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Abstract

:

In the Yellow River basin, China, ecosystems suffer from the overexploitation and utilization of water resources, resulting in various environmental impacts. Consideration must be given to both human and ecosystem water requirements in water resources management. A water footprint (WF) is a tool for estimating industrial, agricultural, commercial and household water requirements and for examining the impact of consumption on water resources. The study attempts to establish an approach to analyse the dynamic processes and driving forces that result in certain WFs. Using input–output tables for provinces and municipalities, we calculate water use coefficients, the total WF and the net external WF of consumption in China’s Yellow River Basin. A biproportional algorithm is employed to revise the input–output tables for analysing the temporal dynamics of the WF. The factor analysis and linear regression were used to analyse the main influencing factors of WF. Results indicate that the coefficient for water use by primary industries is highest and that coefficients for provincial water use differ significantly. Second, household consumption and residuals from capital accumulation constituted approximately half of the total WF of the Yellow River basin in 2002 and also differed significantly among provinces. Third, the ratio of the net external WF to the total WF increased, and the ratio of final consumption to the total WF declined during the period examined. Fourth, output by secondary industries correlated most strongly with the WF, followed by area under irrigation, per capita meat consumption, water consumption per 10,000-yuan increase in added value and population.
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1. Introduction


Water is the source of life, the rational distribution and the scientific management of water resources is the core of regional sustainable development and integrated watershed management [1]. Atwater footprint (WF) is a tool distinguished the human water consumption into green water, blue water and grey water, which extended the evaluation methods in sustainable utilization of water resources. Concepts of WF based on virtual water [2] and based on life cycle assessment (LCA) [3] both are the typical methodologies and focuses in water management researches. Among them, the former has advantages in the calculation of regional water footprint. The latter can evaluate the total amount of water required for a product throughout its life cycle, however, the method is computationally complex, and it is difficult to obtain sufficient data. At present, LCA-based WF method is mainly used in the evaluation of the water footprint of the product or product technology [4].



According to the definition of Hoekstra and Mekonnen [2] on the basis of the virtual water theory, the WF features industrial, agricultural and household consumption of fresh water in a region or within a country. It measures human consumption of actual water and virtual water in producing products and services [5,6]. The commodities and services consumed are produced regionally or imported, and the local products are also exported. Thus, a community’s WF includes local water consumption and net imports of virtual water [7,8,9].



The WF concept illustrates the impact of human demand on water resources by assessing links between water use and consumption patterns, production and trade structure [10]. Altering consumption is one way to reduce the WF [11,12]. Intensity of water use varies by product, economic sector and region [13]. Thus, water should be made available for products or sectors that contribute to regional economic value by consuming less water [14]. Furthermore, water intensive products [15] should be imported from regions that produce them with less water intensity. The WF is a measure for improving water resource management, especially in water-scarce regions [16].



The WF analysis employs bottom-up and top-down calculations [17]. The former is an item-by-item approach in which the WF is derived by multiplying the quantity of goods and services consumed in an area with the quantity of water needed to produce them [18]. It is suitable for evaluating regional footprints when data about inhabitants’ consumption are available. The top-down approach examines the balance of product flows and fits them to a national footprint using input–output trade data [19]. Under this approach, consumption equals the quantity of products in the local area plus net imports [20]. A national WF is calculated as national water consumption plus virtual water imported minus virtual water exported. This method need not count consumption of each product.



Leontief [21] originated input–output analysis (IOA) as a top-down technique to analyse the interdependence of economic sectors. It is widely used in researching ecological footprints [22,23,24] and is useful for tracking and estimating resources embodied in products [25]. Further, IOA can identify the primary contributors to water consumption and pollution [26]. Since the late 1990s, IOA has been used frequently to estimate the impact of production and demand on water resources [27].



Several input–output studies have examined water issues in China. Hubacek and Sun [28] employed IOA to forecast China’s water consumption in 2025 using 1992 data. Their findings indicated that altering lifestyles and technology are important in altering water consumption. Guan and Hubacek’s [27] extended regional input–output model and analysed the impact of inter-regional trade on water consumption and pollution. Zhao et al. [29] calculated China’s national WF in 2002 as 381 m3/cap/year using input–output methods. They found that water intensity differs significantly among industries and that China is a net exporter of virtual water. Following an interregional IOA framework, Zhang et al. [10] found more than 50% of Beijing’s WF is attributable to imported virtual water. The multi-regional IOA model of Feng et al. [30] assessed the WF transfer in the upper, middle and lower Yellow River Basin. They demonstrated that economic growth and water shortages can be adjusted through virtual water imports and exports. Deng et al. [31] calculated selected regional WFs in China based on IOA. Their results indicated that China must use water more efficiently and readjust trade in virtual water.



China produces input–output tables every five years. Most previous IOA-based studies have analysed the WF in a particular year even though a dynamic analysis can illustrate effects of changes in the economy, population and consumption of water resource. Current dynamic research on the WF and ecological footprints is mainly based on static annual footprints, and studies have applied single-yield factors to reflect temporal variations in yields. Compared with the widespread calculation of static footprints, the input–output method can reflect the consumption and structure of water resources completely. Applied in dynamic analysis, IOA could establish both quantitative and structural changes in the WF, and the key of which is to revise input–output tables. For updating and constructing input–output tables, researchers have focused on non-survey or semi-survey techniques, such as constant coefficient hypothesis (or NAÏVE) [32], the biproportional method by Richard Stone (abbreviated as RAS to commemorate the inventor) [33], and the LaGrangian optimization technique [34]. Jalili [34] compared the RAS method to the others and found that the RAS method is the most efficient updating technique across various levels of aggregations. The RAS method considers that the change of the direct consumption coefficient is produced under the influence of “substitution effect” and “fabrication effect”. The RAS pre calculates the direct consumption coefficient of the input–output table in the base year, and then constructs the substitution matrix R and fabrication matrix S for calculating the direct consumption coefficient in the target year, in order to update the input–output table [34]. Dobrescu and Gaftea [35] checked the applicability and accuracy of the RAS based on the statistical series of emerging economy in Romanian. The results provided the superiority of the RAS for updating the input–output coefficients, especially in the short term. The RAS method is effective in revising input–output tables [33,34,35,36,37], and with its help, dynamic changes in the WF can be examined via IOA. Numerous socio-economic factors affect water demand and can be identified through dynamic change analysis [38].



The study attempts to calculate the regional WF and analyse the its dynamic processes and driving force to help understand the situation of regional water resources utilization, and provide the scientific basis for the management of water resources. The WFs of the provinces along the Yellow River are estimated, by employing a regional input–output method. It analyses industrial water consumption and compares intensity of water use among provinces. We use RAS method to extend input–output tables when calculating dynamic changes in the WF, and then reveal the main factors influencing the WF.




2. Study Area and Method


2.1. Study Area


The Yellow River flows through nine provinces and municipalities (Figure 1). As China’s second-largest river, it is an important source of water in the north and northwest. Its average annual runoff approaches 58 billion m3, approximately 2% of the national total, and its available water resources are 37 billion m3. Approximately 12% of China’s population, 15% of its farms and more than 50 cities and 420 towns rely on the river for water [39,40]. The Yellow River Basin is a water-scarce region. Per capita water resources are less than one-quarter the world average [41]. Only 17,097 km2 of Sichuan Province is located along this watershed, accounting for 3.5% of the province’s area, and it with draws 400 million m3 from the Yellow River yearly, less than 0.65% of the total runoff of the Yellow River. Therefore, we did not analyse its WF.




2.2. Data


Input–output tables for provinces and municipalities are from the 2002 Chinese Regional Input–output Table [39], which encompasses 42 economic sectors. Following China’s Three Industries Division, it identifies primary, secondary and tertiary industries. Primary industries are agriculture, forestry, husbandry and fisheries. Secondary industries are mining, manufacturing, production, construction and supply of electricity, gas and water. Tertiary industries are mainly services.



Data for agricultural and industrial water are from 2002 water resource bulletins of each province and municipality [40]. Tertiary industry data were unavailable, and domestic water consumption data in the water resource bulletins constitute the sum of consumption by households, public and services. We estimated tertiary industry data by subtracting household water consumption from domestic water consumption. We calculated household water consumption by multiplying the inhabitant water quota by the population (102.9 L/d from the Industries Water Quota References 1999 established by the Chinese Ministry of Water Resources). Population data are from provincial statistical yearbooks in 2002.




2.3. Method


2.3.1. Water Footprint (WF) Calculation


The focus is the dynamic change of WF; for facilitating the calculation, the study considers the blue WF. Table 1 shows the regional input–output table for the WF along the Yellow River. xij denotes product flow among sectors; xi denotes the gross output of sector i; xj denotes the total input of sector j; cj denotes the added value of sector j during production. fi denotes the final regional use, which includes final domestic consumption and capital formation. Final domestic consumption is consumption by rural habitants, urban habitants and total capital formation. ei denotes output, and mi denotes input. We added a row indicating fresh water consumption (wj) to the original input–output table, and wj denotes water consumption of sector j. We classified production sectors into primary, secondary and tertiary industries (i, j = 1, 2, 3).



WFs of provinces in the watershed were calculated from the following procedures.



Firstly, we calculate the technology coefficient matrix and Leontief inverse. The technology coefficient matrix A is expressed as:


    A  =   (  a  i j   )   3 × 3     ,    a  i j   =    x  i j    /   x j      



(1)




where aij stands for the amount of product of sector i consumed directly for producing unit product of sector j [29]. With Equation (1), Leontief inverse matrix B is written as:


    B  =   (  I  −  A  )   − 1   =   (  b  i j   )   3 × 3     



(2)




where bij denotes demand of products by sector i to produce unit final product of sector j, which includes direct and indirect demand. Chinese input–output tables are constructed assuming that imported and domestic products are substitutes, so domestic and foreign products are included in interdepartmental flow and final demand. Regional input–output tables also are constructed assuming that imported and domestic products are substitutes. According the concept of WF, virtual water is encompassed in domestic and imported products consumed by inhabitants. We assumed that water consumed per unit of imported products equals that in the input area. Hence, the total water consumption coefficient (TWCC) matrix includes requirements for local and import products. The direct water consumption coefficient (DWCC) vector d is calculated first by dividing water consumed by input of sectors.





    d  =   (  d j  )   1 × 3     ,    d j  =    w j   /   x j      



(3)




where dj presents water requirement of unit product in sector j. The TWCC vector v can be derived by multiplying d by the total demand coefficient matrix B:


    v  =   (  v j  )   1 × 3   =  d  ×  B    



(4)




where vj denotes water requirement of unit final product, also known as total water consumption, and contains the direct and indirect water consumption. Then the indirect water consumption coefficient (IWCC) vector i can be calculated by subtracting d from v.


    i  =  v  −  d    



(5)







WFs of sectors (wf) are calculated by multiplying by final demand of sectors.





    w f  =   ( w  f j  )   1 × 3     ,   w  f j  =  v j  ×  f j    



(6)




where wfj is water use of product to meet regional final demand in sector j. Net external WF is equal to net virtual water import, so it can be gotten by multiplying vj by net import in sector j.





    w    f    n e t    =   ( w  f j  n e t   )   1 × 3     ,   w  f j  n e t   =  v j  × (  m j  −  e j  )   



(7)




where wfjnet is the net external WF of sector j.




2.3.2. Water Footprint (WF) Dynamic Analysis


China publishes input–output tables every five years. Tables for interim years are updated via RAS, commonly used as a revision method [42]. RAS assumes that the technology coefficient matrix is affected by a structural impact and a manufacturing impact, captured as matrices R and S, respectively [34]. The technology coefficient matrix for the target year t is estimated as follows:


     A   t   =  R  ×   A   0   ×  S    



(8)




where A0 denotes the base year’s matrix, R and S are diagonal matrices constructed from the vectors of row and column-wise multipliers ri, (substitution) and sj, (fabrication), respectively. ri reflects the degree of structural change in intermediate inputs of sector i. sj reflects the degree of change in the proportion of intermediate inputs of department j. In Equation (8), only A0 is known, R and S can be obtained by iteration.





    {     R  ×   A   0   ×  X  ×  S  ×  e  =  U        e   T   ×  R  ×   A   0   ×  X  ×  S  =  V        



(9)




where U denotes the total column vector for the intermediate product in the settlement year. V denotes the total row vector for the intermediate input in the settlement year. e denotes a column vector of matrix elements with 1. Superscript T indicates the transpose of a matrix. X is a diagonal matrix of the actual total output in the settlement year.



In order to analyse the main influencing factors of WF, The factor analysis [43] and linear regression [44] are employed. Firstly, factor analysis is used to analyse the potential social and economic indexes (the number of the indexes recorded as n) that affect the WF, which is converted to a number of factors by following formula.





    y  = λ  f  + ε   



(10)




where y is an n × 1 vector of the standardized indexes, λ is an n × m factor load matrix, f is an m × 1 vector of the factors, ε is an n × 1 vector of errors. The correlation matrix of y is used to obtain the eigen values. The varimax rotation and factor coefficients are used to facilitate interpretation of factor loadings and obtain factor scores for selected factors respectively. The factors with the eigen values larger than 1 are selected for linear regression.





   z = c +   ∑  i = 1  k   (  d i  f  s i  )   + ε f   



(11)




where z is the dependent variable, here is the WF in the study. The indeterminate coefficients c and di are obtained by Least-Squares method [44]. fsi is the factor score, which of the selected factor is considered as independent variable for predicting of WF, and εf is the error term. There are some regression coefficients are used as the indicators of the quality, such as correlation coefficient and p-value [45]. All data were analysed using statistical packet programs of MATLAB 2015 and SPSS 22.






3. Results


3.1. Water Consumption Coefficient


As shown as Figure 2, the TWCC of the primary industry is highest in every province and that of the secondary industry is second. TWCC of the primary industry is 3 to 13 times higher than that of the secondary industry. Ningxia displays the highest multiple, while Henan indicates the smallest. The primary industry TWCC is 11 to 24 times greater than the tertiary industry TWCC.



DWCCs of the three industries are more obviously differentiated. That of the primary industry is 35 to 800 times greater than that of the tertiary industry, with the largest multiple in Shanxi and the smallest in Henan. The DWCC of the primary industry is approximately 15 to 300 times greater than that of the secondary industry. These findings clarify that water consumption per monetary unit of the tertiary industry is the least among the three industries. That is, its water production efficiency is highest.



The proportions of DWCC and IWCC in total TWCC differ among the three industries. Direct water consumption is central to total water consumption by the primary industry, for which DWCC is approximately 80% of TWCC. Inner Mongolia (Henan) ranks highest (lowest) at 87% (67%). The majority of water consumption is indirect for the other two industries. IDCC of the secondary industry exceeds 80% of TWCC among all provinces except Qinghai. In addition, the ratio for tertiary industries exceeds 80% for all provinces except Henan. Expanding extent from DWCC to TWCC is decided by the industry’s influence to whole economy and its DWCC. If the coefficient of its influence exceeds 1, the industry’s influence exceeds the average and is dominant in the overall economy. Influence coefficient of the secondary industry is higher than 1 in each province and the tertiary follows. Furthermore, DWCC of the two industries are much less than that of the primary industry. Thus, expanding extents of the secondary and tertiary industries are considered to be larger.



TWCC diverges significantly among provinces and can be divided into three groups. TWCCs of all three industries in Ningxia exhibit maximum values: 8898.7 m3/104 Yuan, 697.3 m3/104 Yuan and 459.9 m3/104 Yuan, respectively. Qinghai, Gansu and Inner Mongolia take second place and others third. TWCCs for primary and secondary industries in Shandong exhibit minimal values: 625.8 m3/104 Yuan and 142.0 m3/104 Yuan. The tertiary industry TWCC in Henan has the least TWCC: 56.0 m3/104 Yuan. TWCC is total water consumption per monetary unit, which can indicate the economic benefits of industry water consumption. By geographic distribution, provinces that exhibit greater values for TWCC occupy the upper reaches of the river and those with lesser values the lower. Therefore, efficiency along the lower reaches of the Yellow River is higher.




3.2. Distribution of Water Footprint (WF)


Given fixed values for TWCC, the relative size of regional final consumption and capital accumulation determines proportions of their WF. As Figure 3 shows, their WFs individually constitute 49.5% and 50.5% of total WF in the basin, and capital accumulation takes a few important locate in water resource consumption. Rural habitants, urban inhabitants and government consumption constitute 20.6%, 21.4% and 7.6% of final consumption in the WF, respectively. In every province, final consumption and capital accumulation constitute 33% to 66%of total WF. Capital accumulation accounts for a greater proportion of the WF than final consumption in Shaanxi, Henan and Shandong, which has the highest proportion (50%). The government consumption as a proportion of the WF is lowest in every province. In Qinghai, Gansu, Ningxia and Shaanxi, the rural habitants WF are larger than the urban habitants and government.



Regional differences in per capita WF are determined jointly by per capita consumption, consumption patterns and industry TWCC. Large differences appear among provinces (Table 2). Ningxia (Shaanxi) exhibits the largest (smallest) per capita WF at 1177.4 m3/cap/year (161.5 m3/cap/year). Per capita consumption and consumption patterns influence intra-regional differences between urban and rural per capita WF. Per capita WF of urban inhabitants exceeds that of rural habitants in all provinces except Qinghai. The largest gap is 760.6 m3/cap/year of Inner Mongolia; elsewhere the gap spans 73.5 m3/cap/year to 521.4 m3/cap/year. These findings reveal that consumption by urban habitants greatly exceeds consumption of rural habitants in the basin.




3.3. Total Water Footprint (WF)


The total WF of the Yellow River Basin in 2002 was 79.12 billion m3, and the per capita WF was 247.1 m3/cap/year. Figure 4 reveals that Henan has the greatest WF (16.52 billion m3) and Qinghai the least (2.90 billion m3). Industry WFs related to the industry water consumption coefficient and the final consumption. Proportions for the latter among the three industries in this watershed are 6.4%, 44.1% and 49.5%, respectively. The WFs of the three industries are 33.41 billion m3, 38.39 billion m3 and 7.32 billion m3, which, respectively, constitute 42.2%, 48.5% and 9.3% of the total WF. Differences in WF among the three industries are notable. The WF of the primary industry is largest, exceeding 50%, in Qinghai, Gansu, Ningxia and Inner Mongolia. Other provinces display similar ratios. WF of the secondary industry exceeds 50%, followed by the primary and tertiary industries, the latter below 15%.




3.4. Net External Water Footprint (WF)


In 2002, net imports of virtual water in the Yellow River Basin were −4.51 billion m3. They originated mainly in the secondary industry, 3.51 billion m3 or 9.1% of the WF. Net exports of virtual water are concentrated in the primary industry. Qinghai, Gansu and Shaanxi are net importers, with Gansu the largest at 1.30 billion m3 or 10.1% of the total provincial WF. The other provinces are net exporters of virtual water, with Inner Mongolia ranking first at −3.65 billion m3 (Table 3).




3.5. Annual Variation of Water Footprint (WF)


Changes in the total WF can reflect changes in total consumption of water resources. As Figure 5 shows, from 1997 to 2006, changes in the footprint of the Yellow River basin occur in two stages: it increased from 85.1 billion m3 to 92.9 billion m3 from 1997 to 2001, decreased to 75.2 billion m3 in 2002 and increased to 118.8 billion m3 in 2006. The 4% annual growth during the research period suggests that demand for water in the Yellow River basin grew. The per capita WF can reflect changes in living standards. The trend resembles that for overall WF: 278 m3/year per person in 1997 and 372 m3/year per person in 2006, an increase of 3.4%.



Variation of the WF among the three industries is distinct, rising from 20.3 billion m3 in 1997 to 39.9 billion m3 in 2006 for the primary industry. Variation for the secondary industry increased from 45.4 billion m3 to 61.1 billion m3. It declined for the territory industry from 19.4 m3 to 17.8 billion m3. Annual variations for the three industries were 9.6%, 3.5% and −8.8%, respectively. The WF of the primary industry, as a part of the total WF, increased gradually from 23% to 33%. For the secondary industry, it varied between 49% and 53%, as the main subject of water consumption. For the territory industry it fell from 22% to 15%.



From 1997 to 2006, the basic net exported WF of the Yellow River Basin is shown in Figure 6. From 1997 to 2001, export volume was small, starting at 1.88 billion m3 in 1997 and declining gradually. In 2003, exports as a component of WF began rising, peaking in 2009 at 17.95 billion m3, constituting 13.5% of the total. By industrial distribution, the net volume of exported water for the primary industry rose until 1997 and then declined. The WF became a net importer in 2001. However, the net exported WF increased constantly from 2002 from 5.91 billion m3 to 28.06 billion m3. In 2006, the WF of the basin’s primary industry was 39.9 billion m3, and about 41.2% was exported. It suggests that the variation in net imports as a proportion of WF was tied to China’s food policy. The Yellow River basin is China’s food basket, and food production there has grown gradually since 2002, which may lead to the low value of total WF in 2002.



The net import WF was concentrated in the secondary industry. Before 2002, the WF was largely net exports, but net imports rose steadily from 1.11 billion m3 in 2003 to 6.99 billion m3 in 2006, annual growth of 52.3%. Net imports by the tertiary industry in 2005 and 2006 were 0.2 to 1 billion m3, and net exports were below 220 million m3. Compared with the domestic industrial area, the Yellow River basin is less powerful, and exported industrial products were primarily energy and resources (e.g., coal, iron and petroleum). However, imports of finished industrial products were substantial, and the imported WF of the secondary industry was huge.




3.6. Driving Factors of Water Footprint (WF)


In our model, the WF of the basin is the dependent variable. Output, population, consumption, industrial structure and water consumption are independent variables. Correlations identify the primary factors driving changes in the WF from 1997 to 2006.



3.6.1. Index Selection


We selected 11 indexes related to population, output, industrial structure, water consumption, consumption and irrigation. Correlations between the total WF and selected indicators are in Table 4. Except for unit grain yield, water and industrial value added, the indicators correlate positively with the WF. GDP, industrial value added, the proportion of the second industry, capital formation, per capita annual meat consumption, per capita food consumption and irrigation area correlate significantly with the WF. With the enlargement of economic scale, adjustments to industrial structure and improved living standards, the WF increases in the area. There is a significant negative correlation between water consumption per unit of grain and water consumption per 10,000 Yuan of additional industrial value. The two indexes reflect the water level and indicate an important way to restrain the WF.




3.6.2. Factor Analysis and Linear Regression


The indexes also correlate with each other. To establish the regression model and factors driving the WF, we hope to find a small number of indexes that reflect the information and have independent attributes.



Through factor rotation matrix, factor analysis can make the main factors contain the original index to illustrate main problems. The correlation between the WF and food output is less significant, and the index is eliminated, while main factor extraction is conducted for the remaining indexes. Before the analysis, we distinguished and standardized the cost-oriented and benefit-oriented indexes. Then, we calculated the eigen value, contribution rate and cumulative contribution rate of each factor. The eigen values of the first two main factors exceed 1, and the cumulative contribution rate is 94.986%, which covers almost all information in the original indexes. The original indexes are mainly related to the first main factor (Table 5). According to the calculation of the component matrix, indexes with load values exceeding 0.85 are retained. They include population, GDP, proportion of the secondary industry, water consumption per 10,000 Yuan of incremental industrial value, meat consumption per capita and irrigation area.



With the retained indexes as the independent variable and WF as the dependent variable, we established a linear regression model using data spanning 1997–2006. Table 6 indicates that the model with stands significance testing. Simulated and actual values for the WF in Figure 7 reveal that the simulation fits the data well. The standardized regression coefficient in the table is obtained by non-dimensionalising the independent variable [46]. The impact of the independent on the dependent variable can be compared according to the value. The proportion for the secondary industry has the greatest positive correlation with GDP and WF. The position of the economic development scale and the industry in the national economy significantly impact the WF, followed by irrigation area, meat consumption per capita, water consumption per increase per 10,000 Yuan of added value, total population, changes in diet, rising proportion of meat consumption, expansion of irrigation area, increase of the industrial water consumption and population growth.






4. Discussion and Implications


4.1. Discussion


Total WF should equal water consumption plus net imports of virtual water. Total 2002 water consumption by the three industries was 83.18 billion m3, and net imports of virtual water were −4.50 billion m3 in our result. Their sum is 76.68 billion m3, nearly the total WF of 79.12 billion m3. A number of water footprint studies have been conducted for China in general and for the Yellow River Basin [16,20,29,31,47,48]. The previous studies calculated the WF mainly by IOA method and a summation method based on blue water, green water and grey water WF (BGG). After verification, we found that the results of the researches [20,29,31,48] based on the IOA and its extension methods are almost identical to our results, in the same region (basin or province) and the same period of time. However, the IOAs have certain limitations. The input–output table of China and the provinces is released every 5 years, and in recent years, the economic develops rapidly in each province, the adjustment of industrial structure is obvious. Thus, the study of WF’s variation was limited by using the relative lag data released every five years. In this paper, the IOA/RAS method can be used to expand the input–output table, estimate WF by year, and obtain the dynamic process of WF.



The BGG is a comprehensive and complex method widely used in the estimation of agricultural WF. The study [47] by Zhuo et al., based on the annual rainfall and evapotranspiration data, calculated the blue and green WF of main crops in Yellow River Basin during 1996–2005, and assess the sensitivity of the crop WF to fractional changes of individual input variables and parameters, such as precipitation, evapotranspiration, crop coefficient, crop calendar, soil water and so on. They developed the method into the whole industry in the further study [16]. They integrated the green, blue and grey WFs in crop production, blue WF related to industry and municipal sectors, and assess the blue water scarcity. The WF in the Yellow River Basin was calculated monthly. The developed way could also describe the dynamic process of WF at a higher time resolution. While its ability to identify the sectors of the secondary and the tertiary industry is relatively low, and the WF of forestry and animal husbandry is ignored, the blue WF estimation will be impacted by the dams and waterworks. Integrating the IOA and BGG to study the water footprint may be a worthwhile attempt.



The above BGG and IOA methods are mainly based on the concepts of Hoekstra and Mekonnen [2], and this kind of method is formulated by the water footprint network (WFN) [8]. Simultaneously the LCA-based WF is another potential methodology for WF calculation developed by the LCA community, and the ISO [49] introduced the water-scarcity weighted WF approach into the methodology recently. Both methodologies of WFN and LCA have the indirect goal to help people preserve water resources, however, both of them are used for different purposes [50]. The WFs by the WFN are purely volumetric, based on which researchers could analyse the sustainable, efficient and equitable allocation and use of freshwater in both local and global context with a product, consumption pattern or geographic focus. The LCA-based WF aims at quantifying potential impacts from depriving human users and ecosystems of water resources, as well as specific potential impacts from the emitted contaminants affecting water, through different environmental impact pathways and indicators. It focuses on the sustainability of products, with a comprehensive approach, whereby water is just one area of attention among others, such as carbon footprint, land use. While, volumetric WFs of WFN could be included as a pre-step in LCA, but are then weighted with water scarcity in order to evaluate impacts.



It is found that the 2002 WF decreased to a certain extent (Figure 5). According to China’s grain policy, the export of grain in the Yellow River basin has been increased significantly since 2002. The first industry net external WF is negative in 2002, whose absolute value is more than that of the secondary and tertiary industry, while the total net external water footprint is negative (Figure 6), and the total WF decreased in 2002. However, the secondary industry and tertiary industry are developing rapidly in the regain, total WF during 2002–2006 are showing an increasing trend. According to the meteorological data analysis [51], the precipitation occurs a mutation in crop growth season (April to August), 2002. The precipitation in 2002 is the maximum value during 1997–2006, affecting the agricultural irrigation water. Because the research focuses on the blue WF, so the weather is also the possible reason for the decrease of the calculated WF in 2002.



Water consumption data and our method have disadvantages that need to be improved in future research. First, production sectors use water differently, but the input–output table combines all sectors into three industries and neglects differences. Second, irrigation water was taken to analyse direct agricultural water consumption by IOA, while the efficiency coefficient for irrigation water in the examined watershed ranges from 0.3 to 0.55, so the loss is considerable. A smaller proportion of water withdrawal is actually consumed by the secondary and tertiary industries, and the other flows to nature. Water withdrawn in excess, e.g., due to inefficient irrigation, has not been but should be deducted from the water footprint, which should only include water consumed. Third, domestic water, which yields no economic benefit, is part of the WF. It was neither encompassed in the input–output table nor analysed here.



The RAS method is introduced to investigate variations over time. It extends the input–output table to illustrate changes in human demand for water and reveals changes in the structure of demand for water. It can deduce factors driving demand for water and provide a statistical basis for water resource management. When extending the input–output table, however, we must assume the substitution multiplier is consistent with the production multiplier and that assumption is counter-factual. Moreover, it overly simplifies the RAS method, yielding errors in the extension result. It is necessary to further identify the reliable information and improve the method.



There are various aspects of driving factors of the WF. For instance, it is concluded that it has a large proportion in the secondary industry, but discussion of specific industries is warranted. Conclusions might differ if different indexes were selected. Numerous methods are available for investigating driving factors; those influencing the WF can be analysed by trying other indexes and methods for comparative study.




4.2. Implications


The WF concept seeks to illustrate the hidden links between human consumption and water use [18] and how to reduce the WF by changing human consumption. Some studies have analysed WF by bottom-up and top-down method and have indicated that WF could be decreased by adjusting consumption patterns, especially diet [13]. WF of both consumption and capital accumulation are the main components of total WF, so which can also be reduced by altering capital accumulation structure. However, it is difficult to adjust the two structures.



It is more operational to lessen WF by reducing water consumption coefficients and adjusting industrial structures. Agriculture, which accounts for 70% of all water consumption in the basin, plays a main role in the primary industry. Agriculture mainly uses water directly with a low coefficient, especially in the upper reaches, where per capita WF and water consumption coefficients far exceed those in the lower reaches. The study only considered the irrigation water supply when analysed the agricultural water, while a large percent of crops water consumption is the green water which is ignored leading to a great influence on the results.



Upper provinces, such as Qinghai, Gansu, Ningxia and Inner Mongolia, occupy arid areas with scare water resources. The Yellow River is almost the only water source for regions along the river, where sufficient water can be drawn from the river easily and large areas of irrigation have been constructed, notably in Ningxia and Inner Mongolia. In these regions, irrigation is inefficient. For example, irrigation quota of irrigation area in Ningxia and Inner Mongolia is 18,759 m3/hm2 and 11,820 m3/hm2 respectively, and it is 2708 m3/hm2 and 4485 m3/hm2 in middle and lower reaches [52]. Crops need more water for dryness, but high agricultural water consumption via flooding irrigation and crops that demand more water (e.g., rice) account for 25% of the seeding area in Ningxia. Thus, it can save much direct water and reduce the water consumption coefficient of the primary industry by heightening agricultural water use efficiency and adjusting plantation structure.



IWCC occupies most of TWCC in the secondary and tertiary industries; the large proportion of IWCC is light industry, catering industry, etc. [29]. These sectors use output of the primary industry as raw materials, with which large amounts of virtual water transfers into the secondary and tertiary industry and whose IWCCs are heightened. Water consumption coefficients in these sectors can be decreased by using fewer products of primary industries that consume more water, for instance, using the lower WF raw materials, or importing the raw materials from the area with high utilization efficiency of water resources through virtual water trade.



When altering industry structure, according to the lower TWCC of the tertiary industry, the tertiary industry’s share in national economy could be added to reduce the regional water consumption. To alleviate scarcity of water, it is essential to reduce the proportion of the primary industry, but that can be done only if food production is assured in the Yellow River Basin, China’s main grain production area.



In the study, we focus on the dynamic analysis of WF based on the RAS and regression, and just consider the blue WF. For analysing the dynamic of green WF and grey WF, we would have to not only use the above methods, but also combine the process model, remote sensing technology and municipal and environmental data.





5. Conclusions


TWCCs of the three industries in the Yellow River Basin differ greatly and vary significantly among provinces. TWCC of the three industries in Ningxia is far larger than elsewhere. In addition, water consumption coefficients of areas in the river’s upper reaches are generally higher. Tertiary industries and the lower regions of the basin consume water more efficiently.



During the research period, the proportion of net external WF in the total WF of the basin rose from 1.6% initially to 17.9%. The exported virtual water is mainly attributable to agriculture, which constituted more than 40% of water consumption in 2006. The imported virtual water is mainly in the industry, constituting 11.4% of the WF in the secondary industry in 2006. The proportion of final consumption of WF in the total declined constantly in the research period from 54.2% to 41.9% since the consumption rate of the gross national product declined.



In addition, distribution of WF of the final consumption and capital formation in industries differ. The primary industry was dominated by final consumption, whereas the secondary industry was dominated by capital formation. The distribution of total WF in three industries was dominated by the secondary industry, and the proportion of WF of three industries during the research period was relatively stable, with the secondary industry maintaining around 50%.



Apparently, the WF is affected by many socio-economic factors. The proportion of the secondary industry was in the most evident positive correlation with the WF, followed by irrigation area, meat consumption per capita, water consumption per 10,000-yuan increase in added value and population. Obviously, economic scale, population scale and irrigation scale stimulate demand for water. Generally, the unit food output of three industries considerably impacts water resources. However, our analysis indicates that the secondary industry cannot be ignored. The WF of secondary industries along the Yellow River basin is the greatest since mining, metal smelting and power generation take up a huge percentage, followed by textiles, with agricultural products as raw materials indirectly consuming considerable quantities of water. The adjustment of the internal structure of the secondary industry and increase in the proportion of the tertiary industry may restrain growth of the WF. Figures for meat consumption show that consumption by residents along the Yellow River basin will affect demand for water.



In this study, the RAS method is introduced for developing the IOA to study the time variation of WF, and the time series analysis of WF is improved. The method is extended to analyse the WF, which is not only able to explain the change of human’s demand for water resources, but also reveals the change of water resources demand structure from the deep level. Based on the time series of the WF, the driving factors that influence the water resources demand can be deduced, which provide the scientific basis for the management of water resources.
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Figure 1. The studied nine provinces (municipalities) in the Yellow River Basin. 
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Figure 2. Water consumption coefficients of the Yellow River Basin (m3/104 Yuan). Note: 1, 2 and 3 in abscissa stand for the primary, secondary and tertiary industries, respectively. 
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Figure 3. Water footprint (WF) distribution proportion of the Yellow River Basin (m3/104 Yuan). Note: 1, 2 and 3 in abscissa stand for the primary, secondary and tertiary industries, respectively. 
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Figure 4. Water footprint (WF) of the Yellow River Basin in 2002 (billion m3). 
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Figure 5. Variation of total WF and per capita WF of consumption in the Yellow River basin from 1997 to 2006. 
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Figure 6. Variation of the net import water footprint (WF) of the Yellow River basin from 1997 to 2006. 
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Figure 7. Comparison between the actual value and the predicted value of WF based on the linear regression. 
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Table 1. Water Footprint (WF) input–output table of the Yellow River Basin.
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Output

	
Intermediate Product

	
Final Use

	
Exports

	
Imports

	
Gross Output




	
Input

	






	
Intermediate input

	
xij

	
fi

	
ei

	
mi

	
xi




	
Value added

	
cj

	
-

	
-

	
-

	
-




	
Total inputs

	
xj

	
-

	
-

	
-

	
-




	
Water consumption

	
wj

	
-

	
-

	
-

	
-
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Table 2. Per capita water footprint (WF) of the Yellow River Basin in 2002 (m3/cap/year).
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City

	
Per Capita WFrural

	
Per Capita WFurban

	
Per Capita WFwhole






	
Qinghai

	
256.0

	
205.4

	
538.9




	
Gansu

	
146.7

	
383.4

	
490.2




	
Ningxia

	
396.6

	
918.0

	
1177.4




	
Inner Mongolia

	
158.2

	
918.8

	
541.7




	
Shaanxi

	
53.2

	
132.8

	
169.0




	
Shanxi

	
53.4

	
126.9

	
161.5




	
Henan

	
47.7

	
148.8

	
170.0




	
Shandong

	
36.7

	
132.9

	
168.7




	
Sum

	
71.2

	
225.3

	
247.1








Notes: Per capita WF in the third columns includes WF of habitant consumption, government consumption and capital accumulation denoted as WFwhole; and the first two columns include WF of rural and urban habitants consumption denoted as WFrural and WFurban, respectively.
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Table 3. Net external WF of the Yellow River Basin in 2002 (billion m3).
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City

	
Primary Industry

	
Secondary Industry

	
Tertiary Industry

	
Sum






	
Qinghai

	
0.18

	
−0.06

	
0.22

	
0.35




	
Gansu

	
−0.21

	
1.58

	
−0.07

	
1.30




	
Ningxia

	
−1.41

	
0.71

	
0.36

	
−0.34




	
Inner Mongolia

	
−5.39

	
1.91

	
−0.17

	
−3.65




	
Shaanxi

	
−1.09

	
0.72

	
−0.02

	
−0.39




	
Shanxi

	
0.17

	
0.15

	
0.00

	
0.33




	
Henan

	
0.41

	
−0.96

	
0.03

	
−0.52




	
Shandong

	
−1.01

	
−0.55

	
−0.03

	
−1.58




	
Sum

	
−8.35

	
3.51

	
0.34

	
−4.51
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Table 4. Correlation coefficient between the total water footprint (WF) and the indexes.
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Indexes

	
Correlation Coefficient






	
Population

	
0.635 *




	
GDP

	
0.778 **




	
Food output

	
0.407




	
Industrial added value

	
0.807 **




	
Proportion of the secondary industry

	
0.772 **




	
Water consumption per unit grain

	
−0.658 *




	
Water consumption per 10,000 Yuan of incremental industrial value

	
−0.588




	
Capital formation

	
0.821 **




	
Meat consumption per capita

	
0.650 **




	
Food consumption per capita

	
0.751 *




	
Irrigation area

	
0.670 *








Notes: ** Correlation is significant at the 0.01 level; * Correlation is significant at the 0.05 level.
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Table 5. Factor load matrix after rotation.







Table 5. Factor load matrix after rotation.







	
Indexes

	
Main Factor 1

	
Main Factor 2






	
Population

	
0.971

	
−0.077




	
GDP

	
0.896

	
0.436




	
Food output

	
0.847

	
0.518




	
Industrial added value

	
0.886

	
0.425




	
Proportion of the secondary industry

	
0.614

	
0.713




	
Water consumption per unit grain

	
0.974

	
0.209




	
Water consumption per 10,000 Yuan of incremental industrial value

	
0.829

	
0.545




	
Capital formation

	
0.864

	
0.418




	
Meat consumption per capita

	
0.844

	
0.513




	
Food consumption per capita

	
0.914

	
0.145




	
Irrigation area

	
0.971

	
−0.077
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Table 6. Linear regression model coefficient of WF.







Table 6. Linear regression model coefficient of WF.







	
Indexes

	
Non-Standardized Regression Coefficient

	
Standardized Regression Coefficient






	
Population

	
0.147

	
0.628




	
GDP

	
0.007

	
1.461




	
Proportion of the secondary industry

	
46.190

	
1.053




	
Water consumption per 10,000 Yuan of incremental industrial value

	
8.148

	
3.933




	
Meat consumption per capita

	
1.000

	
0.664




	
Irrigation area

	
0.213

	
1.008




	
Constant

	
−11,986.274

	
---




	
Correlation Coefficient (R2)

	
0.999




	
Value of F-test

	
398.113




	
p-value

	
0.0002
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