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Abstract

:

Understanding the changes in water consumption structure in order to take measures for demand control is very important for sustainable water resources management. In this study, using the Southern China area of Nanjing as an example, we employed the information entropy method to analyze the water consumption structure, as well as the grey incidence analysis to analyze synthetic incidence degree of the factors associated with agricultural, industrial, domestic, and ecological water consumption. The results show that the degree of balance among water consumption sectors has increased from 0.755 to 0.825 between 1993 and 2014. Gradual decrease of the relative proportion of a single water user structure in a water consumption system has made the utilization of water resources in Nanjing rational and diversified. The study identifies three stages of transformation of water structure in Nanjing, namely, a growth period from 1993 to 2002, an adjustment period from 2003 to 2010, and another growth period from 2011 to 2014. The synthetic incidence degree analysis indicates that adjustments of the agricultural and industrial water consumption as well as water saving measures are the main factors that affected water consumption structure in Nanjing. It is expected that the results obtained from this study will provide references to optimize the utilization of urban water resources.
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1. Introduction


The shortage of water resources due to rapid economic development, population growth, urbanization and climate change have hindered future economic and social development in many countries [1,2,3,4,5,6]. Usually, agricultural water (AW) consumption accounts for the largest proportion of total water consumption, but with population growth and economic development, industrial water (IW) and domestic water (DW) consumption have been growing rapidly in recent decades [7,8,9]. Furthermore, ecological water (EW) consumption has also been given emphasis in recent years [9]. More and more researches showed that these changes are relevant to the climate, food demand, economic activity, irrigation methods, national income, conservation potential, and other factors. Therefore, how to understand the changes of water consumption structure in order to adopt future demand reduction measures is a key research field during recent years [7,8,9,10].



Different methods have been proposed in the literature to understand water consumption structure, such as: principal component analysis [11], partial least-squares regression [12], Lorenz curves and Gini coefficients [13], multi-objective automatic partitioning [14,15], information entropy [16], grey incidence analysis [17], etc. Among these methods, the information entropy method and the grey incidence analysis method from grey system theory have gained popularity as ways to analyze the water consumption structure and the impacts of different water consuming sectors [11,16,17,18,19,20,21].



Entropy is a measure of the degree of disorder or chaos in a system [22,23], which can be used to identify the changes in a system without making any assumption about the underlying system dynamics or the relationships among the system variables [24,25]. Therefore, the application of the information entropy concept and theory can solve many problems related to hydrology and water resources [26,27,28,29,30,31,32]. In recent years, information entropy has been applied in the assessment of the status of water consumption structure [16,17,18,19,20].



On the other hand, the grey incidence analysis allows the assessment of the closeness of a relationship based on the level of similarity of the geometrical patterns of sequence curves [33,34]. The method is applicable to the study of problems with unascertained and limited data [35]. Since the relationship between water utilization structure and its impact factors is grey, grey incidence analysis is found to be suitable to analyze the degree of relationship among the factors [11,17,19]. Therefore, information entropy and grey incidence analysis were used in this study to analyze the changes of water utilization structure and its cause, respectively.



China accounts for 20% of the global population, but it has access to only 7% of the world’s freshwater reserves [36]. However, there are large differences in water resources between the north and south of China. The area along the Yangtze River is one of the most developed in terms of the Chinese economy, where the gross domestic product (GDP) growth rate was 7.5%–8.5% from 2000 to 2010 [37]. This area accounted for 43%–45% of the national GDP in 2010, but this growth has led to large-scale environmental pollution [38]. In particular, the middle and lower reaches of the Yangtze River are the main sources of water for the cities along the river, but water environment constraints have begun to emerge, thereby restraining the use of water by these cities. As one of China’s megacities, Nanjing located in the lower reaches of the Yangtze River, with a very high population of about 6.43 million (in 2013) and a high level of economic development (GDP of about 129.36 billion dollars in 2013) [39], is chosen as a study area for analyzing the stability of water consumption structure and the driving factors that affect water consumption structure, with a hope that this will provide a useful reference for megacities water resources planning and management.



This study is divided into two parts: First, we analyzed the changing trends in water consumption for the different water use sectors in Nanjing from 1993 to 2014, where we employed information entropy to analyze the stability of water consumption. Grey incidence analysis was then applied to identify the driving factors that might have affected the changes in water consumption. Finally, the driving factors that have affected water consumption changes in Nanjing were determined by analyzing three sectors together.




2. Study Area


Nanjing, covers an area of 6597 km2 (30°13′39′′ N–32°36′37′′ N and 118°21′28′′ E–119°15′57′′ E) is located in the southwest of Jiangsu Province and close to the Anhui Province, as shown in Figure 1. Nanjing has a subtropical monsoon climate with ample rainfall, with an average annual precipitation of more than 1000 mm. There are 120 rivers in Nanjing, all of which can be categorized according to four main watersheds: the Nanjing branch of the Yangtze River, Chuhe River, Qinhuai River, and Shuiyangjiang River. The annual average rainfall equates to 3 billion m3 (excluding the passing-through water amount), where the average annual surface water is about 2.4 billion m3. Nanjing is located in the lower reaches of Yangtze River, Shuiyangjiang River, and Chuhe River, so the average annual amount of passing-through water resources is 898.2 billion m3, which is nearly 300 times the total amount of local water resources used by Nanjing [39].



Nanjing is the capital of Jiangsu Province and the central city in the east China region. It is a major industrial city. The GDP of Nanjing in 2014 was 882 billion Yuan (about 135.65 billion dollars), which was ranked 11th in the country with a growth rate of 10.1% [39]. Population growth and economic development in Nanjing during 1993–2014 are shown in Figure 2, which demonstrates that the population and GDP increased by about 26% and 2383%, respectively, in the last 22 years.



Water consumption pattern in Nanjing has changed with population growth and economic development according to four types, namely: AW, IW, DW, and EW consumption. As shown in Figure 3, the total water consumption increased by 575 million m3 in the last 22 years. In 2011, it reached a maximum of 4.562 billion m3, but there has been a downward trend in the last three years. Among the different sectors, the most remarkable decrease was AW consumption, whereas there were huge increases in both IW and DW consumption. AW consumption decreased by 335 million m3 between 1993 and 2014. The proportion of AW consumption relative to the total water consumption decreased from 0.51 in 1993 to 0.36 in 2014. In addition, both IW and DW consumption have increased because of industrial development and population growth. The ratios of IW and DW consumption relative to total water consumption increased by 0.36 and 0.25, respectively, from 1993 to 2014, where the water consumption amounts by the IW and DW sectors increased by 379 million m3 and 391 million m3, respectively. However, IW consumption increased after decreasing initially. In order to address severe environmental and ecological problems that have emerged in recent years, EW consumption measures were initiated in 2005, which mainly comprise water consumption by the renewed inner urban landscape rivers and the outer rivers. EW consumption increased from 20 million m3 in 2005 to 140 million m3 in 2014.




3. Data and Methods


3.1. Data and Sources


In the present study, data related to the social economy were collected from Nanjing Statistical Yearbook from 1993 to 2013. The index data for water resources were collected from Water Resources Bulletin of Nanjing from 2002 to 2013, and the data for the other years were collected from Water Resources Management Center of Nanjing [40].




3.2. Methods


3.2.1. Information Entropy


Information entropy describes the confusion or disorder degree of a system. Therefore, it was used in this study to assess the distribution of water consumptions by different sectors and to describe the trends in system structural evolution. A higher value of information entropy indicates more equality in the distribution of water consumption and vice versa [18,28,29,30,31,32]. The proportion of water consumption by different sectors is denoted by pi, where i represents different sectors. The information entropy H of a water consumption system is as follows.




   H = −   ∑   i = 1  n   p i  × ln  p i    



(1)





If there is only one water-consuming sector, the water system is in an extremely simple condition i.e.,     H  m i n      = 0. If each sector consumes the same amount of water, i.e., p1 = p2 = ...... = pn = 1/n, the water system is the most highly ordered and     H  m a x      =    ln  ( n )    . However, this situation is impossible in the real world, and thus the information entropy of water consumption always satisfies the criterion:     H  m i n   ≤ H ≤  H  m a x     .



The lack of a common measure of the information entropy for a water consumption system when using different values of n at various time scales must be considered. Therefore, it is necessary to incorporate the balance degree J, which represents the ratio between the information entropy H and the maximum information entropy     H  m a x     .




   J = H /  H  m a x     



(2)





A higher value of J indicates less dominance by a single water user and the structure of the water system is more complex, thereby indicating greater balance and a more stable water system [18].




3.2.2. Grey Incidence Analysis


Grey System theory [34] focuses on the study of problems involving small samples and poor information. It can deal the problems of uncertainty and missing or partial information through extracting useful information from available data. In the natural world, most of the systems are uncertain with insufficient information. Therefore, the grey system has gained popularity in a wide range of scientific fields. The grey incidence analysis is one of the major components of the grey systems theory. Grey incidence analysis can be employed for the quantitative analysis of the dynamics of a developing system to measure the correlations among the factors in the system [23,24,25,26]. If the reference sequence is set as     X 0  =  {   x 0   ( 1 )  ,    x 0   ( 2 )  , … ,  x 0   ( n )   }     and the comparison sequence is set as     X i  =  {   x i   ( 1 )  ,    x i   ( 2 )  , … ,  x i   ( n )   }    , the grey incidence coefficient of point    γ  (   x 0   ( k )  ,  x i   ( k )   )     is calculated as [41],


   γ  (   x 0   ( k )  ,  x i   ( k )   )  =     m i n  i       m i n   k   |   x 0   ( k )  −  x i   ( k )   |  + ρ      m a x   i       m a x   k   |   x 0   ( k )  −  x i   ( k )   |     |   x 0   ( k )  −  x i   ( k )   |  + ρ      m a x   i      m a x  k   |   x 0   ( k )  −  x i   ( k )   |      



(3)




where k = 1, 2,…, n, ρ is the distinguishing coefficient and its value follows the principle of minimum information ρ   ∈   (0,1).



The degree of grey incidence    γ  (   X 0  ,  X i   )     between Xi and X0 is written as follows [41].


   γ  (   X 0  ,  X i   )  =  1 n    ∑   k = 1  n  γ  (   x 0   ( k )  ,  x i   ( k )   )    



(4)







A larger degree of grey incidence indicates that the reference sequence has more effect on the comparison sequence, and vice versa.



However, in the case of dimensionless data, the differences in the incidence degrees can be found. Therefore, the grey incidence analysis model has prospered [42,43,44]. The generalized grey incidence analysis model uses two methods to represent the degree of similarity for two geometric shapes and the changing rate of sequences. Combining the incidence degrees obtained by these two methods yields the synthetic degree of incidence.



Dimensionless path 1 is described as follows.




    x i 0   ( k )  =  x i   ( k )  −  x i   ( 1 )  ,   k = 1 , 2 , … , n   



(5)





The absolute degree of incidence ε0i is calculated by the following steps [33,34].




    |   S 0   |  =  |    ∑   k = 2   n − 1    x 0 0   ( k )  +  1 2   x 0 0   ( n )   |    



(6)






    |   S i   |  =  |    ∑   k = 2   n − 1    x i 0   ( k )  +  1 2   x i 0   ( n )   |    



(7)






    |   S i  −  S 0   |  =  |    ∑   k = 2   n − 1    [   x i 0   ( k )  −  x 0 0   ( k )   ]  +  1 2   [   x i 0   ( n )  −  x 0 0   ( n )   ]   |    



(8)






    ε  0 i   =   1 +  |   S 0   |  +  |   S i   |    1 +  |   S 0   |  +  |   S i   |  +  |   S i  −  S 0   |      



(9)





The absolute degree of incidence ε0i can be used to analyze the relationship between the absolute values of the sequences.



Dimensionless path 2 is described as follows [35].




    x i '   ( k )  =    x i   ( k )     x i   ( 1 )    ,   k = 1 , 2 , … , n   



(10)





    x i  0 ′    ( k )    ,     |   S 0 ′   |    ,     |   S i ′   |     and     |   S i ′  −  S 0 ′   |     are calculated using Equations (5)–(8). The relative degree of incidence π0i is calculated as follows.




    π  0 i   =   1 +  |   S 0 ′   |  +  |   S i ′   |    1 +  |   S 0 ′   |  +  |   S i ′   |  +  |   S i ′  −  S 0 ′   |      



(11)





The relative degree of incidence π0i can be used mainly to analyze the changes in the rate from the sequence to the starting point.



Finally, the synthetic degree of incidence γ0i is obtained by:


    γ  0 i   = θ  ε  0 i   +  (  1 − θ  )   π  0 i     



(12)




where θ   ∈   (0,1). The synthetic degree of incidence is an index that describes the nearness relationships of two sequences, and the rates of change of those sequences relative to their initial values. Generally, it is considered that θ = 0.5 [45,46]. If the study is more concerned about the relationship between the relevant absolute quantities, θ may have greater value. Conversely, if the focus is on comparing rates of changes, then θ takes a smaller value. In this study, the value of θ was 0.5. Thus, the geometric shape and rate of change had equal weights in this study. Similar to grey incidence analysis, a high synthetic degree of incidence indicates that the comparison sequence has a great influence on the reference sequence.






4. Results and Discussion


4.1. Analysis of Water Consumption Using Entropy


4.1.1. Changes in the Relative Proportions of Water Consumption Sectors


Water consumption was analyzed for four main components introduced in Section 2: AW, IW, DW, and EW consumption. Information entropy was analyzed according to the amount of information in the system. Therefore, coupled with statistical information, four main water consumption components could be subdivided into eight sectors, as follows: AW consumption comprising irrigation water (IRW) and forest, fishing, and stockbreeding water (FFSW) consumption; IW consumption comprising general IW (GIW) and electric power IW (EPIW) consumption; and DW consumption comprising urban DW (UDW), rural DW (RDW), and urban public water (UPW). EW consumption only comprises one sector. The changes in relative proportions of water consumption by different sectors from 1993 to 2014 are shown in Figure 4.



Figure 4a shows that relative proportion of AW consumption decreased from 50.86% in 1993 to 30.97% in 2014. The major water consumption sector was IRW, which accounted for 80%–95% of AW consumption in 1993. The ratio of IRW water consumption tended to decline relative to total AW consumption with an average annual reduction rate of 2.17%. By contrast, FFSW consumption increased from 2.98% in 1993 to 5.78% in 2014.



Figure 4b shows that the relative proportion of IW consumption tended to increase first before decreasing. However, two components of IW consumption exhibited different trends during the last 22 years. The relative proportion of GIW consumption decreased by 7.23%, whereas the relative proportion of EPIW consumption increased by 11.96% during 1993–2014.



Figure 4c shows the changes in relative proportions of DW and EW consumption. In general, water consumption in both sectors increased during 1993–2014. UDW consumption was the main sector, accounting for 70%–90% of DW consumption increased significantly in the last 22 years. The relative proportions of RDW and UPW consumption accounted for low proportions of DW consumption, which changed from 4.18% and 0.73% to 2.96% and 1.76%, respectively, over the 22-year period.




4.1.2. Information Entropy Analysis for Water Consumption


As shown in Figure 5, the entropy value of water consumption system in Nanjing increased from 1.470 natural units of information (nat) in 1993 to 1.716 nat in 2014. The overall trend showed a clear increase in water consumption. This indicates that water consumption structure in Nanjing became more ordered over time, or the dominance of water consumption by a single water use sector declined, and therefore the balance became more equal. Thus, water consumption system became more stable. Figure 5 also shows that the balance degree increased from 0.755 in 1993 to 0.825 in 2014. This demonstrates that relative proportion of a single water user structure in a water consumption system has decreased gradually; thereby, the utilization of water resources in Nanjing has become rational and diversified.



However, there were several large fluctuations in the balance degree. According to the fluctuations of balance degree, changes of water consumption structure in Nanjing could be divided into three stages: 1993–2002, 2003–2010, and 2011–2014.



(1) Growth period (T1) from 1993 to 2002



During this period, the information entropy and balance degree of water consumption structure increased gradually from 1.470 nat and 0.755 to 1.571 nat and 0.807, respectively. In addition, the relative proportion of IRW consumption decreased from 47.88% to 36.89%, whereas the relative proportions of GIW (from 17.08% to 17.91%), EPIW (14.11% to 22.64%), and UDW (13.04% to 14.34%) consumption increased significantly.



(2) Adjustment period (T2) from 2003 to 2010



During this period, the information entropy exhibited a fluctuating increasing trend, whereas the balance degree tended to decrease first to 0.755 in 2005, before increasing to 0.804 in 2010. The relative ratio of EPIW consumption exhibited a similar trend (36.92% in 2003, 39.60% in 2005, and 33.71% in 2010), whereas relative proportion of IRW consumption exhibited the opposite trend (22.37% in 2003, 22.32% in 2005, and 24.70% in 2010). The relative ratio of GIW consumption decreased from 18.14% in 2003 to 12.24% in 2014, and relative proportion of UDW consumption increased from 14.78% to 17.03%.



(3) Growth period (T3) from 2011 to 2014



During this period, the information entropy and balance degree of the water consumption structure increased from 1.633 nat and 0.785 to 1.716 nat and 0.825, respectively. The relative proportions of IRW (from 36.40% to 30.19%), GIW (10.07% to 9.85%), and UDW (20.78% to 20.07%) consumption decreased. By contrast, the relative proportion of EPIW consumption increased significantly (21.81% to 26.70%). This indicates that the water consumption system became more stable.





4.2. Analysis of Driving Forces That Affected Water Consumption


4.2.1. Selection and Calculation of Driving Forces


The information entropy of water consumption structure depends on the relative proportions of water consumption by different sectors. However, different factors could affect relative ratio of water consumption for AW, IW, DW, and EW. Water consumption in different sectors is affected by numerous factors. A through literature review [19] identified 11 factors for agricultural water consumption, 11 factors for industrial water consumption, 13 factors for residential water consumption and one factor for ecological water consumption. However, the selection of factors for a particular region depends on their relevance and measurability. Justification of selection of different factors is given below.



AW consumption includes IW and FFSW consumption, and the relative ratio of IRW consumption usually accounted for over 80% of the total. Therefore, farmland areas, food production, and planting structures were correlated with AW consumption.



IW use involves various sectors, including industrial and mine enterprises, manufacturing, processing, cooling, air conditioning, washing, boiler water, and factory workers using water during industrial production processes. Thus, IW is influenced mainly by industrial output, efficiency of water use, and water reuse rate.



DW refers to human consumption in daily life, which comprises UDW, RDW (including livestock), and UPW (including services, catering, freight, telecommunications, and construction industry). The demand for DW consumption is related to the basic needs of human daily life. Thus, increases in population and per capita living water consumption are the main factors that influence DW consumption.



EW consumption was measured from 2005, where it mainly comprises water consumption due to renewed outer river EW consumption and uses to improve water environment, green space irrigation, and clean sanitation. EW consumption is influenced mainly by the developmental level of a city and green space areas.



Therefore, four factors for each water consumption sector (total 16 factors) were selected in the present study. The estimation procedure of those factors is discussed below.



	(1)

	
Factors related to AW consumption



Ratio of agricultural output (%):     X  11   = A g r i c u l t u r a l   o u t p u t / G D P   



Ratio of irrigation area (%):     X  12   =   I r r i g a t i o n   a r e a / A r a b l e   l a n d   



Per capita food production (ton/person):     X  13   = F o o d   p r o d u c t i o n / P o p u l a t i o n   



Ratio of grain crops to economic crops (%):


    X  14   = G r a i n   c r o p   p l a n t i n g   a r e a / E c o n o m i c   c r o p   p l a n t i n g   a r e a   











Grain crops include wheat, rice, potato, corn, and soybean in Nanjing.




	(2)

	
Factors related to IW consumption



Ratio of industrial output (%):     X  21   = I n d u s t r i a l   o u t p u t / G D P   



Ratio of high water consumption industry (%):


    X  22   =   H i g h   w a t e r   c o n s u m p t i o n   i n d u s t r i a l   o u t p u t / I n d u s t r i a l   o u t p u t   











Reuse ratio for IW (%):     X  23   = R e u s e   w a t e r   u s e   / I n d u s t r i a l   w a t e r   c o n s u m p t i o n   



Per ten thousand Yuan industrial output of water consumption (m3/ten thousand Yuan):


    X  24   = I n d u s t r i a l   w a t e r   c o n s u m p t i o n / I n d u s t r i a l   o u t p u t   















High water consumption industries include oil processing industry, chemical products manufacturing, black metal smelting industry, and the electric power industry in Nanjing.



	(3)

	
Factors related to DW consumption



Ratio of third industry output (%):     X  31   = T h i r d   i n d u s t r y   o u t p u t / G D P   



Population density (person/km2):     X  32   = P o p u l a t i o n / C i t y   l a n d   a r e a   



Daily water consumption per capita (m3/person  ·  day):


    X  33   = D o m e s t i c   w a t e r   c o n s u m p t i o n / U r b a n   p o p u l a t i o n * D a y s   











Natural population growth rate (%):     X  34   = B i r t h   r a t e − M o r t a l i t y   




	(4)

	
Factors related to EW consumption



Per capita disposable income of urban residents (Yuan):


    X  41   = D i s p o s a b l e   i n c o m e   o f   u r b a n   h o u s e h o l d s / A v e r a g e   f a m i l y   n u m b e r   











GDP growth rate (%):     X  42   = C h a n g e   o f   G D P / G D P   o f   l a s t   y e a r   



Ratio of urban green coverage (%):     X  43   = U r b a n   g r e e n   c o v e r a g e / U r b a n   a r e a   



Per capita park green area (m2/person):     X  44   = P a r k   g r e e n   a r e a / U r b a n   p o p u l a t i o n   








4.2.2. Analysis of Driving Force Factors by Grey Incidence Analysis


According to grey incidence analysis, the synthetic incidence degrees between relative water consumption ratios and 16 factors were calculated as shown in Table 1. The grey relational ranking based on the synthetic incidence degrees of relative water consumption ratios were determined as follows.



	
Grey relational ranking of AW consumption: X13 > X11 > X14 > X12



	
Grey relational ranking of IW consumption: X22 > X23 > X21 > X24



	
Grey relational ranking of DW consumption: X34 > X31 > X32 > X33



	
Grey relational ranking of EW consumption: X42 > X43 > X41 > X44






(1) Driving forces of AW consumption



Plant production is a high water consumption component of agriculture. Therefore, there is a direct link between food production and AW consumption. During 1993–2014, the relative ratio of AW consumption decreased from 50.86% to 35.97%. Concurrently, food production declined from 1.573 million tons to 1.147 million tons, and per capita food production decreased from 0.306 ton/person to 0.177 ton/person. These changes in food production were due to decreases in the amount of arable land because of the implementation of policies related to the conversion of degraded farm land into forest and grass land, as well as the expansion of urban areas, where the area of arable land decreased from 312.68 thousand hectares in 1993 to 237.19 thousand hectares in 2014. The per capita grain yield and the proportion of AW were highly correlated, and the grey correlation coefficient also reflected this strong correlation. The synthetic incidence degree between the relative ratio of AW consumption and per capita food production (X13) was γ13 = 0.9085, which shows the strong correlation.



Agricultural structure adjustment was another important cause of the decline in the relative ratio of AW consumption. The agricultural structure adjustments included adjustments of the rural economic structure and the rural production structure, which can be expressed by the relative ratio of agricultural output (X11) and the relative ratio of grain crops to economic crops (X14), respectively. These two factors had major impacts on the relative proportion of AW consumption (γ11 = 0.7370, γ13 = 0.6016). The relative ratio of agriculture decreased from 9.78% to 2.43%, which shows the decrease in economic benefits due to agriculture. In the planting structure, the ratio of grain crops to economic crops decreased from 71:29 to 49:51. These changes to the agricultural structure led to reduced AW consumption, especially agricultural IRW consumption.



(2) Driving forces of IW consumption



The relative ratio of IW consumption increased initially from 1993 to 2002, before decreasing from 2003 to 2011, and then increasing again in the last three years. In addition, GIW consumption decreased greatly to 4144 million m3 from 6215 million m3. EPIW accounted for a large relative ratio of the IW consumption and it still comprised the majority of IW consumption in Nanjing.



The proportion of high water consumption industries (X22) had a major impact on the relative ratio of IW consumption (γ22 = 0.8948). The reuse ratio of IW (X23) represented the production process level and it tended to increase, with a major impact on the relative ratio of IW consumption (γ23 = 0.6449), which also led to a decline in IW consumption. The decline in the proportion of industrial output (X21, γ21 = 0.5571) and per ten thousand Yuan industrial output of water consumption (X24, γ24 = 0.5073) represented industrial structure adjustment and the improvement of industrial efficiency, respectively, which also reflected the changes in IW consumption, although this was not clear in the results.



(3) Driving forces of DW consumption



According to the synthetic incidence degree obtained by the grey incidence analysis, the ratio of third industry output (X31), population density (X32), and natural population growth rate (X34) had major impacts on the ratio of DW consumption (γ31 = 0.6441, γ32 = 0.6374, γ34 = 0.6490). Due to the economic development of Nanjing, DW consumption increased from 6530 million m3 in 1993 to 10,445 million m3 in 2014, and its relative ratio increased to 24.79% from 17.95%. This can be explained by population growth and development of the third industry. The population of Nanjing reached 8,187,800 people and the proportion of third industry output accounted for 56.49% of the GDP. The development of third industry sectors such as services and tourism were drivers of increased municipal water consumption, which increased the relative ratio of DW consumption.



(4) Driving forces of EW consumption



The GDP growth rate (X42) had a major impact on the relative ratio of EW consumption (γ42 = 0.6439), whereas the per capita disposable income of urban residents (X41), ratio of urban green coverage (X43), and per capita park green area (X44) had low impacts on the relative ratio of EW consumption (γ41 = 0.5551, γ43 = 0.5629, γ44 = 0.5226). The deterioration of the ecosystem influences human life and development, so improving living standards and ecological consciousness will increase the demand for EW consumption. EW consumption mainly comprised water consumption for renewing the inner urban landscape rivers and the outer river EW. In theory, increasing the ratio of urban green coverage (X43) and the per capita park green area (X44) could increase the demand for environmental water in cities. However, this was not clear from the EW consumption results, which were mainly due to inner river water.






5. Conclusions


This study used information entropy to analyze water consumption structure and its changing trends in Nanjing. We also employed the generalized grey incidence analysis from grey system theory to analyze synthetic incidence degree of the factors associated with AW, IW, DW, and EW consumption. We identified the main driving forces that affected these four water use sectors, and we analyzed forces responsible for the changes in water consumptions in Nanjing. Our main conclusions are as follows.



(1) The information entropy and balance degree of water consumption structure in Nanjing showed that the development of the water structure passed through following three stages. (a) A decrease in relative ratio of IRW consumption and increases in GIW, EPIW, and UDW consumption led to increases in information entropy and balance degree; (b) The information entropy exhibited a fluctuating increasing trend, whereas balance degree tended to decrease first before increasing. The relative ratio of EPIW consumption exhibited a similar trend, but relative ratio of IRW consumption had the opposite trend; (c) The information entropy and balance degree of water consumption structure increased. The relative ratio of IRW consumption decreased, whereas the relative ratio of EPIW consumption increased significantly. Thus, water consumption structure became more stable and equilibrated in Nanjing.



(2) The synthetic incidence degree of per capita food production and the ratio of agricultural output relative to AW consumption were 0.9085 and 0.7370, respectively. The synthetic incidence degree for high water consumption industries relative to the ratio of IW consumption was 0.8948. The synthetic incidence degrees for the third industry output, population density, and natural population growth rate relative to the ratio of DW consumption were 0.6441, 0.6374, and 0.6490, respectively. The synthetic incidence degree of the GDP growth rate relative to the ratio of EW consumption was 0.6439. The main factors that affected water consumption structure in Nanjing were adjustments to agricultural and industrial structures, and the level of water saving measures.



With the implementation of a strict water resource management policy in China, the government departments responsible for water management are restricting the total demand of urban water. Thus, determining the changing trends in water consumption and the factors responsible for the changes are important for guiding water consumption control in Nanjing as well as in other first-tier cities in China and other developing countries, where there is a need to control water use and stabilize the water consumption structure. Therefore, the results of this study provide a reference for water resources management and planning in water abundant rivers in other parts of the world.
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Figure 1. Location of Nanjing city in Jiangsu province, China. 
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Figure 2. Population growth and economic development in Nanjing during 1993–2014. 
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Figure 3. Changes in water consumption by Nanjing city from 1993 to 2014. 
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Figure 4. Changes in relative proportions of water consumption by different sectors in Nanjing from 1993 to 2014. (a) Changes in relative proportions of water consumption by different agricultural sectors; (b) Changes in relative proportions of water consumption by different industrial sectors; (c) Changes in relative proportions of domestic water and ecological water consumption. 
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Figure 5. Changes in information entropy and the balance degree for water consumption in Nanjing. 
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Table 1. Grey incidence analysis between the relative water consumption ratios and driving forces.
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Referenced Sequence

	
Comparison Sequence

	
N

	
Mean

	
SD

	
Synthetic Incidence Degree   γ  






	
Ratio of AW

	
X11

	
22

	
0.046

	
0.017

	
0.7370




	
X12

	
22

	
0.734

	
0.080

	
0.5494




	
X13

	
22

	
0.228

	
0.071

	
0.9085




	
X14

	
22

	
1.197

	
0.650

	
0.6016




	
Ratio of IW

	
X21

	
22

	
0.471

	
0.031

	
0.5571




	
X22

	
22

	
0.328

	
0.054

	
0.8948




	
X23

	
22

	
0.669

	
0.138

	
0.6449




	
X24

	
22

	
238.863

	
178.781

	
0.5073




	
Ratio of DW

	
X31

	
22

	
0.483

	
0.046

	
0.6441




	
X32

	
22

	
883.201

	
70.601

	
0.6374




	
X33

	
22

	
358.086

	
100.066

	
0.5766




	
X34

	
22

	
0.025

	
0.011

	
0.6490




	
Ratio of EW

	
X41

	
10

	
28,076.2

	
9474.497

	
0.5551




	
X42

	
10

	
0.127

	
0.019

	
0.6439




	
X43

	
10

	
44.756

	
0.811

	
0.5629




	
X44

	
10

	
13.620

	
0.853

	
0.5226
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