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ABSTRACT

The exploitation of surplus energy through the setup of hydrokinetic parks in reservoirs
downstream from hydroelectric plants is on the increase worldwide. Costly measurements in
loco are required in order to estimate the amount of energy that may be extracted from a river.
However, river modeling provides river velocities and depths whereby the power of
hydrokinetic parks may be estimated. Velocities and depths were simulated with a Saint-Venant
2-D model applied to a downstream reservoir of the Tucurui hydroelectric dam. Velocities were
extrapolated in the vertical direction by means of a logarithmic function to determine the
vertical velocity profile, which transfers energy to the turbines. The turbine diameters were
defined according to the depths of the studied section and information available in the literature.
In the analyzed section, 73 turbines with approximately 3 MW may be installed. Power may be
greater if other sections are evaluated. However, studies on environmental impacts and
production reduction due to decrease of water level downstream the hydroelectric plant should
be taken into account prior to the installation of hydrokinetic plants.
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Metodologia Simplificada para Anélise da Instalacdo de Parque
Hidrocinético a Jusante de Centrais Hidrelétricas

RESUMO

O aproveitamento de energia remanescente, através da implantagdo de parques
hidrocinéticos, em reservatorios de jusante de centrais hidrelétricas vem ganhando destaque no
mundo. Para estimar a quantidade de energia que pode ser extraida de um rio, sdo necessarias
medicdes in loco, gerando custos consideraveis. Entretanto, atraves de modelagem fluvial pode-
se conhecer os campos de velocidades e profundidades do rio e se estimar a poténcia instalada
de possiveis parques hidrocinéticos. Assim, foram exploradas velocidades e profundidades
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simuladas via modelo de Saint-Venant 2-D aplicado ao reservatorio de jusante da hidrelétrica
de Tucurui. As velocidades foram extrapoladas na direcdo vertical por meio de uma funcao
logaritmica para determinacdo do perfil vertical de velocidades. Os didmetros das turbinas
foram definidos em funcéo das profundidades do trecho estudado e de informacdes disponiveis
na literatura. Assim, na se¢do analisada podem ser instaladas 73 turbinas com poténcia de
aproximadamente 3 MW. Essa poténcia pode ser maior desde que outras secfes sejam
avaliadas. Todavia, estudos relativos a impactos ambientais e reducdo da produgéo da planta
principal devido a reducédo da altura util de queda devem ser levados em consideragéo, antes da
instalacdo de parques hidrocinéticos em reservatorios a jusante de hidrelétricas.

Palavras-chave: centrais hidrelétricas, energia remanescente, turbina hidrocinética.

1. INTRODUCTION

Humans have always exploited energy from rivers. Hydroelectric plants are currently the
biggest exploiters of this kind of energy on a global scale. Globally, there is a rising demand
for renewable and clean energy, and thus new ways to obtain energy have been highlighted.
Hydrokinetic energy from rivers is an emergent source of renewable energy. Hydrokinetic
turbines are placed directly in the river flow, without any dams, to harness water and create an
artificial fall, without changing the river's course (Filizola et al., 2015).

The basin of the Amazon has an area of more than 6 million square kilometers and features
an annual discharge of 209.000 m®. s, ranked as the largest on the planet (Molinier et al.,
1995). Although the Amazon basin has a large potential for the generation of hydrokinetic
energy, currently and in spite of modern technology, it generates small amounts of energy,
similar to large hydroelectric power plants (Van Els and Brasil Junior, 2015). No study has been
undertaken to quantify the amount of energy that could be potentially generated in Brazil by
hydrokinetic turbines.

Lago et al. (2010) and Rourke et al. (2009) studied the field of potential hydrokinetic
energy generation to exploit the movements of sea currents and waves. Other researchers
focused their studies on the use of hydrokinetic energy in conventional hydroelectric plants (Liu
and Packey, 2014). Turbines may be positioned directly downstream from the conventional
hydroelectric, where residual energy is still extant. Holanda et al. (2017) employed the Saint-
Venant model to simulate velocities and depths in the downstream reservoir of the Tucurui dam.
The authors observed the greatest velocities and depths and ten sites in the main channel of the
Tocantins River were pinpointed as potential installation sites for hydrokinetic turbines to
exploit surplus energy downstream from the Tucurui hydroelectric plant.

Current analysis estimates the energy that may be generated through the setup of a
hydrokinetic park in a transversal section downstream from the reservoirs of hydroelectric
power plants. The novelty is to use a simplified methodology that takes into account simulated
depths and velocities 2-D. Velocities are extrapolated through a logarithmic function in the
vertical to calculate the energy along the depth profile. Thus, the analysis of potential energy
of hydrokinetic parks may be calculated by data available in the literature, dispensing with the
high financial and logistical costs of fieldwork. In this case, Holanda et al. (2017) analyzed the
Tocantins canyon, but they did not consider the transversal profile of the velocities since the
model used was 2-D.
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2. METHODOLOGY
2.1. Study area and data

The Tucurui hydroelectric power plant uses the Tocantins River to generate energy. The
current study focuses on the dam’s downstream reservoir in its non-navigable stretch. Its
discharge and, consequently, its velocities and depths, are controlled by the power plant. Figure
1 shows the stretch under analysis, the velocity iso-surfaces in the middle of the z-axis and the
iso-surfaces depths in which the aforementioned velocities were found. This particular stretch
was used due to its different depths and the existence of points with maximum velocity. The
hydrokinetic generation potential was estimated within a section of approximately 1,995 m,
disregarding stretches with null velocity. Thirteen stretches were identified (organized from left
to right, in Figure 1). Table 1 shows lengths and velocities in the middle of the water column
and its respective depths for the thirteen stretches.
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Figure 1. Velocities (a), depths (b) and the transversal section for downstream reservoir of the
Tucurui River’s hydroelectric power plant, taking into account the highest registered flow of

31,274 m¥/s (2007-2014).
Source: Adapted from Holanda et al. 2016.

Table 1. Velocity and depth rates for the stretches under analysis.

Stretch Length (m) Depth (m) Velocity (m/s)
1 455-472.5 1.72 0.209
2 472.5-525 1.72 1.674
3 525-560 1.72 1.883
4 560-595 16.00 1.883
5 595-910 16.00 1.674
6 910-1102.5 16.00 1.255
7 1102.5-1172.5 16.00 1.674
8 1172.5-1207.5 23.12 1.883
9 1207.5-1365 30.26 2.092
10 1365-1435 1.72 2.092
11 1435-1452.5 1.72 1.883
12 1452.5-1487.5 1.72 1.464
13 1487.5-1505 1.72 0.418
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2.2. Determination of velocity and depth profiles
The vertical velocity profiles (Equation 1) are determined by logarithmic distribution (Martin and
McCutcheon, 1998).

y=alnx+»b @

where y is the velocity (m/s) and x is the depth (m). Three ordered pairs (X, y) are needed
to generate the curve. The first pair is the velocity at the bottom of the river, which is equal to
zero according to the no-slip condition; the depth at the bottom of the river was considered zero.
In Figure 1, depth and velocity are the second pair. The third pair is the depth and velocity at
the surface of the river. In this case, velocity is defined as 6/5 of the velocity at the middle of
the water column (Martin and McCutcheon, 1998); depth is determined through the vertical
depth profile. Thus, coefficients a and b may be calculated. Figure 3 demonstrates vertical
velocity profiles for the analyzed section of the river, as a function of depth, following Equation
1.

2.3. Determination of the diameters and the lateral positioning of the turbines

Velocity profile and depths are required to determine the diameters of the turbines to be
installed. Rate was obtained by using approximately 50% of the total depth to exploit the
greatest velocities in the turbines. The largest diameter in the study was 15 m (Kirinus, 2013).
So that interference between the functioning turbines would be avoided, the distance between
adjacent turbines was defined as 2.27D (Brasil Junior et al., 2016), where D is the turbine’s
rotor diameter. In the vertical direction a single turbine was installed to avoid environmental
impacts due to the blockage of the river flow.

2.4. Proposed turbines

Axial turbines (Figure 2), very similar to wind turbines, were proposed for the hydrokinetic
park. They have a more robust structure to withstand the inertia of the water, which has a density
1000 times greater than the density of air. Design velocity and rotor diameter were defined by
depths and velocities shown in Table 1. The diameter of the rotor hub and the number of blades
also depend on the design of each machine. Profiles used were generally of the NACA type.
Costs of implementation and maintenance of the hydrokinetic turbines reached R$ 1.91 per
kwh (Brasil Junior et al., 2007), or rather, the equivalent of US$ 0.98 per kWh (Santos and
Blanco, 2016).

Figure 2. lllustration of the
hydrokinetic ~ turbine  type
proposed in current study.
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2.5. Determination of project velocities and power installed
Projected velocity is defined as the mean rate between vertical velocities alongside the
turbine. The power is determined by Equation 2.

Pot = %CppAv3 2)

In which, Pot is the power (W); Cp is the power coefficient; p is the water density (kg/m3);
A is the area (m?); comprehended by the rotor’s diameter D (m); v is the project velocity (m/s).
Since the machine is free flowing, the maximum percentage the rotor converts from the energy
available in the stream is 59.26%, settled by Betz limit (Betz, 1926). Therefore, in Equation 2,
Cpisequal to 0.59, i.e., maximum power coefficient, whilst water density is 1000 kg/m3. Under
operating conditions, Cp varies and is not equal to the Betz limit (Mesquita et al., 2014).
However, the above rate will be taken into account since current analysis deals with potential
estimates. In fact, further studies are required to define Cp.

3. RESULTS AND DISCUSSION

3.1. Velocity and depth profiles

The profiles provided by Equation 1 are shown in Figure 3. All logarithmic curves have a
correlation coefficient larger than 0.98, ensuring, in a mathematically simple way, a good
estimate of the velocities in the vertical direction of the chosen cross section.

Figure 4 shows the distribution of velocities as a function of depths and the length of the
studied section, and the positioning of the hydrokinetic turbines, illustrating the cross section
of a possible hydrokinetic park. The section comprises rates of maximum velocity and depths,
which allow the setup of turbines up to 15 m in diameter. The width of the section is sufficient
to comply with the recommendation of 2.27D of lateral distance between the turbines.

3.2. Calculation of the installed power

Table 2 shows depths, project velocities, diameters, number of turbines, and installed
power (Equation 2) for the thirteen stretches.

Table 2. Parameters to determine the installed power in each stretch.

Patch Depth (m) Number of turbines D (m) v (m/s) P (kw)
1 3.44 4 2.00 0.24 0.025
2 3.44 13 2.00 1.90 41.30
3 3.44 8 2.00 2.14 36.17
4 32.0 1 15.0 2.00 209.8
5 32.0 6 15.0 1.85 994.1
6 32.0 3 15.0 1.39 209.5
7 32.0 1 15.0 1.85 165.7
8 46.2 2 15.0 2.09 4725
9 60.5 2 15.0 2.32 646.8
10 3.44 17 2.00 2.37 105.4
11 3.44 4 2.00 2.14 18.09
12 3.44 8 2.00 1.66 16.99
13 3.44 4 2.00 0.50 0.239

Total Power (MW) 2.916
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Figure 3. Vertical velocity profiles as a function of depths for all analyzed stretches.
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Figure 4. Distribution of velocities as a function of depths and length of the
studied stretch in the Tocantins River for a hydrokinetic park.

In all, 73 turbines may be installed. The total power in the section is equivalent to
approximately 3 MW. A fraction of the Amazon’s population, even those living close to
Tucurui’s hydroelectric plant, uses isolated systems (mostly diesel motors) for the generation
of electric energy (Blanco et al., 2008). Consequently, the above energetic potential may be
employed to minimize diesel consumption. Henceforth, the emissions of pollutants linked to
the burning of fossil fuels will be reduced. The determined power corresponds to only one
section taken into consideration. Since current study has been restricted to the non-navigable
stretch of the river downstream from the Tucurui dam, other sections may be analyzed and the
amount of energy will increase. Even if 3 MW is a small amount when compared to the installed
capacity of the Tucurui hydroelectric plant (8,370 MW), the amount may be increased, provided
that other sections are analyzed by the methodology under analysis. Nevertheless, 3 MW is a
rate close to that provided by other projects worldwide, as may be observed below.

Lalander and Leijon (2009) analyzed velocities and depths of ten sites on the Dalédlven
River in Sweden, downstream from a hydroelectric plant. Taking into account the highest
registered flow of 700 m®/s, the ten sites, each equipped with a hydrokinetic turbine, are capable
of producing the equivalent of 344 kW. Each turbine produces 34.4 kW. In the Tocantins case,
on average each turbine produces 41.1 kW, demonstrating the similarity of the potentials found.
Ortega-Achury et al. (2010) analyzed the setup project of approximately 200 turbines in the
East River, along the east shore of Roosevelt Island and near the United Nations Headquarters
(USA) and found that they generated up to 10 MW. In this case, the power generated per turbine
is up to 50 kW, which is similar to 51.3 kW for the Rhone River, France, with 39 hydrokinetic
turbines and a power of 2 MW (CNR, 2017). These last two specific power rates are higher
than those for the Tocantins River, albeit in the same order of magnitude.

4. CONCLUSION

The extrapolation of velocities via logarithmic function was excellent with R? of the order
of 0.99, ensuring, in a mathematically simple way, a good estimate for the velocities in the
vertical direction of the cross section. The section comprises rates of maximum velocity and
depths which allow the setup of turbines up to 15 m in diameter. The width of the section is
sufficient to comply with the recommendation of 2.27D of lateral distance between the turbines.

The estimated power of 73 turbines designed for the hydrokinetic park is comparable to
the power of other hydrokinetic parks already deployed or planned worldwide. In the case of
the power that may be produced, the amount is small, but sufficient to serve the communities
of the region, which, despite living close to the plant, have no conventional electricity supply.
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However, the turbines need to be designed with greater detail. As previously stated, Cp
should be determined as a function of the variation of velocities and the limits of cavitation.
Another issue to be taken into consideration is the cost-benefit ratio analysis of the hydrokinetic
park setup, in relation to the energy to be generated, since the setup of hydrokinetic turbines
will reduce the available head due to the increase of water level downstream the hydroelectric
plant.

Further, the environmental impacts must be taken into account due to the modification of
the field of velocity caused by the setup of the turbines. In fact, silting and erosion will occur.
Last but not least, the transposition of fish through the turbines must also be evaluated. These
issues are outside the scope of current study and will be addressed in future discussions on the
theme.
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