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Industrial agglomeration and carbon neutrality in China: Lessons and Evidence 15 

Abstract: How does the agglomeration economy affect carbon emissions? Does it hinder China's 16 

zero-carbon emissions and carbon neutral goals? This study explored the impact of industrial 17 

agglomeration on carbon emissions and spatial spillover effects by expanding the output density 18 

theoretical model of Ciccone & Hall. The main findings are as follows: (1) Industrial labor and 19 

technology agglomerations increase regional carbon emissions, while industrial output 20 

agglomeration reduces emissions in the immediate term. Industrial capital agglomeration has no 21 

significant immediate effect on carbon emission. (2) Industrial output and technology 22 

agglomerations have significant lag effects. Output agglomeration increases carbon emissions, 23 

while technology agglomeration reduces emission levels. (3) The impact of industrial output 24 

agglomeration on regional carbon emissions shifts from a positive inhibitory effect into a negative 25 

aggravating effect. In comparison, industrial technology agglomeration transitions from increasing 26 

carbon emissions in the immediate term into having a suppressing effect in the long term. (4) 27 

There are significant regional differences in the impact of industrial output and capital 28 

agglomerations, while industrial labor and technology agglomerations showed no significant 29 

regional difference. The results are important in developing policies and strategies of the economy 30 

and the environment. 31 

32 

Keywords: industrial agglomeration；carbon neutrality；carbon emissions； industrial labor 

agglomeration; industrial technology agglomeration; industrial output agglomeration; industrial 

capital agglomeration; spatial effect 

33 
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1 Introduction 34 

Due to climate change, countries around the world are making various efforts to reduce carbon 35 

emissions and achieve carbon neutrality(Rehfeldt et al. 2020; Subramanian et al. 2020). On September 36 

22, 2020, during the 75th United Nations General Assembly, the Chinese government announced that it 37 

would adopt policies and measures that would enable the country to reach its carbon emission peak no 38 

later than 2030 and achieve carbon neutrality by 2060(Zhang and Li 2021) . In order to become carbon 39 

neutral by 2060, China must have near-zero emissions by 2050 and build an energy system with green 40 

and renewable energy (Sun et al. 2018; Alam and Murad 2020). The key to achieving this goal depends 41 

on the significant transformation of the country’s economic development, industries, and energy 42 

system.  43 

In China, industrial agglomeration characterized by agglomeration economy is the main factor 44 

promoting economic development. While industrial agglomeration promotes economic growth, it also 45 

brings environmental challenges and pollution problems, including increased carbon emissions(Vinh 46 

and Khalid 2020; Hong et al. 2020; Alaniz et al. 2020). In this context, what is the impact of industrial 47 

agglomeration on carbon emissions? Will industrial agglomeration have spatial spillover effects and 48 

lagging effects on carbon emissions? Does industrial agglomeration hinder the goal of carbon neutrality? 49 

The answers to these questions can help explain the relationship between industrial agglomeration and 50 

pollution control and support in developing policies that would benefit economic development while 51 

strengthening carbon control. 52 

Whether industrial agglomerations reduce the overall carbon emissions remains to be highly 53 

controversial. Some scholars have found that energy conservation and emission reduction are not the 54 

goals of industrial agglomeration. The endogenous power of industrial agglomeration is to realize the 55 
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sharing of infrastructure, improve the matching efficiency of production factors, and promote the 56 

spatial spillover of professional knowledge, thereby improving the production efficiency of enterprises 57 

(Bie et al. 2017; Ding et al. 2019). Some studies in China have found that industrial agglomerations fail 58 

to promote carbon emission reduction and may even distort existing allocations of production factors, 59 

which further exacerbate carbon emissions. Zhang and Wang(2014) believe that economic 60 

agglomeration can aggravate environmental degradation and that pollution has a reverse inhibitory 61 

effect on economic agglomeration(Zhang and Wang 2014). Ya and Meng (2019) found that industrial 62 

agglomeration has significantly increased carbon emissions for some regions while also having a 63 

restraining effect on carbon emissions of neighboring regions(Ya and Meng 2019). Zhang et al.(2019) 64 

found that the increase in industrial agglomeration has resulted in the rise of environmental 65 

pollution(Zhang et al. 2019). Dong et al.(2020) found that industrial agglomeration leads to pollution 66 

agglomeration at the national level, although the impact varies in size for different provinces(Dong et 67 

al. 2020). Ding et al.(2020) believe that although environmental regulations promote urban industrial 68 

agglomeration, industrial agglomerations have significantly increased the intensity of urban carbon 69 

emissions, which eclipse the positive impact of regulations in reducing emissions to a certain 70 

extent(Ding et al. 2020).  Lu et al.(2021) found that while there is a significant positive relationship 71 

between the agglomeration of primary and secondary industries and haze pollution in the Bohai Sea 72 

economic region, the agglomeration of the tertiary industry has no significant impact on haze 73 

pollution(Lu et al. 2021).  Li et al.(2021) found that industrial agglomeration has significantly 74 

aggravated local and nearby haze pollution at the urban level(Li et al. 2021). 75 

On the other hand, New Economic Geography believes that industrial agglomerations, as compact 76 

economic spaces, can improve enterprises’ production and resource utilization efficiencies with 77 
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externalities as the link(Li and Zhang 2020). It is believed that industrial agglomeration may aggravate 78 

environmental pollution within a certain period, but once it reaches the threshold, industrial 79 

agglomeration benefits the environment. Yan et al.(2011) found that the development of industrial 80 

clusters in the short term is conducive to reducing environmental pollution. They concluded that the 81 

gathering of industrial labor and capital aggravates haze pollution, while the gathering of industrial 82 

output reduces haze pollution(Yan et al. 2011). Yang (2015) found that the impact of industrial 83 

agglomeration on environmental pollution has significant threshold characteristics. When the level of 84 

industrial agglomeration is below the threshold, it can aggravate environmental pollution; when the 85 

level is above the threshold, it is able to reduce pollution levels(Yang 2015). Chen et al.(2017) found 86 

that industrial agglomeration reduces industrial carbon dioxide levels, which can help realize the 87 

emission reduction targets in China’s prefecture-level cities(Chen et al. 2017). Zhang et al.(2018)  88 

concluded that industrial agglomeration in Henan Province is conducive to breaking the lock-in of 89 

high-carbon industries and reducing energy consumptionZhang et al.(2018). Zheng and Lin(2018) 90 

found that for China’s paper industry, industrial agglomeration can improve energy efficiency and 91 

reduce environmental pollution after it crosses the threshold(Zheng and Lin 2018). Li et al.(2019) 92 

found that the emission reduction effect of industrial agglomeration is limited and that there is a double 93 

threshold effect(Li et al. 2019). Zhu and Xia(2019) found an inverted U-shaped relationship between 94 

industrial agglomeration and environmental pollution under China’s New Urbanization(Zhu and Xia 95 

2019). Liu et al.(2019) also identified an inverted U-shaped relationship between industrial 96 

agglomeration and industrial pollution at the city-level(Liu et al. 2019). Chen et al.(2020) found an 97 

inverted U-shaped relationship between industrial agglomeration and pollutants, such as sulfur dioxide 98 

and dust, and a threshold effect between industrial agglomeration and environmental benefits in 99 
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China’s 259 citiesChen et al.(2020)Chen et al.(2020)Chen et al.(2020). Guo et al.(2020) suggest a 100 

U-shaped relationship between industrial agglomeration and green development exists in Northeast 101 

China(Guo et al. 2020). They believe that both specialized industrial agglomeration and diversified 102 

industrial agglomeration have threshold effects on environmental pollution in the Yangtze River Delta.  103 

Some scholars believe that the relationship between industrial agglomeration and environmental 104 

pollution (carbon emissions) is uncertain. Yang(2017) argues that due to different scenario factors, the 105 

impact of urban industrial agglomerations on carbon emission efficiency varies (Yang 2017).  Wang 106 

and Wang (2019) suggest that the relationship of industrial agglomeration with sulfur dioxide and dust 107 

pollutants is heterogeneous in urban China(Wang and Wang 2019). Shen and Peng(2020) used the 108 

spatial panel model to analyze the impact of industrial agglomeration externalities on environmental 109 

efficiency. Their study found that different systems and degrees of industrial agglomeration can have 110 

varying emission reduction effects(Shen and Peng 2020).  111 

Previous studies have explored the impact of industrial agglomeration on environmental pollution 112 

at different levels. However, after conducting an extensive review of existing literature (see Table 1), 113 

we found that there are still major shortcomings with the current research. First, few studies have 114 

directly studied industrial agglomeration and carbon emissions. Studies have mainly focused on 115 

analyzing the impact of industrial agglomeration on environmental pollution at the macro-level 116 

perspective. But different types of pollutants have different characteristics. For example, carbon 117 

emissions have strong transboundary and spatial spillover effects, which may not be significant for 118 

other pollutants, such as industrial smoke and dust. When studying the impact of industrial 119 

agglomeration on pollution levels, the type of pollutants and their characteristics must be fully 120 

considered. Second, most studies use only a single indicator when analyzing the impact of industrial 121 
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agglomeration on environmental pollution, often overlooking the differential impact of different 122 

agglomeration structures. Different industrial agglomeration characteristics have differentiated effects 123 

on the environment. Industrial agglomerations with labor as the main feature would impact pollution 124 

levels differently compared with capital and technology type agglomerations. Third, the impact of 125 

industrial agglomeration on environmental pollution exhibits a particular lag, which has often been 126 

neglected in previous research. This impact is often not obvious during the formation of industrial 127 

agglomerations and becomes more pronounced over time. These cumulative effects and lagging 128 

characteristics have to be considered when exploring the overall impact of industrial agglomeration on 129 

the environment. 130 

Table 1 Studies on different types of environmental regulation and carbon emissions 131 

Authors Country Time Methods Key findings 

Yang(2015) 30 provinces in China 2004-2011 Threshold model 

Industrial agglomeration first aggravated 

environmental pollution, and after crossing the 

threshold, it reduced environmental pollution. 

Chen et al.(2017) 
187 Chinese 

prefecture-level cities 
2005–2013 

General panel 

model 

Industrial agglomeration intensifies urban carbon 

emissions. 

Ya and Meng (2019) panel data of China 2004-2016 
spatial econometric 

model 

Industrial agglomeration significantly increases 

carbon emissions in the region while inhibits the 

carbon emissions in the neighboring areas. 

Zhang et al.(2018) 
18 cities in Henan 

Province  
2005-2015 

spatial panel 

regression model 

Industrial agglomeration helps lift industrial 

carbon lock. 

Zheng and Lin(2018) 
29 provinces of the 

paper industry in China 
2000-2005 

Threshold 

regression model 

There is a threshold effect between industrial 

agglomeration and environmental pollution. 

Zhang et al.(2019) 
30 provinces in 

China  
2003-2016 

optimal model 

structure selection 

method 

The increase in industrial agglomeration has 

increased environmental pollution 

Li et al.(2019) 30 provinces in China  2009–2016 
Threshold 

regression model 

There are double threshold effects between 

industrial agglomeration and carbon emissions. 

Zhu and Xia(2019) 
30 Chinese prefecture 

cities 
2005-2015 

equilibrium 

model 

There is a threshold effect between industrial 

agglomeration and environmental pollution. 

Wang and 

Wang(2019) 

281prefectural-cities in 

China 
2003–2010 

simple pooled OLS 

regression 

The impact of industrial agglomeration on 

different pollutant emissions is heterogeneous 

Chen et al.(2020) China’s 259 cities 2007-2016 
spatial econometric 

model 

There is a U-shaped relationship between 

industrial agglomeration and sulfur dioxide and 

dust. 

Pei et al.(2020) 
the Yangtze River 

Delta 
2006- 2016 

Copeland–Taylor 

Model 

There is a threshold effect between specialized 

agglomeration and diversified agglomeration and 

environmental pollution 

Dong et al.(2020) 
36 segments of the 

industry in 29 
2000 -2016 spatial panel model 

There is a U-shaped relationship between 

industrial agglomeration and environmental 
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provinces of China 

from  

efficiency. 

Shen and Peng (2020) 29 provinces in China 2000 -2018 spatial panel model 
Different agglomeration degrees and means may 

be matched with different environmental effects 

Ding et al.(2020) 
282 prefecture-level 

cities 
2003-2017 

simple pooled OLS 

regression 

Industrial agglomeration intensifies urban carbon 

emissions by suppressing the role of 

environmental regulations 

To address these current research limitations, this study explores the overall impact and lag 132 

characteristics using different type of industrial agglomeration on carbon emissions. Using provincial 133 

panel data of 30 provinces in China from 2002 to 2018, this study comprehensively analyzed the 134 

regional variations of this influence. The contributions of this study are as follows. First, based on 135 

internal structure, industrial agglomerations were analyzed using four aspects: industrial output 136 

agglomeration, industrial labor agglomeration, industrial capital agglomeration, and industrial 137 

technology agglomeration. Each agglomeration aspect was analyzed separately to provide a more 138 

comprehensive overview of the impact of industrial agglomeration on carbon levels. Second, this study 139 

fully considered the transboundary impact and spatial spillover characteristics of carbon emissions and 140 

used spatial econometric models in analyzing the effects. Third, this study explored the lag effect and 141 

cumulative effects of industrial agglomeration on regional carbon emissions and examined the regional 142 

differences. The results of this study can be used to provide an explanation for the inconsistent research 143 

conclusions in the existing research and provide a reference for future research. The full text is 144 

arranged as follows. We first reviewed studies on industrial agglomeration and carbon emissions (see 145 

Figure 1) and found deficiencies with the current research. In the method section, the research methods 146 

and variables are described. In the results section, we summarize the findings of the spatial correlation 147 

analysis and the direct, lagging, and regional impacts of industrial agglomeration on carbon emissions. 148 

In the discussion section, we examine and contextualize the results, and in the conclusion section, we 149 

provide the conclusions and policy recommendations. 150 
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Fig. 1. The research framework of this study 151 

2. Material and methods 152 

2.1 Model Building  153 

Drawing lessons from Dong et al.(2015) incorporating environmental factors into the 154 

industrial production model and using carbon emissions as a by-product of industrial output, we 155 

incorporated the environment as an output factor into the output density model of Ciccone & Hall 156 

(1996) (Ciccone and Hall 1996) (Ciccone and Hall 1996). We used the theoretical mechanism of 157 

action between industrial agglomeration and carbon emissions. The model is as follows:158 

CO2iAi = θi [（NiAi）β
（

KiAi）γ
（

EiAi）1−β−γ]α (
CO2iAi )

λ−1λ         (1) 159 

where, CO2i、Ni、Ki and Ei  represent total carbon emissions, industrial employment 160 

scale, industrial capital scale, and industrial energy consumption of area i, respectively. CO2i/𝐴𝑖, 161 
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Ni/𝐴𝑖, Ki/𝐴𝑖, and Ei/𝐴𝑖 represent per unit area of carbon emissions, industrial labor density, 162 

industrial capital density, and industrial energy consumption density of area i, respectively. θi is 163 

the production efficiency of area i; 𝐴𝑖 is the total area of area i; α is the return to scale of 164 

industrial labor, capital, and energy per unit area. When 0<α<1, the return to scale is decreasing; 165 

when α=1, the return to scale is unchanged; when α>1, the return to scale is increasing. β is the 166 

contribution rate of industrial labor output per unit area in region i, γ is the contribution rate of 167 

industrial capital-output per unit area in region i, 0<β≤1,0<γ≤1. λ is the parameter of carbon 168 

emission concentration. When λ>1, carbon emission has externalities to the regional economy. 169 

After converting Equation (1), we get: 170 

（
CO2iAi ）1λ = θi [（NiAi）β

（
KiAi）γ

（
EiAi）1−β−γ]α （2）171 

Equation 2 is then converted to obtain: 172 

（
CO2iAi ）1λ = θi(𝑁𝑖𝛽𝐾𝑖𝛾𝐸𝑖1−𝛽−𝛾)𝑖𝛼（ 1Ai）α

（3）173 

Equation 3 can then be converted to: 174 

（
CO2iAi ）1λ = θi [（ 𝐾𝑖𝑁𝑖）𝛾

（
𝐸𝑖𝑁𝑖）1−𝛽−𝛾]𝛼（𝑁𝑖Ai）α

（4）175 

such that 𝐾𝑖/𝑁𝑖 = 𝑘𝑖 denote the industrial investment per labor, and 𝐸𝑖/𝑁𝑖 = 𝑒𝑖 denote the 176 

energy input per labor. After converting Equation (4), we get: 177 

（
CO2iAi ）1λ = θi(𝑘𝑖𝛾𝑒𝑖1−𝛽−𝛾)𝛼（𝑁𝑖Ai）α

（5）178 

Taking the logarithm of both sides of Equation (5), we get the following: 179 

1𝜆 ln（
CO2iAi ） = lnθi + αγlnki + α(1 − β − γ)lnei + αlnNiAi （6）180 

From Equation (6), we get the following: 181 

ln
CO2iAi = λlnθi + λαγlnki + λα(1 − β − γ)lnei + λαlnNiAi （7）182 

In Equation (7), ln（CO2i/Ai）indicates unit carbon emissions, lnθi indicates industrial 183 
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production efficiency, lnki  and lnei represent the efficiency of industrial resource use, and 184 

lnNi/Ai represents industrial labor concentration. 185 

The resulting equation shows an interactive relationship between carbon emissions and 186 

industrial efficiency and industrial agglomeration. This is consistent with the findings of Ya and 187 

Meng (2019), Dong et al. (2020), and Lu et al. (2021) that found industrial agglomeration as a 188 

major factor leading to environmental problems. These studies also suggest that carbon emissions 189 

have spatial spillover characteristics and that the spatial measurement model can be used to 190 

construct the empirical model. Based on the spatial lag model and the spatial error model of 191 

Anselin(1995)(Anselin 1995), this paper constructs an SLM that affects carbon emissions by 192 

industrial agglomeration. The SEM model is as follows: 193 

lnCO2it = ρwlnCO2it + α0 + α1lnIAit + α2lnXit + εit            (8) 194 

lnCO2it = β + β1lnIAit + β2lnXit + εit ,  εit = 𝜆wlnCO2it + uit         (9) 195 

where lnCO2it  represents carbon emissions, lnIAit  represents industrial agglomeration, 196 

and lnXit represents the collection of control variables. To investigate the lagged effect of 197 

industrial agglomeration on carbon emissions, we added the lagged 1st and lagged 2nd of industrial 198 

agglomerations to equations (8) and (9), and formed the SLM and SEM models to analyze the 199 

lagged effects:200 

lnCO2it = ρwlnCO2it + α0 + α1lnIAit + α2lnIAit−1 + α3lnIAit−2 + α4lnXit + εit           (10) 201 

lnCO2it = β + β1lnIAit + β2lnIAit−1 + β3lnIAit−2 + β4lnXit + εit ,  εit = 𝜆wlnCO2it + uit       (11) 202 

2.2 Variable description and data  203 

2.2.1 Carbon emissions 204 

Based on the “Guidelines for National Greenhouse Gas Inventories” issued by the IPCC in 2006, 205 

we measured carbon dioxide emissions based on emissions from different energy sources, which 206 

include coal, hard coke, crude oil, gasoline, kerosene, diesel, fuel oil, and natural gas (Wu 2015; Yang 207 

et al. 2020). We calculated consumption from various energy sources and multiplied each with the 208 

respective emission coefficient, then added the values to obtain the total carbon emissions (see Fig.2). 209 

The carbon emission coefficients were obtained from the China Energy Statistical Yearbook (2008), 210 

and the various energy sources were standardized before calculations. The calculation method is as 211 
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follows: 212 

, r r( ) i t i t
C E  (12) 213 

where Cit is the total amount of carbon dioxide emissions of province i in year t; Eirt denotes the 214 

consumption of energy r in year-t of province i, and ηr is the carbon emission coefficient of the r-th 215 

type of energy.  216 

Fig.2. carbon emissions in 2018217 

2.2.2 Industrial agglomeration 218 

Production factors have considerable influence on the development of industrial agglomeration. 219 

Labor, capital, and technology are the primary production factors affecting economic agglomeration 220 

(Dong et al. 2015; Shen and Peng 2020). In this study, the degree of industrial agglomeration was first 221 

measured as a whole by industrial output aggregation (OA), measured as the scale of industrial output 222 

per unit area (Dong et al. 2015). Then, industrial agglomeration was evaluated from three aspects: 223 

industrial labor agglomeration (LA), industrial capital agglomeration (CA), and industrial technology 224 

agglomeration (TA). Industrial labor agglomeration (LA) is the number of industrial employees per 225 

unit area, industrial capital agglomeration (CA) is the scale of industrial capital stock per unit area, and 226 

industrial technology agglomeration (TA) is R&D investment per unit area (Huang et al. 2019; Yao et 227 

al. 2020). 228 

2.2.3 Control variables 229 

Industrial energy consumption directly affects industrial solid waste and total carbon emissions 230 
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(Afridi et al. 2019). At the same time, the level of carbon emissions in a region is also affected by the 231 

local economic development level (GDP), Foreign direct investment (FDI) level, and industrial 232 

structure (Is). The higher the level of regional economic development and the greater the total 233 

economic volume, the more energy is consumed and the greater the carbon emissions (Chen et al. 2019; 234 

Yang et al. 2020)(Chen et al. 2019; Yang et al. 2020)(Chen et al. 2019; Yang et al. 2020)(Chen et al., 235 

2019; Yang et al., 2020)[37, 41]. The level of foreign investment reflects the degree of economic 236 

openness in a region. Economic openness and technology can significantly affect industrial 237 

agglomeration and impact the environment (Yang et al. 2018). The proportion of the secondary 238 

industry in the industrial structure can also have a considerable impact on energy consumption and 239 

pollution emissions. As a high-energy consumer, the secondary industry sector is the primary source of 240 

carbon emissions (Dong et al. 2020). The level of economic development is measured by per capita 241 

GDP, FDI by actual foreign investment, and the industrial structure by the proportion of the secondary 242 

industry sector. 243 

Data from 30 provinces in China from 2002 to 2018 were used as the research sample. The data 244 

were obtained from the “China Industry Yearbook”, “China Statistical Yearbook”, “China 245 

Environment Statistical Yearbook”, “China Population and Employment Statistical Yearbook”, and 246 

provincial statistical yearbooks. The missing data was calculated using the mean value method. In data 247 

processing, the logarithm of individual variables was used to eliminate the difference in variable 248 

measurement units. The definition and description of each variable are shown in Table 2. 249 

Table 2 Descriptive statistical analysis of variable 250 

Variables Definition unit Minimum Maximum Mean 
Std. 

Deviation 

lnco2 Carbon emissions 
Ten thousand tons of 

standard coal 
6.0000 11.0000 8.8098 0.8893 

lnOA industrial output agglomeration 
Ten thousand 

yuan/km2 0.0000 10.0000 5.4725 1.7276 

lnLA Industrial labor agglomeration person/km2 -1.0000 7.0000 3.3922 1.5991 

lnCA Industrial capital agglomeration 
Ten thousand 

yuan/km2 1.0000 9.0000 5.4804 1.6545 

lnTA Industrial technology agglomeration yuan/km2 5.0000 17.0000 11.1176 2.2596 

lnEE Industrial energy consumption 
Ten thousand tons of 

standard coal 
2.0000 5.0000 2.9961 0.6780 

lngdp The level of economic development yuan 8.0000 12.0000 10.2098 0.8509 

lnFDI Foreign direct investment Billion -1.0000 8.0000 5.0373 1.7180 

lnIS Industrial structure % 2.0000 4.0000 3.8059 0.4057 

251 
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3 Results 252 

3.1 Are there spatial spillover characteristics of carbon emissions? 253 

Before analyzing the spatial econometric model, we first determined whether the explanatory 254 

variables have spatial spillover characteristics. To gauge spatial autocorrelation characteristics, 255 

exploratory data analysis methods were used in calculating the global spatial autocorrelation index 256 

(Global Moran’s I) and Moran scatter plot of carbon emissions. Figure 3 reports the global Moran’s I 257 

index of carbon emissions from 2002 to 2018. The average Moran’s I for carbon emissions is 0.2450, 258 

and both indexes are significant at the 5% level. As shown in Figure 4, most of the Moran’s I for 259 

carbon emissions falls in the first and three quadrants of the scatterplot. For 2002, 2007, 2012, and 260 

2018, more than 60% of the areas were in the first three quadrants with significant and positive spatial 261 

spillover characteristics. This suggests that carbon emissions in these regions exhibit some spillover 262 

effects on neighboring regions. This finding is consistent with the research conclusions of Wu (2015) 263 

and Yang et al. (2018). Therefore, when analyzing the impact of industrial agglomeration on carbon 264 

emissions, spatial factors must be considered. 265 

Fig. 3. Moran’s I values of carbon emissions in China from 2002 to 2018266 
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Fig.4. Moran scatterplots of carbon emissions for 2002, 2007, 2012, and 2018 267 

3.2 Does industrial agglomeration increase carbon emissions? 268 

We first performed OLS regression using the LM test and the robust LM test for SLM and SEM 269 

models for model selection. The p-values of the LM test and robust LM test for the SLM model are 270 

significant, while not significant for the SEM model. We also found that the fixed-effects model 271 

yielded better results than the random-effects model. Based on these preliminary results, the SLM 272 

model with fixed effects was used in the remainder of this study. To avoid multicollinearity problems, 273 

we conducted separate regression analyses on the four indicators of industrial agglomeration. Table 3 274 

summarizes the analysis results of the impact of industrial agglomeration on carbon emissions. 275 

The results show that industrial output agglomeration effectively suppressed regional carbon 276 
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emissions and exhibited a significant lag effect. Table 4 reports the impact of industrial output 277 

agglomeration on carbon emissions. The coefficient for industrial output agglomeration is negative and 278 

statistically significant at the 5% level, indicating that industrial output agglomeration reduces carbon 279 

emissions. The agglomeration of industrial output generally reflects the level and degree of industrial 280 

agglomeration in a region. The negative coefficient suggests that the industrial output agglomeration 281 

has realized the optimal allocation of regional resources, improved resource utilization efficiency, and 282 

reduced regional environmental pollution. This finding is in line with the research conclusions of Yan 283 

et al. (2011), Dong et al. (2015), Yang (2015), Chen et al. (2017), Zheng and Lin (2018), Liu et al. 284 

(2019), and Guo et al. (2020). The results also suggest that industrial agglomeration achieved combined 285 

regional and resource agglomeration advantages and was able to improve the environment while also 286 

promoting economic development.  287 

The coefficient for industrial output agglomeration with one lag period is positive and significant 288 

at the 5% level. The coefficient for industrial output agglomeration with two lag periods is also positive 289 

but not significant. This suggests that industrial output agglomeration has a lag effect on regional 290 

carbon emissions and that this lag effect is significant for the one lag period. The lag effect is 291 

manifested by the aggravation of regional carbon emissions and increased environmental pollution. But 292 

over time, the lag effect of industrial output agglomeration on carbon emissions becomes not 293 

significant. 294 
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Table 3 The impact of Industrial agglomeration on carbon emissions 

Variable Coefficient Coefficient Coefficient Coefficient 

lnIA -0.2580** 

lnIA-1 0.2306** 

lnIA-2 0.0027 

lnLA 1.1305 *** 

lnLA-1 -0.0533 

lnLA-2 -0.0468 

lnCA 0.0586 

lnCA-1 0.0133 

lnCA-2 0.0879 

lnTA 0.1453* 

lnTA-1 -0.0004* 

lnTA-2 -0.0320* 

lnEE 0.4055*** 1.1265 *** 0.3573*** 0.6147*** 

lnGDP 0.2780*** 0.0523 0.2417*** 0.7808*** 

lnFDI -0.0196* -0.0064 -0.0270** -0.3056*** 

lnIS 0.3675*** 0.0175 0.0194 1.6919*** ρ 0.2560*** 0.1010** 0.0910* -0.0070* 

Individual effect control control control control 

Time effect control control control control 

Adjusted R2 0.8618 0.5830 0.2948 0.5543 

Log likelihood 326.7002 478.6130 343.0981 -362.9258 

Note: Significance: * P<0.1, ** P<0.05, *** P<0.01 295 

 For industrial labor agglomeration, but its lagging impact is negative and not significant. As 296 

shown in Table 3, the coefficient for industrial labor agglomeration is positive and significant at the 1% 297 

level, indicating that industrial labor agglomeration has increased regional carbon emissions. The 298 

results suggest industrial labor agglomerations exhibit negative externalities on carbon emission levels, 299 

which is consistent with the research conclusions of Zhang and Wang (2014), Ya and Meng (2019), 300 
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Zhang et al. (2019), Dong et al. (2020), Ding et al. (2020), and Lu et al. (2021). The concentration of 301 

industrial labor is not conducive to achieving regional carbon control targets. China is still dominated 302 

by labor-intensive industries, where the proportion of low-end industrial workers remains relatively 303 

large and concentrated(Dong et al. 2020). In comparison, capital and technology-intensive industries 304 

are less concentrated where the proportion of high-end industrial workers is lower (Ding et al. 2020). 305 

The coefficients for industrial labor agglomeration with one and two lag periods are both negative and 306 

not significant. This suggests that the lag effect of industrial labor agglomeration is not significant and 307 

that its effect on carbon levels will not considerably change over time. 308 

For industrial capital agglomeration, its impact on carbon emissions was found to be not 309 

significant. In Table 3, the coefficients for industrial capital agglomeration and two lagging periods are 310 

positive and non-significant. The impact of industrial capital agglomeration on regional carbon 311 

emissions is not significant mainly because, in China, the degree of industrial capital agglomeration is 312 

far lower than labor. The agglomeration of industrial capital is inefficient and has limited direct effect 313 

on the regional environment(Zhao et al. 2020). Industrial capital is often reflected in the introduction of 314 

technology and equipment, affecting regional carbon levels and ultimately resulting in labor, 315 

technology, and output concentrations of the regional industrial agglomeration. 316 

Industrial technology agglomeration was found to intensify regional carbon emissions and cause 317 

environmental degradation. However, its lag effect is positive, which suggests that, over time, regional 318 

carbon emissions are effectively suppressed. As shown in Table 3, the coefficient for industrial 319 

technology agglomeration is 0.1453, significant at the 10% level, which indicates that it increases 320 

prevailing regional carbon emissions. Industrial technology agglomeration normally does not 321 

immediately produce innovation effects and is mainly manifested as a cost effect, resulting in 322 
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environmental degradation. The estimated coefficients for the one and two lagging periods are negative 323 

and statistically significant. This indicates that industrial technology agglomeration has a positive lag 324 

effect on carbon emissions. Comparing the significance level of the coefficients, we found that the one 325 

with the two lagging periods has higher significance level than the one with only one lagging period. 326 

This suggests that over time, industrial technology agglomeration shifts from increasing carbon 327 

emission towards reducing carbon levels. Industrial technology agglomeration gradually exerts an 328 

innovative compensation effect, which can be conducive to improving the regional environment and 329 

help control carbon emissions (Pei et al. 2020). This finding supports the conclusions of Chen et al. 330 

(2020) and Pei et al. (2020) to a certain extent. Technology agglomeration may cause a transitory 331 

increase in environmental pollution but would later result in a positive environmental effect and reduce 332 

carbon emissions in the long-term. 333 

The spatial correlation coefficient ρ for carbon emissions is significant at the 10% level in all four 334 

models. This suggests that carbon emissions have significant spatial spillover effects, where the 335 

region’s carbon emissions affect the carbon levels of its surrounding areas. The ρ values are 0.2560, 336 

0.1010, 0.0910, and -0.0070, which indicates that carbon emissions’ spatial correlation is dominated by 337 

positive autocorrelation. Regional carbon emissions show high agglomeration in high-carbon emission 338 

regions and low agglomeration in low-carbon emission regions. The spatial correlation coefficient ρ is 339 

significant, highlighting the importance of considering the spatial dimensions in these types of research. 340 

The results also suggest that the region’s carbon emission level is affected not only by its own 341 

industrial agglomeration but also by the level of agglomeration in the surrounding areas. 342 

In terms of control variables, energy consumption, economic development level, and industrial 343 

structure were found to significantly intensify regional carbon emissions. The coefficients for these 344 
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three parameters are all positive, although not significant. The coefficient for FDI (see Table 4) is 345 

positive in all models, although two are not significant. These findings suggest that the introduction of 346 

FDI plays a positive role in improving the environment and controlling regional carbon emissions. 347 

In general, industrial output agglomeration plays a significant role in restraining the prevailing 348 

regional carbon emissions and is conducive to regional environmental governance. In line with the 349 

goals and policies of the Chinese government, the development of more industrial clusters and 350 

industrial parks can be used to promote economic development and help improve the environment. 351 

However, industrial labor and technology agglomerations exert negative external effects, leading to 352 

increased regional carbon emission levels. Industrial output and technology agglomerations have 353 

significant lag effects, while the direct and lag effects of industrial capital agglomeration on carbon 354 

emissions are not significant. 355 

3.3 The impact of industrial agglomeration on carbon emissions from the perspective of regional 356 

differences 357 

To further explore the regional differences in the impact of environmental regulations on carbon 358 

emissions, we divided the research area into three regions: eastern, central, and western, as shown in 359 

Figure 51: 360 

1 Liaoning, Shanghai, Beijing, Fujian, Tianjin, Zhejiang, Hebei, Jiangsu, Guangdong, Shandong, Hainan and Guangxi 

provinces are located in the eastern region. Hubei, Shanxi, Heilongjiang, Inner Mongolia, Henan, Anhui, Jilin, Jiangxi and Hunan 

provinces are located in the central region. Sichuan, Guizhou, Ningxia, Gansu, Yunnan, Shanxi, Chongqing, Xinjiang, and 

Qinghai provinces are located in the western region.  
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Fig. 5. The eastern, central, and western regions in China 361 

3.3.1 Industrial output agglomeration affects regional differences in carbon emissions 362 

The coefficient for industrial output agglomeration in the eastern and central regions is negative 363 

and significant at the 1% level, indicating that industrial output agglomeration reduces carbon 364 

emissions in these regions. This result confirms the robustness of the national panel data regression 365 

results in Table 4. For the western region, the industrial output agglomeration coefficient is significant 366 

and positive, suggesting that industrial output agglomeration increases regional carbon emissions in 367 

China’s western provinces. The main reason for this difference is the regional distribution of industries 368 

in China. Due to the country’s regional development policy and partly due to its war preparation 369 

strategies in the early days of the founding of the People’s Republic of China, industries were roughly 370 

evenly dispersed throughout the country. But after major economic reforms and opening up, the 371 

distribution of industries began to show gradual agglomeration in the eastern and central regions, 372 

particularly in the southeast coastal areas (Yi and Zhou 2020). In addition, the lag effect of industrial 373 
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output agglomeration significantly increased carbon emissions in the eastern and western regions, 374 

while the effect is not significant for the central region. 375 

Table 4 The impact of Industrial output agglomeration on carbon emissions 

Variable  Eastern region  Central region Western region 

 Coefficient  Coefficient  Coefficient 

lnOA  -0.8629***  -0.6582***  1.1047***  

lnOA-1 0.4426***  0.1309  0.3501**  

lnOA-2 -0.0320  0.0160  -0.1648  

lnEE  -0.0393  0.6979***  0.4894***  

lngdp 1.0625***  0.8132***  -1.0200***  

lnFDI  -0.0745**  0.0625***  0.0174  

lnIS   0.9544***  0.7092***  -0.9638***  ρ 0.4527***  -0.2361***  0.0880**  

Individual effect control control control 

Time effect control control control 

Adjusted R2 0.8409  0.9291  0.9151  

log-likelihood  124.0199  153.8160  115.6660  

Note: Significance: * P<0.1, ** P<0.05, *** P<0.01 376 

3.3.2 Industrial labor agglomeration affects regional differences in carbon emissions 377 

Table 5 reports the results of the impact of industrial labor agglomeration on carbon emissions. 378 

The coefficients for industrial labor agglomeration in the eastern, central, and western regions are 1.133, 379 

1.1186, and 0.9173, respectively, significant at the 1% level. The results suggest that for every 1% 380 

increase in industrial labor agglomeration, carbon emissions increase by 1.133%, 1.1186%, and 381 

0.9173%, consistent with the national results. In all three regions, industrial labor agglomeration 382 

increased environmental pollution. One possible reason is that government-initiated industrial parks 383 

and employment-oriented industrial agglomerations are largely dominated by low-end labor. This kind 384 

of labor agglomeration is unable to attract high-level talents and cannot produce the corresponding 385 

“technical effect”, which is not conducive to the innovation of clean, energy-saving, and 386 

emission-reducing technologies (Yao et al. 2020). For example, in the eastern coastal areas, the labor 387 

sector in many industrial clusters is composed mainly of unskilled migrant workers. These clusters are 388 
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unable to achieve knowledge innovation and talent agglomeration effects. The influx of migrant 389 

workers to the eastern and central industrial agglomeration regions may also lead to increased energy 390 

and raw material consumption, more waste discharges (e.g., household garbage), and higher 391 

environmental pollution. The industrial labor agglomeration with two lag periods has a significant 392 

control effect for the central region, while not significant for the other regions. 393 

Table5. The impact of industrial labor agglomeration on carbon emissions 

Variable 
Eastern region Central region Western region 

Coefficient Coefficient Coefficient 

lnLA  1.1333***  1.1186***  0.9173***  

lnLA-1 0.0104  0.0155  -0.0131  

lnLA-2 -0.0015  -0.0445***  0.0005  

lnEE  0.9086***  1.0686***  1.1923***  

lngdp 0.0352  0.0688  -0.0459  

lnFDI  -0.1108***  -0.0151  0.0250**  

lnIS   0.0956  -0.0055  0.1200*  ρ 0.1523***  -0.2361***  -0.0650**  

Individual effect control control control 

Time effect control control control 

Adjusted R2 0.8876  0.9629  0.9502  

log-likelihood  159.4285  143.3400  156.4740  

Note: Significance: * P<0.1, ** P<0.05, *** P<0.01 394 

3.3.3. Industrial capital agglomeration affects regional differences in carbon emissions 395 

While industrial capital agglomeration was not significant in the eastern and central regions, it 396 

significantly increased regional carbon emissions in the western region (see table 6). This is probably 397 

because of China’s current industrial agglomerations having many labor-intensive, low-capital, and 398 

low-technology industries. In recent years, the Chinese government has initiated measures focused on 399 

developing the western region. This western development strategy is mainly characterized by infusing 400 

more government funds and economic agglomerations from cross-administrative economic belts (Chen 401 

et al. 2018). While this type of government-led industrial agglomeration has capital agglomeration 402 

characteristics, the western region’s economic development has been comparatively low (Chen et al. 403 
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2018). To promote industrial development and support industrial agglomeration, many infrastructure 404 

projects, such as roads and railways, would have to be undertaken, which may cause greater 405 

environmental damage (Ya and Meng 2019). The results also show that the lagged impact of industrial 406 

capital agglomeration on carbon emissions is not significant in the three regions. The effect of capital 407 

agglomeration on regional carbon emissions is mainly manifested in the immediate term but is not 408 

significant in the long-term. 409 

Table 6. The impact of industrial capital agglomeration on carbon emissions 

Variable 
Eastern region Central region Western region 

Coefficient Coefficient Coefficient 

lnCA  -0.0341  0.2230  0.6908***  

lnCA-1 -0.2386  -0.1346  -0.4252  

lnCA-2 0.2095  0.1266  0.0938  

lnEE  -0.1228  0.7029***  0.4876***  

lngdp 0.6861***  0.0524  -0.0932  

lnFDI  -0.1150***  0.0610**  0.0255*  

lnIS   0.5190***  0.0661  0.1325  ρ 0.2367***  -0.2361***  0.1570**  

Individual effect control control control 

Time effect control control control 

Adjusted R2 0.8233  0.9299  0.9074  

log-likelihood  113.2972  124.7800  107.3165  

Note: Significance: * P<0.1, ** P<0.05, *** P<0.01 410 

3.3.4 Industrial technology agglomeration affects regional differences in carbon 411 

emissions 412 

The estimated coefficients of industrial technology agglomeration for the eastern, central, and 413 

western regions are 0.5030, 0.3902, and 0.2693(see table 7). The effect is significant for the eastern and 414 

western regions but not significant in the central region. The findings suggest industrial technology 415 

agglomeration has not exerted its technical effects and has not achieved technological innovation and 416 

technological diffusion. One possible reason for this is that even with industrial agglomeration, the 417 

level of independent R&D and technological innovation remains low (Ya and Meng 2019). Advanced, 418 
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high-end, low-carbon technologies are mainly obtained through imports, and the current industrial 419 

clusters cannot achieve technological innovation and technological diffusion (Han 2020). Technology 420 

agglomeration is mainly manifested as a cost effect, and it is difficult to compensate for the innovation 421 

effect. In terms of lag effects, the second-stage industrial technological innovation significantly reduced 422 

carbon levels only in the eastern region and was not significant for the other two regions. 423 

Table 7. The impact of industrial technology agglomeration on carbon emissions 424 

Variable 
Eastern region Central region Western region 

Coefficient Coefficient Coefficient 

lnTA  0.5030***  0.3902  0.2693***  

lnTA-1 0.0170  -0.1384  0.0032  

lnTA-2 -0.3225***  -0.1363  0.0230  

lnEE  0.0314  1.1747***  0.4719***  

lngdp 0.3403***  -1.8953***  -0.8585***  

lnFDI  -0.1434***  0.1877***  0.1126***  

lnIS   0.3656***  1.5252***  -0.3264  ρ 0.3456***  -0.2361***  -0.9999***  

Individual effect control control control 

Time effect control control control 

Adjusted R2 0.8459  0.6488  0.5422  

log-likelihood  127.2830  113.8900  -41.4597  

Note: Significance: * P<0.1, ** P<0.05, *** P<0.01 425 

4 Discussion 426 

In general, industrial agglomeration was able to curb regional carbon emissions and has improved 427 

the regional environment. As shown in Table 3 and Figure 6, the current industrial output 428 

agglomeration has significant and negative correlations with carbon emissions, which means it is able 429 

to lower carbon emissions. Industrial output agglomeration is the concentrated expression of 430 

result-oriented industrial agglomeration and may result from either industrial labor agglomeration, 431 

industrial capital agglomeration, industrial technology agglomeration, or the combination of the three. 432 

The original intention of China’s industrial agglomeration, which is guided mainly by market forces 433 

and site determination, is based largely on the principle of efficiency. A certain degree of industrial 434 
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agglomeration realizes the connection between enterprises and local comparative advantages, which 435 

can effectively stimulate agglomeration effects, promote economic development, and reduce 436 

environmental pollution (Han and Li 2019). 437 

In China, many industrial agglomerations are based on market-driven industrial configuration, 438 

which selects suitable industries and promotes industrial agglomeration using market rules and 439 

efficiency principles to form agglomeration advantages (Lin et al. 2019). At the same time, in the 440 

process of industry selection and layout, the locational advantages of particular regions can be reflected. 441 

These advantages include not only comparative advantages in the traditional sense but also spatial 442 

externalities determined by specific site conditions. Through market-oriented industrial agglomeration 443 

reflecting regional advantages, the problem of industrial structural convergence can be resolved, and 444 

the agglomeration effect can be fully utilized, which is a win-win for economic development and 445 

environmental protection(Lin et al. 2019).  446 

Industrial agglomeration reduces carbon emissions as a whole(Becker et al. 2020). Although in the 447 

short-term, achieving zero carbon emissions or reaching carbon neutrality may not be possible by 448 

reducing energy consumption or using renewable energy. However, with the shift towards low-carbon 449 

technologies and clean energy, industrial agglomeration can become an important force in promoting 450 

carbon neutrality(Sanjuán et al. 2020). 451 

452 
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460 
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461 

462 

Fig. 6. Schematic diagram of the impact of industrial agglomeration on carbon emissions 463 

Note: + and - represent the sign direction of the estimated coefficient, * represents the significance 464 

level. 465 

For different indicators, industrial agglomeration has varying effects on regional carbon emissions. 466 

Industrial labor and technology agglomerations significantly increased regional carbon emissions. In 467 

China, in order to achieve economic development and maximize fiscal incentives, many local 468 

governments actively encourage foreign companies to set up industries in clusters within their 469 

jurisdictions (Yang 2017). These agglomerations initiated by local governments promote rapid 470 

economic growth in the short term. However, most of these industrial clusters are unable to produce 471 

agglomeration effects because they did not fully adhere to prevailing market forces (Guo et al. 2020). 472 

Instead, these industrial agglomerations are accompanied by an accelerated rise in urban labor, 473 

resulting in the expansion of public infrastructure and intensified urban utilization, which consequently 474 

leads to environmental damage and higher pollution levels. Moreover, government-initiated industrial 475 

agglomerations are not always consistent with the local and regional comparative advantages (Chen et 476 

al. 2020). This, in turn, often leads to low technological innovation and poor technological 477 

agglomeration and instead yields negative environmental externalities. In the short term, industrial 478 

labor agglomeration and technology agglomeration are not conducive to zero carbon emissions and 479 

carbon neutrality.  480 

The effect of capital agglomeration on carbon emissions is not significant. In the agglomeration 481 

zone, capital agglomeration is conducive to the sharing of production materials and equipment, which 482 

can effectively reduce energy consumption(Zhao et al. 2020)(Zhao et al. 2020)(Zhao et al. 2020)(Zhao 483 

et al., 2020). On the other hand, capital agglomeration can help attract highly skilled talents and 484 

encourage competition. However, in China, although there is a certain level of resource sharing in 485 
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industrial agglomeration zones, the use of capital as a core element of enterprise development may not 486 

necessarily promote entrepreneurial cooperation (He et al. 2017). This means that capital 487 

agglomeration effect cannot be achieved in industrial clusters and that energy conservation cannot be 488 

effectively reduced. This also shows that industrial capital agglomeration cannot be the main path to 489 

lower enterprise energy consumption and achieve carbon neutrality.   490 

Industrial output and technology agglomerations have significant lag effects, while industrial labor 491 

and capital agglomerations do not. The industrial output agglomeration with one lag period 492 

significantly aggravated regional carbon emissions, while output with two lag period had a positive but 493 

not significant impact. This suggests that the lag effect of industrial output agglomeration increases 494 

regional environmental pollution. While industrial agglomeration promotes optimal resource allocation, 495 

it can also generate employment demand, leading to urban population growth (Li et al. 2017). The 496 

accelerated rise in urban population will lead to higher demands for public facilities and housing and 497 

more urban land expansion, consequently increasing regional carbon emissions (Lin et al. 2019). 498 

The lag effect of industrial technology agglomeration helps reduce carbon emissions. While 499 

industrial technology agglomeration increased regional carbon emissions in the immediate term, 500 

industrial technology agglomeration in both phase 1 and phase 2 lag periods resulted in significantly 501 

lower carbon emissions. This shift in the impact of industrial technology agglomeration can be 502 

explained by several reasons. First, industrial technology agglomeration is conducive to the imitation 503 

and innovation of knowledge and technology (Xu and Liu 2018). Especially in the agglomeration areas, 504 

new technologies are often quickly learned and imitated by other companies, which are further 505 

improved through innovation(Ding et al. 2020). The proliferation of technological innovation spread in 506 

the agglomeration area and ultimately increases enterprises’ overall technological innovation level 507 
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(Zhang et al. 2019). Over time, technological innovation promotes research and development of 508 

low-carbon technology, improves production efficiency, and supports energy conservation. Second, 509 

compared to the dispersed spatial pattern, agglomeration is more conducive to the dissemination and 510 

diffusion of new knowledge and technologies. Agglomeration improves production efficiency, resulting 511 

in energy conservation and emission reduction effects (Pei et al. 2020). Industrial technology 512 

agglomeration promotes the sharing of regional information, technology, talents, policies, and 513 

resources, which can enhance regional innovation capabilities and competitive advantages (Huang et al. 514 

2019). Industrial technology agglomerations would eventually innovate towards low-carbon technology, 515 

become more energy-efficient, and reduce their carbon emissions. Technological innovation is key to 516 

low-carbon technologies and the driving force for enterprises to achieve energy conservation and 517 

emission reduction(Finnerty et al. 2018). Although technological innovation cannot reduce carbon 518 

emissions in the short term, its hysteresis effect is significant. Industrial technology agglomeration can 519 

promote the transformation of enterprises towards low-carbon technologies in the long term, reduce 520 

energy consumption, and achieve carbon neutrality goals. 521 

Industrial labor and capital agglomerations do not exhibit statistically significant lag effects. The 522 

effects of industrial labor and capital agglomerations on carbon emissions were not significant for both 523 

lag periods. The sharing of labor in industrial agglomerations can improve labor productivity and 524 

resource use efficiency, thereby promoting energy conservation and pollution reduction (Finnerty et al. 525 

2018). Likewise, the sharing of labor is conducive to developing professional talents, enhancing 526 

enterprises' innovation capabilities, and reducing energy consumption under established output 527 

constraints. The empirical results run counter to the purpose of industrial labor agglomeration, mainly 528 

because China’s industrial agglomerations are still dominated by labor-intensive industries with 529 
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relatively large proportions of low-end industrial practitioners. This leads to low levels of labor sharing 530 

in industrial agglomerations and achieves minimal talent sharing advantages. Also, the accumulation of 531 

capital in the agglomeration zone is conducive to more unified procurement and recycling of materials 532 

and reducing energy usage, which can help conserve energy conservation and reduce carbon emissions 533 

(Li et al. 2019). In China, industrial agglomerations are dominated by low-end labor enterprises, 534 

making it difficult to realize industrial labor sharing and capital sharing and improbable to exert 535 

agglomeration effect.536 

We found significant regional differences in how industrial agglomeration affects carbon emission 537 

levels (see Figure 6). The industrial output agglomeration in the eastern and central regions has a 538 

significant carbon mitigation effect, while in the western region, agglomeration exacerbates regional 539 

carbon emissions. In recent years, with the rapid industrial advancement and structural reforms in 540 

eastern and central China, the economy and the environment have had a relatively good coordinated 541 

development(Yao et al. 2020). This development of industrial agglomerations yielded a win-win 542 

situation for both economic growth and environmental protection. However, since the western region is 543 

still in the initial stage of industrialization, its development model still capitalizes on industrial 544 

agglomeration primarily to achieve economic growth, even at the expense of the environment.545 

Fig.7. Industrial agglomeration affects regional differences in carbon emissions546 
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Industrial labor and technology agglomerations were shown to aggravate regional carbon 547 

emissions in all three regions. China’s industrial agglomerations are still heavily labor-intensive, and 548 

many are considered low-end labor agglomerations (Dong et al. 2020). The agglomeration of low-end 549 

labor forces makes it difficult to realize labor sharing and knowledge sharing in industrial parks, and 550 

thus cannot exert talent accumulation effect. On the other hand, the accumulation of low-end labor will 551 

increase the consumption of resources and energy in the industrial park and increase environmental 552 

pollution. The accumulation of industrial technology in the three regions has increased carbon 553 

emissions, which reflects the cost effect of industrial technology agglomeration. The main reason is 554 

that a long period is needed for industrial technology agglomeration to play the compensation 555 

innovation effect and exhibit substantial carbon control effects. 556 

Industrial capital agglomeration was to have no significant impact on regional carbon emissions in the 557 

eastern and central regions, while in the western regions, it significantly increased emissions. In recent 558 

years, the Chinese government has implemented the Western Development Program to vigorously 559 

promote the economic development of the western region. The plan uses government funding to 560 

construct industrial belts and industrial parks as the main method. Several industrial parks oriented by 561 

government policies have been constructed in the western region. The construction of many industrial 562 

parks would require extensive use of steel and cement and destroy vegetated areas, resulting in 563 

increased environmental pollution. Due to differences in industrial agglomeration characteristics, 564 

economic development levels, and regional advantages, the impact of industrial agglomeration on 565 

carbon emissions can significantly vary. These variations can lead to considerable differences in the 566 

speed and method of achieving carbon neutrality goals in various regions.  567 
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5 Conclusions  568 

This study expanded the output density theoretical model of Ciccone and Hall and constructed a 569 

theoretical model of the relationship between industrial agglomeration and carbon emissions. Using 570 

data from 30 provinces in China from 2002 to 2018, the theoretical model was verified using spatial 571 

measurement methods. The main findings are as follows: 572 

(1) Industrial labor and technological agglomerations increase regional carbon 573 

emissions, industrial output agglomeration reduces emissions, and industrial capital 574 

agglomeration has no significant effect on carbon emissions in the immediate term. This 575 

suggests that industrial labor and technological agglomerations have negative environmental 576 

externalities, while industrial output agglomeration has mitigation effects on regional carbon 577 

emissions. 578 

(2) In terms of lag effects, industrial output and technology agglomerations exhibit 579 

significant delays in their effect on carbon emission levels. Industrial output agglomeration 580 

significantly reduces carbon emissions in the immediate term but shifts towards increasing 581 

regional environmental pollution in the long term. In contrast, industrial technology 582 

agglomeration aggravates regional emissions in the immediate term, but over time, its effect 583 

becomes positive, reducing carbon emissions significantly. 584 

(3) There are significant regional differences in the impact of industrial output and 585 

capital agglomerations on regional carbon emissions, while industrial labor and 586 

technological agglomerations have no significant regional differences. Industrial output 587 

agglomeration in the eastern and central regions has a significant carbon control effect, while 588 

it exacerbates regional carbon emissions in the western region. Industrial capital 589 
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agglomeration in the eastern and central regions has no significant impact on carbon 590 

emissions, while it significantly increased regional carbon emissions in the western region. 591 

Based on the above research results, this study proposes the following policy recommendations: 592 

(1) The government should pay attention to the relationship between industrial 593 

agglomeration, economic development, and carbon neutrality in developing new industrial 594 

zones. Increased industrial agglomeration can facilitate more effective energy and resource 595 

consumption and encourage new technologies,which is an important way to achieve carbon 596 

neutrality. However, industrial labor and technological agglomerations aggravate regional 597 

carbon emissions, resulting in negative environmental effects. The government should 598 

consider industrial structural reforms and management policy modifications towards more 599 

coordinated economic development and carbon neutrality, particularly concerning industrial 600 

agglomerations.  601 

(2) In carbon emission governance, coordinated strategies and joint governance 602 

mechanisms should be established. This study shows that carbon emissions have a significant 603 

spatial spillover effect, which means that a particular region's carbon levels affect its 604 

neighboring areas. In China, there are clear delineations in management and governance 605 

between administrative regions, which may cause substantial gaps in environmental pollution 606 

control and management. Since carbon emissions have strong spatial characteristics, 607 

intra-regional coordination strategies and collaboration must be established to jointly plan the 608 

layout of industrial clusters and implement environmental governance.  609 

(3) For carbon emission control, the differences between regions should be considered, and 610 

different regions have different ways to achieve carbon neutrality goals. In China, the eastern 611 
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region is relatively developed and has significant industrial agglomeration characteristics. The 612 

central and western regions are comparatively less economically developed, and the 613 

agglomeration effect of their industrial sector is not as pronounced. Different regions have 614 

varying industrial structures and distinct differences in industrial agglomeration methods. 615 

Such regional differences result in industrial agglomerations having heterogeneous effects on 616 

carbon emissions. These regional and local differences have to be further explored and 617 

considered, particularly in developing policies and strategies on industrial agglomerations. 618 

(4) Companies should fully measure carbon emissions, and use industrial energy 619 

conservation and emission reduction as the main method to achieve zero carbon emissions 620 

and carbon neutrality. The transformation of the industry to low-carbon and the realization of 621 

industrial upgrading are the foundation of the decarbonization of the regional economy. 622 
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