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Abstract

This work studies the complementarity between hydro, wind and solar pho-
tovoltaic energy in the Brazilian state of Rio Grande do Sul. Brazil is a country
highly dependent on hydro energy; however, the existent plants are not being
able to cover the energy demand in recent years. In this context, the state of
Rio Grande do Sul becomes important because of its potential for wind and
solar photovoltaic energy, having complementarity between water, wind and
solar photovoltaic schemes when hydroelectric reservoirs are at their lowest
levels. This study aims to survey the complementarity of various parts of Rio
Grande do Sul by proposing mathematical dimensionless ratios, focusing on
intra-annual period to carry out a mapping of the entire state. It also analyses
the ability to provide power supply throughout the year, through the stabiliza-
tion of the energy supply, which depends on an adequate scale for photovol-
taic, wind power and hydroelectric harnessing. According to the results ob-
tained, the regions with the best complementarity indexes for deployment of a
hybrid system in relation to water and wind power were the Metropolitan Re-
gion of Porto Alegre and the Southeast region, and the same regions also pre-
sented the best results for the complementarity between hydro and solar pho-
tovoltaic. Regarding wind and solar photovoltaic energy, the state’s northeast
region presented the best results. Finally, the Northeast region of the state also
presented the best results for the three energies together.

Keywords

Energetic Complementarity, Complementarity Maps, Hydropower, Wind
Energy, Solar PV, Southern Brazil

1. Introduction

The maintenance of an adequate supply of energy in a region depends on how
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its energy matrix is composed, taking into account the existence and availability
of a set of energy sources [1]. The performance of each individual source (hydro,
wind and solar) over a period of time varies due to its seasonality, which may
require the activation or deactivation of thermal generators (from fossil fuels or
biofuels). For a given energy demand, to verify how the available natural sources
complement one another is a point of interest, since it is possible to evaluate the
need for thermal complementation of the system, an option that is always more
expensive and more polluting.

The structure of power generation of the Brazilian electrical system is essen-
tially characterized by the presence of large generation centers, in which hydroe-
lectric units are predominant [2]. The hydro power corresponds to 74.8% of the
country’s electric energy matrix, according to data from the National Electric
System Operator (ONS) [3].

The seasonal variation of energy supply in systems linked to this generation
structure presents a great challenge to its operators, often requiring the support
from thermoelectric plants. This occurs because hydrological regimes have a
random character with markedly seasonal fluctuations, possibly complementary
along the Brazilian territory.

Thus, hydropower has proved to be efficient but not sufficient to cover Bra-
zilian energy demand in recent years, being necessary the search for new energy
alternatives. The installation of renewable complementary sources could repre-
sent a solution to this problem, reducing the influence of the seasonal fluctua-
tions of the hydro energy supply.

The southern state of Brazil, Rio Grande do Sul [4], has high potential for
complementarity with respect to solar and wind energy, in relation to the al-
ready widely used hydroelectricity. This state also presents stations with conco-
mitant data of water flow, wind velocity, and solar radiation, which enables a
specific analysis for the use of hybrid systems.

Thus, Rio Grande do Sul was selected for this study that analyzes the com-
plementarity between hydropower, wind and solar photovoltaic energy sources
to carry out a mapping that identifies viable sites for use of the hybrid system.
Next, it aims to map the different regions through contour lines to verify the
gradual differences and the locations with high potential for complementarity
between hydro, wind and photovoltaic solar resources.

The information generated in this study aims to update the survey maps al-
ready made, in order to facilitate the analysis of the implantation of small and
large systems, bringing economic benefits. This paper also intends to contribute
to the discussion about energetic complementarity and the expression of com-

plementarity through maps.

2. Complementarity between Different Energy Resources

The expression complementarity between energy sources refers to the capacity

of energyresources to present complementary energy availabilities. Comple-
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mentarity may occur in time, space, or both. And it can also occur considering
the same source or between different sources. Complementarity in space may
exist when the energy availabilities of two or more sources complement each
other over a region. Complementarity in time can exist when the energy availa-
bilities of two or more sources have periods that complement each other over
time in the same region.

The energy availabilities of two sources at a given location may be considered
complementary in time if equal periods and their respective minimum (or
maximum) values are distant from each other from a range corresponding to the
half of that period. In addition, they must still present equal average values and
equal relations between the respective maximum and minimum values [5] [6].

The work of Beluco [7] described a case of complementarity with two sinu-
soidal curves. These two curves present periods equal to 1 year, mean values
equal to 1, minimum values equal to 0.8 and maximum values equal to 1.2. The
minimum value of the first curve is 0.75 year and the minimum value of the
second curve is 0.25 year. The complementarity between the two curves can be
characterized as perfect, since the minimum values are delayed from each other
an interval equal to 0.5 year (as well as the maximum value), the difference be-
tween the maximum and minimum values is equal 0.4 in both cases, and mean
values are equal.

Hybrid systems of electric power generation are formed by two or more
sources of energy. In most cases, they are modeled using renewable energy
sources such as wind, photovoltaic, biomass and hydroelectric dams associated
with the use of diesel generators, coupled to load generators, power converters,
energy storage (batteries), among other accessories of control and supervision.

Generally, a hybrid system relies on the use of a diesel generator set to ensure
regularity and stability in the electric power supply [7]. However, the search for
complementary sources can diminish the need of diesel generators, which could
imply in less costs.

The renewable energy sources most commonly used in this type of system are
solar and wind power [8]. The use of only solar energy or wind energy would
present a temporal irregularity and an amplitude that would require the sizing of
its components with high initial costs. A viable alternative is the use of photo-
voltaic and wind turbines unified in a single system, allowing the complemen-
tarity [9]. This complementarity could be obtained from the difference between
the availability periods of the solar and wind energy sources, in order to satisfy
the demand, obtaining in this way an increase of reliability and economy in the
system as a whole.

A good sizing of the hybrid wind-photovoltaic system, in stand-alone opera-
tion for supplying electric power in isolated locations, can provide a reliable
supply of electricity, reducing the need for supplementary fuel for diesel genera-
tors [10].

The integrations of wind and solar photovoltaic resources are made by the
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electricity generated by them, and can be stored in electrochemical batteries in
isolated systems. This energy can be used directly in the DC form, or with the
aid of a power conditioning system, in the AC form. Thus, the complementarity
of this type of arrangement may be seasonal, since it would occur whenever, at
certain periods, there were excellent solar radiation conditions and low wind
speed intensity, or vice versa [11].

Knowledge of the availability of solar and wind energy would help in the iden-
tification of potential geographic locations for the use of a hybrid photovoltaic-
wind system. The use of these sources could also be associated with hydro ener-
gy, since the consolidation of an integrated electrical system, operating with hy-
dro energy together, directs the national energy management and optimization
of the use of reservoirs, providing seasonal stability of energy supply [12]. A
complementarity between energy sources can then benefit the design and opera-
tion of this type of system.

The next section identifies how the wind and solar photovoltaic energies can

act as complementary energy resourceswith hydro energy.

3. Materials and Methods

This section deals with data processing, discusses the calculation of complemen-
tarity indexes for two and three renewable energy resources, and details the

preparation of energetic complementarity maps.

3.1. Data Processing

The analyses made in this work were based on public data collection of wind and
wind flow. The hydrological flow data were acquired from the National Water
Agency’s (ANA) website [13], where they were obtained from historical series.
The wind data was acquired on the INMET website [14].

The research involved flow data from 14 fluviometric stations in the state of
Rio Grande do Sul, which are located in the municipalities of Bagé, Bento Gon-
galves, Bom Jesus, Caxias do Sul, Cruz Alta, Encruzilhada do Sul, Irai, Lagoa
Vermelha, Pelotas, Porto Alegre, Rio Grande, Santa Maria, Sdo Luiz Gonzaga
and Uruguaiana, obtaining daily series for all municipalities.

The solar radiation data were obtained through the HOMER software [15]
[16] [17]. Entering the latitude and longitude of the wind and flow stations in
the program resulted in a table and a daily radiation chart of the 12 months of
the year.

Wind speed and flow data were obtained in hourly time series, being after-
wards converted to a monthly average of the year. The data of solar radiation
were already obtained on monthly average, which facilitated the normalization
of data for both sources of energy.

The standardization procedure is fundamental for analysis of complementari-
ty of the energy sources with different units. In this work, monthly averages for

the twelve months of the year, for the same year from both sources, were rea-
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lized, with the normalization calculation performed according to Equation (1).
(X B Xmin )

n=———
(Xmax - Xmin )

(1)
In this Equation (1), In is the normalized index for each of the twelve months,

X is average of the month in question, X,;, is minimum monthly average value

'min
and X, ,, is the maximum monthly average value.
With the standardized data for both sources during the twelve months of the

year it is possible to carry out an adequate graphical analysis.

3.2. Complementarity Index for Two Energy Resources

The index of complementarity in time, called as index of total complementarity
I, is an index elaborated to express the degree of complementarity between the
availability of two sources of energy. I, is defined according to Equation (2) and
includes the time lag evaluation (time complementarity index), the relationship

between the means and between the amplitudes.

=111 (2)

t'e’a

For this equation, I, is the index of complementarity in time, I, is the index of
complementarity between the mean values of availability, and I, is the index of
complementarity between the amplitudes of variation of energy availability.

In this work, only the index of complementarity in time I,will be considered,
so the index of total complementarity I depends only on this index.

The time complementarity index, I, is defined according to Equation (3) and
evaluates the time interval between the minimum values of the availabilities of
the two energy sources. If this range is half the period, the index will result in a
unit. If it matches zero, that is, if the minimum values coincide in time, the index

will be null. The intermediate values have a linear relationship between them.
B |dh - de|
' /|ph—dh]|De —de]

3)

For this equation, Dh is the day corresponding to the maximum value of wa-
ter availability, dh is day corresponding to the minimum value of water availa-
bility, De is the day corresponding to the maximum value of wind availability,
and de is the day corresponding to the minimum value of wind availability.

This Equation (3) can receive as input the three sources of energy used in this

work, hydropower, wind and solar photovoltaic, to be analyzed in pairs.

3.3. Mapping Complementarity in the State of Rio Grande do Sul

The mapping of region complementarity was performed using ArcGIS software
through data interpolation in the ArcToolbox menu. The data was imported
from an Excel table using the Add xy date icon and later interpolated. After the
interpolation, a reclassification in the table from 0 to 1 was performed with in-

tervals of 0.1 and then the contour lines were obtained, using the Arctoolbox
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tool again. The contour lines were cut at the border of Rio Grande do Sul to cir-
cumscribe the region of interest and minimize the extrapolation. The study re-
gion is filled by an image in different shades of colors, according to the scales
presented. The result contains level lines for I values in ten ranges of 0.1 from 0
to 1.

4. Results and Discussion

Using the data obtained, four maps were created for the complementary analysis
of hydric and wind energy, hydroelectric and photovoltaic solar energy, wind
and solar photovoltaic energy, and, finally, a map with hydropower, wind and
solar photovoltaic energy. These maps were created using the partial index of
time to facilitate the analysis.

The highest complementarity index I (1.0) occurred in the cities of Porto Ale-
gre and Rio Grande between hydropower and solar photovoltaic energy, while
the localities of Bento Gongalves and Lagoa Vermelha had the same index be-
tween wind and solar photovoltaic. With respect to the complementarity be-
tween hydro and wind energy, the cities of Porto Alegre and Rio Grande pre-
sented index I (0.83). In relation to the complementarity between the three ener-
gies, the city of Lagoa Vermelha had the highest index I (0.905).

According to the map of temporal complementarity for hydro and wind
energy (Figure 1), it is possible to observe that 50% of the region had a comple-
mentarity index I greater than 0.5, which corresponds to a balance between the
maximum and minimum values of complementarity. Porto Alegre and Rio
Grande had the highest indexes I (0.83).

The regions with the highest indexes were the Southeast region, the Metropol-
itan region of Porto Alegre, the Central region and a part of the Northwest re-
gion of the state with I indexes higher than 0.5, indicating the potential for a hy-
brid system.

The rest of the Southwest region, and part of the Northwest and Northeast re-
gions had low rates, probably insufficient to use a hybrid system. In regions
where the complementarity index has low values, it would be more appropriate
to use only water energy, rather than a hybrid water-wind system.

According to the map of temporal complementarity between hydropower and
photovoltaic solar energy (Figure 2), it was observed that about 65% of the re-
gion had complementarity indexes I greater than 0.5 and about 33% presented
index above 0.8, which corresponds to large amplitudes of variation with high
indexes in their majority. Again, the cities of Porto Alegre and Rio Grande pre-
sented the highest indexes I with a maximum index equal to 1.0 for both.

The regions with the highest indexes were the Southeast, Metropolitan Region
of Porto Alegre, Northeast, Center, and a part of the Southwest with indexes I
above 0.5, allowing potential sites for the hybrid system. Low values were pre-
sented in the Southwest region, Northwest region and a part of the Northeast re-

gion, probably places with small potential for a hybrid system.
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Figure 1. Map of temporal complementarity for hydro and wind energy.

Comparing the results obtained in this work with the map of Beluco [4],
which also evaluates the complementarity of hydric and solar energy, it is possi-
ble to perceive some differences in the maps. For him, the highest indexes are
found in the central region of the state, a strip of the Northwest region and a
Southwest region with I (0,8) and a point in the Center region with index I (1,0).
This difference is due to the data source used, since Beluco used precipitation
data for the rainfall data, while the present work uses fluviometric flow data.

In regions where the complementarity index is lower, it would be more ap-
propriate to use only hydropower than a solar-photovoltaic hybrid system. But
the use of complementarity as a tool for energy resource management goes fur-

ther, and it should also indicate how to prioritize enterprises formed by plants
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Figure 2. Map of temporal complementarity between hydropower and photovoltaic solar energy.

based on only one resource and systems based on two or more energy resources.

From the map in Figure 3, we observed that 21% of the region had a com-
plementarity index I above 0.5 due to the large amplitude of the maximum and
minimum values. Most of them resulted in low values of complementarity. The
cities of Bento Gongalves and Lagoa Vermelha had a maximum complementari-
ty index of I equal to 1.0. The regions with the highest indexes were Northeas-
tern region of the state and Southwest region, with I indexes higher than 0.5. The
Central, Northwest and Southeast regions presented low indexes, and the hybrid
system is not recommended.

The maps of Pianezzola [8], cannot be compared with this map, because in his

thesis the maps were obtained with indexes of complementarity of amplitude,
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Figure 3. Map of temporal complementarity for wind and solar photovoltaic energies.

index of complementarity of time and energy, and index of total complementar-
ity, different from the map created for this work, which uses only the comple-
mentarity index over time.

For the regions where the complementarity index is lower, it would be more
appropriate to use only wind energy than a hybrid wind-solar photovoltaic sys-
tem.

Observing the map of temporal complementarity between the hydro, wind
and solar photovoltaic energies [1], we observed that about 65% of the regions
presented complementarity indexes I above 0.8. The city of Lagoa Vermelha ob-
tained the highest index I, equal to 0.905.

The regions with the highest indexes were the Northeast region, followed by
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the Metropolitan region of Porto Alegre and Central region, decreasing towards
the Southeast, Southwest and Northwest regions, all with I indexes above 0.7 and
with high potential for complementarity.

In comparison with the map of Borba and Brito [1], very similar indexes of
complementarity I were obtained, with higher indexes located in the Northwest
region of the state of Rio Grande do Sul, decreasing in the direction of the
Southwest region. The values of Borba and Brito were slightly higher, varying in
90% in the range of 0.9 to 1.0.

In comparison with the complementarity map between hydro and wind pow-
er, which presented higher I indexes in the Southeast region, the complementar-
ity map between the three energy sources presented higher indexes in the
Northeast region. In comparison with the complementarity map between hy-
dropower and photovoltaic solar energy, which had higher I indexes in the
Southeast region, the complementarity map between the three energies pre-
sented higher indexes in the Northeast region. Finally, the final map generated
showed higher indexes in the Northeast region, as well as the complementarity
map between wind and photovoltaic solar energy, which were previously

created.

5. Conclusions

This work verified the complementarity in time between hydro, wind and solar
photovoltaic energy in the state of Rio Grande do Sul, proving that wind and so-
lar photovoltaic energies have potential to complement the hydroelectric genera-
tion in the state, thus contributing to the national electricity system. This con-
tribution is associated to the availability conditions in temporal terms of energy,
generating a balance in the electric energy matrix, enabling a better optimization
of the reservoirs and allowing them to be used during periods of drought.

Thus, this work contributes with a study for the complementarity between
hydro, wind and solar photovoltaic energies in the state of Rio Grande do Sul
with dimensionless indexes for the creation of maps of complementarity in the
region. About 45% of the studied region presented temporal complementarity
above 0.5 in relation to the mean of the three complementarities analyzed in
pairs. About 65% of the region studied had a temporal complementarity index
above 0.8 in relation to the complementarity of the three energies together.

The regions with the best complementarity indexes for the implementation of
a hybrid system in relation to energy, water and wind were the metropolitan re-
gion of Porto Alegre and the Southeast region. In relation to energy, water and
photovoltaic solar, the Metropolitan regions of Porto Alegre and Southeast
showed the best results. Regarding the wind and solar photovoltaic energies, the
Northeast region of the state showed the best result. In relation to the three
energies, hydro, wind and photovoltaic solar, the Northeast region was pointed
as propitious region for implantation of this system.

The maps obtained are able to help in the study and implantation of wind and
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solar photovoltaic energy in complementation to hydric energy. They can be

deployed to meet large and small demands with limited investment resources.
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