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Abstract

:

We decompose factors affecting China’s energy-related air pollutant (NOx, PM2.5, and SO2) emission changes into different effects using structural decomposition analysis (SDA). We find that, from 2005 to 2012, investment increased NOx, PM2.5, and SO2 emissions by 14.04, 7.82 and 15.59 Mt respectively, and consumption increased these emissions by 11.09, 7.98, and 12.09 Mt respectively. Export and import slightly increased the emissions on the whole, but the rate of the increase has slowed down, possibly reflecting the shift in China’s foreign trade structure. Energy intensity largely reduced NOx, PM2.5, and SO2 emissions by 12.49, 14.33 and 23.06 Mt respectively, followed by emission efficiency that reduces these emissions by 4.57, 9.08, and 17.25 Mt respectively. Input-output efficiency slightly reduces the emissions. At sectoral and sub-sectoral levels, consumption is a great driving factor in agriculture and commerce, whereas investment is a great driving factor in transport, construction, and some industrial subsectors such as iron and steel, nonferrous metals, building materials, coking, and power and heating supply. Energy intensity increases emissions in transport, chemical products and manufacturing, but decreases emissions in all other sectors and subsectors. Some policies arising from our study results are discussed.
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1. Introduction


Air pollution not only has a negative impact on economic development, but also harms human health [1], so air pollution has attracted more and more attention worldwide. Recently, China’s air pollution has become increasingly serious, and heavy haze events occur frequently in more than 25% of the land area of China, which seriously affects the health, work and normal life of more than 600 million people [2]. Public voices for controlling haze and reducing air pollutants have been running high. According to a recent survey, there are more than one hundred days of heavy haze in China’s Yangtze River Delta, Pearl River Delta, and Beijing-Tianjin-Hebei region every year. Nowadays, most primary schools in the Beijing-Tianjin-Hebei region are often closed in order to avoid the harm of haze for children. Flight delay or cancellation, highway closure, and motor vehicle congestion often happen in these severe haze regions. In 2005, the economic costs of suspended particulates and ozone in China were estimated to be US$112 billion, which was about 5% of the country’s gross domestic product (GDP) [3]. A recent study stated that air pollution could impose annual economic costs in China equivalent to as much as 1.2% of GDP, based on cost-of-illness valuation and 3.8% of GDP based on willingness to pay [4]. Since the air pollutants can affect many aspects of a society, it is very urgent that China take countermeasures to reduce air pollutant emissions. Although some measures were taken to reduce air pollutants during the periods of the 2014 Asia-Pacific Economic Cooperation (APEC) meeting and 2016 military parade, such as private car restrictions and the closure of high emission factories in Beijing and surrounding cities, and the implementation of these measures achieved “APEC blue” and “parade blue” effects in a short term, the costs of these measures were huge, and the relative policy lacked continuity. Thus, a long-term treatment plan is needed. In this regard, China has released a series of legal documents, such as “Action Plan for Air Pollution Prevention and Control”, in which the government commits to reduce the PM10 (particulate matter with diameter not greater than than 10 um) and PM2.5 (particulate matter with diameter not greater than than 2.5 μm) concentrations for the Beijing–Tianjin–Hebei region, Yangtze River Delta, and Pearl River Delta [2,5]. Due to the close relationship between air pollutants and economic development, if improper handling happens, countermeasures to deal with air pollutants may have a negative impact on economic development especially in the short term. Thus, how to coordinate the conflicts between economic development and air pollutant reduction is an important issue. As we know, the haze mainly consists of primary PM (particulate matter) and secondary PM produced by complicated chemical reactions of gaseous precursors, such as SO2 (sulfur dioxide), NOx (nitrogen oxides) and so on. The main contributing factor of haze is fossil energy consumption, so it is necessary to investigate the factors that influence energy-related air pollutant emission changes. In addition, the contribution of this paper compared with structural decomposition analysis (SDA) studies such as Su and Ang [6] and Wang et al. [5], is that a non-competitive economy-energy-air pollutant emissions input-output table was constructed, and the SDA method was extended to investigate the impacts of the effects on air pollutant emission changes. Therefore, this paper mainly aims to resolve the key driving and inhibitory factors for primary air pollutant (NOx, PM2.5, and SO2) emissions in China during 2005–2012, and put forward policy for the control of these emissions, which is very significant in the aspects of theoretical basis and policy reference for air pollutant emission abatement.



The remainder of this paper is organized as follows. Section 2 reviews the current literature. Section 3 presents the methodology and describes the data. In Section 4, we present our empirical analysis. Section 5 discusses the main results, while Section 6 gives our conclusions and policy implications.




2. Literature Review


Recent studies have included the analyses of air pollutant emission trends and characteristics [7,8,9,10,11,12,13,14], embodied air pollutants [15,16,17,18,19,20,21], impacts of air pollutants on personal health [22,23,24,25,26,27,28,29,30,31,32,33,34,35], and so on. As for the factors influencing air pollutant emissions, some studies investigated the impacts of these factors through the econometric analysis [36,37,38,39,40,41,42,43,44]. These studies mainly explored the relationship between air pollutant emissions and economic development, economic structure, fossil fuel intensity, energy efficiency, residents’ willingness to pay, and so on. Other studies examined these factors through simulation analysis [45,46]. These studies mainly investigated the future air pollutant variations under different scenarios, such as the development of electric vehicles, the use of cleaning agent, an electric air freshener, an ethanol fireplace, and so on. In recent times, decomposition methods are widely used to conduct an empirical analysis of the factors that influence emissions, which can be currently divided into the index decomposition analysis (IDA) and SDA [47]. Many previous studies used the IDA methods to decompose carbon emissions [48,49,50,51,52,53,54]. Besides, the recent methodology in multiplicative SDA has been examined, including attribution analysis [55], different forms of studying carbon intensity changes [56], spatial-SDA framework [57], and aggregate embodied intensity framework [58]. For the analysis of air pollutant emissions using the IDA method, Lyu et al. used the same method to decompose the air pollutant emissions (SO2, NOx, and PM2.5) into emission efficiency, energy intensity, industrial structure and population effects, and examined the driving forces of these emissions [59].



Su and Ang made a comparative analysis and pointed out the differences between the SDA and IDA methods [58]. The IDA method generally uses time series data to decompose emissions into different effects, whereas the SDA method mainly uses input-output data to decompose the factors affecting emissions. Compared with the IDA method, the SDA method can capture the direct and indirect effects along the supply chain and distinguish the effects of the production process and final consumption, so this method can decompose emissions into rather more effects. In this regard, it is a better option for using the SDA method to determine and investigate the impact of different factors on emissions. Mukhopadhya was the first to use the SDA method to analyze the factors influencing air pollutant emissions, and categorize the sources of changes in SO2 and NOx emissions into four factors (the emission coefficients, structure of production, structure of demand, and volume of demand), finding that the dominant role is played by the structure of demand and the volume of demand [60]. In recent studies, Zhang et al. analyzed drivers of fossil fuel use and air pollutant emissions in Beijing during 1997–2010 from both bottom-up and top-down perspectives, based on the SDA method, and the results showed that the key energy-intensive industrial sectors directly caused the variations in Beijing’s air pollution, and population growth was the largest driver of energy consumption and air pollutant emissions [61]. Zhang et al. applied the SDA method to decompose the changes of industrial pollutant emissions into the effects of end-of-pipe abatement efficiency, pollutant generation intensity, production structure, final demand structure, final demand composition, and total final demand, and evaluated the feasibility of the reduction target in China’s 12th Five-Year Plan period [62]. Liu and Wang applied the SDA method to decompose the factors on the changes of industrial SO2 emissions and chemical oxygen demand into the pollution abatement, pollutant generation coefficient, production structure, final import coefficient, exports, and domestic final demands effects, and discussed how China achieved its 11th Five-Year Plan emissions reduction target [63].



The studies mentioned above mainly examined the factors influencing air pollutant emissions through econometric, simulation and decomposition analyses, but there are still some gaps in this research area. First, although some previous literature explored air pollutant emissions through decomposition analysis, these studies only conducted a holistic analysis of the impacts of various decomposition factors on air pollutant emissions, especially in a specific sector or region. Few studies examined these factors on the changes in air pollutant emissions from the perspective of different sectors and subsectors in a region. Because different sectors or subsectors play distinct roles in the changes of various air pollutant emissions, it is necessary to conduct a comparative analysis of the impacts of decomposition effects in different sectors and subsectors on the changes of different air pollutant emissions. Second, in the current analyses of factors related to air pollutant emissions using the SDA method, relatively few factors were identified; some important effects, such as consumption, investment, and input-output efficiency effects, were not examined for influences on air pollutants. In addition, the input-output data used in previous studies is from before 2010, which is relatively old and cannot reflect the recent input and output situation. Thus, this study constructed a non-competitive economy-energy-air pollutant emissions input-output table, and extended the SDA method to decompose the factors influencing air pollutant emissions into emission efficiency, energy intensity, consumption, investment, export, import, and input-output efficiency effects, and investigated the impacts of these effects on the air pollutant emission changes. Compared with the previous studies, we conducted a more in-depth and comprehensive analysis to examine the key factors affecting the air pollutant changes in China in order to provide a better reference for pollutant emission abatement policies.




3. Methodology and Data Description


3.1. Methodology


Based on the input-output tables, we constructed a non-competitive economy-energy-air pollutant emissions input-output table, which is expressed as Table 1, where the variables are defined in Table 2.



The change in air pollutant emissions between the base period and target period can be written as Equation (1).




   Δ Q =  Q 1  −  Q 0  =   e ^  1  ⋅   E ^  1  ⋅  X 1  −   e ^  0  ⋅   E ^  0  ⋅  X 0    



(1)





The subscripts 0 and 1 denote the base period 0 and target period 1, respectively. We use the pole decomposition method proposed by Nehorai and Morf [64], which looks like trapezoidal integration and can be used to effectively decompose the changes of pollutant emissions. The change in air pollutant emissions can be decomposed between the base period and target period and expressed as Equation (2).




   Δ Q = Δ  e ^   (    E ^  0  ⋅  X 0  +   E ^  1  ⋅  X 1   )  / 2 +  (    e ^  1  ⋅ Δ  E ^  ⋅  X 0  +   e ^  0  ⋅ Δ  E ^  ⋅  X 1   )  / 2 +  (    e ^  0  ⋅   E ^  0  +   e ^  1  ⋅   E ^  1   )  Δ X / 2   



(2)





As can be seen from Table 1, final demand (Y) contains C, K, and EXP. Thus, the change in final demand (Y) can be decomposed between consumption, investment, and export effects. The changes in direct consumption coefficients and final demand have effects on the change in total output. The ratio of domestic supply to total supply is denoted by ui in various sectors and expressed as Equation (3).





      u i  =  (   x i  −   exp  i   )  /  (   x i  −   exp  i  + i m  p i   )      = 1 −  [  i m  p i  /  (   x i  −   exp  i  + i m  p i   )   ]  = 1 −  u  m i       



(3)




where     u  m i   = i m  p i  /  (   x i  −   exp  i  + i m  p i   )    . xi, expi, and impi represent the corresponding elements in the vectors of X, EXP, and IMP, respectively. The value of total domestic production is equal to the value of domestic intermediate products, domestic production for final domestic demand, and export, thus,


   X =  U ^  ⋅ A ⋅ X +  U ^  ⋅  (  C + K  )  + E X P   



(4)




where    U ^    represents the diagonal matrix of the ratio of domestic supply. The change in total output (ΔX) can be decomposed as follows:


     Δ X    =     1 2   (   R 0  ⋅   U ^  0  +  R 1  ⋅   U ^  1   )  Δ C  ︸   consumption   change   +     1 2   (   R 0  ⋅   U ^  0  +  R 1  ⋅   U ^  1   )  Δ K  ︸   capital   accumulation   change   +     1 2   (   R 0  +  R 1   )  Δ E X P  ︸   export   change         +     1 2   [   R 0  ⋅ Δ  U ^   (   A 1  ⋅  X 1  +  C 1  +  K 1   )  +  R 1  ⋅ Δ  U ^   (   A 0  ⋅  X 0  +  C 0  +  K 0   )   ]   ︸   ratio   of   domestc   supply   change        +     1 2   (   R 0  ⋅   U ^  0  ⋅ Δ A ⋅  X 1  +  R 1  ⋅   U ^  1  ⋅ Δ A ⋅  X 0   )   ︸   nput − output   efficiency   change       



(5)




where     R 0  =    (  I −   U ^  0  ⋅  A 0   )    − 1     ,     R 1  =    (  I −   U ^  1  ⋅  A 1   )    − 1     . Based on Equation (3), the changes in the ratio of domestic supply can be expressed as follows:


   Δ  u i  = − ( Δ  u  m i   )   



(6)







Using Equations (5) and (6), Equation (2) can be rewritten as follows:


     Δ Q   =    Δ  e ^   (    E ^  0  ⋅  X 0  +   E ^  1  ⋅  X 1   )  / 2  ︸   emission   efficiency   effect      +  (    e ^  1  ⋅ Δ  E ^  ⋅  X 0  +   e ^  0  ⋅ Δ  E ^  ⋅  X 1   )  / 2  ︸   energy   intensity   effect           + k  (   R 0  ⋅   U ^  0  +  R 1  ⋅   U ^  1   )  Δ C / 2  ︸   consumption   effect      + k  (   R 0  ⋅   U ^  0  +  R 1  ⋅   U ^  1   )  Δ K / 2  ︸   investment   effect           + k  (   R 0  +  R 1   )  Δ E X P / 2  ︸   export   effect           − k  [   R 0  ⋅ Δ   U ^  m  ⋅  (   A 1  ⋅  X 1  +  C 1  +  K 1   )  +  R 1  ⋅ Δ   U ^  m  ⋅  (   A 0  ⋅  X 0  +  C 0  +  K 0   )   ]  / 2  ︸   import   effect           + k  (   R 0  ⋅   U ^  0  ⋅ Δ A ⋅  X 1  +  R 1  ⋅   U ^  1  ⋅ Δ A ⋅  X 0   )  / 2  ︸   input − output   efficiency   effect       



(7)




where    k =  (    e ^  1  ⋅   E ^  1  +   e ^  0  ⋅   E ^  0   )  / 2   .      U ^  m     represents the diagonal matrices of import. The terms on the right-hand side of Equation (7) represent the impact on air pollutant emission changes of the following factors: (1) air pollutant emissions per unit of fossil energy consumption; (2) energy consumption per unit of output; (3) consumption; (4) investment; (5) export; (6) ratio of import to total domestic supply; and (7) direct input-output coefficients. Thus, Equation (7) can be used to determinate the factors that influence changes in primary air pollutant emissions during different time periods.




3.2. Data Description


The input-output data came from the 2005, 2007, 2010, and 2012 input-output tables, which were obtained from the corresponding periods in China Statistical Yearbook. The data for fossil energy consumption came from the corresponding periods in China Energy Statistical Yearbook. Su et al. (2010) highlighted the importance of sector aggregation on the environmental input-output analysis [65]. Because these air pollutant emissions were estimated based on 6 major sectors (agriculture, industry, commerce, transport, construction, and other sectors) and 8 industrial subsectors (iron and steel, nonferrous metals, building materials, coking, refining and petrochemical industry, chemical products and manufacturing, power and heating supply, and other industrial subsectors), the whole Chinese economy was divided into 6 major sectors and 8 industrial subsectors to match the data for air pollutant emissions and input-output classifications. The data for currency variables were converted into standard prices using a price index (2005 = 100) because the study period is from 2005 to 2012. The relevant price indices of different sectors and subsectors were from the corresponding periods in China Statistical Yearbook. The emissions of major air pollutants (NOx, PM2.5, SO2) in China from 2005 to 2012 were estimated by Tsinghua University using an “emission factor method” [66,67,68,69,70]. The emissions from each sector/subsector were calculated from the activity data (energy consumption, industrial product yields, solvent use, etc.), technology-based uncontrolled emission factors, and penetrations of control technologies.





4. Empirical Results


4.1. Holistic Analysis


The air pollutant emissions are different from carbon emissions. Because these air pollutant emissions from each sector/subsector were calculated from the activity data, technology-based uncontrolled emission factors, and penetrations of control technologies, the emission factors were different during different periods. The proportion of different fossil energy types in China changed very slightly during our study periods, and the emission factors played the most important role in this effect, so it was called “emission efficiency”, which means the air pollutant emissions per unit of fossil energy consumption. Even though the energy types were not distinguished, it can still reflect the emission efficiency in the process of energy consumption. Figure 1, Figure 2 and Figure 3 show that there were similar impacts of various effects on the changes in NOx, PM2.5, and SO2 emissions during the periods 2005–2007, 2007–2010, 2010–2012, and 2005–2012. On the whole, the emission efficiency and energy intensity effects were negative, and had great inhibitory impacts on emissions increments. The energy intensity effect greatly decreased NOx (−12.49 million tons, Mt), PM2.5 (−14.33 Mt), and SO2 (−23.06 Mt) emissions during 2005–2012. The factors related to economic growth, such as investment, consumption, and export promoted NOx, PM2.5, and SO2 emissions, especially the investment and consumption were the key promoting effects on these emissions.



From the perspective of the trends of different effects during the periods 2005–2007, 2007–2010, and 2010–2012, on the whole, the emission efficiency effect on inhibiting NOx emissions increased (Figure 1), but its effect on inhibiting SO2 emissions decreased (Figure 3). The emission efficiency effect on inhibiting PM2.5 emissions increased and then decreased (Figure 2). The energy intensity effect had an increasing inhibitory impact on these air pollutant emission increments from 2005–2007 to 2007–2010, whereas it had a decreasing inhibitory impact from 2007–2010 to 2010–2012. The consumption and investment effects were driving factors on the air pollution emission increments. During the periods 2005–2007 and 2010–2012, the consumption and investment effects had a certain upward trend for promoting NOx emissions (Figure 1), whereas they had a downward trend for promoting PM2.5 and SO2 emissions (Figure 2 and Figure 3). Export and import effects showed downward trends for promoting these air pollutant emissions, which indicates that China’s trade structure was in an unreasonable state from the perspective of energy conservation and emission reduction, but it had been slightly improved from the trends of export and import effects. In general, the input-output efficiency effect remained fluctuating from positive to negative, and it had an inhibitory effect on these air pollutant emissions, especially after 2010. As shown in Figure 1 and Figure 3, the input-output efficiency effect decreased NOx and SO2 emissions during the period 2005–2012, whereas it increased PM2.5 emissions during this period (Figure 2). The input-output efficiency effect promoted these air pollutant emissions during the period 2007–2010, whereas this effect reduced these air pollutant emissions during the period 2010–2012, reflecting the improvement of input-output efficiency in most recent period. On the whole, during the long period 2005–2012, China’s input-output efficiency had been improved, but the degree was not significant.




4.2. Sectoral Analysis


Figure A1 (see Appendix) shows the impact of various factors on the changes in the air pollutant emissions in agriculture, industry, commerce, transport, construction, and other sectors. During 2005–2012, the impact of all factors in transport, industry, construction, and commerce increased NOx emissions by 6.398, 5.734, 0.107, and 0.038 Mt, respectively, and decreased NOx emissions in agriculture and the other sectors by 0.131, and 0.014 Mt, respectively. This indicates that transport and industry played an important promoting role in NOx emissions. The total effects in industry greatly decreased PM2.5 emissions by 0.911 Mt. However, the total effects increased PM2.5 emissions in transport by 0.358 Mt, so transport was still the main sector promoting PM2.5 emissions compared with other sectors. The total effects on SO2 emissions in industry had an inhibitory impact, which reduced the emissions by 4.245 Mt. These effects in transport and commerce greatly promoted SO2 emissions by 0.873 and 0.516 Mt, respectively. The total effects in transport significantly increased NOx, PM2.5, and SO2 emissions. The main reason for this is that the energy intensity of transport did not decline, and even went up in recent periods. Except in transport, the energy intensity effect in all sectors was negative, which means that energy efficiency in transport declined, whereas it rose in other sectors. The emission efficiency and energy efficiency effects were the key inhibitory factors on air pollutant emissions, especially for the industry. The consumption, investment, export and import effects were positive on the whole, which suggests that these factors related to economic growth such as consumption, investment, and export promoted air pollutants. The degree of the impacts of these effects in different sectors differed greatly during the period 2005–2012. Our empirical results suggest that the energy intensity effect in transport decreased air pollutant emissions only during the period 2007–2010, but greatly increased these emissions during the periods 2005–2007, and 2010–2012 (Figure A2). The main reasons are as follows. During period 2005–2007, the economic growth reached its maximum, resulting in the rapid development of the transport [71]. Energy efficiency decreased in the transport sector during this period, because of the lack of cohesion and coordination among the different modes of transport, such as the railways, aviation, highways, and waterways, and a modal shift from less energy consuming modes, such as the railways, to more energy consumption intensive modes, such as the highways and civil aviation [72]. During the period 2007–2010, China formulated a series of policies to promote emissions reduction, and stimulated the improvement of energy efficiency, and China’s express railways developed rapidly, which improved the conveying efficiency and the energy efficiency in the transport during this period [73]. During the period 2010–2012, the low price of the fossil energy led to an increase in the rebound effect on energy consumption, resulting in an increase in the energy intensity of transport [74].




4.3. Sub-Sectoral Analysis in Industry


As shown in Figure A3, power and heating supply had the largest promoting impact on NOx emissions, whereas the coking had the greatest inhibitory impact on these emissions. Except the subsectors of iron and steel, and building materials, all industrial subsectors, especially the coking, refining and petrochemical industry, nonferrous metals, power and heating supply, reduced PM2.5 emissions. Power and heating supply played the greatest role in SO2 emissions reduction, whereas iron and steel was the main subsector increasing SO2 emissions. On the whole, power and heating supply had the greatest impact on the changes of these air pollutants emissions. From the perspective of the impacts of various effects on air pollutant emissions increments in different industrial subsectors, on the whole, the consumption, and investment effects were the main factors that increased air pollutant emissions during the period 2005–2012. For these industrial subsectors, the investment effect was a key driving factor on the air pollutants emissions in the iron and steel, nonferrous metals, building materials, coking, chemical products and manufacturing, power and heating supply, and other industrial subsectors; the consumption effect was a key driving factor in chemical products and manufacturing, and the refining and petrochemical industry. Except in chemical products and manufacturing, the energy intensity effect in all industrial subsectors was negative. During the period 2005–2012, the emission efficiency effect in all industrial subsectors obviously reduced PM2.5 and SO2 emissions. Although the emission efficiency effect increased NOx emissions in most industrial subsectors, this effect greatly reduced NOx emissions in the power and heating supply (2.304 Mt). Thus, for the industry sector, the emission efficiency effect reduced NOx emissions on the whole. The input-output efficiency effect on the emissions in these industrial subsectors differed greatly.





5. Discussion


The empirical analysis results reveal the following interesting phenomena:



(1) On the whole, the energy intensity effect was a key curbing factor on the air pollutant emissions increments, followed by the emission efficiency effect.



China’s energy intensity showed a declining trend in long term, in particular, the energy intensity in the industry declined greatly. Due to the highest proportional output and energy consumption for the industry, a decrease in the energy consumption per unit of output in the industry would lead to substantial air pollutants emissions reduction, which is supported by [62]. It is worth mentioning that, during 2007–2012, the energy intensity effect on the inhibition of air pollutants showed a downward trend. This indicates that China’s industrial energy efficiency improvement had slowed down. The emission efficiency effect obviously reduced air pollutant emissions, which indicates that the air pollutant emissions per unit of energy consumption generally decreased. This result is consistent with [69]. This reflects that China had made a significant improvement in the air pollutants’ end-of-pipe treatment in these periods. Our empirical results reveal that the emission efficiency effect on the inhibition of different air pollutants differed greatly. For example, the emission efficiency effect showed an uptrend for decreasing NOx emissions, whereas it presented a downward trend for decreasing SO2 emissions. This emission efficiency effect on decreasing PM2.5 emissions changed from a rise to a decline. This may be related to China’s emission reduction policies and reduction potentials. For example, during the 11th Five-Year Plan period (2006–2010), no clear NOx emissions reduction target was put forward, so the denitration rate was relatively low, and there was much room for NOx emissions reduction. During the 12th Five-Year Plan (2011–2015) period, China proposed the target of reducing NOx emissions by 10%, so the denitration rate was greatly improved due to this reduction target, and NOx emissions decreased in this period. Thus, the emission efficiency effect on reducing NOx emissions went up during 2005–2012. As for SO2 emissions, during the 11th Five-Year Plan period, China put forward the target of reducing SO2 emissions by 10%, and SO2 emissions decreased by 14.3% during this period according to China’s statistics [75]; during the 12th Five-Year period, China put forward another target of reducing SO2 emissions by 8%. Due to the magnitude reduction in the 11th Five-Year period, China’s enterprises had a narrow space in the end-of-pipe treatment of reducing SO2 emissions. Thus, the emission efficiency effect on reducing SO2 emissions declined. China has made great efforts in PM2.5 emissions reduction without quantitative targets during the period 2005–2012. China’s statistics showed that total suspended particles (TSP) emissions reduction reached more than 30% during the 11th Five-Year Plan period [13], so China made a great achievement in PM2.5 emissions reduction during this period. Through the end-of-pipe reduction, dust can be reduced by 96% using electrostatic precipitation, and nowadays the use of more advanced equipment can reduce dust up to 99%, so the PM2.5 emissions reduction potential decreased [66].



(2) The investment and consumption effects were the main driving forces for China’s air pollutant emissions increments. The export and import increased these emissions on the whole, but China’s trade structure had been slightly improved from the perspective of the trends of export and import effects.



Investment, consumption and export, regarded as the “three carriages” for economic growth, would promote air pollutants emissions, if other factors remained unchanged [76]. Our empirical results reveal that the investment and consumption effects were dominant promoting factors for air pollutants emissions. Furthermore, the investment and consumption structures have great impacts on pollutants emissions as well. For example, the investment in infrastructure and urbanization development, and consumption of automobiles, and energy-intensive products would greatly promote air pollutant emissions. According to the China Statistical Yearbook (2013), the number of motor vehicles in China increased from 18.48 million in 2005 to 88.39 million in 2012; Xie et al. found that, with the continuous infrastructure construction, such as highway, railway and aviation, the energy consumption and pollutant emissions have increased by leaps and bounds [77]. The export and import effects promoted air pollutant emissions on the whole, so from the perspective of energy conservation and emission reduction, China’s foreign trade development was not in a good state. The main reason is that China’s foreign trade scale increased year by year, which increased air pollutants emissions. However, the export and import effects on increasing pollutants emissions declined, and even curbed air pollutant emissions. The main reason for this result is that, China’s foreign trade structure had been improved to some extent [71]. Our empirical results show that, from different sectors, the export effect on driving air pollutant emissions declined in the agriculture, industry, and other sectors, while this effect went up in the commerce. The import effect on promoting these emissions went up to a small degree in the construction, whereas this effect obviously declined in the other five sectors. Export and import effects on promoting air pollutant emissions showed a downward trend in most industrial subsectors, and even inhibited the emissions, which indicates that the foreign trade in most industrial sectors had an improving trend.



(3) The impact of various factors on air pollutant emission changes differed greatly across sectors and industrial subsectors.



Due to the great differences between sectors and industrial subsectors in economic status, production technology, emissions reduction technology and so on, the various effects in these sectors and subsectors had different impacts on the air pollutants emission changes. The empirical results indicates that the consumption effect greatly increased air pollutant emissions in agriculture, commerce, and other sectors, whereas the investment effect greatly increased these emissions in industry, transport, and construction. This is because the large investment in industry, transport, and construction in the long term, such as the Western Development strategy and China’s 4 trillion RMB yuan investment in 2008, which was most relevant to industry, transport, and construction [47]. Agriculture, commerce and other sectors are directly related to people’s daily life, which leads to high consumption in these sectors, so the consumption effect in these sectors obviously increased air pollutant emissions. Overall, the investment effect was the greatest driving factor on the air pollutant emissions in the industrial subsectors of iron and steel, nonferrous metals, building materials, coking, and power and heating supply, because of the relatively large investment and even overcapacity in these subsectors. The consumption effect greatly increased pollutant emissions in chemical products and manufacturing, and refining and petrochemical industry. The main reason is that, with the improvement of people’s living standards, an increase in private cars, energy-intensive goods consumption, and so on, would lead to the expansion of production in these sectors, thereby promoting pollutants emissions. This result is also supported by [16].




6. Conclusions and Policy Implications


On the whole, energy intensity had a great inhibitory effect on the air pollutant emissions, followed by emission efficiency. The input-output efficiency effect had only a slight inhibitory impact on these emissions, which indicates that its reduction potential has not been realized. The factors related to economic growth greatly increased air pollutant emissions, among which, the investment and consumption effects were the key driving factors on the emissions. Overall, the export and import effects increased the emissions, but the effects on increasing the emissions showed a downward trend, and even reduced the emissions in the period 2010–2012. The various effects on the changes of air pollutant emissions differed greatly in different sectors and industrial subsectors.



Our empirical analysis points to the following policy implications for control of air pollutant emissions: (1) NOx control should be strengthened, and the energy efficiency and input-output efficiency should be further improved, especially for energy intensive industry. Our analysis results reveal that the emission efficiency reduced air pollutant emissions, which indicates the end-of-pipe reduction had been improved to some degree. In this regard, China should further promote the end-of-pipe reduction capacity to reduce the air pollutants by improving emissions reduction equipment and technology. Our analysis results reveal that all the effects did not effectively reduce NOx emissions, so NOx control should be strengthened in future. The energy intensity effect had a great inhibitory impact on these emissions. Thus, China should make full use of this advantage to reduce energy consumption per unit of output, by improving the production process and energy saving technology. The input-output efficiency can be improved through the following two aspects. First, the production technology should be enhanced to reduce the input per unit of output. Second, the input structure should be optimized by decreasing the energy-intensive and pollution-intensive intermediate inputs, and increasing clean intermediate inputs. (2) The factors related to economic growth greatly increased air pollutants emissions, so more attention should be focused on sustainable development. The policies such as “structure adjustment and growth promotion”, put forward by China’s central government, should be implemented effectively to transform the mode of economic development. Our analysis results reveal that the investment and consumption effects were the key driving factors on emissions, therefore the concept of green consumption should be cultivated to guide consumers to focus on energy saving and emissions reduction, and forming sustainable consumption habits. Meanwhile, it is necessary to optimize the investment scale and structure to improve the investment quality and efficiency, and avoid excessive, blind and repetitive investment. Overall, the export and import effects promoted air pollutant emissions, so high added-value exports and high energy-intensive imports should be encouraged to optimize the foreign trade structure. (3) More attention should be paid to the sustainable development of China’s industry and transport. Therefore, it is necessary to eliminate the sources of excessive pollutants for industry. For transport, enhancing its energy efficiency should be considered first. The end-of-pipe treatment is also an effective way to promote emissions reduction, such as the introduction and implementation of relevant environmental standards, elimination of vehicles without meeting environmental standards, and improvement of fuel quality and auto emissions standards. (4) The consumption effect greatly increased air pollutants emissions in agriculture and commerce, so it is necessary to adjust the consumption scale and structure in these sectors through encouraging green consumption, and developing consumers’ energy saving awareness and behavior. The investment effect greatly promoted air pollutants emissions in industry and transport. Therefore, China should adjust the investment structure of these sectors, to avoid blind and excessive investment, especially in industrial subsectors. Energy efficiency has not been effectively improved in transport and chemical products and manufacturing, so it is urgent to improve the energy efficiency in these sectors.







Acknowledgments


This study was financially supported by the Fundamental Research Funds for the Central Universities (grant no. 2015XKMS090).




Author Contributions


Shichun Xu and Qinbin Li conceived and designed the experiments; Wenwen Zhang performed the experiments; Bin Zhao and Shuxiao Wang analyzed the data; Ruyin Long contributed reagents/materials/analysis tools; Shichun Xu and Wenwen Zhang wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A




[image: Sustainability 09 01742 g004 550] 





Figure A1. Structural decomposition of air pollutant emission changes in China’s different sectors during 2005–2012. 
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Figure A2. Structural decomposition of air pollutant emission changes in China’s transport sector during different periods. 
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Figure A3. Structural decomposition of air pollutant emission changes in China’s different industrial subsectors during 2005–2012. 
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Figure 1. The structural decomposition results of NOx emission changes in China from 2005 to 2012. 
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Figure 2. The structural decomposition results of PM2.5 emission changes in China from 2005 to 2012. 
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Figure 3. The structural decomposition results of SO2 emission changes in China from 2005 to 2012. 
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Table 1. Non-competitive economy-energy-air pollutant emissions input-output table.
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Intermediate Use

	
Final Demand (Y)

	
Total Output




	
Consumption

	
Capital Accumulation

	
Export






	
Domestic intermediate input

	
Û A X

	
Û C

	
Û K

	
EXP

	
X




	
Imports

	
IMP

	

	

	

	




	
Added value

	
V

	

	

	

	




	
Total input

	
XT

	

	

	

	




	
Energy intensity

	
E

	

	

	

	




	
Air pollutant emissions

	
QT = ê·Ê·X
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Table 2. Definition of the variables in Table 1.
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	Variable
	Definition





	A
	Direct input-output coefficient matrix



	Û
	Diagonal matrix of the ratio of domestic supply



	imp
	Import intermediate input



	X
	Total output vector



	C
	Consumption vector



	K
	Capital accumulation vector



	EXP
	Export vector



	IMP
	Import vector



	V
	Added value vector



	XT
	Total input vector (Transport matrix of X)



	E
	Row vector of energy intensity



	Ê
	Diagonal matrix of energy intensity (Diagonal matrix of E)



	ê
	Diagonal matrix of emissions efficiency



	QT
	Air pollutant emissions matrix (Transpose matrix of Q)



	A · X
	Column vector of intermediate use



	Y
	final demand, which includes the vectors of C, K, and EX
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