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Abstract

:

Aiming to store water in wet seasons and outflow water in dry seasons, and improve reservoirs’ performance, are of great importance. Given the developmental disparities across regions and uneven precipitation within one year, water transfer could be an efficient solution. Here, we formulated a three-stage decision-making framework to simulate possible hydrological, meteorological, economic, and demographic parameters in future scenarios and proposed a market-based dynamic multi-objective optimization model, which optimized the adjusted water allocation and water transfers strategies among regions. A case study was conducted in the Yiluo river basin to evaluate the optimal proportion of local water use and water transfers to verify the application and its effects. Results indicated that water use stress and environmental stress could be relieved from four simulated future scenarios, which further accelerated region- and basin-scale sustainability. The results also gave valuable insights into optimal water use options and transferred to maximize the economic, social, and environmental benefits and climate mitigation.
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1. Introduction


An increase in end-user competition for limited water resources is challenging world development sustainability. Since the United Nations proclaimed its “zero hunger” and “clean water and sanitation” aims in 2015 through the development of “food–water” community synergies, several countries have sought to improve their water infrastructure and technologies. For example, the UK government has improved its water quality management and wastewater drainage system construction [1], China and Europe have sought to improve their healthy water through improved water sanitation [2], and the Republic of South Africa has invested in water sanitation infrastructure [3]. However, technological interventions may jeopardize natural cycles and disrupt sustainable development goals; hence, soft paths to water allocation management are suggested.



Because climate change impacts water management services, this study focused on future water management and water allocation strategies based on current resident lifestyles and energy use [4]. Regional climates and demographic factors largely influence water availability and water demand; for example, in China, the uneven seasonal and geographic distribution of precipitation increases water scarcity problems. This study developed several future scenarios to support the managerial insights under these types of changing conditions, based on which, adjusted solutions could be determined using mathematical programming models.



However, it is important to identify the specific participants and their objectives to identify suitable trade-offs when selecting mathematical programming models. Within many river basins, multiple provinces generally share the water, each of which requires as much water as possible to develop their local economies and satisfy their domestic living demands. Therefore, the river basin authority needs to know how to allocate the water to different provinces to ensure basin sustainability and equitable social, economic, and environmental benefits.



In real-world practice, there are often multiple reservoirs within a river basin, and each reservoir may have multiple conflicting objectives that affect the other reservoirs [5]. Many countries allow inter-basin water transfers, which means water is transferred from one basin that has excess water availability to neighboring basins suffering from water-scarcity [6]. Intra transfer means water is transferred within the same basin. As intra and inter-basin transfers affect water use efficiency and water use stress in different ways, water transfers need to jointly consider economic, social, and environmental benefits.



Above all, this paper developed a market-based dynamic multi-objective optimization model to allocate limited basic water and developed strategies to resolve seasonal water allocation problems. Therefore, the objectives of this research were three-fold: first, several scenarios were given to quantify future social, economic, and environmental goals; then, the sectoral demands were simulated; finally, a dynamic multi-objective optimization model that included a water market was proposed to explore climate change adaptation and equitably allocate the water resources to different sectors. Therefore, the contributions of this study are: (1) to address a multi-province water supply issue that includes both intra- and inter water transfers; (2) to propose a market-based dynamic multi-objective optimization model; (3) to develop four climatic scenarios to characterize possible future situations.




2. Literature Review


2.1. Climate Scenario Predictions


Compared to the current climate, significant changes are expected in the future, with some areas becoming much drier and hotter and others becoming wetter. Previous research has used shared socio-economic pathways (SSPs) and representative concentration pathways (RCPs) to design future scenarios [7]. Fours RCPs: RCP2.6, RCP4.5, RCP6.0, and RCP8.5, were first mentioned in the IPCC Fifth Assessment Report (AR5) in 2013, each of which predicted varying future average annual temperatures and rainfall patterns [8,9,10].



SSPs are narrative descriptions that exclude climate change and CO2 fertilization effects. SSP1 describes a future pathway with low adaptation and mitigation challenges, SSP2 describes medium challenges and a future in which the development trends are not extreme, and SSP3 describes a future pathway with high adaptation and mitigation challenges. In principle, each SSP can be combined with each RCP to produce various projected combinations [8].



Different RCP scenarios have varying emissions, concentrations, radiative forcing situations, and land uses. While SSPs focus on GDP, population, and lifestyle projections [11]. Here, based on the main SSP and RCP characteristics, we designed several future scenarios to explore the effects of climate change on river basin water allocation and water transfer.




2.2. Mathematical Models


Recently, many mathematical models have been developed to tackle water resource allocation problems in different river basins. In 1994, Rosegrant (1994) proposed that the market for tradable water rights helped improve the efficiency, equity, and sustainability of water use in developing countries [12]. Later, Nasiri-Gheidari (2018) studied the inter-basin water transfer problem based on a bi-objective optimization model [13]; Li et al. (2020) used a multi-objective model to study the agricultural irrigation allocation problem [14]; Xie et al. (2018) applied an inexact stochastic optimization model to solve the water allocation problem [15]; besides, Xu et al. (2019b), and Yao et al. (2019) solved optimal water resources allocation strategies under a bi-level optimization model [16,17]. Further, Gu et al. (2013) found that the geography and river basin scales need to be considered across space and time after considering the uneven distribution of water resources, and the authors developed a multi-stage programming model. Above all, optimization modeling seems one of the effective approaches for efficient water allocation [18]; however, fewer articles aim to solve the problem of spatial-seasonal water allocation. To solve the real-world problem, we first define several dynamic indicators, including variable water availability and irrigation water demand in different growth stages, and then we adopt the idea of dynamic programming into the model.



It is also necessary to account for the multiple objectives associated with equity, efficiency, and environmental sustainability when developing realistic models. Equity evaluates whether is fair for stakeholders to withdrawal water [19], efficiency is concerned with the economic benefit maximization while minimizing the total use of water resources [20], and environmental sustainability makes sure that it is environmentally friendly to withdrawal water based on the allocation strategy [20]. Besides, it is not easy to fulfill all these goals at the same time. A Pareto frontier can be drawn to compare the viability of multiple Pareto solutions.



In this study, the river basin authority needs to simultaneously consider the economy, society, and environment when designing the different provinces’ water allocations. While previous studies have made significant advances, work still needs to be done to meet adjusted water resource allocation requirements under changing climate conditions. To ensure comprehensive insights, this paper divided the planning year into seasons and employed dynamic programming.





3. Material and Methodology


To offer the adjusted seasonal water allocation strategies, Figure 1 (1) briefly summarizes future river basin scenarios, (2) presents the seasonal and sectoral water demands in the different scenarios, and (3) proposes adjusted water allocation actions by solving a dynamic multi-objective programming model.



3.1. Background of the Studied Basin


Inter-basin water supplies have become increasingly complex because of inefficient water management and insufficient naturally available water [21]. Generally, multiple reservoirs are constructed along a river basin to supply the limited water to associated provinces. However, because the development modes vary from region to region, authorities are willing to reallocate the water use rights after receiving their initial water entitlements. At this time, there is often competition and conflicts between the end-users and the provinces. Therefore, this study seeks to solve a multi-province water supply problem in the presence of a water market. To illustrate the practicability of this study’s suggested approach, an adjusted management pattern for the Yiluo river basin was developed. The Yiluo river basin at 18,881 km2 crosses both Shaanxi and Henan provinces and is one of the most critical Yellow river tributaries, with the main Luo river being 446.9 km and the Yi river tributary being 264.8 km.



The Yiluo river basin has two main reservoirs, the Ganxian and Luhun, which are, respectively, located on the Luo and the Yi rivers, as shown in Figure 2; however, water levels in these reservoirs are different. The Luhun Reservoir spillway design flood level is 331.80 m, the designed flood level is 327.5 m, the flood control level is 317 m, and the dead water level is 298 m, and the Guxian Reservoir spillway design flood level is 551.02 m, the designed flood level is 548.55 m, the flood control level is 529.30 m, and the dead water level is 495 m.




3.2. Climate Scenarios Setting


This study applied a Scenario Matrix Framework that included both the RCPs and SSPs, with the SSPs focused on two possible evolutionary challenges to human society in the coming century: “challenges to adaptation” and “challenges to mitigation” and the RCPs paying greater attention to the influences of carbon emissions on temperature and precipitation. Table 1 gives quantified values for some of the main variables under each future scenario. Referring to Zhuo et al. (2016) [7], we constructed two scenarios S1 and S2 by combining climate scenarios forced by RCP2.6 with socio-economic scenarios SSP1 and SSP2, and two scenarios S3 and S4 that combine climate outcomes caused by RCP8.5 with SSP2 and SSP3, respectively.



In this way, future water demand and supply quantities were calculated.




3.3. Climate and Socio-Economic Changes Impacts on Demand


The future water demand was predicted based on the above climate scenarios based on Equations (1)–(6).



Domestic, industrial, and agricultural water demand is influenced by economic, climatic, and demographic factors, such as water use per GDP, the amount of water used per person, and the amount of water demand per farmland irrigation, precipitation, temperature, and so on. In the following paragraphs, specific water demands are calculated.



Industrial water demand is usually calculated based on a quota-based method, as shown in Equation (1).


   D  t i    =   GDP   t i    ×  a t  ×   1 −  b t     



(1)




where     GDP   t i      is the Gross Domestic Product in sector i in season t,    a t    is the water demand per GDP, and    b t    is the water reuse coefficient.



Annual domestic water demand change is usually calculated based on climatic-induced change, considering the impacts of temperature (precipitation) on water demand, which are denoted    e T    and    e P    [24]. Equation (3) is proposed to consider temperature and precipitation effects together.


   e T  =   − Δ D   Δ T   ,    e P  =   − Δ D   Δ P    



(2)






  Δ D =  e T  × Δ T +  e P  × Δ P  



(3)




where   Δ D   is the percentage change in domestic water demand,   Δ T   is the percentage change in temperature, and   Δ P   is the percentage change in precipitation.



Further, as domestic water demand is influenced by population, this study added the demand value controlled by the climate to the demand value influenced by the demographic and economic factors, as shown in Equation (4).


  D = c × P o p + d × P G D P + f × Δ D + ε  



(4)




where   P o p   is the population size, and   P G D P   is the GDP per capita,   Δ D   is the percentage change in domestic water demand caused by temperature and precipitation changes. Multivariate regression analysis was used to calculate coefficients c, d, and f, with the error in the regression model being  ε . In this way, domestic water demand can be calculated by Equation (4).



Ashour and Al-Najar (2013) reported a temperature increase of 1–2 °C would lead to a rise in irrigation requirements of 3.28–6.68% [25]. In this paper, the combined impact of land for planting paddies and the effect of the temperature on agricultural water demand was considered, with Equation (5) being used to simulate and predict the agricultural water demand.


  D =  f 1  × l a n d +  f 2  × Δ T + ε  



(5)




where f1 is a coefficient that reflects the influence of the rate for planting paddies on irrigation water demand,   l a n d   is the land rate for planting paddies, f2 is the coefficient that reflects the impact of temperature changes on irrigation water demand,   Δ T   is the temperature change.




3.4. Dynamic Multi-Objective Optimization Model


Based on the above analyses, this study considered three objective maximization functions: economic efficiency, social equity, and the share of green water resources.



3.4.1. Objective Functions


Objective function 1: maximize economic benefits. Economic returns are maximized with the promise of physical water transfer. This function enables us to obtain the net economic benefit of agricultural (i = 1), industrial (i = 2), domestic (i = 3), and ecological (i = 4) sectors among two provinces; that is, Shaanxi province (k = 1) and Henan province (k = 2). The net economic benefit excluded water transfer cost and imported water cost.


  max  F 1  =   ∑  t = 1  4     ∑  k =  2     ∑  i = 1  4   (  b  i k   ×  x  i k t   )       −   ∑  k = 1  2   c ×  G k    −   ∑  k = 1  2   l × T  x k     



(6)




where t = 1 represents Spring; t = 2 represents Summer; t = 3 represents Autumn; t = 4 represents Winter.    b  i k     represents economic benefit per unit of water from sector i in period t.  l  represents water transfer costs.  c  represents the price of imported water.    x  i k t     represents allocated water to sectors.   T  x k    represents traded water in region k.    G k    represents imported water used in region k.



Objective function 2: minimize water shortage. This study seeks to minimize water shortage per capita after physical water transfer to reflect the social benefit. The water shortage is minimized to promise every person can get available portable water.


  min  F 2  =   ∑  t = 1  4      1 K    ∑  k = 1  2       ∑  i = 1  4      d  i k t   −  x  i k t         P o  p k           



(7)




where   P o  p k    means population in region k.



Objective function 3: minimize total pollution production. More water is generally allocated to sectors with higher water use efficiency; however, more pollution can enter the river because of the industrial output. Therefore, this study seeks to minimize the Chemical Oxygen Demand (COD) concentration during the water consumption process.


  min  F 3  =   ∑  t = 1  4     ∑  k =  2     ∑  i = 1  4   (  q  i k t   ×  x  i k t   )        



(8)




where    q  i k t     means wastewater per unit of water from sector i in period t, COD concentration was considered in this study.




3.4.2. System Constraints


This decision entity is subject to the following constraints:



State transition equation for the reservoirs. The water storage in the past stage is the initially available water in the present stage. Therefore, a state transfer equation is proposed to describe the dynamic water available in the four seasons; that is,    S t    is the storage in season t and    S  t − 1     is the storage in season t−1.    I t    is the water input in season t.


   S t  =  S  t − 1   +  I t  −   ∑  k = 1  2     ∑  i = 1  4    x  i k t        



(9)




where    S  k t     means storage in the reservoir in region k in season t, and    S  k t − 1     means storage in season t−1.



Water supply constraint. The water supply should not exceed a specific value in each season, which is mostly decided by the water demand.


   x  i k t   ≤  D  i k t    



(10)




where    D  i k t     means water demand in sector i in region k in period t.



Water allocation constraint. The watershed authority decides on the initial water rights in each region; therefore, the constraint is set to ensure that the total water use and transactions do not exceed the initial water rights.


    ∑  t = 1  4     ∑  i = 1  4    x  i k t       ≤  A k  + T  x k  +  G k  , ∀ k  



(11)




where    A k    means initial water rights in region k.



In this way, the market-based dynamic multi-objective model is proposed, which can be solved by MATLAB 2017 solver. The results are usually depicted as Pareto frontiers, consisting of sets of non-inferior solutions.





3.5. Data Source and Data Preparation


Based on Yiluo river basin historical data reported by the National Climatic Centre of the China Meteorological Administration, we find the available water can be 2065 million m3 (Slightly dry condition), 2140 million m3 (Normal condition), and 2349 million m3 (Wet condition) in a planning year, which is mainly for Shaanxi and Henan province. To determine a reasonable allocation strategy and the water demands in the future scenarios, both the seasonal precipitation and the runoff within the river basin in two provinces needed to be considered in the calculations. The seasonal water demands in the different sectors were simulated under different scenarios, as shown in Table 2, Table 3 and Table 4. The ecological water demands were 187 million m3 and 4.75 million m3 in Henan and Shaanxi provinces in this study, and based on the historical water planning projects in the Yellow river basin, the average ratios for the initial water rights for Shaanxi province and Henan province were 28% and 72%.




3.6. Data Analysis and Statistical Methods


When it comes to data analysis and statistical methods, two steps should be conducted before. First, a scenario matrix framework was developed that fully integrated the RCPs with the SSPs, after which the economic, demographic, and meteorological parameters were simulated on potential future pathways. Based on the assumptions for the four scenarios (SSP1-2.6, SSP2-2.6, SSP2-8.5, and SSP3-8.5), and the change rate shown in Table 1, projections results for the 2050 scenarios with a 2004 baseline year are shown in Table 2.



Second, based on the different data inputs, the water demands were calculated using relevant equations. By using excel software and SPSS solver, the predicted seasonal water demands in different sectors are shown in Table 3 and Table 4.




3.7. Uncertainties and Shortcomings


It is worth noting that the above four scenarios are based on assumptions concerning climate change and socio-economic developments, which further impact population, diets demand, and water demands. In this way, scenario analysis can be done faced with these future uncertainties. Later, the quota-based and multivariable regression models are used to simulate water demands caused by climate change and socio-economic development.





4. Results and Discussion


4.1. Seasonal Water Allocation Strategies with Normal Available Water


Without any preference for each objective, the middle solution was chosen to analyze the seasonal water allocation strategies. The two provinces’ seasonal water allocation strategies were solved using the proposed dynamic multi-objective programming model, which considered the ecological water demand and the water demand from climate change and economic development, the influences for which are shown in Figure 3a–d and Figure 4a–d.



In the four scenarios, both Shaanxi and Henan provinces experienced water scarcity. In the SSP1-2.6 and SSP2-2.6 scenarios, Shaanxi province sells water to Henan province because of the higher economic benefits than would have been gained from self-production, with the transfer values being 0.48 million m3 (under SSP1-2.6 scenario) and 0.02 million m3 (under SSP2-2.6 scenario). However, as the available basin water cannot satisfy the water demand in the two provinces, additional water is transferred from other basins and the South-to-North Water Transfer Project. Considering the water purchase and distribution costs, the amount of transferred water is optimized, with the water transfer from outside the basin being 91.07 million m3, 83.86 million m3, 165.61 million m3, and 172.71 million m3 in the four scenarios; that is, SSP1-2.6, SSP2-2.6, SSP2-8.5, and SSP3-8.5.




4.2. Effects from Varying the Available Water Resources on the Water Allocation Strategies


Water availability is a crucial factor when allocating limited resources to different users. As the relationship between water allocation and water availability is not linear [17], this section explores the correlativity between them by solving the proposed model under different hydrological conditions.



Table 5 and Table 6 illustrate the adjusted water allocation strategies under different hydrological conditions (slight dry condition and wet condition). As shown in Table 5, more water is allocated to the industrial sector in winter (such as 743 × 104 m3 in SSP1-2.6 scenario), and less water is allocated to the industrial sector in spring (such as 455 × 104 m3 in SSP1-2.6 scenario). By contrast, more water is irrigated for crop growth in summer and autumn, with 736 × 104 m3 and 773 × 104 m3, respectively, in the SSP1-2.6 scenario. Besides, with the increase in water availability, more water can be used by the four sectors in Shaanxi. In all, the optimized seasonal water withdrawals in Shaanxi are shown in Table 5.



In Henan province, more water is used for industrial development in Autumn; for example, 15,122 × 104 m3 water is consumed in the SSP1-2.6 scenario, and the other values are shown in Table 6. Additionally, 25,510 × 104 m3 and 27351 × 104 m3 water is irrigated, respectively, in Henan’s spring and summer in the SSP1-2.6 scenario. Furthermore, there is the same level of seasonal domestic water demand in the two provinces, which is instead influenced by climate and socio-economic factors.




4.3. Effects of the Water Market


By comparison to the water demands in this basin, we found that locally available water cannot satisfy it. Therefore, to determine the economic, social, and environmental benefits, a water market strategy is needed to reduce the gap between demand and supply. Water scarcity ratios and water stress indices are calculated in this section to reflect the water market’s impact. Figure 5a–d shows the average water scarcity ratios in each province under different future conditions without considering the water transfers. As can be seen, the average water scarcity ratios in both provinces are the same in both wet and normal conditions; however, the ratio in Shaanxi province is larger than in Henan province, possibly because Shaanxi province has limited water and therefore it is not economically, socially, or ecologically efficient to produce water-intensive goods.



The water stress index, which is an integration of the water use stress (  W  s U   ) and the water environment stress (  W  s E   ), was calculated using Equation (S1) in the Supplementary Materials, in which    ω E    and    ω U    are the weight coefficients, which were 0.5 and 0.5 in this study without any preference to each of the estimation index.   W  s U    is the total water use volume divided by the total available water volume, and   W  s E    is the total wastewater volume divided by the total available water volume, with the wastewater emission coefficients in each sector having been simulated from historical data published National bureau of statistics.



Using Equations (1)–(3), the water stress indices were determined without considering the water market. After calculating the differences, the reduced water stress was determined, as shown in Table 7. In the slightly dry condition and normal condition, water use and water environment stresses are increasingly reduced with the deterioration of the future conditions. It is also found that the market-based optimization method works better in the worse scenario.




4.4. Roles of Policymakers


4.4.1. Implementing Adjusted Strategies for Local Water Management and Water Transfers


For each scenario, optimal water allocation and transfer options were offered for local government to mitigate climate change, control the Chemical Oxygen Demand (COD) emissions, and encourage economic development.



Possible future pathways were quantified based on which sectoral water demands were predicted. The adapted water resources and intra-basin and inter-basin water transfers were determined using the proposed market-based dynamic multi-objective model. Hence, under different future conditions, the water scarcity problem in the Yiluo river basin cannot be ignored, and water transfers from other basins are needed. Besides, different local water allocation strategies and water transfer ratios can be optimized, faced with changing future conditions.




4.4.2. Exploring Alternative Water Resources and Saving Water


Water use stress in some regions such as Shaanxi and Henan provinces arises due to natural water scarcity. Therefore, to relieve these problems, this study optimized the water transfers from other regions. However, in slight-dry and normal scenarios (with possibilities of 0.3 and 0.5), it was found that there was no water basin development pathway could fully satisfy the water demand, even though varying the water transfer ratios could, to some extent, help meet demand and relieve the water use and environmental stresses.



Hence, alternative water resources should be found in the future, such as reclaimed water and desalinated water. Meanwhile, higher water use efficiency should be encouraged. For example, the agricultural sector could seek to optimize planting areas and implement water-saving irrigation measures. The industrial sector could increase its water reuse ratios and reduce the water used for cooling, and the domestic sector could be encouraged to save water and implement grey water reuse systems.




4.4.3. Reinforcing Environmental Regulations


Water quality has become a critical problem in many river basins due to agricultural fertilizer runoffs and industrial and municipality wastewater, which put significant pressure on the water environment. To sustainably develop river basins, this study defines an environment-based objective, minimized the total pollution entering the water body, and calculated the reduced environmental stress after introducing water transfers in different scenarios based on various climate change and economic development effects. In wetter years, it would be necessary to enforce environmental regulations on the industrial and agricultural sectors, especially on heavily polluting enterprises, and in dry years, environmental regulations are needed to ensure adequate ecological water demands and environmental balance.






5. Conclusions


Water management directly affects local, national, and global sustainable development; there has been an increased focus on ensuring that in the future all people have access to “clean water and sanitation” and have “zero hunger.” In China, the South–North Water Transfer Project and the water market’s instigation are proved to relieve water use and water environmental stress. However, as there is always economic development, seasonal precipitation differences, and evaporation uncertainties, it is often difficult to determine the planning year’s water demand and availability. Therefore, to examine the degree to which a changing climate and economic development modes affect water management strategies, this study developed a three-stage framework to consider the impacts of varying meteorological, economic, and social factors on adjusted water management strategies. Therefore, this paper’s primary contribution can be expressed as: (1) optimized the quantity of water that needed to be used locally to balance the economy-society-environment, and (2) several future scenarios were simulated and qualified and adjusted strategies suggested to deal with water scarcity in different planning years.



To verify the feasibility of the proposed decision-making framework and optimization model, a real-world case study focused on the Yiluo river basin. An optimal integrated solution to the local water allocations in Shaanxi and Henan provinces was determined, and several water transfers were suggested based on the results. Then, simulated input data were employed to illustrate the adjusted water allocation strategies under different future conditions. It was found that the water scarcity problem in the Yiluo river basin would not be satisfied by its water supplies and that water transfers from other basins would be needed.



Future studies plan to develop an in-depth framework coupling machine learning with a regression model to predict the water demand. Further, multiple driving forces are considered in addition to climate-driven and socio-economic development-driven factors. Finally, based on the proposed optimization model, managerial insights can be offered to allocate water resources to satisfy decision-making targets towards economic-societal-environmental benefits improvement.
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Figure 1. Water allocation framework with the presence of a water market. 
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Figure 2. Location of Yiluo river basin. 
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Figure 3. Seasonal water allocation strategies in four sectors in Shaanxi Province. (A) SSP1-2.6; (B) SSP2-2.6; (C) SSP2-8.5; (D) SSP3-8.5. 
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Figure 4. Seasonal water allocation strategies in four sectors in Henan Province. (A) SSP1-2.6; (B) SSP2-2.6; (C) SSP2-8.5; (D) SSP3-8.5. 
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Figure 5. Water scarcity ratios. (A) SSP1-2.6; (B) SSP2-2.6; (C) SSP2-8.5; (D) SSP3-8.5. 
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Table 1. Quantitative projections for the 2050 scenarios with a 2004 baseline year.
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	SSP1-2.6
	SSP2-2.6
	SSP2-8.5
	SSP3-8.5





	SSP c
	SSP1
	SSP2
	SSP2
	SSP3



	RCP c
	RCP 2.6
	RCP 2.6
	RCP 8.5
	RCP 8.5



	Temperature b
	Increase by 1.69 ℃
	Increase by 1.69 ℃
	Increase by 1.99 ℃
	Increase by 1.99 ℃



	Precipitation b
	Decrease by 8.9 mm/10a
	Decrease by 8.9 mm/10a
	Increase by 14.4 mm/10a
	Increase by 14.4 mm/10a



	Population growth a
	−5.8%
	−2.8%
	−2.8%
	0.6%



	Economic growth (GDP per capita) a
	1.5%
	1.3%
	1.3%
	0.5%



	Yield increase through technological development
	High (increase by 65%)
	Medium (increase by 38%)
	Medium (increase by 38%)
	Low (increase by 19%)







Sources: a. [22]. b. [23]. c. [7]. SSPs: shared socio-economic pathways; RCPs: representative concentration pathways.
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Table 2. Economic and demographic data in Henan and Shaanxi Provinces in 2050 among four scenarios.
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Min

	
Max

	
Average

	
SD






	
Population (10 thousand persons)

	
Shaanxi

	
3468

	
3703

	
3582

	
118




	
Henan

	
9153

	
9775

	
9455

	
311




	
Industrial GDP (100 million RMB)

	
Shaanxi

	
1561

	
1576

	
1571

	
8




	
Henan

	
4221

	
4263

	
4249

	
21




	
Economic growth (RMB per capita)

	
Shaanxi

	
8681

	
8768

	
8737

	
44




	
Henan

	
9247

	
9339

	
9307

	
47











[image: Table] 





Table 3. Water demands in Shaanxi Province in 2050 among four scenarios (10 thousand m3).
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Min

	
Max

	
Average

	
SD






	
Industrial water demand

	
Spring

	
469

	
474

	
472

	
2




	
Summer

	
618

	
624

	
622

	
3




	
Autumn

	
618

	
624

	
622

	
3




	
Winter

	
766

	
774

	
771

	
3




	
Agricultural water demand

	
Spring

	
367

	
382

	
375

	
9




	
Summer

	
767

	
798

	
783

	
18




	
Autumn

	
805

	
837

	
821

	
18




	
Winter

	
600

	
623

	
612

	
13




	
Domestic water demand

	
Spring

	
435

	
465

	
450

	
12




	
Summer

	
435

	
465

	
450

	
12




	
Autumn

	
435

	
465

	
450

	
12




	
Winter

	
435

	
465

	
450

	
12




	
Ecological water demand

	

	
475

	
475

	
475

	
0




	
Total water demand

	

	
6826

	
7250

	
6994

	
181
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Table 4. Water demand in Henan Province in 2050 among four scenarios (100 thousand m3).
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Min

	
Max

	
Average

	
SD






	
Industrial water demand

	
Spring

	
1265

	
1278

	
1273

	
6




	
Summer

	
1380

	
1394

	
1389

	
6




	
Autumn

	
1610

	
1626

	
1621

	
7




	
Winter

	
1495

	
1510

	
1505

	
7




	
Agricultural water demand

	
Spring

	
1314

	
1428

	
1371

	
66




	
Summer

	
2743

	
2982

	
2863

	
138




	
Autumn

	
2879

	
3129

	
3004

	
144




	
Winter

	
2144

	
2331

	
2238

	
108




	
Domestic water demand

	
Spring

	
1149

	
1227

	
1187

	
32




	
Summer

	
1149

	
1227

	
1187

	
32




	
Autumn

	
1149

	
1227

	
1187

	
32




	
Winter

	
1149

	
1227

	
1187

	
32




	
Ecological water demand

	

	
1870

	
1870

	
1870

	
0




	
Total water demand

	

	
19,616

	
21,354

	
20,476

	
711
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Table 5. Water supply with varying available water in Shaanxi province (ten thousand m3).
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SSP1-2.6

	
SSP2-2.6

	
SSP2-8.5

	
SSP3-8.5

	
SSP1-2.6

	
SSP2-2.6

	
SSP2-8.5

	
SSP3-8.5






	

	

	
Slight dry condition

	
Wet condition




	
Industrial water supply

	
Spring

	
455

	
405

	
397

	
387

	
474

	
473

	
473

	
469




	
Summer

	
599

	
533

	
523

	
510

	
624

	
623

	
623

	
618




	
Autumn

	
599

	
533

	
523

	
519

	
624

	
623

	
623

	
618




	
Winter

	
743

	
661

	
648

	
633

	
774

	
772

	
772

	
766




	
Agricultural water supply

	
Spring

	
352

	
314

	
321

	
316

	
367

	
367

	
382

	
382




	
Summer

	
736

	
657

	
670

	
659

	
767

	
767

	
798

	
798




	
Autumn

	
773

	
689

	
703

	
703

	
805

	
805

	
837

	
837




	
Winter

	
571

	
514

	
523

	
515

	
600

	
600

	
623

	
623




	
Domestic water supply

	
Spring

	
418

	
384

	
377

	
384

	
435

	
449

	
449

	
465




	
Summer

	
418

	
384

	
377

	
384

	
435

	
449

	
449

	
465




	
Autumn

	
418

	
384

	
377

	
384

	
435

	
449

	
449

	
465




	
Winter

	
418

	
384

	
377

	
384

	
435

	
449

	
449

	
465




	
Ecological water supply

	
475

	
475

	
475

	
475

	
475

	
475

	
475

	
475




	
Optimized water use rights

	
6974

	
6318

	
6294

	
6253

	
7250

	
7301

	
7402

	
7446
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Table 6. Water supply with varying available water in Henan province (ten thousand m3).
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SSP1-2.6

	
SSP2-2.6

	
SSP2-8.5

	
SSP3-8.5

	
SSP1-2.6

	
SSP2-2.6

	
SSP2-8.5

	
SSP3-8.5






	

	

	
Slight dry condition

	
Wet condition




	
Industrial water supply

	
Spring

	
11,885

	
11,730

	
11,220

	
11,132

	
12,780

	
12,750

	
12,750

	
12,650




	
Summer

	
12,964

	
12,936

	
12,519

	
12,144

	
15,676

	
16,051

	
14,536

	
14,349




	
Autumn

	
15,122

	
15,094

	
14,607

	
14,490

	
18,762

	
18,728

	
17,350

	
16,744




	
Winter

	
14,043

	
13,864

	
13,262

	
13,156

	
15,100

	
15,070

	
15,070

	
14,950




	
Agricultural water supply

	
Spring

	
12,220

	
12,089

	
12,566

	
12,566

	
13,140

	
13,140

	
14,280

	
14,280




	
Summer

	
25,510

	
25,510

	
26,946

	
26,242

	
31,545

	
31,649

	
32,802

	
31,162




	
Autumn

	
27,351

	
26,926

	
28,161

	
28,114

	
34,548

	
32,671

	
31,290

	
32,229




	
Winter

	
19,939

	
19,725

	
20,513

	
20,513

	
21,440

	
21,440

	
23,310

	
23,310




	
Domestic water supply

	
Spring

	
10,686

	
10,902

	
10,428

	
10,798

	
11,490

	
11,850

	
11,850

	
12,270




	
Summer

	
10,801

	
10,902

	
10,428

	
10,798

	
11,490

	
11,850

	
11,850

	
12,270




	
Autumn

	
10,686

	
10,902

	
10,428

	
10,798

	
11,490

	
11,850

	
11,850

	
12,270




	
Winter

	
10,835

	
10,902

	
10,428

	
10,798

	
11,490

	
11,850

	
11,850

	
12,270




	
Ecological water supply

	
17,485

	
18,700

	
18,700

	
18,700

	
18,700

	
18,700

	
18,700

	
18,700




	
Optimized water use rights

	
209,569

	
209,850

	
209,691

	
209,721

	
227,650

	
227,599

	
227,488

	
227,454
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Table 7. Reduced water stress after optimization.
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Slightly Dry

	
Normal






	

	
SSP1-2.6

	
SSP2-2.6

	
SSP2-8.5

	
SSP3-8.5

	
SSP1-2.6

	
SSP2-2.6

	
SSP2-8.5

	
SSP3-8.5




	
   W  s E    

	
0.95%

	
1.12%

	
1.77%

	
1.89%

	
0.30%

	
0.40%

	
0.99%

	
1.11%




	
   W  s U    

	
3.48%

	
4.23%

	
6.16%

	
6.40%

	
1.12%

	
1.47%

	
3.39%

	
3.62%




	
   W s   

	
2.22%

	
2.68%

	
3.96%

	
4.14%

	
0.71%

	
0.94%

	
2.19%

	
2.36%
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