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Abstract

:

Inter-basin water transfer project is an effective engineering countermeasure to alleviate the pressure of water supply in water-deficient areas and balance the uneven distribution of water resources. To assess the impacts of inter-basin water transfer projects on optimal water resources allocation, an integrated water resources management framework is proposed, and is applied to the middle and lower reaches of the Hanjiang River Basin in China. Firstly, future water demands are analyzed as inputs. Then, a multi-objective water resources allocation model is formulated mitigating the negative impacts of water transfer projects on downstream water quantity and quality by using the non-dominated sorting genetic algorithm-II (NSGA-II). Finally, the indicators of water supply reliability, vulnerability and resilience are evaluated under different scenarios of inter-basin water transfer projects. The results indicate that: (1) the reliability and resilience of the water donor system will be gradually reduced while the vulnerability will be increased with the expansion of water transfer projects and the increase of water demand, (2) water supply risk is likely to increase in all zones (because zones at the boundary cannot obtain sufficient water due to limitations of local inflow and reservoir operation, while the amount of water available in the zones along the mainstream river is directly decreased by the water transfer projects), (3) more water supply measures and compensation measures will need to be implemented in the water donor areas. The framework proposed in this study to evaluate the comprehensive impact of inter-basin water transfer projects is conducive to water resources management.
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1. Introduction


Due to the uneven spatial and temporal distribution of water resources, fresh water is an increasingly scarce natural resource in water-deficient areas [1]. What is more, human demand for water resources has increased dramatically because of the growth of population and the rapid expansion of industry and agriculture [2]. All of which have created conflicts between water supply and demand, and competition among different water use sectors has become increasingly serious in water resources management [3,4]. This has led to increased pressure on water resources, and increased risks to the water supply. The growing threat of unsatisfactory water demand and the need for sustainable economic social development of water-deficient areas present challenges to water resources managers [5].



Implementation of water transfer projects could be an effective engineering countermeasure, improving the water resources guarantee ability by artificially re-allocating water and thus mitigating the uneven distribution of water resources and balancing the inter-basin water resource development [6,7]. Many large-scale inter-basin water transfer projects have been implemented and planned in China, transferring part of the water from water-abundant basins to water-deficient basins, such as the Yellow River Project [8] and the East, Middle and West Route for the South-to-North Water Transfer Project [9,10,11]. The implementation of these water transfer projects involves complex water diversion works, long tunnel construction, large-scale water pumping, and reservoir operation. Their impacts on socio-economic and environmental systems are so great that they cause widespread concern in society. As well as playing an important supporting and safeguarding role in promoting economic and social development in the water receiving areas, any inter-basin water transfer system can also have complex physical, chemical, hydrological and biological implications for both the donor and receiving areas [12,13]. Undoubtedly, it is very important to thoroughly assess the potential impacts of the proposed water transfer projects.



Substantial studies have assessed the impacts of inter-basin water transfer projects implemented across the world [14]. However, most of these studies emphasize the impacts on biodiversity conservation [15,16,17] or the impacts on the water quality in the water receiving system [13,18,19]. Few of them assess the quantitative impacts of large-scale inter-basin water transfer projects on the water donor system, especially on the downstream of the intake after water diversion in the upstream [10]. In addition, water resources systems depend on various independent aspects, such as economic, social, and natural factors [20]. Thus, water resources allocation must take into account multiple objectives involving social, economic, environmental and political tasks, along with the improvement of living standards and the expansion of industrial water use [21,22]. Most studies only focus on a single goal when optimizing the allocation of water resources after a great quantity of water is transferred out of the water donor area, such as the minimization of water shortages [10] or maximizing the ratio of water supply [23], ignoring the other possible impacts. Therefore, a quantitative assessment of inter-basin water transfer projects based on a multi-objective optimal allocation of water resources in water donor areas is required and will allow the implementation of measures to alleviate the negative impacts on the water donor system.



This study proposes a multi-objective optimal water resources allocation model in the water donor areas to assess the impacts of inter-basin water transfer projects on water resources allocation. Water demand for each water user sector is analyzed to provide the inputs to the water resources allocation model. Then the multi-objective optimal water resources allocation model is built, which considers water shortages and the amounts of organic pollutants in water in the middle and lower reaches of the Hanjiang River basin. Lastly, the impacts of water transfer projects are analyzed by evaluating the performance indexes of the water donor system under different water transfer scenarios.



The remainder of this paper is organized as follows. Section 2 introduces the water transfer projects and water donor areas in the Hanjiang River basin. Section 3 describes the methodology used in this study. Section 4 presents the water resources allocation results using NSGA-II, and discusses the impacts of inter-basin water transfer projects on water resources allocation in the middle and lower reaches of the Hanjiang River basin, followed by Section 5 where conclusions are drawn.




2. Study Area and Data


2.1. Water Transfer Projects in the Hanjiang River Basin


The Hanjiang River is the largest tributary in the middle reach of the Yangtze River and serves as a water source for the middle route of China’s South-to-North Water Transfer Project. The whole basin is divided into the upper and the mid-lower reaches by the Danjiangkou Reservoir. Despite its relative abundance of water, with mean annual precipitation ranging from 700 to 1800 mm, the sub-tropical monsoon climate and the varying topography result in dramatic spatial–temporal diversity of water resources distribution. The Hanjiang River basin has long suffered from extremely uneven distribution of annual rainfall and runoff. The total trends of mean annual precipitation and runoff all decrease from southeast to the northwest.



As an important engineering measure to alleviate the uneven distribution of water resources, inter-basin water transfer project has long been used to solve the problem of water shortages in water-deficient areas. There are three water transfer projects implemented in the Hanjiang River basin as shown in Figure 1. The South-to-North Water Transfer Project (P1), which delivers water from the Danjiangkou Reservoir to Beijing and Tianjin metropolitans, the Hanjiang-to-Weihe Water Transfer Project (P2) and the Qingquangou Water Transfer Project (P3). A brief description of these water transfer projects and their projected annual mean water transfers are shown in Table 1, which is based on the Integrated Water Resources Planning of Hanjiang River Basin.



According to Table 1, water diverted through the South-to-North Water Transfer Project and the Hanjiang-to-Weihe Water Transfer Project in 2020 will be 9.5 and 1.0 billion m3, of which about 8.5 and 1.0 billion m3 will be transferred outside the Hanjiang River basin, respectively. Meanwhile, water diverted through the Qingquangou Water Transfer Project will be 0.628 billion m3. Longer-term, in 2030, annual water transfer demands of the three water transfer projects (from P1 to P3) will become 13.13, 1.5 and 1.398 billion m3, respectively. And of which about 12.05, 1.5 and 0.291 billion m3 water will be transferred outside the Hanjiang River basin, respectively. All of these water transfer projects will directly decrease the amount of water available in the water donor area, which may increase the water supply risk in the middle and lower reaches of the Hanjiang River basin.




2.2. Study Area


Danjiangkou Reservoir is the boundary of the upper and mid-lower reaches of the Hanjiang River basin, and the water is fed directly to the middle route of the South-to-North Water Transfer Project [24]. As the outflow of the upper region is the inflow of Danjiangkou Reservoir, the water availability in the middle and lower reaches of the Hanjiang River basin is directly impacted by the transfer projects and the reservoir’s operation. Therefore, the middle and lower reaches of the Hanjiang River basin is a very useful case study to help assess the impact of inter-basin water transfer projects. This area is located between 110°E–114°E and 30°N–34°N, with a drainage area of 63,800km2, including the cities of Shennongjia, Shiyan, Xiangyang, Jingmen, Xiaogan, Tianmen, Xiantao, Qianjiang, and Wuhan, and the districts under their jurisdictions. The spatial distribution of land use/cover types in the middle and lower reaches of the Hanjiang River basin has obvious topography and regional differences. The main types of land use are forest, farmland, and grassland, followed by the construction land, water body and bare land.



According to the intersections of watersheds, administrative county regions, reservoirs and hydrological stations, the middle and lower reaches of the Hanjiang River basin is further divided into 28 operational zones to construct the optimal water resources allocation model of water resources, as shown in Figure 2. Besides, 17 large or medium-sized reservoirs distributed along the mainstream of the Hanjiang River are taken into account in this study. The spatial distribution of the zones and the reservoirs is shown in Figure 2.




2.3. Data


Three sets of data are used in this study: hydrological data, water demand data series, and the basic characteristics and operation rules of the reservoirs.



(1) Hydrological data



Hydrological data is used to identify available water resources. The historical runoff data series of each operation zone and the inflows of reservoirs from 1956 to 2010 are collected from the hydrological almanacs compiled by the Bureau of Hydrology, Changjiang Water Resources Commission in China [25]. It should be noted that the closest meteorological station to an operation zone is chosen to represent the natural water resources abundance of that zone for each year.



(2) Water demand series



In this study, four types of water user sectors (domestic, industry, agriculture, and in-stream ecology) are considered. The priority of water supply in the four water user sectors is: in-stream ecology, domesticity, industry and then agriculture. It should be noted that the off-stream ecological water demand is contained in the domestic water demand.



Water demand scenarios, water consumption ratios, and social-economic development projections for each zone are collected from the report on the comprehensive management plan on water resources for the Hanjiang River basin [25], which was compiled by the Changjiang Water Resources Commission and approved by the local authorities.



(3) Information on reservoirs



There are 17 large or medium-sized reservoirs in the study area. Their basic characteristics (Table 2), operation rules and downstream river ecological demands are extracted from the Dispatching Schedules of Hubei Provincial Large Reservoirs, compiled by the Hubei Provincial Department of Water Resources [26].





3. Methodology


In this study, we propose a comprehensive water resources management model to evaluate the impacts of the inter-basin water transfer projects on the water donor areas. The proposed methodology consists of four parts: (1) analyzing water demands in different years, (2) using NSGA-II to optimize the water supply to different sectors in the multi-objective water resources allocation model, and (3) evaluating the optimal solutions to the water resources allocation model and the performance indexes under various water transfer project scenarios in Hanjiang River basin. The framework of the proposed methodology for assessing the impacts of inter-basin water transfer projects is shown in Figure 3.



3.1. Description of Scenarios


In order to explore the impacts of inter-basin water transfer projects on optimal water resources allocation, four scenarios are designed in Table 3, based on the different water transfer projects and projected annual water demands in the years 2020 and 2030, respectively. S1 is the base scenario without considering inter-basin water transfer project.




3.2. Water Demand Projection Module


Water demands for the four water user sectors within each year are calculated as follows.



3.2.1. Water Demand of the Socio-Economic Sectors


For each planning year, the quota method [27] is applied to estimate the annual water demand for the socio-economic sectors (domestic, industrial and agricultural sectors) by integrating water quotas and water activity levels:


WDi,jt=WQi,jt⋅WAi,jt/(1−LRi,jt)



(1)




where WDi,jt is the water demand of the jth sector in the ith operational zone at the tth month. WQi,jt is the water quota per unit of each water demand sector (the water quota unit is per capita water consumption in the domestic sector, water consumption per ten thousand Yuan in the industrial sector, and the net irrigation water requirement per unit area in the agricultural sector), which is estimated based on projected future economic development and local water management policies. WAi,jt is the water use per activity level (the water activity level is the projected population in the domestic sector, the projected GDP in the industrial sector, and the irrigated area in the agricultural sector). LRi,jt is the loss rate of the jth sector in the ith operational zone at the tth month.




3.2.2. Water Demand of the In-Stream Ecological Sector


The in-stream ecological water demand refers to the minimum water requirement to maintain the ecological and environmental functions of the river, to support the survival of aquatic wildlife and eco-environmental construction. The Tennant method [28] is used to estimate the in-stream ecological flow for each zone (shown in Equation (2)) by taking the product of the annual average runoff for the operational zone and the minimum required proportion of runoff in the flood season or non-flood season, respectively.


EWDit=Ri⋅εi



(2)




where EWDit is the in-stream ecological water demand of a river system in the ith operational zone at the tth month. Ri is the average annual runoff for the ith operational zone, and εi is the proportional coefficient of minimum eco-environmental water demand for the ith operational zone.





3.3. Optimization of the Water Resources Allocation Model


3.3.1. Objective Functions


After the implementation of the water transfer projects, the amount of water available downstream of the water donor areas will have decreased. Therefore, one objective of the optimal water resources allocation model is to minimize the water shortages to the different sectors (social-economic sectors and in-stream ecological flow). Meanwhile, with the decrease of runoff in the water donor area, the dilution capacity of the water in the middle and lower reaches of the Hanjiang River will become increasingly weaker. If the sewage discharge remains unchanged, the water quality in the river will deteriorate further. Therefore, the other objective of the water resources allocation model is to minimize the amount of organic pollutants. The two objective functions are described as follows:



(1) Minimization of the water shortage


minf1(x)=∑t=1T∑i=1M∑j=1N(WDi,jt−xi,jt)



(3)




where WDi,jt is the water demand of the jth sector in the ith operational zone at the tth month, xi,jt is the decision variable which means the water allocated to the jth sector in the ith operational zone at the tth month, T is the number of months, M is the number of operational zones, and N is the number of sectors.



(2) Minimization of the amount of COD



The total amount of organic pollutants in the water (represented by the chemical oxygen demand, COD) is given by


minf2(x)=∑t=1T∑i=1M∑j=1N(di,j⋅pi,j⋅xi,jt)



(4)




where di,j is the COD per unit of wastewater from the jth sector in the ith zone, pi,j is the wastewater discharge coefficient of the water supplied from the jth sector in the ith zone.




3.3.2. System Constraints


(1) Water balance equation of operation zones


Wit=∑n=1Niαn,i⋅Wnt+Rit+∑k=1Kiβk,i⋅Okt−∑j=1Nxi,jt+∑j=1Ncci,jt⋅xi,jt−Lit−TWit



(5)




where Wit is the outlet discharge of the ith operational zone at the tth month, Wnt is the discharge from the nth upstream zone that has hydraulic connection with the ith zone, αn,i is a coefficient that takes values of zero or one depending on whether the nth upstream zone is interrelated with the ith zone, Rit is the sum of the local water yield produced in the ith zone, Okt is the release from the kth reservoir, βk,i is the hydraulic connection between the ith operational zone and the kth reservoir, which can be determined by the ratio of water diversion of the rivers between the ith operational zone and the kth reservoir, 0 ≤ βk,i ≤ 1, cci,jt is the return flow coefficient of the jth sector in the ith operational zone, 0 ≤ cci,jt ≤ 1. βk,i and cci,jt are provided by the Changjiang Water Resources Commission in China. It should be noted that βk,i is constant within the same zone and the same reservoir, and cci,jt is also constant for the same sector of the same zone in this model. Lit is the amount of water loss including evaporation, seepage loss, and conveyances loss. TWit is the amount of water transferred out of the basin.



(2) In-stream ecological water constraint



Some water should be retained in the rivers to maintain a healthy environment, which can support the survival of aquatic life and satisfy other ecological uses.


Wit≥EWDit



(6)







(3) Water balance equation of reservoir


Vkt+1=Vkt+Ikt−Okt−EVkt



(7)




where Vkt and Vkt+1 are the volume of the kth reservoir at the tth and (t + 1)th month, respectively. Ikt is the inflow to the kth reservoir at the tth month and Okt is the outflow discharge of the kth reservoir based on the operation rules. EVkt is the water loss of the kth reservoir at the tth month.



(4) Reservoir volume constraint


Vk,mint≤Vkt≤Vk,maxt



(8)




where Vk,mint and Vk,maxt are the lower bound (the dead storage) and upper bound (storage below the flood-limited water level of the kth reservoir in the flood season, storage below the normal water level in the non-flood season) of the tth month, respectively.



(5) Water demand constraint


xi,jt≤WDi,jt



(9)




where WDi,jt is the water demand of the jth sector in the ith operational zone at the tth month.



(6) Water availability constraint


∑j=1Nxi,jt≤AWRit



(10)




where AWRit is the available water in the ith operational zone at the tth month.



(7) Non-negativity constraint


xi,jt≥0



(11)








3.3.3. Optimization Algorithm


The non-dominated sorting genetic algorithm-II (NSGA-II) was formulated by Deb et al. [29] as a fast and very efficient multiple-objective evolutionary algorithm, which incorporates the features of elitist archive and a rule for adaptation assignment that takes into account both the rank and the distance of each solution regarding others [30,31]. The algorithm consists of five operators: initialization, fast non-dominated sorting, crossover, mutation, and the elitist crowded comparison operator. It can be used to present the optimal trade-off between objectives and has been one of the most efficient and popular multi-objective optimization evolutionary algorithms [32,33].



The NSGA-II simulates the problem of water resources allocation as a biological evolution problem. The water supply allocated to each zone is taken as a decision variable. At first, the decision variables are coded and a feasible solution set is formed. The fitted degree of the objective function is judged to eliminate bad solutions and to select the optimal solutions. Then a new generation of a feasible solution set is generated. Finally, the water resources allocation is accomplished by repeated iterations. Because of its convenience and effectiveness, the NSGA-II has been widely used in the optimization of water resource systems. In this study, the proposed multi-objective allocation model is solved by using NSGA-II to search the solutions that comprise the Pareto-optimal frontier.





3.4. Evaluation Criteria


In order to quantitatively evaluate the impacts of inter-basin water transfer projects on the middle and lower reaches of the Hanjiang River basin from different aspects, a set of evaluation criteria are adopted to describe the water donor system [34,35]. These include the reliability, vulnerability, and resilience of the water supply. The first two criteria indicate the degree and magnitude of water supply failure, respectively. The resilience represents the rate of recovery from a failure of the water supply system. The specific meaning and calculation method of each index are given as below.



3.4.1. Reliability of Water Supply


The reliability of the water supply can be described by the probability that a water supply system remains in a satisfactory state [36]:


CRelii=1−∑t=1TNUitTNUit={1,(if Xit<TWDit)0,else



(12)




where CRelii is the reliability of the water supply in the ith operational zone, NUit is the number of time steps with shortages in the ith operational zone. Xit and TWDit are the total water supply and the total water demand in the ith operational zone at the tth month, respectively.




3.4.2. Vulnerability of Water Supply


The vulnerability of the water supply describes the characteristics of the severity of water deficits if a failure occurs [37]. There are a number of metrics of vulnerability in previous studies: (1) the mean deficit of each failure period over the operation horizon [38], (2) the maximum deficit over the operation horizon [39], (3) probability of exceeding a certain deficit threshold [40], (4) the return period of a certain level of cumulative deficit and [41], and (5) the median of all the deficits over the operation horizon [41]. The first two metrics are the most popular and can describe not only the cumulative deficit but also the extreme failures [37]. In this study, we chose the second metric to measure vulnerability, and it is defined as follows:


CVulneri=maxt=1T(TWDit−XitTWDit)



(13)




where CVulneri is the vulnerability of the water supply in the ith operational zone. The other variables are as defined above.




3.4.3. Resilience of Water Supply


The resilience of the water supply describes the rapidity with which the water supply system returns to a satisfactory state after a failure [42]. By this definition, the higher the probability of recovery, the higher the resilience.


CResii={1,(if all Xit=TWDit)∑t=1T−1NSit∑t=1TNUit,elseNSit={1,(if Xit<TWDit and Xit+1=TWDit+1)0,else



(14)




where CResii is the resilience of the water supply in the ith operational zone and NSit is the number of time steps that the water supply system is likely to take to recover from a water shortage in the ith operational zone at the tth month.






4. Results and Discussion


4.1. Water Demand in 2020 and 2030


Based on the quota method and the Tennant method in the water demand projection module and the Integrated Water Resources Planning of Hanjiang River basin, the water demand of the different sectors is estimated for each zone in both 2020 and 2030. The annual water demand of three off-stream water user sectors is summed across all zones and shown in Table 4. Figure 4 shows the proportion of average water demands with respect to the socioeconomic sectors in the middle and lower reaches of the Hanjiang River basin.



According to Table 4 and Figure 4, it is obvious that the total off-stream water demand in the middle and lower reaches of the Hanjiang River basin is projected to increase with the extension of the planning period. Under the four frequencies of 50%, 75%, 90%, and 95%, the off-stream water demand will be gradually increasing, ranging from 11.32 to 13.20 billion m3 in 2020, and from 12.53 to 14.18 billion m3 in 2030, respectively. From the perspective of the water user sector, the domestic water demand is projected to increase from 2020 to 2030, because of the population growth and the improvement of life standard (e.g., washing machine, heater, and flush toilet). Meanwhile, the industrial water demand is also projected to increase from 2020 to 2030, as a result of the socio-economic development. Domestic water demand increases slightly (from 5.52% to 6.75%), while it increases substantially for industry (from 42.92% to 50.55%). Conversely, the agricultural water demand is projected to reduce slowly by 2030 compared with the results for 2020 under the same water demand frequency. In 2020, the agricultural water demand is the largest (51.56%) among all the sectors and increases as the frequency of water demand increases. While in 2030, the water demand of industry is the largest among all the sectors (50.55%).



China’s socio-economic development is taken into account when the demands of different water users are estimated in the middle and lower reaches of the Hanjiang River basin. There is a so-called strictest water resources control system for water resources management policy, which is composed of “three red lines” (red line of water resources development and utilization control, red line of water use efficiency control and red line of water function zone restriction) of water resources management. As the Hanjiang River basin is chosen as a pilot area, the water consumption index, such as the amount of water consumed in the industrial sector per ten thousand Yuan of GDP (Gross Domestic Product) and the effective utilization coefficient of agricultural irrigation are both controlled by the red line of water use efficiency control policy. The relevant alternatives concerning water saving include irrigation styles and reducing the leakage rate of water supply infrastructure in the agricultural sector, using water saving technologies in the industry, such as recycled water, which will also be considered in the future water demand. Hence, the agricultural water demand is reduced slowly resulting from the promotion of water saving consciousness and the improvement of water use efficiency. Although recent results showed the water quota unit in the industrial sector was reduced with developing industrial water-saving technologies, the activity level which denotes the industrial output value in Chinese Yuan will increase rapidly due to dramatic socio-economic development. Therefore, industrial water demand is projected to increase by integrating water quotas and activity levels. And with the rising living standard and increasing population improvement, the domestic water demand shows a slight increase. In general, with the increase of the total off-stream water demand, the water supply in the middle and lower reaches of the Hanjiang River basin will face challenges.




4.2. Impacts of Inter-Basin Water Transfer Projects on the Optimal Water Resources Allocation


4.2.1. Impacts of Inter-Basin Water Transfer Projects on the Results of Optimal Water Resources Allocation


Historical hydrological and climatic data, reservoir inflows, water demand and water transfer projects are all input to the optimal water resources allocation model, which runs according to the reservoir operation rules and water resources allocation rules. By optimizing the water allocated to various water user sectors in different operation zones, the results of two objective functions in the water resources allocation model are calculated. Figure 5 shows the trade-off curves between the average annual values of water shortage (OF1) and the amount of COD (OF2) in the middle and lower reaches of the Hanjiang River basin under Scenarios S1–S4, which are obtained from the multi-objective water resources allocation model. The Pareto frontier populated with 50 Pareto optimal solutions under each water transfer scenario is obtained after 500 generations.



It can be seen from Figure 5 that the relation between the water shortage and the amount of COD is negative. The two objectives are interrelated and conflict with each other. Under the same water transfer scenario, the less the water shortage is (which means that the water supplied for the middle and lower reaches of the Hanjiang River basin will be greater through the optimization of the algorithm), the greater amount of COD will be. The reason for this is that the amount of COD is affected by the water supply. When the water supply is reduced, the amount of COD in the wastewater produced by the domestic and industrial sectors will be also reduced in the same quantities. Under four scenarios, the points at which the maximum and minimum values of the objective functions are marked with a circle in the red line. It should be noted that each point on the Pareto frontier corresponds to a scheme of water supply. The scheme corresponding to the minimum value of OF1 is named A, while the scheme corresponding to the minimum value of OF2 is named B. These are all marked in the red rectangle in Figure 5. When comparing the results of Scenario 2 with Scenario 1, or Scenario 4 with Scenario 3, it can easily be seen that the value of the water shortage will get larger and the amount of COD will get smaller, with the implementation of the inter-basin water transfer projects.



To further compare the results under different scenarios, the maximum or minimum value on the Pareto frontier of two objectives under each scenario are listed in Table 5. Taking the results of Scenario S1 as an example, the minimum water shortage was approximately 2.123 billion m3 when the amount of COD was 22.216 × 104 tons (Scheme A), while the minimum amount of COD was 20.721 × 104 tons when the water shortage value was approximately 2.160 billion m3 (Scheme B). As can be seen in Table 5, the values of Scheme A are 2.123, 2.698, 3.216, and 4.259 billion m3 under Scenarios S1–S4, respectively. This indicates that: (1) the unmet water demands mainly result from the implementation of water transfer projects (comparing S2 with S1), (2) the increase of the water demand would lead to greater water shortages (comparing S3 with S2), and (3) with the expansion of the water transfer projects, the water shortages will increase (comparing S4 with S3). However, the change in the amount of COD is not as dramatic as the water shortage. The reason might be that in the calculation of pollutant discharge, the value of the amount of COD is equal to the product of the wastewater discharge coefficient pi,j, the coefficient of COD content di,j and the water supply (Equation (2)). The two coefficients are both taken to be less than one in this study, which significantly weakens the change caused by the difference in the water supply.



Figure 6 presents the optimization results of the water supply to different water user sectors in the middle and lower reaches of the Hanjiang River basin under Scenarios S1–S4. The results of Scheme A and B are shown in Figure 6a,b, respectively. For the results under the same scenario in Figure 6a, we can see the difference in water supply among the four sectors. Taking Scheme A under Scenario 1 as an example, the amounts of water supplied to domesticity, in-stream ecology, industry, and agriculture are 0.654, 3.473, 4.733, and 5.198 billion m3, respectively. Since the agricultural water demand is the greatest among all the sectors, the amount of water supplied to agriculture is the greatest, but the water shortage of agriculture sector is also the largest as a result of it having the lowest priority among all the sectors.



The difference in results is also very obvious with different scenarios. The inflows and the water demand of each zone in Scenario 2 are the same as in Scenario 1. However, the water supplies to industry and agriculture in Scenario 2 decreases significantly compared with Scenario 1, due to the implementation of inter-basin water transfer projects. Because the projects transfer water from the upper and midstream zones of the Hanjiang River to other basins, they can directly decrease the water flow in the upstream part of the Hanjiang River, which in turn leads to the reduction of water supply to the water user sectors. While the water supplies to the in-stream ecological and domestic sectors are unaffected, the reason is that both these two sectors have higher water priorities than the other sectors. When we focus on the results of Scenario 2 and Scenario 3, it is obvious that the amounts of water allocated to domesticity, in-stream ecology and industry under Scenario 3 are all larger than in Scenario 2. However, the amount of water allocated to agriculture is smaller than in Scenario 2. This can be attributed primarily to the effect of water demand. As the inflows and the water transfer projects are the same, Scenario 3 requires more water than Scenario 2. Due to the constraint of water demand in the model (Equation (9)), the amount of water allocated to each water user sector cannot be higher than the amount of water demand. According to the results of Scenario 3 and Scenario 4, the increase of water transfer projects would lead to a larger unmet demand. Therefore, the amounts of water supplied to the domestic and industrial sectors are greater under Scenario 3 than under the other three scenarios.



Through analyzing the optimal results of Scheme B (Figure 6b), we notice that the results of this scheme are similar to those of Scheme A under Scenarios S1–S4. From the comparison of the water supply between schemes B and A under the same scenario, we find that Scheme B can decrease the average annual water supply by 0.037, 0.023, 0.102, and 0.076 billion m3 under Scenarios S1–S4, respectively. This means that there is a trade-off between water supply and ecology, and if water managers favor one, the other will suffer.




4.2.2. Performance of Evaluation Criteria from the Inter-Basin Water Transfer Projects


In order to further quantitatively evaluate the impacts of inter-basin water transfer projects on optimal water resources allocation, we analyzed three criteria (reliability, vulnerability, and resilience of water supply) for each zone in the middle and lower reaches of the Hanjiang River basin under Scenarios S1–S4. The results for the three evaluation criteria of each zone under different scenarios at Scheme A and B are shown in Figure 7a,b, respectively.



In Figure 7a, it is obvious that the value of water supply reliability is higher than 0.7 in all zones, and the values of both reliability and resilience almost reach one under Scenario 1 in most of the zones located along the mainstream of the Hanjiang River, with the exceptions of those zones (such as #1, #8, #14, and #21) that are located at the boundary of the basin. However, the water supply vulnerabilities of the zones located away from the mainstream are higher than for other zones. Under Scenario 2, the reliability and resilience of the water supply in some zones will all be reduced when about 9.5 billion m3 water are transferred outside the Hanjiang River basin from the upstream of the Danjiangkou Reservoir. For example, the reliability in zone #8 will change from 0.7 to 0.5, and the resilience will change from 0.67 to 0.52. Due to the obvious increase of water demand, the reliability and resilience of the water supply under Scenario 3 will be reduced significantly compared with the results under Scenario 2 (such as #25, #26). For Scenario 4, the amount of water transferred from the upstream part of the Hanjiang River basin will increase to 13.841 billion m3, which further decreases the reliability of the water supply (e.g., in zones #9,#10) and increases its vulnerability (e.g., in zones #3–#8).



In Figure 7b, the trends of the three criteria under the four scenarios are similar to those in Figure 7a. Specifically, the reliability and resilience of the water supply will be gradually reduced while the vulnerability will be increased with the scenario changing from 1–4. However, there is a great difference between Scheme B and Scheme A in the same scenario. The results of Scheme B show that the reliability of the water supply in most zones declines by 0.1–0.3 compared with Scheme A under the same scenario, while the vulnerability increases significantly in most zones (such as zones #3–#7 and #18–#20). This means that all zones are all likely to face water supply risks, even those located along the mainstream of the Hanjiang River basin. The reason is that the amount of COD(OF2) is affected by the water supply. When the water resources allocation model gives preference to the OF2, the water supply to all zones will be reduced. Therefore, the reliability of the water supply will be reduced and the vulnerability will be increased.



The results indicate that: (1) the expanding inter-basin water transfer projects will not only greatly reduce the reliability of the water donor system, but also significantly reduce the resilience of the water supply (compare Scenario 2 with Scenario 1, and Scenario 4 with Scenario 3). The reason for this is that three inter-basin water transfer projects all convey water from the upstream of the Hanjiang River basin to other basins, and the downstream water supply is greatly reduced, (2) the increase of water demand will reduce the water supply reliability and resilience, but increase the vulnerability (compare Scenario 3 with Scenario 2). (3) all zones in the case study are more likely to face water supply risk in the future. The reason for this is that zones located at the boundary of the basin are so far away from the mainstream that they cannot extract water from it. In addition, the regulatory capacity of the reservoirs in these zones is limited, so these boundary zones cannot get enough water. Zones along the mainstream of Hanjiang River are mainly affected by the water transfer projects which directly reduce the flow in the mainstream river. (4) compared with Scheme A, the reliability and resilience of the water supply under Scheme B decrease obviously, but the vulnerability of water supply increases greatly in most zones and (5) if the reliability of the water supply is equal to one, the vulnerability of the water supply will be equal to zero, while the resilience will be equal to one.



According to the results of the indicators, the increasing water demand and the expansion of inter-basin water transfer projects challenge the water supply reliability and resilience of the operation zones in the middle and lower reaches of the Hanjiang River basin. Despite the large available capacity of Danjiangkou Reservoir, the planned expansion of inter-basin water transfer capacity may adversely affect water availability in the operation zones along the mainstream. Therefore, more water supply measures should be taken to improve water supply capacity in the water donor areas, and more compensation measures will be needed in the mainstream of water donor areas in the future. In addition, it is expected that the diversion works in the outer basin will transport water to the middle and lower reaches of the Hanjiang River basin. The proposed assessment framework of inter-basin water transfer projects on optimal water resources allocation could provide a beneficial reference for similar water resources management in severely affected areas by water transfer projects.






5. Conclusions


To quantitatively assess the impacts of inter-basin water transfer projects on optimal water resources allocation in the water donor area, a comprehensive water resources management model that fully incorporates water demand projection, multi-objective water resources allocation model and evaluation criteria was proposed in this study. The middle and lower reaches of Hanjiang River basin was selected as a case study. The main conclusions are summarized below:



(1) Water shortages will gradually increase across the whole study area from Scenario 1 to Scenario 4. Water shortages are greatest for agriculture under all four scenarios, as a result of it having the lowest priority among all water user sectors.



(2) The reliability and resilience of the water supply will be gradually reduced, while the vulnerability will be increased, with the expansion of water transfer projects and the increase of water demand.



(3) The water supply risks in all zones in the Hanjiang River basin are likely to increase. The reason for this is that zones in the boundary are restricted by natural inflow and reservoir regulation, while the water availability in zones along the mainstream is directly decreased by the water transfer projects.



(4) The ever-expanding water transfer projects and ever-growing water demand present a challenge to water supply management in the middle and lower reaches of the Hanjiang River basin. Therefore, further measures will need to be taken to increase the water supply capacity, and additional compensation measures will be needed in the water donor areas in the future.



Our study is helpful for local water resources management under the inter-basin water transfer projects, and conducive to international water resources management. The research results can quantitatively assess the impacts of large-scale inter-basin water transfer projects on the water donor system, and thus make a contribution to mitigating the negative impacts and establishing ecological assessment and compensation mechanism in the similar water donor areas.



Due to nonstationary in water supply and demand, historical observation data are insufficient to support robust decision-making of long-term water resources management. In addition, sustained climate change will further expand this uncertainty, thus confusing future water resources management. It is of great importance to develop integrated water resources management models that fully combine the hydrological model with climate change assessment in the future. The proposed framework of assessing the impacts of inter-basin water transfer projects on water donor area still offer useful guidelines towards long-term water resources planning (e.g., the water transfer routes, the amount of the water transfer project) by replacing the inputs of the model. Thus, it can provide an adaptive assessment of optimal water resources allocation under varied water availability conditions.
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Figure 1. Water transfer projects in the Hanjiang River basin. 
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Figure 2. Location of the study area and 28 operational zones. 
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Figure 3. Framework for assessing the impacts of inter-basin water transfer projects on water donor area. 
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Figure 4. Proportion of average water demands with respect to socio-economic sectors in the middle and lower reaches of the Hanjiang River basin. 
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Figure 5. Relation between objectives of the Pareto frontier for the optimal water resources allocation under four scenarios. 
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Figure 6. Optimal results of the water supply to different water user sectors in the middle and lower reaches of the Hanjiang River basin. 
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Figure 7. Radar maps for three evaluation criteria of water supply at the 28 zones in the middle and lower reaches of the Hanjiang River basin for Scenarios S1–S4. 






Figure 7. Radar maps for three evaluation criteria of water supply at the 28 zones in the middle and lower reaches of the Hanjiang River basin for Scenarios S1–S4.



[image: Sustainability 11 02044 g007a][image: Sustainability 11 02044 g007b]







[image: Table]





Table 1. Description of the water transfer projects in the Hanjiang River basin.
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Project Name

	
Water Resource

	
Water Receiving Area

	
Water-Use Category

	
Designed Annual Water Transfer Demand (billion m3)

(Total/Inter-Basin 1)




	
2020

	
2030






	
P1

	
Danjiangkou Reservoir

	
Henan Province,

Hebei Province,

Tianjin and Beijing Cities

	
Domestic, industrial and agricultural use

	
9.5/8.5

	
13.13/12.05




	
P2

	
Huangjinxia Reservoir and Sanhekou Reservoir 2

	
Xi’an, Xianyang,

Baoji, Weinan

and Yangling Cities

	
Ecological, domestic,

industrial and agricultural use

	
1/1

	
1.5/1.5




	
P3

	
Danjiangkou Reservoir

	
Xiangyang,

Zhaoyang,

Suizhou,

Guangshui

and Xiaogan Cities

	
Ecological, domestic,

industrial and agricultural use

	
0.628/0

	
1.398/0.291








Notes: 1: Some water is transferred to Tangbai River basin and the northern Hubei Province, both of which are mainly located within the Hanjiang River basin. 2: Both Huangjinxia reservoir and Sanhekou reservoir are located in the upstream of Danjiangkou reservoir, thus the transferred water should be removed first when estimating the inflow to the Danjiangkou reservoir.
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