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Abstract

:

Water issue is one of the challenges of urban sustainability in developing countries. To address the conflict between urban water use and economic development, it is required to better understand the decoupling states between them and the driving forces behind these decoupling states. The transformed Tapio decoupling model is applied in this paper to study the decoupling relationship between urban industrial water consumption and economic growth in Beijing and Shanghai, two megacities in China, in 2003–2016. The factors driving decoupling are divided into industrial structure effect, industrial water utilization intensity effect, economic development level effect, and population size effect through Logarithmic Mean Divisia Index (LMDI) method. The results show that: (1) the decoupling states of total water consumption and economic growth in Beijing and Shanghai are mainly strong decoupling and weak decoupling. In comparison, Shanghai’s decoupling effect is better than Beijing; (2) regarding decoupling elasticity, Beijing is higher than that of Shanghai in tertiary industry and lower in primary industry and secondary industry. As a result, Beijing’s decoupling level is worse than Shanghai in tertiary industry, while better in primary industry and secondary industry; (3) The common factors that drive the two megacities’ decoupling are industrial structure effect and industrial water utilization intensity effect. The effects of economic development level and population size mainly present weak decoupling in two megacities, but the decoupling state is optimized year by year. Finally, based on the results, some suggestions for achieving the sustainable development of urban water use are proposed.
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1. Introduction


Human life and production and social economic development are closely connected with water resources, whose development can be hardly achieved without water resources support. Nowadays, developing countries are vigorously promoting the development of urban economy to keep pace with the developed countries. Water is an important factor in supporting economic growth [1]. Developing countries have a large population, accounting for more than 70% of the world’s population. As a result, the per capita resource of developing countries is relatively low, implying a serious shortage of water resources. As the world’s largest developing country, China maintains rapid economic structure growth and has become the world’s second largest economy. In addition, China’s economy has transformed dramatically [2]. However, China’s per capita water resources are only 2300 m3—about one quarter of the world’s per capita water resources. The conflict between water supply and demand is increasingly intensified [3]. As one of the 13 water-deficient countries in the world, China can maintain its leading economic development, reflecting that the growth rate of urban water use is lower than the speed of economic development, and there is a decoupling relationship between urban water use and economic development. Therefore, studying the decoupling of urban water use and economic growth in China and the factors driving decoupling are of great significance for creating a water-saving society and promoting the sustainable use of urban water resources.



Beijing and Shanghai are the two leading cities in China. Whether from the perspective of total GDP, people’s quality of life, urbanization, or the city’s international influence, the two cities are ahead of most cities in China [4]. The remaining cities in China target these two megacities, exerting great efforts to develop and improve themselves in all aspects. It can be said that the current development of Beijing and Shanghai represents the future of other similar cities. Therefore, we choose Beijing and Shanghai as the research object. With the rapid development of economy and society in Beijing, the capital of China, the resource-based water shortage features of “many people and less water” have gradually become prominent. The per capita water resources in Beijing is about 300 m3 [5], which is about 1/8 of the national average and 1/30 of the world average. There is no doubt that water shortage is a serious and urgent problem by far. The future demand for water will show a rigid growth, which will intensify the conflict between water supply and demand. As a first-tier city in China, Shanghai has experienced rapid economic development in recent years. Similar to the shortage of water in Beijing, the per capita water resource in Shanghai was only 163.1 m3, accounting for just 7% of the national average [6]. Beijing and Shanghai, as China’s economic centers, play a leading role in economic development. In order to solve the problem of water shortage and promote the decoupling of economic growth from water use, the two megacities implemented some relevant measures. For example, Beijing has formulated the most stringent water resources management system and created 60 kinds of penalties for non-conservation of water [7]. Shanghai has implemented the “Several Provisions on Water Resources Management in Shanghai” since January 1, 2018 [8]. Under the implementation of relevant policies, the two megacities continue to make progress in saving water and improving water use efficiency while maintaining rapid economic development.



Furthermore, the Central Committee of the Communist Party of China and the State Council issued some relevant documents stating that Beijing and Tianjin will be the center to lead the development of the Beijing-Tianjin-Hebei urban agglomeration [9], and Shanghai as the center to lead the development of the Yangtze River Delta urban agglomeration [10]. Obviously, Beijing and Shanghai are able to play a demonstrative role in economic development. Therefore, analyzing the decoupling levels of economic growth and water use in Beijing and Shanghai, studying the common factors of promoting the decoupling of economic development from water use in two megacities, and comparing the respective advantages of each city are of great significance, which is beneficial for the sustainable development of urban water use in two megacities. In addition, it can provide theoretical references to other cities and promote sustainable development of China’s water use.



The remainder of this paper is organized as follows: Section 2 presents a literature review. In Section 3, we introduce the research methods and data sources. Tapio decoupling model and LMDI decomposition method are involved. In Section 4, we analyze the decoupling state between water use and economic growth in Beijing and Shanghai. Further, there are four decoupling driving factors be decomposed. Conclusions and recommendations are listed in Section 5.




2. Literature Review


2.1. Overview of the Decoupling Theory


The relationship between economic growth and resource consumption is often complex. There is a decoupling relationship between them when the rate of resource consumption is lower than economic growth. The decoupling model involves different academic fields and is currently widely used in the field of resource and environment. Many analysis methods have been proposed to measure the decoupling level. At the beginning of the 21st century, the Organization for Economic Co-operation and Development (OECD) made a report on the “Measurement of the Decoupling Relationship between Economic Growth and Environmental Impacts”. For the first time, the concept of decoupling was defined from the perspective of economics, that is, the link between economic growth and environmental impact has had attention paid to it [11]. Decoupling was divided into absolute decoupling and relative decoupling, applied to the field of agricultural policy, and then gradually expanded to the field of resources and environment. Juknys [12] further refined the decoupling, saying that primary decoupling is the decoupling between economic growth and natural resource consumption, secondary decoupling is the decoupling between natural resource consumption and environmental pollution, and double decoupling is the case when primary decoupling and secondary decoupling occur simultaneously. Vehmas [13] found that there is not only a phenomenon of decoupling in the process of economic development, the opposite phenomenon also occurs frequently. So, he proposed to combine the decoupling and the coupling to understand the definition of decoupling and divided the six decoupling states. Tapio [14] perfected the decoupling model. He studied the decoupling relationship between the traffic volume, GDP and carbon dioxide emissions of 15 countries in the European Union in 1970–2001, and proposed eight decoupling states. Zhong et al. [15] divided the decoupling into four types: two-point method, three-point method, six-point method, and eight-point method. He argued that different decoupling concepts in different research purposes and research fields have their own advantages and disadvantages.



Based on the above-mentioned decoupling theories, scholars from various countries have started a series of studies on decoupling from the provincial and municipal levels to the national level and even the global level.



2.1.1. Research at the National or Provincial Level


Song [16] studied the decoupling relationship between Beijing’s economic growth and the loss of cultivated land occupied by the construction industry. Gokarakonda et al. [17] analyzed the mechanism of the Indian construction industry and proposed related measures to achieve decoupling between resource consumption, environmental impact, and economic growth. Fan et al. [18] and Wang et al. [19] decoupled the CO2 emissions and economic growth in Beijing and Shanghai, respectively. Jiang et al. [20] combined environmental Kuznets curve with decoupling to study the decoupling of economic growth and carbon dioxide emissions in Guangdong Province in 1995–2014, and found that the decoupling state is mainly weak decoupling, and strong decoupling may be achieved in the long run. Chen et al. [21] studied the decoupling between greenhouse gas emissions and economic growth. Zhang et al. [22] measured the capacity utilization rate of the coal industry and its decoupling from the economic growth of China’s supply-side reform. Cui et al. [23] explored the decoupling between regional economic growth and the extent to which pollution affects the region. Yuan et al. [24] used decoupling and spatial correlation analysis to study the temporal and spatial interactions between four ecosystem services and urbanization in Nanjing. Shi et al. [25] and Wang et al. [26] revealed the decoupling levels between energy consumption and economic development in various provinces of China. Dasgupta et al. [27] analyzed the Indian energy intensity trends from 1973 to 2012 and concluded that the decline in energy intensity could offset a major portion of the growing energy demand, leading to a decoupling trend. Lesin et al. [28] utilized Russian water use to determine the decoupling effect of raw material.




2.1.2. Research at the Global or Multiple National Level


Mikayilov et al. [29] applied the time-varying cointegration approach to study the decoupling relationship between GDP and carbon dioxide in 12 countries in Western Europe in 1861–2015. Moreau et al. [30] analyzed the nature of the EU’s 1990–2014 decoupling between energy consumption and carbon emissions and economic growth, and identified three influencing factors. Moutinho et al. [31] conducted a two-step analysis of the decoupling of carbon dioxide and GDP in 16 Latin American countries through DEA analysis to assess ecological efficiency. MADS [32] believed that the decoupling of water from energy consumption should be a global priority. Csereklyei et al. [33] proposed the factors driving global energy use growth are economic growth, energy intensity, and weak decoupling. Tu et al. [34] conducted an empirical study of the Group of Seven (G7) and BRICS countries to analyze energy decoupling rates and decarbonization trends to improve energy efficiency and mitigate global warming and climate change. Schandl et al. [35] used a new approach to economic and environmental models to assess the decoupling potential of 13 world regions and global regions.





2.2. Overview of Decoupling Analyses Based on Decomposition Methods


At present, more and more people combine decoupling and other methods to further explore the deeper level of decoupling, as shown in Table 1.



We found that the combination of decoupling and factor decomposition methods to further systematically study the factors driving decoupling has gradually attracted the attention of scholars. The decomposition method was originally widely used in the economic field to quantify the factors behind variable changes. Due to the global oil crisis in the 1970s, people paid attention to the deeper reason of energy consumption changes, and decomposition method was introduced into the field of energy consumption. There are two main decomposition methods, Structural Decomposition Analysis (SDA) and Index Decomposition Analysis (IDA) [58], as shown in Figure 1. SDA uses information from the input and output tables, while IDA uses summary data at the sector level. Comparing the two methods, the IDA method has two advantages. First of all, the IDA method mainly studies objects with fewer driving factors and is more widely used. Second, the SDA method requires a complete study of regional input and output data. The generation of these data is phased, and the data collected is often not up to date. The IDA method is based on time series data, and the data is up-to-date and representative. At present, there are two kinds of factor decomposition methods that are more applied, one is the Logarithmic Mean Divisia Index (LMDI) method proposed by Ang [59], and the other is the Laspeyres decomposition method modified by Sun [60]. The LMDI method has a fixed base period and has several advantages, such as decomposing without residual, addition decomposition and multiplication decomposition consistency. It is currently the most widely used and most effective decomposition method [61].




2.3. Research on Water Decoupling


Through Section 2.1 and Section 2.2, we found that the current researches mainly focus on the relationship between economic growth and energy consumption and environmental pollution, and most of them involve the relationship between carbon emissions and economic growth. There are relatively few researches on water decoupling, only the following studies exist, as shown in Figure 2. Hu et al. [62] and Wang et al. [63] studied the decoupling relationship and driving factors between water consumption and economic growth in Jiangxi and Tianjin, respectively, based on the LMDI and Tapio decoupling models. Qiu et al. [64] used the improved Tapio decoupling model and the STochastic Impacts by Regression (STIRPAT) model to explore the driving factors of groundwater consumption in the Yellow Sea and the coastal area of the Bohai Sea. Li et al. [65] analyzed the decoupling relationship between water consumption and economic growth in China’s textile industry, and used the Laspeyres decomposition method to decompose the decoupling factors, and proposed a strategic approach to achieve strong decoupling. Zhang et al. [66] explored the decoupling and driving force of water consumption and China’s thermoelectric power generation growth by compiling a time series of water consumption in the thermoelectric power sector. Li et al. [67] analyzed the driving force of water consumption in China’s energy production process based on the LMDI method. Zhang et al. [68] quantitatively analyzed the contribution of driving factors to agricultural water use in different stages of the Heihe River.



Two research levels, decoupling state and combined decomposition method, have been reviewed above. Through the literature review, we found that: (i) Regarding the research area, the current research on the decoupling relationship between water use and economic growth is still insufficient. It is only preliminary, and the depth and breadth of research are far less than other fields such as carbon emissions and energy consumption. However, water resources are critical to sustainable development. Our life and economic development are inseparable from the support of water resources. Therefore, the systematic decoupling of water consumption from economic growth is urgently needed. (ii) Regarding the research method, the comprehensive analysis of decoupling combined with LMDI has been widely applied. Through the above-mentioned literature, the results of this analytical method are reliable. Therefore, it is believable for us to study the decoupling between water consumption and economic growth by using decoupling and LMDI methods. (iii) Regarding the research objects’ characteristics, most of the current literature research objects are individual province or country, and it is rare to have a comparative study in two cities. However, a comparative study can find commonalities and differences between the two cities. Furthermore, it is of great significance to explore the factors that drive common characteristics and the reasons for the differences.



According to the findings, it remains scarce that research on comparing the decoupling of water consumption and economic growth in two cities and exploring the factors affecting decoupling. In order to cover the research gaps mentioned above, this paper’s aim’s to study the decoupling relationship between urban water use and economic growth by Tapio decoupling theory, and further apply LMDI method to decompose the driving factors, and then focus on a comparative study of two megacities—Beijing and Shanghai. There are two contributions we make: (i) This paper systematically studies the decoupling state of industrial water use and economic growth in Beijing and Shanghai, and further decomposes the decoupling driving factors. We used a comprehensive analytical method, decoupling combined with LMDI, to have systematic research. First, we analyzed the decoupling level of total industrial water use and economic growth in the two megacities, and the decoupling state of the three sub-sectors. Through it, we can make up the gap that the scarce research on water decoupling. And then, we combined the LMDI method to decompose the Kaya identity to get the four driving factors that affect decoupling. Further, we found the factors that promote decoupling from them. Therefore, policy recommendations for regulating these factors for environmental sustainability can be proposed. (ii) This study is a comparative analysis in two megacities. Through analysis, we found that the decoupling levels of the two megacities are both optimistic. Further, we explored the common characteristics that drive the two megacities’ decoupling. It is not only of great importance to improve the development of the two megacities, but also provide theoretical basis and reference for other cities’ sustainable development. By comparison, we found that Shanghai’s decoupling effect is better than Beijing. The reason for the difference is that Shanghai’s industrial water intensity factor more effectively promotes decoupling, and the factors that inhibit decoupling are less effective. Through finding the difference in the development advantages of each city and comparing the respective characteristics of each city, we can propose more targeted recommendations to promote water decoupling.





3. Methodology and Data


3.1. Water Decoupling Model


As we all know, [14] proposed the concept of decoupling elasticity. The Tapio model is mainly used to measure the decoupling relationship between carbon emissions and economic growth. The model is defined as:


t=ΔCO2/CO2ΔGDP/GDP



(1)







In order to study the decoupling relationship between urban water use and economic growth, this paper makes a variable transformation based on expression (1) to construct a water decoupling model, which is defined as follows: In the 0–t period, the decoupling elasticity index of urban water use (H) and economic growth (G) is defined as:


D=ΔH/HΔG/G



(2)







In this expression: D denotes the decoupling elasticity index of urban water use and economic growth; ∆H/H represents the urban industrial water consumption growth rate; ∆G/G represents the economic growth rate.



Tapio divided the decoupling into eight states. For the purpose of not overinterpret changes as significant, and combined with the data analysis of this paper, there are six decoupling levels be divided (± 20% change in elasticity values around 1.0 is not considered). The measurement standards for the decoupling degree are shown in Table 2.



The decoupling state occurs when the water consumption growth rate is lower than the economic growth rate. Further, there are three levels are subdivided: strong decoupling, weak decoupling, and recessive decoupling. The most ideal phenomenon is that while economic growth is accompanied by a continuous decline in water consumption, the dependence of economic growth on water consumption is waning, that is, the state of strong decoupling. The undesired state is negative decoupling, that is, the growth rate of water consumption is higher than the speed of economic growth, and there are three states of strong negative decoupling, expansive negative decoupling and weak negative decoupling. The strong negative decoupling is the worst state, that is, the water consumption increases but the economy output declines. The framework of decoupling states is shown in Figure 3.




3.2. Water Decoupling Decomposition Model Based on LMDI


As noted in Section 2, LMDI method has the advantages of decomposing no residual, addition decomposition and multiplication decomposition consistency. It is currently the most widely used and most effective decomposition method. Therefore, this paper uses the LMDI addition decomposition method. To decompose urban water use, Kaya identity [69] needs to be established as the first step to deploy the LMDI decomposition analysis. The formula (2) defines the decoupling index of urban water use (H) and economic growth (G). Considering human impact on the environment (I), the I=PAT equation sets it equal to the product of population (P), affluence (A), and technology (T) [70]. Due to population growth, increased consumption of rich people and inadequate choice of technology and social arrangements for the supply of such consumption, global change has created a series of environmental problems. Therefore, population, affluence, technology, and social arrangements are the key factors affecting the environment. Through the I = PAT equation, we chose four representative indicators to build the Kaya identity for urban water use in China.


H=∑i=13Hi=∑i=13 HiGi×GiG×Gp×p



(3)




where H represents the total urban water use; Hi represents the water used in the i-th industry; G represents the total value of production; Gi represents the added value of the i-th industry; p represents the population.



Order: hi = Hi/Gi represents the amount of water consumed by the i-th industry unit of GDP, that is, the intensity of industrial water use; di = Gi/G represents the ratio of the added value of the i-th industry to the gross domestic product, that is, the industrial structure; g = G/p represents per capita GDP, which is the level of economic development. And hi, di, g and p reflect the above-mentioned factors of technology, social arrangements, affluence and population, respectively.



Therefore, the formula (4) can be written as:


H=∑i=13 hi×di×g×p



(4)







Order: t and 0 are the water use in final year and initial year respectively. The LMDI addition decomposition method is used to define the decomposition formula for the change of water consumption during the 0–t period:


ΔH = Ht − H0 = ΔHh + ΔHd + ΔHg + ΔHp + ΔHr



(5)




where Ht and H0 represent the urban industrial water consumption in the t year and the initial year respectively; ΔH represents the amount of water change in the 0–t period; ΔHh is the industrial water utilization intensity effect, that is, the amount of urban industrial water change caused by industrial water utilization intensity; ΔHd is the industrial structure effect, that is, the amount of urban industrial water change caused by the industrial structure; ΔHg is the economic development level effect, that is, the amount of urban industrial water change caused by the level of economic development; ΔHp is the population effect, that is, the amount of urban industrial water change caused by the population size; ΔHr represents the decomposition residual. In formula (5):


ΔHh=∑iW(Hit,Hi0)×lnhithi0



(6)






ΔHd=∑iW(Hit,Hi0)×lnditdi0



(7)






ΔHg=∑iW(Hit,Hi0)×lngtg0



(8)






ΔHp=∑iW(Hit,Hi0)×lnptp0



(9)







In the formula (6)–(9), W(Hit,Hi0) is a weight function, which is defined as follows:


W(Hit,Hi0)={Hit−Hi0lnHit−lnHi0(Hit⋅Hi0≠0)Hit(Hit=Hi0)0(Hit⋅Hi0=0)



(10)







Calculate the decomposition residual as follows:


ΔHr=ΔH−(ΔHh+ΔHd+ΔHg+ΔHp)=Ht−H0−∑iW(Hit,Hi0)×(lnhithi0+lnditdi0+lngtg0+lnptp0)=Ht−H0−∑iW(Hit,Hi0)×lnHtH0=0











Therefore, the LMDI method has the advantage of decomposing no residual. According to the water decoupling model and the LMDI decomposition method and the simultaneous Equations (2) and (5), the water decoupling decomposition model is constructed:


D=ΔH/HΔG/G=ΔHh/HΔG/G+ΔHd/HΔG/G+ΔHg/HΔG/G+ΔHp/HΔG/G=Dh+Dd+Dg+Dp



(11)




where D represents the decoupling elastic index of urban water use and economic growth; Dh represents the decoupling elastic index of industrial water utilization intensity; Dd represents the decoupling elastic index of the industrial structure; Dg represents the decoupling elasticity index of economic development level; Dp represents the decoupling elasticity index of population size.




3.3. Data Sources


This paper mainly studies the decoupling between water consumption and economic growth in Beijing and Shanghai. We collect the data about the total water consumption, the three industrial water consumption, the gross domestic product, the added value of the three industries, and the total population in Beijing and Shanghai in 2003–2016. In order to eliminate the impact of price changes, the added value of the three industries was converted into the constant price in 2003. The above data mainly come from the China Statistical Yearbook [71], the Beijing Statistical Yearbook [72], and the Shanghai Statistical Yearbook [73].





4. Results and Discussion


4.1. Analysis of the Decoupling Relationship


4.1.1. Decoupling between Total Water Consumption and Economic Growth in Beijing and Shanghai


The annual GDP and total water consumption in Beijing and Shanghai in 2003–2016 are shown in Figure 4a. We can see that the GDP of Beijing and Shanghai is growing at a relatively steady rate year by year. The average annual growth rate of GDP in Beijing and Shanghai in 2003–2016 was 9.78% and 10.86%, respectively. The total water use in Shanghai fluctuates greatly, and in Beijing is relatively flat. The average annual growth rate of total water use in Beijing and Shanghai in 2003–2016 was 0.60% and −0.29%, respectively. In comparison, the total GDP and total water consumption of Shanghai are always higher than those of Beijing. Further, the growth rate of total water use in Shanghai is negative, the growth rate of Beijing’s water use is positive, and Shanghai’s GDP growth rate is higher than that of Beijing. It can be seen that Shanghai has effectively saved water resources while vigorously developing its economy. Compared with Beijing, Shanghai has better water-saving conditions and is more in line with sustainable development.



The decoupling elastic index of total water use and economic growth in Beijing and Shanghai in 2003–2016 is shown in Figure 5. It can be seen that decoupling states in the two megacities is dominated by strong decoupling and weak decoupling. Beijing shows the change of “strong decoupling-weak decoupling-strong decoupling-weak decoupling”. There is no stable decoupling trend in Shanghai. The frequency of strong decoupling in Beijing and Shanghai was 38.46% and 46.15% respectively. The decoupling effects of Beijing and Shanghai are both well. In comparison, Shanghai’s strong decoupling status is more frequent than in Beijing. Combined with the analysis of the data in Figure 4a, it is clear that Shanghai’s economic growth is faster than Beijing’s, and the annual water consumption growth rate is negative. Moreover, Shanghai is more inclined to develop the state of strong decoupling in recent years. Therefore, Shanghai’s decoupling efforts are relatively better than Beijing.




4.1.2. Decoupling between Water Consumption and Economic Growth of Three Industries in Beijing and Shanghai


The GDP and water use of the three industries in Beijing and Shanghai in 2003–2016 are shown in Figure 4b–d. It presents that the water use in the primary and secondary industries in Beijing and Shanghai has been declining year by year, and the Beijing’ trend is more obvious than that in Shanghai. The average annual growth rates of them were −5.72%, −5.92% in Beijing and −0.90%, −0.88% in Shanghai respectively. The GDP of Beijing’s primary industry fluctuated greatly, and the GDP of Shanghai’s primary industry showed a relatively obvious downward trend. The GDP of the secondary industry of both megacities maintained an upward trend. Annual GDP growth rates of primary and secondary industries were −0.44%, 8.80% in Beijing and −3.28%, 7.64% in Shanghai respectively. The GDP and water use of the tertiary industry in Beijing and Shanghai are both increasing year by year, and the two variables are positively correlated.



The decoupling elastic of the three industrial water use and economic growth in Beijing and Shanghai in 2003–2016 are shown in Table 3; Table 4. Comparing Table 3; Table 4, it can be seen that there is a relatively stable decoupling state between Beijing’s three industrial water use and economic growth. Shanghai’s primary industry water use and economic growth have a significant negative decoupling state, while the secondary industry and tertiary industry are in a relatively stable decoupling state. To be more specific, the water use of Beijing’s primary industry and secondary industry has decreased drastically, while economic growth has risen rapidly. Beijing’s primary industry and secondary industry decoupling index is smaller than Shanghai. The decoupling state of the primary industry and secondary industry in Beijing is dominated by strong decoupling, especially the strong decoupling of the secondary industry, while Shanghai mainly presented negative decoupling and weak decoupling. It can be seen that Beijing is superior to Shanghai in the production of water in the primary industry and secondary industry. Beijing’s tertiary industry has a higher growth rate than Shanghai, and its GDP growth rate is lower than that of Shanghai. Therefore, Shanghai’s tertiary industry is dominated by weak decoupling and strong decoupling. In recent years, Beijing has experienced expansive negative decoupling state. In comparison, Shanghai’s tertiary industry saves water better than Beijing.





4.2. Analysis of Decoupling Driving Factors


In order to further explore the driving factors of decoupling, this study combines the water decoupling model and the LMDI method to decompose the urban total water use and economic growth decoupling elasticity into: industrial structure decoupling elasticity, industrial water utilization intensity decoupling elasticity, economic development level decoupling elasticity and population size decoupling elasticity. Decoupling elastic index decomposition in Beijing and Shanghai in 2003–2016 is shown in Figure 6. We can see that the common factors that drive the two megacities’ decoupling are industrial structure effect and industrial water utilization intensity effect. The effects of economic development level and population size mainly present weak decoupling in two megacities.



The upgrading of the industrial structure represents the direction of China’s future economic reforms. The industrial structure changes in Beijing and Shanghai from 2003 to 2016 are shown in Figure 7. The proportion of the primary industry in the two cities has dropped below 0.50% in 2016, and the tertiary industry has reached more than 60%. The General Office of the Beijing Municipal People’s Government issued and continuously improved the guidance for accelerating the development of the tertiary industry. Shanghai started its pilot reform in 2012 in the transportation industry and some modern service industries. They have promoted the rapid development of the tertiary industry in the two megacities. The decrease in the proportion of the primary industry and secondary industry with higher water consumption and lower output, the increase in the proportion of the tertiary industry with less water consumption and higher output, makes the industrial structure is gradually optimized.



From Figure 6, we found that the industrial structure effect has driven the decoupling between water consumption and economic growth in Beijing and Shanghai, and the two megacities both show strong decoupling. Through comparing the two cities, we can realize that the declining rate of the primary and secondary industry’s proportion in Beijing is significantly faster than that of Shanghai. The growth rate of Beijing’s primary industry proportion and secondary industry proportion were −11.91% and −9.67% respectively, and that of Shanghai were −9.67% and −3.92% respectively. As shown in Figure 9a, the decoupling index of Beijing’s industrial structure is lower than that of Shanghai. Therefore, the effect of Beijing’s industrial structure on decoupling is better than that of Shanghai. It reflects that Beijing’s industrial structure optimization is better than Shanghai.



The industrial water utilization intensity represents the technical parameters in the IPAT equation. From an analysis of decoupling index shown in Figure 6, we found the effect of industrial water utilization intensity has a driving effect on the decoupling of water use from economic growth in Beijing and Shanghai, and the effect is more obvious than the industrial structure effect. The changes in water utilization intensity of the three industries in Beijing and Shanghai from 2003 to 2016 are shown in Figure 8. We can see that the intensity of water use in Beijing and Shanghai has shown a significant downward trend. It shows that the water consumption per unit of GDP is decreasing. In comparison, the water utilization intensity of the primary industry in Beijing has been maintained at 0.150 m3/yuan, and has dropped to 0.050 m3/ten thousand yuan in 2016, and the secondary industry and tertiary industry have maintained at less than 0.005 m3/yuan. The water utilization intensity of Shanghai’s primary industry and secondary industry dropped to 0.129 m3/yuan and 0.008 m3/yuan respectively in 2016. Shanghai’s annual water utilization intensity is higher than that of Beijing, and Beijing’s three industries have better water use efficiency than Shanghai. However, as shown in Figure 9b, Shanghai’s decoupling index is lower. Shanghai’s water utilization intensity has been declining year by year faster than Beijing (Figure 9), indicating that Shanghai has been actively improving water-saving technologies and accelerating its development in the past 13 years. The water utilization intensity of the primary industry in the two megacities is still high, which inhibits the driving force of industrial water utilization intensity on decoupling. Therefore, the two cities should actively seek ways to improve the water efficiency of the primary industry. At the same time, they should not slack off the water-saving innovation technologies of the secondary and tertiary industries, taking the road of sustainable development.



The economic development level and the population size show the level of urbanization, and symbolize the two parameters of the affluence and population of the IPAT equation. As is shown in Figure 6, the effect of economic development level and population size have no obvious driving effect on the decoupling between water use and economic growth in Beijing and Shanghai. The economic development level effect of the two megacities showed expansive negative decoupling in 2003–2006. After 2006, the phenomenon of weak decoupling was basically maintained. That is to say, the economic growth is accompanied by an increase in water consumption. However, the decoupling index is decreasing year by year, indicating that the water consumption required for economic growth is declining year by year, reflecting the contribution of the two megacities to building a water-saving society and developing water-saving innovation technologies.



The population size effect presented weak decoupling state in 2003–2016, and the decoupling index has also shown a downward trend year by year, reflecting that the two cities are also trying to control the water consumption while expanding the population size. In comparison between the two cities, the difference in the decoupling index is not obvious, and the trend of change is basically the same. Figure 9c presents the sum of economic development level decoupling index and the population size decoupling index. In recent years, Shanghai’s decoupling state is better. It can be seen that although the economic development level effect and population size effect of the two megacities do not effectively drive the decoupling between industrial water use and economic growth, they also maintain their progress year by year.




4.3. Discussion


Through the above results, it is clear that the research in this paper is technically feasible. In addition, this section will further discuss the global significance of this article. In this paper, both theoretical and practical aspects have some implications in addition to technical results.



Regarding theoretical aspects, this paper provided a comprehensive method system. We drew a chart of modeling concepts and methodologies to demonstrate the modeling concepts clearly, the process is shown in Figure 10 [42]. Firstly, the decoupling model is constructed to calculate the decoupling index, and the decoupling state is divided according to the decoupling index to determine the level of decoupling. Secondly, in order to further explore the driving factors of decoupling, the extended kaya identities are constructed, giving each variable economic significance. Thirdly, using the LMDI decomposition method, the amount of water change during the study period is decomposed into the sum of the changes in the driving factors. The contribution of each factor to the overall change can be obtained. Finally, combined with decoupling and LMDI, the decoupling state of each driving factor was studied. We can explore the commonalities and differences between factors and study the deeper meaning. To further explain the concept of Figure 10, we have drawn a method flow chart and listed the relevant formulas, as shown in Figure 11 [50]. This method can be used to study the decoupling of urban water use and economic growth. A large number of papers indicate that the results of this analytical method are reliable. Whether it is large, medium or small cities, this research method has applicability. It can also be used for research in both developed and developing countries. Therefore, the theoretical aspect of this paper is of global significance.



Regarding practical aspects, this paper has certain reference significance for developing countries. The top 20 of the world’s megacities are shown in Table 5. We can see that most of these cities are located in developing countries, and Beijing and Shanghai are among them. Other cities in these cities have similar characteristics to Beijing and Shanghai. They showed rapid population expansion to drive urban economic development, and limited water resources led to a growing conflict between urban development and water resources. For example, India’s Delhi has a population growth rate of 81.7% in 2000–2018 and is expected to reach 38.94 million in 2030. However, its water supply situation is not optimistic. Due to the large population, the city often suffers from a shortage of water, and the surface water pollution is very serious, and the exploitation of groundwater has already been overloaded [74]. Therefore, the decoupling of urban development from water is very important. The results of this paper and policy recommendations can provide some reference for these megacities. They can implement relevant policies by combining the city’s own characteristics to improve water resources conflicts and promote economic development and decoupling of water use. Therefore, this study has important reference significance for the sustainable development of megacities in developing countries.




4.4. Future Research


There are few gaps in this paper need to be covered in the future. Regarding the limitation of research method, we believe that any research method has a scope of application. The research method in this paper can only reflect the macro level, which cannot be reflected at the micro level, such as individual behavior. China is currently in the process of industrialization, and the government dominates the economy. Obviously, the government’s macro-control has a great effect, so this method is suitable for the study of this paper. In the future, when China begins its post-industrialization process, new models are needed for further research.





5. Conclusions and Recommendations


5.1. Conclusions


This paper study the decoupling relationship between urban water use and economic growth by Tapio decoupling theory, and further apply LMDI method to decompose the driving factors, and then focus on a comparative study of two megacities—Beijing and Shanghai. Key conclusions were as follows.




	(1)

	
The decoupling states of water use and economic growth in Beijing and Shanghai in 2003–2016 were dominated by strong decoupling and weak decoupling, and the decoupling levels of both cities were well. Shanghai’s strong decoupling status is more frequent than in Beijing, and Shanghai’s decoupling efforts are relatively better than Beijing.




	(2)

	
The decoupling state of the three industries in Beijing was relatively stable during the study period. Beijing’s primary industry and secondary industry mainly showed a strong decoupling state, and the decoupling effect was well, while the tertiary industry experienced expansive negative decoupling level in recent years. Shanghai’s primary industry and secondary industry presented negative decoupling and weak decoupling during the study period, while the tertiary industry presented the opposite, mainly showing weak decoupling and strong decoupling. The decoupling efforts of Beijing’s primary and secondary industries are better than those of Shanghai, while the tertiary industry is the opposite.




	(3)

	
The common characteristics that drive the two megacities’ decoupling are industrial structure effect and industrial water utilization intensity effect. And both effects show a strong decoupling state. The industrial structure of the two cities is optimized year by year, and the intensity of industrial water use is decreasing year by year. Regarding industrial structure effect, the decoupling index of Beijing’s industrial structure is lower than that of Shanghai, and the effect of Beijing’s industrial structure on decoupling is better than that of Shanghai. Regarding industrial water utilization intensity effect, Shanghai’s water utilization intensity has been declining year by year faster than Beijing, and Shanghai’s decoupling index is lower. Shanghai’s water efficiency is improving faster.




	(4)

	
The economic development level effect and population size effect of the two megacities mainly presented weak decoupling. Although they do not effectively drive the decoupling between urban water use and economic growth in Beijing and Shanghai, the decoupling index shows a downward trend year by year, and the decoupling state is gradually optimized.




	(5)

	
The reason why Shanghai’s decoupling effect is better than Beijing is that Shanghai’s industrial water utilization intensity factor promotes decoupling more effectively, and the factors of economic development level effect and population size effect that inhibit decoupling are weaker. Although the industrial structure effect drives the decoupling is not as good as Beijing, Shanghai’s decoupling effect is better in general.










5.2. Recommendations


According to the research results, in order to promote the decoupling of water consumption and economic growth in China’s cities and promote the sustainable development of urban water use, the following suggestions are proposed.




	➢

	
Actively look for new ways to optimize the industrial structure and promote the transformation and upgrading of industrial structure, shifting the focus of production to the tertiary industry with low water consumption and high production capacity. The government should encourage and promote the development of the tertiary industry on the basis of maintaining the healthy development of the primary and secondary industries. Reduce agricultural water use and achieve zero or even negative growth in agricultural water use. Formulate relevant policies, optimize resource allocation, and guide the adjustment of industrial structure. Enterprises should strengthen the use of emerging technologies such as artificial intelligence, big data, and Internet of Things to accelerate the development of smart manufacturing, promote the high-quality development of manufacturing, and realize the transformation of industrial economy into a service-oriented economy. At the same time, the rise of the tertiary industry will also drive the progress of the primary and secondary industries. The three industries operate well, promoting the decoupling between water consumption and economic growth.




	➢

	
Further explore scientific water-saving technologies, improve water use efficiency, reduce water utilization intensity, and reduce water consumption per unit of GDP. Use innovative new methods to reduce water utilization intensity and use less water to create more value. For example, learning advanced water-saving irrigation technology from other countries, reducing the water consumption per unit of cultivated land. At the same time, the government should provide corresponding financial support, policy support, etc., and establish and continuously improve the water-saving irrigation system. Actively promote high-end water-saving production technology and equipment to directly reduce water consumption and increase production efficiency. Encourage the development of talents, promote the exchange of innovative elements such as talents, capital, technology, and information in the service industry, and gradually fill the shortcomings in the development of the service industry. Strengthen exchanges and cooperation with pollution control and water-saving technologies in various regions, so that advanced technologies can be rapidly promoted and applied.




	➢

	
Develop and implement a strict water management system. Combined with the data of urban water use and economic development in previous years, the government should propose corresponding water-saving indicators for each city and industry. For example, set strict water standards and establish stepped water prices. Real-time observation of industrial structure, water utilization intensity, economic development level, population size to contribute to water conservation, timely adjustment of corresponding indicators.




	➢

	
Establish the concept of citizen water conservation. With the expansion of the population, everyone has a role to play in water consumption. If the awareness of water conservation is deeply rooted in the hearts of the people, everyone will start from small things around them, which will play a pivotal role in building a water-saving society and promoting the sustainable development of water resources.










5.3. Implication


From the perspective of theory and practice, this paper has some implications except technical results. Regarding theoretical aspects, the research method of this paper is the comprehensive analysis of decoupling and LMDI. The method system is clear and applicable to both developing and developed countries. It is of global significance. Regarding practical aspects, this paper has certain reference significance for developing countries. The world’s megacities are mainly distributed in developing countries and are also facing water conflicts. The results of this paper provide them with reference to facilitate the adoption of relevant policies and measures to maintain sustainable development.
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Figure 1. Factor decomposition methods. 
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Figure 2. Studies involving carbon emissions decoupling analyses and water decoupling analyses. 






Figure 2. Studies involving carbon emissions decoupling analyses and water decoupling analyses.



[image: Water 11 01335 g002]







[image: Water 11 01335 g003 550]





Figure 3. Framework of decoupling states. 
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Figure 4. Annual GDP and water consumption in Beijing and Shanghai in 2003–2016. 
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Figure 5. Decoupling elastic index of water consumption and economic growth in Beijing and Shanghai in 2003–2016. 
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Figure 6. Beijing and Shanghai water use and economic growth decoupling elastic index decomposition in 2003–2016. 
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Figure 7. Changes in the three major industrial structures in Beijing and Shanghai in 2003–2016. 
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Figure 8. Changes in the intensity of water utilization in the three industries in Beijing and Shanghai in 2003–2016. 
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Figure 9. Comparison of the decoupling index of four factors between Beijing and Shanghai. (a) is industrial structure decoupling index; (b) is industrial water utilization intensity decoupling index; (c) is the sum of economic development level decoupling index and the population size decoupling index. 
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Figure 10. Modeling concepts and methodologies. 
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Figure 11. Flow chart of methodologies. 
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Table 1. Summary of main literature using decoupling combined with other methods.
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	Literature
	Target
	Scope
	Period
	Methods





	Li et al. [36]
	carbon emissions → economic growth
	construction land in Shanghai, China
	1999–2015
	Kaya, LMDI



	Xie et al. [37]
	CO2 emission → economic growth
	power industry in China
	1985–2016
	Tapio, LMDI



	Wang et al. [38]
	CO2 emissions → economic output
	manufacturing industry in China
	1996–2010
	Kaya, LMDI



	Lin et al. [39]
	CO2 emissions → economic output
	heavy industry in China
	1991–2015
	Kaya, LMDI



	He et al. [40]
	carbon emissions → economic growth
	fossil energy consumption in China
	1995–2013
	Tapio, LMDI



	Zhao et al. [41]
	carbon emissions → water & land resource exploitation
	agriculture in China
	2005–2013
	Decoupling, LMDI



	Wang et al. [42]
	carbon emission → electric output
	electricity sector in Shandong, China
	1995–2012
	Tapio, LMDI



	Dong et al. [43]
	carbon emissions → economic growth
	energy use in Northwest China
	1995–2012
	Decoupling, LMDI



	Zhao et al. [44]
	CO2 emission → economic growth
	five major economic sectors
	1992–2012
	Decoupling, LMDI



	Jiang et al. [45]
	carbon emissions → economic growth
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