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Abstract
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: _Hlk43822196]In water-deficient rivers, environmental flows (e-flows) are usually sustained via inter-basin water transfer projects from water-sufficient rivers, but these projects incur tremendous costs and may lead to many negative ecological effects, such as ecological invasion. This research proposed to transfer hydropower instead of water from water-sufficient rivers, because hydropower could substitute for water to promote economic development and reduce water withdrawal from water-deficient rivers. In this research, we established a computable general equilibrium model to analyze the substitution of hydropower for water in a water-deficient river basin, and determined the water withdrawal volume that could be reduced (conserved water). In addition, we adopted a range-of-variability approach to measure the effectiveness of e-flow provisions, and optimized the use of the conserved water to better maintain e-flows. The Luanhe River was adopted as a study case. The results showed that: the water-hydropower equivalent decreased as the transferred hydropower into the Luanhe River basin increased; a transferred hydropower amount of 22.46 kWh/s, equivalent to 18.30 m3/s conserved water, was optimal for the river basin; the conserved water should be distributed to the Luanhe River in the proportions of 0.55:0.1:0.35 during the wet, normal and dry seasons, respectively; the policy could transform the macro-economy toward a lower air-pollution pattern. 
[bookmark: _Hlk44510426]Keywords
Environmental flow; hydropower; inter-basin water transfer; CGE model


1 Introduction
A river is an important carrier of natural resources; it promotes regional development with its huge economic and ecological value. However, continuous population growth and overuse of water results in negative impacts on the aquatic ecosystem of a river: declination of the natural flows, disappearance of native fish species and degeneration of river ecological systems (Chen, Wang, Cao, & Song, 2013). Environmental flow (e-flow) refers to a flow regime designed to maintain a river at a specified ecological condition (Smakhtin & Eriyagama, 2008). Maintaining e-flows has become an essential measure for riverine ecosystem protection (Wang, Zhang, & James, 2009).
E-flows are commonly sustained by eco-friendly reservoir operation. Many methods have been proposed to optimize reservoir operations, and these can be divided into two types based on protection objective: specified species or ecological function, and entire riverine ecosystem protection. For specified species or ecological function protection, for example, Cardwell, Jager, and Sale (1996) took into account the habitat available for fish species, to develop a multi-objective optimization model to ensure e-flows for fish. Harman and Stewardson (2005) developed an approach to detect a series of release rules related to gauged tributary inflows and to optimize them based on total water release volumes and other criteria. Li, Wei, Qiu, and Jiang (2020) explored the flow rising processes most effective for fish spawning stimuli, and proposed a multi-objective optimization model that took hydropower generation and fish habitat protection into account. In terms of entire riverine ecosystem protection, the natural flow of a river plays a critical role in sustaining its native biodiversity and ecosystem integrity (Poff et al., 1997). Based on this fact, Homa et al. (2005) introduced the concept of an ecodeficit to enable a broader evaluation of instream flow needs, and established three types of reservoir operation rules. Suen and Eheart (2006) used a nondominated sorting genetic algorithm II (NSGA-II) to solve the multi-objective optimization model, and found the Pareto optimal frontier between ecosystem and human water needs. Yin, Yang, Yang, Zhao, and Chen (2010) proposed a reservoir operation method that combines the use of operating rule curves with a regulatory minimum release policy, to balance human and ecosystem needs. Furthermore, in order to satisfy the different e-flow requirements of a river during various flow periods, an effective management of e-flow below dams was explored by combining three e-flow management strategies, for ‘‘normal-,’’ wet-, and dry-year situations (Yin, Yang, & Petts, 2011). Xu, Xu, and Yang (2019) considered plant diversity conservation, and proposed a new approach for reservoir operation, to balance hydropower generation and plant diversity conservation in downstream wetlands.
[bookmark: _Hlk42445822][bookmark: _Hlk41813512]When the water available is not sufficient for e-flows, inter-basin water transfer (IBWT) from water-sufficient rivers is implemented. Labadie (2004) reviewed optimal operation of multi-reservoir systems from various aspects, and that study showed there have been many achievements in IBWT research. Presently, the research on IBWT mainly focuses on optimizing operational strategies (Liu et al., 2019; Wang, Zhou, Liang, & Xu, 2015; Xu & Chen, 2020; Zeng, Hu, Guo, &Li, 2014). For example, Liu et al. (2019) developed a genetic algorithm (GA)-based optimization model, and took Rizhao City as a case study, to verify this model. Xu and Chen (2020) proposed an aggregation model and improved the NSGA-II algorithm to establish operational strategies for water diversion and water supply. In addition, some literatures have focused on alternative evaluation, uncertainty analysis and hydrological impacts (Bonacci & Andrić, 2010; Chen & Chang, 2010; Guo, Hu, Zhang, & Lv, 2012; Li, Wang, Rajeshwar, Ashish, & Wang, 2009). 
Although IBWT satisfies rivers’ e-flow requirements to a certain extent, it still has some negative impacts on both the economy and the environment. On the economic side, the impressive engineering works required for such transfers—such as diversion channels, tunnels and so on—incur huge costs (Gupta & Der Zaag, 2008). On the environmental side, the natural hydrological regime is often greatly compromised in the water-supply rivers, and water transfer projects can lead to lower water quality, ecological invasion and habitat degradation (Bonacci & Andrić, 2010; Gupta & Der Zaag, 2008). Actually, compared with IBWT, inter-basin hydropower transfer is both more economical and more environmentally friendly. Its engineering requirements cost much less than those of IBWT. Hydropower is an efficient, low-cost and near-zero emission source of “green” energy (Lobanova, Koch, Liersch, Hattermann, & Krysanova, 2016), and its transfer has little negative impact on the environment. Although hydropower generation changes the natural flow regime, this ecological impact is much smaller than the over-withdrawal of water demanded by IBWT. Also, because both water and energy are critical resources for promoting economic development, hydropower transfer makes it possible for water-deficient rivers to reduce their volumes of water withdrawal without depressing the GDP in the water-deficient river basin. Thus, inter-basin hydropower transfer is a better choice than inter-basin water transfer.  
A computable general equilibrium (CGE) model can quantitatively describe the relationships and interdependencies among components of various economies, and is best suited to analyzing the direct as well as the indirect economic impacts of environmental factors, such as climate change, deforestation and water scarcity (Banerjee, Cicowiez, Horridge, & Vargas, 2016; Jin, Deng, Wang, Shi, & Li, 2014; Kahsay, Kuik, Brouwer, & Der Zaag, 2015). Since the 1980s, an extensive amount of literature has used the CGE model to analyze water issues (Llop & Alifonso, 2012). Berck, Robinson, and Goldman (1990) used a CGE model to evaluate the economic impact of withdrawing water from agricultural use; their study is one of the earlier experiences with modeling water in an economy-wide framework (Banerjee et al., 2016). The CGE model is often used to simulate the economic and environmental impacts of water consumption charges (Blignaut & Van Heerden, 2009; Letsoalo et al., 2007; Lu, Deng, & He, 2015; Qin, Jia, Su, Bressers, & Wanga, 2012; Zhao et al., 2016). Letsoalo et al. (2007) built eight scenarios of water consumption charges and three scenarios of revenue recycling to test the triple dividends of water consumption charges in South Africa: reduced water use, more rapid economic growth, and a more equitable income distribution. Research on irrigation water using the CGE model is also a hot spot (Nechifor & Winning, 2019; Zhong et al., 2015). In addition, other water issues have been analyzed using the CGE model, such as groundwater conservation (Diao, Dinar, Roe, & Tsur, 2008), wastewater recycling (Luckmann, Grethe, & Mcdonald, 2016), water allocation (Koopman, Kuik, Tol, & Brouwer, 2017) and the economic impacts of dams (Kahsay et al., 2019; Wittwer, 2009). 
In this article, we propose a water compensation policy: when the hydropower transferred to the water-deficient river basin increases, the water withdrawal from the water-deficient river should decrease, and the reduced water withdrawal should not depress the GDP in the river basin. The purpose of this study was to determine the optimal strategy of reduced water withdrawal from rivers and establish a CGE model to analyze the substitution of hydropower for water. The Luanhe River Basin in China was taken as a case study to verify the efficiency of this approach. The remainder of this article is structured as follows. Section 2 presents the model of the optimized use of conserved water, the CGE model and the case study. Section 3 presents the results and discussions, and Section 4 presents the conclusions.

2 Method
In this research, we propose to transfer hydropower to sustain e-flows in water-deficient rivers. First, we need to determine the reduced amount of water to be withdrawn (conserved water) by analyzing the e-flow requirements and the flow management rules. Then, we determine the water-hydropower equivalent in the water-deficient river basin—i.e., the amount of conserved water when one unit of hydropower is transferred to the water-deficient river basin, without depressing the GDP. Finally, the amount of hydropower to be transferred to the water-deficient river basin is determined based on the water-hydropower equivalent and the specified amount of conserved water. 
2.1 Determination of the water withdrawal reduction in the water-deficient river
The alteration of natural flow regime is one of the key causes of riverine ecosystem degradation, and thus reducing the degree of flow regime alteration has been widely adopted as the objective of e-flow management. In this research, we will use the range of variability approach (RVA) (Richter, Baumgartner, Powell, & Braun, 1996; Richter, Baumgartner, Wigington, & Braun, 1997; Richter, Baumgartner, Braun, & Powell, 1998) to measure the degree of flow regime alteration associated with different amounts of water withdrawal reduction. Different schemes may also be used to manage the conserved water, and will be considered in this research.
2.1.1 RVA
[bookmark: _Hlk44519489]In RVA, 32 indicators of hydrological alteration (IHA) are used to quantify the flow regime alteration (Table 1). For each IHA, the target range is specified as the 75th to the 25th percentile of the IHA series. The degree of alteration, Dm, is used to measure the deviation of the impacted flow regime from the natural one for the mth hydrological indicator, which is defined by 

                          (1)
where No,m is the observed number of post-impact years in which the value of the mth hydrological indicator falls within its target range; and Ne,m is the expected number of post-impact years in which the indicator value falls within its target range. The average degree of alteration of these hydrological indicators is applied to quantify the overall degree of flow regime alteration:

                          (2)
where D is the overall degree of flow regime alteration, and G is the number of hydrological indicators. The degree of flow regime alteration could be further categorized into three levels: low alteration (0-0.33), moderate alteration (0.33-0.67), and high alteration (0.67-1.0) (Richter et al., 1998).
#The approximate position of Table 1#
2.1.2 Management of conserved water
The conserved water can be considered an additional water resource, and used to increase the e-flows in a river. The different annual conserved water volumes will lead to different degrees of flow regime alteration. The conserved water in the economic system is determined at an annual scale. The annual conserved water needs to be reasonably distributed to each day in that year. In this research, we set two scenarios to distribute the annual conserved water.
· Equal-distribution scenario: the annual conserved water is equally distributed over all days.
· Optimized-distribution scenario: the distribution proportion of the annual conserved water in the wet, normal and dry seasons is optimized to minimize the degree of flow regime alteration. To simplify the research, within any one season the water is equally distributed over all the days in that season.
After the release of the conserved water, the daily flow in a river is equal to the original daily flow plus the daily allotted amount of the conserved water release. The relationships between annual conserved water volume and flow regime alteration will be analyzed under the two distribution scenarios. Based on these relationships, the optimal annual conserved water volume will be determined, and will correspond to the minimum degree of flow regime alteration. 
2.2 CGE model
The CGE model is considered an effective tool to evaluate the economic impacts of water policy measures (Faust, Gonseth, & Vielle, 2015). This model is a theoretically consistent mathematical representation of an economy, and it consists of equations describing producer demands for intermediate inputs and primary factors; producer supplies of goods and services; consumer demands for goods and services; market-clearing conditions for commodities and primary factors; and numerous macroeconomic variables and price indices (Banerjee et al., 2016; Kilimani, Van Heerden, Bohlmann, & Roos, 2018; Letsoalo et al., 2007). Producers minimize cost while consumers maximize utility (Letsoalo et al., 2007).
We used a five-level nested production structure in this paper, and each level was defined by a constant elasticity of substitution (CES) function of two quantities (Figure 1) (Qin et al., 2012). Hydropower and non-hydropower are combined at the bottom level, and this non-fossil-fuel electricity is subsequently linked with fossil-fuel electricity, with a perfect substitution between them. At the fourth level, capital and water constitute the capital-water composite, and the elasticity value is 0.77 (Shao, Yang, Yang, Zhang, & Geng, 2020). At the third level, the electricity and fossil energy constitute the energy composite, and the water-capital composite and labor constitute the capital-labor-water composite, with a 0.7 elasticity value (Solís & Zhu, 2015). At the second level, the energy composite and the capital-labor-water composite are combined by a CES function, and the elasticity value is set at 0.4 (Su et al., 2019). At the top level, the intermediate inputs and the energy-capital-labor-water composite constitute activity output with a 0.3 elasticity value (Liang, 2013). In addition, a constant elasticity of transformation (CET) function is used to determine supply composition between domestic demands and exported goods, and domestic outputs and imported goods constitute the total demand, via the Armington CES function.
#The approximate position of Figure 1#
In China, both water and hydropower are among the resources needed to promote economic development. With the development of the economy and technology, hydropower, an efficient and near-zero emission source of “green”energy (Lobanova et al., 2016), will be more and more commonly used in production. Hydropower can substitute for water as a production input, to some degree. To quantitatively explore the substitution relationship between the two resources, the following procedures were used:
1) The GDP was fixed at the present level to explore the substitution of hydropower for water in economic development.
2) The core water and hydropower equations added to the model are Equations (3) and (4). 
                                            (3)
                                             (4)
where QWD and QND are the use of water and hydropower in the water-deficient river basin after water withdrawal reduction and hydropower transfer, respectively; QWS and QNS are the present use of water and hydropower in the water-deficient river basin, respectively; rkn is the increase rate of the hydropower supply, and rkw is the decrease rate of the water supply. The rkn was exogenously fixed at a specified percentage, and the CGE model will calculate the corresponding rkw.
3) According to the rkn and rkw, in order to further express the substitution relationship between water and hydropower, the water-hydropower equivalent (WHE) was determined as follows.
                                               (5)
where WV and HV are the input of water and hydropower to the economy, respectively; rkn0 is the hydropower increase rate; rkn1 is another hydropower increase rate which is larger than rkn0. Here we assumed that the difference between rkn1 and rkn0 is 0.05%.
2.3 Case study
We took the Luanhe River Basin as a case study to verify the effectiveness of the proposed method. The Luanhe River Basin is located in the north of Hebei Province, China, with geographical scope of 39°10'-42°30'N, 115°30'-119°15'E (Figure 2) (Bi et al., 2019). It covers a total area of 44750 km2. 
The Luanhe River plays an important role in supplying water for industry, agriculture and households, in the basin. However, in recent years, the combined effects of economic growth and drought have dramatically decreased the runoff of the Luanhe River system (2018 Haihe River Water Resources Bulletin, 2018; Yan, Wang, Wang, & Qin, 2012). During the period 2000-2019, the mean annual surface water resource was only 40.6% of that between 1956 and 2000 (Yan et al., 2012). The lack of e-flows has caused the river ecosystem to decline significantly. 
#The approximate position of Figure 2#

3 Results
[bookmark: _Hlk42330957][bookmark: _Hlk42018645]3.1 Optimized use of different volumes of conserved water 
3.1.1 Flow regime alteration under the equal-distribution scenario 
We changed the volume of conserved water in the economic system from 0.1 to 20 m3/s with an incremental step of 0.1 m3/s. The overall degree of the flow regime alteration for each conserved water volume is shown in Figure 3. As the volume of conserved water increased, the overall degree of the flow regime alteration showed a fluctuation trend, with moderate alterations. When the volume of conserved water was 12.4 m3/s, the degree of the flow regime alteration was at its minimum, 0.48. Thus, a volume of conserved water of 12.4 m3/s was recommended for e-flow supply.
#The approximate position of Figure 3#
In order to further explore the flow regime alteration, we also analyzed the alteration level of each IHA group, which is shown in Figure 4. As the volume of conserved water increased, the degree of hydrological alterations of IHA Group 1 showed a downtrend. But compared with other groups, the alteration was higher, basically showing high alterations when the volume of conserved water was less than 7.2 m3/s, but moderate alterations as the volume rose beyond that amount. A fluctuation trend appears in IHA Group 2, concentrated in the range of moderate alterations. Timing of annual extreme flow conditions showed little alteration (IHA Group 3). The changes in the dates of the annual 1-day minimum were always less than 0.1, reflecting a good ability to sustain the timing of minimum flows. The hydrological alterations of IHA Group 4 were at moderate levels, and different volumes of conserved water had similar impacts on hydrological alterations. The rate and frequency of flow, meanwhile, showed moderate alterations (IHA Group 5). The number of flow falls showed little alteration, while the rates of flow rise and fall, and the number of flow rises, showed moderate alterations.
#The approximate position of Figure 4#
3.1.2 Flow regime alteration under the optimized-distribution scenario
Under the optimized-distribution scenario, we optimized the average annual conserved water and the seasonal water distribution at the same time. We also increased the volume of conserved water in the economic system from 0.1 to 20 m3/s with an incremental step of 0.1 m3/s, and simultaneously changed the distribution proportion of the conserved water in the wet, normal and dry seasons from 0 to 1 with an incremental step of 5%. In the Luanhe River basin, the dry season is December through February; the normal seasons, March through May and October through November; the wet season, June through September. 
Figure 5 shows the influence of annual conserved water on the degree of flow regime alteration. (The regime alteration is also influenced by the seasonal water distribution. In Figure 5 we only report the minimum alteration degree). Similar to the equal-distribution scenario, under the optimized-distribution scenario the overall degree of the flow regime alteration also fluctuated with the conserved water volume, but was much lower than that under the equal-distribution scenario. Generally, the degree of flow regime alteration decreases along with the annual conserved water, and the alteration degrees were at moderate levels. When the volume of conserved water was 18.3 m3/s or 19.4 m3/s and the distribution proportion of wet, normal and dry season was 0.55:0.1:0.35, the minimum level of the flow regime alteration could be achieved, with a D value of 0.39. 
#The approximate position of Figure 5#
[bookmark: _Hlk42681706]The degree of alteration of each IHA group is shown in Table 2. The hydrological alterations in the magnitude of monthly water conditions were highest in IHA Group 1; half had high alterations, while the rest were moderate, and the normal and wet seasons had higher hydrological alterations than the dry season. The alterations of Group 2 were almost all at moderate levels. In this group, the alterations of annual minimum flows varied greatly, indicating that the volume of conserved water and the monthly distribution proportion had a greater impact on this indicator. The percentage of low alterations for Group 3 was 34.83%, while the percentage of moderate alterations was 58.52%. The frequency and duration of high and low pulses showed low and moderate alterations (Group 4), in which the number and mean duration of high pulses in each year showed low alterations, with percentages of 99.97% and 81.70%, respectively. Group 5 showed moderate alterations, with a percentage of 70.90%. 
#The approximate position of Table 2#
In summary, under the equal-distribution scenario, 12.4 m3/s is the optimal volume of conserved water with 0.48 degree of flow regime alteration. Under the optimized-distribution scenario, both 18.3 m3/s and 19.4 m3/s are optimal volumes of conserved water with a 0.39 degree of flow regime alteration. Thus, we should use the CGE model to explore how much hydropower can substitute for 12.4, 18.3 and 19.4 m3/s of conserved water with a fixed GDP.
[bookmark: _Hlk42626890]3.2 Water-hydropower equivalent determination
Both water and hydropower are important resources for promoting economic development, and hydropower can substitute for water as a production input. Inter-basin hydropower transfer is more economical and environmentally friendly than inter-basin water transfer, to sustain e-flows in water-deficient rivers. Thus, based on the optimized results of conserved water, we further used the CGE model to determination water-to-power equivalents. 
Here we set the increase rate of hydropower at 0.05%-20% with an increment of 0.05%. As shown in Figure 6, there is a negative correlation between WHE and the hydropower increase rate. When the hydropower input has increased by 0.05%, 1 kWh additional increase of hydropower input to the economy could substitute for 0.84 m3 of water, meaning that whenever hydropower increases by 1 kWh, the water withdrawal from the Luanhe River could be reduced by 0.83 m3. However, with the increase of hydropower input, the substitution effect of hydropower on water gradually diminishes, although the diminishment is slight. When the hydropower input was increased by 10%, 15% and 20%, the substitution water volume for 1 kWh additional increases of hydropower input to the economy were 0.82, 0.81 and 0.80 m3, respectively. 
#The approximate position of Figure 6#
3.3 Recommended hydropower transfer and flow management scheme 
We further determined the volume of water that could be conserved from the economic system under the different hydropower increases (Figure 7). As can be seen, there is a positive correlation between volume of conserved water and hydropower increase rate. The more hydropower is input, the more water will be conserved. When the volumes of conserved water were 12.4, 18.3 and 19.4 m3/s, the hydropower increase rates were 8.30%, 12.40% and 13.15%, and the corresponding hydropower increases were 15.03, 22.46 and 23.82 kWh/s, respectively. 
#The approximate position of Figure 7#
The optimal strategies of conserved water are shown in Table 3. The equal-distribution scenario showed minimal increases in hydropower, but its flow regime alteration was larger than that for the optimized-distribution scenario. The optimized-distribution scenario had the minimum degree of flow regime alterations, and the increase in hydropower was 22.46 or 23.82 kWh/s. Considering the economic cost and the degree of flow regime alteration, 22.46 kWh/s hydropower transfer to the Luanhe River basin is the recommended strategy. Under this transfer amount, the conserved water (18.3 m3/s) should be distributed to the wet, normal and dry seasons, in the proportions of 0.55:0.1:0.35.
#The approximate position of Table 3#

4 Discussion
4.1 Cost comparison between water and hydropower transfer
Inter-basin hydropower transfer is much less expensive than water transfer—the most compelling reason this study found, for using hydropower to substitute for water. Yu, Wang, Liu, Olsson, and Wang (2018) calculated the construction cost of 59 mega water diversion projects in China, and determined the construction cost for each unit of transferred water to be about 2.1 US dollars (14.86 RMB; exchange rate set at 7.077 RMB/US dollars) per cubic meter in the 2010s. We further explored the construction cost of hydropower transfer using their method. All data were collected from the National Energy Administration. The results showed that the construction cost for hydropower transfer was about 0.54 RMB/kWh. Based on the water-hydropower equivalent determined in the previous section—i.e., 1 kWh hydropower equivalent to 0.84 m3 water—the costs of hydropower and water transfer under the same contributions to GDP are 0.54 RMB and 1.76 US dollars (12.46 RMB; exchange rate set at 7.077 RMB/US dollars), respectively.
[bookmark: _Hlk44423071]In addition, the national average electricity price in 2016 was 0.61 RMB/kWh, with the highest price in Shenzhen city, at 0.78 RMB/kWh (2018 China Electric Power Yearbook, 2018). And water costs much more than electricity; water transfer projects in the northern water shortage area have resulted in relatively higher water prices, with the price of non-residential water in Beijing and Tianjin reaching 6.5 RMB/m3. Even in the rest of the region water prices were mostly in the range of 2-5 RMB/m3 (http://www.h2o-china.com), still several times the electricity price. Therefore, considering the construction costs and resource prices, inter-basin hydropower transfer is clearly a more economical way to maintain e-flow in water-deficient rivers.
4.2 Impact of the policy on the macro-economic structure
[bookmark: _Hlk43822376][bookmark: _Hlk43990064][bookmark: _Hlk43990091]We further analyzed the impact on the macro-economic structure, of the policy of transferring hydropower to maintain e-flows in water-deficient rivers. Industrial structure is an important factor affecting economic growth, resource utilization and environmental pollution (Ning & Zhao, 2015). With an increase in hydropower transfer, the industrial structure of the Luanhe River basin was shifted toward a cleaner and more economical direction. The shares of the primary, secondary and tertiary industries changed from 3.7322%, 67.9322% and 28.3356% (when the policy was not implemented) to 3.7328%, 67.9311% and 28.3361% (when 22.46 kWh/s hydropower were transferred into the Luanhe River basin), respectively. The secondary industry generates higher levels of pollution and requires higher energy and water consumption than the primary or tertiary industries (Chen & Zhao, 2019); hence a lower proportion of secondary industry will make a better eco-environment. While the relative shares of the three levels of industry were only slightly unaffected by the shift from water transfer to hydropower transfer, the share of the secondary industry did decline while those of the other two increased. This shift, therefore, would move the economy toward a lower-carbon development pattern (Li, Lei, Zhao, & Li, 2015). Furthermore, an increase in the proportion of tertiary industry also indicates an upgrading of the industrial structure (Chen & Zhao, 2019; Li et al., 2015). 
[bookmark: _Hlk43990104]It is worth noting that the new policy had some impacts on the energy consumption of this region. The increase in the use of hydropower caused the consumption of other resources to decline. The consumptions of fossil-fuel electricity, fossil energy and non-fossil-fuel electricity excluding hydropower declined by 0.36%, 0.03% and 2.05%, respectively. And the consumption of non-fossil-fuel electricity excluding hydropower declined the most, because it has a better substitution relationship with hydropower. Fossil energy is associated with air pollution and greenhouse gas emissions, and always results in air-quality issues (Granovskii, Dincer, & Rosen, 2007; Lee, Iraqui, & Wang Wittwer, 2019). The reduction in fossil energy consumption could reduce pollutant emissions and alleviate air pollution problems.

5 Conclusions
Maintaining e-flows is a key principle in sustaining river ecosystems and protecting biological diversity. Inter-basin water transfer is a commonly used way to sustain e-flows, yet it not only incurs tremendous costs but also leads to some negative impacts on the ecosystem. Water and hydropower are important resources for promoting economic development, and hydropower can substitute for water, as a production input. Inter-basin hydropower transfer offers an opportunity to sustain e-flows by reducing water withdrawal from rivers, and it is more economical and environmentally friendly than water transfer. In this study, we used the RVA method to determine the amount of water withdrawal that should be reduced, and established a CGE model to explore the water-hydropower equivalent. Finally, the amount of hydropower to be transferred to a water-deficient river basin was determined based on the water-hydropower equivalent and the amount of reduced water withdrawal. We took the Luanhe River Basin as a study case to demonstrate the effectiveness of the proposed method. The conclusions are as follows. 
1. The water-hydropower equivalent decreased with the increase of the transferred hydropower in the Luanhe River Basin. The optimal amount of hydropower transfer is 22.46 kWh/s, which can reduce water withdrawal by 18.30 m3/s. The specified amount of conserved water should be distributed in the proportions of 0.55:0.1:0.35 for the wet, normal and dry seasons, respectively, which is the optimal use scheme of the conserved water, to maintain e-flows.
2. The policy of transferring hydropower to maintain e-flows in water-deficient rivers changes the macro-economic structure to a lower pollution pattern. The GDP share of the output value in the secondary industry declined from 67.9322% to 67.9311%, and the share of the tertiary industry increased from 28.3356% to 28.3361%, indicating an upgrading of the industrial structure. The consumptions of fossil-fuel electricity and fossil energy declined by 0.36% and 0.03%, respectively, indicating an air pollution level lower than that generated from fossil energy. 
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Table Legends
[bookmark: _Hlk44525754]Table 1. Indicators of hydrological alteration (IHA).
[bookmark: _Hlk44519852]Table 2. Percentage of each alteration level for each indicators of hydrological alteration group under the optimized-distribution scenario.
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Figure Legends
Figure 1. Structure of the CGE model.
Figure 2. Location of the Luanhe River Basin.
Figure 3. Overall degree of flow regime alteration (D) for each conserved water volume under the equal-distribution scenario.
Figure 4. Degree of hydrological alteration (D) in each group of indicators of hydrological alteration under the equal-distribution scenario.
Figure 5. Minimum degree of flow regime alteration (D) for each conserved water volume under the optimized-distribution scenario.
Figure 6. Water-hydropower equivalent (WHE) under different hydropower increase rates.
Figure 7. Volume of conserved water under different hydropower increase rates.
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