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Abstract--The Henry Borden hydropower plant in Brazil is 

supplied by the Pinheiros waterway, which is elevated 31 m by 
Traição and Pedreira pumping plants to Billings reservoir, then 
falls 720 m towards the turbines. This height difference implies 
5.654 MW/m³/s of energy gain. The hydropower plant can also 
perform load recovery (black start) during a blackout. However, 
since 1992, it delivers 75% less power than its nominal 889 MW, 
due to water transfer restrictions. To increase its generation, in 
normal operation and during blackouts, the water available at its 
reservoir should increase. Feeding the pumping plants with wind 
energy could enable sending all of Henry Borden's electricity to 
the grid. The proximity of Billings reservoir has reasonable wind 
speeds and enough area to host a wind farm to generate the 
annual power the pumps demand. Four different scenarios of 
wind energy use in a complementary way to Henry Borden were 
investigated, before and during a long-lasting blackout, and the 
energy delivery to the grid was compared. Different water levels 
at the reservoir were considered. The best scenario was the one in 
which, in normal operation, wind energy is injected into the grid, 
and, during a blackout, it powers the pumps. 

 
Index Terms--Hydroelectric power generation, Load 

management, Power system planning, Pumps, Wind energy. 

I.  NOMENCLATURE 

α - shear coefficient 
c - scaling factor of the Weibull distribution [m/s] 
Cp - power coefficient 
f(ν) - frequency of occurrence of a given wind speed 
g - acceleration of gravity [m/s²] 
h - height [m] 
H - water head [m] 
η - efficiency 
k - Weibull distribution form factor 
P - Power [W] 
ρ - density [kg/m³] 
Q - volumetric flow rate [m³/s] 
v - velocity [m/s] 
zo - roughness [m] 
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II.  INTRODUCTION 

he Henry Borden hydroelectric complex, built between the 
1920s and 1950s in the city of Cubatão, at the foot of the 

Serra do Mar mountains near the sea in the state of São Paulo, 
Brazil, has two high drop-off plants, taking advantage of the 
excellent hydraulic potential that the high elevation provides. 
The plant is fed by the Billings reservoir, formed by the 
reversal and rectification of the Pinheiros waterway, an 
affluent of Tietê river in the plateau. The Traição and Pedreira 
pumping plants lift the waters of Pinheiros waterway to the 
Billings Reservoir. The 14 generator sets, driven by an 
external hydroelectric plant and an underground hydroelectric 
plant, add up to an installed capacity of 889 MW, which places 
Henry Borden among the 40 largest hydroelectric plants in 
Brazil, in terms of installed capacity [1]. 

Due to the difference between the lifting height of the 
pumping plants (31 m) and the fall height through the turbine 
pipes (720 m), as shown in Figure 1, there is an energy gain in 
transferring the waters from the Pinheiros waterway through 
Billings revervoir all the way to Henry Borden’s turbines, 
representing an average productivity of 5.654 MW/m³/s, much 
higher than the average productivity of the other plants of the 
Tietê water system, which is about 3.245 MW/m³/s [2]. 
 

 
Fig. 1.  Scheme of the Henry Borden water system, plants and heights [2]. 

 
Despite the great hydraulic potential, since 1992, due to the 

pollution of the waters of the Pinheiros waterway, the Joint 
Resolution SMA/SES 03/92 determines that the waters of the 
Pinheiros waterway should only be transferred to the Billings 
reservoir in cases of flood control needs. Since then, the plant 
has been operating according to the natural water regime of the 
Billings reservoir, enhanced by the natural regime of the 
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Pedras river. This caused a reduction of approximately 75% of 
the electricity generated at Henry Borden [1]. 

In addition to having a high nominal power with a high rate 
between the power generation and the water flow rate, Henry 
Borden is capable of carrying out the process of load recovery 
without external power supply to auxiliary services (known as 
black start process), being thus able to service the 
Metropolitan Region of São Paulo during blackouts. However, 
due to the cut in the inflow transferred to Billings reservoir, its 
generation capacity and, consequently, load handling during a 
black start process are compromised. Therefore, even if it is 
located in the region of greatest urban concentration and of 
greater economic importance in Brazil, the plant cannot reach 
its full potential in the recovery of the load due to lack of 
water.  

To increase the generation of the plant, it would be 
necessary to increase the volume of water at its disposal for 
generation. According to [2], the use of part of the energy of 
the plant itself to feed the pumps of the Pedreira and Traição 
pumping plants would increase the plant’s generation and, 
consequently, the area provided with electricity during the 
black start process. However, if this energy to supply the 
pumps came from an independent, external source, the 
energetic gain of the Henry Borden hydropower plant would 
increase and the load area it supplies could be even larger.  

In addition, using an external energy source to supply the 
pumps is advantageous because of the energy gain due the 
high productivity of Henry Borden. 

This paper discusses the possible solution of using wind 
generators that could meet the electrical need of the pumps of 
the Traição and Pedreira pumping plants at the moment of 
water transfer to the reservoir which serves the plant, 
increasing the amount of energy delivered to the electricity 
grid. The region around the Billings reservoir, especially the 
city of Ribeirão Pires, has a reasonable wind potential, with 
average annual wind speeds between 4 and 6 m/s at 100 meters 
height [3], which, although not suitable for the installation of a 
large wind farm, could still be used for the installation of wind 
turbines to give this energy support to the Henry Borden plant 
in the black start process.  

This paper is divided as follows: in Section III, the system 
specification methodology and the development of the 
simulation algorithm are shown in detail. In Section IV, the 
results of the simulations, as well as an analysis of the results, 
are discussed and, in Section V, the conclusion is presented.  

III.  SIMULATION 

A.  Methodology 

The project is based on the simulation of the Henry Borden 
hydro complex as well as the region's wind, to estimate the 
wind power that must be installed to meet the annual average 
power consumed by the pumping plants to transfer the water of 
Pinheiros waterway to Billings reservoir to feed the Henry 
Borden power plant. Later, four different scenarios regarding 
wind energy handling are simulated and their amount of 

energy delivered to the national grid are evaluated, in case of a 
long-lasting blackout.  

B.  System Specification and Sizing 

    1)  Location 

The Henry Borden Hydroelectric Power Plant is located at 
the foot of the Serra do Mar mountains in the city of Cubatão, 
between the Metropolitan Region of São Paulo and the 
Atlantic Ocean in the Brazilian state of São Paulo, as shown in 
Figure 2. 

 

 
Fig. 2. Hydric system of the Tietê and Pinheiros rivers [2]. 
 

    2)  Hydro Power Plant 

The Henry Borden hydropower plant has two high drop 
(720 m) plant units, comprising 16 Pelton turbines of 29.3125 
MW (external plant) and 6 Pelton turbines of 70 MW 
(underground plant), totaling an installed power of 889 MW. 
The total nominal flow rate is 157 m3/s. There are 14 generator 
sets, 8 of which connected to the external plant and 6 
connected to the underground plant [1].  

In this work, Henry Borden's 22 turbines were modeled as a 
single equivalent turbine, with nominal power and flow rate of 
respectively 889 MW and 157 m3/s (as the actual total of the 
plant). Considering the acceleration of gravity as 9.8 m/s2 and 
the water density equal to 1,000 kg/m3, the efficiency of the 
Henry Borden equivalent turbine was considered equal to 
0.802, as calculated by (1), which shows the power generated 
by a hydraulic turbine. 
  (1) 

For simplicity, the water level variation in the Billings 
reservoir was not counted with the waterfall height, which was 
considered constant and equal to 720 meters. 

    3)  Pinheiros Waterway Flow Rates 

The water from the Pinheiros waterway is not the only 
source of water of Henry Borden power plant: the Pedras river 
is also diverted to the turbine ducts. For simplification, the 
Pinheiros waterway, diverted to the Billings reservoir by the 
Traição and Pedreira pumping stations, was considered as the 
only variable inflow. The Pedras river flow into Billings was 
considered constant and equal to an average annual value, as 
will be later explained. 
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The inlet flow in the Billings reservoir, measured by a 
fluviometric measurement station, was considered to be the 
flow of the Pinheiros waterway, incident in the pumping 
plants. Figure 3 shows the average flow for each day of the 
year, taken as an average of the daily flows measured between 
1931 and 2015, at this point of the waterway [4]. 

 

 
Fig. 3. Average daily flowrate entering the Billings reservoir from the 
pumping plants [4]. 

 
According to [4], these flows have an average value of 

around 25 m3/s on summer (January – March) and 10 m3/s on 
winter (July – September). 

From these values of daily mean flow, a random noise of 
Gaussian distribution was generated in the above curve, 
corresponding to 24 points for each measured flow point (or a 
flow measurement for each hour of each day), in order to 
obtain hourly flows to be used in the simulations. During the 
summer and spring months, when it rains more and the flow 
rate variability increases, data with variance of value 10 were 
generated, while in the drier months, with more constant flows, 
of autumn and winter, the variance used in point generation 
was 5. The result is shown in Figure 4. 
 

 
Fig. 4. Hourly flowrate entering the Billings reservoir from the pumping 
plants generated from the daily measurements. 

 
In addition to the Pinheiros waterway, there are other 

affluent and effluent flows at Billings. They are: effluent - São 
Paulo Metropolitan Region water supply (7,2 m3/s), Santos 
Metropolitan Region water supply (3,8 m3/s), and water for the 
industries of Cubatão (4 m3/s); affluent - average yearly Pedras 
river flow rates (2,5 m3/s), average yearly Cubatão river flow 
rate (2 m3/s) [5]. 

The resulting flow, excluding the flow of the Pinheiros 
waterway, is 10.5 m3/s, leaving the reservoir. The evaporation 
and the incidence of rainfall in the reservoir were disregarded. 

For the simulation it was assumed that, if the Billings 
reservoir volume reaches 100% of its capacity (122 million 
m³) [6] and the upstream flow  is greater than the downstream 
flow, all incoming water should be poured to avoid overflows. 

    4)  Pumping Plants 

The Traição pumping plant has 4 pumps with 5 MW of 
nominal power and 70 m3/s of maximum pumping capacity 
each [2]. In total, the installed pumping power of the plant is 
20 MW and its pumping capacity is 280 m3/s. The lift level is 
5 m (see Figure 1 again).  

The Pedreira pumping plant has 8 pumps installed, five of 
which have a nominal power of 14.9 MW and a maximum 
flow of 51 m3/s, one has nominal power of 5.3 MW and 
pumping capacity of 14 m3/s, another one has nominal power 
of 14 MW and pumping capacity of 47.2 m3/s, and the last one 
has nominal power of 22.3 MW and pumping capacity of 75 
m3/s. That is, the total power consumption of the plant is equal 
to 116.1 MW, being able to pump a total flow rate of 391.2 
m³/s [2].  

As can be seen, the total pumping capacities of the Traição 
and Pedreira pumping plants are different. In other words, it is 
possible to drain the water in the section of the Pinheiros 
waterway between these two plants, in a situation in which the 
flow rate pumped by the Pedreira plant is larger than that 
pumped by the Traição plant. However, current legislation 
does not allow this to happen [7]. 

Thus, for the modeling of the system, it was then considered 
that both pumping plants always pump the same flow rate, not 
altering the water level of the river stretch between them in 
relation to the level of the river upstream of the Traição plant. 
Therefore, both plants were modeled as one equivalent pump, 
with nominal flow rate of 280 m³/s and lifting height of 5+26 = 
31 m. 

Using (2), which calculates the power consumed by a 
hydraulic pump [7], the nominal efficiency of the Pedreira 
plant, when lifting 391.2 m³/s of water at 26 m of height and 
consuming 116,1 MW of power, was estimated as 0.859. 

 
 

(2) 

On the same way and using the same equation, with such an 
estimated efficiency, the power consumed by Pedreira 
pumping plant to elevate 280 m³/s (the limit flow rate used in 
the simulation) of water 26 m upstream was calculated as 83.2 
MW. 

Therefore, the equivalent single pump which modeled the 
two pumping plants together consumes a nominal power of 
20+83.2 = 103.2 MW and has an efficiency of 0.824, as 
calculated using (2). 

In normal operation, it was defined that the pumps of the 
pumping plants are only activated to carry out flood control 
procedures, when the flow of the river exceeds the flow rate of 
10 m3/s, which is the average of winter flow rates. 

    5)  Wind Speeds 

The wind farm should be installed at a location close to the 
grid, ideally, bordering the Billings reservoir. Ribeirão Pires is 
the city near the Billings reservoir with the best annual average 
wind speeds in the São Paulo Metropolitan Region [3]. 

According to [3], the wind data, extrapolated from the 
measuring height of 10 meters to the height of a 100-meter 
wind turbine, according to the European Center for Medium-
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Range Weather Forecast (ECMWF) for Ribeirão Pires, are the 
ones given in Table 1. 

 
TABLE I 

FACTORS OF THE WEIBULL DISTRIBUTION AND OTHER CORRESPONDING WIND 

DATA FOR RIBEIRÃO PIRES AT THE HEIGHT OF 100 M [3] 

 
Height [m] 100 m 

Scaling factor [m/s] 8.43 

Shape factor 2.79 

Annual average speed [m/s] Extrapolated by zo 7.58 

Extrapolated by v1 7.84 

Wind shear coefficient 0.254 

Ground roughness [m] 0.975 

 
The Weibull distribution gives the distribution of 

probabilities of occurrence of each wind speed for a given 
place, based on the factors k and c [7]. The ground roughness 
was calculated using (3). 

 
 

(3) 

 The wind speed at different heights (h2) than the height of 
the anemometer (h1 = 10 m) was extrapolated both using the 
wind shear coefficient and the ground roughness, as given in 
(4) and (5) [7]. 

 

 

(4) 

 

 

 

(5) 

 The factors k and c were extrapolated from height h1 to 
height h2 using, respectively, (6) and (7) [7]: 

 
 

(6) 

 

 

(7) 

Considering these parameters for Ribeirão Pires at 100 m 
height (k = 2.79, c = 8.43 m/s), an hourly series of wind speeds 
for a whole year were generated and used in the simulation. 

    6)  Wind Farm 

The mean annual flow pumped from the Pinheiros waterway 
to the Billings reservoir is 16.1 m3/s [4]. With this value, the 
average annual power consumed by the pumping plants 
corresponds to 5.94 MW. The wind farm was sized to meet 
this power. 

The annual energy generation was estimated using the 
Weibull factors of Ribeirão Pires. For these annual generation 
simulations, one wind turbine with a hub height of 98 meters 
was considered. The model is ENERCON E-82 (2000 kW 
rated power) [9]. Its power curve is shown in Figure 5. 

 

 
Fig. 5. Power curve for Enercon E-82 wind turbine [9]. 

 
From the data of the graph and the parameters of wind 

presented above, the estimated annual wind energy generation 
for Ribeirão Pires, at the 100 m height, with the chosen wind 
turbine, is 5367.9 MWh (the value of the parameter c used for 
this estimation was the one extrapolated by zo), corresponding 
to a capacity factor (annual generation by installed power) per 
turbine of 30.64%. For this estimation, the shape of the 
Weibull distribution curve for the wind speeds at the locality, 
given in (8), as well as the power generated by a wind turbine, 
given in (9), were considered [7].  
 

 
(8) 

 
 

(9) 

 To meet the annual power demand of the pumping plants 
of 5.94 MW, it would be necessary to install 11 wind turbines 
at the place, considering an average annual turbine availability 
of 97% of the time (due to planned downtime, caused by 
shutdowns for predictive and preventive maintenance, and 
unplanned downtime, caused by eventual failures) [10].  

The wind farm should, then, have an installed capacity of 
11×2 MW = 22 MW. According to [11], the average area of 
wind farms, in relation to the number of installed wind turbines 
and their diameter corresponds approximately to 0.25 
km2/MW. Considering this value, the area occupied by this 
wind farm would be 5.5 km2. 

The city of Ribeirão Pires does not have integral protection 
or sustainable use units [12], that is, any uninhabited area of 
the city could, in principle, be used to host the wind farm.  

C.  Scenarios Modeling 

    1)  Real Scenario 

The Real Scenario has no participation of wind power.  
In normal operation (i.e., with no blackout), the pumping 

plants only operate when flood control is required. Thus, when 
the flow rate of the Pinheiros waterway is less than its average 
winter flow rate (10 m3/s), the pumping plants do not transfer 
any water to the Billings reservoir. When the flow rate is equal 
to or greater than this value, the pumping plants are turned on, 
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and transfer only the amount of water corresponding to the 
difference between the measured flow rate at that time and the 
average value of 10 m3/s, consuming a power proportional to 
such pumped flow rate. This value is clearly limited by the 
nominal flow rate of 280 m3/s of the pumping set.  

The Henry Borden power plant, in turn, operates at a quarter 
of its nominal capacity, consuming a flow rate of 39.25 m3/s 
and generating 222.25 MW of power (for H = 720 m and ηT = 
0.802). The power needed to feed the pumps comes from the 
Henry Borden hydropower plant itself, and the rest of its 
generation goes to the power grid. Other inflows and outflows 
of the Billings reservoir, such as the average flow of the 
Pedras river and the water supply of the metropolitan areas of 
São Paulo and Santos, add up to an average constant flow of 
10.5 m3/s leaving the reservoir. 

When a blackout starts, the Henry Borden plant begins to 
send part of its generated energy to the pumping plants, which, 
in this case, operate with their nominal power of 103.1 MW, in 
order to provide a constant flow rate of 280 m3/s to the 
Billings reservoir, regardless of the flow of the Pinheiros 
waterway (in blackout situations, the Joint Resolution 
SMA/SES 03/92 can be disobeyed, and the level of the 
Pinheiros waterway is allowed to be reduced in order to avoid 
that the Metropolitan Region of São Paulo runs out of 
electricity). 

In the same way, the turbines start to operate with nominal 
power, consuming 157 m3/s of water and generating 889 MW, 
to increase both the energy sent to the pumping plants and to 
the grid. Therefore, during the blackout, the level of the 
Billings reservoir increases, since it is receiving more water 
than the flow rate that leaves it at each moment.  

From the moment the reservoir is full, electricity stops being 
sent to the pumping plants, the water transfer ceases, and as a 
result the reservoir begins to empty. When the volume of the 
reservoir reaches the minimum level (dead volume), the 
simulation ends, because it is no longer possible to generate 
energy to service the Metropolitan Region during the blackout.  

When the volume of the Billings reservoir reaches the level 
of dead volume (defined as 10% of the maximum volume), the 
water intake through the turbine ducts ceases. 

    2)  Scenario 1 

Scenario 1 destines wind power to pumping only when a 
blackout happens.  

In normal operation, all wind power is sent to the grid, and 
the Henry Borden plant continues to use some of the power it 
generates to supply the pumps of the pumping plants that fill 
the Billings reservoir. Again, the pumping plants consume 
energy equivalent to that necessary to carry out flood control, 
and Henry Borden generates 222.25 MW. Thus, Henry 
Borden's net generation is larger than it normally would be, 
since the wind energy delivered to the grid helps to meet the 
load, thus saving water from the Billings reservoir. 
Nevertheless, it is no more than the limits established by 
current legislation (25% of installed capacity).  

In a blackout situation, the pumping plants are start 
consuming their nominal power (103.1 MW), being fed 
primarily by the wind turbines, which are complemented, when 
needed, by the generation of Henry Borden itself.  

In case of excessive wind generation, the rest is delivered to 
the grid, making the necessary water consumption in the plant 
less, since the wind farm serves part of the load. The Henry 
Borden hydropower plant, in turn, starts to operate at nominal 
capacity (889 MW), in order to meet the highest possible load. 

Again, the flow pumped to the reservoir is larger than the 
turbine flow, causing the Billings reservoir to fill. From the 
moment the reservoir is full, the energy is conveyed to the 
pumps, and, as a result, the reservoir begins to empty. When 
the volume of the reservoir reaches the dead volume, the 
simulation ends. 

    3)  Scenario 2 

Scenario 2 consists of destining wind power to pumping 
both during a blackout and in normal operation. 

In normal operation, all wind energy is used to power the 
pumps as much as possible (only if wind power is, at any time, 
greater than the nominal power of the pumps, the excess will 
be delivered to the national grid).  

Henry Borden's hydraulic generation goes all the way to the 
grid, not being used to complement the pumping consumption 
when wind generation is not enough. Thus, the power supplied 
to the pumps floats with the wind speed. The Henry Borden 
hydropower plant, in turn, continues to operate at 25% of its 
installed capacity.  

In a blackout situation, Scenario 2 operates exactly in the 
same way as Scenario 1. 

    4)  Scenario 3 

In Scenario 3, wind energy is destined to feeding the 
pumping plants in order to keep the reservoir always full, both 
in normal operation and during a blackout. 

Be it in normal operation or during a blackout, Scenario 3 
disobeys the Joint Resolution SMA/SES 03/92, feeding the 
pumps with their nominal power and pumping all the time 280 
m³/s of water from the Pinheiros waterway to the Billings 
reservoir. This scenario operates, before and during a 
blackout, exactly the same way as the Scenarios 1 and 2 during 
a blackout. 

IV.  RESULTS 

The four scenarios were compared in three different 
situations: a) blackout starting in the beginning of autumn, 
corresponding to a fast full reservoir; b) blackout starting in 
the beginning of winter, corresponding to a half full reservoir, 
and c) blackout starting in the beginning of spring, 
corresponding to an almost empty reservoir. Thus, the 
influence of the level of the Billings reservoir (which is lower 
during the drought months, from May to September) in the 
energy generation until its emptying could be observed. In all 
cases, an initial volume (at zero hour of the year) of 100% was 
considered. 

A.  Blackout Starting with Fast Full Reservoir 

The start time of the blackout is the 1908th hour of the year, 
corresponding to noon on March 21. Table II summarizes the 
amount of energy delivered to the grid to supply the 
Metropolitan Region of São Paulo throughout the year, the 
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energy generated before and during the blackout, as well as the 
number of hours taken until the Billings Reservoir was 
emptied and the consequent suspension of the generation of 
energy, for each of the simulated scenarios. 
 

TABLE II 
RESULTS FOR THE SIMULATIONS OF THE FOUR SCENARIOS FOR BLACKOUT 

START WITH A FULL RESERVOIR 
 

Blackout start hour 
1908 

Real 
Scen. 

Scen. 
1 

Scen. 
2 

Scen. 
3 

Energy delivered to the 
grid over one year [GWh] 

2378 2456 2337 1808 

Energy delivered to the 
grid before the blackout 
[GWh] 

413 430 424 244 

Energy delivered to the 
grid during the blackout 
[GWh] 

1965 2026 1912 1564 

Reservoir volume at 
blackout start (%) 

79% 79% 84% 100% 

Hours after blackout start 
until reservoir emptying 

2277 2277 2133 1690 

Hour of reservoir 
emptying and generation 
suspension 

4185 4185 4041 3598 

 
As it can be seen, for a blackout which starts when the 

Billings reservoir is still quite full, the scenario which presents 
the largest energy delivery to the national grid before the 
blackout is Scenario 1. 

In terms of energy delivered to the grid during the blackout, 
the best scenario is again Scenario 1. On the other hand, the 
worst scenario in this situation is Scenario 3, because, although 
this is the only scenario that already had the reservoir 
completely full before the blackout began, it took also less 
time empty it. This result is due to the principle of reservoir 
operation, according to which, when a blackout starts, initially 
more water is pumped to the reservoir than is turbinated, to fill 
the reservoir. However, when the reservoir meets its maximal 
volume, the water transfer ceases, quickly emptying the 
reservoir until it reaches its dead volume. Thus, since Scenario 
3 did not count on the filling stage of the post-blackout 
operation, the time taken to empty Billings was also less. 

Considering both the energy generated before and during 
the blackout, the best scenario remains Scenario 1, which is 
also, along with the Real Scenario, the one that takes the most 
hours from the beginning of the blackout to the emptying of 
the Billings reservoir. 

B.  Blackout Starting with Half Full Reservoir 

The hour of the year chosen to start the blackout was the 
4116th, corresponding to noon on June 21. Table III 
summarizes the results of the simulation of the four previous 
scenarios for this situation. 
 
 
 
 

 

TABLE III 
RESULTS FOR THE SIMULATIONS OF THE FOUR SCENARIOS FOR BLACKOUT 

START WITH A HALF FULL RESERVOIR 
 

Blackout start hour 
4116 

Real 
Scen. 

Scen. 
1 

Scen. 
2 

Scen. 
3 

Energy delivered to the 
grid over one year [GWh] 

3560 3637 3205 2072 

Energy delivered to the 
grid before the blackout 
[GWh] 

901 937 915 527 

Energy delivered to the 
grid during the blackout 
[GWh] 

2659 2701 2290 1545 

Reservoir volume at 
blackout start (%) 

47% 47% 66% 100% 

Hours after blackout start 
until reservoir emptying 

3160 3160 2638 1690 

Hour of reservoir 
emptying and generation 
suspension 

7276 7276 6754 5806 

 
As one can see, for a blackout started when the reservoir is 

at somewhat half its capacity, the scenario that presents the 
largest power delivery to the network, through the whole year, 
as well as separately before and during the blackout, is once 
again Scenario 1. 

Again, the Real Scenario and Scenario 1 are those that have 
the longest duration of generation until Billings dead volume is 
reached. 

C.  Blackout Starting with Fast Empty Reservoir 

The start hour of the blackout is the 6372th hour of the year, 
corresponding to noon on August 5. Table IV summarizes the 
results of the simulation of the four previous scenarios for this 
situation. 

TABLE IV 
RESULTS FOR THE SIMULATIONS OF THE FOUR SCENARIOS FOR BLACKOUT 

START WITH AN ALMOST EMPTY RESERVOIR 
 

Blackout start hour 
6372 

Real 
Scen. 

Scen. 
1 

Scen. 
2 

Scen. 
3 

Energy delivered to the 
grid over one year [GWh] 

3280 3358 3413 2341 

Energy delivered to the 
grid before the blackout 
[GWh] 

1402 1458 1417 816 

Energy delivered to the 
grid during the blackout 
[GWh] 

1879 1900 1996 1524 

Reservoir volume at 
blackout start (%) 

12% 12% 48% 100% 

Hours after blackout start 
until reservoir emptying 

2389 2389 2389 1690 

Hour of reservoir 
emptying and generation 
suspension 

8761 8761 8761 8062 

 
Differently from what was observed in the previous 

situations, when the blackout starts after the end of the dry 
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season and the reservoir is therefore quite empty, the best 
scenario, both in terms of total energy delivery to the grid 
through the whole year and in in terms of energy delivered to 
the grid during the blackout, is Scenario 2. The best scenario 
in terms of energy delivery to the grid before the start of the 
blackout, however, remains Scenario 1. 

This is due, however, to the fact that the simulation (for 
8760 hours) ended before both scenarios reached the situation 
of total emptying of the reservoir. If both scenarios had been 
simulated until the complete emptying of the reservoir 
occurred (i.e, for a simulation taking longer than 8760 hours), 
Scenario 1 would have been again the one that injected the 
most energy into the grid. 

V.  CONCLUSION 

According to the data presented by the simulations, the best 
scenario to send energy to the grid to supply the Metropolitan 
Region of São Paulo, both before and during the blackout, as 
well as considering the total energy delivery to the grid in a 
whole year, was shown to be, in all situations, Scenario 1. 

This implies that, if an actual wind farm was to be installed 
near the Billings reservoir to assist the Henry Borden 
hydropower plant at the load assisting of the Metropolitan 
Region of São Paulo,  the best way to operate the new system 
would be following Scenario 1 guidelines. That is, in normal 
operation, with no blackout, it would not be worthwhile to use 
this energy for pumping, but to inject it directly into the 
electricity grid. Likewise, in the event of a blackout 
occurrence, the ideal would be to use wind energy to power 
the pumps, complemented by hydropower. 

It is important to note that simulating a scenario that would 
discard water pumping to the Billings reservoir and instead 
inject the wind energy directly into the grid would not be 
worth it. Due to the high productivity of the Henry Borden 
hydroelectric plant, it is much more advantageous to use wind 
energy for pumping and achieve the energy gain by making the 
water go down much higher than the one it was raised to, 
instead of sending the energy generated by the wind turbines 
directly to the electricity grid, unless the reservoir is full. 

Another argument in this sense is that, in real situations, in 
the event of a possible blackout, the generation would be 
restored within a maximum of a few hours or days. In this way, 
there would be no time to clearly empty the Billings reservoir 
while the Henry Borden plant generated power to supply the 
metropolitan area of São Paulo during the blackout. During the 
black start process, it is imperative that the Henry Borden 
plant has water available at its reservoir to generate energy and 
ensure the gradual reestablishment of the load. That is, in a 
hypothetical scenario where pumping does not occur and all 
wind energy goes to the grid, the Billings reservoir would not 
have enough water at the moment of the load recovery. 
Therefore, this option is not advantageous. 
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