

  Exploring the Strengths and Limits of Strong and Weak Sustainability Indicators: A Case Study of the Assessment of China’s Megacities with EF and GPI




Exploring the Strengths and Limits of Strong and Weak Sustainability Indicators: A Case Study of the Assessment of China’s Megacities with EF and GPI







Sustainability 2018, 10(2), 349; doi:10.3390/su10020349




Article



Exploring the Strengths and Limits of Strong and Weak Sustainability Indicators: A Case Study of the Assessment of China’s Megacities with EF and GPI



Lu Huang 1,2[image: Orcid]





1



Smart City Research Center of Zhejiang Province, Hangzhou Dianzi University, Hangzhou 310012, China






2



Institute of Ecological Planning and Landscape Design, College of Life Sciences, Zhejiang University, Hangzhou 310058, China







Received: 30 December 2017 / Accepted: 24 January 2018 / Published: 30 January 2018



Abstract:



The perspective of strong/weak sustainability has a great impact on sustainability assessment. In this study, two most widely used indices, Ecological Footprint (EF) and Genuine Progress Indicator (GPI) for strong and weak sustainability assessment, were employed to evaluate the sustainability of China’s ten megacities between 1978 and 2015. The results showed that the ecological footprint had been enlarged in the past twenty years; while the genuine economic welfare started to increase since 2005. The cities of Xi’an, Chengdu, Chongqing, and Shanghai met the threshold of below 2.5 global hectares for EF/capita, and over 3000 dollars/capita (in 2010 US$) for GPI/capita. By analyzing and comparing the characteristics, the processes and results, and the complementary features of evaluation methods of EF and GPI, the research suggested that: (1) Strong and weak sustainability indicators, with their own pros/cons in sustainability assessment, should be used carefully; (2) Weak sustainability indicators could be analyzed from the perspective of strong sustainability; (3) Strong sustainability indicators need to be developed urgently. The results in this study could guide the selection of sustainability indicators, and help interpret the results of sustainability assessment.
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1. Introduction


The “three-pillar” or “triple bottom line” concept of sustainability, namely environmental protection, economic development, and social equity, should be considered simultaneously in sustainable development, which has become a consensus in academia [1,2,3,4]. It is a core issue to coordinate the relationships among environment, economy and society in sustainability, the understanding of which should refer to the perspectives of “strong sustainability” and “weak sustainability” [5,6,7]. The main difference of the two perspectives lies in how to treat the substitutability between natural capital and human-made capital. Weak sustainability permits mutual substitutability between natural capital (e.g., ecosystem and biodiversity) and human-made capital (e.g., human structures). According to weak sustainability, a system is sustainable as long as the total amount of capital stocks is not decreasing, even if the environment degrades. Strong sustainability, however, is believed that these two capitals are complementary and environmental sustainability should be assured. Economic development cannot be sustainable at the cost of environment degradation. Strong sustainability can be further divided into two sub-concepts. One denies substitutability and forbids utilization of ecosystem “no matter how many people are starving” [6], and the other permits substitutability at a certain level. These two sub-concepts, as Daly termed, were called as “absurd strong sustainability” and strong sustainability, respectively [6,8]. Apparently, the notions of strong and weak sustainability have a great impact on understanding and evaluating sustainable development [5,6,9,10,11,12].



In China, 17.9% of the residents lived in urban areas in 1978, half in 2011, 57.35% in 2016, and 77.5% will live in urban areas in 2050 according to the UN’s prospect [13]. During unprecedented urbanization, the development of megacities not only represents the achievements of urbanization in China, but also brings about a myriad of problems [14,15,16,17]. Sustainability assessment, especially the indicator set or index, portrays the performance of environment, economy, and society from different aspects for different purposes. According to the definition proposed by Huang [12], most single composite indices are weak sustainability indices, including City Development Index (CDI), Genuine Progress Indicator (GPI), Genuine Savings (GS), Happy Planet Index (HPI), Human Development Index (HDI), Sustainable Society Index (SSI), and Wellbeing Index (WI). Ecological Footprint (EF), Environmental Performance Index (EPI), and Green City Index (GCI) are strong sustainability indices. Among these sustainability indices, CDI, GPI, GS, HPI, SSI, and WI cover three dimensions (i.e., environment, society, and economy), EF, EPI, and GCI cover environmental and social dimensions, and HDI covers social and economic dimensions [12].



Based on previous review and evaluation experiences [12,14], two most widely used indices were employed, EF for strong sustainability assessment and GPI for weak sustainability assessment, to evaluate the sustainability of ten megacities in China between 1978 and 2015. By comparing the differences of assessment methods and results between EF and GPI in a case study, this research tries to find out differences between strong sustainability and weak sustainability, and explore how to better interpret sustainability assessment results and develop strong and weak sustainability indicators.




2. Materials and Methods


2.1. Selection of Megacities


According to high level of regional representation and data availability, ten megacities were selected in this study, with a municipal district population exceeding five million, as defined in the “Adjust the Criteria of Urban Size (2014) No. 51” released by the Central Committee and State Council, Communist Party of China. The ten megacities are all capital cities, located at four regions of China: Western Region (Chengdu, Chongqing, and Xi’an); Central Region (Wuhan); Eastern Region (Beijing, Guangzhou, Nanjing, Shanghai, and Tianjin); and Northeastern Region (Shenyang) (the location of the ten megacities refer to Huang [14]). Chinese cities, different from North American or European cities, are metropolitan regions, which include both urban and rural areas. In this research, urban population means resident population instead of registered population, because the former better reflects the actual level of the city’s resource consumption and waste emissions.




2.2. Selection of Indicators


GPI measures the economic welfare by adding the benefits and subtracting the costs left out of GDP [18,19]. In this study, the mathematical formulation was adapted from Wen et al. [19,20]. Consumer expenditure was a starting point of GPI calculation. The benefit of economy and society, and the cost of economy, society and environment were adding to (or subtracting from) consumer expenditure. It should be noted that the study calculated Gini coefficients for urban and rural areas separately, because of China’s urban-rural dual land system. EF measures the environmental pressure of resource consumption and waste disposal, and Biocapacity (BC) measures the amount of biologically productive land and sea areas available to bear this environmental pressure [21]. The Global Footprint Network’s accounting framework was employed in this study [22], in which average world yield, carbon emission factor, carbon uptake capacity, equivalence factor, and yield factor were set accordingly. Carbon emission factor was based on the Greenhouse Gas Protocol Tool for Energy Consumption in China [23], and was adjusted according to the parameter of China Energy Statistical Yearbook. Yield factor was adopted at provincial scale [24]. Average world yield, carbon uptake capacity and equivalence factor were set by default values [25,26], namely the world average data. Calculation methods of GPI and EF were stated in detail in Huang [14].




2.3. Data Processing


Social and economic data were mainly derived from each city’s Statistical Yearbook, China City Statistical Yearbook, China Energy Statistical Yearbook, China’s New Urbanization Report, and BP Statistical Review of World Energy. Environmental data were obtained from each city’s Statistical Yearbook, China Statistical Yearbook on Environment and Institute of Geographic Sciences and Natural Resources Research, CAS. It should be noted that land use data (in the years 1980, 1990, 2000, 2005, and 2015) of GPI and BC were from Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences, instead of from the literature as in Huang [14].



The data were collected from 1978 to 2015. Since 1 December 2012, National Bureau of Statistics of China have initiated “Reform of Urban and Rural Household Survey”, which unifies the name, classification and statistical standard of urban and rural residents’ income. Hence, in general, the urban and rural residents’ income data, expenditure data, and consumption data after 2012 should not be compared to the previous data. The execution efficiency of this reform, however, was quite different among cities. Most megacities executed it in 2013 or 2014. Since the data from the new statistic caliber were limited, the data from old caliber were used in this research (Table 1).



Table 1. The starting and ending year of indices of data collection. The starting year: according to data availability; the ending year: using the data from old statistic caliber according to the “Reform of Urban and Rural Household Survey”.







	
Region

	
Megacity

	
Starting-Ending Year of EF

	
Starting-Ending Year of GPI






	
Eastern region

	
Beijing

	
1995–2014

	
1993–2014




	
Tianjin

	
1995–2015

	
1994–2013




	
Nanjing

	
1993–2013

	
2003–2013




	
Shanghai

	
1995–2013

	
1995–2014




	
Guangzhou

	
1992–2013

	
1994–2013




	
Western region

	
Chongqing

	
1997–2012

	
1997–2012




	
Chengdu

	
1993–2014

	
1992–2014




	
Xi’an

	
1997–2013

	
1998–2013




	
Middle region

	
Wuhan

	
1990–2013

	
1994–2013




	
Northeastern region

	
Shenyang

	
1994–2014

	
1995–2014










To find out the contribution of each indicator to indices (EF and GPI), the study input the indicators of the period (Table 1) to SPSS 20, adopted stepwise linear regression, chose the proper model by t value and significance, and judged the contribution by standardized coefficient in this research.





3. Results


3.1. EF and BC


EF/capita of the ten megacities has increased significantly in the past twenty years (Figure 1a). The values of EF/capita for Nanjing and Wuhan were between 3.8 and 4.5 global hectares (gha) after 2010; the values for Guangzhou, Beijing, Tianjin, Shanghai and Shenyang were between 2 and 3 gha; and the values for Chongqing, Xi’an and Chengdu were below 2 gha. Three Western cities performed better than other cities in terms of EF/capita. The value of EF/capita of Chongqing increased remarkably after 2007, and the most stable cities were Chengdu and Xi’an. Among the components of EF, biological resource consumption (namely the cropland footprint, grazing footprint, forest footprint and fishing footprint) increased in general (Figure 1b). Except for Beijing, the values of biological resource consumption of other cities were between 0.8 and 1.4 gha in recent ten years. The biggest increase in CO2 footprint occurred in Nanjing and Wuhan, whose values of CO2 footprint were over 3 gha/capita in 2013 (Figure 1c). The values of Chengdu and Xi’an, however, remained steadily below 0.5 gha.


Figure 1. Temporal dynamics of EF/capita (a), resource consumption footprint per capita (b), and carbon dioxide footprint per capita (c) for the ten megacities.
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In 2012 (the latest year that all megacities had data), the values of EF/capita varied among ten cities (Figure 2a). The highest value was 4.4 gha (Nanjing), and the lowest was 1.5 gha (Xi’an and Chengdu). Ranking cities by EF, which was quite different from ranking them by EF/capita, Chongqing, Beijing and Shanghai were the top three, and Shenyang and Xi’an were the bottom two (Figure 2b). CO2 footprint contributed most in EF/capita, followed by cropland footprint, fishing footprint, grazing footprint and forest footprint, successively (Table 2). After adding resident population, CO2 footprint and cropland footprint contributed most in EF, followed by fishing footprint, grazing footprint and forest footprint (Table 3).


Figure 2. Per capita EF (a) and the total EF (b) in 2012.



[image: Sustainability 10 00349 g002a][image: Sustainability 10 00349 g002b]






Table 2. The coefficients of stepwise linear regression. EF/capita was the dependent variable for cropland footprint, grazing footprint, fishing footprint, forest footprint, carbon dioxide footprint, infrastructure footprint (per capita), and population.







	

	
Unstandardized Coefficients

	
Standardized Coefficients

	
t

	
Significance




	
B

	
Std. Error

	
Beta






	
Constant

	
0.046

	
0.003

	

	
13.426

	
0.000




	
Carbon Dioxide Footprint

	
1.001

	
0.001

	
1.014

	
957.455

	
0.000




	
Cropland Footprint

	
0.966

	
0.004

	
0.266

	
258.096

	
0.000




	
Fishing Footprint

	
0.989

	
0.010

	
0.114

	
99.594

	
0.000




	
Grazing Footprint

	
1.162

	
0.013

	
0.083

	
86.639

	
0.000




	
Forest Footprint

	
1.079

	
0.026

	
0.044

	
41.444

	
0.000










Table 3. The coefficients of stepwise linear regression. EF was the dependent variable for cropland footprint, grazing footprint, fishing footprint, forest footprint, carbon dioxide footprint, infrastructure footprint (total values), and population.







	

	
Unstandardized Coefficients

	
Standardized Coefficients

	
t

	
Significance




	
B

	
Std. Error

	
Beta






	
Constant

	
22.920

	
1.188

	

	
19.299

	
0.000




	
Carbon Dioxide Footprint

	
0.999

	
0.001

	
0.578

	
1092.358

	
0.000




	
Cropland Footprint

	
0.995

	
0.001

	
0.569

	
1104.422

	
0.000




	
Fishing Footprint

	
1.032

	
0.006

	
0.106

	
181.290

	
0.000




	
Grazing Footprint

	
1.115

	
0.007

	
0.081

	
161.084

	
0.000




	
Forest Footprint

	
0.898

	
0.023

	
0.017

	
39.139

	
0.000










BC/capita varied among cities (Figure 3). The highest value of BC/capita was 0.84 gha (Chongqing) in 1980, and the value dropped to 0.40 gha in 2000. The biocapacity of other cities all decreased from 1980 to 2015, but not as much as that of Chongqing. The ranking order of cities by BC/capita from large to small in 2015 was as follows: Chongqing, Shenyang, Nanjing, Chengdu, Wuhan, Guangzhou, Xi’an, Tianjin, Beijing, and Shanghai. The values of BC/capita in most cities were between 0.1 and 0.3 gha, far lower than that of EF/capita.


Figure 3. Temporal dynamics of BC/capita for the ten megacities.
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3.2. GPI and GDP


GPI/capita and GDP/capita of ten megacities increased in general in the past years, but had different trends (Figure 4a,b). GDP/capita for most cities stabilized (except for the significant decrease in Shanghai from 1980 to 1986) before 1994, and increased dramatically after 1994 (Figure 4b). Different from GDP/capita, GPI/capita stabilized between the year 1994 and the year around 2005, and increased after the year around 2005 (Figure 4a). In the past twenty years, the ratio of GPI to GDP became smaller (Figure 4c). However, the ratio stopped decreasing in recent years. The ratio of some megacities even started to increase slightly. For example, the ratio of Beijing, Shanghai and Shenyang increased in the recent three years.


Figure 4. Temporal dynamics of GPI/capita (a), GDP/capita (b), and the ratio of GPI to GDP (c) during 1978 to 2015. GPI/capita and GDP/capita were in 2010 US$.
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The performance of GPI/capita in the cities varied in 2012 (Table 4). The smallest value of the ratio of the GPI to GDP was 14.6% (Tianjin), and the largest value was 52.7% (Chongqing). Also, the performance of the components of GPI varied in ten cities. For example, the proportion of economic costs to GPI of Shanghai was 98.7%, and that of Nanjing was 6.8%; the proportion of environmental costs to GPI of Nanjing was 95.0%, and that of Chengdu was 11.7%. The proportion of social benefits to the GPI was large in most cities. The values of the cost of wetland loss and farmland loss were relatively low, and no loss of old-growth forests was observed in ten cities. Among all the twenty indicators, Consumer expenditure contributed most to GPI, followed by Adjustment for unequal income distribution (urban), Value of leisure time, Depletion of nonrenewable resources, and Cost of commuting (Table 5).



Table 4. GPI/capita and its components among the ten megacities in 2012. The unit was dollar (in 2010 US$) or specified otherwise. Blank spaces were missing values.







	

	

	
Beijing

	
Tianjin

	
Shanghai

	
Chongqing

	
Nanjing

	
Guangzhou

	
Chengdu

	
Wuhan

	
Xi’an

	
Shenyang






	
GPI’s starting point

	
Consumer expenditure

	
4568.7

	
3430.3

	
5583.7

	
2072.0

	
4434.8

	
5761.7

	
2506.5

	
2639.2

	
2873.3

	
3303.0




	
Economy

	
Adjustment for unequal income distribution-Rural

	
0.0

	

	
0.0

	
0.0

	

	
0.0

	

	

	

	




	
Adjustment for unequal income distribution-Urban

	
−1567.9

	
−1380.6

	
−2619.1

	
−315.6

	
0.0

	
−1307.8

	
−666.6

	
−508.1

	
−830.1

	
−1137.6




	
Cost of consumer durables

	
−94.8

	
−79.5

	
−101.9

	
−131.0

	
−237.3

	
−108.5

	
−74.4

	
−79.9

	
−104.3

	
−165.2




	
Economic costs-Proportion to GPI (%)

	
−43.0

	
−72.0

	
−98.7

	
−14.3

	
−6.8

	
−32.7

	
−26.6

	
−22.2

	
−29.3

	
−64.6




	
Services of consumer durables

	
426.5

	
357.9

	
458.7

	
589.4

	
1067.9

	
488.4

	
334.8

	
359.5

	
469.4

	
743.5




	
Economic benefits-Proportion to GPI (%)

	
11.0

	
17.6

	
16.6

	
18.9

	
30.4

	
11.3

	
12.0

	
13.6

	
14.7

	
36.8




	
Society

	
Cost of crime

	
−75.2

	
120.7

	
−141.5

	
−73.1

	
−91.5

	
−126.2

	
−64.9

	
−83.5

	
−58.2

	
−86.2




	
Cost of automobile accidents

	
−0.2

	
−0.4

	
−0.1

	
−0.1

	

	
−0.1

	
−0.1

	
−0.1

	
−0.2

	
−0.1




	
Cost of commuting

	
−685.8

	
−569.1

	
−528.8

	
−111.8

	
−306.7

	
−718.2

	
−265.1

	
−136.9

	
−235.8

	
−546.0




	
Cost of family breakup

	
−2.9

	
−2.2

	
−2.7

	
−2.6

	
−2.7

	
−2.0

	
−3.2

	
−2.4

	
−2.0

	
−3.1




	
Cost of underemployment

	
−4.7

	
−20.9

	
−18.3

	
−5.7

	
−7.3

	
−29.8

	
−13.5

	
−10.9

	
−13.8

	
−11.3




	
Social costs-Proportion to GPI (%)

	
−19.9

	
−23.3

	
−25.1

	
−6.2

	
−11.6

	
−20.2

	
−12.4

	
−8.8

	
−9.7

	
−32.0




	
Value of leisure time

	
2191.9

	
1678.7

	
1266.8

	
1208.7

	
1704.2

	
1791.3

	
1027.5

	
1176.0

	
1286.5

	
346.7




	
Value of housework and parenting

	
250.2

	
252.7

	
223.9

	
421.3

	
267.9

	
209.5

	
320.4

	
282.6

	
284.7

	
318.2




	
Value of volunteer work

	
26.7

	
20.4

	
15.4

	
14.7

	
20.7

	
21.8

	
12.5

	
14.3

	
15.7

	
4.2




	
Social benefits-Proportion to GPI (%)

	
63.8

	
96.2

	
54.6

	
52.8

	
56.7

	
46.7

	
48.8

	
55.6

	
49.7

	
33.2




	
Environment

	
Cost of pollution (air pollution is not included)

	
−252.3

	
−169.9

	
−85.9

	
−96.7

	
−501.1

	
−25.3

	
−49.2

	
−23.9

	
−25.2

	
−13.2




	
Cost of air pollution

	
−250.2

	
−264.2

	
−245.5

	
−112.2

	
−256.3

	
−305.6

	
−166.2

	
−229.0

	
−147.8

	
−232.4




	
Cost of wetland loss

	
0.0

	
−0.4

	
−0.1

	
0.0

	
−0.1

	
0.0

	
0.0

	
−0.1

	
0.1

	
0.0




	
Cost of farmland loss

	
−0.4

	
−0.8

	
−0.7

	
−0.6

	
−1.0

	
−0.4

	
−1.4

	
−2.1

	
−1.9

	
−0.7




	
Loss of old-growth forests

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
Depletion of nonrenewable resources

	
−632.2

	
−1304.3

	
−1014.3

	
−307.7

	
−2517.1

	
−1269.7

	
−93.7

	
−688.2

	
−305.1

	
−470.8




	
Cost of long-term environmental damage

	
−29.2

	
−39.2

	
−32.9

	
−34.8

	
−61.5

	
−46.3

	
−14.6

	
−58.7

	
−15.3

	
−30.8




	
Environmental costs-Proportion to GPI (%)

	
−30.1

	
−87.7

	
−50.0

	
−17.7

	
−95.0

	
−38.0

	
−11.7

	
−37.8

	
−15.5

	
−37.1




	
Results

	
Resident population (10,000)

	
2069.3

	
1413.2

	
2380.4

	
2945.0

	
813.5

	
1283.9

	
1417.8

	
1012.0

	
855.3

	
822.8




	
GPI/capita

	
3868.0

	
2029.3

	
2756.9

	
3114.1

	
3513.0

	
4332.8

	
2788.6

	
2647.5

	
3189.8

	
2018.2




	
GDP/capita

	
13168.2

	
13905.7

	
12921.1

	
5904.5

	
13491.5

	
16085.9

	
8748.9

	
12053.5

	
7779.9

	
12229.7




	
GPI/GDP (%)

	
29.4

	
14.6

	
21.3

	
52.7

	
26.0

	
26.9

	
31.9

	
22.0

	
41.0

	
16.5










Table 5. The coefficients of stepwise linear regression. GPI/capita was the dependent variable for the twenty sub-indicators of GPI/capita.







	

	
Unstandardized Coefficients

	
Standardized Coefficients

	
t

	
Significance




	
B

	
Std. Error

	
Beta






	
Constant

	
3.611

	
0.994

	

	
3.634

	
0.000




	
Cost of crime

	
1.001

	
0.004

	
0.057

	
247.309

	
0.000




	
Services of consumer durables

	
0.782

	
0.001

	
0.136

	
576.641

	
0.000




	
Depletion of nonrenewable resources

	
0.998

	
0.001

	
0.385

	
1223.785

	
0.000




	
Cost of underemployment

	
1.000

	
0.040

	
0.007

	
25.071

	
0.000




	
Consumer expenditure

	
1.000

	
0.001

	
1.580

	
1601.695

	
0.000




	
Adjustment for unequal income distribution-Urban

	
1.001

	
0.001

	
0.672

	
1478.015

	
0.000




	
Cost of commuting

	
0.996

	
0.002

	
0.241

	
442.321

	
0.000




	
Value of housework and parenting

	
0.981

	
0.003

	
0.057

	
318.043

	
0.000




	
Cost of pollution

	
1.003

	
0.003

	
0.078

	
329.689

	
0.000




	
Cost of air pollution

	
1.030

	
0.007

	
0.094

	
149.287

	
0.000




	
Loss of leisure time

	
1.012

	
0.001

	
0.629

	
1947.977

	
0.000




	
Adjustment for unequal income distribution-Rural

	
1.042

	
0.015

	
0.010

	
71.826

	
0.000




	
Cost of long term environmental damage

	
0.975

	
0.015

	
0.014

	
65.353

	
0.000











3.3. EF and GPI


From the scatterplot of EF/capita and GPI/capita (Figure 5), western cities made progress with relatively low environmental impact. Among the cities of Beijing, Guangzhou and Nanjing, the increasing range of EF/capita in Beijing was the smallest. Even though the value of GPI/capita of Nanjing was large, its value of EF/capita was much larger than the other two cities. Setting threshold of below 2.5 gha for the value of EF/capita, and over 3000 dollars/capita (in 2010 US$) for the value of GPI/capita, only Xi’an (in 2012 and in 2013), Chengdu (in 2013), Chongqing (in 2012), and Shanghai (in 2013) met the threshold.


Figure 5. Scatterplot of EF/capita and GPI/capita for ten megacities. GPI/capita was in 2010 US$.
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Dividing GPI by EF, namely the genuine economic welfare produced under the pressure of one global hectare of ecological footprint, the value varied dramatically between 140 and 2102 dollars per global hectare (in 2010 US$) (Figure 6). The values of GPI/EF showed an overall declining trend before 2005, and increased significantly after 2005. According to the performance in recent years, the descending order of the megacities in GPI/EF was: Xi’an, Chengdu, Chongqing, Beijing, Guangzhou, Shanghai, Shenyang, Tianjin, Nanjing, and Wuhan. Regarding the environmental costs of GPI per capita and EF/capita, Nanjing performed badly in both of them, and the performances of Chengdu, Xi’an, Chongqing and Shenyang were relatively good in both of them. Wuhan performed badly in EF/capita, while performed well in environmental costs of GPI/capita (Figure 4a and Figure 7).


Figure 6. Temporal dynamics of the ratio of GPI to EF for ten megacities.
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Figure 7. Temporal dynamics of environmental costs of GPI for ten megacities.
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4. Discussion


4.1. The Differences of Evaluation Processes between EF and GPI


EF is a typical strong sustainability indicator. Its calculation is based on six hypotheses: (1) it is possible to track most resources human consume and most waste human generate; (2) most of these resources and waste can be measured in biologically productive area; (3) all biologically productive areas can be expressed in standardized hectares; (4) standardized hectares can be added up to a total to represent the aggregate human demand; (5) ecological supply can also be expressed in standardized hectares; (6) area demand can exceed area supply, which is called “ecological overshoot” [27].



According to the above hypotheses, the calculation needs average world yield, carbon emission factor, carbon uptake capacity, equivalence factor, and yield factor, all of which have great impact on the result. Theoretically, except for the average world yield, the other four should be set according to the real situation of a particular area (see Section 2.2). If these factors were updated, with the change of biophysical productivity of the particular area and the update of carbon treating technologies, the results of EF would change accordingly. However, dynamic parameters were not available in most situations. Therefore, the trend of EF change, not the result in a particular year, is preferred in assessing urban sustainability.



GPI has been applied at national, regional and urban scales worldwide [14,20,28,29,30,31,32,33]. It should be careful to compare the results from different studies, since the mathematical formulations and data collections of each indicator of GPI might be different among different studies. Three points should be noted in this study: (1) China’s urban-rural dual land system has led to the division of statistical data before and after 2013, so the study calculated Gini coefficients for urban and rural areas separately, instead of the whole city. This problem, however, could be solved using the data after the Reform of Urban and Rural Household Survey; (2) The costs of commuting had increased since 2000 in most cities. For example, the time cost in server congestion and moderate congestion of Beijing reached 90 min daily [34]. This study only calculated time loss of traffic congestion. The cost of extra energy consumption, environmental pollution, traffic accidents and residents’ health should, but have not been included; (3) To calculate the cost of farmland and wetland loss, the total reduced area was multiplied by an annual production and ecological value that could have been provided by the areas if they were not lost. Since the values and the annual reduced areas were relatively small, the costs of farmland loss and wetland loss were small and contributed little to the total GPI (Table 4). Therefore, the value of GPI shows the trend of urban genuine development, but the analysis will be in skin-deep if we do not look into specific indicators of GPI.




4.2. The Differences of Evaluation Results of EF and GPI


The results may be opposite by using EF and GPI to evaluate urban sustainability separately (Figure 1a and Figure 4a). So before the evaluation, it should look into the details of the characteristics of strong and weak sustainability. First, the notions of strong and weak sustainability focus on different aspects. Taking EF and GPI as examples, EF focuses on human impacting on environment, and GPI focuses on ecosystem and environmental state. It noted that multi-dimensional concepts of sustainability may not be considered as fundamentally measuring weak sustainability if equal weights were not assigned to them [12]. The study could analyze the environmental cost of GPI separately. Nanjing and Wuhan were typical cities in this aspect. As both cities performed badly in EF/capita, Wuhan performed relatively better in the environmental cost of GPI/capita than Nanjing did. By analyzing the sub-indicators of GPI, the study found that the main difference between the two cities was the cost of pollution (air pollution was not included), which was lower in Wuhan than in Nanjing. Most indicators of the environmental cost of GPI were calculated by the real cost. Only the cost of pollution was replaced by the investment in environmental infrastructure of the government. Less investment does not necessarily mean healthy environment and ecosystem. If the actual cost of pollution control could be found, the performance of environmental cost of GPI and EF might be consistent.



Second, the interpretations of data were different between EF and GPI. Taking energy consumption and carbon dioxide as examples, EF method could convert carbon dioxide emissions from energy consumption into forest and grazing areas, and GPI calculated the depletion of nonrenewable resources (raw coal, crude oil and natural gas), and the cost of long-term environmental damage by using carbon dioxide and ozone emission data. CO2 footprint contributed most in EF, and depletion of nonrenewable resources contributed relatively high in GPI (the ranking order of standardized coefficients was the fourth when GPI was the dependent variable; and the ranking order was the first when the environmental cost of GPI was the dependent variable). If a city consumes a lot of energy, the performances of EF and GPI will be consistent.




4.3. The Potential to Integrate EF and GPI in Sustainability Assessment


To avoid misleading effect of weak sustainability indicators, researchers suggested to include at least one strong sustainability indicator in the assessment [12]. For example, the ratio of GPI over EF (GPI/EF) could be used as an efficiency indicator for GPI. Happy Planet Index (HPI), a sustainability index covering three dimensions, measures the ecological efficiency with which human wellbeing is delivered [35]. Instead of transferring natural resources into human wellbeing in HPI, GPI/EF converted natural resources into genuine economic development. Wellbeing Index (WI), another widely used index, is special from the perspectives of strong and weak sustainability [36,37]. If the final result of WI is shown by number, it is a weak sustainability index; if it is shown by a two-dimensional graph “Barometer of sustainability”, ecosystem wellbeing and human wellbeing, it is a strong sustainability index. On the barometer, the overall wellbeing is determined by the lower index of ecosystem wellbeing and human wellbeing. Similarly, if a threshold for EF and GPI could be set in the scatterplot, they can be combined as a composite strong sustainability index.




4.4. Suggestions on the Development of Strong/Weak Sustainability Indicators


The notions of strong and weak sustainability have important implications for urban sustainability assessment because they reflect different kinds of sustainability a city intends to achieve. Weak sustainability is not sustainable in the long term. However, weak sustainability indicator can be helpful in communicating with decision-makers and the public at a small scale. Strong sustainability indicator can be used at a large scale, supporting the protection of natural capital. The two could be used simultaneously in real work [5]. However, before weighting and aggregating weak sustainability indicators, the indicators of the index should be analyzed. In addition, it can also adopt multiple methods in 4.3 to analyze weak sustainability indices from the perspective of strong sustainability.



According to this study, it found that EF does not allow for substitutability to a certain degree. So what is the proper threshold to “portray” the degree? “Critical Natural Capital” (CNC) is featured with important environmental functions that could not be provided by human-made capital [10,38]. If we could calculate the amount of the CNC, or even delimit the space covering the CNC, then the degree is clear. To pursue for strong sustainability, it would be ideal to protect the critical natural capital at a large scale, and substitute between natural capital and human-made capital without damaging the CNC at a smaller scale.





5. Conclusions


This study showed that EF of all megacities increased while biocapacity decreased. Three western cities had relatively lower pressures on the environment than other cities did. Carbon dioxide footprint contributed most to EF. The trend of GPI/capita, quite different from GDP/capita, increased after around 2005 after a relatively constant period between 1994 and 2005. Consumer expenditure contributed most to GPI. Only Xi’an, Chengdu, Chongqing and Shanghai met the threshold of below 2.5 gha for the value of EF/capita, and over 3000 dollars/capita (in 2010 US$) for the value of GPI/capita. The performance of the cities varied greatly in terms of the genuine economic welfare produced under the pressure of one global hectare of ecological footprint.



By analyzing and comparing the characteristics, the processes and results, and the complementary features of evaluation methods of EF and GPI, I suggested that: (1) Strong or weak sustainability indicators have their own pros/cons in sustainability assessment and should be used carefully. Strong sustainability is indispensable in sustainability assessment, focusing on the environmental dimension and covering one or two other dimensions. Weak sustainability indicators should be analyzed before weighting and aggregation, and the results of the composite index should be carefully interpreted; (2) Weak sustainability indicators could be analyzed from the perspective of strong sustainability. It is feasible to set threshold for sub-indicators of environmental dimensions, design graphs to outstand the importance of achieving environmental sustainability, and add a strong sustainability indicator to generate a new index; (3) Strong sustainability indicators need to be developed urgently. Critical natural capital is a useful concept to help determine the degree of substitutability between natural capital and human-made capital in number or in space.
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