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Abstract:

 The household sector consumes a large amount of goods and services and is therefore a major source of global carbon emissions. This study aims to analyze per person household carbon emission (HCEs) patterns of urban and rural China over the period from 1995 to 2011. Annual macroeconomic data for the study were obtained from authentic Chinese government sources. Direct HCE estimates for each fossil fuel were obtained using the IPCC’s reference approach, and indirect HCEs were calculated by input-output analysis. In 1995, per person HCEs from direct sources for urban and rural China were 0.50 tCO2 and 0.22 tCO2, respectively; by 2011, these values had increased to 0.60 tCO2 and 0.61 tCO2, an increase of 20% and 177.27%, respectively. Similarly, in 1995, per person HCEs from indirect sources for urban and rural China were 0.43 tCO2 and 0.16 tCO2, respectively; by 2011, these values had increased to 1.77 tCO2 and 0.53 tCO2, respectively, an increase of 306% and 235%. The reasons for these differences and the sets of policies required to rectify increasing emissions are discussed. If current trends and practices continue, with a RMB1000 increase in per capita income from 2011 levels, per person HCEs in urban and rural China will increase by 0.119 tCO2 and 0.197 tCO2, respectively. This result indicates that the sector of society which is most vulnerable will contribute most to China’s increasing HCEs. Therefore, while developing energy consumption and emissions reduction policies and programs, principles of fairness and equity need to be followed.
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1. Introduction

The household sector consumes a large amount of goods and services [1,2], accounting for >70% of the final consumption expenditure, whereas the government sector accounts for only 30% [3]. Several studies have quantified household consumption patterns for various countries including The Netherlands [4], Denmark [5], India [6], 11 member states of European Union [7], USA [8], Brazil [9], South Korea [10], Japan [11], Spain [12], and China [1,2,13,14,15].

Some of these studies have also reported the ratio of household energy consumption to the national energy consumption. However, these figures have different meaning, in terms of direct or indirect energy consumption; therefore, it is improper to put them together for comparison. For example, in 11 Europe countries, the share of direct energy consumption (e.g., coal, gas, kerosene, and diesel) alone accounted for 34% to 64% [7]; if indirect energy consumption (e.g., food, clothing, medical services, transportation, etc.) was added, these values would amplify significantly.

Since 1979, China’s real gross domestic product (GDP) increased by about 10% per annum; this was mainly due to opening up to foreign trade and investment and implementation of a free market economy [16]. China is currently the world’s second largest economy, largest trading economy, second largest destination of foreign direct investment and the largest manufacturer. This rapid progress has come with costs, such as unprecedented environmental pollution, huge energy consumption, and carbon emissions [17]. China became the world’s largest CO2 emitting country in 2007 and the largest energy consuming country in 2010 [15]. The International Energy Agency [18] has projected that China will consume 70% more energy than the second largest energy consuming country, United States, by 2035. China has been under international pressure to reduce its energy consumption and carbon intensity. In response to the call of the UNFCCC conference in Copenhagen and Cancún, China has pledged to cut its carbon intensity by 40%–45% by 2020 from the 2005 level [17].

Although the household sector in China seems a minor contributor to total CO2 emissions [13], it is still significant as the total amount is massive. Moreover, due to rapidly increasing household incomes, modern lifestyles and altered consumption behaviors, household carbon emission (HCEs) is becoming a pressing issue in China [1,2,3,19]. In fact, China has been in a dilemma; on one hand, they have to encourage consumption for GDP growth and, on the other hand, they need to meet their emission intensity reduction obligations [3,20]. Developing policies and programs for promoting low carbon intensity fuels and changing the consumption behavior of people towards less carbon intensive goods and services will produce a win-win solution.

However, due to differences in incomes, lifestyles and access to different types of fuels [14,21,22], the patterns of consumption of goods and services, and therefore the related carbon emissions, could differ significantly between rural and urban households. Comparing the patterns of direct and indirect HCEs between the urban and rural areas will be very helpful in developing targeted policies and programs for these areas. Moreover, as in many other countries [23], household sizes are decreasing in China [3], although the rate of decrease could differ between urban and rural parts of China. Therefore, per person HCEs could be a more accurate metric for comparing emissions between these two regions.

In this context, this study aims to analyze per person HCEs patterns of urban and rural China over the 17 year period from 1995 to 2011. Urban population in this paper refers to all people residing in legally-defined cities and towns, while rural population refers to the population other than the urban population [24]. Of the total population of 1347.4 million in 2011, 690.8 million people live in urban areas and 565.6 million in rural areas [24]. Per capita building spaces of urban and rural households are 32.7 m2 and 36.2 m2, respectively [24].



2. A Brief Snapshot of China’s Emission Reduction Policy

In order to meet the 40%–45% carbon intensity reduction target by 2020, China has set an interim target of a 17% reduction in carbon intensities from 2011 to 2015, also called as 12th five-year plan target [17]. By the end of 2013, the overall carbon intensity of the Chinese economy has fallen about 10% from 2010 levels, indicating a slow progress towards its goal. Therefore, China has a daunting task ahead to meet its carbon intensity target.

Due to massive economic growth, energy demand in China has been increasing exponentially. China had 66 GW of installed electricity generation capacity in 1980; this had increased to 1100 GW by 2011 [25], an increase of 1575%. In order to reduce greenhouse gas emissions from energy consumption, China has adopted very aggressive policies on renewables and coals [26]. Currently, China is the world leader in hydro (45% of the world total), wind and solar power generation [27]. In 2012 alone, China invested >US$67 billion (>25% of the world total) in renewable energy [28]. The year 2013 was even more impressive; about 94 GW of new power capacity was added to the electric grid. As a result, for the first time, renewable energy expansion outpaced coal expansion in China [29]. In fact, China’s renewable energy addition (56.4 GW) in 2013 is equivalent to the 68.7% and 60.6% of the entire national electric capacity of South Korea (82 GW) and the United Kingdom (93 GW), respectively [30].

This is all because of the very effective Renewable Energy Law (2005). China subsidizes renewable energy by a fee, charged to all electricity users in China, of about 0.029 cents/kWh [25]. As a result of this policy: (1) installed wind power capacity gone from 0.567 GW in 2003 to 91 GW in 2013; (2) installed solar PV capacity rose from 0.14 GW in 2009 to 19 GW in 2013; and (3) installed hydropower capacity increased from 117 GW in 2005 to 200 GW in 2010. China has an even more aggressive target to increase its wind, solar, and hydropower capacity to 200 GW, 50 GW, and 380 GW, respectively, by 2020 [25].

Moreover, China is implementing annual non-binding caps on coal consumption and domestic coal production at 4 billion tonnes and 3.9 billion tonnes, respectively [31]. As a result, over the last decade, emissions intensity from electricity generation in China has reduced by 16%, while, by comparison, the reduction in Australia has been <4% [27]. China has also implemented fuel economy standards for passenger vehicles in its three largest cities, Shanghai, Guangzhou, and Beijing, and is planning to expand this to cover more cities [31]. In addition, in order to achieve carbon intensity reduction target in a cost effective way and achieve sustainable development, China has recently started national emission trading scheme (ETS).



3. Methodology


3.1. Data Sources

This study relies on macro-economic data for China between 1995 and 2011. Annual data for urban and rural areas such as household size, per capita income, population, and household consumption of different types of direct and indirect good and services were obtained from 17 volumes of: (1) China Statistical Yearbook from 1996 to 2012 [24,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47]; and (2) China Population and Employment Statistical Yearbook from 1996 to 2012 [48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64].

Household goods and services which are related to direct and indirect HCEs are termed as direct and indirect goods and services, respectively [1]. Direct household goods and services considered in this study are: raw coal; washed coal; molded coal; cooking coal; coke oven gas; other gas; gasoline; kerosene; diesel; liquid petroleum gas (LPG); natural gas; and electric power, whereas indirect household goods and services considered are: food; clothing; residence; household equipment; transportation and communication; cultural and educational entertainment; and medical care. Emissions related to direct and indirect sources are referred to as direct and indirect HCEs, respectively.

Amounts of direct and indirect goods and services consumed for both urban and rural areas were converted into HCEs amounts using their emission factors (discussed below).



3.2. Estimation of Direct Household Carbon Emission (HCEs)

Direct HCEs are related to the consumption of different types of fossil fuels, as discussed in the previous section and provided in Table 1. Direct HCE estimates for each fossil fuel type were obtained using the IPCC’s reference approach as in Equation (1) [65]:

Table 1. Net calorific value (NCV), carbon emission factor (CEF) and fraction of oxidized carbon (COF) for different fossil fuels used in China.


	Fossil fuel type
	NCV (ei) (TJ/1 × 104 t)
	CEF (ci) (tC/TJ)
	COF (oi)





	Raw coal
	209.08
	26.37
	0.94



	Washed coal
	94.09
	25.41
	0.90



	Moulded coal
	147.60
	33.60
	0.90



	Cooking coal
	284.35
	29.50
	0.93



	Coke oven gas
	173.54
	13.58
	0.99



	Other gas
	182.74
	12.20
	0.99



	Gasoline *
	430.70
	18.90
	0.98



	Kerosene
	430.70
	19.60
	0.98



	Diesel
	426.52
	20.20
	0.98



	Liquid petroleum gas (LPG)
	501.79
	17.20
	0.98



	Natural gas
	389.31
	15.30
	0.98





Source: NDRC [67]; * Gasoline used for family cars and motorcycles are considered as direct consumption. Therefore, they are listed as a fossil fuel type. However, consumption of public transportation services is considered as indirect consumption.
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(1)




where “ED” is the amount of total direct C emission (tCO2), “i” is the number of fuel types, “fi” is the fuel consumption of the household (in tonne or m3), “ei” is the net calorific value (NCV) of the fuel “fi” (TJ/ten thousand t), “ci” is the C emission factor (CEF) of the fuel “fi” (tC/TJ), “oi” is the fraction of C oxidized (COF) for the fuel “fi”, and 44/12 is the ratio of the molecular weights of CO2/C. The coefficients of each fuel type are presented in Table 1.
The emission factor for electricity depends on the mix of energy sources as renewable sources are less carbon intensive than others. The China Statistical Yearbook regularly updates emission factors for China, because the energy mix and, thus, emission factors, may change over time. For this study, the latest weighted average emission factor of 0.9976 tCO2/MWh [66], based on the proportion of different electricity sources, is used.





3.3. Estimation of Indirect Household Carbon Emission (HCEs)

Indirect HCEs relate to the consumption of household goods and services including food, clothing, residence, household equipment, transportation and communication, cultural and educational entertainment, medical care, and other goods and services. Unlike in the USA [68,69,70], lifecycle analyses of indirect goods and services are not available in China. Therefore, indirect carbon emissions from household consumption were calculated using input-output analysis, following Qu et al. [1,2], Liu et al. [3], Vringer and Blok [4], Wang et al. [71] and Zhu et al. [72]. Required data were collated from the Chinese Input-Output Table 2007 [73] and China Energy Statistics Yearbook 2007 [74] and China Statistical Yearbook 2013 [75]. Carbon emission factors for different types of goods and services are presented in Table 2.

Table 2. CO2 emission factors for different types of goods and services.


	Items/sectors
	CO2 emission factors (kg CO2/RMB)





	Food
	0.095



	Clothing
	0.126



	Residence *
	0.192



	Household equipment
	0.156



	Transportation & communication
	0.160



	Cultural & educational entertainment
	0.177



	Medical care
	0.159



	Others
	0.064





* Residence emissions are related to the consumption of cement, lime, brick, stone, glass and other building materials.






The emission factors of given goods and services were multiplied by consumption (in RMB) to provide estimates of individual and total indirect emissions (Equation (2)):
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(2)




where EI is the total indirect HCEs (tCO2), “d” is the number of household consumption items, “Id” (RMB) is the consumption of household goods and services and “Cd” is the CO2 emissions (kg CO2/RMB) from the consumption of goods and services.



4. Results and Discussions


4.1. Comparison of Direct Household Carbon Emission (HCEs) from Different Sources between Urban and Rural People in China

Annual carbon emissions and percentage share of annual emissions from different direct household goods and services for the 17 year period are given in Table 3. From 1995 to 2011, direct HCEs in urban China more than doubled from 177 MtCO2 in 1995 to 411 MtCO2 in 2011. In 1995, “raw coal” represented the highest percentage of emissions (55.2%), followed by electric power (32.5%) and LPG (5.2%). By 2011, the percentage share of “raw coal” emissions had decreased significantly to 5.6%, whereas the share of “electric power” increased to 77.7%. In total, the combined share of these two sources remained almost the same both in 1995 (87.7%) and 2011 (83.3%). During the 17 year period, the share of emissions from all other sources remained almost the same, except in the case of gasoline and diesel where the share of emissions increased by over eight times and 57 times, respectively, while “washing coal” decreased by 72.9%. However, compared to raw coal and electric power, these sources collectively contribute less than 17% of total emissions.


Table 3. Percentage share of household carbon emission (HCEs) by different direct sources in rural and urban China, 1995–2011 (values in parentheses indicate decrease in percentage share).



	
Year

	
Emission 100 million tCO2

	
Raw coal

	
Washed coal

	
Moulded coal

	
Cooking coal

	
Coke oven gas

	
Other gas

	
Gasoline

	
Kerosene

	
Diesel

	
LPG

	
Natural gas

	
Electric power






	
A. Percentage share of direct HCEs in urban China




	
1995

	
1.77

	
55.20

	
4.84

	
0.25

	
0.66

	
0.23

	
0.33

	
0.53

	
0.07

	
0.05

	
5.21

	
0.20

	
32.45




	
1996

	
1.67

	
32.01

	
4.37

	
6.96

	
0.71

	
0.26

	
0.56

	
1.66

	
0.07

	
0.90

	
7.00

	
0.23

	
45.27




	
1997

	
1.67

	
27.94

	
4.15

	
6.74

	
0.73

	
0.44

	
0.75

	
1.77

	
0.05

	
0.94

	
7.47

	
0.23

	
48.77




	
1998

	
1.69

	
25.43

	
3.81

	
5.86

	
0.79

	
0.40

	
0.89

	
1.85

	
0.12

	
1.12

	
8.36

	
0.26

	
51.11




	
1999

	
1.68

	
24.01

	
3.88

	
5.96

	
0.76

	
0.38

	
0.87

	
1.96

	
0.07

	
1.30

	
8.24

	
0.28

	
52.30




	
2000

	
1.70

	
22.18

	
4.09

	
5.11

	
0.73

	
0.40

	
0.95

	
1.99

	
0.07

	
1.38

	
8.25

	
0.35

	
54.52




	
2001

	
1.77

	
21.07

	
4.11

	
4.90

	
0.70

	
0.36

	
0.85

	
2.05

	
0.07

	
1.45

	
7.89

	
0.43

	
56.11




	
2002

	
1.87

	
19.15

	
3.17

	
4.80

	
0.58

	
0.35

	
0.86

	
2.14

	
0.06

	
1.55

	
8.32

	
0.45

	
58.57




	
2003

	
2.11

	
17.97

	
2.85

	
4.50

	
0.49

	
0.34

	
0.79

	
2.27

	
0.05

	
1.58

	
8.35

	
0.45

	
60.36




	
2004

	
2.38

	
16.67

	
2.62

	
4.12

	
0.42

	
0.31

	
0.73

	
2.63

	
0.02

	
2.09

	
8.61

	
0.51

	
61.28




	
2005

	
2.71

	
14.38

	
2.43

	
3.43

	
0.34

	
0.30

	
0.67

	
2.62

	
0.01

	
2.02

	
7.17

	
0.53

	
66.12




	
2006

	
2.99

	
13.82

	
1.91

	
2.79

	
0.31

	
0.28

	
0.73

	
2.68

	
0.01

	
2.14

	
7.11

	
0.62

	
67.60




	
2007

	
3.39

	
11.48

	
1.89

	
2.22

	
0.26

	
0.22

	
0.77

	
2.95

	
0.01

	
2.16

	
6.92

	
0.77

	
70.35




	
2008

	
3.46

	
10.01

	
1.71

	
1.09

	
0.22

	
0.22

	
0.74

	
3.20

	
0.01

	
2.31

	
5.83

	
0.89

	
73.77




	
2009

	
3.71

	
8.09

	
1.57

	
0.91

	
0.15

	
0.19

	
0.62

	
3.45

	
0.01

	
2.41

	
5.60

	
0.87

	
76.13




	
2010

	
3.86

	
6.61

	
1.52

	
0.83

	
0.11

	
0.25

	
0.53

	
3.98

	
0.01

	
2.70

	
5.17

	
1.07

	
77.21




	
2011

	
4.11

	
5.59

	
1.31

	
0.81

	
0.10

	
0.17

	
0.48

	
4.38

	
0.01

	
2.87

	
5.43

	
1.17

	
77.68




	
B. Percentage share of direct HCEs in rural China




	
1995

	
1.86

	
70.02

	
4.89

	
0.22

	
0.66

	
0.00

	
0.02

	
0.12

	
0.56

	
0.11

	
0.27

	
0.00

	
23.13




	
1996

	
1.47

	
66.13

	
5.06

	
4.61

	
0.80

	
0.00

	
0.02

	
0.34

	
0.72

	
0.33

	
0.88

	
0.00

	
21.12




	
1997

	
1.53

	
61.41

	
4.86

	
4.47

	
0.83

	
0.00

	
0.01

	
0.38

	
0.69

	
0.39

	
0.94

	
0.00

	
26.03




	
1998

	
1.54

	
60.12

	
4.47

	
4.15

	
0.90

	
0.00

	
0.01

	
0.42

	
0.73

	
0.49

	
0.98

	
0.00

	
27.73




	
1999

	
1.56

	
57.20

	
4.73

	
3.76

	
0.85

	
0.00

	
0.01

	
0.47

	
0.75

	
0.55

	
1.0

	
0.00

	
30.65




	
2000

	
1.59

	
55.43

	
4.99

	
2.97

	
0.80

	
0.00

	
0.01

	
0.48

	
0.75

	
0.57

	
1.03

	
0.00

	
32.98




	
2001

	
1.67

	
51.85

	
4.96

	
2.98

	
0.72

	
0.00

	
0.01

	
0.49

	
0.74

	
0.64

	
0.96

	
0.00

	
36.66




	
2002

	
1.75

	
50.51

	
4.79

	
3.14

	
0.58

	
0.00

	
0.01

	
0.56

	
0.36

	
0.57

	
1.17

	
0.00

	
38.32




	
2003

	
1.95

	
48.45

	
4.69

	
3.48

	
0.52

	
0.00

	
0.01

	
0.70

	
0.28

	
0.60

	
1.34

	
0.00

	
39.94




	
2004

	
2.23

	
46.55

	
4.53

	
3.56

	
0.41

	
0.00

	
0.01

	
0.92

	
0.21

	
0.82

	
1.82

	
0.00

	
41.17




	
2005

	
2.47

	
43.93

	
4.35

	
3.49

	
0.30

	
0.00

	
0.01

	
0.99

	
0.17

	
0.78

	
1.94

	
0.00

	
44.04




	
2006

	
2.71

	
40.07

	
3.84

	
2.99

	
0.27

	
0.00

	
0.01

	
1.18

	
0.14

	
0.80

	
1.94

	
0.00

	
48.76




	
2007

	
3.05

	
34.70

	
3.08

	
3.05

	
0.19

	
0.00

	
0.01

	
1.36

	
0.10

	
0.85

	
2.07

	
0.00

	
54.58




	
2008

	
3.20

	
32.45

	
3.32

	
2.41

	
0.13

	
0.00

	
0.01

	
1.40

	
0.06

	
0.87

	
1.99

	
0.00

	
57.35




	
2009

	
3.46

	
31.36

	
3.24

	
2.06

	
0.10

	
0.00

	
0.01

	
1.55

	
0.09

	
0.85

	
1.85

	
0.00

	
58.88




	
2010

	
3.63

	
31.18

	
3.18

	
2.05

	
0.10

	
0.00

	
0.00

	
1.85

	
0.09

	
0.99

	
1.80

	
0.00

	
58.76




	
2011

	
3.98

	
29.28

	
2.95

	
1.92

	
0.09

	
0.00

	
0.00

	
2.14

	
0.09

	
1.13

	
1.74

	
0.00

	
60.64









Rural China followed similar trends in HCEs. During the last 17 years, direct HCEs in rural China increased by over 2.1 times, from 186 MtCO2 in 1995 to 398 MtCO2 in 2011. As in urban areas, raw coal and electric power in rural areas represent the bulk of emissions (about 93.2% of total emissions in 1995 and 89.9% in 2011). However, overall the reliance on “raw coal” and, therefore, related emissions was much higher in rural areas (70.0% in 1995 and 29.3% in 2011) than in urban areas (55.2% in 1995 and 5.6% in 2011). Rural China is heavily reliant on raw coal for cooking and heating, as: (1) in many rural areas, other substitute fuels are rarely available [14]; and (2) coal is cheap, easy to transport and store, and has higher calorific value than biomass [3,76,77,78].



4.2. Comparison of Indirect Household Carbon Emission (HCEs) from Different Sources between Urban and Rural China

Indirect HCEs are an emerging issue in both urban and rural China (Table 4). In 1995, urban China was responsible for only 153 MtCO2 of HCEs but in 2011 this had skyrocketed to 1221 MtCO2. Over the 17 year period investigated in this study, direct HCEs in urban China increased by about 132%, whereas indirect HCEs increased by some 698%. Food, clothing, residential housing, transportation and communication, and cultural and educational entertainment are major sources of indirect HCEs. However, the percentage shares of total HCEs from these sources are dynamic in nature. In 1995, food related emissions (38.6%) showed the highest percentage of indirect HCEs, followed by clothing, cultural and educational entertainment (both 13.7%) and residential housing (12.4%). However, in 2011, the share of food related HCEs decreased to 16.6% while the share of clothing remained almost the same (13.1%) and the share of cultural and educational entertainment increased marginally to 17.1%. During this period, the highest incremental change was observed in transportation and communication (over 332%).


Table 4. Percentage share of HCEs by different indirect sources in rural and urban China, 1995–2011 (values in parentheses indicate decrease in percentage share).



	
Year

	
Emission 100 million tCO2

	
Food

	
Clothing

	
Residence

	
Household equipment

	
Transportation & communication

	
Cultural & educational entertainment

	
Medical care

	
Others






	
Percentage share of indirect HCEs in urban China




	
1995

	
1.53

	
38.56

	
13.73

	
12.42

	
9.80

	
6.54

	
13.73

	
3.92

	
1.31




	
1996

	
1.66

	
37.95

	
13.86

	
10.84

	
10.24

	
7.23

	
13.25

	
4.82

	
1.81




	
1997

	
1.86

	
36.02

	
12.37

	
10.75

	
10.22

	
8.06

	
15.05

	
5.38

	
2.15




	
1998

	
2.10

	
34.76

	
10.95

	
10.95

	
10.95

	
9.05

	
16.19

	
5.71

	
1.43




	
1999

	
2.44

	
32.79

	
10.25

	
10.66

	
11.48

	
10.25

	
17.21

	
5.74

	
1.64




	
2000

	
2.92

	
30.48

	
9.25

	
10.96

	
9.59

	
13.36

	
18.49

	
6.85

	
1.03




	
2001

	
3.24

	
29.32

	
9.57

	
11.11

	
9.57

	
14.51

	
17.90

	
7.10

	
0.93




	
2002

	
3.93

	
28.50

	
9.41

	
9.67

	
8.65

	
16.28

	
18.83

	
7.63

	
1.02




	
2003

	
4.41

	
27.21

	
9.52

	
9.75

	
8.62

	
17.91

	
18.14

	
7.94

	
0.91




	
2004

	
4.96

	
25.81

	
9.68

	
9.27

	
8.06

	
19.76

	
18.35

	
8.27

	
0.81




	
2005

	
5.66

	
24.38

	
10.60

	
8.66

	
8.13

	
21.38

	
17.49

	
8.48

	
0.88




	
2006

	
6.41

	
23.24

	
10.92

	
8.42

	
8.11

	
22.78

	
17.47

	
8.11

	
0.94




	
2007

	
7.50

	
21.60

	
11.33

	
7.87

	
8.67

	
24.40

	
17.33

	
7.87

	
0.93




	
2008

	
8.23

	
20.78

	
12.03

	
8.14

	
8.99

	
24.18

	
16.77

	
8.14

	
0.97




	
2009

	
9.57

	
19.23

	
12.02

	
8.25

	
9.09

	
26.23

	
16.41

	
7.84

	
0.94




	
2010

	
10.92

	
17.58

	
12.55

	
7.69

	
9.52

	
28.30

	
16.39

	
7.05

	
0.92




	
2011

	
12.21

	
16.63

	
13.10

	
7.21

	
9.66

	
28.26

	
17.12

	
7.04

	
0.98




	
Percentage share of indirect HCEs in rural China




	
1995

	
1.37

	
45.99

	
6.57

	
21.90

	
6.57

	
2.92

	
10.95

	
4.38

	
0.73




	
1996

	
1.55

	
42.58

	
7.10

	
21.29

	
7.10

	
4.52

	
11.61

	
4.52

	
1.29




	
1997

	
1.59

	
41.51

	
6.92

	
21.38

	
6.92

	
5.03

	
11.95

	
5.03

	
1.26




	
1998

	
1.57

	
41.40

	
5.73

	
22.29

	
6.37

	
5.10

	
14.01

	
4.46

	
0.64




	
1999

	
1.60

	
40.63

	
5.63

	
20.63

	
6.88

	
6.88

	
14.38

	
4.38

	
0.63




	
2000

	
1.74

	
37.36

	
5.75

	
20.69

	
5.75

	
8.62

	
14.94

	
5.75

	
1.15




	
2001

	
1.77

	
36.72

	
5.65

	
20.90

	
5.65

	
10.17

	
14.12

	
5.65

	
1.13




	
2002

	
1.84

	
35.87

	
5.43

	
21.20

	
5.43

	
10.87

	
14.67

	
5.43

	
1.09




	
2003

	
1.91

	
34.03

	
5.76

	
20.42

	
5.76

	
13.09

	
14.66

	
5.76

	
0.52




	
2004

	
2.01

	
33.33

	
5.47

	
19.40

	
5.47

	
14.93

	
14.43

	
5.97

	
1.00




	
2005

	
2.27

	
31.72

	
6.17

	
18.06

	
6.17

	
16.30

	
14.10

	
7.05

	
0.44




	
2006

	
2.48

	
29.44

	
6.45

	
19.76

	
6.05

	
16.94

	
13.71

	
7.26

	
0.40




	
2007

	
2.60

	
27.31

	
6.92

	
21.54

	
6.54

	
17.69

	
12.69

	
6.92

	
0.38




	
2008

	
2.75

	
25.82

	
6.91

	
22.18

	
6.91

	
18.18

	
12.36

	
7.27

	
0.36




	
2009

	
3.01

	
23.59

	
6.98

	
23.59

	
7.31

	
18.60

	
11.63

	
7.64

	
0.66




	
2010

	
3.14

	
22.61

	
7.32

	
21.97

	
7.96

	
19.75

	
11.78

	
7.96

	
0.64




	
2011

	
3.51

	
20.51

	
8.26

	
21.08

	
9.12

	
20.51

	
11.11

	
8.83

	
0.57









Indirect HCEs also increased during this period in rural areas, but at a relatively minor rate (156%) compared to urban areas (698%). As in urban areas, in 1995, food related emissions showed the highest percentage of indirect HCEs in rural China (46.0%); however, by 2011 the share of food related emission decreased to 20.5%. During these 17 years, as in urban China, the highest incremental increase in the share of emissions for rural China was observed in transportation and communication (>600%).

The decreasing share of food-related emissions both in urban and rural areas could be explained by Engel’s Law (1857), i.e., when people are richer they give relatively less attention to food and more attention to quality lifestyle. The food-related results concur with many other studies such as Kerkhof et al. [79], Liu et al. [3] and Dai et al. [15]. Moreover, with rapid economic development and increasing awareness, people may also prefer those goods and services which are both financially and environmentally beneficial [15,80,81,82]. The result of this is that increasing numbers of people choose to purchase cleaner energy, energy efficient electronic products, and a comfortable living environment, while devoting a relatively smaller proportion of their income to food.







4.3. Comparison of Per Person Direct and Indirect Household Carbon Emission (HCEs) between Urban and Rural People in China

Trends in per person HCEs from direct and indirect sources for both the rural and urban China are given in Figure 1a,b. Scatter plots (rural vs. urban) of per person HCEs are given in Figure 1c (total emissions), Figure 1d (indirect emission) and Figure 1e (direct emissions), which indicate urban emission is larger than the rural.

Figure 1. Per person HCEs (tCO2/year) from urban and rural people in China: (a) urban; (b) rural; and (c–e): scatter plots of per person HCEs (tCO2/year), rural vs. urban.
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In 1995, per person direct HCEs for urban and rural China were 0.50 tCO2 and 0.22 tCO2, respectively. By 2011, these values had increased to 0.60 tCO2 and 0.61 tCO2, respectively. These results are surprising for two reasons: (1) over the period of 17 years, the per person direct HCEs incremental rate of change is lower in urban areas (20%) than in rural areas (177%); and (2) in 2011, per person direct HCEs in rural areas was even higher than that of urban areas. This is mainly because of higher reliability on carbon intense fuels (coal) in rural areas. In a large developing country like China, where rural communities are widely distributed and often far from regional centers, it is hard to expect similar accessibility to energy efficient fuels between rural and urban areas [22]. Very recently, China has moved to give top priority to renewable energy (solar power, small hydropower, wind power, and biomass energy) supply in rural areas; this may significantly alter traditional pathways for development which rely on fossil fuel consumption [83]. However, a rural-centric clean energy subsidy policy and extension activities to support clean energy goals in rural areas are still lacking.

Similarly, per person indirect HCEs for urban and rural households in China in 1995 were 0.43 tCO2 and 0.16 tCO2, respectively. In the year 2011, these values increased to 1.77 tCO2 (by 306%) and 0.53 tCO2 (by 235%), respectively. Therefore, the rate of per person indirect HCEs increased more rapidly in urban areas than in rural areas. This is because the per capita expenditure of urban people on indirect goods and services is many times higher than that of rural people, reflecting their higher incomes and better living standards [21,84].

In total, from 1995 to 2011, the average urban person’s HCEs (direct and indirect) increased by 152% while the average rural person’s emissions increased by 203%. Although the rate was much higher in rural areas, total per person HCEs were still higher in urban areas (2.36 tCO2) than in rural areas (1.14 tCO2).

Geographical location may also have some effects on HCEs. Areas which experience mild weather may have less HCEs than those where weather is cold or very hot. Glaeser and Matthew [85] reported that an average household in Memphis has 78% higher carbon emission than in San Diego. Therefore, households in the Northern (severe winter) and Southern (hot summer) China could have more carbon emissions than that of central China. Moreover, increasing temperature due to climate change may be more favorable for Northern China than Southern China; and even within the same area, a densely populated part of a city with better urban transport may have less HCEs than that of a sub-urban area where people are heavily dependent on private cars for transport [86]. Therefore, further research which addresses these issues is crucial.



4.4. Income Effect on Per Person Household Carbon Emission (HCEs) in Urban and Rural China

Per person direct and indirect HCEs by per capita incomes (PCIs) for urban and rural China are shown in Figure 2 and Figure 3, respectively.

Figure 2. Relationship between per capita incomes (PCIs) (constant price for year 2000) and direct, indirect, and total per person HCEs in urban China.
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Figure 3. Relationship between PCIs (constant price for year 2000) and direct, indirect, and total per person HCEs in rural China.
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In rural China, average PCI of people ranged from 2338 RMB in 1995 to 6707 RMB in 2011, whereas in urban areas it ranged from 4288 RMB in 1995 to 16,736 RMB in 2011. In both areas, per capita indirect and total HCEs are highly correlated with PCIs, which explain over 97% of the total variations in per person HCEs.

In urban China, increase in PCI has less impact on direct HCEs but more influence on indirect HCEs, whereas in rural China the impact is more or less equal on both direct and indirect HCEs. This is because in urban China with higher incomes people can afford energy efficient fuels and appliances whereas, for various reasons, rural China is heavily reliant on coal and its derivatives [3,21,76,78,84].





4.5. Urbanization Effect on Household Carbon Emission (HCEs)

Figure 4 presents a time series graph of the urban proportion (%) of the total population and their share of total HCEs for China.

Figure 4. Proportion of urban population and their share to the total HCEs (in percent).
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These two proportions are very strongly correlated (r = 0.9756). There is a small discrepancy between the two trends. The urbanized population in China is growing rapidly as is the urban share of CO2 emissions, but at a smaller rate compared to the former, especially towards the later years. This is obvious, as noted above from 1995 to 2011 the average urban person’s HCEs increased by 152% whereas in rural people it increased by 203%. It seems that the proportion of HCEs from urban people could be heading towards an asymptote, probably due to greater access of cleaner fuels [14]. However, it is hard to predict when that time will arrive. Moreover, this hypothetical asymptote point could be influenced by forthcoming policies and programs of the government.



4.6. Household Size Effect on Per Person Household Carbon Emission (HCEs) in Urban and Rural China

Household size could have some impact on per person HCEs. In China, for various reasons, the size of households in both urban and rural areas is decreasing every year. In 1995, urban and rural households averaged 3.2 and 4.5 people, respectively, whereas these values decreased to 2.9 and 3.9 in 2011 (Figure 5). Although the decreasing rates of average urban (11.2%) and rural (13.0%) household sizes over the period of 17 years were similar, average household size in rural areas in 2011 was still larger than that of urban households in 1995.

Figure 5. Relationship between the household size and per person HCEs in urban and rural China.
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As expected, as household size goes down the per person HCEs increases; however, over the study period of 17 years, the increase in HCEs was greater (152% in urban area and 203% in rural area) than the rate of decrease in household sizes. These two variables were negatively correlated (−0.93 for urban areas and −0.86 in rural areas). This indicates that extended family households could be more carbon-friendly than the nuclear family. This observation is in agreement with Qu et al. [1], Underwood [70], Wang and Fend [87], and Intergovernmental Panel on Climate Change (IPCC) [88]. This is likely to be due to the economies of scale of energy use within the household [70].



4.7. Combined Effect of Per Capita Income (PCI) and Household Size on Per Person Household Carbon Emission (HCEs)

As discussed, neither household size nor per capita income (PCI) appears to be a sole driver of increasing “per person HCEs” (PCE). Both are likely to have influence on HCEs. We have developed regression models for individual and combined effects of these two drivers (Table 5). In both rural and urban China, the effect of household size is relatively small compared to that of PCI and the explanatory powers of PCI-based models did not improve by adding another driver “household size”. Therefore, the major driving force for PCE would appear to be PCI. Moreover, as urban people have both higher income levels and smaller household size (and vice versa in rural people) these two variables could be autocorrelated. Hence, if we want to forecast PCE, PCI could be used as a sole independent variable as it has over 98% explanatory power. The importance of PCI on HCEs is also reported in Qu et al. [1,2] and Golley and Meng [21].


Table 5. Effect of household size (HHsize) and PCI on per person household carbon emission (PCE) in urban and rural China.



	
Area

	
Effects of due to

	
Best fitted equations

	
R2

	
AdjR2






	
Urban

	
PCI
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0.995

	
0.985




	
HHsize
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0.870

	
0.862




	
PCI plus HHsize
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0.997

	
0.996




	
Rural

	
PCI
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0.989

	
0.988




	
HHsize
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0.738

	
0.720




	
PCI plus HHsize
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0.989

	
0.988











In order to estimate potential future emission scenarios, we have used PCI as a sole explanatory variable. For example, if all the conditions remain the same and the current emissions trends in both urban and rural China continue, a one percent increase in PCIs from 2011 levels will lead to an increase in the PCEs in urban and rural China of 0.89% and 1.22%, respectively. Similarly, in absolute terms, a 1000 RMB increase in PCIs from 2011 levels is predicted to result in a 0.119 tCO2 and 0.197 tCO2 increase, respectively, in PCEs in urban and rural China. If PCEs continue to increase in line with these trends, demand for energy will increase in the future. As China does not have huge reserves of fossil fuels, a large amount of energy resources will need to be imported [89]. Considering this reality, China has put a cap on coal consumption, and is promoting energy efficient vehicles and appliances, and also planning to implement a national level emissions trading scheme after 2015 [27]. Such moves are transformational and are likely to mean that the increasing rate of emissions could decrease in the future; however, rural China may still have some issues partly due to its heavy reliance on carbon-intensive fuels.

China has been providing economic opportunities in rural China so that it is equally-benefitted and can contribute to domestic economic growth. They have been successful in this mission [90], but this has also increased the consumption of goods and services and related carbon emissions. Therefore, finding a win-win solution is crucial. This can be achieved by developing and implementing rural-centric policies and programs and providing incentives for producing and using low carbon fuels and renewable energy. This has huge public health and climate benefits. For example, it is estimated that the US Government’s plan to cut carbon pollution from power plants by 30% (730 million metric tonnes) by 2030 could have public health and climate benefits worth up to 93 billion per year in 2030, far outweighing the costs of 8.8 billion US$ [91]. From soot and smog reductions alone, up to 7 US$ in health benefits for every dollar invested will be realized through this plan [91].




5. Conclusions and Recommendations

Over the study period of 17 years (1995–2011) both urban and rural China have undergone massive transformations in HCEs. From 1995 to 2011, the average urban and rural person’s total HCEs increased by 152% and 203%, respectively, but per person HCEs in 2011 are still significantly higher in urban areas than in rural areas (2.36 tCO2vs. 1.14 tCO2). Per person direct HCEs increased faster in rural areas (177% vs. 20%), whereas indirect HCEs increased faster in urban areas (306% vs. 235%).

Due to increasing awareness and accessibility of cleaner fuel, urban households perform better in terms of direct energy consumption and related emissions, but poorer in terms of indirect energy consumption and related emissions, probably due to their higher affluence and modernized lifestyle. In the case of rural areas, the opposite is apparent; they have greater access to carbon intensive raw coal and less capacity to afford indirect goods and services. These findings suggest two things: (1) a national level study does not provide a clear picture and therefore a segregated assessment of urban and rural China is necessary; and (2) direct HCEs do not provide a complete picture and therefore a comprehensive assessment of both direct and indirect sources of emissions is crucial.

Urbanization and PCI have strong positive correlations with per person HCEs, whereas household size is negatively correlated. Therefore, extended family arrangements are likely to be more carbon-friendly than the nuclear family, probably due to the economies of scale of the former arrangements. We also analyzed the individual and combined effects of household size and PCI on per person HCEs with the development of multiple regression models. In both rural and urban China, the effect of household size is relatively smaller compared to the effect of PCI. In fact, the explanatory powers of PCI-based models were not improved by adding household size. Therefore, regression models solely based on PCI can be used for the estimation and forecasting of per person HCEs. If all conditions remain the same and the current emissions trends in both urban and rural China continue, a one percent increase in PCI from 2011 levels is predicted to result in increases in PCEs in urban and rural China of 0.89% and 1.22%, respectively. Therefore, in order to meet 40%–45% carbon intensity reduction target China may need more aggressive action on low carbon-intensity fuels, energy efficiency, renewables, and demand side management by using energy efficient appliances and vehicles, with particular attention on rural areas.

In this research per capita income is used as an independent variable for forecasting per person HCEs. However, while climate is changing, the changing patterns are different in various parts of China. As a result, there could be a huge variation in HCEs in the future. Therefore, a further research, involving spatial and temporal modeling using IPCC greenhouse gas emission scenarios and forecasting impacts of changing temperatures on HCEs, is highly recommended.
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