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Abstract

:

Carbon footprints have been widely employed as an indicator for total carbon dioxide released by human activities. In this paper, we implemented a multi-regional input-output framework to evaluate the carbon footprints and embodied carbon flows for the eight regions of China from consumption-based perspective. It is found that the construction, electricity/stream supply, and machine manufacturing rank as the top sectors with the largest total carbon emissions. The construction sector alone accounts for 20%–50% of the national emissions. Besides the sectoral carbon footprints, regional footprints and their differences in carbon emissions were also observed. The middle region had the largest total carbon footprints, 1188 million ton, while the capital region ranked the first for its per capita carbon footprint, 7.77 ton/person. In regard to the embodied carbon flows within China, the study detected that the embodied carbon flows take up about 41% of the total carbon footprints of the nation. The northwest region and the eastern coast region are found to be the largest net embodied carbon exporter and importer, respectively. Further investigation revealed significant differences between production-based and consumption-based carbon emissions, both at sectoral and total amounts. Results of this paper can provide specific information to policies on sectoral and regional carbon emission reduction.
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1. Introduction


Carbon footprint accounting has been proved to be a good approach to indicate the total carbon emissions of a person, a sector, a region and a nation [1,2,3,4,5,6,7,8]. The concept of carbon footprint refers to the total carbon dioxide discharged to the atmosphere [9]. Since the total amount of carbon dioxide is not only dependent upon the direct emitters but also indirectly through the emitters’ supply chain, this concept can help us identify the “hidden carbon emitter” that cannot be detect from superficies. A related concept is “embodied carbon”, which is defined as the volume of carbon transferred from one sector/region to another, measured over the full supply chain. Thus, the carbon footprint of a sector/region refers to the total carbon emissions from the inhabitants of the sector/region. This concept is of great importance to the accounting of carbon emissions.



With rapid economic development and high industrial energy consumption, China is now the top greenhouse gases (GHGs) emitter in the world—taking up 23.9% of the global emissions in the year 2010 [10]. A series of studies have tried to find out the solution to curb the emissions from many aspects [11,12,13,14,15], among which, accounting of the embodied carbon and carbon footprints of China are the major concerns. Lin employed an input–output model to evaluate the embodied carbon dioxide in international trade between China and other countries [16]; Liu detected the energy embodied in international trade of China [17]; Shui did a research on the embodied carbon in US–China trade [18]; while Li focused on the carbon emissions between China and UK [19]; Liu investigated the embodied energy use in China’s industrial sectors using an IO model [20]; Zhu conducted an calculation and decomposition of indirect carbon emissions from residential consumption in China [21]; Chen explored the sectoral carbon footprints in 2007 of the whole country and in another paper, the carbon footprints of Beijing [22].



As shown above, previous studies mainly focused on the carbon footprints of the whole nation, a single region, or the interdependency between China and other countries, while few researchers paid attention to China’s regional carbon footprints and the relationships between these internal regions, especially at the sectoral level. For a big country like China, where huge regional differences exists, it is very urgent to investigate how the regions are different in sectoral carbon emissions, what are the directions of the embodied carbon flows, and what are the driving forces of carbon emissions in every region. The above-mentioned information can help detect where the highest carbon intensities are, and thus help to identify how to curb its emissions in China.



There are two methods in the carbon footprints accounting—one is the life cycle analysis (LCA), the so-called “bottom up” approach, and the other is the input–output analysis (IOA). LCA has advantages over IOA in the embodied carbon evaluation of single products because it collects production information from the technical details [23,24,25,26,27,28,29], but it shows shortcomings in the carbon calculation of an area, which needs massive data support and truncation errors [30]. So recent studies that focus on all sectoral products mostly use IOA to calculate the regional and national carbon footprints. IOA is a top-down economic technique using sectoral monetary transactions data to account for the interconnections and interdependencies of sectors developed by Leontief in the 1930s [31]. It uses mathematical routines to specify how substances flow among sectors through supply chains. It can track all direct and indirect resource use embodied in consumption [32]. IOA has been recently applied to the studies on impacts including both environmental and social or various resources embodied in the products, unexceptionally, the embodied carbon as carbon footprint [33,34,35,36,37].



There are mainly two types of IOA literatures—the one based on the single-regional input–output (SRIO) model and the other based on multi-regional input–output (MRIO) model. The first approach is mainly used to analyze a single region issue and the data needs are simple. However, in all research that employs SRIO model, there must be a strong assumption that the sectors of external regions have the same emission intensities as the studied region. Obviously, this may lead to incorrect results [16,17,38]. On the other hand, MRIO contains sectors in all trade partners and can obtain a more accurate result [33,34,39,40,41,42], which is of great importance when studying the relationships between multiple regions. So, if data are available, it is more reasonable to apply MRIO. In our study, we employ an eight-region MRIO model that covers most areas of China, except Hong Kong, Macao and Taiwan.



There are two main objectives of this article. One is to probe the carbon footprints at sectoral level so that we can access which sectors put the most pressure on the atmosphere. The other one focuses on the carbon flows embodied in inter-regional trade. Through these accountings, we can provide abundant information about carbon emission characteristics in China and support the making of low-carbon policies.




2. Methodology and Data


2.1. Methodology


In a MRIO framework, the technical coefficient matrix A can be calculated by


     A *  = [  A  r s   ]  ,    A  r s   = [  a  i j   r s   ]  ,    a  i j   r s   =  z  i j   r s   /  x j s     



(1)




where     z  ij   rs      is the intermediate input from ith sector in region r to jth sector in region s and     x j s     is the output of jth sector in region s of which the latter can be written as:


    X *  =  [     x 1       x 2      ⋮      x n     ]    



(2)




and the relevant final emissions can be shown as


    Y *  =  [       y  11        y  12      ⋯     y  1 n          y  21        y  22      ⋯     y  2 n        ⋮   ⋮   ⋱   ⋮       y  n 1        y  n 2      ⋯     y  n n        ]    



(3)




where     y  rs      is the trade from different sectors in region r to region s as final consumption.



In consistence with the traditional single-region IO framework, the equilibrium in MRIO framework can be displayed by


    [       x 1         x 2       ⋮       x n       ]  =  [       A  11        A  12      ⋯     A  1 n          A  21        A  22      ⋯     A  2 n        ⋮   ⋮   ⋱   ⋮       A  n 1        A  n 2      ⋯     A  n n        ]   [       x 1         x 2       ⋮       x n       ]  +   ∑  s   [       y  1 s          y  2 s        ⋮       y  ns        ]    



(4)




where each sub-matrix represents the interactions between different regions and     A  rs      is the intermediate input matrix for region r to region s as described above.



The equation can be rewritten as:


    X *  =  A *   X *  +  Y *    








then


    X *  =   ( I −  A *  )   − 1    Y *    



(5)




and


    L *  =    (  I −  A *   )    − 1   =  [       L  11        L  12      ⋯     L  1 n          L  21        L  22      ⋯     L  2 n        ⋮   ⋮   ⋱   ⋮       L  n 1        L  n 2      ⋯     L  n n        ]    



(6)







The vector of direct carbon coefficients is extended as:


    W *  =  [       W 1     0   ⋯   0     0     W 2     ⋯   0     ⋮   ⋮   ⋱   ⋮     0   0   …     W n       ]    



(7)




where     W r     is the direct carbon coefficients vector of region r which is the sub-matrix of the block matrix     W *     of which each row only contains the carbon emission coefficients for the target region with zeros for the rest.



The total carbon emission coefficients can thus be derived by:


    D *  =  W *   L *  =  [       W 1     0   ⋯   0     0     W 2     ⋯   0     ⋮   ⋮   ⋱   ⋮     0   0   …     W n       ]   [       L  11        L  12      ⋯     L  1 n          L  21        L  22      ⋯     L  2 n        ⋮   ⋮   ⋱   ⋮       L  n 1        L  n 2      ⋯     L  n n        ]  =  [       D  11        D  12      ⋯     D  1 n          D  21        D  22      ⋯     D  2 n        ⋮   ⋮   ⋱   ⋮       D  n 1        D  n 2      …     D  n n        ]    



(8)




where     D  r s      is the row vector whose element     D j  r s      denotes the carbon totally displaced by region r to regions to generate one monetary unit of final demand in jth sector of region s.



The regional carbon footprint (RCF) can be divided into two parts, the internal and external carbon footprints. The formal known as the internal RCF (IRCF) is the domestic carbon released to the atmosphere of goods and services consumed by the inhabitants of the region. The latter known as the external RCF (ERCF) is the carbon emission of external goods and services consumed by the inhabitants of the highlighted region, which equals the embodied carbon imported into the region.



Within the consumption-based MRIO framework, the RCF indicator can be logically connected with the concept of final emissions defined in the IO model. The IRCF can be calculated as:


     IN  r  =  [       D  r 1        D  r 2      ⋯     D  rn        ]   [       y  1 r          y  2 r        ⋮       y  nr        ]  +  E  hh  r    



(9)




where      IR  r     represents the IRCF in region r. The first term in the equation denotes the domestic carbon emissions in region r for producing goods and services for the domestic final consumption in region r, which can also be decomposed into sub-sector scale. This component of IRCF in fact consists of three contents, which are (1) carbon embodied in domestic intermediate input for producing domestic final consumption in region r, and carbon embodied in exports as intermediate input to other regions to supply, (2) final demand, and (3) intermediate input again imported by region r as final and intermediate consumption respectively.     E  hh  r     is the direct carbon emissions by household in region r. The ERCF of region r can be derived as follows:



The carbon footprint of region r supplied by region s through trade can be calculated as


     CF   sr   =  [       D  s 1        D  s 2      ⋯     D  sn        ]   [       y  1 r          y  2 r        ⋮       y  nr        ]    



(10)




where      CF   sr      is the carbon discharged by region r originates in regions and thus the ERCF of region r can be calculated by:


     ER  r  =   ∑   s , s ≠ r     CF   sr     



(11)




where      ER  r     is the ERCF of region r.



Therefore the RCF of region r can be calculated by adding up IRCF and ERCF:


     CF  r    =   IN  r  +   ER  r    



(12)




where      CF  r     represents the total RCF of region r.




2.2. Economic Data


The multi-regional input–output table of the 8 regions of China originates from the book: 2002–2007 China Regional Input-Output Tables published by China Statistics Press [43]. The division of sectors and areas are show in Table 1 and Figure 1. It should be noted that the data does not cover Hong Kong, Macao and Taiwan.
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Table 1. The division of sectors.







Table 1. The division of sectors.







	
Number

	
Sector

	
Number

	
Sector






	
1

	
Agriculture

	
10

	
machine manufacturing




	
2

	
coal mining

	
11

	
transport manufacturing




	
3

	
food manufacturing

	
12

	
electric manufacturing




	
4

	
textiles clothing

	
13

	
other manufacturing




	
5

	
wood processing

	
14

	
electric and steam supply




	
6

	
paper printing

	
15

	
construction




	
7

	
petroleum processing

	
16

	
transport and warehousing




	
8

	
nonmetal manufacturing

	
17

	
other service




	
9

	
iron smelt
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Figure 1. The division of eight regions in this study. 
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2.3. Carbon Emission Data


In order to get the sectoral carbon emission data, firstly we should obtain all kinds of primary energy and secondary energy consumption data for every sector in each region, and then multiply the specific energy data with the corresponding carbon emission factors [44]. Under the current statistical framework, two yearbooks contain energy consumption data for the nation, including China Energy Statistical Yearbook and China Economic Census Yearbook. We can acquire such detailed energy data for the sector of agriculture, construction, electric and steam supply, transport and warehousing and other service at provincial level from China Energy Statistical Yearbook [45], while specific energy data for the rest industrial sectors only stays at the national level. On the other hand, from China Economic Census Yearbook [46], sectoral total standard coal data for every province can be obtained, which however, cannot be translate into emission data directly. We assumed that the same sector in different provinces share the same energy consumption structure, so that we can allocate the national emission data to provinces according to their shares in national standard coal consumption. At last, the provincial data can be aggregated to regional one.



It should be reminded that we define direct emissions as the carbon dioxide directly released by the sector, so the emissions from electricity and steam consumed by other sectors are not involved in the sectoral direct emissions but are included in the original sectors.





3. Results


3.1. Direct and Total Carbon Emission Coefficients


We list direct and total carbon emission coefficients for every sector in every region in Table 2 and Table 3. These sectors are listed because of their high value or great importance in economics.
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Table 2. Direct carbon emission coefficients, ton/ten thousand Yuan.







Table 2. Direct carbon emission coefficients, ton/ten thousand Yuan.







	
No. of Sectors

	
Northeast

	
Capital

	
Northern Coast

	
Eastern Coast

	
Southern Coast

	
Middle

	
Northwest

	
Southwest






	
1

	
0.23

	
0.48

	
0.11

	
0.27

	
0.20

	
0.24

	
0.33

	
0.25




	
2

	
1.05

	
0.26

	
0.47

	
0.61

	
0.18

	
0.97

	
0.81

	
1.19




	
6

	
0.46

	
0.14

	
0.41

	
0.31

	
0.26

	
0.45

	
0.72

	
0.62




	
7

	
0.76

	
0.62

	
0.75

	
0.45

	
0.35

	
1.21

	
1.85

	
1.68




	
8

	
2.62

	
1.61

	
1.41

	
1.65

	
2.05

	
2.15

	
4.49

	
5.23




	
9

	
2.41

	
1.23

	
1.89

	
0.77

	
0.47

	
1.56

	
2.21

	
1.77




	
10

	
0.18

	
0.08

	
0.13

	
0.07

	
0.09

	
0.15

	
0.17

	
0.17




	
11

	
0.08

	
0.06

	
0.11

	
0.05

	
0.04

	
0.14

	
0.08

	
0.08




	
12

	
0.05

	
0.01

	
0.05

	
0.02

	
0.02

	
0.05

	
0.09

	
0.04




	
14

	
11.79

	
4.90

	
11.16

	
7.70

	
5.06

	
10.56

	
20.03

	
6.71




	
15

	
0.06

	
0.11

	
0.24

	
0.07

	
0.05

	
0.08

	
0.15

	
0.08




	
16

	
1.07

	
0.66

	
0.88

	
0.75

	
0.93

	
1.00

	
1.71

	
1.32
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Table 3. Total carbon emission coefficients, ton/ten thousand Yuan.







Table 3. Total carbon emission coefficients, ton/ten thousand Yuan.







	
No. of Sectors

	
Northeast

	
Capital

	
Northern Coast

	
Eastern Coast

	
Southern Coast

	
Middle

	
Northwest

	
Southwest






	
1

	
0.94

	
1.66

	
1.33

	
0.99

	
0.71

	
1.06

	
1.73

	
0.85




	
2

	
2.54

	
1.60

	
4.05

	
2.85

	
1.29

	
3.33

	
2.71

	
2.90




	
6

	
2.09

	
1.78

	
2.99

	
1.89

	
1.58

	
2.47

	
3.36

	
2.28




	
7

	
2.41

	
2.30

	
3.81

	
2.36

	
1.87

	
3.44

	
5.06

	
3.90




	
8

	
5.99

	
4.19

	
4.72

	
4.53

	
5.19

	
5.33

	
8.74

	
8.32




	
9

	
5.68

	
3.83

	
5.85

	
3.28

	
2.60

	
4.66

	
6.75

	
4.50




	
10

	
2.61

	
1.92

	
3.62

	
2.18

	
1.68

	
2.70

	
4.17

	
2.25




	
11

	
1.94

	
1.60

	
2.83

	
1.91

	
1.33

	
2.54

	
2.46

	
2.05




	
12

	
2.43

	
1.17

	
3.59

	
1.59

	
1.14

	
2.35

	
2.61

	
2.24




	
14

	
19.02

	
11.51

	
15.70

	
13.52

	
10.08

	
14.57

	
28.16

	
10.98




	
15

	
3.04

	
2.86

	
3.43

	
2.89

	
2.94

	
3.13

	
3.79

	
3.34




	
16

	
2.21

	
1.68

	
2.59

	
1.66

	
1.49

	
2.35

	
3.40

	
2.44









Direct carbon emission coefficients represent the direct carbon dioxide released to produce one monetary value of output. They can show the carbon emission intensities apparently. As shown in Table 1, electric and steam supply (sector 14) is the most carbon-intensive sector with more than 10 tons of carbon dioxide emissions for each ten thousand Yuan of sectoral output, much higher than the other sectors. In fact, the sector of electric and steam supply makes up 46.2% of direct emissions in all economic departments. Among the rest of the sectors, coal mining (sector 2), paper printing (sector 6), petroleum processing (sector 7), nonmetal manufacturing (sector 8), iron smelt (sector 9) and transport and warehousing (sector 16) also rank high in carbon intensities. In the current emission reduction policies, some sectors are paid emphatic attention such as the electric industry, the cement industry and the steel industry. It somehow corresponds to the “carbon-intensive sectors” identified in our calculation.



We can obtain the potential sectoral carbon emission capacity from the total carbon emission coefficients. As shown in Table 2, electric and steam supply (sector 14) still tops the list for total carbon emission coefficients, but the gap between electric and steam supply and other sectors is not as huge as the direct carbon coefficients. Other carbon-intensive sectors also have higher values in total carbon emission coefficients, such as coal mining, nonmetal manufacturing, and iron smelt, etc. Moreover, the construction sector (sector 15) is another sector that has high potential carbon emission coefficients ranging from 2.8 to 3.8 ton/104 Yuan. These sectors can be defined as “potential high carbon-intensive sectors”.



If taking both the direct and total carbon emission coefficients into comprehensive analysis, sectors that have higher indirect carbon emissions than direct ones can be detected. Machine manufacturing (sector 10–13) and construction (sector 15) are sectors of this kind with emission multiplier (total carbon emission coefficients divided by direct ones) amounting over 20. The reason for this is the enormous input from carbon-intensive sectors such as electric and steam supply (sector 14), iron smelt (sector 9) and nonmetal manufacturing (sector 8). Therefore, when facing with emission constraints, these sectors should be taken particular consideration.




3.2. Regional Carbon Footprints


Domestic carbon footprints refer to the carbon emissions cause by internal consumption activities from its local production, while total carbon footprints represent the carbon emissions from production of all areas caused by domestic consumption. As shown in Figure 2, the middle region ranks the first in total carbon footprints with an amount of 1188 million ton, followed by the eastern coast region and the northern coast region, which amount 940 million tons and 860 million tons, respectively. Above all, total carbon emissions in these three regions are much higher than the rest. With regard to domestic footprints, the middle region has the highest value in domestic carbon footprints with 674 million tons, while the eastern coast region and the northern coast region both amount approximately 500 million tons, while the least value appears in the capital region with an amount of 79 million tons resulting from the small total output of the entire economy. Besides, the middle region and the eastern region have the largest external carbon footprints—about 514 million tons and 449 million tons, respectively. On the other hand, it is unexceptionally that the capital region becomes the smallest embodied carbon importer, but its ratio between external carbon footprints and domestic carbon footprints of the capital region is 1.7, which makes this region the only area where external carbon footprint is larger than internal one.
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Figure 2. Domestic and total carbon footprints for eight regions. 
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If dividing the total carbon footprints by population, we can obtain information about this index excluding the impacts from population factor. As shown in Figure 3, the per capita carbon footprints (CFP) differ greatly in the eight regions. The national CFP is 4.03 tons/year (demonstrating in red line in Figure 3), while in the capital region, this indicator increases to 7.77 tons/year, approximately twice the amount of the average one. The eastern coast region, the northern coast region and the northeast region are the rest three areas that have a volume over the average CFP, with amounting 6.5 ton, 5.3 tons and 4.1 tons, respectively. CFP in the southwest region is the lowest among all regions. The value is only 2.4 tons, which may be caused by the consumption structure. More meaningful details can be obtained when decomposing the total sectoral carbon footprints to specific sectors.
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Figure 3. The total carbon emissions by each person in the eight regions and the nation. 
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Figure 4 displays the sectoral decomposition in total carbon footprints for eight regions. In general, construction, electricity and stream supply, machine manufacturing, transport and warehousing, food manufacturing and other services are the main final carbon emitters. It is interesting to see that the electric/steam supply sector makes up almost 50% of all direct emissions, but in the total carbon footprints, it is only responsible for 10%–20%. The construction sector has the opposite characteristics. Its share in the total carbon footprint can take up to 20%–50%. The reasons are various by sectors. For electric/steam supply sector, it is not surprising because of the high carbon coefficients and the enormous outputs; for industrial sectors such as food manufacturing and machine manufacturing, the high carbon footprints in fact results from the close linkages to sectors with high carbon emissions like electric/steam supply; the reason making construction a main emitter is the quite high fixed capital formation in every province resulting from the prosperous real estate industries.



In spite of the common characteristics they hold, the differences exist among different regions. Carbon footprints of the machine manufacturing sector (including machine, transport, electric manufacturing) are 227 million tons in the northern coast, accounting for over 25% in total industrial emissions. The share is the largest in all regions. The eastern coast region and the middle region show similar features in the sector of iron smelt, which takes up approximately 5% of the industrial carbon footprints, respectively. The electric/stream supply sector in the northwest region takes up 20% in the final carbon emissions. Besides, in the capital region, construction makes up nearly 50% of the total sectoral carbon footprints. It is very unusual when compared to other regions, indicating that the capital region has the highest development level of real estate among all regions. These details about carbon emissions can help identify the sectors that put larger pressures to the environment, thus can support the decision making on carbon emission reduction.
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Figure 4. Sectoral decomposition in total carbon footprints of eight regions. 
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3.3. Embodied Carbon Flows


We visualize the embodied carbon flows in Figure 5. Different colors represent different areas and the width of the line in the circle implies the volume of the flows. A cluster of the same color rooted around the circle represent exported embodied carbon while the various colors represent the imported one. The three bars outside the circle have their respective meanings: the nearest bar show the formation of exported carbon while the middle bar for imported one, the absolute value is recorded around the circle in million tons.
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Figure 5. Embodied carbon flows between regions. 
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Firstly, some large embodied carbon flows can be obtained from Figure 5. The largest flow drifts from the middle region to the eastern coast region with a volume of 152.7 million tons, followed by flow from northwest region and the northern coast region to the middle region, with an amount of 126.0 million tons and 110.1 million tons, respectively. Regarding the total amount, the northwest region, the middle region and the northern coast region are big embodied carbon exporters. Their exporting trades have 473.5 million tons, 384.2 million tons and 342.9 million tons of embodied carbon, respectively. On the other hand, the middle region, the eastern coast region and the northern coast region are the major importers, absorbing 513.9 million tons, 449.4 million tons and 352.1 million tons of virtual carbon, respectively. It is meaningful to find that neighboring regions are more likely to have large flows, while distant regions show the opposite phenomenon, such as middle/eastern coast, northern coast/capital and northwest/middle. If comparing the total imported embodied carbon to the exported one, the northwest region, the northeast region and the southern region are the only three net exporters with an amount of 341.2 million tons, 195.8 million tons, and 18.7 million tons, respectively, while the eastern coast region is the largest net importer at a volume of 302.4 million tons, followed by the middle region (129.7 million tons). In general, the total amount of embodied carbon in trade is 2147 million tons, which make up 41% of all carbon emissions in China.



Furthermore, we separate the flows into sectors to acquire details about the formation of virtual carbon flows, as shown in Figure 6. Generally speaking, construction, machine manufacture, food manufacture, electric manufacture and the sector of other services are the leading contributors in carbon emissions embodied in trades among regions, and construction is the largest contributor—taking up around 20%–53% in all sectors. It indicates that the trade in construction sector may be a key point to the policy of carbon emission reduction.
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Figure 6. Embodied carbon flows import from each region at sectoral level. 
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Some significant results can be obtained from the aspect of imported embodied carbon. In the capital region, embodied carbon in the construction sector makes up 53.5% of the total imported carbon, and the tertiary sector also occupies a large part, indicating a strong vitality of housing and construction demand in this region; machine manufacture in the northeast region and the northern region are the major contributors of external embodied carbon; the middle region, which has the largest carbon footprints, absorb 7.5 million tons of virtual carbon through the trades in electric/stream supply sector. With all the detailed information, we now have a clear knowledge of sectoral emissions in trade for every region. Thus we can know which sector should be focused when dealing with interregional carbon emission problems.




3.4. Production-Based Emissions vs. Consumption-Based Emissions


Regional production-based emissions data is intuitive and always used in reports to indicate the domestic regional emissions. However, it is not accurate since that production-based emission is determined by domestic consumption, external consumption and foreign consumption altogether. To the contrary, consumption-based emission can show the real emissions caused by the area. As shown in Figure 7, in the perspective of production-based emissions, the middle region, the northern coast region and the northwest region are the three biggest emitters. Yet in fact, large shares of the emissions are caused by consumption needs from other regions and abroad. Therefore consumption-based emissions can indicate who should be responsible for emissions. The same results for sectoral emissions are illustrated in Figure 8. From the perspective of production-based emissions, electricity/stream supply, iron smelt, nonmetal manufacturing and petroleum processing are the major contributors to carbon emissions, but consumption-based accounting shows that the construction, electricity and stream supply, machine manufacturing, and other services are the main final carbon emitters. When conducting carbon emission reduction policies, it is more practical to put eyes on the large emitters based on consumption-based accounting.
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Figure 7. Production-based emissions vs. consumption-based emissions in China’s eight regions. 
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Figure 8. Sectoral production-based emissions vs. consumption-based emissions. 






Figure 8. Sectoral production-based emissions vs. consumption-based emissions.
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3.5. Policy Implication


It can be seen that carbon leakages has occurred between regions inside China just as the global case. Developed regions (as Eastern coast region, Southern coast region) outsourced production activities to less developed regions (as Northwest region) in a low efficient and high carbon way. Outsourcing of this kind can bring effective carbon control in developed regions, but pose huge mitigation pressures to poor regions, and boost the national carbon emission level [47,48]. Thus, in making multi-regional carbon policies such as carbon target allocation, the carbon leakage should be considered. Only after reducing carbon leakage, effective industrial transformation can be achieved.



Moreover, carbon leakage inside China is highly related to the differences of technological level. In regions of China, the labor and infrastructure cost in poor regions are much less than the developed regions, thus driving heavy industries and high carbon emission plants move to middle and western regions, where the technological level is often very backward. Thus, the central government has responsibilities to set up technological funds to encourage highly technology diffusion, and introduce strict carbon emission management approach to moved plants.



Meanwhile, the national carbon emission trade scheme (ETS) provides an effective way to reduce carbon leakage. Under the scheme of carbon emission trade market, carbon emission permits can be traded, thus lowing marginal mitigation costs. If all high carbon emission plants can be managed inside one uniformed system, extra carbon emission caused by plants moving can be avoided. Current ETS pilots are tested in several provinces and cities, and the national ETS should be constructed as soon as possible [49,50].





4. Conclusions


In order to provide specific information for carbon reduction policies in China, we investigate the regional carbon footprints and interregional embodied carbon flows for the eight regions at sectoral level based on a top-down framework of the multi-regional input–output model for the year 2007. This framework allows us to examine the major emitters and the linkages between interrelated regions in carbon emissions.



Carbon emission coefficients calculation can help identify where inefficiency happen. In our study, we find that sectors like electric/steam supply, coal mining, petroleum processing, nonmetal manufacturing, iron smelt and construction appear to emit more carbon dioxide for each unit of monetary output. Within these sectors, some emit carbon dioxide directly as electric/steam supply, nonmetal manufacturing and iron smelt, while some mainly emit indirectly through their upstream sectors along the supply chain, such as construction. This result may have significant meanings to current emission reduction strategies. Current policies mainly focus on the direct carbon emitters but ignoring total carbon emission coefficients from consumption-based perspective, which might lead to the left out of some real carbon-intensive sectors.



Regional carbon footprints at a sectoral level provide a way to access who are the major emitters. The middle region has the highest total carbon footprints with an amount of 1188 million tons, while per capita carbon footprint in the eastern coast region reaches 7.77 ton/year and occupies the first place. When decomposing the total carbon footprints to sectors, we find out that the construction sector takes up the largest part in total footprints, with a proportion of over 30% in most regions, especially in the capital region where this value increases to 50%, while in the study by Hertwich et al. [35] construction sector accounted for approximately 10% of the total carbon footprints globally under the same model. In the current economy of China, as the price of houses has not reached its peak, it stimulates the rapid development of the real estate industry, along with the demand for carbon-intensive products like cements, concrete iron and electricity. So when addressing the massive carbon emission problems in China, we should not only focus on carbon-intensive sectors like electric and iron smelt, but also the sector of construction together with other sectors in the supply chain. If the consumption demand can be limited, the emissions from the production side can truly be decreased.



Embodied carbon flows analyses can evaluate the current condition of virtual carbon trades within China, and identify the main sectors in embodied emission flows among different regions. Results show that interregional carbon flows take up 41% of the national carbon emissions, implying large amount of carbon is transferred among sectors and regions. Therefore, when addressing carbon emission reduction issues, it is more practical to focus on the large emitters based on consumption-based accounting, rather than the production-based one.



With the restriction of model and data availabilities, we only considered embodied carbon of domestic trade in this study, while excluding international trade. As a big exporting country, each region in China is highly connected with foreign countries by trades. Thus, it is very necessary to aggregate international trade into this model.



We only considered carbon footprint and embodied carbon caused by domestic trade in this study, however, water footprint and ecological footprint were also very important. Future research can integrate these three indicators and analysis of regional differences in a uniformed system, thus providing a more complete panorama of environment impact caused by domestic trade.







Acknowledgments


The research was financially supported by National Natural Science Foundation of China project (No.71273153 and 71303133).




Author Contributions


Xi Xie and Yongkai Jiang performed research and analyzed the data. Wenjia Cai designed research, analyzed the data and supervised the performing of the research. All authors participated in the writing of the paper. They all read the approved the final manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kenny, T.; Gray, N.F. Comparative performance of six carbon footprint models for use in Ireland. Environ. Impact Assess. Rev. 2009, 29, 1–6. [Google Scholar] [CrossRef]

	



Dwyer, L.; Forsyth, P.; Spurr, R.; Hoque, S. Estimating the carbon footprint of Australian tourism. J. Sustain. Tour. 2010, 18, 355–376. [Google Scholar] [CrossRef]

	



Piecyk, M.I.; Mckinnon, A.C. Forecasting the carbon footprint of road freight transport in 2020. Int. J. Prod. Econ. 2010, 128, 31–42. [Google Scholar] [CrossRef]

	



Lee, K.H. Integrating carbon footprint into supply chain management: The case of Hyundai Motor Company (HMC) in the automobile industry. J. Clean. Prod. 2011, 19, 1216–1223. [Google Scholar] [CrossRef]

	



Perry, S.; Klemes, J.; Bulatov, I. Integrating waste and renewable energy to reduce the carbon footprint of locally integrated energy sectors. Energy 2008, 33, 1489–1497. [Google Scholar] [CrossRef]

	



Weber, C.L.; Matthews, H.S. Quantifying the global and distributional aspects of American household carbon footprint. Ecol. Econ. 2008, 66, 379–391. [Google Scholar] [CrossRef]

	



Lam, H.L.; Varbanov, P.; Klemes, J. Minimising carbon footprint of regional biomass supply chains. Resour. Conserv. Recycl. 2010, 54, 303–309. [Google Scholar] [CrossRef]

	



Druckman, A.; Jackson, T. The carbon footprint of UK households 1990–2004: A socio-economically disaggregated, quasi-multi-regional input-output model. Ecol. Econ. 2009, 68, 2066–2077. [Google Scholar] [CrossRef][Green Version]

	



Galli, A.; Wiedmann, T.; Ercin, E.; Knoblauch, D.; Ewing, B.; Giljum, S. Integrating Ecological, Carbon and Water footprint into a “Footprint Family” of indicators: Definition and role in tracking human pressure on the planet. Ecol. Indic. 2012, 316, 100–112. [Google Scholar] [CrossRef]

	



International Energy Agency (IEA). CO2 Emissions from Fuel Combustion-highlights 2012. Available online: http://www.iea.org/publications/freepublications/publication/name.32870.en.html (accessed on 25 January 2015).

	



Wang, C.; Lin, J.; Cai, W.; Zhang, Z. Policies and Practices of Low Carbon City Development in China. Energy Environ. 2013, 24, 1347–1372. [Google Scholar] [CrossRef]

	



Wang, C.; Ye, M.; Cai, W.; Chen, J. The value of a clear, long-term climate policy agenda: A case study of China’s power sector using a multi-region optimization model. Appl. Energy 2014, 125, 276–288. [Google Scholar] [CrossRef]

	



Yang, Y.; Cai, W.; Wang, C. Industrial CO2 intensity, indigenous innovation and R&D spillovers in China’s provinces. Appl. Energy 2014, 131, 117–127. [Google Scholar]

	



Wang, C.; Lin, J.; Cai, W.; Liao, H. China’s Carbon Mitigation Strategies: Enough? Energy Policy 2014, 73, 47–56. [Google Scholar] [CrossRef]

	



Wang, C.; Zhang, W.; Cai, W.; Xie, X. Employment impacts of CDM projects in China’s power sector. Energy Policy 2013, 51, 481–491. [Google Scholar] [CrossRef]

	



Lin, B.Q.; Sun, C.W. Evaluating carbon dioxide emissions in international trade of China. Energy Policy 2010, 38, 613–621. [Google Scholar] [CrossRef]

	



Liu, H.T.; Xi, Y.M.; Guo, J.E.; Li, X. Energy embodied in the international trade of China: An energy input-output analysis. Energy Policy 2010, 38, 3957–3964. [Google Scholar] [CrossRef]

	



Shui, B.; Harriss, R.C. The role of CO2 embodiment in US-China trade. Energy Policy 2006, 34, 4063–4068. [Google Scholar] [CrossRef]

	



Li, Y.; Hewitt, C.N. The effect of trade between China and the UK on national and global carbon dioxide emissions. Energy Policy 2008, 36, 1907–1914. [Google Scholar] [CrossRef]

	



Liu, Z.; Geng, Y.; Lindner, S.; Zhao, H.; Fujita, T.; Guan, D. Embodied energy use in China’s industrial sectors. Energy Policy 2012, 49, 751–758. [Google Scholar] [CrossRef]

	



Zhu, Q.; Peng, X.Z.; Wu, K.Y. Calculation and decomposition of indirect carbon emissions from residential consumption in China based on the input-output model. Energy Policy 2012, 48, 618–626. [Google Scholar] [CrossRef]

	



Chen, G.Q.; Guo, S.; Shao, L.; Li, J.S.; Chen, Z.M. Three-scale input-output modeling for urban economy Carbon emission by Beijing 2007. Commun. Nonlinear Sci. Numer. Simul. 2013, 18, 2493–2506. [Google Scholar] [CrossRef]

	



Virtanen, Y.; Kurppa, S.; Saarinen, M.; Katajajuuria, J.; Usvaa, K.; Mäenpääb, I.; Mäkeläc, J.; Grönroosd, J.; Nissinend, A. Carbon footprint of food-approaches from national input-output statistics and a LCA of a food portion. J. Clean. Prod. 2011, 19, 1849–1856. [Google Scholar] [CrossRef]

	



Flysjo, A.; Cederberg, C.; Henriksson, M.; Ledgard, S. How does co-product handling affect the carbon footprint of milk? Case study of milk production in New Zealand and Sweden. Int. J. Life Cycle Assess. 2011, 16, 420–430. [Google Scholar] [CrossRef]

	



Collins, F. Inclusion of carbonation during the life cycle of built and recycled concrete: Influence on their carbon footprint. Int. J. Life Cycle Assess. 2010, 15, 549–556. [Google Scholar] [CrossRef]

	



Weber, C.L.; Clavin, C. Life Cycle Carbon Footprint of Shale Gas: Review of Evidence and Implications. Environ. Sci. Technol. 2012, 44, 5688–5695. [Google Scholar] [CrossRef] [PubMed]

	



Filimonau, V.; Dickinson, J.; Robbins, D.; Huijbregts, M.A. Reviewing the carbon footprint analysis of hotels: Life Cycle Energy Analysis (LCEA) as a holistic method for carbon impact appraisal of tourist accommodation. J. Clean. Prod. 2011, 19, 1917–1930. [Google Scholar] [CrossRef]

	



Trappey, A.; Trappey, C.V.; Hsiao, C.T.; Ou, J.J.; Chang, C.T. System dynamics modelling of product carbon footprint life cycles for collaborative green supply chains. Int. J. Comput. Integr. Manuf. 2012, 25, 934–945. [Google Scholar] [CrossRef]

	



Strohbach, M.W.; Arnold, E.; Haase, D. The carbon footprint of urban green space—A life cycle approach. Landsc. Urban Plan. 2012, 105, 220–229. [Google Scholar] [CrossRef]

	



Majeau-Bettez, G.; Stromman, A.H.; Hertwich, E.G. Evaluation of Process- and Input-Output-based Life Cycle Inventory Data with Regard to Truncation and Aggregation Issues. Environ. Sci. Technol. 2011, 45, 10170–10177. [Google Scholar] [CrossRef] [PubMed]

	



Leontief, W.W. The Structure of American Economy, 1919–1939: An Empirical Application of Equilibrium Analysis; Oxford University Press: Oxford, UK, 1951. [Google Scholar]

	



Munksgaard, J.; Wier, M.; Lenzen, M.; Dey, C. Using input-output analysis to measure the environmental pressure of consumption at different spatial levels. J. Ind. Ecol. 2005, 9, 169–185. [Google Scholar] [CrossRef]

	



Wiedmann, T.; Wood, R.; Minx, J.C.; Lenzen, M.; Guan, D.; Harris, R. A carbon footprint time series of the UK—Results from a multi-region input-output model. Econ. Syst. Res. 2010, 22, 19–42. [Google Scholar] [CrossRef]

	



Andrew, R.; Peters, G.P.; Lennox, J. Approximation and regional aggregation in multi-regional input-output analysis for national carbon footprint accounting. Econ. Syst. Res. 2009, 21, 311–335. [Google Scholar] [CrossRef]

	



Hertwich, E.G.; Peters, G.P. Carbon Footprint of Nations: A Global, Trade-Linked Analysis. Environ. Sci. Technol. 2009, 43, 6414–6420. [Google Scholar] [CrossRef] [PubMed]

	



Wiedmann, T. Carbon footprint and input-output analysis—An introduction. Econ. Syst. Res. 2009, 21, 175–186. [Google Scholar] [CrossRef]

	



Chen, Z.M.; Chen, G.Q. Embodied carbon dioxide emission at supra-national scale: A coalition analysis for G7, BRIC, and the rest of the world. Energy Policy 2011, 39, 2899–2909. [Google Scholar] [CrossRef]

	



Machado, G.; Schaeffer, R.; Worrell, E. Energy and carbon embodied in the international trade of Brazil: an input-output approach. Ecol. Econ. 2001, 39, 409–424. [Google Scholar] [CrossRef]

	



Lenzen, M.; Wood, R.; Wiedmann, T. Uncertainty analysis for multi-region input-output models—A case study of the UK’s carbon footprint. Econ. Syst. Res. 2010, 22, 43–63. [Google Scholar] [CrossRef]

	



Feng, K.S.; Siu, Y.L.; Guan, D.B.; Hubacek, K. Assessing regional virtual water flows and water footprints in the Yellow River Basin, China: A consumption based approach. Appl. Geogr. 2012, 32, 691–701. [Google Scholar] [CrossRef]

	



Jiang, Y.; Cai, W.; Wan, L.; Wang, C. An index decomposition analysis of China’s interregional embodied carbon flows. J. Clean. Prod. 2015, 88, 289–296. [Google Scholar] [CrossRef]

	



Jiang, Y.; Cai, W.; Du, P.; Pan, W.; Wang, C. Virtual water in interprovincial trade with implications for China’s water policy. J. Clean. Prod. 2015, 87, 655–665. [Google Scholar] [CrossRef]

	



Zhang, Y. 2007 China Regional Input-Output Tables; China Statistics Press: Beijing, China, 2012.

	



IPCC. IPCC Guidelines for National Greenhouse Gas Inventories; Tokyo IGES: Tokyo, Japan, 2006. [Google Scholar]

	



National Bureau of Statistics. China Energy Statistical Yearbook 2008; China Statistics Press: Beijing, China, 2008.

	



Leading Group Office of the Second National Economic Census of the State Council. China Economic Census Yearbook 2008 (Energy); China Statistics Press: Beijing, China, 2010.

	



Ren, J.; Manzardo, A.; Toniolo, S.; Scipioni, A.; Tan, S.; Dong, L.; Gao, S. Design and modeling of sustainable bioethanol supply chain by minimizing the total ecological footprint in life cycle perspective. Bioresour. Technol. 2013, 146, 771–774. [Google Scholar] [CrossRef] [PubMed]

	



Ren, J.; Manzardo, A.; Toniolo, S.; Scipioni, A. Sustainability of hydrogen supply chain. Part I: Identification of critical criteria and cause–effect analysis for enhancing the sustainability using DEMATEL. Int. J. Hydrogen Energy 2013, 38, 14159–14171. [Google Scholar] [CrossRef]

	



Lee, W.S.; Huang, A.Y.H.; Chang, Y.Y.; Cheng, C.M. Analysis of decision making factors for equity investment by DEMATEL and Analytic Network Process. Expert Syst. Appl. 2011, 38, 8375–8383. [Google Scholar] [CrossRef]

	



Lee, Y.C.; Li, M.L.; Yen, T.M.; Huang, T.H. Analysis of adopting an integrated decision making trial and evaluation laboratory on a technology acceptance model. Expert Syst. Appl. 2010, 37, 1745–1754. [Google Scholar] [CrossRef]





© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
Units: million ton §( -‘,\

(7 5333 South|China Sea Islands

m Domestic carbon footprint » Extemal carbon footprint





nav.xhtml


  sustainability-07-10098


  
    		
      sustainability-07-10098
    


  




  





media/file11.png
100% 3

80%

60%

20%

Q
=

northeast

capital

northern
coast

eastern
coast

southem  middle
coast

[ o B e B OB 0 B B 0 B

northwest southwest

m OtherService
= TranWarehous

[] Clothetexnle
odman
a.leeProc
L] Agncultrue





media/file1.png





media/file16.png
Mining
3%

Nonmetal
manufacturing
7%
Electricity/gas/wa

Transport and ter production and
warehousing supply

9% 46%

Petroleum/Chemi
cal industry
10%

Mental smelting
16%

Production-based carbon footprint

Food and tobacco
processing
5%

Transport and
warehousing
7%

manufacturing
9%

Construction

30%
‘ectriCitY{gaS/Wﬂ Other services
production and 17%
supply
11%

L

o

n-based carbon footprint





media/file2.png
Northern coast

s Southern coast

South China Sea Islainds






media/file13.png
Carbon emission/ Mt

1600
1400
1200
1000

Middle

Eastern ~ Northern Southwest Southern Northwest Northeast —Capital
coast coast coast





media/file7.png
Northeast ~ Capital ~ Northern ~ Eastern  Southern ~ Middle  Northwest Southwest
coast coast coast

= OtherService
rehous

® Clothetextile
= Foodmanu

= CoalMineProc
= Agricultrue





media/file9.png
)
)

£E3% 3R
Southwest





media/file10.png
]

—
[} |
.....m- OOO._\ o ’ 100
40% f
fo

OO__ o

Southwest





media/file5.png
ton per captia
T -
< =1 =1 (=1 =3 (=3 =] (=3

Capital ~ Eastern Northern Northeast Northwest Southern Middle Southwest
coast coast coast





media/file15.png
Nonmetal
manufacturing
7%

Construction
30%
Electricity/gas/wa.
Transport and ter production and Food and tobacco
‘warehousing. i processing
% 46% %
“Transport and
warehousing
Petroleun/Chemi 7%
cal industry
10% "
Machine r
manufacturing FCTICIL/8as/wa Other services
9% production and 17%
Mental smelting pem
16% 1%

Production-based carbon footprint

Consumption-based carbon footprint





media/file12.png
—

10025 7y
m OtherService
» TranWarehous
0% - Construction

" ElecSteamsupply
® OtherManufac

B Genratrs

B TransporthMau

® MachineManu

® [ronSmelt
40% - m Nmet[Manu
m PetrolRefcok
® PaperPrintin
20% - B WoodProcc
" Clothetextile
Foodmanu

006 B BN BN B B Bm 0 " CoalMineProc
- B Agricultrue

60% -

northeast c.ap1tal northern  eastern southern muddle northwest southwest
coast coast coast





media/file3.png
Units: million ton

m Domestic carbon footprint = Extemal carbon footprint





media/file14.png
Carbon emission/ Mt

® production-based emissions B consumption-based emissions

1600 -
1400 -
1200 A

1000
800 -
600 -
400 -
200 - -

Middle Eastern  Northern Southwest Southern Northwest Northeast Capital
coast coast coast






media/file8.png
100% 7

90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Northeast

Capital

Northern
coast

Eastern
coast

Southern
coast

Middle

Northwest Southwest

® OtherService
® TranWarehous
= Construction
u ElecSteamsupg
® OtherManufac
®m Genratrs

B TransportMau
® MachineManu
® [ronSmelt

® NmetIManu

® PetrolRefcok
= PaperPrintin

® WoodProcc

® Clothetextile
® Foodmanu

m CoalMineProc
® Agricultrue





media/file6.png
ton per captia
—_ R W = N o) ~J joe] O
o o o &5 = &5 = & o

o2
o

Capital

Eastern Northern Northeast Northwest Southern Middle Southwest
coast coast coast





