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Abstract:



The hydrodynamics of many hydropower reservoirs are controlled by the operation of their power plant, but the associated water quality impact is often poorly understood. In particular, significant hydropeaking operations by hydropower plants affect not only the downstream ecosystem but also the reservoir water temperature. This paper contributes to understanding that link. For this, we coupled a hydrodynamic model (Estuary, Lake and Coastal Ocean Model, ELCOM) to a grid-wide power system scheduling model. In a case study (Rapel, Chile), we observe the behavior of variables related to the flow regime and water quality (including sub-daily hydrologic alteration, seasonal and sub-daily thermal pollution of the downstream river, and vertical mixing in the reservoir). Additionally, we evaluate how environmental constraints (ECs) can improve the conditions for a wet, normal and dry water-type year. We found that the unconstrained operation produces a strong sub-daily hydrologic alteration as well as an intense thermal pollution of the outflow. We show that these effects can clearly be avoided when implementing ECs. The current (unconstrained) vertical mixing makes the reservoir susceptible to algae blooms. Implementing ECs may intensify the stratification in the reservoir near the dam in some scenarios. The grid-wide economic cost of Rapel’s ECs is a modest 0.3%.
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1. Introduction


A dam built for hydropower purposes can be understood as an interface that splits a system into a downstream river and an upstream reservoir, such that the reservoir conditions (water quality, quantity, and temperature) provide the boundary condition for the downstream river. Furthermore, the operation rule of the hydropower plant modifies the conditions on both sides of the interface, in particular, the reservoir storage and the magnitude and timing of the outflows [1,2,3,4]. Considering this continuum perspective, the aim of this article is to study and to quantify how operation rules affect the hydrodynamics and water temperature of a hydropower reservoir, and the hydrological and thermal alterations of the downstream river in the context of the power system operations that define when and how much energy the hydropower plant will produce.



Hydropower operation is highly variable over different timescales. On the seasonal and annual time scales, the availability of the water resource usually defines when and how much energy the hydropower plant will generate. Furthermore, in response to short-term fluctuations in power demand, the power plant can show intensive hydropeaking at sub-hourly, hourly and daily levels. This operation can be exacerbated when massive shares of renewable energies are part of the system, as their primary energy profile is not necessarily in phase with energy demand [5,6], and by new power market structures [7]. Altogether, these fluctuations generate an outflow pattern far from the river’s natural flow regime [8], hence severely altering the integrity of freshwater ecosystems [9,10].



The influence of reservoir operation on downstream rivers has widely been studied and described in terms of changes in the flow regime. Poff and Zimmerman [9] analyzed the relationship between flow alteration and ecological responses from over 150 papers of the last four decades and found that adverse effects were reported in over 90% of the cases. Flow alteration affects all the key constituents of the ecosystem, including the health, diversity, and abundance of macroinvertebrates, fish, and riparian vegetation [9,10,11]. To mitigate the adverse effects of extreme flow fluctuations, environmental constraints are an increasingly frequent mitigation measure within the environmental assessment processes of hydropower plants. These may include minimum environmental flows (MIF) or maximum hourly rates of change in the discharges (maximum ramping rates, MRR) [12,13]; as well as minimum levels of stored water.



River regulation affects another essential variable for the ecosystem conservation: water temperature, which, in turn, controls many ecological processes, including the productivity and cycling of nutrients, metabolic rates and growth rates of aquatic organisms [14,15]. Modifying the natural thermal regime of a river is known as thermal pollution [14] and also has numerous and widely recognized ecological consequences [14,15,16]. Thermal pollution has been studied in association with cooling water discharges from thermal power plants (e.g., coal or nuclear) [17]. Hydropower plants with large reservoirs affected by thermal stratification may withdraw water from below its thermocline, releasing cold flows during summer (also termed as cold water pollution). Due to the thermal inertia and depth of reservoirs, the water release during the operation of the hydropower plant is generally different from its natural thermal regime. Similar to the natural flow regime, the natural temperature regime is highly variable and complex. However, in contrast to flow restoration, the discussion of mitigating thermal pollution in regulated rivers is still incipient. Olden [14] points out that a major challenge in restoring natural thermal regimes is demonstrating the availability and success of strategies for temperature management.



Hydropower reservoir operation controls further parameters that impact water temperature, for example, vertical mixing and water elevation. Vertical mixing is the rate at which constituents found in deep waters (nutrients, metals and oxygen demand) is transported to the epilimnion where phytoplankton, fish, and human activity develop. This process is primarily modulated by regional climate (e.g., air temperature, solar radiation, wind speed) [18], and also by inflow plunging and density currents [18], the outlet elevation that defines the location of the density interface [19,20], and the operation rules of the hydropower plant that determine the time and intensity of current induced by outflows [21]. The operation rules of the hydropower plant can also alter the temporal distribution of water elevation in the reservoir (stored volume), which in turn controls the dynamics of phytoplankton throughout changes in water turbidity induced by the inflow of suspended solid concentrations [22]. Although the authors of [21,22] provide significant advances in understanding the link between hydropower operation and hydrodynamics, these studies were conducted in a relatively short time horizon (during summer stratification). The link of hydropower operation rules to the hydrodynamics of the reservoir, which integrates processes between the hydropeaking and the seasonal time-scales (particularly in the long term, i.e., a few years), is still not well understood.



The aim of this article is to study and to quantify how operation rules affect the hydrodynamics and water temperature of a hydropower reservoir and the hydrological and thermal alterations of the downstream river. We will look at a time period of 30 months, with different hydrologic scenarios (wet, normal and dry conditions), and two different operation rules of the hydropower plant (with and without environmental constraints). We will focus on three variables: (1) the outflows of the hydropower plant in the context of sub-daily hydrologic alteration; (2) the outflow temperature related to the thermal alteration in the downstream river; and (3) the vertical mixing across the reservoir that defines the transport rate of deep water constituents to the epilimnion. The main contributions of the present study are understanding: (1) the link between the hydrodynamics of the reservoir and the operational scheduling of the hydropower plant as part of an interconnected power system; (2) the influence of operation rules on outflow water temperature, vertical mixing, and downstream hydrologic alteration; and (3) the impact of hydrologic inflow scenarios on these variables.



The remainder of this article is structured as follows. Section 2 describes the study site: the Rapel reservoir. Furthermore, Section 3 details the methods and Section 4 shows the results of the case study. Finally, Section 5 draws the conclusions.




2. Study Site: The Rapel Reservoir


The analysis focuses on the Rapel hydropower reservoir, located in Central Chile (34°2′23″ S, 71°35′23″ W, 110 m above sea level (m.a.s.l.) [23]). The Rapel reservoir has a dendritic shape composed of three basins called Cachapoal, Alhué, and Muro (Figure 1). The main tributaries are the Tinguiririca and Cachapoal rivers, both entering at the upstream end of Cachapoal basin, thus inducing the dominant flow along the Cachapoal-Muro longitudinal curtain (Figure 1) [20,21].


Figure 1. Bathymetry of the Rapel Reservoir. The red line defines the longitudinal curtain along which the kinetic and potential energy are computed. The black arrows mark two specific locations along the curtain that are used in the discussion. m.a.s.l.: m above sea level.
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Since its commissioning in 1968, the reservoir has been affected by several events of massive fish death and algae blooms [23]. At the same time, it has become an important place for tourism, which motivated the recent implementation of a minimum reservoir level constraint, required for the normal development of recreational activities like boating.



Rapel is a relatively small reservoir (maximum water depth of 55 m, volume of 400 Hm3, retention time of about two weeks) with a seasonal regulation capacity. As a consequence of the operation scheme, the weekly average outflows are of the same order of magnitude as the weekly average inflows. In the absence of environmental restrictions, its 380 MW power plant produces frequent, significant ramps. Hence, its hourly outflows are coined by a strong peaking operation with very low outflows during most hours, and discharges over 550 m3/s concentrated in a few peak hours of the day. This is exacerbated during the dry season which coincides with the stratification period. Water withdrawal for energy production occurs at the dam between 73 and 88 m above sea level (m.a.s.l.). Further information about the power plant and basin can be found in [20,22,24].




3. Methods


In the present work, we couple a hydrodynamic simulation with a power system scheduling model to study how different hydrologic scenarios and environmental constraints (ECs) of the power plant affect water temperature and hydrologic alteration. We follow a similar methodology (Figure 2) to Rossel and de la Fuente [22]. This coupling is required because the Rapel hydropower plant is part of Chile’s Central Interconnected Power System (SIC), organized as a mandatory pool with audited costs. Thus, the operation of all power plants in central Chile is prescribed by an independent system operator (ISO) following a cost-minimization criterion of the entire power system [5,12]. The following subsections detail this coupling.


Figure 2. Layout for the coupled simulation of hydrodynamics and operation of the hydropower plant. MIP-UC: mixed integer optimization to prescribe the unit commitment; ELCOM: Estuary, Lake and Coastal Ocean Model.
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3.1. Hydrologic Scenarios


Three different hydrologic scenarios, wet (W), normal (N) and dry (D), were defined. These correspond to historical years 1986–1987, 1969–1970, and 2007–2008, with a probability of exceedance of their annual flows of 20%, 50%, and 90%, respectively [25]. The record of past flows can be found in the databases of Chile’s ISO [26] and possess a weekly resolution for most hydropower plants. The choice of these values aims at covering a broad spectrum of plausible flows, data availability, and computing capacity limits.



These three scenarios feed into both the power system operations and hydrodynamics model that were continuously run for 30 months. In the power system operations model, these scenarios comprise the inflows to each hydropower plant of the system (including the Rapel reservoir), whereas in the hydrodynamic model they only feed the inflow time series coming into Rapel reservoir. The outflows of Rapel result exclusively from the operation of its power plant, determined by the power system operations model, as explained as follows.




3.2. Power System Operations


To simulate the operation of Rapel we use a tool that replicates the procedure of Chile’s ISO, which relies on a mixed integer optimization to prescribe the unit commitment (MIP-UC) of the whole power grid. The relevant results of the power operation simulation are Rapel’s outflow time series. The model uses an hourly resolution and solves for a weekly horizon. MIP-UC minimizes the operational costs of the power system (composed of thermal, hydro and renewable power plants) while satisfying the energy demand of each node and a set of technical constraints. A detailed formulation of the MIP-UC model can be found in previous studies [12].



The operational costs are mainly associated with thermal plants (coal, gas or diesel). As the system possesses large water reservoirs (besides Rapel), MIP-UC uses an opportunity cost function of stored water (in terms of the stored water at the end of the simulation horizon) [12]. This future cost function is computed by the ISO using a stochastic medium-term optimization tool [27] and can be understood as the displaced future thermal costs.



The technical constraints include water balance, water-to-power-yield and flow routing, minimum and maximum power capacities, minimum on- and off-line times of generators and transmission capacities of the grid (modeled as direct current power flow), including power losses.



The remaining information required for MIP-UP, like fuel cost or the energy demands, are publicly available inputs for the ISO weekly scheduling [28]. The actual conditions from January 2011 to June 2013 were taken.



To mitigate hydrologic alteration, implementing environmental flow constraints are a common solution. In this article, we study the influence of two different sets of scenarios on the hydrodynamics of the reservoir and thermal pollution of the downstream river: with environmental constraint (named EC) and without environmental constraint (named woEC). The EC scenario is a combination of a minimum instream flow (MIF) and a maximum ramping rate of the turbine outflow (MRR). Based on the findings of [12] (which studied the trade-off between the cost of implementing environmental constraints and their effectiveness in improving sub-daily hydrologic alteration), we chose efficient values for our environmental constraints. This resulted in 20% and 6% of the median monthly inflow as MIF and MRR, respectively. In other words, the MIF requires Rapel to release (either through the turbines or the spillway) at all times at least 20% of the median inflows of a given month, and the MRR to operate so smoothly that the changes in turbine outflows between two consecutive hours are always below 6% of the monthly median inflow. The combination of the hydrologic scenarios and the two operational cases (with or without environmental constraints) define six scenarios for the power system operations simulation and the hydrodynamics simulation (Table 1).



Table 1. Scenarios for the power system and hydrodynamics simulations.







	
EC/Hydrology

	
Dry

	
Normal

	
Wet






	
With EC

	
D-EC

	
N-EC

	
W-EC




	
Without EC

	
D-woEC

	
N-woEC

	
W-woEC











3.3. Hydrodynamic Simulation


The hydrodynamics simulation was conducted with the model Estuary, Lake and Coastal Ocean Model (ELCOM) [29,30]. This 3D-hydrodynamics model considers environmental variables (wind speed, irradiation, water in- and outflows, temperature, precipitation, and so forth) to determine the spatial and temporal behavior of water bodies. For the simulation, the same mesh grid as in [21,22] was used, which is based on elements of 50 × 50 m of horizontal spacing, and 2 m of vertical spacing. The meteorological information was obtained from the atmospheric reanalysis ERA-Interim Daily of the European Centre for Medium-Range Weather Forecasts, for the grid point located in the center of the reservoir (34.125° S, 71.5° W), identified with a gray circle in Figure 1. ERA-Interim reanalysis is available from 1979 to the present day and provides information on air temperature, dew point temperature, wind speed, atmospheric pressure and total cloud cover every 6 h. The influence of using ERA-Interim meteorological data in the hydrodynamics simulation is validated against field observations of a thermistor chain located near the dam between November 2009 and April 2010 [21,22]. The performance of the hydrodynamics model was quantified with the skill index of Willmott [31] defined as:
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(1)




where [image: there is no content] and [image: there is no content] denote the ith observed and predicted water temperature, respectively; and [image: there is no content] is the average observed and predicted water temperature. The skill index takes values between 0 (poor performance of the model) and 1 (perfect performance of the model). It was computed at each time step of measurements, where a set of N = 11 observations in the vertical profile is available in the thermistor chain ([image: there is no content]). The corresponding simulated temperatures ([image: there is no content]) were obtained by vertically interpolating the simulated water temperatures to the measurements elevations.




3.4. Analysis of Scenarios


After simulating all scenarios with the power system and hydrodynamics model, we focus on the water outflows determined from MIP-UC and temperature obtained from ELCOM, and the hydrodynamics of the reservoir that are associated with the different simulation scenarios. With the water outflows, we will study the sub-daily hydrologic alteration (Section 3.4.1) and with the temperature, the sub-daily thermal pollution (Section 3.4.2). The hydrodynamics, in terms of vertical mixing (Section 3.4.3), will shed light on the potential transport of constituents in the reservoir.



3.4.1. Sub-Daily Hydrologic Alteration


Measuring hydrologic alteration has been of interest since the 1990s. Most well-known are the Indicators of Hydrologic Alteration by Richter et al. [32], based on flows of daily (or coarser) resolution. However, with the privatization of the power sector and the introduction of renewables, the operational scheme of hydropower plants has intensified its flashiness, especially in the intra-daily time horizon [5,33]. These fluctuations are hardly captured in the original indicators [34]. In response, several indexes for measuring the hourly fluctuation have been proposed in the last decade [35,36,37]. The Richard–Baker (R–B) index [35] for flow flashiness is one that has found numerous applications in the last five years [5,6,12,38,39]:
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where [image: there is no content] denotes the outflow for the time t, and N is the total number time steps used for computing the R–B index. Here we computed the weekly R–B index such that [image: there is no content] because the outflows are obtained every 1 h. The structure of the R–B index is simple and allows to capture the frequency and magnitude of multiple peaking events during the time horizon. It consists of adding the hourly flow variations and dividing them by the total flow of the considered period (e.g., day or year). The coefficient 1/2 restricts the value of the R-B index between 0 and 1. Values close to zero describe very steady flows. An index close to one is the other extreme in which a power plant generates pulses (0% in one hour, 100% in the next, then 0%, and so on) during the whole time horizon.




3.4.2. Thermal Pollution


Although water temperature is a central ecological controller, it is rarely considered when defining environmental flow requirements in hydropower reservoirs. Some recent studies have started to focus on this phenomenon [14,40,41]. In [14], the thermal pollution of a hydroelectric dam is characterized in terms of variability and magnitude (monthly range, minima, and maxima) of water temperature, frequency and duration of low and high-temperature pulses that also propagate downstream as thermal plumes [40,41], and timing of yearly minima and maxima temperatures. These analyses compare the conditions before (using the inflow water temperatures) and after the dam construction. In short, the approach is similar to the range of variability approach (RVA) of flows [42].



Vanzo et al. [43] point out that the sub-daily temperatures cycles also impact the ecosystems, but these are hardly captured in the indexes of daily (or coarser) resolution. Consequently, they derived the [image: there is no content] index for the day d, defined as:
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(3)




where [image: there is no content] denotes the outflow water temperature for the time t, and [image: there is no content] and [image: there is no content], the maximum and minimum outflow temperature, respectively, for the day d. [image: there is no content] is a dimensionless index that measures the rate of change of temperature over short time scales with respect to the difference between the maximum and minimum temperature of that day d. The index ranges between 0 and 1, where values close to zero indicate smooth temperature changes, while [image: there is no content] closer to 1 indicates high thermal alteration in the downstream river.



Finally, the outflow water temperature is computed as the average water temperature of the reservoir, for the boundary cells near of the dam located between 73 and 88 m.a.s.l.




3.4.3. Vertical Mixing


Changes in outflow water temperature with respect to the inflow water temperature and changes in the sub-daily thermal regime are driven by the hydrodynamics of the reservoir. Hence, we will focus on variations in the vertical stratification that reflect the rate at which mixing occurs across the density interface, thus transporting water constituents (like nutrients or biochemical oxygen demand) from the hypolimnion to the epilimnion. To quantify changes in the stratification, we looked at the potential energy of the reservoir, [image: there is no content], computed along the longitudinal curtain (marked in Figure 1) as:
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(4)




where [image: there is no content] denotes the water density, g the gravity acceleration, [image: there is no content] the elevation and [image: there is no content] the surface area of the integration. The potential energy is smaller for stratified conditions than for well-mixed conditions [44,45,46]. Consequently, with Equation (4) we computed the difference between PE of the well-mixed reservoir and PE of the stratified reservoir for each time step, where for the former we used the spatial average of the water density. This difference is here called [image: there is no content], and is a time series that defines the amount of energy that is required to produce the complete vertical mixing in the reservoir. Consequently, smaller values of [image: there is no content] are associated to a more mixed water column. Finally, to explain the differences among time series of [image: there is no content] of the different scenarios, the kinetic energy of the reservoir, KE, was computed as:
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(5)




where [image: there is no content] denotes the simulated flow velocity.






4. Results and Discussion


4.1. Power System Operations Simulation


4.1.1. Sub-Daily Hydrologic Alteration


The main results of power system operations simulation with MIP-UC, related to the operation of the Rapel hydropower plant, are shown in Figure 3. For different weeks and hydrologic scenarios, it compares the flow between the scenario with EC (dark lines) and without EC (light lines). The EC included in this study limit these fluctuations and force the hydropower plant to a smoother operation during the entire simulation period.


Figure 3. Simulated outflows of Rapel (following the structure of Figure 3) for the different hydrologic scenarios (dry, normal, wet). The color convention is defined in Figure 2. (A,D,G): a specific week of January 2012 (austral summer). (B,E,H): a specific week of July 2012 (austral winter with energy production). (C,F,I): a specific week of June 2013 (austral winter with reduced operation of the hydropower plant).
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As expected by design, the R-B flashiness index is effectively reduced when EC are considered (see also, for example, Figure 4A and reference [12]). Furthermore, the R–B index showed smaller values for the W-woEC (light green line) scenario than for the D- and N-woEC scenarios (Figure 4A), which shows that hydropeaking in wet conditions is less intense than for normal and dry scenarios. This can be attributed to the lack of water availability in the D- and N- scenarios in contrast to the W scenario. Finally, on the seasonal evolution of the flashiness, Figure 4B compares time series of the flashiness index for a dry hydrology of the scenarios with and without EC. It shows that the scenario without EC (light red line) has low R-B values for larger inflows (austral winter), while it peaks during summer where the inflows are small. This relationship is observed for all the scenarios without EC.


Figure 4. (A) Frequency distribution of Richard-Baker (R-B) index for the scenarios with ECs and without ECs. (B) Time series of R-B index for the simulated outflow time series of the dry scenario with ECs (red line) and without ECs (light red line); the black line indicates the inflows for dry hydrology.
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4.1.2. Costs of EC


The implementation of ECs raises the annual costs by 5 to 22 million USD (shown in Table 2), as computed by grid-wide power operations model, depending on the hydrologic scenario. In terms of direct costs of the Rapel reservoir, Table 2 shows that the implementation of ECs raises annual costs US$2.2 to 8.8 million (shown in Table 2), corresponding to a relative increase in annual costs by 3.9% to 10.9%. As it is shown in Table 2, this cost increase might be relevant for a single power plant but corresponds to less than a 0.3% system-wide cost increase. The system-wide costs are considered relevant because these are finally transmitted to the customers. This growth is considerably low, especially in the context of the cost variability due to hydrologic scenarios. For example, a normal year is 6% more expensive than a wet year, and a dry year is over 12% more costly than a normal year.



Table 2. Annual cost increase associated with the inclusion of ECs in terms of system costs, and direct costs of Rapel. Values are presented in terms of % and in millions of US dollars (M USD).







	

	
EC-woEC

	
Dry

	
Normal

	
Wet






	
System costs

	
Percentage (M USD)

	
0.06% (5)

	
0.3% (23)

	
0.3% (22)




	
Rapel costs

	
Percentage (M USD)

	
3.9% (2.2)

	
10.9% (8.8)

	
6.8% (7.8)










The relatively low cost of implementing ECs in dry years might seem counter-intuitive. This can be explained by the effect that water scarcity has on the generation mix. In these years, there is a high participation of thermal power plants, which offer peaking capacity. Therefore, the lost ramping capacity from a constrained hydropower operation can easily be distributed among the (many) available thermal units. In normal and wet years, in contrast, limiting the hydropower operation would imply using expensive thermal-peakers that otherwise would remain off.



There is a trade-off between the costs and the benefits associated with the inclusion of ECs on the operation of the hydropower plant. These costs are explicitly calculated as the grid-wide cost increases (monetary costs of Table 2), whereas the benefits associated with hydrologic and thermal alteration of the downstream river, and vertical mixing in the reservoir are expressed in non-monetary indexes. So far, our analysis treats the environmental benefits in a different dimension as the economic costs. In future, it would be helpful to advance in the economic understanding of these benefits for an optimal design of ECs.





4.2. Water Temperature


4.2.1. Water Temperature Validation


The direct comparison between observed (thermistor chain) and simulated (ELCOM) vertical profiles of water temperature near the dam is shown in Figure 5A,B, respectively. The performance of the model (Figure 5C) is favorable most of the time as the skill index takes values larger than 0.9 during most part of the time. Only after the end of February 2010, the skill index value starts to decrease, due to the Mw8.8 Maule earthquake that produced an intense and instantaneous vertical mixing in Rapel reservoir [24], which is not represented in the hydrodynamic model. The skill index plotted in Figure 5C was computed based on Equation (1) with the observed and predicted water temperatures plotted in Figure 5A,B, respectively. Unfortunately, no other water temperature measurements are available for this validation period to evaluate the performance of the model in other places of the reservoir.


Figure 5. Comparison between measured (panel A) and simulated (panel B) water temperature profile near the dam. (C) Time series of the Willmott skill index. Dashed vertical line marks the Maule earthquake.
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4.2.2. Vertical Mixing in the Rapel Reservoir


The hydrodynamics simulations show substantial differences in water temperature as a function of the presence of ECs and the hydrologic regime. Figure 6 shows the time evolution of vertical profiles of water temperature near the dam (this profile determines the downstream water temperature). As previously reported, the location of the density interface is primarily determined by the elevation at which the outlet is installed (between 73 and 88 m.a.s.l., see the horizontal dashed lines in Figure 6). However, the vertical profiles of water temperature are also determined by both the hydrology and the presence of ECs. As a consequence, dry scenarios with smaller outflow volumes (Figure 6C,D) are less well mixed than wet scenarios (Figure 6C,F) associated with higher outflows.


Figure 6. (A–C) Time evolution of simulated vertical profiles of water temperature near the dam, for the dry, normal and wet scenario without EC; and (D–F) for the dry, normal and wet scenario with EC. Triangles on the right vertical axis indicate location of water temperature time series of Figure 7A, and horizontal dashed lines the elevation of water withdrawals.
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The impact of the ECs on the hydrodynamics of the reservoir can be observed in Figure 7A, where the time series of water temperature at 20 m below the water outlet elevation (triangles of Figure 6) are plotted for all the simulated scenarios. The dry years without ECs show the lowest water temperatures and no significant seasonal changes, while the water temperature for the wet year shows a strong seasonal signal with maximum values of 22 °C. This response evidences the fact that vertical mixing across the density interface is weakest for the D-EC scenario. Here, the deep water temperature was determined by the reservoir temperature in the previous winter turnover, rather than by seasonal cycles that control surface temperature. Figure 7A also shows that the inclusion of ECs may imply less vertical mixing and thus lower water temperatures.


Figure 7. Time series of: (A) Simulated water temperature at 55 m.a.s.l. (triangles in Figure 6); (B) energy that is required to produce the complete vertical mixing in the reservoir, [image: there is no content]; (C) kinetic energy, KE, for N-EC and N-woEC scenarios; (D) Simulated outflows for N-EC and N-woEC scenarios. The colors are defined in Figure 2.
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In terms of potential energy, Figure 7B shows the time series of the energy required to completely mix the water column ([image: there is no content]). This is a way of quantifying the stratification of the water column (Figure 6). As expected, [image: there is no content] is larger during summer in all the simulations when the water column is stratified, i.e., a large amount of energy is required to produce vertical mixing. Furthermore, [image: there is no content] is consistently larger when EC are in place. In extreme cases, the [image: there is no content] of scenarios with ECs can double the [image: there is no content] of scenarios without ECs (e.g., normal hydrologic years during the second summer). Finally, the hydrology also plays an important role in vertical mixing. The [image: there is no content] of wet years is smaller in normal than in dry years. Moreover, during a wet year ECs have no significant impact on [image: there is no content].



The link between vertical mixing, the hydrology, and the hydropower plant operation is better observed by looking at the kinetic energy of the reservoir (Figure 7C) in response to the outflows (Figure 7D). Two facts are highlighted: (1) the comparison between outflows and KE time series shows that the kinetic energy of the reservoir is well modulated by outflows, such that KE is maximum when outflow discharges occurs; and (2) similarly to Ibarra and colleagues [21] (which looked at the mixing efficiency to quantify vertical mixing in response to the outflows and the wind), the KE for the normal scenario without ECs is usually larger than the KE with ECs. The latter is because of the kinetic energy is proportional to the square of the velocity, which is larger for scenarios without ECs than with ECs, which tend to smooth the outflow time-series [21]. In response to these two facts, the KE available for mixing the reservoir is smaller for the dry hydrology than for the wet hydrology (the average KE for the for D-, N-, and W-EC scenarios is 2.8, 4.5 and 15.3 MJ, respectively), and the KE takes larger values for scenarios without ECs (3.4, 6.5 and 17.6 MJ, for D-, N-, and W-woEC scenarios, respectively).



Finally, this increase in the KE available to produce mixing is restricted to the Muro basin as shown in Figure 8, which plots the temporal average KE computed for all of the computational cells of that define the longitudinal curtain defined in the red line of Figure 1. Particularly, the KE associated with the woEC scenarios (light lines in Figure 8) is generally higher that the KE of the EC scenarios for the region between the dam and the kilometer 15 of the longitudinal curtain, which is located downstream the confluence of Cachapoal and Alhué basins (Figure 1). Furthermore, an interesting feature is also observed in Figure 8 at km 6, where the KE of all the simulations was maxima. This localized increase in the KE is because of a lateral contraction of the bathymetry (see Figure 1) which locally enhances the flow velocity. Notice that vertical axis limits of subplots of Figure 8 are not the same, such that the KE for wet scenarios (Figure 8C) is twice as large than KE for normal scenarios (Figure 8B), and five times larger than the KE simulated for dry scenarios.


Figure 8. Temporal averaged KE along the curtain defined in red line of Figure 1. The colors are defined in Figure 2.
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4.2.3. Thermal Alteration of the Downstream River


The downstream river temperature is modulated by the water temperature of the reservoir in both the seasonal and the sub-daily timescales. For the seasonal time-scale, Figure 9 shows the time series of inflow and outflow water temperatures for the different scenarios. Usually, the outflow water temperature of Rapel is lower than the inflow water temperature (Figure 9A–C). This can be explained by the deep-water intakes, areas colder than the surface. Furthermore, the average outflow water temperature depends on the ECs. In particular, the average outflow temperature without EC is about 0.4 °C higher for dry and normal years when compared to the cases with ECs. For the wet hydrology, the difference is negligible. However, for normal and dry years, the inclusion of ECs could produce differences in the outflow temperature as large as 2 to 3 °C (both positive and negative).


Figure 9. Time series of simulated daily average inflow water temperature (black dashed line) and daily average outflow water temperature for scenarios with and without ECs. (A) Dry hydrology; (B) normal hydrology and (C) wet hydrology. The colors are defined in Figure 2.
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On the sub-daily time-scale, hydropeaking generates significant fluctuations in the outflow water temperature. However, these oscillations can be effectively dampened with ECs. This can be observed in Figure 10A–C that plot the time series of sub-daily anomalies of outflow water temperature (maximum daily temperature minus daily average temperature, and maximum daily temperature minus daily average temperature). As found in [21], the large fluctuations in the outflow water temperature associated with the woEC scenarios are explained by the outflows discharge pulses that pull (warmer) water from the surface. Consequently, sub-daily temperature anomalies are larger at the beginning of the stratification period. Here, the stratification starts to build up from the top, and the vertical gradients of water temperature are greater than at the end of the summer. Furthermore, positive sub-daily anomalies of outflow water temperature are larger than negative anomalies, which confirm that hydropeaking draws from warmer waters. Finally, the simulations with ECs showed smaller fluctuations in the outflow water temperatures than for the woEC scenarios. The daily fluctuations in the outflow temperature of the EC scenarios are attributed to diurnal cycles of water temperature and to the fact that some peaking is allowed by the MRR restriction.


Figure 10. Time series of simulated sub-daily anomalies of outflow water temperature (maximum and minimum) for scenarios with and without ECs; and (A) dry hydrology, (B) normal hydrology, and (C) wet hydrology. Colors are defined in Figure 2. (D) Time evolution of simulated vertical profiles of water temperature near the dam for the dry year without ECs. Dashed horizontal lines define the elevation of water withdrawals.
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Finally, for quantifying sub-daily thermal alteration in the downstream river, Figure 11 plots the cumulative frequencies associated to the [image: there is no content] index of reference [43] (Equation (3)). The authors of [43] used the median value of the station and defined the threshold [image: there is no content] to indicate whether or not the thermal alteration is substantial (dashed line in Figure 11). In the Rapel reservoir, the computed [image: there is no content] index is, in general, larger than this threshold, thus indicating that the sub-daily thermal alteration of the downstream river is significant.


Figure 11. Frequency distribution of the sub-daily temperature rate of change index [image: there is no content]. The colors are defined in Figure 2.
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5. Conclusions


In this paper we couple a power system scheduling model to a hydrodynamic simulation to study the effects of the operation of a hydropower plant on water temperature, hydrological alteration and vertical mixing in the reservoir. We focus on sub-daily hydrologic alteration, seasonal and sub-daily thermal pollution and vertical mixing. Further, we assess how environmental constraints (ECs) affect these parameters and how much these ECs would cost. We present a case study in Chile (Rapel hydropower plant) and test the results for robustness under three different water-type years (wet, normal and dry).



In quantitative terms, the impacts of the implementation of ECs on the operation of Rapel hydropower plant are summarized in Table 3. It shows the relative changes of implementing ECs in terms of monetary cost, hydrological and thermal alteration, and vertical stratification. We found that Rapel’s current (unconstrained) operation induces a strong sub-daily hydrologic alteration of the downstream river. The implementation of ECs would reduce this to a large extent. Particularly, extreme peaking events would be avoided. Furthermore, the operation of the power plant also generates significant fluctuations in the outflow water temperature on the seasonal and sub-daily time-scale. Here, the implementation of ECs also dampens these fluctuations. Further, on the seasonal scale, ECs can help lowering the river’s temperature. The current (unconstrained) operation promotes vertical mixing, especially critical in summer when algae blooms are frequent. Implementing ECs might strengthen the seasonal stratification close to the dam in summer, particularly during dry and normal years. Once ECs are implemented, the system-wide operational costs are expected to increase by about 0.3%. From a systemic perspective, this does not seem significant. However, if the power plant needs to bear them, it could have noticeable effects on its yearly balance.



Table 3. Summary of relative changes of the implementation of ECs to Rapel hydropower plant ([image: there is no content]) for different aspects analyzed in this article. The quantification was made based on the variable listed in the second column.







	
Aspect

	
Variable

	
Dry

	
Normal

	
Wet






	
Monetary costs

	
Cost of the power system

	
+0.1%

	
+0.3%

	
+0.3%




	
Hydrological alteration

	
Median R-B index

	
−94%

	
−89%

	
−89%




	
Thermal alteration

	
Median [image: there is no content] index

	
−28%

	
−25%

	
−46%




	
Vertical stratification

	
Average [image: there is no content]

	
+14%

	
+29%

	
+9%










In summary, the inclusion of ECs in the operation of the hydropower plant reduces hydrological and thermal alteration of the downstream river. However, it also might strengthen stratification in the Muro basin, which may not necessarily be good for the water quality of the reservoir.
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