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HIGHLIGHTS

* The main hydroelectric power plant in Brazil are presented.

* An overview of the power generated by floating photovoltaic panels is given.

* The calculation on four reservoirs are is shown.

» Several variables are brought and analyzed which demonstrated the benefits of
type of energy.

Abstract: Sustainability, a concept used to exploit natural resources without harming future
generations, is being applied to power generation. In Brazil, the main source of electric
energy comes from hydroelectric plants, due to abundant water resources. However, the
implementation of these plants causes irreversible impacts on the environment and society.
On the other hand, the impacts caused by photovoltaic panels are considerably smaller in
the construction phase and zero in the operation phase. This article describes the impacts
generated by hydroelectric power plants and gives an overview of the power generated by
floating photovoltaic panels using 10% of the area of the reservoirs of the largest
hydroelectric power plants in Brazil. The results demonstrate a better efficiency of the
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photovoltaic panels in the water, which cools them, increasing their efficiency. Furthermore,
photovoltaic panel power generation amount is higher than compared the annual power
generation of three out of four hydroelectric plants analyzed. In addition, adding solar energy
to the reservoirs would save infrastructure costs, considering that energy can be made
available through substation infrastructure and existing power transmission systems.

Keywords: hydroelectric plant, photovoltaic power, floating panel.

INTRODUCTION

The term "sustainable" has been used in recent years and is defined as a way to meet
current demands, avoiding depletion of natural resources for future generations. In this
sense, in case to consider something sustainable, it is necessary to estimate current and
future needs, relating to how the funds were used in the past, how they are being used now
and how they will be used in the future [1].

Together with this concept of preservation and development of living beings, it can be
considered that energy has been engaged to achieve sustainable development through
renewable resources. Energy is essential to eradicate poverty, increase human welfare and
raise life standards [2].

In the global scenario, the energy sector is suffering a moment of transition, with the
increase of sustainable development. In the last decades, sustainability has been a concern
in many countries and sectors, and this new factor already plays a key role when it comes to
assessing and comparing different energy sources and technologies for the country's
electricity system.

In recent years, Brazil started to include alternative energy sources, such as biomass
originated mainly from sugarcane bagasse, as well as wind energy and photovoltaic energy
from solar radiation, at lower scales.

However, hydroelectric plants, originating from renewable primary sources, are the
largest sources of energy in Brazil, due its great potential.

Hydroelectric plants present several benefits, mainly low operating costs and renewable
energy source. However, hydropower requires large areas for reservoir construction, as well
as environmental and social impacts caused by flooding, population displacement, loss of
fauna and flora, insect proliferation, and greenhouse gas emissions.

The construction of hydroelectric plants cause several damages and the analysis of
these impacts should be carried out in a way that better represents the interests of society
[3].

Although hydroelectric plants are believed to generate energy without the emission of
greenhouse gases, this opinion has been changed. [4] Researches demonstrate that
reservoirs cover 500,000 km2 worldwide and emit 20 million tonnes of methane (CH4)
annually. Dams in tropical areas emit more CH4 than dams in temperate areas, due to the
climate and vegetation type.

The release of carbon CO2 occurs when the reservoir is already full, with the beginning
of vegetation decomposition, impacting Power generation. Thus part of the CO2 is
transformed into methane by bacteria and the other part can be oxidized in the depletion
zone, i.e. a marshy area that is exposed around the edge of the reservoir whenever the
water is withdrawn for power generation during the dry season, intensifying global warming
[5].

The large reservoirs and higher power levels of hydroelectric plants are concentrated in
four regions of Brazil: South, Southeast, North and Northeast. Regarding the size of the
reservoir, the largest are concentrated in the north and northeast, however the largest power
generation plant is in southern Brazil.

In order to exploit these reservoirs to produce electric energy, it is possible applying the
technology of floating photovoltaic panels in the reservoirs, in order to optimize the
environmental impacts already caused in its construction and generate even more electric
energy.
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Four Brazilian plants were considered for the purpose of this research paper. The
Sobradinho, Tucurui, Balbina and Itaipu plants, and their areas will be used in the proposed
study.

Sobradinho Hydropower Plant

The Sobradinho plant started operations in the decade of the 1970s, in the state of
Bahia, in northeastern Brazil. It has six turbines generating electricity and a potential of
1,050 megawatts (MW).

Its lake covers an area of 4,214 kmz2, with the expropriation of 26 thousand properties
and compulsory displacement of more than 72 thousand people, including the relocation of
four cities [6].

Studies related to the climate of the city of Sobradinho before and after the construction
of the reservoir [7] indicate that the climatic parameters underwent substantial variations in
the following years of formation of the lake. In addition, the most significant changes were air
humidity and wind intensity. Considering the Sobradinho lake is a determining factor and
that influences the climatic variation in the region, the situation becomes more critical in
drought periods [8].

Tucurui Hydropower Plant

Tucurui Hydroelectric Power Plant, in the State of Para has a reservoir of 2,850 km2 and
an installed capacity of 8,370 MW.

It was built between 1975 and 1984, when there was no major concern for the
environment. This plant was built on a submerged forest, and after flooding it released toxins
that corrode the turbines, producing methane and generating conditions for mercury
metallization. The decomposition of the vegetation also caused the emission of carbon
dioxide, contributing to the worsening of the greenhouse effect [9].

There have been impacts caused by Mansonia mosquitoes, which can transmit several
arboviruses and are vectors of parasitic worms that cause elephantiasis.

Generally, the local populations suffer the main impacts, while the rewards mainly
benefit the large urban centers [10].

The dam has flooded part of three Indian reservations, its transmission lines isolated
four other tribes, as well as damaged the indigenous areas downstream of the river, due to
water pollution [11].

Balbina Hydropower Plant

The construction of hydroelectric plant Balbina began in the decade of 1980s, going into
operation in 1989, in Rio Uatuma, Amazonas, flooding 2360 kmz2, producing 250 MW.

The construction originated numerous environmental impacts, flooding an extensive
area of native forest; altering the chemical composition of the water, generating the
corrosion of the turbines, besides the organic matter decomposition; and finally interrupt the
life cycle of several species of flora and fauna [12].

The watershed of Balbina is eight times larger than the dam area, this shows an inability
for hydroelectric development. Comparing with the Itaipu plant, whose reservoir area is 1350
kmz, the Paran& River basin, which supplies the Usina, has an area of 820,000 km2 [13], i.e.
600 times greater than the reservaoir.

Itaipu Hydropower Plant

The world's largest power generation plant is located between Brazil and Paraguay,
called the Itaipu Binational Hydroelectric Power Plant, with an installed capacity of 14,000
MW, providing about 15% of the energy consumed in Brazil and 75% of energy consumed in
Paraguay.
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The impacts resulting from the construction and formation of the Itaipu Binacional
Reservoir generated displacement of the population, loss of natural patrimony with the flood
of Salto das Sete Quedas Falls and negative effects on the fauna and flora. The reservoir
has 1,350 km2 with 20 generation units in operation. In 2016 it surpassed the Three Gorges
Plant in China, returning to be the largest power plant in the world, producing more than 98.8
million megawatts / hour.

Although all the impacts that the reservoirs cause, this plant differs from the others
mentioned, as it was able to bring advantages to the local population, improving the quality
of life and, in general, benefiting Brazil and Paraguay.

The size of the flooded area to obtain the reservoir generally occupies many kilometers
(km), however, more important than the area, are the fertile lands that shelter diverse
ecosystems that will be submerged, destroying natural habitats of numerous species. Many
of these species of fauna and even flora do not survive in other environments.

A renewable option for the generation of energy is through solar radiation. Unlike
hydroelectric power, photovoltaic can be installed in existing buildings, such as roofs and
facades.

One of the problems for the development of photovoltaic power on a large scale in Brazil
are the high cost of equipment for implementation, since most of them is obtained through
imports; the lack of awareness of the improvements that a clean and renewable source
provides and the lack of public policy to promote the integration of the energy generated by
customers in electricity distribution companies [14].

In recent research the photovoltaic energy is being used in power plants through
floating panels, generating energy even in periods of drought.

Floating photovoltaic panels

Floating photovoltaic panels can be used to preserve large areas of land, being installed
in bodies of water such as oceans, lakes, ponds, reservoirs and other water bodies. These
generators are usually made of polyethylene, a totally recycled material, which supports
corrosion and high levels of solar radiation [15].

Floating photovoltaic solar panels have numerous advantages compared to
conventional installed solar panels, including fewer obstacles to block sunlight, convenient
energy efficiency, higher power generation efficiency due to their lower temperature under
panels [15].

The temperature of the solar panels has a daily change in operation and the lack of
cleaning can also influence, causing losses in its efficiency. However, lake water provides
the cleaning of photovoltaic panels, leading to better efficiency.

There is also the benefit of installing floating panels in artificial reservoirs of
hydroelectric plants, because the energy can be distributed using the existing transmission
infrastructure. The connection of a solar array to the existing grid would save transmission
infrastructure costs [16].

The relation between water and photovoltaic panels is mutually beneficial. Besides the
photovoltaic panels suffer cooling and cleaning of the water, and thus generate more
electricity, they also reduce evaporation and the growth of algae, as a consequence of the
shadowing (Figure 1).
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The average efficiency of floating solar panels is 11% higher compared to common
solar panels [17] due to the cooling of the modules caused by the water.

In view of all the advantages presented, considering that hydroelectric plants have
disadvantages in the periods of drought, when there is a reduction of the levels of the
reservoirs and aiming an improvement of the energy potential, this article makes a
perspective of the application of floating photovoltaic systems for power generation installed
in 10% of the reservoirs of large hydropower plants in Brazil, presented below, highlighting
its potential for using this technology.

MATERIAL AND METHODS

The projection of photovoltaic energy generation was performed considering only 10%
of the area of the reservoirs of large Brazilian hydroelectric plants in relation to the flooded
area.

To perform the calculations, It was considered modules of polycrystalline silicon of 320
Wp and area of 1.95m of AXITEC of German manufacture. Equation 1 is described by [18].

N_mod= [Area) _disp/ [Area) _mdd (1)

Where N is the number of modules, Areadisp is the area of the plant on the area of each
module, Areamod.

After the result of the number of modules, it is calculated the peak power of the panel
(Equation 2). According to [18] the power of each module is multiplied by the number of
modules.

P Fv=P_(m6d) x N_mdd 2)

Where PFv is the photovoltaic potential, Pmaod is the power of each module and Nmad
is the number of modules.
The annual energy can be calculated through equation 3 based on the work of [16].

E= (P_LFV xH_tot x PR)/G x 365 3)

Where E is the annual energy to be generated (kWh/day), Htot is the incident solar
irradiance in (kWh /m2.day), PR is the Performance Ratio (typically between 70% and 80%),
G is the irradiance (1,000 W/m?) and 365 is the total number of days within a year.

In relation to the Htot values, the solar irradiance values were used in the horizontal
plane of each plant, according to the latitude of each site. As a result, the annual average
values presented by Htot were applied to the cities of Tucurui in the state of Pard,
Sobradinho, Bahia State, Presidente Figueiredo, in the state of Amazonas and Foz do
Iguacu, in the state of Parana, which were collected through the Brazilian Atlas of Solar
Energy [19].

The performance ratio considered for this study was 75%, typical values used in the
development of photovoltaic systems [20].

RESULTS

With the reservoir areas of the plants it was possible to extract the 10% to perform the
area calculation using equation 1.

For the calculation of the annual energy perspective generated by the floating panels,
the data of the Brazilian Atlas of Solar Energy [19] was used in the horizontal plane,
identifying the Htot according to the location of the plants. The Htot values were 5.95; 4.68;
4.52; 4.78 kWh/m2 per day for Sobradinho, Tucurui, Balbina and Itaipu, respectively. These
values were applied in equation 3 and are described in Table 1.
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Table 1: Photovoltaic potential in hydroelectric reservoirs

Energy Energy Installed

) Installed Energy
Reservoir Generated- Generated- Area of 10% PV

Power generated

Hydropower area (km?) 2015 2016 (m?) power
(MW) (GWh)

Plant (GWh) (GWh) (GWp)
Sobradinho 4,214 1,050 25,080 20,831 421,400,000 69.15 112,632
Tucurui 2,850 8,370 35,497 25,792 285,000,000 46.76 59,906
Balbina 2,360 250 1,080 479 236,000,000 38.72 47,910
Itaipu 1,350 14,000 89,215 103,098 135,000,000 22.15 28,983

Table 1 also shows the characteristics of the hydroelectric plants analyzed, as well as
the energy produced in the years 2015 and 2016.

The energy generated in the years 2015 and 2016 by Sobradinho, Tucurui, Balbina and
Itaipu Plants are compared with the energy perspective generated by the floating
photovoltaic panels and presented in Figure 2.

Usina de Sobradinho Usina de Tucurui
0 W15 w2016 Fotovolaico
w2015 m 2016 m Forovotaoo
Usina de Balbina Usina de Itaipu

.....

ﬂﬂﬂﬂﬂ

.....

w2015 m2016 Fotovoltaico m2015 m2016 Fotovoltaico

Figure 2: Annual power in the plants and the perspective of photovoltaic energy

The results show that in the Sobradinho, Tucurui and Balbina plants, they could present
a significant increase in energy production with the insertion of the photovoltaic floating
panels proposed by this study, which could surpass the real values of energy generated
annually. The best result of the photovoltaic generation was for the Balbina Plant,
considering that it has one of the largest reservoirs in Brazil, but it generates very little
electricity. However, the Itaipu Power Plant, the largest power plant in the world in terms of
power generation, even though there is an increase in its electricity production, only the
proposed PV System would not exceed the generation of the plant itself, as occurred in the
other hydroelectric plants analyzed to the fact that the Itaipu Plant reservoir is proportionally
smaller than the others.

CONCLUSION

Hydroelectric plants are renewable energy sources and have a low cost in their
operation phase, but it is necessary a great investment for implementation, in addition to
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social and environmental impacts. If the project of a hydroelectric plant is not well structured,
these impacts may be even greater.

In this sense, these hydroelectric plants are vital for the Brazilian electrical system.
However, these and other large hydroelectric plants have quite significant implementation
impacts, therefore increasing its Power generation through the installation of photovoltaic
panels floating in part of its reservoirs is a way to mitigate the impact caused, in addition to
reducing the nerd of flooding new areas.

Brazil is a country with great availability of water sources, but some plants have huge
reservoirs, which, however, generate low levels of energy. Thus, for a better use of these
areas, the implementation of floating panels in the reservoirs of hydroelectric power plants,
besides a socio-economic-environmental sustainable plan is also an option that is very
favorable in the production of energy, due to the sustainable characteristics source.

According to the results shown in this research, in the Balbina hydroelectric plant, there
would be an increase of sixty times in relation to the actual energy generated annually. The
Sobradinho and Tucurui mills would have an increase of four and two times the real value
respectively. It should be noted that these values correspond to only 10% of the reservoirs,
and may have higher numbers in larger percentages of these areas. Another benefit of the
installation of floating panels would be the cost avoided with the infrastructure related to
transmission lines and substations, considering that they are already in operation in the
hydroelectric dams.

In the case of the Itaipu plant it would have a significant increase in energy production,
but would not be higher than the actual energy levels. This is due to the fact that this plant
was well planned and designed, and with it became the largest power plant in the world.

The results presented by this study show that even with the use of only 10% of the areas
of these plants analyzed, considering the application of floating photovoltaic systems as a
strategy to expand electric energy production, the use of this technology is viable in both
technical and economic aspects, reducing demand for construction of large hydroelectric
plants.
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