 191 urban households in Shanghai is as
follows:
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Log(ELEShangHai) � 0.113 × Log(Inc) − 0.001 × Age

+ 0.067 × Hsize + 5.864 (6)
Next, using Eq. 6, we estimate the annual electricity

consumption of a standardized household in Shanghai. The
annual electricity consumption of this standardized household is
2,463.53 kWh. This electricity consumption is then multiplied by
the grid emission coefficient (0.8095 tCO2/mWh), which is γ in Eq.
1, the final result is that the standardized household in Shanghai
generate 1.99 tons of CO2 emissions from electricity (see Table 4).

For transportation and other fuel, we use the Heckman two-
step model to predict the energy consumption of a standardized
household. Using Shanghai as an example, the equations are
shown below.

Prob(Owing a car) � f(0.639 × Log(Inc) − 0.01 × Age

+ 0.205 × Hsize − 8.562). (7)
Log(Car energy consumption|Car Ownership � 1)

� 0.572 × Log(Inc) − 0.833 (8)
Based on the first regression step, we predict the probability of

car ownership in a standardized households to be 9.7%. Using the

second regression step, we estimate the energy consumption of
private car use in a standardized households to be 307.94 kg of
coal equivalent (kgce)/year. The energy consumption is then
converted into carbon emissions based on the CO2 emission
coefficient of standard coal. The results show that a standardized
household in Shanghai produces about 0.76 tons of CO2

emissions per year from the use of private cars (Table 4). The
same method are be used to estimate the other fuel carbon
emissions (such as honeycomb briquette, coal, LPG, natural
gas, gas, straw and firewood). The total household carbon
emissions are presented in Table 4. As there are a few
observation samples of private cars in CRECS urban
household data, we follow the practice of Zheng S. et al.
(2011) to use the statistic yearbook data to replace some cities
with insufficient observation samples (the same situation also
exists in liquefied gas, natural gas and gas).

5.2 China’s Cities Ranking Based on the
Household Carbon Emissions
Based on Eq. 1, we rank the total carbon emissions of a
standardized household in 54 sample cities. The results are
presented in Table 4. The 10 cities with lowest carbon

TABLE 3 | Regression results of household energy consumption.

Dependent
variable

Ln (ELE)
OLS

Ln
(heating)

OLS

Car use Car use Q Honeycomb
briquet

Honeycomb
briquet Q

Coal Coal Q LPG LPGQ

Lninc 0.119***
(5.56)

0.054*
(1.67)

0.669***
(11.78)

−0.041
(−0.40)

−0.410***
(−5.06)

0.648*
(1.95)

−0.377***
(0.34)

0.201
(0.34)

−0.165***
(−4.09)

0.190*
(1.64)

Age −0.0003
(−0.36)

−0.0005
(−0.36)

−0.016***
(−6.67)

−0.004
(−0.96)

−0.0003
(−0.08)

0.001
(0.62)

Hsize 0.070***
(4.85)

0.048**
(2.37)

0.156***
(5.13)

0.184***
(3.58)

0.075
(1.63)

0.112***
(4.10)

Constant 5.718***
(18.91)

6.813***
(15.97)

−8.045***
(−12.07)

8.154***
(5.80)

2.061**
(2.26)

0.602
(0.19)

2.123***
(2.84)

5.133*
(1.65)

0.843*
(1.80)

3.908***
(4.02)

City fixed
effects

Yes Yes — — — —

Observations 1,597 530 1,599 329 1,599 33 1,599 61 1,598 432
Significance 0.2175 0.2434 Rho: −0.612 Rho: −0.274 Rho: −0.006 Rho: −0.441

Sigma: 0.797 Sigma: 1.311 Sigma:
1.369

Sigma:
1.588

Lambda:
−0.488

Lambda:
−0.359

Lambda:
−0.009

Lambda:
−0.701

Dependent Variable Natural gas Natural gas Q Gas Gas Q Straw Straw Q Firewood Firewood Q

lninc 0.315***
(8.05)

0.118
(0.89)

0.054
(0.93)

0.135
(0.93)

−0.188
(−1.52)

−0.773
(−0.49)

−0.422***
(−5.86)

−0.683*
(−1.69)

Age 0.0004
(0.23)

0.002
(0.57)

−0.004
(−0.62)

−0.001
(−0.31)

Hsize −0.086***
(−3.25)

−0.075*
(−1.79)

0.063
(0.72)

0.172***
(3.78)

constant −3.188***
(−7.03)

4.791**
(2.44)

−1.949***
(−2.90)

4.758
(1.53)

−0.404
(−0.28)

−4.039
(−0.21)

2.234***
(2.76)

10.310***
(3.77)

City fixed effects — — — —

Observations 1,593 851 1,597 115 1,598 10 1,598 46
Significance Rho: −0.112 Rho: −0.344 Rho: 1.000 Rho: 0.748

Sigma: 1.241 Sigma: 1.241 Sigma: 6.881 Sigma: 2.343
Lambda: −0.138 Lambda: −0.427 Lambda: 6.882 Lambda: 1.752

Note: OLS regression and Heckman’s two-step method are indicated in parentheses for t-values and z-values, respectively; *, **, and *** are significant at 10%, 5%, and 1%, respectively.

Frontiers in Environmental Science | www.frontiersin.org June 2022 | Volume 10 | Article 8967656

Li et al. Reduction of Household Carbon Emissions

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


emissions are Shangrao, Fuyang, Zhangzhou, Zunyi, Xiangyang,
Leshan, Huaihua, Nanjing, Luzhou, and Meishan, and the 10
cities with the highest carbon emissions are Qiqihar, Handan,
Harbin, Changzhi, Xining, Shenyang, Beijing, Wuhan, Qitaihe
and Taian. In terms of location, cities with high carbon emissions

are mostly concentrated in the northeastern of China (such as
Harbin and Qitaihe). The temperatures in these areas are
extremely low in winter and thus there are higher demands
for heating services. On the other hand, cities with lower
carbon emission are mostly on both sides of the Huai River/

TABLE 4 | Urban household carbon emission ranking in 2014.

City Electricity Heating Private
cars

LPG Natural
gas

Gas Honeycomb
briquet

Coal Total Rank

Shangrao 1.25 0.35 0.56 0.52 0.12 0.04 2.84 1
Fuyang 0.58 2.71 0.23 3.52 2
Zhangzhou 0.94 2.31 0.4 3.65 3
Zunyi 1.65 1.67 0.27 0.73 4.32 4
Xiangyang 1.21 2.94 0.05 0.18 4.38 5
Leshan 1.38 2.31 0.28 0.5 4.47 6
Huaihua 1.04 2.75 0.44 0.21 0.23 4.67 7
Nanjing 1.51 2.68 0.06 0.37 0.16 4.78 8
Luzhou 1.09 1.91 0.69 1.12 4.81 9
Meishan 1.55 2.98 0.21 0.09 4.83 10
Guiyang 1.19 2.8 0.64 0.26 4.89 11
Yingtan 1.2 2.79 0.32 0.81 0.13 5.25 12
Shaoyang 1.78 2.82 0.22 0.46 0.1 5.38 13
ChangZhou 1.5 3.02 0.57 0.37 5.46 14
Fuzhou 1.81 3.48 0.2 5.49 15
Zhoukou 1.72 3.64 0.44 0.6 0.1 0.02 6.52 16
Chenzhou 1.75 4.54 0.16 0.35 6.8 17
Xuzhou 1.67 4.66 0.15 0.35 6.83 18
Liuzhou 1.54 4.9 0.36 0.05 6.85 19
Anshun 1.63 4.59 0.46 0.26 6.94 20
Sanming 2.24 3.68 0.75 0.22 0.08 6.97 21
Lianyungang 1.15 4.63 0.43 0.62 0.22 7.05 22
Chongqing 1.94 4.06 0.46 0.6 7.06 23
Huzhou 0.97 3.61 2.45 0.3 0.05 7.38 24
Hangzhou 1.31 5.82 0.04 0.23 7.4 25
Jining 1.9 2.04 3.26 0.09 0.22 0.04 7.55 26
Huludao 1.51 2.77 2.88 0.21 0.2 7.57 27
TianJin 1.87 2.06 3.37 0.35 0.09 7.74 28
Ningbo 1.52 5.89 0.36 0.08 7.85 29
ShenZhen 1.72 5.32 0.46 0.37 7.87 30
Shangqiu 1.29 2.27 3.92 0.32 0.22 8.02 31
Ganzhou 1.71 3.87 2.29 0.27 8.14 32
Taiyuan 1.45 3.82 2.12 0.59 0.06 0.22 0.06 8.32 33
Shanghai 1.99 4.76 0.98 0.64 8.37 34
Heihe 1.62 5.44 0.73 0.19 0.19 0.2 8.37 35
Tangshan 1.44 4.06 1.22 0.8 0.26 0.01 0.75 8.54 36
Jilin 1.84 1.96 3.82 0.79 0.23 8.64 37
Chaoyang 1.14 3.5 3.53 0.26 0.35 8.78 38
Changchun 1.67 3.78 3.02 0.37 0.16 9 39
Guangzhou 2.12 5.74 0.98 0.31 0.06 9.21 40
Wuzhong 1.1 3.7 4.1 0.19 0.16 9.25 41
Yan’an 0.91 3.25 3.92 0.05 0.79 0.11 0.04 0.23 9.3 42
Yuncheng 1.49 4.54 2.76 0.16 0.39 0.22 9.56 43
Tieling 1.15 3.41 3.18 0.21 0.3 0.49 0.85 9.59 44
Taian 1.37 3.64 3.95 0.79 0.09 0.07 0.69 10.6 45
Qitaihe 1.58 6.21 2.02 0.33 0.2 0.27 10.61 46
Wuhan 1.67 6.23 2.67 0.36 0.04 10.97 47
Beijing 1.94 2.8 4.19 1.12 0.5 0.07 0.5 11.12 48
Shenyang 1.67 3.86 3.26 2.47 0.2 0.19 11.65 49
Xining 1.47 3.65 5.09 0.64 0.98 0.25 12.08 50
Changzhi 2.06 5.15 3.53 1.05 0.38 0.2 12.37 51
Harbin 1.61 4.05 3.92 2.66 0.17 0.09 0.24 12.74 52
Handan 1.89 4.25 3.44 0.06 3.2 12.84 53
Qiqihar 1.72 6.32 3.99 0.48 0.35 12.86 54
Mean 1.52 3.76 3.49 0.61 0.411 0.16 0.48 0.44 7.74

Note: Since the sample of households using firewood and straw is small, we only consider the use of conventional energy in urban households.
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Qinling Mountains line, especially on the south side (such as
Fuyang and Xiangyang). Compared with other southern cities,
the temperature differences between the northern and the
southern side of such cities are smaller and thus there is no
high demand central heating in winter or electricity for cooling in
summer. In terms of city size, large cities with developed
economies have more carbon emissions (such as Wuhan and
Guangzhou) compared to small and medium-sized cities, which
have higher demand with electricity consumption and private car.
In terms of resource endowments, resource-based cities such as
Qiqihar, Changzhi, and Handan have rich mineral resources, low
coal prices and higher emission. Energy structure reform can be
implemented in resource-based cities to develop renewable
energy sources such as wind power, photovoltaics and
hydropower according to local conditions, promoting the
exploitation and utilization of clean fuels such as coalbed
methane (CBM), natural gas and unconventional gas (shale
gas), and which can further promote long-term policy support
for the systematic construction of total consumption and coal
control in such cities (Feng et al., 2017; Sun et al., 2021).

Under the condition of zero carbon tax, Glaeser and Kahn
(2010) regard the social cost of standardized household carbon
emissions in different regions as an optimal location tax. For
example, the difference in emissions costs of 2,154 yuan between
Qiqihar and Shangrao means families should pay 2,154 yuan in
migrating taxes each year moving from Shangrao to Qiqihar. If
the migrating tax is high, the residents will reduce their
willingness to move, and conversely, it will increase the
residents’ willingness to move. But the study also shows that a
direct carbon tax would improve social welfare more than any
local tax. Therefore, the significance of calculating the migrating
cost is more to show the environmental externalities of the
residents from the low emission cities to the high emission
cities. The external cost of carbon emissions from households
located in place A rather than in place B is equal to the increase in
carbon emissions in place A minus the decrease in carbon
emissions in place B, multiplied by the social cost minus the
current level of carbon tax. The marginal social cost per ton of
carbon emissions is 35 dollars (Metcalf, 2009), the environmental
cost of a standardized household moving from the most “green”
city to the most “brown” city would be 2,154.14 yuan (converted
from 2014 average exchange rates), which represents about 2.24%
of a standardized household’s annual income. We believe this gap
would be greatly alleviated if the government imposes an
appropriate carbon tax on areas and households with high
carbon emissions. However, the factors to be considered are
very complicated in the process of formulating carbon tax
policy. It may be a focus of future research with how to
accurately transfer the negative externalities of carbon
emissions to consumers while ensuring the stability of energy
prices.

5.3 Analysis of Inter-City Differences in
Household Carbon Emissions
Table 5 presents regression between standardized household
carbon emissions and urban characteristics (urban income

level, population size, average temperatures and urban spatial
structure). Using the method of Liu et al. (2017), we calculate
polycentric index reflecting the degree of monocentric/
polycentric of the city to analyze the spatial distribution of the
population in the city area:

monocity � Total value of light brightness in the municipal area

Total value of light brightness in the city

(9)
Based on corrected nighttime light data, we extract the total

value of nighttime light brightness DN for all counties, county-
level cities and municipal districts within each sample city. The
proportion of the total light brightness value of municipal
districts to the entire city total light brightness value reflect the
spatial structure of the city. The value of the index is between 0
and 1: the closer to 1, the more monocentric the spatial
organization of the city.

We find that household electricity consumption is positively
correlated to the urban population size and income level, which
means the larger and the more developed the city, the higher
household electricity emissions. There is negative relationship
between summer temperature and household electricity
emissions, but it is not significant. There is also no significant
relationship between centralized heating emissions and urban
income and population size, which may be due to China’s
centralized heating policy, based on the climatic conditions of
different regions while not relying on the economic level and
development of the cities. Winter temperatures significantly affect
household heating carbon emissions and even overall household
carbon emissions. The regression results indicate that the demand
for heating services is stronger in regions with colder climates, if the
temperature rises by 1°C in January, the carbon dioxide emissions
generated by central heating for a standardized household will
decrease by 0.077 tons. Figure 1 gives the relationship between the
total carbon emissions of a standardized household and the average
winter temperature in 54 cities, and we can see that the cities with
higher carbon emissions include Qiqihar, Harbin and Qitaihe.
These cities are located in the northeast of China and the average
winter temperature can reach below −15°C, the cold temperature
and longer heating period also make residential heating becomes
the main source of household carbon emissions. Cities like Fuzhou
and Shenzhen, which have high winter temperatures, do not have
excessive heating demand. Even though the standardized
household in these cities has higher electricity emissions, the
total carbon emissions are relatively low. China has set up pilot
areas for clean energy heating such as nuclear and solar power
(Kong and Liang, 2021; Zhao, 2021). If centralized heating system
can be upgraded and such new heating technologies can be further
promoted, then carbon emissions in northeast China and even the
whole northern region can be significantly reduced, thus effectively
relieving the pressure of carbon emission reduction in China.

After controlling for urban income and population size, the
regression results show that there is a significant negative
relationship between the polycentricity urban spatial structure
with transportation carbon emissions. It may be due to the fact
that a higher degree of polycentricity is often associated with a
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rational urban spatial layout, where businesses and residents can
periodically adjust their residential locations to achieve a local
balance of residence and employment, thus achieving shorter
commuting distances and lower transportation emissions
(Gordon and Wong, 1985; Giuliano and Small, 1993; Yan and
Sun, 2015). Some scholars also believe that public transportation
is better built in polycentric areas, and residents will choose
public transportation more often, thus reducing emissions from
private car (Veneri and Burgalassi, 2012). While promoting
urban polycentric development, policy makers should also
prevent urban sprawl in the urban planning and build a
relatively balanced spatial distribution system for employment,
housing and public resources. In addition, the government should
build a more convenient and reasonable urban public
transportation system and encourage residents to take public

transportation such as subways and buses to alleviate the current
excessive demand for private cars among urban households.

6 DISCUSSION

Compared to developed countries such as Europe and the
United States, China is a late starter in field of household
energy consumption survey, and the existing data stock is less
able to meet the needs of increasingly complex studies. According
to the type of data used, domestic studies in China can be basically
divided into two categories. The first type of research is mainly
based on macro statistics (Wu et al., 2016). In addition to the
existence of various types of energy statistics by species, by region
and by sector in the energy balance sheet, the statistical yearbook

TABLE 5 | Explaining cross city variations in standardized household’s carbon emissions.

Variables name Electricity Heating Car Total

Log (Inclevel) 0.451***
(3.40)

−1.172
(−1.39)

1.538***
(1.96)

0.238
(0.13)

Log (PoP) 0.045*
(1.95)

−0.130
(−0.75)

0.269
(1.55)

0.566*
(1.74)

Jan-Tem −0.077**
(−2.51)

−0.187***
(−5.62)

Jul-Tem −0.002
(2.64)

Mono 14.136**
(2.05)

Cons −3.664
(−5.06)

16.989*
(2.00)

−29.310
(−2.72)

1.440
(0.08)

Observations 54 23 54 54
R2 0.1537 0.3830 0.4599 0.4181

Note: OLS regression is indicated in parentheses for t-values; *, **, and *** are significant at 10%, 5%, and 1%, respectively.

FIGURE 1 | The cross-city relationship between winter temperature and household carbon emissions. Note: The corresponding abbreviations and full names of
each city are as follows: AS, Anshun; BJ, Beijing; CC, Changchun; CZ1, Changzhi; CZ2, ChangZhou; CY, Chaoyang; CZ3, Chenzhou; CQ, Chongqing; FY, Fuyang; FZ,
Fuzhou; GY, Guiyang; GZ1, Ganzhou; GZ2, Guangzhou; HD, Handan; HZ1, Hangzhou; HRB, Harbin; HH1, Heihe; HH2, Huaihua; HLD, Huludao; HZ2, Huzhou; JL, Jilin;
JN, Jining; LS, Leshan; LYG, Lianyungang; LZ1, Liuzhou; LZ2, Luzhou; MS, Meishan; NJ, Nanjing; NB, Ningbo; QQHR, Qiqihar; QTH, Qitaihe; SM, Sanming; SH,
Shanghai; SQ, Shangqiu; SY1, Shaoyang; SY2, Shenyang; SY3, Shangrao; SZ, ShenZhen; TA, Taian; TY, Taiyuan; TS, Tangshan; TJ, TianJin; TL, Tieling; WH, Wuhan;
WZ, Wuzhong; XY, Xiangyang; XN, Xining; XZ, Xuzhou; YA, Yan’an; YT, Yingtan; YC, Yuncheng; ZZ, Zhangzhou; ZK, Zhoukou; ZY, Zunyi.
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of each city also includes the consumption of three types of energy
for urban residents: electricity, gas and heating. Although macro
data can be better combined with other macroeconomic
indicators and housing conditions in China, it is difficult to
reveal the differences and causes of carbon emissions caused
by different household consumption patterns, which makes it
difficult for relevant research to find out the driving factors of
lifestyle differences from the perspective of consumers themselves
and put forward specific management suggestions. Therefore,
Glaeser and Kahn (2010) proposed the “standardized household,”
which combined macro urban data with micro household data
and partly made up for the lack of macro data indicators. The
second type of research is based on comprehensive survey data.
There are a few large-scale special survey on household
consumption in China, and most comprehensive survey data
only roughly record the expenditure or consumption of
individual types of energy used by the households interviewed,
making it difficult for researchers to fully grasp all energy types
and their consumption characteristics for a long time. Small-scale
survey data can make up for the lack of energy types, but the
survey area is limited to a specific area such as a city. As can be
seen above, previous studies have been constrained by
comprehensive micro-survey data, which cannot
comprehensively examine the characteristics of energy
consumption and carbon emissions of different types
households. The CRECS data can not only better integrate
with macro data, but also record more complete energy types
and consumption, making our research get more comprehensive
statistics results of household carbon emissions.

In terms of research methods, our study basically follows the
research methods of Glaeser and Kahn (2010) and Zheng S.Q. et al.
(2011). Carbon coefficientmethod is mainly used tomeasure carbon
emissions from household energy consumption, Heckman two-step
method is used to explore the relationship between household
characteristics and household energy consumption and carbon
emissions. For the measurement indicators, we estimate energy
consumption for central heating and private car based on
CRECS data and using the methods of Zheng et al. (2017),
replacing the residential area and city-level transportation data,
which are substitute indicators for central heating and
transportation energy consumption in previous studies due to the
lack of relevant household consumption data. In particular, we take
into account the age of the residence, insulation technology, heating
area and heating duration in the estimation of energy consumption
for central heating. In the estimation of private car energy
consumption, we take into account the actual fuel consumption,
mileage and fuel type of private cars, which makes our estimation
results more reasonable and accurate.

Our research conclusions are basically consistent with the
findings of Pfaff et al. (2004), Huo et al. (2010), Glaeser and
Kahn (2010), Zheng S. et al. (2011), and Li et al. (2013). With
the improvement of income levels, urban residents’ willingness to
consumption more energy to meet service demands thereby
increasing household energy consumption and carbon emissions.
The household carbon emission in Northeast China and resource-
based cities are higher, and the same applies to large cities compared
with small and medium-sized cities. The migration of urban

residents from “green” cities to “brown” cities will generate
certain environmental externalities. Urban economic level,
population size, temperature and urban form all exert influences
on household carbon emissions. Unlike previous studies, our study
also find the following: Firstly, households living in suburban or
urban villages use inferior energy sources such as coal, firewood and
straw, while use clear energy sources such as electricity and natural
gas, creating an energy stack of multiple energy sources at the same
time (Masera et al., 2000). This is due to the fact that most of the
families are rural migrant workers. On the one hand, they maintain
their traditional energy use habits, and on the other hand, their
income is relatively low, so the cost of continuously using high-
powered heating equipment such as air conditioners or high-quality
fuels such as natural gas will beyond the family’s ability to pay. In
order to save the cost of living, these families have to continue to use
coal, straw and firewood, which are inexpensive but polluting energy
sources. Secondly, compared with Zheng S. Q. et al. (2011) and Li
et al. (2013), the carbon dioxide emissions of standardized
household’s central heating and private car calculated in this
study are significantly higher in the green city ranking. In
addition to the differences in estimation methods, the reason for
this change may also be that the residential area and private car
ownership of urban residents have increased significantly. Thirdly,
compared with previous studies, we find that the environmental
externalities caused by households moving from low emission cities
to high emission cities have increased. Finally, we find that the
polycentric urban spatial structure is beneficial in reducing carbon
emissions from private car. However, there is still debate on this
issue. Opponents of polycentric development argue that polycentric
urban development will further exacerbate the spatial separation of
jobs and residences, increase the tendency to cross-commute, and
make it easier for residents to choose private cars as a mode of travel
(Ha et al., 2021). Therefore, a more detailed and meticulous analysis
of this issue will be an important direction for future research.

7 CONCLUSION AND POLICY
RECOMMENDATIONS

With micro data from the CRECS 2014, this paper has examined the
impact of rapid urbanization on the carbon emissions of standardized
household in different cities, based on a more comprehensive
understanding of the energy consumption of Chinese urban
households. The study has found that low-income households
living in suburban and urban villages always use coal, firewood,
straw and other inferior energy sources, and they are the key objects
to realize energy saving and carbon emission reduction of urban
households in the future. Second, we find that cities with cold winter
climates and resource-based cities have higher carbon emissions after
analyzing the city rankings, and cities with lower carbon emission are
mostly on both sides of the Huai River/Qinling Mountains line,
especially on the south side. Compared with small andmedium-sized
cities, large and economically developed cities have higher carbon
emissions. Third, factors such as urban income, population size and
temperatures all have effects on household carbon emissions, the
polycentric development of urban spatial structure is conducive to the
reduction of carbon emissions from private car.

Frontiers in Environmental Science | www.frontiersin.org June 2022 | Volume 10 | Article 89676510

Li et al. Reduction of Household Carbon Emissions

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Based on these empirical results, we propose several suggestions
for policymakers. Firstly, the government should formulate
differentiated fiscal and energy policies to help low-income
households get rid of their dependence on inferior energy
sources. While implementing energy upgrading policies such as
those for the changes of “coal to electricity” and “coal to gas” in
suburban areas, low-income families should be given energy
subsidies, realizing financial funds to low-income people and
backward areas, so as to make up for the shortcomings of
transformation of household energy in urban areas. For high-
income households, the relevant authorities should guide them to
form low-carbon and reasonable consumption habits through policy
promotion. Appropriate carbon taxes should be imposed on high
emission areas and “high carbon” consumption behaviors.

Secondly, government should actively consider the application of
alternative heating technologies and the adjustment of heating
service prices in the face of high carbon emissions from central
heating in northern cities. On the one hand, the heating department
should speed up the upgrading of urban heating systems and
promote the application of new heating technologies such as
solar and nuclear energy. On the other hand, two pricing
methods that combine basic charging and heat charging should
be implemented on a trial basis in other northern heating areas
except the northeast. At the same time, the installation of
temperature regulation equipment in home can enable residents
to control the heating energy consumption of households more
flexibly according to their own conditions, thus help to relieve the
pressure of carbon emission reduction in northern cities.

Meanwhile, policy makers could encourage developers to build
green houses with energy-saving technologies through tax breaks,
financial subsidies and green credits. Insulation technology can be
chosen for new housing construction (Such as solar systems, ground
source heat pump systems, appliances for natural ventilation and
Low-E insulation windows), thus reducing energy loss due to indoor
and outdoor air exchange. In response to growing transportation
carbon emissions, the authorities should impose stricter emission
standards for fuel vehicles and tighten licensing control policies to
limit the growth in demand for fuel vehicles while encouraging
consumers to purchase new energy vehicles and hybrid energy
vehicles. Provide “supportive” financial subsidies and tax
incentives to new energy vehicle enterprises to reduce the cost of
technological innovation, enhance their enthusiasm and thus
effectively cultivate the new energy vehicle market. While
promoting urban polycentric development, the government
should prevent the disorderly expansion of cities and build a
balanced spatial distribution system for residence, employment
and public resources. At the same time, the government should
also build a more convenient and reasonable urban public
transportation system and encourage residents to take public
transportation such as subways and buses, so as to alleviate the
current excessive demand for private cars.

Finally, decision makers should attach importance to green
publicity, and guide the public to form a low-carbon and
reasonable living habit ideologically. National energy departments
should providemore information and guidance on household energy
use and promote residents’ understanding of low-carbon lifestyles
through activities and programswith educational and popular science

content. At the same time, mass media and the communities should
inform the public about the hazards of greenhouse gas emissions and
make them aware of the urgency and importance of low-carbon
energy conservation.When promoting green energy-saving products,
the government and enterprises should pay attention to the
combination of green energy-saving labels and advertising claims,
so as to increase the public’s awareness and trust in energy-saving
products and technologies.

However, there are still several limitations of the study.We cannot
consider the carbon emissions of firewood and straw in the city
rankings due to the small sample size of CRECS, for cities and energy
typeswith insufficient observational samples, we can only supplement
and revise them based on yearbook data. The CRECS data only
includes the energy consumption of private car, so that we cannot
observe the carbon emissions produced by other transportation. We
only discuss the effect of urban polycentric development on private
vehicle emissions and does not conduct further empirical analysis on
its mechanism in more detail. The emergence of various new
technologies and policies in recent years has also led to significant
changes in residents’ energy use behavior, we can make policy
recommendations that are more in line with the reality if we can
use the updated CRECS data and contain a larger sample size.
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