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Abstract
In China, urbanization has been rapidly developing since the country began its economic 
reform in 1978. With the expansion of the urban population size and the corresponding 
urbanization and industrialization, the rapid increase in  CO2 emissions has become a major 
restraint on China’s economic growth. However, current studies have not paid sufficient 
attention to the impact of the urban population size on  CO2 emissions in China due to poor 
data availability. In this paper, we apply index decomposition analysis (IDA) to decompose 
 CO2 emissions into five elements, and we investigate both the direct and indirect impacts 
of the urban population size on total  CO2 emissions and per capita  CO2 emissions in China. 
Additionally, we empirically study the impact on 175 Chinese cities at the prefecture level 
and above for the first time. The results show that the urban population size significantly 
promotes total  CO2 emissions but curbs per capita  CO2 emissions in cities in China. A 
1% increase in the urban population size will lead to a nearly 1% increase in total  CO2 
emissions and a 0.3% decrease in per capita  CO2 emissions. Regarding heterogeneity, the 
expansion of the urban population size in the large city group drives a greater increase 
in  CO2 emissions than the expansion of the urban population size in other city groups. 
The main transmission pathways are through population density, economic agglomeration 
and energy intensity. Regarding the mechanism variables, high economic agglomeration 
leads to more  CO2 emissions, while an increase in population density and energy efficiency 
results in carbon mitigation. Moreover, public green areas, foreign direct investment (FDI) 
and technology innovation are conducive to reducing  CO2 emissions.
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1 Introduction

As the largest carbon emitter worldwide (Guan et  al., 2018; Shao et  al., 2019), China 
accounted for 28.8% of global  CO2 emissions in 2019 according to British Petroleum 
(2020). To reduce the country’s  CO2 emissions, the Chinese government has planned to 
achieve 17% and 18% reductions in carbon intensity in the 12th and 13th Five-Year Plans, 
respectively. Moreover, China has proposed reaching a peak in  CO2 emissions by 2030 
according to China’s Intended Nationally Determined Contributions and achieving carbon 
neutrality by 2060 according to a statement at the 75th General Assembly of the United 
Nations.

Considering the significance of carbon reduction in China, the current literature has 
made a great contribution to accounting for  CO2 emissions and exploring the driving fac-
tors of  CO2 emissions. In  CO2 emissions accounting, there are two main methods: con-
sumption-based accounting (Mi et  al., 2016; Zhang et  al., 2014) and production-based 
accounting (Liu et al. 2020; Shan et al., 2018a, b; Wang et al., 2012a, b;). Meanwhile, in 
recent years, some scholars have creatively applied night-time light data to estimate  CO2 
emissions (Chen et al., 2020a, b; Meng et al., 2014). In regard to the driving factors of  CO2 
emissions in China, economic growth (Zhang & Da, 2015) and energy consumption (Wang 
et  al., 2014) are generally regarded as dominant drivers. Moreover, there are increasing 
studies that focus on other factors, such as energy efficiency (Yao et al., 2015), technology 
improvement (Chen et al., 2020a, 2020b), and industrial structure (Dong et al., 2018).

In addition to carbon reduction, urbanization is a major concern in China. Since the 
economic reform began in 1978, urbanization has been rapidly developing in China. The 
urbanization rate in China rose from 17.9% in 1978 to 59.6% in 2018, and in the same 
period, the urban population size grew from 172.5 million people to 831.4 million people 
according to the Chinese Statistical Yearbook. On the one hand, population agglomeration 
is regarded as the engine of economic growth because the rapid expansion of the urban 
population size has facilitated the high-speed development of Chinese cities (Chan, 1992; 
Chen et al., 2014). On the other hand, a growing urban population size usually results in 
greater energy consumption, which can lead to serious environmental issues, especially 
increasing  CO2 emissions (Cole & Neumayer, 2004; Li, Zhou, et al., 2018a, b; Zhang & 
Lin, 2012). Against this complex backdrop of urbanization and carbon reduction, exploring 
the impact of the urban population size on  CO2 emissions holds great significance, both 
theoretically and practically.

To the best of our knowledge, some scholars have already conducted a range of stud-
ies on the impact of the population size on  CO2 emissions. However, current stud-
ies have mostly focused on countries (Cole & Neumayer, 2004; Parikh & Shukla, 1995; 
Poumanyvong & Kaneko, 2010), regions (Zhang & Lin, 2012) and megacities (Li et al., 
2018a, b; Tan et al., 2016; Wang et al., 2017; Wang et al., 2012a, b). Little attention has 
been paid to cities at the prefecture level due to a lack of comprehensively available and 
reliable  CO2 emissions data, especially in China. Considering the key role of cities in 
urbanization and the prominent autonomy of cities, research on cities will contribute many 
precise and differentiated carbon reduction strategies. However, studies have been con-
ducted on countries, regions and megacities, and little research has been conducted on the 
carbon mitigation of cities at the prefecture level. Therefore, detailed and continuous stud-
ies on cities in China are urgently required.

Existing studies have proposed some models of the drivers of  CO2 emissions of coun-
tries, regions and megacities. To investigate the impact of the population size on  CO2 
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emissions, some scholars have applied the STIRPAT model (Cui et al., 2019; Tan et al., 
2016; Wang et al., 2017), which evolved from the IPAT model (Dietz & Rosa, 1997). 
The model focuses on total emissions rather than per capita emissions, which is often 
used to measure efficiency and justice (Hayward, 2007; Mussini & Grossi, 2015). In 
addition, IDA is widely used to investigate the elements of  CO2 emissions for the socio-
economic sector (Li et al., 2019; Liang et al., 2017; Wang & Feng, 2018; Zhang et al., 
2016; Zhu et al., 2017) and megacity (Gu et al., 2019). The IDA method is sufficiently 
flexible, and we can decompose  CO2 into factors including the urban population size. 
Nevertheless, little attention has been paid to the city level because of the limitation of 
data availability. To fill this gap, we adopt the IDA method to investigate the impact of 
the urban population size on  CO2 emissions using data from 175 cities at the prefecture 
level and above in China for the first time.

Based on available data on  CO2 emissions and decomposition models, our work 
contributes to urban  CO2 emissions reduction in China both theoretically and empiri-
cally. Our main contributions are as follows: (1) This study is the first to investigate the 
impact of the urban population size on the  CO2 emissions of 175 Chinese cities. (2) We 
explore both the direct and indirect effects of the urban population size theoretically and 
empirically. (3) This paper investigates the influence of the urban population size on 
both total and per capita  CO2 emissions.

2  Theoretical model

2.1  Total  CO2 emissions model

Total  CO2 emissions can be decomposed based on Eq. (1):

where TCE represents the total  CO2 emissions of a city, Ei denotes the consumption of fuel 
i (tce), ai is the  CO2 emissions factor of fuel i (tonne  CO2/tce), E represents the total energy 
consumption (tce), and ei is the proportion of Ei in E , indicating the energy consumption 
structure.

We take the logarithm of Eq. (1) and obtain Eq. (2):

Then, we differentiate both sides of Eq. (2):

Here,

(1)TCE =

N
∑

i=1

Eiai = E

N
∑

i=1

eiai

(2)lnTCE = lnE + ln

N
∑

i=1

eiai

(3)



18189Econometric analysis of the impact of the urban population size…

1 3

In the same way,

Therefore, we obtain the following:

In Eq. (6), " ~ " represents the ratio of the change in a variable to the original value. gi 
indicates the proportion of  CO2 emissions from fuel i in TCE. Ẽ denotes the scale effect, 

which measures the increase in total energy consumption. 
N
∑

i=1

giẽi represents the struc-

ture effect, which denotes the change in the energy consumption structure. 
N
∑

i=1

giãi is the 

technique effect, which represents the changes in emission intensity.
CO2 emissions factor ai is a constant, assuming no technology improvement. Thus, ãi 

is equal to zero. Equation (6) can be expressed as follows:

Equation (7) indicates that a change in TCE is driven by changes in E and ei.
Urban total energy consumption, E can be decomposed as follows:

In Eq.  (8), Pop denotes the urban population size. 1

Den
 refers to the reciprocal of 

population density, which is used to measure the degree of population agglomera-
tion. persquGDP is the GDP per unit area, which denotes economic agglomeration. 
perGDPEng refers to energy intensity, which denotes urban energy efficiency.

Now, we can take the logarithm of both sides of Eq. (8) and obtain Eq. (9):

We differentiate both sides of Eq. (9) and obtain the following equation:

Combining both Eqs. (7) and (10), we obtain the total  CO2 emission decomposition 
formula, which is expressed as follows:

(4)

∑N

i=1

ėi

ei
eiai

∑N

i=1
eiai

=

∑N

i=1

ėi

ei
eiaiE

∑N

i=1
eiaiE

=
E1a1 �e1

∑N

i=1
eiaiE

+⋯ +
ENaN�eN
∑N

i=1
eiaiE

= g1 �e1 +⋯ + gN�eN =

N
�

i=1

gi�ei

(5)

∑N

i=1

ȧi

ai
eiai

∑N

i=1
eiai

=

N
�

i=1

gi�ai

(6)

(7)

(8)E = Pop∗
1

Den
∗ persquGDP ∗ perGDPEng

(9)lnE = lnPop + ln
1

Den
+ ln persquGDP + ln perGDPEng

(10)Ẽ = �Pop +
�( 1

Den

)

+ �persquGDP + �perGDPEng
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Based on Eq. (12), the following conclusions can be obtained:
P̃op reflects the direct impact of the urban population size on TCE, indicating that the 

urban population size stimulates TCE. 
̃( 1

Den

)

 denotes the negative impact of population 
density on TCE. ̃persquGDP reflects the effect of economic agglomeration on TCE. In gen-
eral, economic agglomeration is supposed to promote  CO2 emissions (Antweiler et  al., 
2001). ̃perGDPEng refers to the impact of energy intensity on TCE, which implies that 
improving energy efficiency is conducive to reducing E and TCE. The last term reflects the 
impact of the urban energy consumption structure. Promoting clean energy is important for 
environmental protection and  CO2 emission reduction.

In addition to the direct impact, the urban population size can affect  CO2 emissions indi-
rectly. To clarify this mechanism, we individually analyse the impact of the urban popula-
tion size on the factors on the right side of Eq. (12).

(1) Urban population size and population density
  We know that

  Now, we can take the logarithm of the above equation and obtain the following 
equation:

  Then, we take the derivatives of both sides of Eq. (14) relative to Pop and obtain 
Eq. (15):

  We assume that �area∕�Pop = 0 because the urban area will not change with the 
population in the short term. Thus, we obtain the following inequality:

(2) Urban population size and economic agglomeration
  We know that

  Now, we take the logarithm of Eq. (17) and obtain the following equation:

(11)

(12)

(13)Den =
Pop

area

(14)lnDen = lnPop − ln area

(15)
1

Den

�Den

�Pop
=

1

Pop
−

1

area

�area

�Pop

(16)
𝜕Den

𝜕Pop
=

Den

Pop
> 0

(17)persquGDP =
GDP

area

(18)ln persquGDP = lnGDP − ln area
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  Then, we take the derivatives of both sides of the above equation relative to Pop and 
obtain the following formula:

  From the formula, we already know that �area∕�Pop = 0 . Furthermore, an increase in 
population promotes economic growth by providing labour and stimulating consump-
tion. Thus, we can obtain the following result:

(3) Urban population size and energy intensity
  Based on the definition of energy intensity, we can obtain the following:

  Then, we take the derivatives relative to Pop and obtain the following:

  The impact of perGDPEng on Pop depends on the result of 1

GDP

�E

�Pop
−

E

GDP2

�GDP

�Pop
 . 

According to existing studies, it is generally believed that the increasing urban popula-
tion size can improve energy efficiency, mainly because of economies of scale and 
economic agglomeration. First, infrastructure, such as energy supply, sewage treatment 
and public transportation, is shared efficiently. Second, the unit costs of production and 
consumption will decline greatly due to economies of scale. Finally, larger cities are 
more attractive to researchers and research institutions, which can improve energy 
efficiency through advanced technologies and the corresponding spillover effects. 
Therefore, a negative correlation between the urban population size and energy inten-
sity is assumed:

  To summarize, we have the following equations:

  Based on Eqs. (24)–(26), we can obtain the following results:

(19)
1

persquGDP

�persquGDP

�Pop
=

1

GDP

�GDP

�Pop
−

1

area

�area

�Pop

(20)
𝜕persquGDP

𝜕Pop
=

persquGDP

GDP

𝜕GDP

𝜕Pop
> 0

(21)perGDPEng =
E

GDP

(22)
�perGDPEng

�Pop
=

1

GDP

�E

�Pop
−

E

GDP2

�GDP

�Pop

(23)𝜕perGDPEng∕𝜕Pop < 0

(24)Den = Den(Pop)

(25)persquGDP = persquGDP(Pop)

(26)perGDPEng = perGDPEng(Pop)

(27)D̃en = �Den_PopP̃op

(28)̃persquGDP = �persquGDP_PopP̃op



18192 J. Liu et al.

1 3

  Combining Eqs. (27)–(29) with Eq. (12), we obtain the following equation:

  Equation (30) shows the correlation between TCE and the urban population size.

Based on the equations above, we know that 𝜀Den_Pop > 0 , 𝜀persquGDP_Pop > 0 and 
𝜀perGDPEng_Pop < 0 . Since the magnitudes of the three parameters are unpredictable, the 
impact of the urban population size must be verified by actual data.

2.2  Econometric model of per capita  CO2 emissions

In addition to total  CO2 emissions, another issue of concern is the impact of the urban popula-
tion size on per capita  CO2 emissions, which is still controversial. For example, Fragkias et al. 
(2013) indicated that small cities are more efficient than large cities. However, Puga (2010) 
found that the emissions efficiency of large cities is higher than that of small cities. Examining 
this issue is very important because if we cannot determine the optimal urban population size 
for  CO2 emissions, the suboptimal choice in theory may be the optimal urban population size 
for the highest emission efficiency.

We decompose per capita  CO2 emissions as in Eq. (31):

where PCE denotes per capita  CO2 emissions.
Based on Eqs. (30) and (31), we obtain the following:

3  Empirical model and estimation

3.1  Empirical model

Based on the theoretical models above, the empirical models in this paper are built as follows:

(29)̃perGDPEng = �perGDPEng_PopP̃op

(30)

(31)

(32)P̃CE = −D̃en + ̃persquGDP + ̃perGDPEng +

N
∑

i=1

giẽi

(33)P̃CE =
(

−�Den_Pop + �persquGDP_Pop + �perGDPEng_Pop
)

P̃op +

N
∑

i=1

giẽi

(34)lnTCEk = � lnPopk + � lnMk + � lnXk + �k

(35)lnPCEk = � lnPopk + � lnMk + � lnXk + �k
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where lnTCEk is the logarithm of TCEk and lnPCEk is the logarithm of PCEk + 1 ; Popk 
is the population of city k;Mk is the set of mechanism variables, including Den , squgdp 
(persquGDP) and gdpeng (perGDPEng) ; Xk is the set of control variables for city k; and �k 
is the random disturbance term.

Xk includes the following variables:

(1) FA (fixed assets): FA refers to investment in fixed assets, indicating urban infrastructure 
construction. As an important driving force of the Chinese economic miracle, infra-
structure construction contributes not only to economic growth but also to energy con-
sumption and  CO2 emissions. To reflect the impact of urban infrastructure construction 
on  CO2 emissions, we choose urban investment in fixed assets to indicate infrastructure 
construction.

(2) Green (green area): Green denotes the per capita public green area, reflecting urban 
environmental awareness. Accompanied by the increasing urbanization rate, urban 
environmental awareness is growing remarkably and is supposed to curb  CO2 emis-
sions.

(3) CS (energy consumption structure): CS indicates the proportion of coal consumption 
to energy consumption. China is rich in coal and poor in oil and natural gas. However, 
compared with oil and natural gas, coal is a low-combustion-efficiency fuel (Guo et al., 
2011; Liu et al., 2015), meaning that it is supposed to increase  CO2 emissions.

(4) IS (industrial structure): IS denotes the proportion of the output value of the secondary 
industry to GDP. The secondary industry, including manufacturing and construction, 
is widely accepted as an industry with a high energy intensity and substantial waste 
gas emissions (Dong et al., 2014; Xia et al., 2011), including  CO2 emissions.

(5) FDI (foreign direct investment): FDI refers to the proportion of FDI to GDP. There 
are two opposing opinions about the impact of FDI on pollution. On the one hand, the 
pollution haven hypothesis states that FDI will lead to more pollution in host countries. 
In general, the environmental regulations of developing countries are weaker than those 
of developed countries. Foreign pollution-intensive firms prefer developing countries 
with weak environmental regulations, resulting in a greater burden on the pollution 
in such countries. On the other hand, the pollution halo hypothesis insists that FDI is 
beneficial for reducing the pollution of host countries. In summary, the effect of FDI 
is ambiguous.

(6) TI (technology innovation): TI represents the proportion of science and technology 
expenditure by the government to GDP. This term denotes the technology improve-
ment that is necessary to curb pollution. Technology innovation is vital for improving 
productivity but can lead to greater emissions (Acemoglu, 2002; Shao et al., 2016). 
Therefore, the effect of TI is also ambiguous.

3.2  Data

Due to data availability, we choose cross-sectional data from 175 Chinese cities at the pre-
fecture level and above in 2010. The  CO2 emissions data are from the China Emission 
Accounts and Datasets (CEADS),1 to which we are one of the main contributors. This 
database has been employed in many studies (Shan et  al., 2019; Shan et  al., 2018a; b). 

1 See http:// www. ceads. net/.

http://www.ceads.net/
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Specifically, energy consumption is calculated based on the data on industrial enterprises 
above a designated size. The data on other variables are from the China City Statistical 
Yearbook.2 The summary statistics is as shown in Table 1.

3.3  Results and discussion

3.3.1  Baseline estimation results and discussion

3.3.1.1 Total  CO2 emissions baseline estimation results and discussion The ordinary least 
squares (OLS) regression results of total  CO2 emissions are shown in Table 2.

To examine the robustness of the core explanatory variable, we add variables individu-
ally as in existing studies (He et al., 2018; James & Aadland, 2011). As shown in Table 2, 
the coefficients of lnpop in all models are positive and significant, indicating that urban 
population expansion will promote total  CO2 emissions. Additionally, the coefficients of 
the mechanism variables and control variables are essentially consistent, implying that 
the estimation results of Eq.  (34) are robust. The coefficient of lnpop indicates that a 
1% increase in the urban population size will lead to a nearly 1% increase in total  CO2 
emissions. Next, we pay attention to the results of model (10), which contains all of the 
variables.

Regarding the mechanism variables, the coefficient of den is significantly negative and 
consistent with the results of Eq. (30), implying that a higher population density will con-
tribute to carbon reduction. The coefficients of squgdp and gdpeng are both significantly 
positive and meet our expectations, indicating that increases in economic agglomeration 
and energy intensity promote  CO2 emissions.

Moreover, regarding the control variables, the coefficient of FA is positive and sig-
nificant, indicating that infrastructure construction greatly contributes to  CO2 emissions. 
Meanwhile, the coefficient of Green is significantly negative. An increase in the public 
green area per capita indicates an improvement in urban environmental awareness and is 

Table 1  Summary statistics

Variable (unit) Obs Mean Std. Dev Min Max

Explained variables TCE  (106 tonnes) 175 43.016 37.243 1.58 194.02
PCE  (102 tonnes/person) 175 0.123 0.169 0.01 1.564

Interest variable pop  (104 persons) 175 490.246 374.877 23.185 2884.617
Mechanism variables den  (104 persons/km2) 175 0.053 0.058 0.002 0.520

squgdp  (109 RMB/km2) 175 0.024 0.047 0 0.481
gdpeng (tce/105 RMB) 175 10.775 9.061 0.695 56.754

Control variables FA  (105 RMB/person) 175 0.239 0.138 0.042 0.978
Green  (m2/person) 175 48.287 64.994 5 620
CS (%) 175 59.474 24.25 0 97.153
IS (%) 175 51.714 10.39 17.12 89.75
FDI (%) 175 2.278 2. 021 0 13.159
TI (%) 175 2.664 0.936 0.853 5.983

2 See http:// data. cnki. net/ yearb ook/ Single/ N2012 020070.

http://data.cnki.net/yearbook/Single/N2012020070
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conducive to reducing carbon emissions. Additionally, the coefficients of CS and IS are 
both positive. As we analysed above, China is highly dependent on the consumption of 
coal and the secondary industry. Due to the high emission characteristics of coal and the 
secondary industry, the massive consumption of coal and the dependence on the secondary 
industry promote total  CO2 emissions. These results confirm our expectations. The coef-
ficients of FDI and TI are both significantly negative. On the one hand, FDI has a pollution 
halo effect on total  CO2 emissions, which means that FDI is conducive to reducing carbon 
emissions. On the other hand, technology innovation is a key factor in low carbon develop-
ment and carbon mitigation.

3.3.1.2 Per capita  CO2 emissions baseline estimation results and discussion Table 3 shows 
the OLS regression results of per capita  CO2 emissions.

As shown in Table 3, the coefficients of lnpop in all models are significantly negative, 
indicating that a larger urban population size will promote per capita  CO2 emission mitiga-
tion. The coefficient of lnpop indicates that a 1% increase in the urban population size will 
lead to a nearly 0.3% decrease in per capita  CO2 emissions. Additionally, the coefficients of 
the mechanism variables and control variables are essentially consistent, implying that the 
estimation results of Eq. (35) are robust.

Furthermore, regarding the control variables of model (10), although most of the coef-
ficients in Table 3 are consistent with those in Table 2, some of them perform quite differ-
ently. In particular, the coefficients of Green and FDI in Table 2 are significantly negative 
but are not significant in Table 3, indicating that Green and FDI play important roles in 
curbing total  CO2 emissions but not in curbing per capital  CO2 emissions.

In the next section, we conduct additional mechanism research to assess the indirect 
impacts of den, squgdp and gdpeng on  CO2 emissions.

3.3.2  Mechanism estimation results and discussion

As shown in Table 4, model (1) and model (2) are the mechanism estimations of the effect 
of the urban population size on population density, model (3) and model (4) are the mecha-
nism estimations of the effect of the urban population size on economic agglomeration, and 
model (5) and model (6) are the mechanism estimations of the effect of the urban popula-
tion size on energy intensity.

First, the coefficients of lnpop in models (1) and (2) are both significantly positive and 
meet our expectations, indicating that an increase in the urban population size will result 
in a higher population density. Moreover, the coefficients of lnpop in models (3) and (4) 
are both significant and positive, which means that increasing the population can lead to 
higher economic agglomeration. Finally, the coefficients of lnpop in models (5) and (6) are 
positive and significant, implying that an increase in population can lead to a lower energy 
intensity.

Overall, the coefficients of lnpop in the models correspond with the results of Sect. 2.

3.3.3  Robustness and heterogeneity

3.3.3.1 Robustness Based on the available data, we substitute two variables to test the 
robustness of the models. The results are summarized in Table 5.

First, we substitute CS-coal with CS-oil, which is the proportion of oil consumption to 
total energy consumption. The results of model (1) and model (2) show that the sign and 
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significance of the interest variable and mechanism variables remain consistent. Second, 
we substitute IS-second with IS-third, which denotes the proportion of the output value of 
the tertiary industry to GDP. The results of model (3) and model (4) also show that the sign 
and significance of the interest variable and mechanism variables remain consistent.

Additionally, we consider the endogeneity problem and apply two-stage least squares 
(2SLS) regression analysis to address endogeneity. We choose the urban population in 
2000 as the instrumental variable. The results of model (5) and model (6) show that the 
coefficients of lnpop remain consistent with models (1)–(4) after considering endogeneity.

3.3.3.2 Heterogeneity Cities differ greatly in population and other aspects. To propose 
more specific suggestions, we classify cities by population size into three groups. Table 6 
shows the heterogeneity estimation results.

The results of models (1)–(3) indicate that the urban population size significantly pro-
moted total  CO2 emissions in all three city groups. The coefficients of lnpop in large, 
medium and small cities are 1.3896, 0.8768 and 0.7706, respectively, indicating that com-
pared to other cities, an increase in the urban population size in large cities will drive a 
larger increase in  CO2 emissions. The results of models (4)–(6) indicate that the urban pop-
ulation size has a negative impact on per capita  CO2 emissions only in small cities.

Additionally, we explore the impact of other variables on  CO2 emissions and attempt to 
propose targeted suggestions for the three city groups. First, gdpeng, FA and TI are all signifi-
cant and consistent in the three groups, indicating that energy intensity and infrastructure con-
struction contribute to the growth in  CO2 emissions, while technology innovation depresses 

Table 4  Mechanism estimation results

t statistics are in parentheses; *p < 0.1, **p < 0.05, and ***p < 0.01

den squgdp gdpeng

(1) (2) (3) (4) (5) (6)

lnpop 0.0316*** 0.0293*** 0.0196*** 0.0170*** − 5.7128*** − 4.4472***
(4.03) (4.25) (2.79) (2.98) (− 5.55) (− 4.16)

FA − 0.0455 0.0072 − 5.0886
(− 1.03) (0.17) (− 0.92)

Green 0.0002 0.0002 − 0.0051
(0.94) (1.09) (− 0.69)

CS − 0.0004** − 0.0004** 0.0840***
(− 2.01) (− 2.19) (3.08)

IS 0.0006* 0.0001 0.1495*
(1.66) (0.39) (1.79)

FDI 0.0054** 0.0037** − 0.1960
(2.44) (2.20) (− 0.61)

TI − 0.0076* − 0.0054 0.2514
(− 1.71) (− 1.39) (0.31)

_cons − 0.1353*** − 0.1191** − 0.0924** − 0.0669 44.7694*** 25.7466**
(− 3.06) (− 2.18) (− 2.36) (− 1.55) (6.88) (2.44)

N 175 175 175 175 175 175
R2 0.159 0.304 0.094 0.307 0.212 0.296
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carbon emissions for all three groups. Second, the coefficient of FDI is significantly negative 
only in model (1), which means that FDI has a pollution halo effect on total  CO2 emissions 
in large cities. Considering that the large city group accounts for approximately half of the 
total  CO2 emissions, FDI in this group will greatly contribute to reducing carbon emissions. 
Finally, Green has a significantly negative impact on the total  CO2 emissions of small cities, as 
shown in model (3). Cities with a smaller population are more capable of reducing their  CO2 
emissions by increasing their public green areas.

Table 5  Robustness estimation results

t statistics are in parentheses; *p < 0.1, **p < 0.05, and ***p < 0.01
(The F statistics of the first stage in model (5) and model (6) are both 500.94 > 10.)

lnTCE lnPCE lnTCE lnPCE lnTCE lnPCE
(1) (2) (3) (4) (5) (6)

lnpop 0.9841*** − 0.0302* 0.9445*** − 0.0329* 0.9442*** − 0.0368***
(14.76) (− 1.92) (12.53) (− 1.86) (15.03) (− 3.62)

den − 4.4974** − 0.4940* − 3.3112* − 0.3144 − 4.1780** − 0.4320
(− 2.26) (− 1.72) (− 1.82) (− 1.29) (− 2.31) (− 1.47)

squgdp 7.0531*** 0.6129* 5.7281** 0.5052 6.6301*** 0.5804
(2.74) (1.76) (2.26) (1.51) (2.94) (1.59)

gdpeng 0.0507*** 0.0047*** 0.0543*** 0.0052*** 0.0506*** 0.0046***
(7.76) (4.62) (7.44) (4.85) (11.11) (6.20)

FA 2.5730*** 0.3170*** 2.8638*** 0.3834*** 2.5441*** 0.3203***
(7.83) (4.08) (7.70) (4.39) (7.07) (5.50)

Green − 0.0014** − 1.3*10–5 − 0.0013* − 2*10–6 − 0.0014** − 2.2*10–5

(− 2.20) (− 0.15) (− 1.84) (− 0.03) (− 2.46) (− 0.24)
CS 0.0006 − 0.0005 0.0006 − 0.0004*

(0.29) (− 1.11) (0.36) (− 1.69)
CS-oil − 0.0025 0.0006

(− 0.99) (0.93)
IS 0.0154*** 0.0028** 0.0145*** 0.0026***

(2.71) (2.06) (3.41) (3.83)
IS-third − 0.0046 − 0.0018

(− 0.82) (− 1.53)
FDI − 0.0822*** − 0.0121*** − 0.0856*** − 0.0127*** − 0.0793*** − 0.0121***

(− 4.51) (− 3.21) (− 4.37) (− 3.15) (− 3.81) (− 3.58)
TI − 0.1627*** − 0.0080 − 0.2172*** − 0.0160** − 0.1668*** − 0.0076

(− 3.71) (− 1.01) (− 5.15) (− 2.20) (− 3.49) (− 0.98)
_cons − 3.5769*** 0.0634 − 2.4647*** 0.3261* − 3.3900*** 0.1472*

(− 7.63) (0.74) (− 4.05) (1.96) (− 6.26) (1.68)
N 175 175 175 175 175 175
R2 0.755 0.644 0.734 0.623 0.752 0.643
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4  Conclusions and policy implications

4.1  Conclusions

Based on the results of the theoretical and empirical models, we draw the following 
conclusions:

First, from the direct impact perspective, expansion of the urban population size is sup-
posed to stimulate total  CO2 emissions but curb per capita  CO2 emissions. A 1% increase 
in the urban population size will lead to a nearly 1% increase in total  CO2 emissions and a 
0.3% decrease in per capita  CO2 emissions. Moreover, the urban population size indirectly 
affects  CO2 emissions through population density, economic agglomeration and energy 
intensity.

Second, in addition to the urban population and mechanism variables, there are other 
vital factors that influence  CO2 emissions. Rapidly increasing infrastructure construc-
tion and the dependence on the consumption of coal and the secondary industry drive 

Table 6  Heterogeneity estimation results

t statistics are in parentheses; *p < 0.1, **p < 0.05, and ***p < 0.01

Large Medium Small Large Medium Small
lnTCE lnTCE lnTCE lnPCE lnPCE lnPCE

(1) (2) (3) (4) (5) (6)

lnpop 1.3896*** 0.8768*** 0.7706*** 0.0187 − 0.0250 − 0.1015**
(6.74) (2.76) (3.84) (1.20) (− 1.01) (− 2.30)

den − 3.4501 − 2.5804 − 8.3719 − 0.2981 − 0.2101 − 1.1497
(− 0.86) (− 0.97) (− 1.49) (− 1.00) (− 1.01) (− 1.05)

squgdp 6.1402 4.6862 − 1.4072 0.4887 0.2665 − 1.9689
(1.26) (0.86) (− 0.15) (1.28) (0.62) (− 0.87)

gdpeng 0.0658*** 0.0740*** 0.0417*** 0.0050*** 0.0048*** 0.0043***
(4.44) (6.42) (4.96) (3.89) (5.50) (3.04)

FA 2.8853*** 2.4087*** 2.8281*** 0.1542*** 0.2021*** 0.3411***
(4.00) (2.76) (4.11) (2.76) (2.80) (2.87)

Green − 0.0025 − 0.0004 − 0.0043*** − 0.0002 − 8.3*10–6 − 0.0002
(− 1.42) (− 0.69) (− 2.70) (− 0.99) (− 0.15) (− 0.61)

CS 0.0027 − 0.0014 0.0025 0.0003 − 0.0002 − 0.0009
(0.83) (− 0.64) (0.71) (1.33) (− 0.75) (− 1.08)

IS 0.0075 0.0074 0.0199** 0.0003 0.0008 0.0045**
(0.83) (0.99) (2.49) (0.53) (0.85) (2.36)

FDI − 0.0858*** − 0.0410 − 0.0799 − 0.0044* − 0.0058** − 0.0104
(− 2.84) (− 1.36) (− 1.52) (− 1.84) (− 2.35) (− 1.05)

TI − 0.1727** − 0.2578*** − 0.1635* − 0.0102** − 0.0172*** − 0.0227
(− 2.44) (− 3.35) (− 1.90) (− 2.32) (− 3.04) (− 1.52)

_cons − 6.2729*** − 2.6102 − 2.5109** − 0.1088 0.1783 0.4942**
(− 3.97) (− 1.34) (− 2.23) (− 0.95) (1.20) (2.08)

N 58 59 58 58 59 58
R2 0.801 0.720 0.752 0.658 0.707 0.752
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the growth in  CO2 emissions. Fortunately, the expansion of public green areas, FDI and 
technology innovation are conducive to carbon mitigation.

Finally, there is significant heterogeneity between the three city groups. Specifi-
cally, the coefficients of lnpop for large, medium and small cities are 1.3896, 0.8768 and 
0.7706, respectively, indicating that compared to other cities, an increase in the urban 
population size in large cities drives a larger increase in  CO2 emissions. Regarding the 
control variables, an increase in FDI and in public green areas is more efficient in curb-
ing  CO2 emissions for the large city group and small city group, respectively. Moreover, 
technology innovation can suppress  CO2 emissions in all three city groups.

4.2  Policy implications

Based on the conclusions above, we propose the following suggestions.

(1) At present, China is undergoing rapid urbanization according to the “Two Centennial 
Goals”. With the further development of China’s urbanization,  CO2 emissions in China 
will continue to increase because the expansion of the urban population size leads to 
an increase in  CO2 emissions. This fact should be considered a basic point in China’s 
environmental and energy policies.

(2) China is the largest emitter of  CO2 worldwide and faces great pressure in international 
 CO2 emission negotiations. China has proposed reaching peak carbon emissions by 
2030 and carbon neutrality by 2060. Based on our results, there are some measures for 
 CO2 emissions mitigation in China. In addition to increasing population density and 
improving energy efficiency, public green areas, FDI and technology innovation greatly 
contribute to carbon reduction. Notably, the government should pay more attention to 
large cities that contribute more  CO2 emissions.

(3) It is inappropriate to prevent an increase in overall  CO2 emissions by restricting the 
process of urbanization and the expansion of the urban population size. On the one 
hand, the urban population size is still growing with urbanization. Urbanization is an 
important way to narrow the urban–rural development gap and to adjust the imbalance 
in regional development in China. On the other hand, the urban population size affects 
 CO2 emissions in multiple ways. Therefore, rather than directly controlling the urban 
population size, controlling indirect effects may be more effective.
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