

  energies-17-03339




energies-17-03339







Energies 2024, 17(13), 3339; doi:10.3390/en17133339




Article



Hydropower Enhancing the Future of Variable Renewable Energy Integration: A Regional Analysis of Capacity Availability in Brazil



Simone Quaresma Brandão 1,*, Erik Eduardo Rego 1, Rafaela Veiga Pillar 2 and Renata Nogueira Francisco de Carvalho 1





1



Department of Production Engineering and Operations Management, Universidade de São Paulo, Avenida Prof. Almeida Prado, 128, São Paulo CEP05508-070, SP, Brazil






2



Empresa de Pesquisa Energética, Praça Pio X, 54, Rio de Janeiro CEP20091-040, RJ, Brazil









*



Correspondence: simoneqbrandao@usp.br







Citation: Brandão, S.Q.; Rego, E.E.; Pillar, R.V.; de Carvalho, R.N.F. Hydropower Enhancing the Future of Variable Renewable Energy Integration: A Regional Analysis of Capacity Availability in Brazil. Energies 2024, 17, 3339. https://doi.org/10.3390/en17133339



Academic Editor: Antonio Zuorro



Received: 29 January 2024 / Revised: 25 February 2024 / Accepted: 25 February 2024 / Published: 8 July 2024



Abstract

:

As the share of variable renewables in the power system generation mix increases, meeting capacity requirements becomes challenging. In this context, hydropower reservoirs can play a vital role in integrating renewable energy due to their storage potential, contributing to meeting power supply criteria. However, given that reservoirs serve multiple purposes, various constraints can limit their capacity potential. This article introduces an analytical methodology that is designed to evaluate the maximum available power of hydro plants in critical scenarios. By applying concepts related to hydropower production calculations for the peak power demand and metrics evaluating the compliance with supply criteria, this study distinguishes itself from region-specific investigations. It conducts a generalized analysis of power availability across all regions of Brazil, with a focus on identifying the reasons for the most significant power losses and their specific locations. The results of this analysis demonstrate the feasibility of enhancing the available power of reservoirs, effectively addressing demand fluctuations, and sustainably improving energy security. This is particularly crucial in countries that are heavily reliant on renewables, including hydropower, for a huge portion of their electricity. The findings underscore the feasibility of increasing the penetration of variable renewable generation by optimizing the operation of existing hydropower plants. This optimization not only enhances energy security but also contributes to a more resilient and sustainable future, benefiting policy makers, energy planners, and stakeholders in the field of hydropower with reservoirs.
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1. Introduction


The increasing share of variable renewables in Brazil’s generation mix underscores the critical need for more specific technologies that can enhance capacity [1]. Hydroelectric plants, constituting 58% of the country’s installed generation capacity by the end of 2021, must increasingly address capacity demands. Therefore, improving the operational management and predictability is imperative. This prompts the question of how much hydroelectric plants, especially those with large reservoirs, can contribute to capacity adequacy, thus minimizing or postponing new investments in alternatives like thermal power plants with adverse environmental impacts.



Thus, this article employs an analytical methodology to gauge the maximum available power of hydro plants for critical scenarios, considering Brazil’s hydrological diversity. It aims to assess how improvements in hydropower operation can boost power availability.



The global transition toward a more renewable energy matrix in recent decades has raised several concerns. Researchers have investigated the impacts of integrating substantial amounts of variable renewable generation. For instance, some argue that ensuring flexibility in the power system is crucial for managing renewable variability and uncertainty, impacting all system levels. Consequently, the integration of electricity system regulation is essential for optimizing overall performance [2]. Other studies assert that for nations integrating substantial amounts of variable renewables, a battery revolution is not necessary. However, discussions on the technical design of their power systems should prioritize the energy, capacity, flexibility, reliability, and resilience that are required for each grid, coordinating resources for an optimal least-cost mix [3]. Furthermore, optimizing the generation mix of technologies can also decrease the need for thermal power generation and minimize greenhouse gas emissions [4]. Whether focusing on analyses of optimization in the expansion mix, improvements in regulation, or power system design, studies converge to indicate that existing hydropower reservoirs play a crucial role in achieving optimal dispatchability and balancing variations in the electricity supply.



Countries with a significant hydropower share in their generation mix, such as advanced economies like Norway, Austria, Switzerland, Canada, and New Zealand, as well as developing and emerging economies like Paraguay, Costa Rica, Colombia, and Brazil [5], have an advantage amid the increasing penetration of variable renewables. This advantage stems from hydropower’s substantial capacity to provide flexibility and storage for electricity systems [6]. On the other hand, maximizing the use of this resource to its fullest potential remains a challenge.



Therefore, this study analyzes hydropower’s contribution to Brazil’s power supply, aiming to enhance its operation. This improvement is essential for any country with substantial hydropower and variable renewable generation, especially those that are transitioning to a cleaner energy matrix. Given the potential for cost overruns that is associated with further hydropower expansion, particularly megaprojects [7,8], this work primarily focuses on existing Brazilian dams.



The Brazilian power system has continental dimensions, with 172 GW of centralized installed capacity and 175 km of transmission lines in 2021 [1].



Historically hydro-dominated, it features large reservoirs providing multi-year regulation capabilities. These large hydro plants are organized in complex cascades across various river basins. Large-scale hydro power accounted for 59% of the installed capacity in 2021, followed by 15% from thermal plants and 26% from other renewables, of which 14% were variable renewables. Brazilian official energy planning projects a decline in the participation of large hydro plants to 50% over a ten-year horizon, while variable renewables are expected to increase to 19% of the total centralized installed capacity of the system (Figure 1). In Brazil, continuous and disruptive technological innovation leads to an increased participation of new non-controllable renewable sources (mainly wind and solar photovoltaic), with a reduction in the prevalence of hydroelectricity [9].



Power systems that are primarily supplied by hydropower plants often face energy constraints due to the high uncertainty of water inflow, caused by factors such as snow melting in temperate zones or rainy seasons in tropical regions. Hydropower plants are typically designed with a focus on optimal hydroelectric use of the river basin, resulting in a frequent surplus capacity margin. In the past, when the choices for generation expansion were limited to hydro or thermal plants—both reliable capacity providers—system planners and operators in hydropower-dominant systems were less concerned about capacity constraints. However, with the growing competitiveness of variable renewables, the landscape has changed. While variable renewables contribute significantly to the energy mix, their short-term variability poses challenges to capacity and flexibility adequacy. Consequently, the Brazilian power system is increasingly in need of specific solutions to address peak capacity requirements.



Hydropower plants, especially those with reservoirs, have substantial potential to meet the power demand. They can quickly ramp to full loading status and adjust their capacity by up to 50% within minutes [10]. Hydropower is recognized as one of the most flexible power-generating technologies [6], capable of supporting variable renewables by absorbing steep ramps in net load without compromising the environment regarding emissions [11,12]. Strategies to maintain higher reservoir levels, providing more power during periods of renewable energy source variability, can reduce electricity costs and carbon dioxide emissions from thermal sources [12]. As the share of variable renewables increases, hydro plants’ optimal operation is expected to evolve to meet both energy and capacity demands.



This shift may impact hydropower revenues, as current market structures, like in Brazil, do not adequately reward the services that hydropower can provide. Despite energy sales remaining the primary revenue source for hydropower plants operating in liberalized electricity markets [6], their value depends on the market design [13]. Hydropower, including conventional and pumped storage, has a promising role in the future power landscape, leveraging capacity markets due to its load-following capabilities, peaking capacity, and power quality attributes, which can reduce prices during peak load hours [14,15].



Like a traditional battery, a hydropower system can store and generate energy later. However, operational complexities arise due to reservoirs serving multiple purposes such as flood control, irrigation, fish migration, transportation, and recreation. Therefore, it is important to minimize the conflicts related to multiple water uses [16] and water allocation between energy production and environmental constraints, since the exploitation of river flows for energy production also has environmental impacts [17,18,19]. Additionally, assessing the storage value requires running models simulating the hydropower system’s operation under various future conditions [20] while accounting for the complexities of both hydropower and electrical system operations [21].



In Brazil, hydroelectric power plants are integrated into a centralized system, with the National Grid Operator (ONS) overseeing energy dispatch within the National Interconnected System (NIS) [22]. Hydrothermal coordination spans from long-term multi-year reservoir optimization to short-term hourly dispatch. The computational program NEWAVE [23], based on Stochastic Dual Dynamic Programming (SDDP) [24,25], and accounting for inflow uncertainty, addresses the long-term multi-year reservoir optimization challenge. However, 2021 witnessed Brazil facing the most adverse hydrological conditions in its historical inflows since 1931. Consequently, ONS, in collaboration with the Ministry of Mines and Energy (MME) and regulatory bodies such as the National Electricity Agency (ANEEL) and the Brazilian National Water Agency (ANA), alongside hydroelectric generation agents, introduced a series of operational constraint flexibilities. These measures aimed at preserving national grid hydropower storage levels to ensure the safety of the electric energy supply. Notably, they included a reduction in minimum outflows at the Jupiá and Porto Primavera hydroelectric plants and across the São Francisco River basin [26].



Given the substantial impact of severe drought scenarios on hydroelectric production, these operational flexibilities were implemented cohesively to address the various uses of the rivers and mitigate environmental impacts. Consequently, the restoration of hydroelectric storage assumes critical importance to mitigate operational costs and risks, and this fact highlights the importance of considering flexible reservoir rules [27]. Additionally, the interplay between climate change effects on water availability and the exploration of alternatives to hydroelectric power generation underscores the need to maintain a synergy among energy sources, ensuring energy security sustainably [28].



Recently, Brazil introduced two criteria for capacity adequacy evaluation [29]. This benchmark represents significant progress, as the Brazilian power system faces growing constraints in capacity, extending beyond mere energy considerations amidst the challenges that are posed by the ongoing energy transition. The pre-existing economic standard, ensuring parity between short-term (operational) and long-term (expansion) marginal costs, alongside a capped risk of a 5% energy deficit, proved insufficient in this evolving scenario. Consequently, the newly introduced power supply criteria embrace a more probabilistic perspective, demanding an assessment not only of the probability of a deficit but also of its potential magnitude.



Within this framework, the primary criterion for capacity adequacy evaluation is the Annual Loss of Load Probability (LOLP), set at 5%. The secondary criterion involves the Conditional Value at Risk (CVaR) in the 5% most unfavorable hydrological scenarios. This criterion has a specific threshold, equivalent to 5% of the peak load forecast, considering each month. These criteria represent a comprehensive approach to ensuring the reliability and adequacy of the power supply in the transitioning landscape of the Brazilian power system.



This article presents an analytical method to assess the maximum available power of hydroelectric plants in critical scenarios. The methodology quantifies the two primary factors that may prevent a unit from meeting its nameplate capacity: firstly, the reduction in capacity due to reservoir depletion, and secondly, the unavailability of water to achieve maximum instantaneous power while adhering to the minimum water outflow during off-peak periods. By identifying the most significant power losses and their specific locations, the research provides a generalized analysis of the power availability across all regions of Brazil.




2. Materials and Methods


This analysis encompasses the government’s electricity expansion plan until 2029 [30], defined by a mixed-integer programming optimization model [31]. The objective function is to reduce the expected value of the total investment and operation expansion cost, considering all available generation projects in the Brazilian power system. The resulting matrix in this case depicts a substantial expansion of variable renewables, practically doubling VRE generation from 2022 to 2029, as observed in Figure 2. Moreover, the significant energy that is supplied by renewables that is indicated in this case can lower the monthly net load (defined as load after deducting VRE generation). This condition is particularly noticeable when wind generation performs optimally, mainly during Brazil’s dry season (between May and November). In times of scarce water, causing electricity prices to spike, wind generation alleviates pressure on hydro generation, thereby favoring hydroelectric storage [32].



For instance, this study examines the operational impact of renewable expansion on hydropower plants, focusing on reservoir levels and monthly hydro generation.



The integration of a substantial share of variable renewable energy (VRE) sources, such as wind and solar photovoltaic (PV), can potentially affect power supply reliability if not properly addressed [33]. So, determining the limits to the penetration of these sources is a complex challenge [34], particularly when installing a large amount of wind capacity may result in significant wind spills [32]. One solution to ensure a sustainable and secure penetration of VRE sources is the integration of energy storage devices, such as hydropower storage [35], leveraging their flexibility.



In Brazilian energy planning, there is a dual concern: evaluating both energy supply risk and capacity supply risk. This evaluation aligns with a law that establishes metrics and parameters to guarantee supply adequacy [29]. Given the hydro-dominated nature of the Brazilian system, assessing the available power of hydro plants is crucial to meet peak demand and ensure capacity adequacy.



Therefore, this work considers hydroelectric plants’ available power to meet peak demand. This assessment is conducted using a power balance tool [36,37] after simulating 2000 hydrological scenarios with the NEWAVE model [38]. Based on these data, the methodology relies on the metrics used for assessing compliance with supply criteria to evaluate the most critical scenarios of hydroelectric power availability. The aim is to quantify the reasons for the most impactful losses in meeting supply criteria.



The NEWAVE model is officially employed by institutions within the Brazilian Electrical Sector (BES). It serves not only for operational planning but also for expansion planning (for decision making and ensuring supply adequacy) and determining energy spot prices. In summary, the model calculates the optimal operation policy for hydrothermal systems, minimizing the expected operational cost during the planning period. This aims to achieve a balanced system operation by deciding between using water and depleting reservoirs, with the decision variable being the volume of water that is stored at the operational period’s end [23,39,40]. As hydroelectric plants predominate in the Brazilian generating facilities, hydrological stochasticity is pivotal for optimizing the total operational cost. Future costs are influenced by the randomness of future inflows, while immediate costs depend on current dispatches of thermal and hydroelectric plants [39]. However, for a monthly scenario, wind and solar PV production are currently deterministically included in the NEWAVE model by calculating the net load (demand minus wind and solar PV production). With the increasing share of variable renewable generation, ongoing improvements are being made to the current methodologies used in the NEWAVE model to estimate their generation amounts.



This methodology is carried out in two sequential steps: The first evaluates the maximum power that can be dispatched for each reservoir level. In this step, there is a deduction of the loss of reservoir depletion from the plant’s nameplate capacity, since there is a reduction in hydropower generation when reaching lower storage levels. The second considers the modulation capacity of the monthly generation to meet the power demand for a period “t”, with respect to the minimum water flow constraints at the off-peak period. More specifically, it evaluates these constraints’ negative impact on hydropower ramping ability, principally when facing drought scenarios.



The primary objective is to quantify the losses associated with each stage and identify the reservoirs where the greatest losses occur. This assessment aims to determine if it is possible to maximize capacity availability. The first step calculates the loss due to reservoir depletion, representing the difference between effective power and available power associated with the reservoir level (Figure 3). This process is repeated for all simulated scenarios throughout the study horizon.



Given the complexity of operation optimization and the abundance of reservoirs in the Brazilian system, the NEWAVE model simplifies the problem by aggregating hydro plants in the same or similar river basins into equivalent energy reservoirs, as depicted in Figure 4.



The assumption is that the reservoir storage percentage for each hydropower plant “p” during a specific period (month) aligns with the simulation-derived percentage for the equivalent energy reservoir “r” that it represents in the model.



With the known reservoir storage percentage, the elevation of each reservoir is determined using a polynomial elevation–storage curve. The net water head is then calculated as the difference between the reservoir elevation and the average level of the discharge channel, accounting for hydraulic head losses.



Equations (1) and (2) illustrate the maximum power and effective power, where the turbines’ coefficients arise from their design characteristics, particularly in relation to the head height of the power plant.


    P m a x   P   =   P e f e t   P   ×           h l   P     h e f e t     p       β    



(1)




where


    P e f e t   p   =   P i n s t   p   ×   1 −   F O R   p     ×   1 −   S O F   p      



(2)






  β =       1.5   se     h l   p   <   h e f e t   p     if   the   power   plant   “ p ”   h a s   F r a n c i s   o r   P e l t o n   t u r b i n e s ;       1.2   se     h l   p   <   h e f e t   p     if   the   power   plant   “ p ”   has   K a p l a n   o r   B u l b o   t u r b i n e s ;       0   s e     h l   p     ≥     h e f e t   p          











	
    P i n s t   p    —installed capacity of power plant “p”;



	
    F O R   p    —Forced Outage Rate of power plant “p”;



	
    S O F   p    —Scheduled Outage Factor of power plant “p”.






The second step involves maximizing the power that is available during peak time “t” while adhering to the minimum generation requirements related to flow restrictions (  M i n G  ) to be maintained outside peak time “    O f f t   P    ”. This step, termed power modulation of the monthly hydro generation (    G   m    ), limits the maximum available power to the previously calculated maximum power (  P m a x  ). Formula (3) outlines the process of determining the maximum available power (  P m a x A V  ) during the “t” peak time (    t   P    ).


  P m a x A V =           G   m   − M i n G           t   P      



(3)







The previously discussed steps lay the foundation for the methodology to be introduced in this study. This approach incorporates pre-calculated maximum power, effective power, and maximum available power for each simulated scenario across all hydropower plants. The subsequent steps outline the methodology, which links one of the supply criteria assessment metrics (CVaR 5%) with losses tied to the available power of hydropower plants for peak demand fulfillment. The objective is to quantify the factors contributing to losses due to reduced hydropower availability and pinpoint the plants/regions experiencing the most significant losses.



Specifically, in this analytical methodology, the initial calculated loss (Loss 1) represents the difference between effective power and maximum power associated with the reservoir level. Subsequently, the loss attributed to reduced hydraulic availability (Loss 2) is determined by the gap between the maximum power calculated in step 1 (based on the reservoir levels) and the maximum available power resulting from the modulation of monthly generation.



The process is illustrated in Figure 5, which depicts an example of hourly fluctuations in hydropower generation throughout a month (Figure 5a). The same hourly generation is depicted in the dashed curve (Figure 5b), presented in a descending order. In the context of a drier scenario, depicted by the area in monthly generation (    G   m    ), all water resources utilized in the month can be shifted to the peak time (    t   P    ), ensuring sufficient water resources to meet at least the minimum generation during off-peak time (    O f f t   P    ).



After completing the two-step calculation, the maximum available power (PmaxAv) for all plants “p” is aggregated to determine the overall system capacity for each month across the 2000 simulated hydrological scenarios. Using these values, we calculate the Conditional Value at Risk (CVaR) for the 5% worst scenarios of each month, providing a measure of power availability losses in these challenging situations, as illustrated in Figure 6.



The subsequent analysis focuses on each region or basin, thoroughly examining their respective losses due to depletion and evaluating in detail the possible operational causes associated with the obtained results.




3. Results and Discussion


In the dry period, wind and hydropower exhibit seasonal complementarity, favoring reservoir storage and preventing level reduction. This ensures a balanced operation between storage and generation, which is crucial for maximizing the power availability in hydro plants, contributing to a reliable energy and capacity supply. Therefore, the analysis of the reservoir storage percentage evolution becomes vital.



Despite the complementary nature of wind and hydroelectric plants in terms of energy supply, the rising share of renewables raises concerns regarding the system’s capacity and flexibility to meet future requirements. In this context, the role of hydro storage becomes fundamental when integrating variable renewables, gaining value as the system faces capacity constraints.



The proposed methodology aims to assess the potential maximization of hydroelectric plants’ available power to meet capacity requirements and identify key reasons for significant power losses. Figure 7 displays the Hydro Maximum Available Power (PmaxAv) for the 5% worst hydraulic scenarios (CVaR5%) across all Brazilian regions. Regions such as PR + PN (Paraná + Paranapanema), Itaipu, SE + AC/RO (Sudeste + Acre Rondônia), and Teles Pires, previously presented in Figure 4, represent equivalent energy reservoirs in the optimization model for the Southeast/Midwest region.



The analysis reveals substantial power losses, particularly during the dry season, compared to the effective power of the plants. The figure illustrating the maximum power (Pmax) of the system facilitates the separate identification of the two aforementioned loss categories.



Examining the figure from top to bottom illustrates that the disparity between the effective power and Pmax signifies the loss attributed to reservoir depletion (Loss 1). Subsequently, the difference between Pmax and PmaxAv represents the insufficient water availability in the system to attain Pmax while adhering to the minimum water outflow during off-peak periods (Loss 2). Additionally, it allows for the identification of locations experiencing the most considerable losses, which will be further elucidated in subsequent figures.



Each region in Brazil contributes differently to the installed hydro capacity and storage. For example, the Paraná River basin houses the majority of the largest reservoirs, including the renowned Binational hydropower Itaipu, situated downstream in the Paraná River. Due to its size and significance for the Brazilian system, Itaipu is presented separately from upstream plants.



Despite the Northeast region having a smaller installed hydro capacity compared to the Paraná River basin, its reservoirs play a crucial role in energy production and flow regulation for multi-purpose uses in the São Francisco River. Operational constraints on these reservoirs were relaxed after severe droughts in 2013–2017 [41] and again in 2021 [26].



In the North region, Tucuruí hydropower holds significant storage potential. However, one of its powerhouses imposes a more restrictive minimum level for turbine operation. The second powerhouse’s total or partial operation depends on the reservoir level, resulting in only half of the plant’s generation units being available during lower water elevations [38].



When applying the proposed methodology to evaluate losses in the 5% worst total hydropower availability scenarios due to reservoir depletion (Loss 1), the results indicate that the North and Paraná River basin reservoirs incur the most substantial losses (Figure 8). In the Paraná River basin, where the majority of Southeast/Midwest region’s reservoirs are situated, the substantial storage potential leads to an average capacity reduction of 2000 MW to the system at the end of the dry season. Similarly, in the North region, Tucuruí hydropower alone experiences an average power availability loss of 2000 MW during the same period. So, a substantial portion of these losses can be mitigated by avoiding the operational restrictions on the second powerhouse of the Tucuruí power plant (located in the North region) and maintaining reservoirs in the Paraná basin at higher levels during the dry season.



Concerning the hydraulic availability for modulation, the computed losses indicate that the Northeast region experiences the most substantial impact on power loss (Figure 9). This is primarily attributed to the necessity of adhering to minimal outflow constraints (Loss 2). Given that the reservoirs serve multiple purposes, these obligations restrict the capacity potential in this region, particularly during the dry season. In scenarios representing the 5% worst inflows, this results in a loss of nearly 7000 MW, exclusively within the Northeast region. These results highlight that relaxing these operational constraints can have a significant impact on reducing these losses in this region.



In fact, the analyses mentioned above align with the measures to make the operational restrictions that are implemented in Brazil more flexible [26] during years of critical hydrological conditions. These measures are aimed at the necessity of reservoir level recovery. It is emphasized that, despite the benefits that operational restriction flexibilization may bring to the energy sector, solutions are needed to minimize the impacts on other water uses.




4. Conclusions


Renewables and hydropower resources complement each other in Brazil, allowing for optimized reservoir operation to meet the energy demand. This involves storing water during the dry season when wind generation is higher, thus allocating more hydro production to capacity and flexibility services. However, with the increasing share of renewables in Brazil’s total installed capacity, there will be a growing demand for capacity.



To enhance the grid capacity, hydroelectric plants can contribute through operational adjustments, such as maintaining reservoirs at higher levels. However, these changes must be coordinated to prevent environmental issues. This study conducts a regional analysis to identify impactful changes in Brazil’s hydropower operation. Examples include analyzing the potential for relaxing the minimum outflow constraints in northeastern reservoirs, taking into account their diverse uses, such as electrical energy production, water supply, and irrigation, avoiding the loss of the second powerhouse of the Tucuruí power plant (located in the North region), and optimizing reservoir levels in the Paraná basin to meet capacity during the dry season.



Energy planning in Brazil already accounts for these losses. By adjusting the operation of large reservoir hydropower plants to reduce losses and increase capacity, the system can accommodate higher shares of variable renewable generation, promoting a transition to a more sustainable energy matrix. Energy markets that are structured under an energy-only model may consider implementing mechanisms to ensure adequate compensation for reservoir-level maintenance services, thereby promoting the sustainable operation of large reservoir hydropower plants. Addressing the operational issues that were identified in this study may necessitate changes in policies, regulations, and market design to assign additional value to the specific services that reservoirs can offer. This becomes particularly relevant as the Brazilian power system encounters capacity constraints.



The results from the Brazilian case demonstrate the feasibility of increasing the penetration of variable renewable generation by optimizing the operation of existing hydropower plants. It may be essential to engage in discussions with society and the government to reconcile the multiple uses of water, considering hydropower’s potential to provide clean capacity in a future focused on decarbonizing the power sector.



In recognizing the evolving landscape of technologies and solutions that are aimed at enhancing capacity in the context of increased renewable integration, such as reversible hydropower plants, it is essential to acknowledge a limitation in the scope of this study. The analysis presented in this work predominantly focuses on conventional hydropower plants, given their significant contribution to the Brazilian generation mix.
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Figure 1. Brazilian planned electricity mix expansion [1]. 
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Figure 2. Net load [30]. 
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Figure 3. Maximum power by reservoir storage percentage. 
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Figure 4. Equivalent energy reservoirs [30]. 
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Figure 5. Maximum available power in peak time by hydro monthly modulation. (a) Hourly fluctuations in hydropower generation throughout a month; (b) Hourly generation presented in a descending order. 
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Figure 6. Total maximum available power. 
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Figure 7. Available hydro power by regions for the worst 5% scenarios (CVaR5%). 
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Figure 8. Losses by depletion of the reservoirs in 5% worst scenarios. 
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Figure 9. Losses due to insufficient modulation capacity in the 5% worst scenarios. 
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