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Achieving the goal of water resource allocation improvement is significant for the ecological conservation of basins. Considering the water supply and demand contradiction and the competition among stakeholders within water-deficient regions, we developed a multi-objective optimization model and proposed the most effective method for allocating water resources based on the study of supply and demand. This study reveals the following findings: 1) the total demand for the Fen River Basin in 2030 will be 6.68 billion m3. Compared with previous years, the actual consumption has increased, but the growth rate has slowed down. 2) The basin’s total supply of water in 2030 will be 7.855 billion m3. With the tightening of the management practice, the consumption and supply in each county showed a decreasing trend year by year. 3) The results of optimal water allocation for 2030 indicate that the FRB should allocate 1.655 billion m3 for domestic water, 4.57 billion m3 for production consumption, and 57 million m3 for ecological use.
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1 INTRODUCTION
Optimizing water resource allocation has emerged as a pivotal means of achieving ecological conservation of basins. The Yellow River has played a key role in the development of China’s economy in recent decades (Chen and Hobbs, 2020; Omer et al., 2021). For millennia, the waters of the Yellow River have sustained generations of Chinese communities, serving as a vital source for urban development and industrial growth (Yan et al., 2020). Although the Yellow River accounts for only approximately 2% of the runoff, it supports the living of 9% of the China’s population and contains 15% of arable land (Xiang et al., 2017). However, as the Yellow River Basin (YRB) undergoes significant social development and economic growth alongside population growth, the disparity between water supply and consumption becomes increasingly pronounced. This challenge is compounded by inefficient management, limited technological advancements, and disparities in the spatio-temporal distributions (Li et al., 2017; Yang et al., 2021; Zhao et al., 2021). Water resource management is now confronted with new imperatives under the policy of ecology first (Zhang et al., 2020a; Liu and Zhang, 2022). This entails the dual challenge of reserving sufficient ecological water to meet the needs of ecosystem protection in the YRB and ensuring water resource availability for industrial development.
In the past decade, various regions within the YRB have grappled with moderate to severe water shortages, driven by factors such as population growth, agricultural demands, climate variability, and limited water availability. Agriculture, being the predominant industry in the YRB, consumes over half of the region’s total water intake due to extensive irrigated lands (Shao et al., 2017; Di et al., 2019). An intriguing phenomenon in the YRB involves the diversion of groundwater from agriculture to urban and industrial sectors in pursuit of greater economic efficiency, with reclaimed water being allocated to agriculture, benefiting the environment (Bai et al., 2017; Yin et al., 2017). Despite these efforts aimed at rationalizing water resource allocation, they have not kept pace with the increasing water demand. The Fen River Basin (FRB), the second largest subbasin in the YRB, exemplifies the complex interplay between social economy, resource endowment, and ecological conditions (Gao et al., 2020; Chai et al., 2021). Despite a dense population, the basin allocates only 26% of its local provincial water resources to support approximately 40% of the population (Zhao et al., 2020; Chen et al., 2021; Liu et al., 2022). Over time, due to inefficient water use and poor management, the FRB has faced challenges such as groundwater over-extraction and low water-use efficiency (Liao and Ming, 2018; Liu et al., 2021). It is significant how to improve water efficiency for realizing sustainable management (Wang et al., 2017; An et al., 2021; Huang et al., 2021).
Numerous research studies have tackled the challenge of optimal water resource allocation using diverse mathematical approaches. For instance, Zhou et al. (2015) established a multi-region water resource optimization model by adopting the two-stage stochastic programming approach. This method was able to produce optimization results in the form of intervals, with the aim of reducing the uncertainty of optimal water allocation in irrigated areas. Zhang et al. (2020b) focused on the China’s Taihu Basin and showed that the risk of localized water deficits can be reduced by using water rights allocation plans that are optimal. Furthermore, research studies such as those conducted by Yan et al. (2018) applied the optimal allocation model improved by the whale optimization algorithm in Handan City and made a comparative analysis with the particle swarm optimization algorithm. While existing efforts contribute to the rational allocation of multiple water sources under specific objectives, there remains a notable gap in research specific to the FRB.
This study’s goal is to determine how to best distribute the region’s physical water resources, with a particular emphasis on the FRB, which has significant variations in water supply and demand. By doing so, this research aims to fill this gap in the study of FRB’s water resource allocation and provide essential policy insights for optimizing water resource allocation in other regions within the YRB.
2 RESEARCH AREA
The FRB is located in Shanxi Province, including 35 counties in the six cities: Taiyuan, Jinzhong, Yuncheng, Xinzhou, Linfen, and Lvliang (Figure 1). It occupies 39,000 km2 or more than 25% of Shanxi Province (Zhang X. et al., 2020; Zhang F. et al., 2021). Because of the continental monsoon climate in this basin, there are significant annual and inter-annual differences in precipitation, and the annual average climate change is obvious (Farnsworth et al., 2019; Zhao et al., 2019; Sun et al., 2021). The FRB is adjacent to the Lvliang Mountains in the west and the Taihang Mountains in the east (Pan et al., 2016; Fan et al., 2020). The total population of the FRB accounts for nearly 50%, and the total GDP of the province accounts for more than 40% (Zhao et al., 2017; Zhang J. et al., 2021). However, extensive utilization and inefficient management aggravate the unreasonable utilization of water resources.
[image: Figure 1]FIGURE 1 | Geographic location of the Fen River.
3 DATA AND METHODS
3.1 Data source
Data on both water resources and socioeconomic development indicators were gathered for this study. GDP, population, primary industrial production, secondary industrial development, and greenbelt area were all included in socioeconomic development data. Four main indications of industrial production were specifically collected: the amount of grain crops seeded, the number of animals and poultry, the area of orchards, and the area used for aquaculture. As the driving force behind the second industrial development, we exploited the industrial added value. Data on socioeconomic development were taken from the Shanxi Statistical Yearbook, while information on water resources was taken from the Bulletin of Water Resources for individual cities.
3.2 Water demand prediction
The water-use system in the FRB is intricate, encompassing various categories, such as urban and residential water, industrial production water, and ecological water (Figure 2). Different types of water demand require diverse prediction methods. Common approaches for predicting water demand include gray theory and machine learning methods like neural networks, regression analysis, and quota analysis (Al-Zahrani and Abo-Monasar, 2015; Villarín, 2019; Fan et al., 2020; Meng and Wu, 2021). To account for the impact of multiple social indicators on water demand and policy adjustments, this study employs a well-established and precise technique—quota analysis. Specifically, the domestic demand in the FRB comprises urban and rural residents’ domestic demand, production demand (which includes primary and secondary industry production demand but excludes tertiary industry demand contributing to domestic consumption), and ecological use.
[image: Figure 2]FIGURE 2 | Water demand structure in the Fen River Basin.
3.2.1 Domestic demand
The domestic demand in the FRB comprises two components: the domestic demand of urban and rural residents. Within the urban component, the daily water demand includes not only the needs of urban residents but also the public water demand of towns. For forecasting the domestic water demand, the following equation is employed:
[image: image]
where [image: image] denotes the urban or rural domestic demand in the predicted year t. [image: image] is the total daily water requirement per capita for urban or rural residents in the predicted year t. [image: image] indicates the urban or rural population in the predicted year t. r is the region variable, with r = 1 meaning city and r = 2 meaning country. [image: image] is used to express the number of days in the predicted year t.
When using quota analysis to determine residents’ daily water demands, it is crucial to take into account complex situations such as social and economic development, residents’ current water use quota, improvements in residents’ water-saving awareness, advancements in water-saving technology, the impact of policy adjustments, and other aspects in FRB. This paper follows the principles of keeping close to reality, meeting demand, classified quota and social progress, combining with the annual change of domestic consumption in Shanxi, and the actual water use in FRB in 2019. The comprehensive domestic water quota for urban residents (including household daily water demand and public water demand) in FRB in 2030 is 227 L/person · day and that for rural residents is 62 L/person · day.
When predicting the future urban and rural population, this paper adopts the autoregressive distributed lag model which is based on the time series analysis (Rahman and Vu, 2021). Compared with the time series analysis, the lag value of the explained variable is re-added into this model as the explanatory variable, which can improve the accuracy. The general form of the autoregressive distributed lag model is expressed as follows (Bildirici and Ersin, 2018):
[image: image]
where [image: image] is the exogenous observable. m and n represent the maximum lag periods of X and Y, respectively. p denotes the number of exogenous observables. [image: image] is the random disturbance, which satisfies the Gauss–Markov hypothesis. Meanwhile, i is set to be greater than or equal to 1, which aims at improving the accuracy of model prediction.
[image: image] and [image: image] are used to indicate the two exogenous observables corresponding to natality and mortality, respectively. [image: image] and [image: image] can denote the lagged values of natality and mortality, respectively. Given that [image: image] is non-stationary, Eq. 2 needs to be transformed into a stationary time series, and the transformed equation is expressed as follows:
[image: image]
The autoregressive distributed lag model applied to predict the population is developed based on Eqs 1–3. For year t, the population is
[image: image]
If you do not take into account the annual increase in population, taking the natality and mortality as all explanatory observables, the prediction model can be shown as follows:
[image: image]
To compare the performance of prediction models with different lag periods i, this paper makes logarithmic transformation of the lag period of natality and mortality.
[image: image]
Then, we can test the predictive performance of various lag phases on the basis of EViews 11 and choose the best lag phase to develop the model.
3.2.2 Primary industry
The demand of the primary industry is contingent upon the water production and water consumption characteristics of various agricultural sectors, including farmland, irrigation, livestock and poultry breeding, orchard irrigation, and aquaculture. The calculation of irrigation water demand is derived by multiplying the demand quota by the irrigation area. The quota for irrigation water demand is established based on the findings from relevant government departments and existing research efforts that have undergone extensive scrutiny (Cui et al., 2018; Sordo-Ward et al., 2020). It also considers the effects of technology breakthroughs and water-saving agriculture practices.
The irrigation water requirement of farmland and orchard is estimated using
[image: image]
where [image: image] denotes the classification variables, with [image: image] = 1 denoting farmland and [image: image] = 2 denoting orchard. [image: image] represents the irrigation water requirement in year t. [image: image] is the irrigation requirement quota of agricultural product type j in year t. [image: image] indicates the irrigated area which is usually approximated by the cultivated area.
Water demand for livestock and poultry breeding is calculated using Eq. 8:
[image: image]
where [image: image] denotes the water demand for livestock and poultry breeding in year t. [image: image] indicates the water quota of various types of livestock and poultry. [image: image] represents the number of the types of livestock and poultry.
Water demand for aquaculture is calculated using Eq. 9:
[image: image]
where [image: image] is the filling water quota of aquaculture. M represents the area of aquaculture.
On the basis of a series of local governmental official documents such as the 15th Five-Year Plan of National Economic and Social Development of Shanxi Province, this paper employs a method combining agricultural water quota and mathematical statistics referring to the requirements of future water-saving targets. Finally, the water demand of primary industry in FRB is determined, which is 2,740 m3/ha for agricultural irrigation, 1,390 m3/ha for orchard irrigation, 19 m3/head · year for livestock breeding, 5.5 m3/head · year for poultry breeding, and 1,520 m3/ha for aquaculture.
3.2.3 Secondary industry
The demand of the secondary industry is predicted by the comprehensive water demand quota of ten thousand yuan of the added value.
[image: image]
where [image: image] represents the water demand of the secondary industry in the prediction year t. [image: image] is the water consumption per ten thousand yuan of the industrial added value of type j in the region k in the predicted year t. [image: image] denotes the industrial added value of type j in the region k in the predicted year t.
Referring to the official documents such as the 15th Five-Year Plan of National Economic and Social Development of Shanxi Province, the growth rate of secondary industry in different counties is determined. Furthermore, according to the industrial structure, gross product, and current situation of water use, the water quota for secondary industry in FRB is determined to be 4.8 m3/thousand yuan, considering the improvement of water-use efficiency and water-saving measure in future of the secondary industry.
3.2.4 Ecology
Ecological demand is the water requirement necessary for maintaining the normal functioning and ecological health of an ecosystem within a specific timeframe and a defined region, guided by ecological protection, restoration, or construction objectives (Zhao, 2021). In the context of this study, domestic water demand from the river is not considered in the water optimal allocation. Therefore, the ecological water demand discussed here pertains specifically to the greening water demand of cities located outside the river. Following the existing literature (Jin et al., 2011; Zhang et al., 2020b; Chen et al., 2020), the ecological water demand quota of FRB in 2030 is estimated to be 4,620 m3/ha.
3.3 Optimization model
3.3.1 Objectives
Objective 1: GDP maximization. The value added of all the counties in the FRB is summed to determine the economic benefits, which are represented by the economic objective function. The following equation represents the objective function:
[image: image]
where [image: image] denotes the types of water sources; [image: image] represents the types of water users; [image: image] indicates various counties; [image: image] is the weight coefficient of different counties; [image: image] represents the GDP growth brought by 1 m3 of water resource consumption; [image: image] denotes the supply weight coefficient for user [image: image]; and [image: image] represents the amount of water resources consumed by user [image: image] from water source type [image: image] in region [image: image].
Objective 2: Minimization of water deficit. The objective of optimal allocation in FRB is to balance the conflict between supply and demand and to coordinate the contradiction between water users. To realize sustainable utilization, ensure the stable development of social economy and orderly industrial production. Therefore, minimization of water deficit will bring the greatest social benefit. The objective function is as follows:
[image: image]
where D (j, k) denotes the water demand of user [image: image] in region [image: image], and the rest are the same as Eq. 11.
3.3.2 Constraints
Limitations on the supply of water. There is a finite amount of water, and the amount that can be supplied from the many sorts of water sources is limited:
[image: image]
where [image: image] represents the supply capacity of water source type [image: image] in region [image: image].
Constraints of quantity of water use. The consumption of water users must be greater than or equal to the minimum standard to meet requirement. However, excessive water supply is unnecessary. This constraint is given as follows:
[image: image]
where [image: image] denotes the guarantee supply coefficient of minimum for user [image: image] in region [image: image].
Constraints of variables. The variables in the model cannot be negative because of their practical significance:
[image: image]
3.3.3 Pareto optimization
For water allocation within a river basin, the existence of numerous conflicting objectives precludes the attainment of a single all-encompassing solution. Consequently, the imperative arises to explore multiple trade-off solutions among these objectives. These trade-off Pareto optimal solutions, characterized by the inability to enhance one objective without compromising another, collectively constitute the Pareto front. Conventional optimization methods advocate the conversion of multi-objective problems into single-objective problems by prioritizing one particular Pareto optimal solution at a time. In this study, our primary objectives include 1) maximizing and 2) minimizing water deficit. To reconcile these conflicting objectives, we conduct multiple iterations of the simulation and optimization process.
4 RESULTS
4.1 Economic and social development
Based on the data of indexes such as grain-sown area, this study predicted the results of economic and social development, the number of poultry and livestock, he area of orchard, he area of aquaculture, and industrial added value in each county in FRB and referred to anticipation and annual average growth of all indicators in 2030 in the 15th Five-Year Plan of National Economic and Social Development. According to the contribution rate of each county in 2019 to Shanxi, the national economic and social development indicators of each region in FRB in 2030 are determined. The population is predicted by adopting an autoregressive distributed lag model. The prediction results are shown in Table 1.
TABLE 1 | Prediction results of national economic and social development.
[image: Table 1]4.2 Prediction of water demand
Following the equations and methods in Section 3.1–Section 3.3; Section 3.2.1–Section 3.2.4, the various demands for production, living, and ecology in the FRB in 2030 are calculated on the basis of prediction results of various indicators of national economic and social development (Figure 3).
[image: Figure 3]FIGURE 3 | Water demand of FRB (A) and various cities (B–G) in 2030 (unit: 108 m3).
The total water demand in the FRB is projected to reach 6.68 billion m³ in 2030. When compared to figures from 2015 to 2019, it is evident that the actual water consumption in the FRB has increased, albeit at a slower growth rate. This increase in the regional water demand is primarily attributable to the continuous improvement in the economic development of the FRB. The demand for water in the region has consistently increased over time, but it has been moderated by the implementation of water-efficient technology, water-saving measures, and improvements in water resource management. According to the structure of water demand, the ratio of water demand for residents, production, and ecology in the FRB in 2030 is 25.6: 73.5: 0.9. Among these categories, production water demand is the largest, approximately three times the combined total of the other two categories. This significant proportion of production water demand is primarily attributed to the primary industry’s mode of operation, which inherently requires substantial water resources.
4.3 Prediction of water supply
Surface water supply, groundwater supply, sewage reuse, and mine water use are the main sources of water supply in FRB. The sewage reuse and mine water utilization are classified as other water supply sources. As shown in Figure 4, the water consumption and supply of each county show a decreasing trend year by year, owing to much stricter policies of water resource management. It is prominent that surface water supply is cutting down. Despite other water supplies have increased with the progress of technology, the overall water supply capacity of FRB is declining. We adopt quota analysis to derive the quantity of water supply, following to city-level Bulletin of Water Resources. This approach takes into account the spatial and temporal distribution of precipitation, annual surface runoff that occurs naturally, water storage dynamics in large- and medium-sized reservoirs, groundwater dynamics in the basin plain area, groundwater falling funnel in the basin plain area, and water use in its entirety.
[image: Figure 4]FIGURE 4 | Prediction of water supply.
4.4 Optimal allocation of water resources
We employ professional math software LINGO 13.0 as a solver, based on the developed optimization model. The results are shown in Figures 5, 6. In 2030, the total water demand of FRB is estimated to be 6.68 billion m3. To improve the water-use efficiency, the water supply assurance rate in this study is set at 95%, the total water supply is set at 6.349 billion m3, the water shortage of the whole basin is set at 331 million m3, and the water shortage rate is set at 4.96%. All counties except for the counties under Taiyuan are facing water resource shortages to varying degrees. Among the 33 counties in FRB, Shouyang of Pingyao city and Guxian of Linfen city face the most severe water shortages, with a water shortage rate of more than 0.8%. The fact that each county’s water demand can essentially be supplied under the water supply guarantee rate of 95% is nevertheless encouraging.
[image: Figure 5]FIGURE 5 | Results of water allocation of various cities (A) and counties (B–G) in the FRB (unit: 108 m3).
[image: Figure 6]FIGURE 6 | Gap between water supply and demand in the FRB (unit: 108 m3).
Our optimization allocation confirms the feasibility of achieving a mutually advantageous scenario reconciling economic development and water conservation within FRB, facilitated by regional water using restructuring. The results reveal that this restructuring holds the potential to yield significant economic benefits, amounting to 70 billion yuan, and meets over 95% of water demand. Situated as a pivotal area within China’s YRB, the FRB has transitioned into the intermediate phase of industrialization and demonstrated notable advancements in various dimensions, including the control of industrial water consumption and improvements in industrial water usage efficiency. Nevertheless, a pronounced incongruity persists between the constraints imposed by limited water resources and the prevalent water-intensive industrial structure in the region. Given the scarcity of water resources in the FRB, the adoption of an optimal allocation becomes imperative to realize sustainable socioeconomic development.
It is essential to acknowledge that our model encompasses two objectives, and any enhancement of one objective comes at the detriment of the other. These two objectives are not of equal significance, with economic advancement holding precedence over addressing water scarcity, aligning more closely with the trajectory of China’s economic development. Water allocation strategies that do not align with the imperatives of economic growth tend to encounter substantial implementation challenges. In the process of making trade-offs for Pareto optimization, while numerous viable options exist, our considerations are narrowed down in recognition of the primacy of economic priorities. We base our choices on a water demand that ensures 95% of the required supply, selecting the allocation option that yields the highest economic development.
5 CONCLUSION AND DISCUSSION
5.1 Conclusion
The water demand in the FRB continues to escalate in tandem with the region’s socioeconomic development and population growth. However, the FRB grapples with inherent limitations in natural water and relatively low efficiency, resulting in a pronounced disparity between water supply and demand. This water scarcity intensifies competition among water users, undermining the prospects for regional economic growth and industrial development. In this context, optimizing the water allocation and enhancing water-use efficiency become imperative for the FRB. The ultimate goal is achieving the sustainable water resource utilization. Our research endeavors to provide a viable scheme of water resource allocation in the FRB in future, offering valuable insights for policymakers and decision-makers. The major conclusions are as follows:
(1) The total water demand in the FRB for 2030 is projected to reach 6.68 billion m³, reflecting an increase compared to 2015 and 2019. Although water consumption has increased over the years, the growth rate has decelerated. The regional water demand has also steadily increased with ongoing economic development in the FRB. The growth rate of the regional water demand has been effectively controlled owing to water-saving initiative implementation, enhanced water resource management, and advancements in water-saving technology.
(2) The total supply capacity of water in the FRB for 2030 amounts to 7.855 billion m³. This total includes 3.518 billion m³ from surface water, 4.086 billion m³ from groundwater, and 251 million m³ from other water supply sources. Water consumption and water supply in each county have experienced a consistent decline over the years, primarily due to increasingly stringent water resource management policies. Notably, surface water supply has substantially reduced, even though other water supply sources have shown improvements.
(3) The results of optimal water allocation for 2030 indicate that the FRB should allocate 1.655 billion m³ for domestic water, 4.57 billion m³ for production water, and 57 million m³ for ecological water. Most counties, excluding those under Taiyuan, face varying degrees of water resource shortages. However, the water demand for each water-use category can generally be met through the optimized allocation process.
It is important to highlight the fact that while water demand is increasing due to economic development and population growth, measures like water-saving initiatives and advanced water resource management have helped control the growth rate. Further research is imperative to conduct a comprehensive analysis of the precise mechanisms through which specific policies influence regional industrial restructuring. Further research studies will facilitate the development of more precise and efficacious recommendations for informing future policymaking.
5.2 Discussion
In terms of supply and demand for water resources, this article explains the demand from users and the FRB’s capacity to meet that demand. It then proposes the best plan for allocating water resources within the FRB. However, it is essential to recognize certain limitations and opportunities for future research:
(1) This study employs quota analysis to assess water resource demand, a method commonly used in similar research. However, it is important to acknowledge that quota analysis introduces a degree of subjectivity into the estimation process. Furthermore, due to the absence of an extensive historical dataset, the inversion of historical trends may carry biases that could influence prediction outcomes.
(2) This research primarily takes an inter-annual perspective, which overlooks the critical influence of seasonal cycles on water resource dynamics. Future research should aim to incorporate the complexities of seasonal water resource supply and demand patterns into the framework to improve the accuracy and scientific rigor of allocation schemes.
(3) The current study focuses primarily on optimizing the allocation of water resources among various user categories. However, it does not address the optimal scheduling of water resource projects, which is another critical aspect of water resource management. Future research endeavors should aim for a more comprehensive approach that considers the full spectrum of water resource allocation, including project scheduling, to provide more holistic solutions.
(4) The findings of this study have significant policy implications for the management of water resources in the FRB and similar regions. As the water demand continues to increase alongside population and economic development, strategies for sustainable resource allocation become crucial. It is recommended that the research could further explore the policy implications of the results. For example, the study could discuss the potential need for stricter regulations on water use in sectors with high demand and low efficiency. Additionally, exploring the feasibility and benefits of water-saving technologies and practices could offer practical recommendations for policymakers aiming to address the increasing water scarcity in the FRB.
(5) Although the current study primarily focuses on the intra-regional allocation of water resources within the FRB, it is worth considering the potential for cross-regional water allocation. Collaborative efforts between regions sharing water resources can be an effective strategy to alleviate water scarcity. The discussion could explore the possibilities and challenges associated with inter-regional water allocation and the role of governmental bodies and policy frameworks in facilitating such cooperation.
In conclusion, while the research has made significant strides in assessing water resource allocation in the FRB, these discussions of limitations and opportunities for future research will provide valuable guidance for the continued development of sustainable water resource management strategies in water-deficient areas. Addressing these aspects will enhance the depth and practicality of the study’s contributions to the field.
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