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Abstract 
This paper presents a computational method to model and evaluate if 
Pumped Storage Plants (PSP) have the potential to reduce the intermittency of 
wind generation from different sites in Brazil and to improve the operation 
efficiency of hydroelectric plants when operating in cascade. Since the prob-
lem to be solved does not have a defined analytic solution, a Stochastic Opti-
mization Algorithm was implemented to reach an optimal solution to the set 
of equations, inputs and proposed scenarios. A case study was developed 
based on the Paraná River Basin and the results shows that the model can op-
erate in a variety of different operational patterns, making feasible the evalua-
tion of different hydrological and wind scenarios. Given the Model support, it 
is easy to assume different PSP storage and generation capacities, allowing the 
comparison between the efficiency improvement of a conventional Pumped- 
Storage and a Seasonal-Pumped-Storage in the same scenario. The study con-
cludes that a PSP can effectively reduce the intermittency of wind and solar 
sources and contribute to the optimization of the Brazilian electricity sector. 
 

Keywords 
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1. Introduction 

The Brazilian power grid had, in June 2016, a total of 144, 129 MW of installed 
capacity in the interconnected system, based mainly in the hydro plants partici-
pation that answers for 64.5% [1] of all installed power connected to the Brazili-
an Interconnected System (BIS). However, new environmental laws are only 
permitting the construction of run-of-the-river dams, with the intention to re-
duce the flooded area and avoid environmental impact. This reduces the amount 
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of energy the system can store, which makes dams vulnerable to the water re-
gime in the river.  

This results in important constraints to the BIS operation efficiency. To fully 
comprehend the BIS operation, it is essential to understand the Brazilian weath-
er and geography. The BIS is divided geographically into four subsystems and 
each has unique characteristics. While the South and Southeast/Center-West 
subsystems have a temperate climate, both North and Northeast subsystems, 
being closer to the Equator Line, have a tropical weather. Every subsystem is 
characterized by two very distinct seasons, a wet summer and fall and a dry win-
ter and spring. It should be pointed out that there is a hydrological diversity be-
tween those regions, in such way that the interconnection between regions is an 
important alternative to reduce operation costs. Considering that new hydro-
power facilities are run-of-the-river plants in the Amazon region with no energy 
storage and small capacity factor: full generation in the wet season, very reduced 
generation, otherwise. Secondly, run-of-the-river plants do not have the same 
regulation potential as the conventional hydroelectric facilities to manage the 
introduction of intermittent sources of energy such as wind and solar power.  

Another issue with the Brazilian interconnected system is that its storage po-
tential is largely concentrated in the Southeast/Center-West subsystem, as shown 
in Table 1, making the electricity system vulnerable. Due to this, in cases of long 
dry periods occurrences in this region, such as happened in the last couple of 
years, electricity generation capacity may be seriously reduced. 

Considering the predicted expansion of the wind farms in the next decade, 
especially in the Northeast Subsystem [8], it is essential to implement regulatory 
constraints to allow the continuing expansion of the technology. A possible ap-
proach is to increase energy storage and transmission lines. 

Given that most of the energy storage capacity is located far from the inter-
mittent generating sources, it is also important to decentralize the energy poten-
tial of Brazil. Storage plants closer to the wind and solar potential would regulate 
the intermittency introduced in the northeast region. This would secure power 
supply providing spinning reserve and energy production backup, allowing a 
more reliable energy management in the BIS. 

Apart from traditional dams in a typical hydroelectric plant, there are few 
energy storage technologies available and fewer that suits to an application in a 
large-scale system, due to either low cycle efficiency or high implementation  
 
Table 1. Storage capacity in each Brazilian subsystem. 

Region Maximum Storage Capacity [MW. month] 

Southeast/Center-West 205.002 

South 19.873 

Northeast 51.859 

North 14.812 
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costs. The preferable way to store energy in a matrix transition with high inser-
tion of Solar and Wind power plants should be through pumped storage plants 
(PSP), as proposed by [4]. PSP have the advantage of being, in essence, a Hy-
droelectric Power Plant, enhancing its flexibilities in operation and grid benefits 
as providing ancillary services as Black-start capacity and voltage regulation. As 
a well-developed and mature technology, this application benefits from lower 
costs, experienced manufacturers and many implemented references, such as in 
Europe, North-America, China and Japan mainly to help base load generation 
such as nuclear and coal generation to follow the load curve. 

The rational of PSP is to use the unconsumed energy during reduced load pe-
riods in order to pump the water from a lower reservoir to a higher reservoir, 
and turbine it when needed at the same plant power house. It consists on trans-
forming electrical energy into hydraulic energy, in large scale and an efficiency 
of approximately 75%. 

As Brazil reached the limit in available conventional hydropower reservoirs, 
this research analyzes the implementation of Pumped-Storage with seasonal 
(SPS) and daily cycles (PSP). SPS is a pumped storage plant that operates com-
bined with a series of dams in cascade downstream defined by [2] Given their 
short response time, SPS could be used to regulate the power generation from 
wind farms, as well as, store energy seasonally. Considering new run-of-the river 
dams being constructed in the north region, such as Belo Monte, Jirau and Santo 
Antonio, a PSP could store energy generated in the wet season to generate ener-
gy in the dry season, regulating and increasing the Brazilian energy storage ca-
pacity. It is worthwhile to say that if seasonal PSP are allocated in a different re-
gion, it is possible to considerably diminish the system vulnerability due to cli-
mate changes, improving the country’s generation profile. 

In order to evaluate this technology in the Brazilian scenario, a part of the 
Brazilian hydroelectric system was modelled considering the interaction of dams 
in cascade and the issue on how the outflow of an upstream dam can influence 
the inflow of a downstream dam. Through a routine developed in the software 
MATLAB [5], once an electrical demand is established, it is possible to obtain a 
power generation function of the hydro system based on the natural water in-
flow of the rivers as input to the model.  

To introduce non-existent PSP in the system operating in an optimized form, 
it was implemented an Evolutionary Algorithm called Genetic Algorithm (GA), 
in order to maximize the system’s efficiency at the end of the analyzed period. 
When running this computational method, it is necessary to establish the opti-
mizable variable of the study. Considering that pumped inflows or outflows of 
the PSP do not have an analytic solution; it was decided to make it a target vari-
able to be optimized in the study, being it the individuals of the population of 
the GA. 

This model allows an evaluation of a series of different scenarios, it is flexible 
to the point that allows the user to choose the desired inflow data, the amount of 
demand that the system must attend, the size of the SPS reservoirs, making 
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possible a comparison between a conventional daily cycle PSP and a PSP with 
seasonal reservoir. Also the amount of wind generation is configurable by 
choosing the wind power installed. As desired, it is also possible to choose every 
input parameter required by the GA. 

2. Methodology 

A partial model of the Brazilian interconnected national grid was developed, 
composed by the Paranaíba Basin, Grande Basin and Paraná Basin, using a rou-
tine in MATLAB to simulate it. Then it was introduced two virtual pumping fa-
cilities, the first called Canastra and connected to the Furnas Dam in the Grande 
River, and the second called Catalão connected to the Serra do Facão Dam in the 
São Marcos River as proposed by [2].  

The scheme of the Paraná Basin is shown in Figure 1. The data used for each 
PSP is shown in Table 2. 
 

 
Figure 1. Diagram of dams in the Paraná, Paranaíba and Grande Watersheds with two 
proposed Seasonal-Pumped-Storage schemes. 
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Table 2. Technical aspects of each reservoir. 

Reservoir Canastra Catalão 

Minimum Altitude (m) 1050 900 

Maximum Altitude (m) 1250 950 

Lower Reservoir Altitude (m) 768 756 

Maximum Fall (m) 482 194 

Useful volume (km3) 17,22 5,22 

Installed Power (MW) 5.500 400 

2.1. Model Premises: Hydropower 

The first step in order to simulate the behavior of the system described in Figure 
1 is to establish the power function of a conventional dam as developed by [3]. 
The power generated by a hydroelectric plant is given by Equation (1). 

( ) ( )p t g h q tη ρ= ⋅ ⋅ ⋅ ⋅                     (1) 

where:  
-η: efficiency of the hydroelectric plant; 
-ρ: water density [kg/m3]; 
-g: acceleration due to gravity [m/s2]; 
-h: water head [m]; 
-q(t): water flow through the plant’s turbines [m3/s]; 
Taking into account that it is possible to assume that the efficiency of the tur-

bine does not vary with the water head for such kind of simulation, without im-
portant lose in the results precision, there are two mutual dependent variables in 
the generation function described by Equation (1): the water flow and the water 
head. Therefore, the only feasible alternative to calculate the power generated by 
the plant is through an iterative process. 

Besides, the plant’s generation is limited by the turbines or the generators ca-
pacity, depending on the water head. If the head is too low, turbines could oper-
ate in a partial load, however it could lead to a prohibited region of cavitation 
and, in this case, the generator cannot produce its effective power because the 
turbine cannot supply it with enough power. In this case, the turbine is limiting 
the turbine-generator set operation. On the other hand, the bigger the net head, 
the closer the turbine can be to its nominal capacity and in this case, if the tur-
bine produces all the possible power, the generator can be overloaded.  

It is possible to define two acting regions to characterize the plant behavior: 
-If the water head is too low, the generator cannot generate its effective power 

because the turbine cannot supply enough power. In this case, the turbine is li-
miting the set’s operation. 

-If the head is too big, its distributor vanes cannot be open 100% in order to 
protect the generator. In this case, the generator limits the set’s operation. 

These two acting areas of the generators and turbines are important because 
according to the reservoir level of a hydroelectric plant, it may deeply influence 
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its generation. So, the impacts that an upstream dam causes in a downstream 
dam given the water flow going through the upstream dam and the characteris-
tics of the lower plant need to be considered. However, given that there are a se-
ries of dams in cascade, and the interaction between them impact the generation 
function, since q(t) is limited by qmax, it was necessary to establish an iterative 
process to arrive to the maximum swallowing the plant allows. 

Once the maximum power and flow of each plant based on its reservoir initial 
conditions have been established, the next step would be calculating the inflow 
of each dam given its upstream conditions and its natural inflow. 

2.2. Water Inflow with Dams in Cascade 

Given that the natural inflow in the dams connected to the BIS have their natural 
inflow available in [7], it is possible to calculate the incremental inflow (yinc) and 
their total inflow (yi) given the downstream flow of the dams upstream (uj) ac-
cording to Equation (2) and Equation (3) as proposed by [3]. 

, , ,inc i nat i nat jjy y y
∈Ω

= −∑                     (2) 

,i inc i jjy y u
∈Ω

= +∑                       (3) 

where Ω is the set of dams upstream to dam i and u is its downstream flow. 
Considering the monthly average inflow, it is reasonable to apply this equa-

tion to the system. However, in the case of an hourly study as it is required in 
this paper, this could be not appropriate given that the dams may be hundreds of 
kilometers away and there is a transit time for the outflow of an upstream dam 
to arrive to a downstream dam. This constraint, however, was not considered in 
the study, as the main purpose of the analysis could be achieved even if in ap-
proximated terms. Thus, the behavior of an upstream plant will affect the down-
stream plant in the following hour of study. 

2.3. Simulation Modeling for Hydroelectric Plants in Cascade 

Considering the inflow of every plant in the system in Figure 1, its own charac-
teristics and the interactions between the dams, it is possible to calculate the 
downstream flow of each plant in the system given the load to be supplied at 
each discretization period. Taking into account the hourly wind generation, it is 
possible to incorporate it directly into the energy production of the system, since 
it is a non-dispatchable source of power. In Figure 2 it is possible to visualize the 
parameters considered in the study: entries, calculated and optimizable. 

In this study, it was considered that the reservoirs are operated ruled by a pa-
rallel operation politic, meaning that all of them are emptied or filled in the same 
proportion accordingly to a linkage factor denominated λ, greater than 0 and 
lower than 1. The volume of the reservoir, x, may be determined in function of λ 
according to Equation (4). 

( ) ( )min max minx x x xλ λ= + ⋅ −                  (4) 

where:  
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Figure 2. Block diagram of the simulation considering an hourly discretization and wind 
generation. 
 

-xmin is the minimum operative volume of the reservoir; 
-xmax is the maximum operative volume of the reservoir; 
Through λ it is possible to arrive to the stored volume at the end of the discre-

tization period. Through the variation of volume of the conventional reservoirs, 
it is calculated its total downstream flow, meaning the sum of the spilled flow 
and the turbine flow. To adjust λ so that it secures the required generation, it 
was used an iterative process shown in Figure 3. In the block “Restrictions, con-
flicts and generation” the turbine flow was limited accordingly to the plants re-
strictions (both generation and turbine) and an algorithm to avoid spillage was 
used when there is available volume in the reservoir and the downstream flow 
calculated in the “Water Balance” block is greater than supported by the turbine 
or generator, qmax. 

Running the implemented algorithm, it is possible to determine the outflow of 
each dam in the system considering the effects caused by upstream plants in 
previous periods and their own restrictions. 

When adjusting λ, it must always be between 0 and 1, in case it is adjusted to a 
value outside of this limit, it means that either there is an excess of water and 
there must be spillage (λ > 1) or there is lack of reservoir and there will be a 
shortage of energy (λ < 0). 

2.4. Genetic Algorithm 

To consider the effect of the PSP in the system, the water flow going through 
their turbines or pumps was optimized using the Genetic Algorithm where the 
population of the algorithm was composed by the inflow (if q > 0) or outflow (if 
q < 0) of the PSP. Then, after simulating the system for each individual of the 
population, it was established an objective function, given by Equation (5), to 
maximize the energy generated and stored in the end of the period under analy-
sis as well as minimize the spillage of water.  

( ) ( ) ( ) ( )balance generated stored spilled1 11T T
t tE t E t E t E t
= =

= + + −∑ ∑         (5) 

where: 
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Figure 3. Algorithm used for the iteration process to calculate the total generation [3]. 

 

( ) ( ) ( )generated gen loadE t E t E t= −                  (6) 

( ) ( ) ( ){ }3
stored up dead-volume1 1 9.81 10 1N

j j jjE t Vol t h t E
∈Θ

+ = + ⋅ × ⋅ + −∑   (7) 

( ) ( ) ( ) ( ) ( )
pump pumpgen gen consE t W t H t E t E t= + + −          (8) 

- W(t): generation from wind source  
- H(t): generation from hydroelectric plants. 
- Θ represents the set with all the hydroelectric plants with conventional reser-

voirs and the PSP. 
Considering that there is a possibility, when applying the algorithm from 

Figure 3, that the load could be not completely supplied, it was established a 
penalization factor applied to the objective function in that case. On Equation (9) 
it is possible to see the penalization established when Egenerated is outside of a to-
lerance factor ε, defined at 5%. 

( ) ( )
( ) ( ) ( )
( ) ( ) ( )

generated generated

20
generated generated generated

generated generated generated

if 0

if 1 10

if 0.25

E t E t

E t E t E t

E t E t E t

ε

ε

ε

< → =

< − → = × ×

> → = ×







      (9) 

In the case that the generated energy is greater than the load, it was applied a 
multiplier factor that lowered its influence in the objective function, since it 
would be uncertain that another system could absorb a generation excess. In this 
case, this energy would be spilled. 

In order to visualize the GA applied in the system, it is represented in Figure 
4 the process used. Inside the block “System’s model” it is incorporated to every 
hydroelectric plant generation function, and the maximum water flow the tur-
bine and generator allows according to the water head. 
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Figure 4. Block diagram with the GA applied in the simulation. 

2.5. Wind Generation Profile 

In order to obtain the wind generation data, using the wind data for each field in 
a certain period it is possible to calculate the generation profile of each field giv-
en the power curve of a wind turbine. Since the total wind power installed is a 
variable, it was decided to use the generation profile in p.u. based in the plant’s 
physical guarantee as supplied by [6].  

Using an hourly discretization, totalizing 8760 points, the wind profile was 
traced for the same year as the natural inflows that were used in each study. 
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It was used the wind profile of four different fields, from four different Brazil-
ian sites, with an installed capacity proportional to 2014 capacity. On Table 3, it 
is shown each field with its location, installed power and capacity factor used to 
trace each wind power generation pattern. 

Since the intention is to use the total wind generation profile, the four profiles 
were added altogether to trace the final wind generation profile in the period 
under analysis. Then it was incorporated into the system’s total generation. 

2.6. Energy Market 

Considering the horizon of a year, it was considered a peak demand between 
November and March that totalized 52.8% of the installed capacity, and a lower 
demand in the rest of the year (48.9% of the installed power). In addition, since 
the simulation is in a daily basis, there was a daily peak between 12 to 18 o’clock 
according to Figure 5. 1 p.u. in the image corresponds to the current month’s 
demand. 

3. Results 

The current scenario in Brazil is very dry, especially in Northeast region, so it 
was decided to simulate a past period, with an average river flow. Therefore, it 
was taken both the fluvial and wind records from 1990.  

In every simulation, it was established the same GA parameters as shown on 
Table 4. 

The stop criteria applied to this case was the amount of iterations without im-
provement to the objective function result. 
 

 
Figure 5. Daily energy market. 
 

Table 3. Wind fields considered in the study. 

Field State Power (MW) Capacity Factor Physical Guarantee (MW) 

1 CE 1229 0.51 632.16 

2 RN 807 0.40 324.85 

3 BA 715 0.54 388.21 

4 RS 628 0.43 269.56 
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Table 4. Parameters applied to the GA. 

Parameter Value 

Population Size 4 individuals 

Mutation Probability 3.5% 

Crossover Probability 48.3% 

Amount of Iterations for Stop Criteria 3 

3.1. Case 1–SPS with Seasonal Storage Cycle 

The SPS reservoirs were dimensioned to a seasonal storage size according to 
each one’s power (as given on Table 2). Both conventional and pumped reser-
voirs were with 50% of its volume in the beginning of the simulation and wind 
generation capacity is responsible for 10% of all the system installed power. 

After the simulation, it is possible to analyze the results hourly. In Figure 6 it 
is possible to look the system’s behavior after February 10th. 

In this graph, energy generated by the SPS plant is represented in red, energy 
from wind farms in dark blue, energy consumed by the SPS in light blue and 
energy generated from conventional hydroelectric plants in green. A dashed line 
represents the total power generated in the system.  

The main functionalities of a SPS are represented in Figure 6. Along the night, 
when wind speed is more intense and demand is smaller, the SPS is consuming 
energy supplied by conventional hydroelectric plant and wind farms. This way, 
in the following day, during the peak hour when the wind generation is much 
smaller, as it can be seen by the dark blue area, the SPS is able to change its op-
erational sense and supply the system in way to attend all the required demand. 
In addition, in this period it was possible to identify that the wind generation 
along the night was greater than along daytime. In consequence, at night the SPS 
operate in pumping mode while at the peak during the day operate generating 
energy. 

At the same period, the pumping flow at Catalão and Canastra work in a way 
to compensate the generation from the wind sources, creating the generation/ 
consume profile established in Figure 7 and Figure 8. Both PSP keep a flux of 
water, when pumping, more stable and much below the nominal capacity of the 
plant, meanwhile when generating energy it has peaks of generation with a flow 
very close to its nominal capacity.  

This happens because the profile of the energy availability to pump is more 
stable, while it needs to be much more variable when generating, according to 
the wind profile. For example, it is noticeable that on February 17th, near to 
midnight, there is big drop in the wind generation, getting close to zero. 

When that happens, both SPS, including Canastra, which was turned off in the 
previous hour, inverted their operation mode with a high flux going through the 
turbines to generate the amount of energy required to compensate a decrease in 
wind generation. This happened not only in the peak-hours, but every time 
when wind generation was below average it is observed a generation by both SPS 
also at night. 
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Figure 6. Generation profile in a week of February 1990. 

 

 
Figure 7. Pumped water flow at Catalão in February. 
 

 
Figure 8. Pumped water flow at Canastra SPS in February. 
 

The same effect can be observed along the year for a few times given the high 
variability of the wind generation and the volatility of the SPS to adjust to a va-
riable generation profile. It is, however, possible to identify a pumping pattern. 
The SPS operates generating energy along the day, when the load is greater and 
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wind generation lower, while at night, with a greater wind generation and small-
er load, the SPS pump water to the higher reservoir, storing energy from both 
wind and hydroelectric plants with no regulation capacity at time, either because 
it has no storage capacity available or because it has to keep a minimum outflow 
at the dam.  

Looking into the one-year horizon of the SPS operation, it is possible to see at 
Canastra that most of the time it is operating in way to fill the reservoir, always 
storing more energy than consuming, which happens mostly in the peak hours 
of the day. This is due to the size of the reservoir that was dimensioned by [2] to 
be a seasonal cycle reservoir. 

However, from May on, it is possible to notice an increase in the turbine mode 
of the SPS while the pumping operation mode is reduced given it is in a dry sea-
son of the year and it becomes important as a backup reservoir for the whole 
system.  

A similar effect happens at Catalão, that when the dry season begins, it reduc-
es its pumping mode keeping oscillating between both modes, but always emp-
tying its reservoir more than filling, injecting energy in the cascade. The reser-
voir levels for both plants are shown in Figure 9 and in Figure 10. 

Taking another example along the year, now in July, in the middle of the dry 
season, it is possible to observe a diverse behavior of the pumps. Due to the dry 
period, the pumps start to work constantly to regulate the generation by supply-
ing the plants in cascade with a regular water flow as well as counterbalancing 
the wind generation intermittence (Figure 11).  
 

 
Figure 9. Reservoir level at Canastra PSP. 
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Figure 10. Reservoir level at Catalão PSP. 
 

 
Figure 11. Power x Demand in July. 
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3.2. Case 2–PSP with Daily Storage Cycle 

In this case it is considered a smaller reservoir dimensioned according to Table 
5, an increased wind generation capacity (20% of the system installed capacity), 
and a higher minimum outflow in the dams (1.5 times nominal). This was made 
to stress the dams and verify the functionality of a PSP with daily cycle. 

It was considered a greater demand than in the previous case, it was 5% great-
er in peak hours, lasting from 1pm to 8 pm. Through Case 2 it was possible to 
analyze how a PSP helps regulating peak and off-peak demand. 

As in the previous case it works together with the wind profile, looking into 
February 2nd and 3rd, it is possible to see, through the dark and light blue area, 
that wind generation was smaller than on February 19th, for example. Due to 
this, PSP do not pump as much water since there is not a large exceeding 
amount of energy in the system, and it only turbine during the peak hours 
(Figure 12 and Figure 13).  

As shown in Case 1, also with a daily cycle, both PSP have similar flow pat-
terns. At night when demand is smaller, they consume energy from a non-dis- 
patchable source and avoid water spillage in hydroelectric dams. Meanwhile, in 
the next day, at peak hours, both PSP operate in turbine mode, generating  
 
Table 5. Inputs for each PSP with daily storage cycle. 

 Max Energy [GWh] Max Volume [hm3] 

Canastra 132 38.75 

Catalão 9.6 3.71 

 

 
Figure 12. Power × demand in February. 
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Figure 13. Pumped reservoir level in February. 

 
energy in such way to allow conventional hydroelectric plants to save their sto-
raged energy for future critical periods.  

In a regular winter day, when less water is inflowing to the dams and there is a 
larger wind generation, both PSP have a more defined cycle filling and emptying 
on a daily basis, since there is less energy available in hydroelectric power plants, 
especially run-of-the-river dams (Figure 14).  

At this point, it is possible to observe that the PSP filled completely at some points, 
causing energy to be spilled since the conventional hydroelectric plants with reservoir 
have a minimum water flow required at all times (Figure 15 and Figure 16). 

Observing the daily cycle it is possible to see how a pumped storage facility 
could be implemented, in a much smaller scale, in order to just counterbalance 
the wind generation profile and store an exceeding energy from off-peak periods 
to use it during the peak demand of the day. 

4. Conclusions 

After simulating these two scenarios, it was possible to compare them to a case 
where the pumped storage plant was not present.  

Looking Table 6 that follows it is possible to compare the improvements to 
the amount of energy wasted for each case. As it was predicted, the larger the 
SPS reservoir, the better results it would supply. 

In case 1, considering two SPS that together sum 22.34 TWh of storage capacity, 
the spillage expressed into energy unit was only 1.52% of all energy generated in 
the period, a great improvement from the 10.86% of wasted energy from the case  
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Table 6. Final results. 

Case 
Energy  

Generated 
[TWh] 

Energy  
Consumed 

[TWh] 

Energy  
Wasted  
[TWh] 

Energy Wasted 
Energy Generated 

Final Energy 
Stored [TWh] 

No PSP 217 193.43 23.57 10.86% 104.0 

Case 1 185 182.19 2.81 1.52% 144.6 

Case 2 222 200.25 21.75 9.80% 104.5 

 

 
Figure 14. Pumped reservoir level in September. 

 

 
Figure 15. Power × demand profile in September. 
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Figure 16. Pump flow at Canastra in September. 

 
without an EPS.  

Meanwhile, in Case 2 that included a daily cycle PSP in the system, it already 
showed an improvement of 1% in the wasted energy. 

Considering that the Energy Consumed column includes both the electrical 
load and the pumping energy consumed, it was expected for Case 2 to have the 
highest amount of energy consumed due to the higher load used as input for this 
case. The result can only be compared among the three cases when looking into 
the third column since its load levels are different.  

Comparing the stress case to the case without a SPS plant, the amount of 
energy stored in the end is also superior with the PSP, since less water was 
spilled, being stored in the system’s reservoirs. 

Through the incorporation of wind farms, it showed an efficient way to man-
age and operate the reservoirs allowing it to store peak wind generation, which 
occurs in the middle of the night, using it along the next day to regulate the peak 
load in the afternoon. Considering the overall efficiency of a PSP that is between 
70% and 80%, it is according to the literature review of one of the most efficient 
storage methods and the only method that allows a large storage in the form of 
potential energy as well. 

Besides, its presence along the year, managed to regulate the water flows in the 
system along the dry season, sparing conventional reservoirs from emptying. 

In general, the case analysis allowed observing the influence and effects of an 
SPS in a portfolio of hydro and wind generation and how its inclusion would be 
beneficial for the system, allowing a peak regulation through storage of wind 
power. Considering the future scenario in Brazil where wind generation is con-
stantly growing and latest auctions started to introduce photovoltaic power 
plants, mainly in the Northeast subsystem, the intermittency from these renewa-
ble sources will need a regulation. Given this fact, since hydroelectric power is 
the main component in the Brazilian energy matrix, a pumped storage plant be-
comes a good alternative to play this role. 

The biggest challenges when introducing PSP or SPS in Brazil are site availa-
bilities and environmental concerns. There are not many sites that could be ap-
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propriate to implement high water heads hydroelectric plants and, simulta-
neously, large reservoirs, making it difficult to obtain an environmental license, 
necessary for its construction. Also, sites making feasible to implement high wa-
ter head plants are frequently environmental reserves, which requires deforesta-
tion even with a small flooded area. A possible approach is to change the current 
tendency, in such a way to implement large storage plants again in Brazil, seek-
ing to allow a safer and more efficient expansion of other renewable sources 
such as wind and solar. This would reduce the dependence of thermal power 
plants to supply energy at peak loads. 
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