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Abstract

:

To address the issue of global warming, there is a trend towards low-carbon economies in world economic development. China’s rapid economic growth and high carbon energy structure contribute to its large carbon emissions. To achieve sustainable development, China must transform its industrial structure to conserve energy, reduce emissions, and adapt to climate change. This study measured the carbon entropy and carbon emission efficiency of 25 industries in the Beijing-Tianjin-Hebei region from 2000 to 2015 by building carbon entropy models and total factor industrial carbon emission efficiency evaluation models. The study showed that: (a) Priority development industries in the Beijing-Tianjin-Hebei region were expanding, the regional competitiveness of the moderate development industry was improving, and the proportion of restricted development industries had dropped significantly; (b) the spatial distribution of the three types of industries presented a pattern of concentric rings, with priority industries at the core, surrounded by moderate, then by restricted development industries; (c) the status of medium- and high-efficiency industries had improved, while the status of low-efficiency industries had decreased. Spatially, high- and low-efficiency industries were becoming concentrated, and medium-efficiency industries were becoming dispersed; (d) considering carbon entropy and carbon emission efficiency, the path of industrial structure transformation and upgrading and layout optimization in Beijing-Tianjin-Hebei region was proposed.
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1. Introduction


Global climate change and the frequent occurrence of climate disasters are becoming major issues for humanity. Low-carbon economies have become a trend in world economic development to reduce greenhouse gas emissions. China’s rapid economic growth and the high degree of carbonization of its energy structure are responsible for its very high carbon emissions. These increased from 1.47 billion tons in 1980 to 10.4 billion tons in 2013, accounting for 29% of total global emissions. Fossil fuels, principally coal, are the main source of China’s energy production, accounting for about 90% of the total energy consumed. Industry is the largest consumer of energy by sector in China, and it is also the main source of CO2 emissions. In 2007, President Hu Jintao made it clear at the APEC meeting that China should develop a low-carbon economy. At the Copenhagen Climate Change Conference 2009, the Chinese government pledged to cut CO2 emissions per unit of GDP by 40–45% by 2020 [1], compared with 2005 levels, and to incorporate that as a binding target into medium- and long-term planning for national economic and social development. During the 13th Five-Year Plan period, China will focus on “innovation, coordination and greenness” in an effort to achieve green and low-carbon economic development. In the context of global climate change, achieving sustained economic development while reducing fossil fuel consumption and carbon emissions has become a choice that China must make to conserve energy, reduce emissions, and adapt to climate change.



Research on carbon emissions from industry has mainly focused on the following aspects: First, industrial carbon emissions have been quantified, using field measurement, modeling, material balance, and emission coefficient estimation methods. The macro models commonly used include MARKAL, ERM-AIM, Logistic, and system dynamics models, which are mostly applied in research on energy consumption and carbon emissions at a national level [2]. The emission coefficient method is one of the most widely used methods at present, but its use is accompanied by some uncertainty as the emission coefficient is influenced by factors such as technology and the production process. Another possible approach is using the carbon footprint. Second, analysis has been carried out into the characteristics of carbon emissions from different industries that are considered to be large CO2 emitters, including ferrous metal smelting and rolling processing; electricity, gas and water production and supply; petroleum processing and coking; metal smelting and rolling processing; and chemical raw materials and chemical products manufacturing. Researchers have also studied the characteristics, changes, and regional comparisons of CO2 emissions in industries such as chemicals, steel, cement, power, and textiles [3,4,5,6]. Third, research on carbon emissions from industries at different scales has been undertaken. This research analyzed the driving factors and regional differences in carbon emissions in China—mainly at the national or inter-provincial level—with a focus on total emissions [7,8]. Fourth, studies have looked at the factors influencing carbon emissions from industry and the performance of industry generally, including the level of economic development, the industrial structure, the energy structure, energy prices, the technological level, population size, urbanization, and environmental regulation [9,10,11,12]. The main research methods are factor decomposition, index decomposition, and input–output methods. Factor decomposition methods include the IPAT model and the STIRPAT model; index decomposition methods include the Laspeyres index, the simple average Divisia (SAD), and the adaptive weighting Divisia (AWD) methods [13,14,15].



On the research of the relationship between carbon emissions and industrial structure spatial layout, domestic and foreign scholars have constructed various index systems and evaluation models to evaluate the development status of low-carbon industries and put forward their development strategies, so as to achieve mutual benefit and win–win situation between industrial development and ecological protection. For example, Schipper, Murtishaw, and Khrushch used an adaptive weight decomposition method to analyze energy intensity and energy structure [16]; Lewis used gray correlation method to analyze the relationship between industrial structure change and energy consumption and carbon emissions [17]; Wang used stochastic frontier method to measure TFCP and CMP of 39 industrial sectors in Beijing-Tianjin-Hebei region [18]; Zhang estimated the future carbon emission and carbon intensity of 37 industrial sectors in Beijing Tianjin Hebei Urban Agglomeration, and decomposed the carbon emission reduction targets of their industries [19]; Ke, Shi, Cao Z, and others selected cement industry, a typical energy dependent industry in China, to explore its emission reduction potential and industrial structure transformation direction [20,21,22].



The existing research on industrial carbon emissions has been relatively systematic, but there are still some deficiencies, including: (1) Relatively few studies that associate carbon emissions with the transformation of the industrial structure and the spatial optimization of industries, or that use empirical data; (2) in terms of research data and methods, there is no systematic and in-depth analysis of the evolutionary characteristics of, trends in, and correlations between long-time series and urban scale from an industry and spatial perspective; and (3) in terms of the geographical coverage of research, there are few studies on city clusters, which are the main geographic units where China’s current social and economic activity is concentrated, and even fewer studies on the Beijing-Tianjin-Hebei city cluster where energy-intensive industries are concentrated and there are serious ecological and environmental problems.



The evolution of regional industrial structure and spatial layout is the result of location selection of production enterprises. In the existing studies on regional leading industry selection and spatial layout, environmental externality index is rarely considered as a key factor. Focusing on how to achieve low-carbon and green development, in this paper, we first constructed a carbon entropy model along industrial and regional dimensions. Next, based on a two-stage super-efficiency DAE model, we constructed a quantitative model to comprehensively assess the carbon efficiency of different industries in various regions under a production framework that considered economic, energy and labor inputs, and economic and pollution outputs. Our aim was to measure the carbon entropy and carbon efficiency of 25 industries in the Beijing-Tianjin-Hebei region from 2000 to 2015. Then, we analyzed the evolutionary characteristics of the industrial structure and the distribution of industries in the Beijing-Tianjin-Hebei region, and proposed a path for transforming and upgrading the industrial structure and optimizing the spatial layout. The theoretical analysis framework is shown in Figure 1.




2. Materials and Methods


2.1. Method for Calculating Carbon Emissions


The energy consumption of industries and industrial production at the urban level in the Beijing-Tianjin-Hebei region is not fully known, but electrical energy consumption is a major source of carbon emissions in China [23]. Therefore, we selected this secondary energy source—industrial electricity—to calculate the industrial carbon emissions, based on the average CO2 emissions factors for regional power grids in China published by the Department of Climate Change of the National Development and Reform Commission of the People’s Republic of China.



The power grids were divided into northeastern, northern, eastern, central, northwestern, and southern regional grids, based on their current distribution in China. This paper used the average CO2 emissions factor of all the regional power grids in China and of the northern power grid region to calculate the industrial CO2 emissions of China and the Beijing-Tianjin-Hebei region, respectively. According to the CO2 emissions factor and industrial power consumption, the formula for calculating carbon emissions from industry was as follows:


   C i  = E  F  grid , i   ×  E i   



(1)




where Ci is carbon dioxide emissions from industry i; EFgrid,i is the regional average CO2 emissions factor; and Ei is the power consumption of industry i.




2.2. Industrial Carbon Entropy and Regional Carbon Entropy Model


Location entropy is the main measure of the status and role of the factors or industries of a given region to the region above it in the spatial hierarchy (for example, the Beijing-Tianjin-Hebei region is above any city in the region, and the whole country is above the Beijing-Tianjin-Hebei region). By constructing an industrial carbon entropy and regional carbon entropy calculation model, the evolutionary characteristics of the industrial structure and the spatial distribution of industries under carbon emission constraints can be identified [24].



2.2.1. Industrial Carbon Entropy


Industrial carbon entropy mainly refers to the ratio of the economic value produced by a specific industry in a given region per unit of carbon emissions to the economic value produced by industry as a whole in the given region per unit of carbon emissions. It reflects the carbon economic benefits of the specific industry compared with the overall carbon economic benefits of the given region. The formula for calculating it is as follows:


   I  C Q   =    n i  /  c i     n 0  /  c 0     



(2)




where ICQ is the industrial carbon entropy of the specific industry, which reflects the low-carbon economic development level of the specific industry; ni is the gross output of industry i in the given region; ci is the carbon emission from industry i in the given region; n0 is the gross output of all industries in the given region; c0 is the total carbon emission from industry in the given region. An ICQ > 1 indicates that the economic benefits generated by industry i in the given region per unit of carbon emissions are higher than the overall level in the given region. The greater the value of ICQ, the less the development of industry i in the given region is subject to carbon emission constraints and the higher the level of low-carbon development. An ICQ < 1 indicates that the economic benefits generated by industry i in the given region per unit of carbon emissions are lower than the overall level in the given region. The smaller the value of ICQ, the more the development of industry i in the given region is subject to carbon emission constraints and the lower the level of low-carbon development.




2.2.2. Regional Carbon Entropy


Regional carbon entropy represents the ratio of the economic benefits generated by a specific industry in a given region per unit of carbon emissions to the economic benefits generated by the corresponding industry in the region above it in the spatial hierarchy per unit of carbon emissions. It reflects the low-carbon economic level of the specific industry in the given region compared with the corresponding industry in the region above it in the spatial hierarchy.


   R  C Q   =    n i  /  c i     N 0  /  C 0     



(3)




where RCQ is the regional carbon entropy of industry i, which reflects the low-carbon development level of industry i; ni is the gross output of industry i in the given region; ci is the carbon emission from industry i in the given region; N0 is gross output of industry i in the region above it in the spatial hierarchy; C0 is the total carbon emission from industry i in the region above it in the spatial hierarchy. An RCQ > 1 indicates that the low-carbon development level of industry i in the given region is higher than in the region above it in the spatial hierarchy. The greater the value of RCQ, the less industry i in the given region is subject to carbon emission constraints compared with the region above it in the spatial hierarchy. An RCQ < 1 indicates that the carbon emission reduction efficiency of industry i in the given region is lower than in the region above it in the spatial hierarchy. The smaller the value of RCQ, the more industry i in the given region is subject to carbon emission constraints compared with the region above it in the spatial hierarchy.





2.3. Models to Measure the Carbon Efficiency of Industry


2.3.1. Super-Efficiency Data Envelopment Analysis (DEA) Model


When evaluating the efficiency of decision-making units (DMUs), traditional DEA models cannot further distinguish between multiple efficient DMUs whose efficiency scores are all 1. To solve this problem, based on the SBM model, Tone (2002) further defined the SuperSBM model. The super-efficiency DEA model can further compare DMUs whose efficiency scores are all 1 on the frontier of data envelopment in the same observation period, to measure the overall efficiency of DMUs more accurately. Under variable returns to scale, the planning formula of the output-oriented DEA model is as follows:


   min ρ ’  =  1  1 −  1 s   ∑  r = 1  s   s r +  /  y  r 0      



(4)






  s . t .   ∑   j = 1 , ≠ 0  n   λ j   x j  ≤  x 0   



(5)






     ∑   j = 1 , ≠ 0  n   λ j   y j  +  s +  ≥  y 0      e λ  = 1    λ ,  S +  ≥ 0   



(6)




where constraint J≠0 indicates that the evaluated DMU is not in the reference set consisting of other DMUs; ρ’ is the super-efficiency score of the evaluated DMU; x is the input variable; y is the output variable; s is the number of input variables; n is the number of DMUs; λ is the combination ratio in efficient DMUs; both    s r +    and    s +    are slack variables.




2.3.2. Two-Stage SuperSBM Model


As with the radial super-efficiency model, under the variable return to scale assumption, the input-oriented super efficiency model has no feasible solution. A necessary and sufficient condition for the output-oriented super-efficiency model to have no feasible solution is that     ∑  j = 1 , ≠ 0  n    λ j   χ j    +  s −  =  χ 0    is not feasible, and a sufficient (though not necessary) condition is x0 < xj, (j≠0). The sufficient condition for the super-efficiency model to have no feasible solution shows that under constraint eλ = 1, when one output value of the evaluated DMU is greater than that of other DMUs, constraint     ∑  j = 1 , ≠ 0  n    λ j   χ j    +  s −  =  χ 0    in the output-oriented super-efficiency model is not feasible. As a result, the model has no feasible solution. To make the output-oriented super-efficiency model have a feasible solution [18], we adopted the following two-stage solution [25].



First stage: The minimum input value of the evaluated DMU was increased to reach the convex production possibility set area consisting of other DMUs—that is:


  min   ∑   r = 1  s   s r −  /  x  r 0    



(7)






   s . t .   ∑   j = 1 , ≠ 0  n   λ j   x j  −  s −  ≤  x 0      e λ  = 1    λ ,  S −  ≥ 0   



(8)







Second stage: The optimal solution of the first stage was taken as a constant term and included in the above model to solve the output-oriented super-efficiency model.


   min ρ ’  =  1  1 −  1 s   ∑  r = 1  s   s r +  /  y  r 0      



(9)






  s . t .   ∑   j = 1 , ≠ 0  n   λ j   x j  ≤  x 0  +  s  − *    



(10)






     ∑   j = 1 , ≠ 0  n   λ j   y j  +  s +  ≥  y 0      e λ  = 1    λ ,  S +  ≥ 0   



(11)







When the optimal solution of the output-oriented super-efficiency model in the first stage is    s  + ∗   = 0  , the second stage model is equivalent to the traditional output-oriented super-efficiency model (4), and then a feasible solution can be found for the evaluated DMU under the traditional output-oriented super-efficiency model. That is to say, the two-stage super-efficiency model maintains compatibility with the traditional super-efficiency model; if there is a feasible solution for the evaluated DMU under the traditional output-oriented super-efficiency model, the two-stage super-efficiency model will produce the same result; otherwise, if there is no feasible solution, the two-stage super-efficiency model will produce the nearest feasible solution.




2.3.3. Carbon Efficiency Model


If the DEA does not lead to a best-practice production frontier, the input excess or output shortfall of carbon emissions can be obtained according to Formula (4), and the optimal carbon emissions can be obtained. Therefore, the total factor carbon efficiency is defined as:


  T F C  E  it   = T C  O  it   / A C  O  i t    



(12)




where i is the i-th DMU, t is time, TFCE (total factor carbon efficiency) is carbon efficiency under the total factor framework; TCO (target carbon output) is the target amount of carbon emissions, i.e., the optimal amount of carbon emissions generated to achieve a certain amount of economic output with existing production technology; ACO (actual carbon output) is the actual amount of carbon emissions generated by the DMU.





2.4. System of Indicators to Measure the Carbon Efficiency of Industry


After reviewing the findings of previous studies [26,27,28,29], we considered that the key to improving the carbon efficiency of industry was to increase economic output as much as possible with less input of resources and economic factors while reducing the emission of pollutants. Based on this, the input indicators in the SuperSBM model were divided into economic, labor, and energy inputs, and the output indicators were divided into expected and unexpected outputs to construct a comprehensive system of indicators to evaluate the carbon efficiency of industry.



Based on the characteristics of China’s economic development and the availability of data, the economic input was represented by the capital stock of industry (sum of the paid-in capital and fixed asset depreciation of industry in the current year); the labor input was represented by the total number of people employed in industry in the current year [30]; and the energy input was represented by industrial power consumption [31]. The expected output was the value added by industry; and the unexpected output was CO2 emissions from industry. The system of indicators to evaluate the resource and environmental efficiency of industry is shown in Table 1.




2.5. Overview of the Study Region and Data Sources


2.5.1. Study Region


The Beijing-Tianjin-Hebei region is located in the northeast coast of China (Figure 2), it is one of the three engines of China’s economic growth and is an important manufacturing base where energy-intensive and high-pollution industries such as metallurgy, chemicals, iron and steel, automobile manufacturing, and machinery manufacturing are concentrated. In 2012, the total energy consumption of the Beijing-Tianjin-Hebei region was 456 million tons of standard coal, accounting for 12.6% of national energy consumption. In 2013, the carbon emissions of the Beijing-Tianjin-Hebei region accounted for about one-fifth of the total national emissions, and its carbon intensity was higher than the national average. Energy consumption and greenhouse gas emissions in the Beijing-Tianjin-Hebei region underlie regional climate anomalies, environmental degradation, and the frequent occurrence of haze. In April 2015, the Politburo of the CPC Central Committee adopted the Outline of the Plan for the Coordinated Development of the Beijing-Tianjin-Hebei Region. This emphasizes that the integration of environmental protection is a starting point for the coordinated development of the Beijing-Tianjin-Hebei region. With the acceleration of the process of integration of environmental protection, provinces and cities in the region will inevitably deepen their cooperation in industrial carbon emission reduction. Therefore, to actively explore the development modes of the low-carbon economy, green economy, and circular economy, and to combine low-carbon construction with the transformation of the mode of industrial development, the only path to the integrated development of Beijing, Tianjin, and Hebei lies in transforming and upgrading industries, and optimizing their spatial distribution.




2.5.2. Data Sources


The socio-economic data and energy consumption data used in this paper were mainly from the Statistical Yearbooks for Beijing, Tianjin, and Hebei Province (Statistics Bureau of the People’s Republic of China 2001, 2006, 2011, 2016), and the statistical or economic yearbooks of 11 cities in Hebei Province for 2001, 2006, 2011, and 2016, as well as the China Industry Statistical Yearbooks (Statistics Bureau of the People’s Republic of China 2001, 2006, 2011, 2016).These yearbooks contain relevant data for 2000, 2005, 2010, and 2015. Based on the Yearbook list, excluding industries without data, 25 industrial sectors were chosen as the research object.






3. Results


According to Formula (1), the carbon emissions of industrial industries in Beijing Tianjin Hebei region in 2000, 2005, 2010, and 2015 are calculated, as shown in Table 2. Based on the data of carbon emissions, this paper makes further analysis from two dimensions of carbon entropy and carbon efficiency.



3.1. Evolutionary Characteristics of the Structure and Distribution of Industries Based on Carbon Entropy


3.1.1. Changes in Industrial Structure


The industrial carbon entropy (ICQ) and regional carbon entropy (RCQ) of the 25 industries in the Beijing-Tianjin-Hebei region were calculated using data for 2000, 2005, 2010, and 2015, with the whole country as the region hierarchically above the Beijing-Tianjin-Hebei region. According to the size of ICQ and RCQ, the 25 industries in the Beijing-Tianjin-Hebei region were divided into three types: Priority development, moderate development, and restricted development industries. Industries with ICQ and RCQ > 1 were priority development industries, and the low-carbon competitiveness of these industries was higher than both the Beijing-Tianjin-Hebei region as a whole and similar industries in China. Industries with ICQ > 1 and RCQ < 1 or ICQ < 1 and RCQ > 1 were moderate development industries, and the low-carbon development level of these industries was higher than the Beijing-Tianjin-Hebei region as a whole or similar industries in China. Industries with ICQ and RCQ < 1 were restricted development industries, and the low-carbon development level of these industries was lower than both the Beijing-Tianjin-Hebei region as a whole and similar industries in China (Table 3).



In terms of industry dimensions, the ratio between the output of these three types of industries was 0:59.06:40.94 in 2000, 0:57.88:42.12 in 2005, 0:58.76:41.24 in 2010, and 9.38:54.23:36.39 in 2015. The proportion of the output of priority development industries changed from 0 to 9.38%, indicating that these industries in the Beijing-Tianjin-Hebei region were gradually developing. The proportion of the output of moderate development industries fluctuated between 54% and 60%, and the industrial carbon entropy and regional carbon entropy of these industries changed from 3.09 and 0.08 in 2000 to 2.35 and 0.10 in 2015, respectively. This indicated that their low-carbon competitiveness was significant but has been gradually decreasing in the Beijing-Tianjin-Hebei region, and was insignificant but has been gradually decreasing compared with the rest of China. The proportion of the output of restricted development industries increased from 2000 to 2005, but has decreased significantly by 19.05% since then. Their industrial carbon entropy and regional carbon entropy changed from 0.51 and 0.06 to 0.50 and 0.09, respectively. Their low-carbon competitiveness followed the same trend as moderate development industries.



According to their degree of intensiveness, the industries were divided into resource-, labor-, capital-, and technology-intensive. In 2015, the priority development industries consisted of nonferrous metal smelting and rolling processing, and instruments and cultural and office machinery manufacturing, and were dominated by capital- and technology-intensive industries. Moderate development industries included 17 industries in 2000 and 14 industries in 2015. The ratio between resources, labor, capital, and technology changed from 0.00:35.88:8.40:55.72 in 2000 to 0.00:31.36:8.16:60.48 in 2015; the proportion of labor- and capital-intensive industries decreased, while the proportion of technology-intensive industries increased, indicating that technology-intensive industries have gradually evolved into the backbone of this category. Restricted development industries included eight industries in 2000 and nine industries in 2015. The ratio between the resources, labor, capital, and technology factors changed from 15.67:18.55:20.70:45.07 to 28.42:18.95:2.20:50.43. The proportion of capital-intensive industries declined rapidly, while the proportion of resource- and technology-intensive industries rose sharply, and gradually become the backbone of restricted development industries.




3.1.2. Spatial Distribution of Industrial Types


In terms of spatial distribution (Figure 3), the priority development industries were mainly concentrated in the southeast of the Beijing-Tianjin-Hebei region. In 2000, they were distributed in Langfang, Qinhuangdao, Chengde, Tianjin, and Cangzhou, with a relatively scattered spatial pattern. In 2005, they were mainly located in Langfang and Shijiazhuang, with a small number in Zhangjiakou and Chengde, showing that their concentration had strengthened. In 2010, they were mainly distributed in Langfang, with a few in Tianjin and Zhangjiakou, indicating that their regional distribution had evolved from a multi-core pattern to a single-core pattern, and their concentration had further increased. By 2015, Langfang remained the center and a contiguous Priority Development Zone had spread to neighboring cities, dominated by Tianjin, Cangzhou, Hengshui, Shijiazhuang, and Zhangjiakou. From 2000 to 2015, the spatial distribution of moderate development industries and restricted development industries did not change significantly. Moderate development industries were mainly distributed in Beijing, Tianjin, Cangzhou, Hengshui, Shijiazhuang, and Baoding. Baoding and Cangzhou are in the south of the Beijing-Tianjin-Hebei region. In addition to undertaking the industrial transfer of textiles, clothing, and building materials in Beijing, they are also important modern manufacturing development areas containing automobiles and parts, new energy and energy equipment, fine chemicals, new materials, biological medicines, and other industries. Restricted development industries were mainly distributed in the peripheral cities of Beijing-Tianjin-Hebei, including Zhangjiakou, Chengde, Qinhuangdao, Tangshan, Handan, Xingtai, and Shijiazhuang. Tangshan and Qinhuangdao are important ports for the Beijing-Tianjin-Hebei region, and petrochemical, heavy equipment manufacturing, steel, building materials, and other industries were clustered here. Handan, Xingtai, and Shijiazhuang are located in the southwest of Beijing-Tianjin-Hebei. They were mainly engaged in industries such as textile and clothing, coal-based chemicals, food processing, equipment manufacturing, steel, and building materials. Zhangjiakou and Chengde are located in the north of Beijing-Tianjin-Hebei, with a cluster of steel, metal smelting, papermaking, chemical, building material, and other industries.



On the whole, the spatial distribution of the three types of industries formed a pattern of concentric rings in the Beijing-Tianjin-Hebei region, with the priority development industries at the core, surrounded by moderate development industries and then restricted development industries. The formation of this spatial pattern, on the one hand, is related to the gradual clarification of the capital’s functional orientation and the gradual movement of resource-intensive and pollution-intensive industries to the peripheral areas; on the other hand, it is also the driving force of production factors under the background of globalization and localization.





3.2. Evolutionary Characteristics of the Structure and Distribution of Industries Based on Carbon Efficiency


3.2.1. Status of Industries


From 2000 to 2015, the average carbon efficiency of the Beijing-Tianjin-Hebei region changed from 0.6741 to 0.7288, showing an overall upward trend (Table 4). Among the 25 industries selected for this study, the carbon efficiency of 12 industries increased, namely textile, clothing, and other fiber products, paper and paper products, reproduction of recording media in printing, chemical raw materials and chemical products, pharmaceuticals, non-metallic mineral products, ferrous metal smelting and rolling processing, metal products, transportation equipment, instruments and cultural and office machinery manufacturing, and electricity, gas, and water production and supply, with the carbon efficiency of ferrous metal smelting and rolling processing increasing by 0.9629. Most of these 12 industries were identified as needing structural adjustment and optimization in the national economic and social development plans for Hebei, Beijing, and Tianjin during the 12th Five Year Plan, such as light and textile industry, and metallurgy. Under the constraints of the overall strategic requirements of the government’s Five Year Plan and the regional energy conservation and emission reduction development work plan, these industries have improved their carbon emission efficiency effectively by strictly controlling total expansion, optimizing the structure, and improving the level of technology and equipment. The carbon efficiency of 11 industries decreased, namely food processing, food manufacturing, beverage manufacturing, leather, fur and down products, wood processing and bamboo rattan palm grass products, petroleum processing and coking, rubber and plastic products, general machinery manufacturing, special equipment manufacturing, electrical machinery and equipment manufacturing, and computer, communication, and other electronic equipment manufacturing, with the carbon efficiency of food manufacturing decreasing the most, from 0.7707 in 2000 to 0.1097 in 2015. There were many small and medium-sized enterprises in the food processing and manufacturing industry, beverage manufacturing industry, leather, fur, and down products industry, and other industries. Their pollution emissions were large and most had not been controlled, resulting in a reduction of carbon emission efficiency. Oil and rubber are traditional pollution-intensive industries, and their carbon emission efficiency is reduced during rapid development. The carbon efficiency of furniture manufacturing and nonferrous metal smelting and rolling processing remained unchanged at 1.



According to the carbon efficiency calculations, these 25 industries were divided into three categories: High-efficiency industries, whose carbon efficiency was > 1; medium-efficiency industries, whose carbon efficiency was between 0.5–1; and low-efficiency industries, whose carbon efficiency was between 0–0.5. The number of high-efficiency industries increased from 2 in 2000 to 3 in 2015, and the proportion of their output value in the total output value of Beijing-Tianjin-Hebei region increased from 1.88% in 2000 to 6.02% in 2015. The number of medium-efficiency industries decreased from 16 to 14, but the proportion of their output remained basically unchanged, 59.27% in 2000 and 59.22% in 2015. The number of low-efficiency industries increased from 7 to 8, but their proportion of industrial output value decreased from 38.85% to 34.76%. Generally speaking, the number of medium and high-efficiency industries in the Beijing-Tianjin-Hebei region improved, while the number of low-efficiency industries declined.



Compared with the research results of Yan Y and other scholars, the power, gas and water production and supply industry, non-metallic mineral products industry and other industries belong to high carbon emission industries, and their technology research and development and improvement capabilities are at a low level, resulting in low carbon emission efficiency [32,33].




3.2.2. Spatial Layout of Industries


As can be seen from Figure 4, high-efficiency industries were mainly distributed in Tianjin and Shijiazhuang in 2000. With the rapid development of regional industries from 2005 to 2010, the spatial distribution expanded to include Beijing, Tianjin, and Shijiazhuang. By 2015, along with the industrial increment control and industrial transfer in Beijing during the 12th Five Year Plan period, the industrial expansion slowed, and high-efficiency industries were concentrated in Tianjin and Shijiazhuang again. Although there was no change in distribution compared with 2000, the output of high-efficiency industries in Tianjin and Shijiazhuang as a percentage of the total output of such industries in the Beijing-Tianjin-Hebei region changed from 24.64% and 43.90% to 60.44% and 22.32% respectively, indicating that high-efficiency industries were increasingly concentrated in Tianjin and Shijiazhuang, forming two clusters in the Beijing-Tianjin-Hebei region. In 2000, medium-efficiency industries were concentrated in Beijing and Tianjin, which accounted for 42.74% and 34.33% of total output, respectively. Since then, the agglomeration trend has begun to weaken. In 2005, medium-efficiency industries were mainly distributed in Beijing, Tianjin, and Tangshan; in 2010, they were mainly distributed in Beijing, Tianjin, Handan, Shijiazhuang, and Baoding; in 2015, they were mainly distributed in Beijing, Tianjin, Tangshan, and Shijiazhuang, which accounted for 18.87%, 29.57%, 12.09%, and 8.27% of total output, respectively. During the research period, low-efficiency industries were gradually concentrated. In 2000, they were distributed in Beijing, Tianjin, and Tangshan. In 2005, they began to shift to Shijiazhuang and by in 2015, they were concentrated in Beijing, Tianjin, and Shijiazhuang, which accounted for 24.55%, 25.01%, and 12.60% of total output, respectively.






4. Discussion


4.1. Optimization and Regulation Strategy for Industrial Structure Transformation


According to the data for 2015 and by integrating the industry classification along the two dimensions of carbon entropy and carbon efficiency, the 25 industries in the Beijing-Tianjin-Hebei region were divided into eight categories, namely high- and medium-efficiency industries whose development should be prioritized; high-, medium-, and low-efficiency industries whose development should be moderate; and high-, medium-, and low-efficiency industries whose development should be restricted.



Based on the regional industrial development foundation, combined with the national economic and social development planning during the 13th Five Year Plan and the industrial development planning of Hebei, Beijing, and Tianjin, the following measures and pathways for the development of different types of industrial industries are proposed.



4.1.1. High-Efficiency Industries Whose Development Should Be Prioritized


This category only included instruments and cultural and office machinery manufacturing. Its output accounted for 3.54% of the total value, its carbon emissions accounted for 0.10% of the total, and its carbon density was 0.01 t/100 million Yuan. The industrial carbon entropy and regional carbon entropy were 36.48 and 1.01, and the carbon efficiency was 2.22. Industries in this category had advantages in that both their carbon entropy and carbon efficiency were high, but they derived no significant advantages from their regional carbon entropy. Therefore, we should strengthen technological innovation and policy innovation to improve their low-carbon competitiveness among similar industries in China.




4.1.2. Medium-Efficiency Industries Whose Development Should Be Prioritized


This category only included nonferrous metal smelting and rolling. Its output accounted for 5.84%, its carbon emissions accounted for 1.26%, and its carbon density was 0.05 t/100 million Yuan. The industrial carbon entropy and regional carbon entropy were 4.62 and 1.52, respectively, and the carbon efficiency was 1. The carbon entropy and carbon efficiency of industries in this category were lower than high-efficiency industries whose development should be prioritized but higher than industries in other categories; their carbon intensity was low, and their low-carbon competitiveness was better than similar industries in the Beijing-Tianjin-Hebei region and in China. Therefore, we should strengthen green technology innovation and improve carbon efficiency to transform them into high-efficiency industries as soon as possible.




4.1.3. High-Efficiency Industries Whose Development Should Be Moderate


This category only included leather, fur, and down products. Its output accounted for 2.04%, its carbon emissions accounted for 0.22%, and its carbon density was 0.03 t/100 million Yuan. The industrial carbon entropy and regional carbon entropy were 9.12 and 0.27, and the carbon efficiency was 1.05. Although industries in this category had a competitive advantage in terms of carbon emissions in the Beijing-Tianjin-Hebei region, and their carbon efficiency was high, compared with similar industries in other regions of China, their low-carbon competitiveness was weak. Therefore, we should increase investment in technology, change the traditional development mode dominated by labor-intensive industries, and vigorously develop technology-intensive industries to enhance their regional competitive advantage.




4.1.4. Medium-Efficiency Industries Whose Development Should Be Moderate


This category included eight industries, namely textile, reproduction of recording media in printing, pharmaceutical manufacturing, metal products, special equipment manufacturing, transportation equipment manufacturing, electrical machinery and equipment manufacturing, and computer, communication, and other electronics equipment manufacturing. Their output accounted for 36.55%, their carbon emissions accounted for 16.05%, and their carbon density was 0.11 t/100 million Yuan. The average industrial carbon entropy and regional carbon entropy was 2.27 and 0.09, and the average carbon efficiency was 0.77. Industries in this category are similar to high-efficiency industries whose development should be moderate. They do not have any regional competitive advantages, and their carbon efficiency is low. Therefore, “greenness” and “innovation” should be regarded as the key to their transformation and development.




4.1.5. Low-Efficiency Industries Whose Development Should Be Moderate


This category included five industries, namely food processing, food manufacturing, beverage manufacturing, petroleum processing and coking, and general machinery manufacturing. Their output accounted for 15.64%, their carbon emissions accounted for 7.34%, and their carbon density was 0.11 t/100 million Yuan. The average industrial carbon entropy and regional carbon entropy were 2.49 and 0.09, respectively, and the average carbon efficiency was 0.35. At present, industries in this category are mainly labor-intensive and capital-intensive. As a result, their regional competitive advantage is weak, and their carbon efficiency is low. Therefore, we should increase investment in technology and advance the structural adjustment of these industries to make them more technologically intense, and to improve their low-carbon competitiveness and carbon efficiency.




4.1.6. High-Efficiency Industries Whose Development Should Be Restricted


This category only included wood processing and bamboo rattan palm grass products. Its output accounted for 0.44%, its carbon emissions accounted for 2.16%, and its carbon density was 1.21 t/100 million Yuan. The industrial carbon entropy and regional carbon entropy were 0.20 and 0.01, and the carbon efficiency was 1.01. The carbon intensity of industries in this category was the highest among all industries, and their industrial and regional low-carbon competitiveness was low. Therefore, we should examine the entire production chain, strengthen low-carbon technology and introduce process innovation, reduce carbon emissions, improve the low-carbon economic development capacity, and transform these industries into high industrial and high regional carbon entropy industries, while maintaining high carbon efficiency.




4.1.7. Medium-Efficiency Industries Whose Development Should Be Restricted


This category included five industries, namely clothing and other fiber products manufacturing, furniture manufacturing, paper and paper products, rubber and plastic products, and ferrous metal smelting and rolling processing. Their output accounted for 16.83%, their carbon emissions accounted for 39.48%, and their carbon density was 0.57 t/100 million Yuan. The average industrial carbon entropy and regional carbon entropy were 0.64 and 0.06, and the average carbon efficiency was 0.86. Industries in this category were the main source of carbon emissions in the Beijing-Tianjin-Hebei region. Their carbon emissions were the highest among the eight categories, and their carbon intensity was also high. Therefore, we should strictly control the scale of their development, strengthen the introduction and use of cleaner production technologies, improve the energy structure, increase energy efficiency, and enhance their low-carbon development capacity.




4.1.8. Low-Efficiency Industries Whose Development Should Be Restricted


This category included three industries, namely chemical raw materials and chemical products manufacturing, non-metallic mineral products, and electricity, gas, and water production and supply. Their output accounted for 19.12%, their carbon emissions accounted for 33.39%, and their carbon density was 0.43 t/100 million Yuan. The average industrial carbon entropy and regional carbon entropy were 0.57 and 0.12 respectively, and the average carbon efficiency was 0.25. Industries in this category were among the main sources of carbon emissions in the Beijing-Tianjin-Hebei region. They were second only to the medium-efficiency industries whose development should be restricted in terms of carbon emissions and, therefore, the development of these industries should be similar. We should control the scale of their development, actively control carbon emissions, strengthen the control of energy consumption, and increase the use of green production technologies.





4.2. Optimization and Regulation Path of the Industrial Spatial Layout


According to the averages of the output of priority development industries and moderate development industries in various cities in the Beijing-Tianjin-Hebei region as a percentage of the output of the corresponding industries in the Beijing-Tianjin-Hebei region in 2015, and based on 1.25 times and 0.75 times the average, respectively, the Beijing-Tianjin-Hebei region was divided into three categories, namely areas whose development should be prioritized, areas whose development should be moderate, and areas whose development should be restricted. In addition, based on the average of the output of high-efficiency industries in various cities as a percentage of the output of the corresponding industries in the Beijing-Tianjin-Hebei region, the Beijing-Tianjin-Hebei region was divided into high-efficiency areas and lo- efficiency areas. In summary, the region covered by this study was divided into five categories, as follows.



4.2.1. High-Efficiency Areas Whose Development Should Be Prioritized


This category included Tianjin. In 2015, its area was 11,917 km2, its population was 10.269 million, and its total industrial output was 2505.821 billion Yuan, accounting for 5.55%, 10.48%, and 29.85% of the Beijing-Tianjin-Hebei region, respectively. The output of industries whose development should be prioritized and of moderate- and high-efficiency industries in the area as a percentage of the output of corresponding industries in the Beijing-Tianjin-Hebei region was 39.81% and 60.44%, respectively. Their carbon emissions accounted for 18.78%, and their carbon density was 0.15 t/100 million Yuan, indicating that the degree of industrialization of the area was high, its industrial and regional advantages derived from carbon economic benefits were significant, and its carbon efficiency was high. We should continue to speed up the development of high-efficiency industries and enhance their low-carbon development capacity; for nonferrous metal smelting and rolling processing, leather, fur, and down products, and other industries with low efficiency or low carbon entropy, we should focus on technological transformation and upgrades.




4.2.2. High-Efficiency Areas Whose Development Should Be Moderate


This category included Shijiazhuang. In 2015, its area was 13,056 km2, its population was 10.072 million, and its total industrial output was 891.550 billion Yuan, accounting for 6.08%, 10.92%, and 10.62% of the Beijing-Tianjin-Hebei region, respectively. The output of industries whose development should be prioritized and moderate- and high-efficiency industries in the area as a percentage of the output of corresponding industries in the Beijing-Tianjin-Hebei region was 9.30% and 22.32%, respectively. Their carbon emissions accounted for 11.22%, and their carbon density was 0.25 t/100 million Yuan, indicating that the level of development of these industries was lower than in high-efficiency areas whose development should be prioritized, but their efficiency was high, and they had a strong regional advantage in industry and the low-carbon economy. Therefore, for areas in this category, we should attach importance to low-carbon technology innovation for industries and enhance their low-carbon competitiveness.




4.2.3. Low-Efficiency Areas Whose Development Should Be Prioritized


This category included Beijing. In 2015, its area was 16,411 km2, its population was 13.452 million, and its total industrial output was 1683.066 billion Yuan, accounting for 7.64%, 13.73%, and 20.05% of the Beijing-Tianjin-Hebei region, respectively. The output of industries whose development should be prioritized and moderate- and high-efficiency industries in the area as a percentage of the output of corresponding industries in the Beijing-Tianjin-Hebei region was 21.46% and 5.62%, respectively. Their carbon emissions accounted for 10.44%, and their carbon density was 0.13 t/100 million Yuan, indicating that the area was second only to high-efficiency areas whose development should be prioritized in terms of0 the output of industries whose development should be prioritized and moderate among the five categories. This gave the area an advantage in this regard, but the carbon efficiency of industries in the area was low. Therefore, we should control low-efficiency industries, strengthen technological transformation, and focus on controlling the transformation and transfer of low-efficiency industries such as petroleum processing and coking, and chemical raw materials and chemical products manufacturing.




4.2.4. Low-Efficiency Areas Whose Development Should Be Moderate


This category included Cangzhou and Baoding. In 2015, their combined area was 36,220 km2, their combined population was 18.995 million, and their combined industrial output was 949.533 billion Yuan, accounting for 16.86%, 19.39%, and 11.31% of the Beijing-Tianjin-Hebei region, respectively. The output of industries whose development should be prioritized and moderate- and high-efficiency industries in these areas as a percentage of the output of corresponding industries in the Beijing-Tianjin-Hebei region was 12.39% and 6.38%, respectively. Their carbon emissions accounted for 8.02%, and their carbon density was 0.35 t/100 million Yuan, indicating that industries whose development should be prioritized and moderate in these areas were underdeveloped and inefficient. Therefore, to solve the problem of inefficient use of resources, we should vigorously advance the low-carbon transformation of industries, accelerate the development of high-efficiency industries whose development should be prioritized, and promote the optimization and upgrading of the industrial structure in these areas.




4.2.5. Low-Efficiency Areas Whose Development Should Be Restricted


More cities fell under this category, including Chengde, Xingtai, Qinhuangdao, Handan, Zhangjiakou, Langfang, Hengshui, and Tangshan. In 2015, their combined area was 137,259 km2, their combined population was 44.552 million, and their combined industrial output was 2.36583 trillion Yuan, accounting for 63.88%, 45.48%, and 28.18% of the Beijing-Tianjin-Hebei region, respectively. The output of industries whose development should be prioritized and moderate- and high-efficiency industries in these areas as a percentage of the output of corresponding industries in the Beijing-Tianjin-Hebei region was 17.04% and 5.24%, respectively. Their carbon emissions accounted for 51.54%, and their carbon intensity was 3.35 t/100 million Yuan, the highest among the five categories, indicating that industries whose development should be prioritized and moderate in these areas were underdeveloped and inefficient and were a major contributor to carbon emissions in the Beijing-Tianjin-Hebei region. These areas were economically underdeveloped and technologically backward. We should make priority development industry the focus of regional development to upgrade the industrial structure; and strengthen the popularity and application of cleaner production and technology to enhance the low-carbon economic competitiveness of industries. In particular, Qinhuangdao and Tangshan, which belong to the Hebei Coastal Economic Zone, should pay more attention to ecological protection when industries are transferred from elsewhere and when building nationally important new industrial bases.






5. Conclusions


In this paper, we constructed an industrial carbon entropy and regional carbon entropy model based on electricity and carbon emission data by industry for the Beijing-Tianjin-Hebei region from 2000 to 2015. Next, we built a model to evaluate the carbon efficiency of industries under a total factor framework based on the two-stage SuperSBM model to calculate the carbon efficiency of industries in the study region. We then analyzed the evolutionary characteristics of the industrial structure of and the distribution of industries in the Beijing-Tianjin-Hebei region along the two dimensions of carbon entropy and carbon efficiency and discussed the path toward their optimization. The results show that:



According to calculations made using the industrial carbon entropy and regional carbon entropy model, industries in the Beijing-Tianjin-Hebei region were divided into three categories: Priority, moderate, and restricted. The results showed that priority development industries in the Beijing-Tianjin-Hebei region were gradually developing; the regional competitiveness of moderate development industry was gradually improving, and technology-intensive industries had seen an increase in their output as a percentage of the output of such industries and had gradually evolved into the backbone of such industries. Restricted development industries had seen a significant decrease in their output and were dominated by resource- and technology-intensive industries.



In terms of spatial distribution, the three types of industries formed a concentric pattern in the Beijing-Tianjin-Hebei region with priority development industries at the core, surrounded by moderate development industries, while restricted development industries were on the periphery. A cluster of priority development industries had been formed with Langfang as the core.



From 2000 to 2015, the status of medium and high-efficiency industries in the Beijing-Tianjin-Hebei region improved, while the status of low-efficiency industries declined. In terms of spatial distribution, high- and low-efficiency industries had gradually become concentrated, while medium-efficiency industries had gradually dispersed.



There was a significant correlation between carbon entropy and carbon efficiency. Carbon efficiency is the basis for the formation of carbon entropy, and carbon entropy is a manifestation of the comparative advantage of carbon efficiency in the industry and region. Based on the results of carbon entropy and carbon efficiency analysis, and from an industry perspective, industries in the Beijing-Tianjin-Hebei region were divided into eight categories, namely high- and medium-efficiency industries whose development should be prioritized; high-, medium-, and low-efficiency industries whose development should be moderate; and high-, medium-, and low-efficiency industries whose development should be restricted. From a regional perspective, the Beijing-Tianjin-Hebei region was divided into five categories, namely high-efficiency areas whose development should be prioritized or should be moderate; and low-efficiency areas whose development should be prioritized, should be moderate, or should be restricted. On this basis, we proposed an industrial structure optimization strategy and layout reorganization optimization path in the Beijing-Tianjin-Hebei region along the two dimensions of industry and region.



Based on the principle of location entropy, this paper constructs the conceptual models of industrial carbon entropy and regional carbon entropy, and constructs a research framework for the analysis and optimization of regional industrial structure and layout characteristics from the perspective of carbon emission constraints, and takes Beijing-Tianjin-Hebei region as an example. However, due to China’s top-down energy statistics model, the lack of continuous urban scale industrial and energy consumption data, it is unable to accurately calculate the energy consumption and carbon emissions of various industrial industries at the city scale [34]. Therefore, this paper uses the secondary energy industrial electricity consumption to study the carbon emission and efficiency of various industrial industries in Beijing-Tianjin-Hebei region. Despite the above limitations, this study can provide a reference for the green transformation and spatial layout optimization of industrial structure in China’s urban intensive areas.



In addition, carbon emissions are related to many factors. Based on the comparative advantages of regional and industrial carbon emissions, this paper studies the industrial structure transformation and layout optimization. In further studies, we suggest to analyze the impact intensity, influence size and change characteristics of industrial structure, industrial agglomeration, industrial park construction, industrial technology level, and other factors on carbon emissions, so as to better understand the relationship between carbon emissions and industrial structure and spatial distribution characteristics, deepen the theoretical understanding between them, and deepen the theoretical understanding between them, to provide a theoretical basis for the research on industrial structure and spatial layout optimization based on carbon emission constraints.
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Figure 1. Theoretical analysis framework of industrial structure transformation and layout optimization under carbon emission constraints. 
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Figure 2. Map of Beijing-Tianjin-Hebei region. 
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Figure 3. Beijing-Tianjin-Hebei industrial spatial pattern based on carbon entropy in 2000 (a), 2005 (b), 2010 (c), 2015 (d). 
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Figure 4. Beijing-Tianjin-Hebei industrial spatial pattern based on carbon efficiency in 2000 (a), 2005 (b), 2010 (c), 2015 (d). 
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Table 1. Evaluation index system of environmental efficiency of industrial resources.
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Indicator Type

	
Primary Indicators

	
Secondary Indicators






	
Input index

	
Economic factor input

	
Industrial capital stock




	
Labor factor input

	
Industrial employees




	
Energy factor input

	
Industrial power consumption




	
Output indicators

	
Expected output

	
Industrial added value




	
Unexpected output

	
Industrial CO2 emissions
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Table 2. Carbon emissions of industrial industries in Beijing-Tianjin-Hebei region from 2000 to 2015 (Kg).
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	Trade Name
	2000
	2005
	2010
	2015





	Food processing industry
	77,700.79
	234,606.07
	197,361.99
	251,514.91



	Food manufacturing industry
	69,060.72
	101,267.43
	130,896.02
	178,171.98



	Beverage manufacturing industry
	60,473.34
	91,906.06
	105,986.36
	88,622.53



	Textile industry
	260,835.76
	294,043.95
	442,889.68
	389,186.00



	Clothing and other fiber products manufacturing industry
	43,917.82
	101,399.27
	140,659.71
	173,499.65



	Leather, fur, down and its products
	9028.51
	25,690.95
	33,637.00
	43,404.81



	Wood processing and bamboo, rattan, palm grass products industry
	20,163.01
	79,863.10
	55,051.32
	436,370.49



	Furniture manufacturing industry
	66,090.63
	103,610.95
	371,318.79
	130,679.04



	Paper and paper products industry
	142,235.01
	267,732.83
	305,744.92
	348,636.36



	Reproduction of recording media in printing industry
	48,864.40
	59,803.40
	139,877.53
	83,187.72



	Petroleum processing and coking industry
	592,759.61
	418,500.49
	627,472.19
	596,347.23



	Chemical raw materials and chemical products manufacturing industry
	1,080,111.51
	1,301,442.14
	1,761,649.90
	1,789,613.33



	Pharmaceutical manufacturing industry
	166,833.64
	83,235.11
	311,581.66
	266,080.18



	Rubber and plastic products industry
	105,785.97
	266,257.21
	402,492.34
	432,138.48



	Non-metallic mineral products industry
	788,486.32
	860,061.42
	1,241,886.33
	1,274,621.34



	Ferrous metal smelting and rolling processing industry
	2,202,149.45
	3,701,548.49
	6,797,725.29
	6,978,381.54



	Nonferrous metal smelting and rolling processing industry
	112,637.82
	110,285.96
	236,548.97
	258,485.72



	Metal products industry
	146,717.02
	239,833.99
	461,505.05
	758,596.88



	General machinery manufacturing industry
	148,340.99
	241,266.10
	515,364.99
	358,520.99



	Special equipment manufacturing industry
	89,157.04
	128,019.94
	256,246.02
	314,542.98



	Transportation equipment manufacturing industry
	111,001.25
	222,684.46
	461,913.71
	658,431.47



	Electrical machinery and equipment manufacturing industry
	81,129.07
	163,376.65
	187,483.03
	367,594.62



	Computer, communication and other electronics equipment manufacturing industry
	81,758.45
	310,709.19
	325,136.74
	387,248.03



	Instrument culture, office machinery manufacturing industry
	11,106.51
	21,165.91
	24,781.64
	19,553.03



	Electricity, gas and water production and supply industry
	1,204,666.64
	2,204,944.93
	3,556,635.93
	3,523,852.08
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Table 3. Industrial industry classification of Beijing-Tianjin-Hebei based on industrial carbon entropy(ICQ) and regional carbon entropy(RCQ).
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	Industry Type
	Meet Conditions
	2000
	2005
	2010
	2015





	Priority development industry
	ICQ > 1 and RCQ > 1
	
	
	
	17, 24



	Moderate development industry
	ICQ > 1 and RCQ < 1ICQ < 1 and RCQ > 1
	1, 2, 3, 4, 5, 6, 7, 10, 14, 17, 18, 19, 20, 21, 22, 23, 24
	1, 2, 3, 4, 5, 6, 10, 11, 13, 17, 18, 19, 20, 21, 22, 23, 24
	1, 2, 3, 5, 6, 7, 11, 13, 14, 17, 18, 19, 20, 21, 22, 23, 24
	1, 2, 3, 4, 6, 10, 11, 13, 18, 19, 20, 21, 22, 23



	Restrict development industry
	ICQ < 1 and RCQ < 1
	8, 9, 11, 12, 13, 15, 16, 25
	7, 8, 9, 12, 14, 15, 16, 25
	4, 8, 9, 10, 12, 15, 16, 25
	5, 7, 8, 9, 12, 14, 15, 16, 25







Note: 1. Food processing industry; 2. Food manufacturing industry; 3. Beverage manufacturing industry; 4. Textile industry; 5. Clothing and other fiber products manufacturing industry; 6. Leather, fur and down products industry; 7. Wood processing and bamboo rattan palm grass products industry; 8. Furniture manufacturing industry; 9. Paper and paper products industry; 10. Reproduction of recording media in printing industry; 11. Petroleum processing and coking industry; 12. Chemical raw materials and chemical products manufacturing industry; 13. Pharmaceutical manufacturing industry; 14. Rubber and plastic products industry; 15. Non-metallic mineral products industry; 16. Ferrous metal smelting and rolling processing industry; 17. Nonferrous metal smelting and rolling processing industry; 18. Metal products industry; 19. General machinery manufacturing industry; 20. Special equipment manufacturing industry; 21. Transportation equipment manufacturing industry; 22. Electrical machinery and equipment manufacturing industry; 23. Computer, communication and other electronics Equipment manufacturing industry; 24. Instrument culture office machinery manufacturing industry; 25. Electricity, gas and water production and supply industry.
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Table 4. Carbon efficiency of industrial industry in Beijing-Tianjin-Hebei region from 2000 to 2015.
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	Trade Name
	2000
	2005
	2010
	2015





	Food processing industry
	0.5908
	0.2831
	1.0000
	0.2724



	Food manufacturing industry
	0.7707
	0.8380
	0.7288
	0.1097



	Beverage manufacturing industry
	0.6343
	0.6626
	0.4899
	0.4494



	Textile industry
	0.3131
	0.4983
	0.4255
	0.7268



	Clothing and other fiber products manufacturing industry
	0.6614
	0.2577
	0.3964
	0.7965



	Leather, fur, down and its products
	1.2302
	1.0000
	1.6366
	1.0501



	Wood processing and bamboo, rattan, palm grass products industry
	1.1545
	1.0711
	1.0705
	1.0002



	Furniture manufacturing industry
	1.0000
	1.0000
	0.2844
	1.0000



	Paper and paper products industry
	0.3921
	0.5725
	0.6082
	0.7586



	Reproduction of recording media in printing industry
	0.8942
	0.9964
	0.9604
	0.9949



	Petroleum processing and coking industry
	1.0000
	1.0000
	1.0000
	0.4662



	Chemical raw materials and chemical products manufacturing industry
	0.0757
	0.2387
	0.2688
	0.2347



	Pharmaceutical manufacturing industry
	0.5269
	1.0000
	0.7560
	0.5525



	Rubber and plastic products industry
	0.7376
	0.2786
	0.5414
	0.7206



	Non-metallic mineral products industry
	0.1037
	0.2742
	0.2973
	0.3426



	Ferrous metal smelting and rolling processing industry
	0.0371
	1.0000
	1.0000
	1.0000



	Nonferrous metal smelting and rolling processing industry
	1.0000
	1.0000
	1.0000
	1.0000



	Metal products industry
	0.4656
	0.2872
	0.3926
	0.5794



	General machinery manufacturing industry
	0.5490
	0.5579
	0.4324
	0.4567



	Special equipment manufacturing industry
	0.9125
	0.7354
	0.7174
	0.6945



	Transportation equipment manufacturing industry
	0.7342
	0.8279
	1.0000
	1.0000



	Electrical machinery and equipment manufacturing industry
	1.0000
	0.5051
	1.0000
	0.6557



	Computer, communication and other electronics equipment manufacturing industry
	1.0000
	1.0000
	1.0000
	0.9524



	Instrument culture, office machinery manufacturing industry
	1.0000
	1.2138
	1.3573
	2.2199



	Electricity, gas and water production and supply industry
	0.0679
	0.1409
	0.1299
	0.1868



	Average value
	0.6741
	0.6896
	0.7397
	0.7288
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