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Abstract

:

Future global sustainability depends heavily on the development of renewable energy. The object of this study is a system of two plants (Kaunas hydropower plant (HP) and Kruonis pumped-storage hydropower plant) and upper and lower reservoirs. A possible dam failure accident in such an important system can endanger the population of Kaunas City. The methodology for estimating dam-failure-induced flood wave uncertainty included scenarios of the upper reservoir embankment failure hydrographs, modeling flood wave spreading (MIKE 21 hydrodynamic model), and estimating wave heights. The GRS methodology was selected to assess the uncertainty of flood wave modeling results and the sensitivity of hydrodynamic model parameters. The findings revealed that the discharge values of the Nemunas inflow and outflow through the HP outlets are the most important parameters determining the greatest height of the flood wave. Therefore, by correctly managing the amount of water in the upper reservoir, it would be possible to prevent the lower reservoir dam from breaking.
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1. Introduction


Ancient civilizations arose in river valleys, and their prosperity was based on successfully controlling and harvesting river water. The earliest known dam was constructed in modern-day Jordan in the Bronze Age around 3000 BC [1]. Over the centuries, dams have protected human settlements from floods, and man-made reservoirs have been used for water supply, irrigation, and power generation, among other vital needs. The number of dams is still growing. In some countries, the construction of dams is still considered a symbol of modernism and wealth [2,3,4].



As many countries strive to prioritize renewable energy development and minimize fossil-fuel-based generation, sustainability-focused studies and plans for new hydropower schemes and pumped-storage hydropower projects are on the rise [5,6,7,8,9,10]. Pumped hydro energy storage (PHES) supports essential functionality in the energy system, helping to balance load, regulate frequency, and generate reserve over short and long periods [11,12]. Although PHES systems, for example, in the US, have historically been used in conjunction with nuclear power plants, they are now widely used together with naturally intermittent renewable energy sources such as wind and solar power plants as well [6,13,14]. Developing such energy facilities can significantly increase the share of renewable energy in the global energy mix, which is one of the United Nations’ Sustainable Development Goals before 2030 [15].



Although dam construction involves extensive use for various purposes, the collapse of large dams often brings severe human, economic, and environmental losses. Causes of dam failures include construction errors, dam aging, mismanagement, heavy rains, floods, earthquakes, landslides, glacier avalanches, terrorist attacks, etc. [16,17,18,19,20]. The International Commission on Large Dams [21] reports a general downward trend in the number of registered failures worldwide. Nevertheless, the authorities responsible for dam safety must be aware of all possible threats that could lead to dam failure and take measures to avoid or mitigate the potential danger.



Dam breach analysis often solves two main tasks. The first is a projection of the reservoir discharge hydrograph after a dam break event; the second is the routing of this hydrograph downstream to identify downstream effects [22,23]. According to [24], dam breach analysis tools include comparative analysis, empirical methods, and physically based and parametric models. The first two of these tools require dam failure data, which tend to be inaccurate and incomplete [17,25]. Applying physically based models is challenging because the inputs and physical constraints change in dam breach analysis over time. Parametric models (hydrological and hydraulic) estimate peak discharge and dam breach hydrographs based on user-supplied parameters. Many studies focus on understanding the causes, mechanisms, and risks of dam failures by modeling dam breaks [23,26,27,28,29,30]. Modeling extreme phenomena such as dam failures involves many approximations that introduce multiple sources of uncertainty [31,32,33,34]. Therefore, understanding and assessing uncertainty within dam break analysis is very important.



Many studies are dedicated to single dam breach analysis, but the failure analysis of the infrastructure downstream of the dam is equally important. The overall modeling uncertainty of the infrastructure system is then the sum of the uncertainties arising from the modeling uncertainty of each system element. Dam failure in a chain of man-made reservoirs is a specific problem due to the potential so-called domino effect [35,36,37,38]. Although many studies concentrate on dam breaks in a cascade of hydropower reservoirs, a unique situation is when facilities fail in a power system consisting of a conventional hydropower plant and pumped-storage hydropower plant and their reservoirs. Such a rare layout of facilities is the object of the present study. The options of converting a hydropower plant into a pumped-storage hydropower plant or constructing an additional (upper) reservoir to balance the energy generation are being discussed in other countries as well [39,40,41,42]. Still, the present investigation was conducted as a case study of the existing hydropower system, which consists of two power plants (Kaunas hydropower plant (HP) and Kruonis pumped-storage hydropower plant (PSHP)) and upper and lower reservoirs. The Kaunas HP reservoir on the Nemunas River also serves as the lower reservoir for the pumped-storage power plant. The upper reservoir is an artificial water body not connected to the Nemunas River (Figure 1). These reservoirs are connected by giant pipes. In the daytime, water flows from the upper reservoir to the lower reservoir using turbines to generate electricity. At night, water flows from the lower reservoir to the upper reservoir in pump mode. In the event of embankment failure at the upper reservoir, the flood wave would soon reach the lower reservoir, raising the water level dramatically. Consequently, the risk of a dam break at the hydropower plant would also substantially increase. This study aimed to develop a methodology for estimating the propagation of a flood wave through the described hydropower system in case of failure of the upper reservoir dam and to assess the uncertainty in modeling this process.




2. Case Study Description


The present study examined a hydropower system consisting of two reservoirs and power plants: the lower Kaunas reservoir, formed to generate electricity at the Kaunas hydropower plant (HP), and the upper Kruonis reservoir, which serves the Kruonis pumped-storage hydropower plant (PSHP) (Figure 1). This hydropower system is the largest in Lithuania and meets about 3% of the country’s electricity demand.



In 1959, the Kaunas reservoir was formed after the damming of the Nemunas River. The Kaunas HP was built in 1960. The length of the Kaunas reservoir is 83 km, the average width is 0.67 km, the average depth is 7.3 m, the surface area at the maximum water level is 63.5 km2, and the total storage capacity is 462 million m3. The average annual flow through the power plant outlets is 293 m3/s.



The Kruonis PSHP was built in 1992–1998 on the bank of the Kaunas reservoir. It has an installed capacity of 200 MW per each of the four turbines (Figure 2). During its construction, the Kruonis reservoir was formed by a dike-type concrete impoundment, the walls of which consist of 16.5 m and 9.5 m high and 25 m wide sections. This concrete structure surrounds the newly formed artificial water body. The total length of the dike is 6666 m, the reservoir capacity is 48.9 million m3, and the depth is 15.5 m [43].



This current study analyzed and evaluated the risks of the biggest possible accident at the Kruonis PSHP—the collapse of the Kruonis reservoir embankment initiated by the failure of the embankment wall in the case of a catastrophic event (such as an aircraft crash or terrorist attack). The height difference between the water level in the lower and upper reservoirs varies between 90 and 104 m. The maximum discharge through each turbine of the Kruonis PSHP, with a height difference of 96 m, is 189 m3/s. When the height difference is 100 m, discharge can reach a maximum of 226 m3/s. These characteristics determine the potential risk of the breach of the Kruonis reservoir embankment and, therefore, are important for risk analysis and assessment.



In the event of embankment failure at the upper reservoir, a sudden flood wave would be directed and soon reach the Kaunas reservoir, sharply increasing its water level. Consequently, the dam break risk at the Kaunas HP will also substantially increase. An analysis of the factors that could cause the embankment breach showed two major potential hazards: sliding down the reservoir slope and the collapse of the supporting concrete walls. However, the severity of possible consequences and the extent of potential damage to Kaunas City, located in the close vicinity, are huge and require careful investigation. Therefore, the present study can help determine whether the flood wave formed during the embankment collapse at the Kruonis reservoir would influence the stability of the Kaunas HP dam. The uncertainty estimation of the flood wave calculation made this projection more reliable.




3. Methods


As detailed in Figure 3, the methodology included the following main steps: formulation of failure scenarios for upper reservoir embankment and calculation of hydrograph of water flowing to the lower reservoir; the modeling of flood wave propagation in the lower reservoir; and uncertainty estimation of the flood wave height. If the estimated flood wave height was dangerous for the stability of the hydropower plant dam, it would be necessary to take measures to reduce this flood wave. Then, an update of the risk assessment of the hydropower system (repeating all calculation steps) must be carried out.



3.1. Failure-Related Discharge from the Upper Reservoir


The most likely scenarios for the failure of the upper reservoir embankment were based on the analysis and evaluation of possible events and their probabilities. According to these scenarios, hydrographs were created to analyze the flooding processes. They were also used to describe the boundary conditions for modeling the flood wave propagation through the lower reservoir. The discharge from the upper reservoir during the accident was calculated using the following formula [44]:


    Q   m a x   =   8   27     W   b    g    Y   1.5    



(1)




where Wb—the height of the broken embankment (m),   g  —gravitation constant (m/s2), and   Y  —the difference in the lift (m).




3.2. Modeling the Flood Wave Propagation in the Lower Reservoir


The hydrodynamic module (HD), the basic module in the MIKE 21 Flow Model [45], was applied to evaluate the potential consequences of the embankment failure. HD simulates unsteady two-dimensional flows in one-layer (vertically homogenous) fluids. This model uses an Alternating Direction Implicit (ADI) finite difference scheme to integrate the equations for mass and momentum conservation in the space-time domain. This hydrodynamic model was applied to calculate the flow velocity and water levels in the lower reservoir. The height of a flood wave in various cross-sections of the reservoir and wave speed were simulated under different scenarios of the upper reservoir embankment breach and different hydrological conditions. Water levels, their fluctuations, and current velocities were calculated for every grid point.



The following equations, the conservation of mass and momentum integrated over the vertical, describe the flow and water level variations [46]:


    δ ζ   δ t   +   δ p   δ x   +   δ q   δ y   = 0  



(2)
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The following symbols were used in the equations: h (x, y, t)—water depth (m); ϛ (x, y, t)—surface elevation (m); p, q (x, y, t)—flux densities in x and y directions (m3/s/m); u, v—depth-averaged velocities in x and y directions (m/s); C (x, y)—Chezy resistance (m0.5/s); g—acceleration due to gravity (m2/s); f (V)—wind friction factor; V, Vx, Vy (x, y, t)—wind speed and components in x and y direction (m/s); Ω (x, y)—Coriolis parameter, latitude-dependent (s−1); pa (x, y, t)—atmospheric pressure (kg/m/s2); ρw—density of water (kg/m3); x, y—space coordinates (m); t—time (s); τxx, τxy, τyy—components of effective shear stress.




3.3. GRS Methodology for Uncertainty and Sensitivity Analysis of Flood Wave Height


The GRS methodology developed by the German company GRS (Gesellschaft für Anlagen und Reaktorsicherheit) [47] was selected to evaluate the uncertainty of the flood wave modeling results and the sensitivity of hydrodynamic model parameters. This methodology is based on statistical (probabilistic) uncertainty extrapolations when uncertainties are assumed in random values with selected distributions.



Primarily, information on all possible significant uncertainty sources has to be obtained [47]. Then, for the identified uncertain parameters, their ranges and probability distributions (most often Gaussian or uniform) are specified, and dependencies between the parameters are checked. The Monte Carlo method is used to generate a random sample of the model parameters based on their specified probability distributions. Each simulation (accomplished with selected software, SUSA 4.1) produces one possible model solution, which, taken all together, form a sample from the unknown probability distribution of model outcomes. Uncertainty can then be expressed by quintiles (5% and 95%), two-sided statistical tolerances (upper and lower limits, with 95% probability and 95% confidence), etc. In the next step, sensitivity measures (Spearman’s correlation) are used to rank the parameters based on their contribution to the uncertainty of the model output. A significant advantage of the GRS method is that the number of necessary calculations is independent of the number of uncertain variables but depends only on the required probability and the confidence level of the statistical tolerance limits. This relationship is calculated by Wilks’ formula [48]. For a probability of 95% and a confidence level of 95%, several calculations (n = 93) have to be made. A typical number of calculations in the uncertainty analysis is 100.



Sensitivity assessment was performed using regression techniques from the sets of model parameters. The corresponding calculation results allowed ranking the model parameters according to their contribution to the output uncertainty. In this study, the sensitivity assessment was accomplished using Spearman’s correlation coefficient. This coefficient is defined as the Pearson correlation coefficient between the ranked variables [49]. Xi and Yi were converted to ranks xi and yi, and Spearman’s correlation coefficient (ρ) was calculated as follows:


  ρ =     Σ   i   (   x   i   −   x  ¯  ) (   y   i   −   y  ¯    )   2        Σ   i   (   x   i   −   x  ¯    )   2     ∑  i    (   y   i   −   y  ¯    )   2         



(5)







This coefficient estimates how well a monotonic function can describe the relationship between two variables. If there are no duplicate data values in the data, a perfect Spearman correlation of +1 or −1 occurs when each variable is a perfect monotone function of the other.



Also, the coefficient of determination R2 was calculated, which is very important for sensitivity analysis.



The SUSA 4.1 (Software System for Uncertainty and Sensitivity Analyses) software was developed by GRS; it provides a choice of statistical tools to be applied during the uncertainty and sensitivity analysis [50]. This software performed the generation of a random sample of size n for model parameters (by Monte Carlo method), calculation of quantitative uncertainty statements and quantitative sensitivity measures (Spearman’s correlation coefficient).





4. Results


4.1. Water Discharges from the Upper Reservoir According to Different Embankment Failure Scenarios


After analysis of the Kruonis embankment structure, it was determined that the collapse could most likely be initiated by the failure of one concrete wall, which would then cause the collapse of the adjacent walls. Due to the topography of the area and location of the reservoir, such a failure would result in a sudden flood wave rapidly propagating downstream, i.e., towards the Kaunas reservoir. The development of the events starting with the failure can be divided into three stages:



Stage 1. The fall of one of the 25 m concrete wall sections somewhere in the perimeter is followed by the release of 1.5 million m3 of water and the water level in the reservoir dropping by 0.5 m.



Stage 2. The subsequent 45.8 million m3 of storage water leaves the reservoir, with the neighboring sections falling. According to our estimations, 1.5 million m3 of water could be discharged through every opening (with a width equal to the width of one concrete wall section). At this stage, two different developments of further collapse of the concrete wall are possible. They form the basis of two scenarios:



Scenario #1: After the collapse of the first concrete wall section, two neighboring sections fall, followed by the failure of the next two, etc. Water pressure in the reservoir would cause the collapse of 11 wall sections in total.



Scenario #2: After the collapse of the first concrete wall section, two neighboring structures fall down on each side (altogether five sections), followed by the further failure of 2 sections, etc. In this case, a total of 11 wall sections would also be broken.



Stage 3. The remaining 1.0 million m3 of water leaves the Kruonis reservoir.



To describe the flood wave in the Kaunas (lower) reservoir formed by the embankment failure, first of all, hydrographs of water running from the Kruonis (upper) reservoir through the broken embankment during the accident were created. Maximum discharge values and an estimated 1.5 million m3 flow through each broken wall section were used. Under the first embankment failure scenario (Figure 4), the flooding was expected to last approximately 4 h throughout all three stages discussed above until the reservoir is completely drained. The peak discharge would be reached after 1.7 h from the initiation of the event. During the event, the maximum discharge was estimated not to exceed 5925 m3/s.



The second scenario can be described as more dramatic, with the events unfolding faster. The reservoir emptying continues for 3.3 h (Figure 4). The peak discharge would be reached 50 min earlier than in case of the first scenario or after 1.2 h from the start of the embankment failure. The maximum discharge was estimated to be 17 percent higher, or 7180 m3/s.



The hydrographs created to illustrate the flood wave propagation from the broken embankment were used to describe the boundary conditions for modeling the flood wave propagation in the Kaunas reservoir.




4.2. Possible Hydrodynamic Changes in the Kaunas Reservoir Due to the Failure of the Kruonis Embankment


The MIKE 21 hydrodynamic module (HD) was used to calculate the flow velocity and water levels in the Kaunas reservoir. The flood wave height in different cross-sections of this water body and wave speed were simulated under two upper reservoir embankment failure scenarios and different hydrological conditions.



The simulation was performed for the whole area of the reservoir. The hydrodynamic model was calibrated for one and two operating turbines of the Kruonis PSHP, using measured values of flow velocities. According to the calibration results, the eddy viscosity coefficient was 2 m2/s, while the Manning number for the modeled area was 0.032. However, this number was not precisely correct when modeling the wave propagation after the Kruonis PSHP embankment break because a part of the water would flow down the reservoir slopes. The values of the Manning coefficient for the water flowing through grass, shrubs, buildings, etc., are different. This coefficient can range from 0.025 to 0.20. In this case, we chose a Manning coefficient of 0.040.



When using the MIKE 21 HD module, it is very important to define the correct initial conditions: simulation time and boundary conditions. Given the model grid size (50 m), a time step of 30 s was selected. Such values meet the HD model requirements. The simulation period was 12 h, enough to analyze the flood wave propagation in the Kaunas reservoir. Regarding the boundary conditions, the following options were chosen:




	
Inflow to the Kaunas reservoir. Two cases: (1) the discharge is 120 m3/s, which corresponds to the minimum allowable discharge through the HP turbines; (2) the Nemunas River flood discharge (3000 m3/s), corresponding to the maximum discharge through the HP outlets.



	
Outflow through the Kaunas HP outlets. Depending on the selected values for the inflow to the Kaunas reservoir, the discharge through the HP is 120 or 3000 m3/s, respectively.



	
Outflow from the Kruonis reservoir in the event of the embankment break. Two hydrographs were defined as the scenarios of the Kruonis embankment failure.








The results of hydrodynamic modeling were presented as water level differences in four cross-sections of the Kaunas reservoir, located at various distances from the entry point of the flooding water, i.e., the Kruonis embankment. These differences illustrated the propagation of the flood wave during the simulation period. The first cross-section was in the Kruonis reservoir; the second and third cross-sections were, respectively, 200 m and 3.5 km downstream from the reservoir; and the fourth was located close to the Kaunas HP dam (for the location of the cross-sections refer to Figure 1C). Analysis was performed comparing the possible consequences of the embankment failure scenarios (first and second) when the inflow to the Kaunas reservoir and the outflow through the Kaunas HP outlets were the same and equal to 120 m3/s.



Under the first failure scenario, the collapse of the Kruonis embankment was set to begin 100 min after the simulation started. Figure 5 illustrates the fluctuation in the flood wave height in the Kaunas reservoir within 12 h. Two hours after the beginning of the failure, the water level in the first and second cross-sections rises by 0.6 m and continues to increase at a lower rate. The flood wave arrives at the Kaunas HP dam 30 min from the beginning of the embankment collapse, and over the next 3.5 h, the water level here reaches 0.78 m. The water level in the entire reservoir fluctuates within the 3 cm range. This happens because of the low inflow and outflow from the Kaunas reservoir (120 m3/s) as opposed to the large amount of additional water reaching the Kaunas HP dam within a short period and generating sinusoidal fluctuations that fade away after a certain time.



Similar processes can be observed under the second scenario, except for the flood wave in the fourth cross-section reaching its maximum height 3.5 h after the failure, compared to 4 h under the first scenario. The water level in the fourth cross-section near the Kaunas HP dam rises by 0.80 m.



When the inflow to the Kaunas reservoir is 3000 m3/s, the flood wave according to the first scenario will reach the Kaunas HP dam one hour after the start of the embankment failure, and after another two hours, it will reach a maximum height of 0.75 m (Figure 6).



According to the second scenario, under the flood flow (3000 m3/s) conditions, the fourth cross-section will be reached in 50 min from the beginning of the embankment failure, with the flood wave achieving its peak of 0.77 m after 1.5 h. In flood conditions, the water level soon stabilizes (sinusoidal fluctuations do not occur). Therefore, the larger the volume of the Kaunas reservoir, the smaller the relative amount of water that reaches it due to the Kruonis reservoir embankment failure, which means a smaller impact on water level fluctuations in the reservoir.




4.3. Uncertainty Estimation in the Modeling of the Flood Wave Induced by the Kruonis Embankment Failure


The sources of hydrodynamic model uncertainty (calibration parameters and input model data) influenced the modeling results of the flood wave that would occur after the Kruonis embankment failure. When calculating the flood wave, two model calibration parameters (coefficients of roughness and eddy viscosity) and three model input data (the Nemunas River inflow to the Kaunas reservoir, outflow through Kaunas HP outlets, and wind speed) had the most significant influence. The investigated parameters of the hydrodynamic model; their minimal, maximum, and basic values; standard deviation; and distribution types are presented in Table 1. For example, the discharge of the Nemunas inflow QNem = 3000 m3/s, the measurement bias is ±25%, the discharge ranges from 2250 to 3750 m3/s, and the distribution type is normal (Gaussian).



In uncertainty and sensitivity analysis, according to the GRS methodology, the number of calculations does not depend on the number of input parameters; it depends only on the desirable statistical confidence limits of the calculation results. In this study, we examined the results of the maximum flood wave estimation using a two-sided Wilks’ criterion to determine the number of calculations. According to this criterion, the required number of calculations is 93. Therefore, 93 sets of different model parameters were generated using the SUSA 4.1 software package according to their ranges and the type of probability distribution (Table 1). The heights of flood waves formed by the embankment failure in the Kruonis PSHP were simulated according to two embankment failure scenarios using 93 sets of model parameters. The collapse of the Kruonis PSHP embankment starts at time t = 0. After 3 h and 45 min from the beginning of this event, the maximum height of the flood wave is estimated at the Kaunas HP.



The flood wave simulation results based on 93 sets showed (Figure 7) that the arithmetic mean almost coincided with the median, indicating that the data distribution was symmetric with respect to the mean, i.e., a particular simulation value of similar probability could be both higher and lower than the average. The simulated minimal height of the wave was 0.63 m, and the maximum was 1.23 m. If uncertainty analysis was not employed and initial parameters (boundary conditions) as well as model parameters were constant, the simulated maximum wave height was 0.75 m.



The sensitivity analysis of the influence of the hydrodynamic model parameters on the calculated flood wave heights is presented in Figure 8 and Figure 9. Figure 8 illustrates the impact of five model parameters on the simulated wave height at the Kaunas HP dam. The greater absolute value of the parameter sensitivity coefficient means that the model parameter is more critical and affects the calculation results. As presented in Figure 8, on the time axis, the influence of model parameters on the wave height changed. The Nemunas inflow discharge had the highest positive influence on the wave height, and discharge through the Kaunas HP turbines had the highest negative impact. The negative influence means that if the parameter increases, the wave height will be shorter; i.e., if the discharge through the Kaunas HP outlets increases, the wave height will decrease.



Figure 8 indicates that the discharge values of the Nemunas inflow (0.92) and outflow through the Kaunas HP outlets (−0.49) were the most important parameters that determined the greatest height of the flood wave. The remaining input parameters were less critical.



The calculated ranks of Spearman’s correlation coefficients for five model parameters confirmed the results of the influence analysis (Figure 9). These ranks indicated the influence level (rank) of the input parameters on the modeling results. If the impact of the parameter was more significant, a lower rank value was indicated. This investigation also proved that discharges of the Nemunas River inflow and outflow from the Kaunas reservoir were the most important parameters influencing wave height, whereas wind speed was the least important. The influence of the bottom roughness coefficient changed quite significantly over time. This was due to the different flow speeds when the flood wave spread along the Kaunas reservoir.




4.4. Measures for Reducing the Height of the Flood Wave near the Kaunas HP Dam


Two cases were analyzed: (1) when the Nemunas River inflow to the Kaunas reservoir is minimal (120 m3/s) and (2) when the inflow is maximum (flood discharge = 3000 m3/s).



The results of hydrodynamic modeling showed that the failure of the Kruonis PSHP embankment would raise the water level of the Kaunas HP reservoir to 0.80 m. If the inflow to the Kaunas reservoir is minimal after the accident, the operators of the Kaunas HP must be immediately informed where the HP seals have to be opened as soon as possible to release the additional amount of water from the Kaunas reservoir. Figure 10 displays the modeled situation when the discharge through the HP outlets is minimal (120 m3/s), and all the HP seals are opened 30 min after the Kruonis PSHP embankment failure starts. Under such conditions, the maximum wave height near the Kaunas HP dam will reach only 0.32 m.



The additional load on the Kaunas HP concrete dam in extreme conditions should not be allowed. During large spring floods, even with the Kaunas HP seals opened, the water level in the reservoir can reach the maximum value (45.6 m). Therefore, to reduce the risk and avoid dam breaking, only an indispensable amount of water (about 10 million m3) should be kept in the reservoir. The combination of such events is estimated to occur once every 100 or 1000 years. It is obligatory to begin emptying the Kruonis reservoir when the water level of the Kaunas reservoir reaches 44.8 m in springtime. Depending on the water level in the Kaunas HP reservoir, the water level in the PSHP upper reservoir has to be lower than the values given in Table 2.





5. Discussion and Conclusions


Estimating the consequences of a dam failure in a hydropower system consisting of two power plants (a conventional hydropower plant and a pumped-storage power plant) and two water reservoirs is a complicated task. If the embankment of the upper reservoir failed, the flood wave would quickly reach the lower reservoir, endangering the dam of the hydropower plant and the 300,000-strong population of Kaunas City. Unfortunately, very little has been found about such a complex system as that which was the subject of this study. In the works dedicated to similar systems, the goal was not the analysis of the collapse but the possible installation and operation of such facilities [40,41,42,51]. Meanwhile, many studies are devoted to single dam failures or even more complex failures in cascaded reservoirs. A process of dam failure in cascading reservoirs has transmission and superposition effects [52].



Unlike a cascade, in the studied power system, if the dam collapsed, the upper reservoir would be quickly emptied, the flood wave would travel downstream through the lower reservoir and HP dam, and then the river flow (in the lower reservoir) would stabilize again. A methodology for modeling the flood wave height and estimating its uncertainty was developed to understand this process. It included the following main steps: the formulation of failure scenarios of the upper reservoir dam and the calculation of hydrographs of water flowing into the lower reservoir; the calculation of flood wave propagation in the lower reservoir; and the estimation of flood wave height uncertainty.



As mentioned in the short literature review, parametric models are widely used to simulate flooding downstream of a dam breach. In the present study, we applied the MIKE 21 two-dimensional hydrodynamic module. MIKE [53] is considered one of the most commonly used software tools for dam failure simulation [18,27,28,54], whereas the methodology developed by GRS [47], which was selected to evaluate the uncertainty of flood wave modeling results and sensitivity of hydrodynamic model parameters, is not mentioned as a usual tool in hydrological studies [55]. Initially, it was created for technical systems [47,56] and is currently considered one of the most used methods in the nuclear field [57]. This methodology is attractive as it provides information in a convenient form for decision-making. In this study, we proved one more time that this tool can also be successfully used for hydrological studies (like in our prior studies [58,59]). Therefore, this choice can encourage other researchers in the hydrology field to follow the example.



In this study, the flood wave propagation analysis was performed by comparing possible consequences of the embankment failure scenarios when inflow to the Kaunas reservoir as well as outflow through the Kaunas HP outlets was the same and equaled the minimum allowable and the maximum/flood discharge through HP turbines. One scenario was more dramatic, with the events unfolding faster and the estimated maximum discharge being 17% higher. Our results demonstrated that after the collapse of the Kruonis embankment, the water level (flood wave height) near the Kaunas HP dam would rise by 0.77–0.80 m. Evaluation of the uncertainty of flood wave modeling results indicated that its maximum height would not exceed 1.23 m with 95% probability. The analysis of uncertainty and sensitivity of flood wave modeling results revealed that discharge values of the Nemunas inflow and outflow through the Kaunas HP outlets are the most important parameters determining the greatest height of the flood wave.



As already mentioned, we could not find similar studies to compare our findings. The studies devoted to the modeling of conventional single dams’ failures emphasize the significance of the correct estimation of outflow hydrograph, its volume, and peak flow, which depend on breach geometry, the development of the dam break, the height of the dam, the reservoir length, storage volume and other parameters [18,60,61]. Like in our study, in the case of dam series, the accurate prediction of the wave propagation in the downstream reservoirs is of critical importance [35]. While an accurate prediction of the flow from the broken dam is challenging because of the uncertainty that affects the prediction of dam breach width and time of formation [62,63]. Furthermore, the uncertainty in predictions of dam breach parameters is likely to be much greater than that of all other factors [64].



Our findings revealed that the catastrophic consequences of the Kruonis embankment failure are possible only during extraordinary spring floods of the Nemunas River when the water level in the Kaunas reservoir becomes the highest, and the dam experiences additional hydrostatic pressure. Therefore, during a flood and when the water level in the Kaunas reservoir is 44.8 m or higher, it is recommended to store only the necessary amount of water (approximately 10 million m3) in the upper reservoir. However, even if the flow in the Kaunas reservoir is minimal or average, in the case of the embankment failure, the HP seals must be opened as soon as possible, and an additional amount of water must be discharged from the Kaunas reservoir. Therefore, correct management of the amount of water in the upper reservoir could prevent the dam failure of the lower reservoir in the conditions of the upper reservoir embankment collapse. Thus, in both power plants, the communication between the decision-making authorities must be very close and efficient not only to operate optimally and effectively but also to successfully identify and control potentially dangerous hydrodynamic situations in the system.



The research methods selected and used in this study can be applied to investigate other similar hydropower systems or cascades elsewhere. The findings demonstrated the importance of estimating the simulated flood wave uncertainty when assessing such power system reliability. Therefore, the proposed methodology can be helpful for construction managers and power plant operators to understand and control potential threats. While technologies and operation standards are constantly being improved, the existing facilities and infrastructures should be exploited, and future facilities should be constructed considering the lessons learned (about accidents) and the newest scientific knowledge gained. The study results can serve to develop appropriate flood management measures and provide recommendations for operating similar power systems to reduce the risk.
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Figure 1. Location of the hydropower system ((A)—at European scale, (B)—at Lithuanian scale, (C)—a layout of reservoirs and hydropower plants; 1–4 indicate cross-section numbers). 
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Figure 2. Schematic view of the Kruonis PSHP. 
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Figure 3. Methodology for the hydropower system management in case of the upper reservoir embankment failure. 
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Figure 4. Hydrographs of the water flow through the broken embankment according to the 1st and the 2nd scenarios. 
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Figure 5. Fluctuation in the flood wave height in four cross-sections (Figure 1C) of the Kaunas reservoir when water inflow to the reservoir as well as outflow through the Kaunas HP outlets is 120 m3/s (according to the 1st scenario). 
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Figure 6. Fluctuation in the flood wave height in four cross-sections (Figure 1C) of the Kaunas reservoir when water inflow to the reservoir as well as outflow through the Kaunas HP outlets is 3000 m3/s (according to the 1st scenario). 
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Figure 7. Statistical analysis of the wave heights in the 4th cross-section at the Kaunas HP dam under the 1st Kruonis PSHP embankment failure scenario. 
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Figure 8. Influence of five input parameters on the simulated result (flood wave height). 
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Figure 9. Ranks of the influence of five input parameters on the modeling results (flood wave height). 
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Figure 10. Fluctuation in flood wave height in the Kaunas reservoir according to the 1st scenario of the Kruonis PSHP embankment failure (inflow into the Kaunas reservoir is 120 m3/s). 
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Table 1. Description of hydrodynamic model parameters that most influenced the results of flood wave modeling.
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