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Abstract

:

China is the world’s largest emitter of CO2. As the largest sector of China’s fossil energy consumption and carbon emissions, manufacturing plays an important role in achieving emission reduction targets in China. Using the extended logarithmic mean division index (LMDI) decomposition model, this paper decomposed the factors that affect the CO2 emissions of China’s manufacturing industry into eight effects. The results show the following: (1) China’s manufacturing CO2 emissions increased from 1.91 billion tons in 1995 to 6.25 billion tons in 2015, with an average annual growth rate of 6%. Ferrous metal smelting and rolling were the largest sources of carbon dioxide emissions, followed by chemical raw materials and products and then non-metallic minerals. (2) During the research period, the industrial activity effects were the most important factor leading to increased CO2 emissions in manufacturing and energy intensity was the most important factor in promoting the reduction of CO2 emissions from manufacturing. The investment intensity was the second most influential factor leading to the increase in China’s manufacturing CO2 emissions after the industrial scale and this even exceeded the industrial activity effect in some time periods (2000–2005). R&D efficiency and R&D intensity were shown to have significant roles in reducing CO2 emissions in China’s manufacturing industry. The input of R&D innovation factors is an effective way to achieve emission reductions in China’s manufacturing industry. (3) There were differences in the driving factors of CO2 emissions in the manufacturing industry in different periods that were closely related to the international and domestic economic development environment and the relevant policies of the Chinese government regarding energy conservation and emission reduction. (4) Sub-sector research found that the factors that affect the reduction of CO2 emissions in various industries appear to be differentiated. This paper has important policy significance to allow the Chinese government to implement effective energy-saving and emission reduction measures and to reduce CO2 emissions from the manufacturing industry.
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1. Introduction


Global warming has become one of the biggest environmental issues currently facing mankind. Among the six greenhouse gases, carbon dioxide (CO2) contributes the most to the greenhouse effect and accounted for approximately 78% of total greenhouse gas emissions from fossil fuel combustion and industrialization from 1970 to 2010 [1]. It has become a common aspiration of all countries to reduce greenhouse gas emissions, such as CO2 and realize a low-carbon circular economy. Since the reform and opening-up of the Chinese economy, rapid growth has occurred. In 2010, China’s total GDP exceeded Japan’s for the first time and China became the world’s second largest economy after the United States. China consumed much fossil energy and generated a great deal of greenhouse gases, such as CO2, during the process of China’s rapid urbanization and industrialization. China’s total CO2 emissions surpassed that of the United States in 2007 and China became the world’s largest carbon dioxide emitter [2]. As a responsible large country, the Chinese government announced the approval of the Kyoto Protocol in 2002. At the Copenhagen Conference in 2009, the Chinese government, adhering to the basic framework of the United Nations Framework Convention on Climate Change (UNFCCC) and the Kyoto Protocol, proposed a target of reducing carbon dioxide emissions from GDP by 40–45% by 2020 compared with 2005 and included it in the long-term plan for national economic and social development as a binding target. In 2016, the Chinese NPC Standing Committee authorized China to join the "Paris Agreement on Climate Change"; the Chinese government has promised that its carbon emissions will peak by 2030 and that the unit Gross Domestic Product (GDP) amount of carbon dioxide emissions will be reduced by 60–65% compared with 2005. Therefore, the Chinese government also formulated a series of energy conservation and emission reduction policies to undertake emission reduction as a responsibility and duty [3,4,5,6].



The manufacturing industry is the engine of China’s industrialization and the main body of the national economy; its output value was 87.90% of China’s national economy in 2015. The manufacturing industry also has high energy consumption and CO2 emissions. From 1995 to 2015, the CO2 emissions of China’s manufacturing industry increased by approximately 220.77% and accounted for 58.27% of the total CO2 emissions of China. In 2015, the State Council issued “Made in China 2025,” which put forward the grand goal of stepping into the ranks of manufacturing powers by 2025 and reaching the middle level of world manufacturing power by 2035. The rapid development of manufacturing industries will inevitably lead to the increase of carbon dioxide emissions. Therefore, it is of great theoretical and practical significance to explore the factors that influence CO2 emissions in China’s manufacturing industry and the driving factors of CO2 emissions in different sectors of the manufacturing industry to reduce CO2 emissions, develop a low-carbon economy and the realize green sustainable development of manufacturing as soon as possible.




2. Literature Review


This paper studies the influencing factors of carbon dioxide emissions in China’s manufacturing industry and explores the specific driving effects of factors that affect carbon emissions by using the extended LMDI decomposition model. The literature review thus includes two aspects: a literature review of the factors that affect energy consumption and carbon emissions and a literature review related to the factors that affect carbon emissions during manufacturing.



2.1. Energy Consumption and Factors that Affect Carbon Emissions


The structural decomposition analysis (SDA) and index decomposition analysis (IDA) are two main analysis methods that determine the factors related to energy consumption and carbon dioxide emissions. SDA is based on the input-output model. Rose and Casler [7] reviewed SDA’s theoretical basis and main features. By decomposing the changes in carbon dioxide emissions in China, Su and Ang [8] analyzed and compared the four SDA methods and provided guidance for the selection of methods. The Laspeyres exponential decomposition method and the logarithmic mean division index (LMDI) decomposition method are the two most commonly used IDA methods. The traditional Laspeyres method has the problem that high residuals cannot be explained in the decomposition of the carbon emissions history, especially in long-term multivariate analyses. Albrecht et al. [9] used the Shapley decomposition technique to study carbon dioxide emissions in four Organization for Economic Co-operation and Development (OECD) countries, which made it possible to decompose without surplus. Ang et al. [10] considered the logarithmic mean splitting index method as the preferred method by comparing various exponential decomposition methods. On the basis of previous research, Ang [11] provided practical guidance for the LMDI decomposition method. However, LMDI decomposition still has the problem of how to deal with negative values in the data set. Ang [12] provided a strategy and criteria to deal with negative values that eliminates the deficiency of the only LMDI decomposition method in practical applications. The improved LMDI method has been widely used in existing decomposition systems because of its practicability and accuracy.



In recent years, domestic and foreign scholars have used the LMDI decomposition model in many empirical studies of the influencing factors of energy consumption and carbon emissions. Sheinbaum et al. [13] conducted an LMDI decomposition analysis of energy use and carbon dioxide emission changes in the Mexican steel industry from 1970 to 2006 and found that industrial activities contributed to a significant increase in primary energy consumption; energy structure and energy efficiency played important roles in reducing energy consumption and carbon dioxide emissions. Olanrewaju [14], Román et al. [15] and Zhang et al. [16] used the LMDI decomposition method to decompose related energy and CO2 emissions in South Africa, Colombia and China and found that economic activities were the main reason for the growth of CO2 emissions. Ma et al. [17] put forward an LMDI decomposition method based on the Sankey diagram of energy and carbon dioxide distribution and analyzed the influencing factors of China’s energy CO2 emissions. It was found that the growth of per capita GDP was the main factor that promoted the growth of CO2 emissions. The reduction in energy intensity and the improvement of energy supply efficiency slowed the growth of CO2 emissions. Xu et al. [18] obtained the same conclusion by analyzing the decomposition of the factors that affect energy consumption at different stages and industries in China. Some scholars also used the LMDI decomposition method to decompose energy-related carbon emissions in different regions of China, most through dividing the influencing factors into economic activities, energy intensity, energy efficiency, industrial structure and so on [19,20,21,22]. It was found that current economic activities and energy intensity are the main driving factors of energy-related carbon emissions. Economic activities play a decisive role in increasing energy-related carbon emissions, whereas energy intensity is the main factor that restrains them.



Industry is China’s largest carbon emissions sector and scholars have done much work on the decomposition of industrial energy-related carbon emissions. Chen et al. [23] analyzed the carbon dioxide emissions of energy-related industries in China from 1985 to 2007 by using the LMDI method and found that the per capita GDP is the largest positive driving factor for the growth of industrial CO2 emissions and that energy intensity could significantly reduce the CO2 emissions of energy-related industries in China. Liu et al. [24] also found that industrial activities and energy intensity have been the main reasons for changes in carbon emissions in China’s industrial sector, whereas the effects of thermoelectric emission factors, fuel transfer and energy structure transfer have played only secondary roles. Xie et al. [25] decomposed the influencing factors of carbon dioxide emissions from China’s oil refining and coking industries into five factors: emission coefficient, energy structure, energy intensity, industrial activity and industrial scale. The study found that industrial activity was the main driving force for CO2 emissions growth, followed by industrial scale and energy intensity. Lin et al. [26] decomposed and analyzed the changes of energy-related CO2 in China’s textile industry and found that industrial activities and energy intensity were the main determinants of carbon dioxide emissions. Zhang et al. [27] used LMDI decomposition method to explore the main driving factors of China’s coal chemical industry’s carbon dioxide emissions. The study found that economic growth and energy intensity are the main factors leading to the increase of carbon dioxide emissions and the industrial structure is the main factor for carbon dioxide reduction. Du et al. [28] studied the driving factors of China’s high-energy-intensive industries and energy-related carbon dioxide emission changes by using the LMDI decomposition method. The study found that the expansion of industrial scale was the leading force explaining CO2 emissions change in China’s high-energy-intensive industries. Energy intensity was the main factor driving the decline of CO2 emissions. The impact of energy structure and industrial structure on CO2 emissions was relatively small.



The drivers of industrial carbon emissions in the different provinces of China have also attracted widespread attention from scholars. Zhao et al. [29] performed an empirical analysis of the influencing factors of Shanghai’s industrial carbon emissions by using the LMDI method and found that industrial output is the main driving force of Shanghai’s industrial carbon emissions and that the decline in energy intensity and the adjustment of energy and industrial structure are the main determinants that need to be targeted to reduce Shanghai’s industrial carbon emissions. Deng et al. [30] used the structural decomposition analysis-logarithmic mean splitting index (SDA-LMDI) model to analyze the driving factors of energy-related CO2 emissions in Yunnan Province, one of China’s underdeveloped provinces. The results showed that the rapid growth of high-carbon product exports in metal processing and the power sector are the main factors that lead to carbon dioxide emissions. Based on the log-average splitting index decomposition method of extended Kaya identities, Wu et al. [31] analyzed the changes in industrial carbon dioxide emissions in 39 industrial sectors in Northeastern Inner Mongolia from 2003 to 2012. It was found that the growth effect and population effect were the key driving forces of carbon dioxide emissions in industrial sectors in Inner Mongolia and that energy intensity efficiency was a major factor in the reduction of carbon dioxide emissions. In addition, the LMDI decomposition method has also been widely used in the analysis of carbon emission influencing factors in transportation, electric power, housing and other fields [32,33,34,35].




2.2. Factors that Affect Manufacturing Carbon Emissions


In manufacturing carbon-related research, Akbostancı [36] used the LMDI decomposition method to decompose the changes in CO2 emissions in the Turkish manufacturing industry and found that the changes in total industrial activity and energy intensity were the main factors for CO2 changes during the study period. Kim [37] and Jeong [38] used the LMDI decomposition method to decompose the influential factors of energy consumption and greenhouse gas emissions in the Korean manufacturing industry. It was found that structural effects and intensity effects play major roles in reducing energy consumption and greenhouse gas emissions and that the structural effect is greater than the intensity effect. Hammond et al. [39] divided the UK manufacturing industry into the energy-intensive (EI) subsector and the nonenergy-intensive (NEI) subsector and used the LMDI decomposition methods to classify influencing factors into output scale, industrial structure, energy intensity, fuel mix and electricity emission factor; they found that the decline in energy intensity was the main factor in the reduction of carbon emissions. In addition, on the basis of the Disia index method, Ang and Pandiyan [40] used two common methods to decompose the factors that affect CO2 emission changes into energy intensity effects, energy structure effects, CO2 emission factor effects and industrial structure effects. Schipper [41] used Adaptive-Weighting-Divisia decomposition to analyze the CO2 emissions of the manufacturing sector in 13 International Energy Agency countries in 1994 and decomposed the factors that affect CO2 emissions into energy intensity, industrial structure, energy structure and economic output. The results showed that the energy intensity and output scale effect are the main factors that lead to different CO2 emission changes in manufacturing industries.



In the research on carbon emissions from China’s manufacturing industry, many scholars have used the LMDI decomposition method to decompose the factors that affect China’s manufacturing CO2 emissions into emission factor effects, energy intensity effects, energy structure effects, industrial structure effects and industrial activity effects (Ren et al. [42], Xue [43], Wang et al. [44], Wang et al. [45]). Ren et al. [42] found that a decrease in energy intensity leads to a significant reduction in CO2 emissions, whereas the impacts of emission factors, industrial structure and energy structure on CO2 emissions are relatively small. Xue [43] and Wang et al. [44] found that industrial activity expansion is the main reason for the increase in CO2 emissions in China’s manufacturing industry. Wang et al. [45] found that, in addition to industrial activity, industrial structure adjustment is an important factor for China’s manufacturing industry to reduce the rate of carbon emissions. Ma et al. [46] decomposed China’s manufacturing industry into three categories—high, medium and low energy consumption—and used the LMDI decomposition method to decompose the energy-related carbon emission factors that affect the manufacturing industry. It was found that the added value of the manufacturing industry is the most important positive driver of carbon emission change and that energy intensity is the most important negative driver. Chen et al. [47] divided the change point and cycle of carbon dioxide in China’s manufacturing industry from 1985 to 2010 by using the gray relational analysis method. Xu et al. [48] found that the driving factors of carbon emissions in China’s manufacturing industry have strong periodic characteristics and that output effect and energy intensity are the main factors. From the perspective of structure and efficiency share, Pan et al. [49] explored the changes in the carbon intensity of China’s manufacturing industry and found that the decline in carbon intensity was caused by efficiency. Li et al. [50] used STIRPAT model to examine the impact of rationalization and upgrading of manufacturing structure on carbon emissions in China from the perspective of natural resource dependence from 2003 to 2014. The results shown that rationalization and upgrading of manufacturing structure will help to curb carbon dioxide emissions, which is limited by a region’s dependence on natural resources.



The existing research on energy consumption and carbon emissions generally focuses on traditional factors such as emission factors, energy structure, energy intensity, industrial structure and economic activities and there is a consensus that economic activity is the most important factor leading to increased carbon emissions. The decline in energy intensity is an important factor in the reduction of carbon emissions. Normally, the standard coal equivalent of fossil energy combustion will not change significantly in a short period of time except for electricity [51]. Under other unchanged conditions, a decrease in energy intensity is associated with an improvement in energy efficiency, which is conducive to the reduction of carbon emissions. As economic growth has difficulty getting rid of its dependence on fossil energy combustion, the expansion of the output scale will inevitably lead to an increase in carbon emissions [52]. Chen et al. [53] found that China’s coal-based energy structure and consumption structure have little potential to reduce carbon emissions and carbon intensity by adjusting the energy structure in the short term. Some scholars have found that fixed asset investment has an important impact on China’s carbon emissions, in addition to traditional economic factors. Dong et al. [54] pointed out that although most studies have confirmed that economic scale expansion is the primary factor related to China’s carbon emissions, economic scale expansion is the result of a combination of factors, such as fixed asset investment and fixed asset investment is a necessary condition and basic driving force for economic expansion. Shao et al. [52] found that in the process of China’s rapid urbanization, a large fixed asset investment was applied to infrastructure construction, resulting in a large amount of fossil energy consumption and an increase in carbon emissions, resulting in China’s economy into a low sustainable development mode of “industrial investment-economic growth-energy consumption-carbon emission.” Wang et al. [55] used the expanded STIRPAT model to analyze the time series of the main driving factors of carbon emissions of energy consumption in Guangdong province from 1990 to 2014 and found that in addition to economic growth, fixed asset investment was the most important factor for carbon emission growth. Wang and Wang [56] used the extended STIRPAT model to analyze the main driving factors of Xinjiang’s energy consumption carbon emissions in 1952–2014. It was found that in 2001–2014, fixed asset investment and economic growth were the main contributors to carbon emission growth and carbon intensity was the most important contributor to the curbing of carbon emissions growth. Shao et al. [52] used the generalized split index method (GDIM) to analyze the driving factors of the evolution of carbon emissions in China’s manufacturing industry from 1995 to 2014. The study found that investment scale was the main factor that led to the increase in carbon emissions and investment intensity and output intensity are the key factors to the reduction in carbon emissions.



In addition, some scholars have found that intangible capital, such as innovation, information and communication technology, plays an important role in energy intensity and carbon emissions. Yang and Shi [57] analyzed the relationship between intangible capital (including computerized information, innovative property (R&D), brand equity and organization capital) and departmental energy intensity based on the data sets of 40 economies in the World Input and Output Database. It was found that intangible capital plays an important role in reducing the energy intensity of the sector. Herrerias et al. [58] found that R&D expenditure and innovation activities are the main reasons for the decline in China’s energy intensity. Based on the STIRPAT model, Ding et al. [59] studied the factors influencing China’s manufacturing carbon emissions and found that population and wealth have positive effects on China’s manufacturing carbon emissions, whereas technical factors have negative effects. Li et al. [60] constructed a model of the factors influencing carbon dioxide emissions in China through the panel data model and analyzed the impacts of energy consumption intensity, energy consumption structure and technological innovation on China’s total carbon dioxide emissions in 2005–2010. The results showed that an improvement in China’s energy consumption structure and investment in technological innovation could reduce the carbon emissions brought about by economic growth to a large extent.



Given the above, fixed asset investment and innovation factors appear to have important impacts on carbon emissions, while the existing concerns on the impact of manufacturing carbon emissions are obviously insufficient. Therefore, a large amount of empirical research needs to be supplemented. Compared with the existing literature, the contributions and main innovations of this research are mainly reflected by the following aspects. Firstly, the time span of the data sample in this paper is 1995–2015, which is longer than the existing research time span, providing more detailed information on the historical trend of CO2 emission change in China’s manufacturing industry. Secondly, the research period is divided into four stages, the “Ninth Five-Year Plan,” the “Tenth Five-Year Plan,” the “Eleventh Five-Year Plan” and the “Twelfth Five-Year Plan,” to better reflect the driving mechanism of CO2 emission changes in the manufacturing industry in different stages of planned economy. Third, based on traditional factors (emission factors, energy structure, energy intensity, industrial structure and economic activities), this paper incorporates fixed asset investment and innovation input factors (R&D efficiency, R&D intensity and investment intensity). Therefore, on the one hand, the LMDI decomposition model is expanded and on the other hand, the impacts of fixed asset investment and innovation investment on China’s manufacturing carbon emissions are discussed, which helps to provide a policy reference for emission reductions from the source.





3. Method and Data Source


3.1. CO2 Emissions Accounting of Manufacturing Sector


This paper estimates carbon emissions from the manufacturing sector with reference to the calculation methods and parameters of carbon emissions published by the IPCC (2006) and the relevant parameters published by the Chinese authorities:


C=∑inEi×(CLVi×CCVi×44/12×CORi)  (i=1,2…18)



(1)




where C represents the total CO2 emissions of the manufacturing industry and i represents the type of energy. To ensure the accuracy of the estimation results, this paper fully considers 18 fossil energy sources, including raw coal, clean coal, other coal washing, coke, coke oven gas, other gases, other coking products, crude oil, gasoline, kerosene, diesel, fuel oil, liquefied petroleum gas, refinery dry gas, other petroleum products, natural gas, heat and electricity. Ei is the consumption of i-type fuel after conversion to the standard coal equivalent and the fuel units are 104 tons or billion cubic meters. Data are from the China Energy Statistics Yearbook (1996–2017). CLVi × CCVi × CORi × 44/12 is the CO2 emission coefficient, CLVi is the average low calorific value and the data were taken from the China Energy Statistical Yearbook (2016). CCVi is the carbon emission factor and the data were derived from the 2006 IPCC Guidelines for National Greenhouse Gas Inventories. The molecular weight of CO2 is 44/12, CORi is the carbon oxidation rate and the data were taken from the guidelines for the preparation of China’s provincial greenhouse gas inventory. The reference for the calculation of CO2 emission coefficient of electricity is [42] and the data were taken from the China Electricity Statistical Yearbook (2016). The calculation process is shown in Table 1.




3.2. Decomposition Analysis Model of CO2 Emissions of the Manufacturing Sector


To decompose and analyze the changes in CO2 emissions in China’s manufacturing industry, this study combined the national industry classification standards released in 2017 (GB/T4754-2017) and the China Energy Statistical Yearbook to divide the manufacturing sector. According to the existing research division method [42], the Chinese manufacturing industry is divided into 15 sectors: food and tobacco, textile and leather, wood and wood products, paper and printing, petroleum processing and coking, chemical raw materials and products, pharmaceutical manufacturing, chemical fiber, rubber and plastics, non-metallic minerals, ferrous metals smelting and rolling, non-ferrous metal smelting and rolling, metal products, mechanical and electronic equipment and other manufacturing.



The CO2 emissions can be expressed as an extended Kaya identity, which is a useful tool to decompose total carbon emissions. It is shown as follows (Equation (2)):


CE=∑i=115∑j=118CEijEij×EijEi×EiYi×YiRi×RiIi×IiYi×YiY×Y=∑i=115∑j=118ECij×ESij×EIi×REi×RIi×IIi×YSi×Y



(2)




where i = 1, 2, 3, …, 15 represents the 15 industry sectors of the manufacturing industry and j = 1, 2, 3, …, 18 represents 18 kinds of energy. The meanings of the other symbols are shown in Table 2.



The extended LMDI additive method was used to decompose the changes in CO2 emissions from China’s manufacturing industry in 0–t years into eight factors: the emission factor effect (ΔEC), the energy structure effect (ΔES), the energy intensity effect (ΔEI), the R&D efficiency effect (ΔRE), the R&D intensity effect (ΔRI), the investment intensity effect (ΔII), the industry structure effect (ΔYS) and the industrial activity effect (ΔY). ΔEC, ΔES, ΔEI, ΔYS, ΔY are five common driving factors of the CO2 emission factors influencing manufacturing industries; the driving factors of CO2 emission changes in manufacturing industries have mainly been studied from the macroeconomic perspective. The specific meanings of the five effects are as follows: (i) the emission factor effect (ΔEC) reflects changes in the average emission factor of energy use; (ii) the energy structure effect (ΔES) reflects changes in the relative shares of energy forms in total energy consumption; (iii) the energy intensity effect (ΔEI) reflects changes in the ratio of manufacturing energy consumption to its produced value added; (iv) the industry structure effect (ΔYS); and (v) the industrial activity effect (ΔY). Based on relevant research results [61], this paper introduces three microeconomic elements—the R&D efficiency effect, the R&D intensity effect and the investment intensity effect—to explore the impact of fixed asset investment and the R&D activities of various sectors of the manufacturing industry on the changes of CO2 emissions of the manufacturing industry. Among these effects, the R&D efficiency effect (ΔRE) reflects the conversion efficiency of R&D expenditure on the output. Under the same conditions, the greater the value of R&D is, the greater the output of R&D expenditure conversion is. The R&D intensity effect (ΔRI) reflects the innovation intensity and technical content of each manufacturing sector (sub-sector); The investment intensity effect (ΔII) reflects the intensity of expansion of reproduction in various manufacturing sectors. Under the same conditions, the greater the investment intensity is, the stronger the ability of each sector to expand reproduction is [52].



Therefore, the sum of manufacturing CO2 emissions for each effect is equal to the total change in manufacturing CO2 emissions:


ΔC=CT−C0=ΔEC+ΔES+ΔEI+ΔRE+ΔRI+ΔII+ΔYS+ΔY



(3)







The expression of each effect in Equation (3) is as follows:


ΔEC=∑ijL(CijT,Cij0)  ln(ECijTECij0)



(4)






ΔES=∑ijL(CijT,Cij0) ln(ESiTESi0)



(5)






ΔEI=∑ijL(CijT,Cij0) ln(EIiTEIi0)



(6)






ΔRE=∑ijL(CijT,Cij0) ln(REiTREi0)



(7)






ΔRI=∑ijL(CijT,Cij0) ln(RIiTRIi0)



(8)






ΔII=∑ijL(CijT,Cij0) ln(IIiTIIi0)



(9)






ΔYS=∑ijL(CijT,Cij0) ln(YSiTYSi0)



(10)






ΔY=∑ijL(CijT,Cij0) ln(YiTYi0)



(11)






L(CijT,Cij0)={CijT−Cij0lnCijT−lnCij0CijTCij0≠0CijTCijT=Cij00CijTCij0=0



(12)








3.3. Data Sources and Processing


The research period used in this paper was from 1995 to 2015. The data of energy consumption of different industries in China’s manufacturing industry were from the China Energy Statistics Yearbook (1996–2016) and the data of added value of different industries in China’s manufacturing industry from 1995–2007 were from the China Statistical Yearbook (1996–2008). Since 2009, the National Bureau of Statistics of China has not published industrial added value data but does publish their annual, quarterly and monthly growth rates. Therefore, the data of 2009–2015 were calculated from the annual growth rates. The annual growth rate of manufacturing added value was derived from the official website of the National Bureau of Statistics [62]. The fixed assets investment data and the GDP of China’s manufacturing industry were from the China Statistical Yearbook (1996–2016) and R&D research funds were from the China Science and Technology Statistical Yearbook (1996–2016). To ensure the comparability of data, value added, R&D research funding, fixed asset investment and gross domestic product were all reduced to constant prices in 2000.





4. Results and Analysis


4.1. Carbon Dioxide Emissions from China’s Manufacturing Industry


Figure 1 shows the trend of CO2 emissions and growth rates in China’s manufacturing industry. From 1995 to 2015, the total CO2 emissions in China’s manufacturing industry showed an upward trend year by year, by more than 3 times from 1.91 billion tons in 1995 to 6.125 billion tons in 2015. From the point of view of growth rate change, the growth rate of CO2 emissions was negative and the growth speed of CO2 emissions slowed in 1997–1999, mainly due to the impact of the Asian financial crisis in 1997, which resulted in the temporary reduction of China’s manufacturing production. The growth rate of CO2 reached a peak of 22.72% in 2004 and then continued to decline. It was not until 2008 that CO2 emissions began to rebound. Affected by the global economic crisis in 2008, the Chinese government put forward a plan to invest 4 trillion yuan to boost domestic demand, a large part of which was used for infrastructure construction, such as railways, highways and airports, which greatly stimulated the development of manufacturing industries, such as metal products, non-ferrous metals and the calendaring industry and further increased the rate of CO2 emissions.



In 2012, the State Council issued the 12th Five-Year Plan for Energy Conservation and Emission Reduction, which proposed that by 2015 the energy consumption of China’s GDP of 10,000 yuan will be reduced to 0.869 tons of standard coal, which is 16% lower than the 1.034 tons of standard coal in 2010 and that a series of emission reduction targets, such as the energy conservation of 670 million tons of standard coal, will be achieved during the 12th Five-Year Plan. It also strengthened the regulation of the scale of investment and development in key industries, such as steel, cement, paper making and printing, which will gradually slow down the CO2 emissions rate and eventually stabilize it.



The changes in CO2 emissions in different sectors of China’s manufacturing industry have been significantly different. As shown in Figure 2, the three sectors of ferrous metals—smelting and rolling, chemical raw materials and products and non-metallic minerals had the largest CO2 emissions, accounting for 64.62% of the total emissions. Compared with 1995, the three CO2 emissions sectors increased by 322.93%, 210.62% and 165.45% in 2015, respectively. The proportions of CO2 emissions from petroleum processing and coking, mechanical and electronic equipment and non-ferrous metal smelting and rolling were 6.47%, 6.06% and 5.70%, respectively. The CO2 emissions increased by 273.68%, 176.13% and 593.84% in the same period. The above six sectors accounted for 82.85% of the total emissions of the manufacturing sector, which is the focus for reducing that sector’s CO2 emissions. In addition, although the proportion of CO2 emissions from rubber and plastics was only 1.56%, it also increased by 671.78%, which was the largest increase in CO2 emissions from the manufacturing sector. The proportions and changes of CO2 emissions in other manufacturing sectors were relatively small.




4.2. Decomposition Results in the Manufacturing Sector


Table 3 presents the decomposition results of CO2 emission changes in the manufacturing sector from 1995 to 2015. Changes in CO2 emissions were mainly affected by industry activity, investment intensity, energy intensity, R&D efficiency and R&D intensity. A detailed analysis follows.



The decomposition results show that in 1995–2015, CO2 emissions from China’s manufacturing industry increased by about 4121.7 million tons (see the last row of Table 4). Among them, the positive driving factors of CO2 emission growth in the manufacturing industry included the energy structure, investment intensity and industrial activity, with cumulative contributions of 433.3 million tons, 3387.3 million tons and 9694.3 million tons, respectively. Industrial activity was the most important positive driving factor, with a contribution rate of 42.32%. This shows that the economic growth of the manufacturing industry in China has played a significant role in promoting CO2 emissions. Investment intensity was the second largest driving factor after industrial activity, with a contribution rate of 14.79%. To some extent, this shows that fixed asset investment, as the basic driving force of economic expansion, is a non-negligible factor that leads to the increase of carbon emissions in China’s manufacturing industry. The energy structure led to an increase of 433.3 million tons of CO2 emissions. Except 1996–1997, 1999–2000 and 2003–2004, the increase in CO2 emissions in the measured period played a role in promotion, which is related to the long-term single energy consumption structure dominated by coal in China. Emission factors, energy intensity, R&D efficiency, R&D intensity and industrial structure were the negative driving factors of CO2 emission growth in China’s manufacturing industry in the same period, with cumulative contribution rates of 349 million tons, 5.363 billion tons, 2.148 billion tons, 1.239 billion tons and 293.6 million tons respectively. Energy intensity was the most important negative driving factor with a contribution rate of 23.41%. The R&D efficiency and intensity came next, with a total contribution rate of 14.79%—this played an important role in reducing CO2 emissions of China’s manufacturing industry. Although the impacts of industrial structure and emission factors on CO2 emissions of manufacturing industry were relatively small, they both contributed to the reduction of CO2 emissions, contributing 1.51% and 1.28% respectively. This was mainly related to the adjustment of industrial structure and the improvement of electric power in China.



Figure 3 shows the changes in CO2 and the contribution rate of each decomposition factor. According to the changing characteristics of CO2 emissions from manufacturing, the changes can be decomposed into four stages: the first stage is 1996–2004; the second stage is 2004–2008; the third stage is 2008–2011; and the fourth stage is 2011–2015. In the first stage, besides 1995–1996 and 2000–2001, CO2 emissions from manufacturing industry showed a significant increasing trend. Among them, the industrial activity effect and investment intensity effect played important roles in promoting CO2 emissions. After 2000, the investment intensity effect exceeded the industrial activity effect and became the most important factor to promote the increase of CO2 emissions from the manufacturing industry. At the same time, the role of energy intensity in reducing carbon emissions in manufacturing industry gradually weakened, while the role of R&D intensity gradually strengthened. In the second stage, the CO2 emissions of the manufacturing industry showed a significant decreasing trend and the industrial activity effect still played the most important role in increasing the carbon emissions of the manufacturing industry. In the third stage (2008–2011), the CO2 emissions of the manufacturing industry showed an increasing trend year by year and reached the peak of the whole research period in 2011. The activity effect and investment intensity effect were the dominant factors for the increase in carbon emissions and R&D efficiency was the main factor involved in reducing carbon emissions. In the fourth stage, the CO2 emissions of the manufacturing industry showed a significant decreasing trend. In addition to the industrial activity effect, the R&D intensity effect was the most important factor in the increase in carbon emissions of manufacturing industry in this period. The energy intensity and R&D efficiency were still the main reasons to reduce carbon emissions. This shows that the R&D intensity effect has two sides. If the R&D intensity of manufacturing sectors is increased to improve the production structure and production capacity, the output will be increased and the corresponding carbon emissions will also increase. On the contrary, if the R&D intensity of manufacturing sectors is increased to improve emission reduction equipment, it will be conducive to reducing carbon emissions.



4.2.1. Five Conventional Factors


Figure 4 depicts the decomposition results of the five traditional factors. From 1995 to 2015, there were significant differences in the characteristics of the five effect changes. Specifically, the industrial activity effect played a positive role. The overall change can be divided into three periods: 1995–2007, 2007–2013 and 2013–2015. In 1995 and 2007, the role of the industrial activity effect continued to increase, reaching its peak in 2007 and contributing 971.4 million tons to the increase in manufacturing carbon emissions. During 2007–2013, the industrial activity effect showed a sharp decline and then stabilized. In 2008, China’s manufacturing industry activity effect showed a short-term retrogression compared with in 2007 and the CO2 emissions caused by the industrial activity effect also showed a significant decline, mainly due to the impact of the global financial crisis in 2008, resulting in insufficient domestic demand and the decline of export trade in China’s manufacturing industry [39]. From 2013 to 2015, the role of industrial activity effect showed a steady downward trend, which was related to the elimination of backward capacity and other related policies [3,4,5].



Except for 2000 and 2011, the energy intensity effect played an important role in reducing CO2 emissions at other stages but with significant volatility characteristics. It was positive in 1999–2000 and 2010–2011 and the rest of the period was negative. The effect of energy intensity on reducing carbon emissions in manufacturing generally decreased at first and then increased. Especially after 2008, the effect of energy intensity on reducing carbon emissions in manufacturing gradually increased. The main reason for this was that after 2008, the state promoted the energy conservation and emission reduction work of key energy-consuming industries such as steel, nonferrous metals, chemicals and building materials [63], which improved the energy efficiency and enabled sub-sector energy. The intensity increased significantly, which played an important role in reducing CO2 emissions from manufacturing. The industrial structure effect played a small role before 2007 and had a stable change trend. After 2007, it was characterized by positive and negative fluctuations, indicating that the effect of China’s manufacturing industry structure adjustment on carbon emissions is not prominent. The effects of emission factor effects and energy structure effects were weak.




4.2.2. Three Novel Factors


Figure 5 depicts the decomposition results for the three newly added elements. Between 1995 and 2015, three effects had a major impact on China’s manufacturing carbon emissions. Among them, the investment intensity effect played a positive role in general and reached its maximum in 2002–2003. In 2000–2004, the investment intensity effect exceeded the industrial activity effect and became the most important factor leading to the increase in manufacturing carbon emissions (see Figure 3). However, after 2013, the direction of investment intensity effect changed, which has become an important factor in reducing carbon emissions in China’s manufacturing industry. The effects of the R&D efficiency effect and R&D intensity effect on carbon emissions in China’s manufacturing industry can be divided into two stages with 2005 as the node. From 1995 to 2005, R&D efficiency and R&D intensity showed significant volatility. From 2005 to 2015, R&D intensity played a positive role, while R&D efficiency played a negative role. In 2007–2008, the R&D intensity effect and the investment intensity effect and industrial activity effect together became the important factors to promote the increase of carbon emissions in China’s manufacturing industry, while R&D efficiency became the most important factor to reduce emissions in the manufacturing industry (see Figure 3). This is mainly related to the 2008 financial crisis. In response to the financial crisis, China has increased its investment in industrial innovation funds and focused on transforming low-end industries to improve output efficiency, resulting in a short-term decline in manufacturing carbon emissions.



In 2010–2012, the R&D efficiency effects remained the most important factor in reducing manufacturing emissions. After 2012, the R&D efficiency effects gradually weakened and energy intensity once again became a major factor in reducing manufacturing emissions (see Figure 3). Through the analysis of the three new elements, we found that the investment in the industrial enterprises and the direction of R&D are constantly changing due to the changes in the international economic environment and the intervention of relevant national policies at different stages, which has a significant impact on the changes in carbon emissions in the manufacturing industry. Therefore, the impact of investment and R&D behavior must be considered when examining the drivers of manufacturing carbon emissions.





4.3. Decomposition Results in Different Periods


The five-year plan for China’s national economic and social development is an important part of the national economic plan. It mainly plans the major national construction projects, the distribution of productive forces and the important proportion of the national economy and it also sets goals and directions for the prospects for national economic development. Moreover, it is important for both reviewing the historical context of China’s economic development and predicting future economic development. To this end and according to the five-year plan of the national economy, this paper divides the research phase into the four stages of 1995–2000, 2000–2005, 2005–2010 and 2010–2015 that correspond to the time periods of the “Ninth Five-Year Plan,” the “Tenth Five-Year Plan,” the “Eleventh Five-Year Plan” and the “Twelfth Five-Year Plan” of national economic development, respectively. The decomposition results, the growth rate of CO2 emissions and the contribution rates of each decomposition factor are shown in Table 4 and Figure 6.



During 1995–2000, the total CO2 emissions in the Chinese manufacturing sector increased by 156,900 tons. During the period of the “Ninth Five-Year Plan,” China experienced the Asian financial crisis and the development of the manufacturing sector was greatly affected. Although the industrial activity effect was still the main factor that influenced CO2 emissions, its contribution was significantly lower than at any other time stage, which resulted in an increase of 992 million tons of CO2 emissions. At the same time, R&D intensity was also an important factor that contributed to the increase in CO2 emissions during this period by 856 million tons. Energy intensity consumption significantly declined during this period. Energy intensity became the main factor for the reduction of CO2 emissions and resulted in a reduction of 840 million tons. Investment intensity and R&D efficiency were the second- and third-largest factors in reducing CO2 emissions and resulted reductions of CO2 emissions of 581 million tons and 275 million tons, respectively. Fixed asset investment and innovation factors are important factors in manufacturing carbon emissions after industrial activity and energy intensity.



Between 2000 and 2005, CO2 emissions in the Chinese manufacturing sector increased by 1.895 billion tons. This period (“Tenth Five-Year Plan”) saw the rapid growth of the Chinese economy and a gradual increase in investment intensity, as well as a further increase of the added value of the manufacturing sector. Investment intensity, which is the most important factor that affects CO2 emissions, led to an increase in CO2 emissions of 3.338 billion tons. The importance of industrial activity significantly increased compared with the previous period and resulted in an increase in CO2 emissions of 2.398 billion tons. R&D intensity became the most important factor in the reduction of CO2 emissions during this period and resulted in a decrease in CO2 emissions of 2.891 billion tons. At the same time, the energy intensity reduced CO2 emissions by 619 million tons and the R&D efficiency reduced CO2 emissions by 447 million tons. Unlike the Ninth Five-Year Plan period, fixed asset investment and innovation factors became the dominant factors of carbon emissions in the manufacturing industry in this period.



During 2005–2010, CO2 emissions from the Chinese manufacturing sector increased by 1.531 billion tons. During the “Eleventh Five-Year Plan” period, the Chinese economy, especially the export-oriented economy, suffered considerable impact due to the US subprime mortgage crisis in 2008. At the same time, due to the “four trillion economic stimulus plan,” the manufacturing sector rapidly developed and industrial activity became the main factor for the growth of CO2 emissions. However, due to the “package plan” issued by the central government to deal with the financial crisis, the independent innovation capacities of companies were strengthened. Additionally, the energy structure and industrial structure adjustment accelerated, which led to energy intensity and R&D intensity becoming the main factors for reducing CO2 emissions—by 1.941 billion tons and 1.641 billion tons, respectively. Moreover, during this period, the central government insisted that energy conservation and emission reduction should be regarded as important points for expanding domestic demand and maintaining economic growth. This led to a significant decline in the growth rate of CO2 emissions from the manufacturing sector—from 40% in the “Tenth Five-Year” period to less than 10%. During the Twelfth Five-Year Plan period, China increased its R&D investment in energy science and technology and shifted its R&D focus to breaking through key technologies such as energy saving, low carbon, energy storage and intelligence. At the same time, China focused on eliminating a number of backward production capacities with backward technology, poor product quality, high security risks and serious environmental pollution and increased investment in strategic emerging industries characterized by “high efficiency, cleanliness and low carbon” [64]. A series of policies and measures of our country have made obvious changes in the orientation of innovation and production. Therefore, compared with other periods, the role of innovation factors in energy saving and emission reduction of the manufacturing industry was very prominent in this period, while the role of fixed assets investment in increasing carbon emissions of manufacturing industry was relatively weak.



During 2010—2015, Chinese CO2 manufacturing sector emissions increased by 799 million tons. The “Twelfth Five-Year Plan” period saw global economic recovery and rapid economic development in China. Due to a series of energy conservation and emissions reduction policies implemented by the Chinese government [4,5,6,65,66], the growth rate of CO2 emissions significantly slowed. During this period, industrial activity remained the most important factor in the increase in CO2 emissions, followed closely in importance by R&D intensity. Industrial activity increased CO2 emissions by 2.684 billion tons and R&D intensity increased CO2 emissions by 2.430 billion tons. Unlike in other time periods, R&D efficiency became the most important factor in reducing CO2 emissions and resulted in a reduction in CO2 emissions of 2.732 billion tons. This shows that the pace of transformation of manufacturing enterprises (especially polluting industries) accelerated via a series of innovative resource inputs that resulted in a significant reduction in CO2 emissions. At the same time, energy intensity remains an important factor in inhibiting the growth of CO2 emissions and has resulted in a reduction in CO2 emissions of 1.835 billion tons.




4.4. Decomposition Results in Different Sectors


To explore the factors influencing CO2 emissions in different departments of the Chinese manufacturing sector, extended LMDI additive decomposition analysis was used to decompose CO2 emissions from each departments of the manufacturing sector. The results are shown in Table 5 and Figure 7.



The results show that there were differences in the dominant factors that led to changes in CO2 emissions in sub-sectors of manufacturing. Supplementary Tables S1–S8 give the results of eight decomposition effects of rolling base years in various industries. Except for metal products, the effect of industrial activity was the most important factor that led to the increase in CO2 emissions, especially in ferrous metal smelting and rolling, chemical raw materials and products and non-metallic minerals. Except for ferrous metal smelting and rolling, the effect of investment intensity was the second largest factor that led to the increase in CO2 emissions. It accounted for a very high proportion in the three industry sectors of non-metallic minerals, textiles and leather and mechanical and electronic equipment. Among the factors that affected the reduction of CO2 emissions, industry sector differentiation emerged. The most important factor leading to the reduction of CO2 emissions in petroleum processing and coking, non-ferrous metal smelting and rolling, rubber and plastics and metal products was R&D efficiency, whereas in other industry sectors, the factor was energy intensity. In particular, the second important factor that led to the reduction of CO2 emissions in petroleum processing and coking was the industrial structure, which indicates that petroleum processing and coking has achieved industrial transformation and upgrade through the input of a series of innovative factors and industrial restructuring, which has resulted in a gradual reduction in total CO2 emissions. Therefore, we should control the proportion of fixed asset investment in non-metallic mineral products and the textile and leather industries and focus on strengthening the investment of R&D funds in petroleum processing and coking, rubber and plastics products, non-ferrous metal smelting and metal products to improve the production technology of enterprises, which has an important impact on improving the overall carbon emission level of China’s manufacturing industry.



In the LMDI decomposition analysis of CO2 emissions in various industry sectors, the effect of the energy structure was relatively weak. Table 6 shows the changes in energy consumption structure of six major manufacturing industry sectors: ferrous metal smelting and rolling, chemical raw materials and products, non-metallic minerals, petroleum processing and coking, mechanical and electronic equipment and non-ferrous metal smelting and rolling. In 1995, the energy consumption of various industry sectors was dominated by coal and oil. The non-metallic minerals and ferrous metal smelting and rolling accounted for more than 90% of coal and oil consumption and other industry sectors were also above 65%. By 2015, the differentiation of industry sectors was relatively obvious. Ferrous metal smelting and rolling produced the greatest CO2 emissions. The proportions of coal and electricity were 87.40% and 10.15%, respectively. Compared with 1995, the proportions of coal and electricity were slightly higher. The main energy consumption was still mainly based on the consumption of coal and the energy structure remained single. For non-metallic minerals, the proportion of coal decreased from 85.58% in 1995 to 74.58% in 2015 and the proportion of electricity increased from 6.47% to 13.04% at the same time. The proportion of CO2 emissions also showed a downward tendency year by year. The proportion of coal in the non-ferrous metal smelting and rolling dropped significantly, from 53.5% in 1995 to 21.36% in 2015. At the same time, the proportion of electricity increased by more than two times, from 31.58% to 65.01%. However, the proportion of CO2 emissions increased during the same period.



Note that except for non-ferrous metal smelting and rolling and mechanical and electronic equipment, the energy consumption structure of the other four major sectors did not change much, which means that coal and oil consumption remained the most important factors. This situation shows that the overall energy consumption structure of the Chinese manufacturing sector has not greatly changed. The manufacturing sector still relies on the consumption of fossil fuels, such as coal and oil and the task of energy structure adjustment remains very arduous. Coal consumption in the non-ferrous metal smelting and rolling industry has sharply fallen and its proportion of power resource consumption has sharply risen. However, carbon dioxide emissions have shown an upward trend, mainly because Chinese power generation still relies on fossil fuels such as coal and other fossil energy sources. According to statistics, the proportion of thermal power generation in 2015 was 73.71% and the indirect CO2 emissions caused by power consumption were thus huge.





5. Discussion


Based on the research results, in this part, we focus on a comparative analysis of the existing manufacturing CO2 emission factors and decomposition methods. We summarize the shortcomings of this study and the future development directions and propose measures to promote China’s manufacturing CO2 emissions reduction.



5.1. Comparison of Factors that Affect CO2 Emissions


The results show that the industrial activity effect is the main factor that promotes the increase of CO2 emissions and the energy intensity effect is the main factor that inhibits an increase in CO2 emissions, which is consistent with most previous studies [43,44,46,48]. Economic development is the core of China’s reform and opening-up in the past 40 years. The manufacturing industry is one of the most important sectors of China’s economic development. In 2010, China’s manufacturing industry accounted for 19.8% of the world’s manufacturing output, slightly more than the 19.4% of the United States and became the largest manufacturing output country in the world [67]. The proportion of the manufacturing industry in the national economy increased from 23.83% in 1995 to 30.54% in 2015 and its contribution to China’s aggregate economic activity was further strengthened. With the rapid progress of urbanization and industrialization in China, the increasing demand for various types of manufacturing products has led to a continuous increase in CO2 emissions (Figure 8). In 1995–2015, the Chinese government introduced a series of energy-saving and emission reduction policies that reduced the energy intensity from 4.23 tons of standard coal/10,000 yuan in 1995 to 0.90 tons of standard coal/10,000 yuan in 2015 (Figure 9), especially in the period 2005–2010. During the 11th Five-Year Plan period, China’s manufacturing strategy focused on controlling the development of high-energy industries, speeding up the elimination of enterprises with backward production capacity, promoting enterprises to actively adjust their product structure, accelerating the transformation of energy-saving technologies and reducing energy consumption. It has also been proposed that by the end of the “Eleventh Five-Year Plan” period, the energy consumption per 10,000 yuan of GDP (calculated according to 2005 prices) will drop to the development target of 0.98 tons of standard coal. The energy intensity of China’s manufacturing industry has greatly declined, from 2.03 tons of standard coal/10,000 yuan in 2005 to 1.24 tons of standard coal/10,000 yuan in 2010. Therefore, reducing the energy intensity of energy-intensive industries will help to reduce CO2 emissions.



Compared with the previous LMDI decomposition study on the factors that affect CO2 emissions in the manufacturing industry, this paper introduced three micro-factors: R&D efficiency, R&D intensity and investment intensity. It was found that investment and R&D factor inputs have important impacts on CO2 emissions in manufacturing. Between 1995 and 2015, investment intensity was the second factor driving the increase in CO2 emissions after industrial activity. Wang et al. [55] and Wang and Wang [56] also found that in addition to the scale of the industry, fixed asset investment is the most important factor in the growth of carbon emissions. Shao et al. [52] pointed out that fixed asset investment has a dual effect on carbon emissions. If investment is used to upgrade energy-saving and emission-reducing equipment, it will be conducive to reducing carbon emissions, whereas enterprise investment will increase carbon emissions with the goal of expanding production. This study also found that the impact of investment intensity on carbon emissions changed at different stages, showing significant volatility. In 2000–2005, the investment intensity effect exceeded the industrial activity effect and became the dominant factor in the increase of CO2 emissions. During this period, the investment in fixed assets sharply increased, from 289.5 billion yuan in 2000 to 1850.3 billion yuan in 2005 and the proportion of investment in fixed assets in ferrous metal smelting and rolling increased from 4.31% in 2000 to 12.21% in 2005. Fixed assets investment has dramatically increased and investment in polluting enterprises with significant CO2 emissions, such as the smelting and rolling processing industries, led to the investment intensity effect being the most important factor in the increase of CO2 emissions in the manufacturing industry during this period. In 2013–2015, the investment intensity effect once again became a factor in the reduction of carbon emissions in China’s manufacturing industry. In 2012, the state council issued the “12th Five-Year Plan” for energy conservation and emission reduction [5] and identified the main tasks for energy conservation and emission reduction in the 12th Five-Year Plan as follows: to restrain the excessive growth of high-energy-consuming and high-emission industries, to rationally control the growth rate of investment in fixed assets and the development scale of key industries, such as thermal power, steel, cement, paper, printing and dyeing and to promote the use of decarbonization technology in high-pollution and high-carbon emission sectors such as petroleum, petrochemicals and steel. As a result, the investment intensity of fixed assets in energy-consuming and high-emission industries, such as petroleum processing and coking, chemical raw materials and products manufacturing, ferrous metal smelting and rolling and non-ferrous metal smelting and rolling industries, has been significantly reduced and some fixed assets have been invested in the promotion of decarbonization technology, which has led to the investment intensity becoming a factor that contributes to the reduction of CO2 emissions. This shows that the investment direction of manufacturing enterprises has changed under the influence of national energy savings and emissions reduction policy intervention in different periods.



Existing research has found that technological advancement is one of the key factors in improving energy efficiency in China and R&D expenditure is often used as a representative of technology [45,59,68,69]. Therefore, R&D innovation can reflect the impact of technological progress on CO2 emissions to a certain extent. However, the existing CO2 emission decomposition research does not consider R&D innovation elements [52]. This study integrated R&D innovations into the LMDI decomposition model and found that, in addition to energy intensity, R&D efficiency and R&D intensity are important factors in the curbing of CO2 emissions from China’s manufacturing industry. During the period 1995–2015, the contributions of R&D efficiency and R&D intensity to the reduction of CO2 emissions in the manufacturing industry were 22.87% and 13.19%, respectively—much greater than the effects of the industrial structure and emission factors. This shows that R&D efficiency and R&D intensity are important factors for reducing CO2 emissions in China’s manufacturing industry, which is consistent with the research results of Sun [70], who found that the reduction in energy intensity caused by technological advancement is the most important factor in reducing carbon emissions in all sub-sectors of China’s manufacturing industry. Research by Yang and Shi [57] and Herrerias et al. [58] also found that R&D expenditure and innovation activities play important roles in reducing China’s energy intensity. It is worth noting that after the financial crisis in 2008, the direction of the impact of R&D intensity effects on CO2 emissions from manufacturing changed and it has become a factor in promoting the increase of CO2 emissions in manufacturing, which is related to improving production technology and increasing the production scale in China. However, R&D efficiency still plays a role in inhibiting the growth of CO2 emissions and the contribution of R&D efficiency is greater than that of R&D intensity, which indicates that manufacturing enterprises by industrial upgrading and technological innovation can not only improve productivity but can also reduce carbon emissions. Li et al. [60] also found that investment in technological innovation can reduce carbon emissions brought about by economic growth to a large extent. Fernandez et al. [68] found that the input of R&D innovation elements can not only serve as the engine of China’s economic development but also serve as the driving force for sustainable development. That is, in sustainable development, growth can be coordinated with lower carbon dioxide emissions. Therefore, R&D innovation input is an effective way to achieve emission reduction and regional sustainable development of China’s manufacturing industry.




5.2. Comparison of Methods on the Factors that Affect Carbon Emissions


From the perspective of research methods, the common methods for research on the influencing factors of energy utilization and manufacturing emissions are structural decomposition analysis (SDA), the Laspeyres decomposition method (LDM), the logarithmic mean division index (LMDI) method, vector autoregression (VAR) and the STIRPAT model, among others. This paper summarizes the characteristics of commonly used methods, as shown in Table 7. Scholars have used a variety of methods to decompose the influencing factors of energy utilization and carbon emissions, which have laid a solid foundation for future research. However, no method is perfect. Taking VAR as an example, the basic idea of this method is to construct the model by using each endogenous variable in the system as a function of the lag value of all endogenous variables in the system. The advantage is that the endogenous and exogenous variables are not distinguished in advance and that each variable is treated equally, which avoids the arbitrariness of subjective decision-making but requires variables to be stable [71]. Therefore, many stationarity tests are required. The carbon emissions and their influencing factors are usually nonstationary variables and some key factors that affect carbon emissions can be eliminated without passing the stationarity test.



In contrast, the LDMI method is more mature, more widely used and easy to conduct for comparative studies. The LMDI decomposition method has been used to analyze the factors that affect the carbon emissions of manufacturing industries in different countries such as China [16,42], Britain [39], South Korea [38] and Turkey [36]. The decomposition factors usually include five factors (the emission factor, energy structure, energy intensity, industrial structure and industrial activity) that are not sufficiently comprehensive without considering the impact of microeconomic factors such as investment and innovation activities. Another three micro-factors (efficiency, R&D intensity and investment intensity) were introduced by Shao [61] to explore the factors influencing CO2 emissions in Shanghai’s energy industry. Based on the five traditional factors, this research introduced R&D efficiency, R&D intensity and investment intensity into LMDI decomposition to analyze the factors influencing CO2 emissions from China’s manufacturing industry. It was found that R&D innovation factors and fixed asset investment have important effects on the CO2 emissions of China’s manufacturing industry. The LMDI decomposition model with R&D innovation factors and fixed asset investment can better explain the mechanisms of CO2 emissions in China’s manufacturing industry. Therefore, it can provide a reference and comparisons with relevant research and is a useful supplement to the empirical study of the decomposition of influencing factors on carbon emissions in the existing manufacturing industry.




5.3. Policy Recommendations


With the promotion of energy savings and emission reduction in China, the proportion of renewable energy is gradually improving. Due to the limitations on the length of this article, we only presented the CO2 emissions of the manufacturing industry with respect to the use of nonrenewable energy mainly based on fossil energy and the impact of renewable energy on CO2 emissions of manufacturing industry was not presented; this will be the next focus of research. Based on the research results, this paper puts forward some suggestions to promote the development of energy savings and emissions reduction in China’s manufacturing industry.



First, the results show that the industrial activity effect is the most important factor that leads to an increase in CO2 emissions in China’s manufacturing industry; however, we cannot achieve the goal of emission reduction at the expense of manufacturing economic development. Therefore, it is necessary to give priority to the energy savings and emission reduction work of CO2 emission industries, such as ferrous metal smelting and rolling, chemical raw materials and products and non-metallic minerals. By developing a series of carbon emission standards or energy saving standards, we can update the production process and reduce the intensity of energy consumption to achieve the goal of increasing energy consumption and reducing carbon emissions. Moreover, efforts should be made to develop new manufacturing industries with low energy consumption and high efficiency, promote industrial restructuring and improve the level of economic development of the manufacturing industry.



Second, technological progress is an effective way to reduce emissions in manufacturing. It was found that R&D innovation factors play an important role in reducing CO2 emissions in manufacturing. Therefore, the formulation of policies and measures should be accelerated, for example, R&D subsidies for enterprises and tax reduction and exemption to encourage enterprises with large carbon emissions to invest in R&D innovation funds, introduce energy saving and emission reduction technologies and promote the transformation and upgrade of high-energy consumption and high carbon emission industries. With the characteristics of high total energy consumption and high energy intensity, metal smelting and rolling, chemical raw materials and products and non-metallic minerals are the core sectors of carbon emission reduction in the manufacturing industry and are the largest contributors to CO2 emissions in the manufacturing industry. Starting from these typical sectors and carrying out targeted energy-saving technology and low-carbon technology research has important practical significance for energy savings and emission reduction throughout the entire manufacturing industry.



Finally, clean energy technology should be vigorously developed and the single energy consumption structure, which is mainly composed of coal, oil and other types of fossil energy, should be changed. The results of this study show that the energy structure effect has a weak effect on reducing CO2 emissions. Although the proportions of coal consumption in the manufacturing sectors of non-ferrous metal smelting and rolling and non-metallic minerals declined in the years 1995–2015 and the proportion of electric energy consumption significantly increased, the CO2 emissions did not decrease. The main reason for this is that the power energy consumption was mainly thermal power and the indirect CO2 emissions caused by thermal power generation are huge. Therefore, it is necessary to vigorously develop clean energy technologies, such as hydropower, nuclear power, wind power and solar power, to reduce the proportion of thermal power generation and to change the existing single energy consumption structure dominated by coal resources.





6. Conclusions


In this paper, the extended LMDI decomposition model was used to investigate the factors that affected China’s manufacturing CO2 emissions from 1995 to 2015. The results show that CO2 emissions from the manufacturing industry increased from 1.91 billion tons in 1995 to 6.125 billion tons in 2015, with an average annual growth rate of 6%. Ferrous metal smelting and rolling was the largest source of CO2 emissions, followed by chemical raw materials and products and then non-metallic minerals. The above three sectors accounted for nearly 65% of the total emissions of the manufacturing industry and are the most important sectors for the manufacturing industry to target to reduce emissions.



The decomposition results show that during 1995–2015, the industrial activity effect was the most important factor that led to the increase in CO2 emissions in the manufacturing industry; energy intensity was the most important factor that promoted the reduction of CO2 emissions in the manufacturing industry; and other factors, such as the energy structure and industrial structure, played relatively weak roles. The three new elements (investment intensity effect, R&D efficiency and R&D intensity) played important roles in China’s manufacturing CO2 emissions. Among them, investment intensity was the second factor that led to an increase in CO2 emissions in China’s manufacturing industry after the industrial activity effect. In some periods (2000–2005), the industrial activity effect became the most important factor in the increase of CO2 emissions. R&D efficiency and R&D intensity played significant roles in reducing CO2 emissions in China’s manufacturing industry. The input of R&D innovation factors is an effective way to achieve emission reductions in China’s manufacturing industry.



The study found that the driving factors of CO2 emissions of the manufacturing industry were different in different periods (“the Ninth Five-Year Plan,” “the Tenth Five-Year Plan,” “the Eleventh Five-Year Plan” and “the Twelfth Five-Year Plan”), which was mainly related to the changes in international and domestic economic environment at various stages and the relevant energy conservation and emission reduction policies implemented by the Chinese government. Sub-sector research found that the factors that affected the reduction of CO2 emissions in various industries appeared differentiated. R&D efficiency is the most important factor for CO2 emission reduction in petroleum processing and coking, non-ferrous metal smelting and rolling, rubber and plastics and metal products, whereas other industries are energy-intensity effective.
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Figure 1. Changes of CO2 emissions and growth rates in China’s manufacturing industry. 
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Figure 2. Cumulative percentages of CO2 emissions from different sectors of China’s manufacturing industry. 
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Figure 3. Variation of CO2 and contribution rates of each decomposition factor. 
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Figure 4. Trends of five conventional factors. 
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Figure 5. Trends of three novel factors. 
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Figure 6. CO2 emission growth rates and contribution rates of each decomposition factor in each period. 
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Figure 7. Contribution rates of decomposition factors in various industries from 1995 to 2015. 
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Figure 8. Changes in CO2 emissions and the added value of China’s manufacturing industry. 
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Figure 9. Changes in the energy consumption intensity of China’s manufacturing industry. 
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Table 1. Average CO2 emission factors of electricity for the years 1995–2015.
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	Year
	Hydro Power (%)
	Thermal Power (%)
	Nuclear Power (%)
	Wind Power (%)
	Solar Energy (%)
	Other (%)
	Standard Coal Equivalent (kg/kWh)
	Emissions Factor of Electricity (tCO2/tce)





	1995
	18.54
	80.18
	1.28
	0.00
	0.00
	0.00
	0.379
	6.848



	1996
	17.31
	81.30
	1.33
	0.00
	0.00
	0.06
	0.377
	6.907



	1997
	17.15
	81.57
	1.27
	0.00
	0.00
	0.01
	0.375
	6.894



	1998
	17.65
	81.09
	1.22
	0.00
	0.00
	0.04
	0.373
	6.817



	1999
	17.27
	81.48
	1.20
	0.00
	0.00
	0.00
	0.369
	6.776



	2000
	17.77
	80.96
	1.22
	0.00
	0.00
	0.00
	0.363
	6.623



	2001
	17.60
	81.17
	1.18
	0.00
	0.00
	0.00
	0.357
	6.531



	2002
	16.60
	81.74
	1.60
	0.00
	0.00
	0.00
	0.356
	6.558



	2003
	14.77
	82.88
	2.30
	0.00
	0.00
	0.00
	0.355
	6.631



	2004
	15.08
	82.50
	2.30
	0.00
	0.00
	0.11
	0.349
	6.489



	2005
	15.97
	81.54
	2.11
	0.00
	0.00
	0.37
	0.343
	6.303



	2006
	14.55
	83.31
	1.92
	0.10
	0.00
	0.11
	0.342
	6.421



	2007
	14.44
	83.34
	1.93
	0.17
	0.00
	0.12
	0.332
	6.236



	2008
	16.39
	81.22
	2.01
	0.38
	0.00
	0.00
	0.322
	5.894



	2009
	15.53
	81.81
	1.90
	0.75
	0.00
	0.00
	0.340
	6.269



	2010
	16.24
	80.81
	1.77
	1.17
	0.00
	0.01
	0.333
	6.065



	2011
	14.12
	82.45
	1.84
	1.57
	0.01
	0.00
	0.329
	6.113



	2012
	17.16
	78.72
	1.97
	2.07
	0.07
	0.01
	0.325
	5.766



	2013
	16.61
	78.58
	2.08
	2.57
	0.16
	0.01
	0.321
	5.685



	2014
	18.92
	75.43
	2.38
	2.85
	0.42
	0.01
	0.319
	5.423



	2015
	19.39
	73.71
	2.99
	3.23
	0.69
	0.00
	0.325
	5.399







Notes: CO2 emissions factor of electricity = (proportion of thermal electricity × standard rate of coal consumption of thermoelectricity × CO2 emissions factor of raw coal)/the coefficient of electricity to transform standard coal [42].
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