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Abstract

:

The development of metropolitan cities inevitably relies on natural resources beyond their boundary through trade of materials and products, particularly within the same urban agglomeration. Meanwhile trade facilitates the optimization of resource allocations under scarcity, among cities and sectors, and therefore generates economic gains. This study constructs an economic evaluation model combining a Multi-Regional Input-Output model and a Data Envelopment Analysis (DEA) to quantify the economic impacts of virtual water trades among the 13 cities in the JingJinJi region (China national capital area), one of the most water-scarce regions in China. We found that the total virtual water trade among the 13 cities amounted to 927 million m3 in 2012, among which agricultural sectors contributed 90% while the industrial sector and service sector together made up the remaining 10%. While Beijing and Tianjin are the main virtual water importers, importing respectively 300.48 and 226.92 million m3 in 2012, Shijiazhuang was the largest virtual water exporter, exporting 173.29 million m3 virtual water in the same year. Due to their more advanced economic conditions, Beijing and Tianjin also have the highest shadow prices of water, at respectively 912.21 and 831.86 CNY per m3, compared to a range of 79.31 to 263.03 CNY per m3 in cities in Hebei. Virtual water flows from cities in Hebei to Beijing and Tianjin thus generate economic gains. It is estimated that virtual water trades in the JingJinJi region have generated a net economic gain of 403.62 billion CNY in 2012, particularly owing to trades of agricultural products from Shijiazhuang to Beijing and Tianjin.
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1. Introduction


Water is not only essential to supporting human lives, but also critical to providing an indispensable input to different social economic sectors, including agriculture, industries, domestic, service, and the natural environment. The sustainable use and management of the finite water resources is therefore fundamental to realize the United Nation’s Sustainable Development Goals [1,2], which requires making wise and informed trade-off decisions among the various rising competing demands. The case of China and especially its water-scarce northern regions is a manifestation of such an emergent water crisis engendered by rapid social economic development. During the last couple of decades since its opening and reform policy, China has experienced unprecedented economic growth, elevating its per capita income by nearly 30-fold to 70,891 CNY (amounting to 10,276 USD) in 2019 [3]. Consequentially, water demands have also increased significantly and put increasing pressure on its finite water resources [4,5]. Such challenges are particularly pronounced in the JingJinJi (Beijing-Tianjin-Hebei) Urban Agglomeration where less than 0.7 percent of the national water resources are used to support 10 percent of the national GDP, 8 percent of the population and 6 percent of the crop production [3,6].



The JingJinJi region (referred to as JingJinJi region), where the national capital Beijing is located, includes 13 municipalities in total (i.e., Beijing, Tianjin, Shijiazhuang, Tangshan, Qinhuangdao, Handan, Xingtai, Baoding, Zhangjiakou, Chengde, Cangzhou, Langfang, and Hengshui). It is not only the political and cultural center of China, but also the economic engine of the northern regions. Since the national strategy of ‘JingJinJi coordinated development’ was put forward in 2014, the region has experienced rapid social economic development. However, the water resource limit has gradually become the bottleneck of further sustainable development, with increasing water degradation issues brought by heightened human activities [7]. In order to alleviate their deteriorating water pressures, cities in the JingJinJi region have been increasingly utilizing virtual water inflows from both within and outside of the region, especially Beijing [8]. According to Zhao et al. [9], Beijing and Tianjin are both virtual water net recipients while cities in Hebei are net virtual water exporters through exporting agricultural and manufactural products. Net virtual water imports account for 81 and 89 percent of the total water consumption in Beijing and Tianjin respectively [10].



Virtual water was a concept first developed by Tony Allan to quantify the freshwater resources that are consumed or transformed in order to produce certain amounts of commodities or services at their point of origin [11]. Hoekstra and his group later developed the concept of ‘water footprint’ to quantify the virtual water throughout the life cycle from the perspective of final consumption [12,13]. While virtual water imports, through embodiment in agricultural products [14], are also crucial for the final consumption, especially food and energy security, in arid regions, such as the Middle East [15,16], as well as China’s water-scarce northern regions, virtual water exports are exerting increasing water pressures in the cities where production activities are located and have generated negative externalities that are often not accounted for [17]. According to Cai et al. [18], water use efficiency improvement in virtual water exporting regions and water consumption structural changes in importing regions are the two main causes for changes in virtual water trades. As Wichelns pointed out [19], water endowment is rarely considered as a comparative advantage in forming trade patterns, in particular, water’s multiple values are not fully considered in its pricing systems. The economic impacts of virtual water trades are not well understood. While the economic development, water endowment and water use efficiency all vary substantially among the 13 cities in the JingJinJi region, with per capita water resource availability varying from 71 to 693 m3 and water use per GDP of ten thousand CNY varying from 14 to 135 m3 [20], when virtual water flows from less economically developed regions to more economically developed regions and the internal water resources in those more economically developed regions can be used for higher value-added purposes, virtual water flows could generate net economical gains, and vice versa.



In order to better understand the economic impacts of virtual water trades from a regional perspective and improve the coordinated development of the whole JingJinJi region, it is useful to introduce the concept of shadow price of water, which, despite its various definitions in the literature, essentially represents the marginal contribution or benefit of water to societal objectives under the optimal allocation of water among different competing demands [21,22,23]. Data Envelopment Analysis (DEA), developed by Charnes et al. [24], has been widely used to evaluate the allocation efficiency and total efficiency of resources [25,26,27,28]. DEA can be used to evaluate the water use efficiency of certain regions and therefore can be used to estimate the shadow price of water under the most optimal allocation scenario [29].



This study constructs an economic evaluation model based on the Input-Output model and DEA to evaluate the economic impacts of virtual water trades among the 13 cities in the JingJinJi region based on the shadow price of water. First, virtual water trades, both in terms of volume and sector structure, are mapped out using a Multi-Regional Input-Output model. A DEA is then conducted to evaluate the allocation efficiency of water resources and, based on which, the regional economic impacts of virtual water flows are quantified based on the shadow price of water. This work makes the following main contributions to the existing literature by:




	i.

	
highlighting the overlooked economic impacts of increasing virtual water trades using the concept of water’s shadow prices;




	ii.

	
establishing a novel framework linking the Multi-regional Input-Output model with Data Envelopment Analysis to evaluate the economic impacts, both co-benefits and trade-offs, of virtual water trades;




	iii.

	
using China’s water-scarce but economically vibrant Jingjinji Metropolitan area as an example to apply such a framework and put forward policy recommendations. Relevant results can better reveal the potential economic value of virtual water trade for the JingJinJi region, and thus provide a scientific basis for relevant policy decisions.










2. Materials and Methods


2.1. Study Area


With a territorial area of 218,000 km2 and a total population of 113.1 million, the JingJinJi region, where the national capital Beijing is located, is not only the political center of China, but also an important growth engine in the eastern part and a strategic area for regional integrated development. The plan of the "Beijing-Tianjin-Hebei integration" was issued in 2014 with the aim of achieving synergistic development and complementary advantages among cities within this region. As a direct result, intra-region economic and social exchanges among cities have substantially increased, so to the embodied virtual water flows. In 2019, JingJinJi region achieved a regional GDP of 8458 billion CNY, with 4.5% for agricultural sector, 28.7% for industrial sector, and 66.8% for service sector (National Bureau of Statistics, 2020). At the same time, significant development disparity exists within this region among different cities, with per capita GDP amounting to 164,220 CNY in Beijing (Jing) and 90,371 CNY in Tianjin (Jin), in contrast to merely 46,348 CNY in Hebei (Ji), almost one fourth of that in Beijing.



Meanwhile, the JingJinJi region faces pressing resource-based water scarcity. In 2019, the total regional water resources amounted to 18.54 billion m3, with per capita water resource availability in Beijing, Tianjin and Hebei at 119.8, 85.1 and 192.7 m3 per capita respectively, which is only 5%, 4% and 9% of the national level (The Ministry of Water Resources of China, 2020). Water resource per capita in the JingJinJi region is the lowest in China, even lower than some countries in the Middle East and North Africa region. According to the UN definition, the JingJinJi region faces extreme water scarcity (water resource per capita lower than 500 m3). In short, the JingJinJi region supports 8% of the country’s population and 9% of the country’s total economic output with only 1% of the country’s water resources, demonstrating the acute water scarcity this region is facing.




2.2. Multi-Regional Input-Output (MRIO) Model


The Multi-Regional Input-Output (MRIO) model [30] is an extension of the Single-Region Input-Output model and is widely used to trace the embodied resources among inter-regional trade of commodities and services [31,32]. The MRIO table in 2012 with 13 cities in the JingJinJi region and 31 sectors was obtained from the 2012 Nested Hebei Cities-Chinese Province MRIO [33].



The MRIO model can be expressed by the following equation:


      x =      I  −  A      − 1   y      



(1)




where     x    indicates the aggregate vector of output for all regions;     I    is an identity matrix;  A  is the aggregate cross-regional direct requirement coefficient matrix;  y  refers to the aggregate cross-regional final consumption vector.



The virtual water export (  vwe  ) and virtual water import (  vwi  ) from region  p  to other regions can be calculated as follows:


        vwi  p  =    ∑   r ≠ p     d q      I −  A  pp       − 1     er   pq        



(2)




where    A  pp     is the technical coefficient of domestic intermediate inputs of region  p ;     er   pq     is the imports from region  p  to region  q ;  d  indicates a vector of water withdrawal coefficients and consists of the direct water consumption intensity of each sector, which can be obtained from the Annual Statistic Report on Environment in China [34] and the China’s Provincial Water Resource Bulletins [35].




2.3. Data Envelopment Analysis


The definition of shadow price is derived from residual valuation [36], which is based on the assumption that all inputs are applied according to their market price. In other words, shadow price measures the maximum value of a limited resource at the optimal allocation condition. Data Envelopment Analysis (DEA) is a common method to measure the water use efficiency and can be employed to calculate the shadow price of virtual water.



DEA is a linear programming method based on the Pareto optimal principle [24,37,38]. It can be expressed as follows:


  min   θ − ε    e T   S −  +  e T   S +      ,   s . t .         ∑   j = 1  n   λ j   x  i j   +  S i −  = θ  x  i 0           ∑   j = 1  n   λ j   y j  −  S +  =  y 0          ∑   j = 1  n   λ j  = 1        λ j  ≥ 0 , j = 1 , 2 , 3 , … , 30        S −  ≥ 0 ,  S +  ≥ 0        



(3)




where    x  i j     is the input  i  of the    j  t h     decision making unit;  y  refers to the output;  λ  is the Lagrange multiplier;     S +    and    S −    are respectively the output slack variable and input slack variable, which represents redundant inputs and insufficient output, respectively;  ε  indicates the non-Archimedean infinitesimal, which is a constant number (  ε =   10   − 6    );  θ  is the efficiency of the decision unit (  0 < θ < 1  ). When  θ  = 1 and    S −  =  S +  = 0  , the decision-making unit is in an effective state, indicating that the water efficiency (economic benefit) has reached the optimal level.



Total population, total investment in fixed assets (namely capital) and total water consumption of the 13 cities are three inputs, and regional GDP is one desirable output. The data are collected from China Statistical Yearbook and Hebei Economic Yearbook [38,39].




2.4. Estimating Shadow Price


Based on our definition, the shadow price of virtual water can be calculated as the ratio between the net return from virtual water (i.e., the final consumption expenditure) and the total amount of water used (i.e., total water consumption) [40,41,42]. The formula is shown below:


       S P =   θ ×    E C          



(4)




where   θ    is the water use efficiency of each region obtained from DEA (Equation 4);  E  refers to the regional GDP (CNY);  C  represents the total water consumption (m3). The ceiling value of the shadow price is   E / C   when   θ = 1  .



Then, the economic values embodied in virtual water flows can be estimated as below:


       E V  W  p q   =   S  P q  − S  P p    ×  E  p q         



(5)




where   E V  W  p q     represents the potential economic value embodied in the virtual water flow from region  p  to    q  ;   S  P q    and   S  P p    are the shadow price of water resources in region  p  to    q  ;    E  p q     refers to net flow of virtual water from region  p  to    q  . Positive values of   E V W   indicate economic gains while negative values indicate economic losses.




2.5. Data Section


This work is focused on blue water, which includes surface and groundwater resources. Since there is increasing usage of reclaimed water and desalinated water in China’s water scarce north, future studies are recommended to include a variety of water sources.



The MRIO table in 2012 with 13 cities in the JingJinJi region (i.e., Beijing, Tianjin and 11 cities in Hebei province) and 31 sectors was obtained from the 2012 Nested Hebei Cities-Chinese Province MRIO [33]. A partial survey-based multiple-layer framework for MRIO table compilation of a Chinese province that distinguishes city-based regions was used in the previous study [33]. A nested Hebei-China city-level MRIO table was then compiled. Due to data limitation, this study adopted the same assumption as Zheng et al. [33], aggregating three energy-producing sectors, i.e. electricity, heating and water supply, and applying unified water intensity parameters for those three sectors. The water intensity differences of those three sectors are not expected to have significant impacts on the results in this study as they together only made up 4% of the total societal water consumption in 2012. However, future studies in greater detail are recommended upon necessary data becoming available.



The primary contribution of this work is to establish a methodological framework to evaluate virtual water trades’ impacts on economies using the concept of water’s shadow prices. This approach is applied in China’s water-scarce yet economically vibrant Jingjinji metropolitan region as an example, while the latest city-level input-output data in this region are from 2012.





3. Results


3.1. Net Virtual Water (VW) Flows within JingJinJi Region


Figure 1a demonstrates the virtual water flows among the 13 cities in the JingJinJi region. Among which, Beijing (300.48 million m3), Tianjin (226.92 million m3), Handan (41.05 million m3), Langfang (28.22 million m3), and Tangshan (18.12 million m3) are five net virtual water receivers, whereas Shijiazhuang was the largest virtual water exporter, exporting 173.29 million m3 virtual water in 2012. Figure 1b–d demonstrate respectively the virtual water flows of different sectors (Agriculture, Industry and Service) among the 13 cities. Shijiazhuang is also the largest agricultural virtual water exporter, exporting 163.11 million m3 embodied in agricultural products, whereas the largest two receivers were Beijing and Tianjin, importing 294.35 and 189.06 million m3 of agriculture-embodied virtual water. Tangshan was the largest virtual water exporter in terms of industrial sector, exporting 20.46 million m3. On the other hand, Tianjin was the largest virtual water receiver in the industrial sector (36.04 million m3) but has exported 0.20 million m3 in service sectors. Beijing contributed the most service-embodied virtual water (3.68 million m3).



The total virtual water flows among the 13 cities in the JingJinJi region amounted to 927 million m3 in 2012, among which agricultural sectors occupied 90 percent (879.32 million m3) while the industrial sector (96.61 million m3) and service sector (5.21 million m3) together made up 10 percent, which is unsurprising given the high water intensity of agricultural products.




3.2. Heterogeneity of Water Shadow Price among Cities


Being the largest virtual water importer, Beijing and Tianjin imported respectively 300.48 and 226.92 million m3 of virtual water from cities in Hebei as shown in Figure 2. At the same time, water resources in Beijing and Tianjin have the highest shadow prices at 912.21 and 831.86 CNY per m3, due to its much more developed social-economic conditions. Water’s shadow price in cities in Hebei ranges from 79.31 CNY per m3 in Baoding to 263.03 CNY per m3 in Tangshan. Although Handan has a low shadow price (86.30 CNY per m3) for water, it still imported over 41.05 million m3 of virtual water through trades in 2012, indicating inefficient virtual water flows.




3.3. Potential Economic Benefits Induced by Intercity Virtual Water Flow


In total, 78 virtual water flows have been identified with 50, from cities with low water shadow price to cities with high water shadow price, generating economic gains and 28 generating economic losses as shown in Figure 3. In total, virtual water flows in the JingJinJi region have generated net economic gains of 403.62 billion CNY. The majority of the economic gains come from virtual water flows into Beijing and Tianjin, where the water’s shadow prices are significantly higher due to its high opportunity cost in the much more developed economic systems. Economic gains were primarily generated from virtual water flows to Beijing (197.16 billion CNY), accounting for 48 percent of the total economic gains (409.98 billion CNY). The top three economically beneficial virtual water flows are from Shijiazhuang to Beijing, from Shijiazhuang to Tianjin, and from Baoding to Tianjin, generating 51.06, 34.37 and 34.24 billion CNY economic gains respectively. In contrast, virtual water flows from cities with high water shadow price, such as Tangshan, to cities with relatively low water shadow price have incurred total economic losses of 6.38 billion CNY in 2012. For example, virtual water flows to Handan have incurred economic losses or 2.42 billion CNY, which is to say, in terms of water resource allocation, it is more economically viable for Handan to produce those services with internal water resources than to import services from other cities that consume their limited water resources that have relatively high shadow prices.





4. Discussion


4.1. Shadow Price of Water


Shadow price is often viewed as the ‘real’ or ‘true’ economic value of water, which represents the economic value that can be produced with one marginal unit of water input, under the optimal allocation of resources. It is therefore unsurprising that shadow prices of water in Beijing and Tianjin are much higher than that in other cities in the region since the high value-added service sectors are primarily located within these two cities while the relatively water-intensive but low value-added agricultural sectors are located in the other cities. Therefore, virtual water flows from the other 11 cities to Beijing and Tianjin are able to (i) save Beijing and Tianjin’s internal water resources for higher value-added activities; (ii) generate economic benefits in the virtual water exporting cities, and (iii) generate overall economic gains on the regional level. However, it should be noted that the determination of shadow prices is often difficult and static, not being able to reflect the changing social-economic contexts. With increasing water demands but finite water resources and thus increasing water scarcity levels, shadow water prices in those virtual water exporting cities are also growing and should be considered.




4.2. Considering Economic Impacts of Virtual Water Trades


Since water tariffs are often lower than the shadow prices of water, indicating water is not allocated at the economically optimal level, virtual flows of water may also incur economic losses and are therefore not economically viable, such as exporting virtual water from Shijiazhuang to Handan. Therefore, it would be more economic viable for Handan to consume agricultural products grown with local water resources than to import agricultural products from Shijiazhuang. Although it is understandable that the price of water is often not a key consideration nor determining factor in inter-city trades, government may consider increasing water tariffs to be as close as possible to water’s shadow prices to reflect the scarcity of water. Future economic sector layout should also consider the availability of water as an important determinant. However, it should be noted that the determination of water’s shadow price is often data demanding and evidence-driven, which is often lacking, especially in less developed regions. The calculation of shadow price also embeds many methodological uncertainties and therefore the application of shadow price in policy formulation should be made with caution.




4.3. Water’s Multiple Values beyond Economic Values


Even shadow price does not reflect the multiple values of water well beyond its economic uses, including environmental and cultural values for example. While Beijing and Tianjin’s continuous economic growth and social development will inevitably generate increasing water footprints beyond their administrative boundaries, the virtual water exporters in this region, i.e., the other 11 cities, are also facing different levels of water scarcity. Deteriorating water scarcity imposes increasing pressures on the environment, ecosystems, and cultural traditions, as well as inhabitants’ well beings that rely on water. However, those externalities are not reflected in the shadow price accounting, which does not mention the exiting water tariffs. Without considering those externalities, increasing virtual water trades create environmental and social injustice associated with water. It is therefore important to either include water’s multiple values into future economic analysis or to facilitate different types of compensation schemes, through fiscal transfer, technological cooperation, talent exchange and so on, to provide compensation from those virtual water importing cities to the exporting ones to compensate for the environmental and social losses that are not accounted for in the market prices.





5. Conclusions


This study constructs an economic evaluation model combining a multi-region Input-Output model and DEA to evaluate the economic impacts of virtual water trades among the 13 cities in the JingJinJi region. A Multi-Regional Input-Output model is first used to quantify the virtual water trades, both inflows and outflows, among the 13 cities within the JingJinJi region. It was found that the total virtual water trades among the 13 cities amounted to 927 million m3 in 2012, among which agricultural sectors occupied 90 percent while the industrial sector and service sector together made up the remaining 10 percent. While Beijing and Tianjin are the main virtual water importers, importing respectively 300.48 and 226.92 million m3 in 2012, Shijiazhuang was the largest virtual water exporter, exporting 173.29 million m3 virtual water in the same year. A DEA was then conducted to evaluate the allocation efficiency of water resources in order to estimate the shadow prices of water in the 13 cities. As the largest virtual water importers, Beijing and Tianjin have the highest shadow prices at 912.21 and 831.86 CNY per m3. It is estimated that, in 2012, virtual water trades in the JingJinJi region generated net economic gains of 403.62 billion CNY.
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Figure 1. Net virtual water flows in JingJinJi region. (a) Net virtual water flows among different cities; (b) net virtual water flows of the agricultural sector; (c) net virtual water flows of the industrial sector; (d) net virtual water flows of the service sector. 
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Figure 2. The net virtual water imports and water shadow prices of JingJinJi region. The background color indicates the shadow prices of JingJinJi region, and a darker color shows a higher shadow price. The bubbles indicate the net virtual water flows, and the red color refers to a net import while the bule color refers to a net export. 
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Figure 3. Virtual water flows with net economic gains (a) and net economic losses (b). The order of the provinces is clockwise, starting from Beijing, according to shadow price (from high to low). A red color indicates a high shadow price while a blue color indicates a low shadow price. 
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