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ABSTRACT

In recent years, the Brazilian electricity sector has seen a considerable reduction in
hydroelectric production and an increase in dependence on the complementation of
thermoelectric power plants to meet the energy demand. This issue has led to an
increase in greenhouse gas emissions, which has intensified climate change and
modified rainfall regimes in several regions of the country, as well as increased the cost
of energy. The use of floating PV plants in coordinated operation with hydroelectric
plants can establish a mutual compensation between these sources and replace a large
portion of the energy that comes from thermal sources, thereby reducing the dependence
on thermoelectric energy for hydropower complementation. Thus, this paper presents a
procedure for technically and economically sizing floating PV plants for coordinated
operation with hydroelectric plants. A case study focused on the hydroelectric plants of
the Sdo Francisco River basin, where there has been intense droughts and increased
dependence on thermoelectric energy for hydropower complementation. The results of
the optimized design show that a PV panel tilt of approximately 3° can generate energy
at the lowest cost (from R$298.00/MWh to R$312.00/MWh, depending on the
geographical location of the FLOATING PV platform on the reservoir). From an energy
perspective, the average energy gain generated by the hydroelectric plant after adding
the floating PV generation was 76%, whereas the capacity factor increased by 17.3% on

average. In terms of equivalent inflow, the PV source has a seasonal profile that
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compliments the natural inflow of the river. Overall, the proposed coordinated operation

could replace much of the thermoelectric generation in Brazil.

Keywords: Hydro/PV coordinated operation; Hybrid PV hydroelectric power plant;

Floating PV power plant; Solar hydroelectric power plant

1 INTRODUCTION

In Brazil, approximately 91% of the power generation is from hydropower plants
(64.3%) and thermal plants (26.6%) [1]. The predominance of these two sources is due
to the mode of operation of the Brazilian power and electrical system. Specifically,
hydropower plants (with low emissions and costs) operate as a generation base [2]-[3],
and thermal plants (with high emissions and costs) operate in a complementary state,
thereby providing energy during the dry period and meeting the peak demand [4].
However, since 2012, the Annual Energy Balance [5] has exhibited a notable reduction
in the contribution of hydroelectric plants and a gradual increase in the contribution of
thermal power plants to the total energy supply. According to [6]-[7], low hydroelectric
production can be linked to the recent climatic changes that have affected rainfall
regimes in several regions of the country, mainly in the northeast. Prado et al. [8] noted
that this trend is part of a vicious cycle of increased emissions, accelerated climate
change, reduced hydropower production, increased dependence on thermal plants, and
higher energy costs.

Thus, there is an evident need to investigate low-cost and clean energy sources that
are capable of reducing the dependence on thermoelectric plants and complimenting
hydropower. Among them, the use of solar energy could provide an important
alternative from both an environmental perspective, due to low emissions [9], and a cost
reduction perspective associated with future technological advancements [10].

However, the replacement of thermal power generation will require the construction of
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large centralized photovoltaic (PV) plants in the power system. This process can have
adverse effects due to the typical fluctuations in the power output of these sources [11].
According to An et al. [12], the coordinated operation of a PV power plant and a
hydroelectric plant (connected to the electric system through the same substation) can
stabilize the PV output power and allow the introduction of the energy source at a large
scale. Alternatively, the PV energy can supplement hydroelectric power generation in
dry periods and can increase the ability to meet peak demands.

For hydro/PV coordinated operation to be possible, the PV power plant must be
physically close to the hydropower plant so that both can be dispatched from the same
substation [12] and that potential disturbances to frequency and speed regulators caused
by the high variability in PV power generation in different geographical regions can be
reduced [13]. This proximity requirement makes floating PV plants interesting options
compared to land-based plants due to the possibility of occupying the large space that is
available on the surface of the reservoir of the hydroelectric plant [14] rather than
occupying surrounding areas that could be developed for other activities (recreation,
tourism, etc.) [15] and that usually have unfavorable topography for the construction of
large flat areas (on the order of km?) with PV panels.

This paper presents a procedure for technically and economically sizing floating PV
plants for coordinated operation with hydroelectric plants. To consider the various
losses associated with large photovoltaic systems, calculations were performed with the
help of PVSyst® software. The case study focused on hydroelectric plants in the S&o
Francisco River basin, the second most important basin in the country. This basin is
mainly located in a region that is extremely vulnerable to intense droughts and that has
experienced a corresponding increase in the dependence on thermoelectric energy to

compliment hydropower production [16].
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The paper is organized as follows. Section 2 presents a summary of the main
projects using floating PV technology to demonstrate the technological variations and
results of each project. Section 3 presents the simulation model used to calculate the
energy output of floating PV plants and the methods used to determine the optimum tilt
angle of the panels and to evaluate the energy benefits provided. Section 4 presents the
results and discussion of tilt angle optimization, the levelized cost of energy (LCOE)
value, and the energy gains associated with the coordinated operation proposed in this

paper. Finally, section 5 presents the conclusions of the study.

2 LITERATURE REVIEW

2.1 Floating PV projects

Trapani and Santafé [17] presented a timeline with several floating solar energy
generation systems that were installed from 2007 to 2013 around the world considering
facilities with fixed panels and tracking systems. The photovoltaic panels covered the
surfaces of enclosed water bodies (reservoirs and lakes) mainly used for irrigation
purposes. In floating PV plants constructed in Spain and Italy (at latitudes of
approximately 40°), the tilt angle of the panels reached as high as 10°. The main benefits
presented by these projects included increasing the electricity output by up to 25% in
Bubano, Italy, as a result of the cooling effect from the water and reducing evaporation
from the reservoir. In this context, Choi [14], who compared the energy production of a
floating PV plant with that of a nearby plant constructed on land for 7 months, reported
an ideal slope of 11°, which results in an average production gain of 7.6% for floating
panels. Sacramento et al. [18] performed a comparative analysis of a module on the
ground and another in a water tank with an inclination of 0° in a semi-arid region of
Brazil. The results showed an average increase in efficiency of approximately 12.5% for

the panel in the water tank. Ueda et al. [19] analyzed the production of a floating PV
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system compared to one installed on the margin of Aichi Lake in Japan over 5 years.
They observed a reduction of 17% to 7.4% in the loss index due to the increase in
temperature.

Sahu et al. [20] reviewed floating photovoltaic projects that were built prior to 2016
and added some new developments to a previously published project list [17].
Recently, two plants with capacities above 1 MWp were installed on the Nishihira and
Higashihira ponds in Kato City, Korea. The floating systems that were used were
manufactured with high-density polyethylene (HDPE). The same technology was used
in the Research and Development (R & D) project subsidized by the San Francisco
Hydroelectric Company (CHESF) in the Balbina and Sobradinho hydroelectric power
plant reservoirs in Brazil. Each system had a potential output of 5 MWp. The energy
generated by the floating PV systems complemented the produced hydroelectric energy.
This approach takes advantage of two different energy sources using a single
infrastructure that is already installed [21]. However, due to the recent construction of
this project, the results have not yet been disclosed. Kim et al. [22] presented the PV
floating projects developed in South Korea from 2009 to 2014. Between 2009 and 2010,
the projects were for research purposes and, therefore, had small installed capacities. In
2011, some larger-scale PV floating projects were installed . The floating platforms of
these projects had very similar designs, although the materials used in the construction
of the structures varied and included steel fiber-reinforced polymer, polyethylene and

plastic (FRP).



146 3 MATERIALS AND METHODS

147 3.1 Materials

148 The case study focused on the hydroelectric plants in the S&o Francisco River
149  basin. These plants are located between the southeast and northeast regions of Brazil
150 along the 2,863 km that is occupied by the Sdo Francisco River. Table 1 presents the

151  main data from the hydroelectric plants that were analyzed.

152
Table 1. Main data from the hydroelectric plants that were analyzed
153
154 The PV panel that was used in the simulation was a generic 250 W,, (60 cells) panel

155  composed of polycrystalline silicon with dimensions of 1650 x 992 mm. This panel and
156  the associated information is listed in the PVSyst® database [23].
157 The costs used in the calculation of the LCOE are presented in Tables 2.

158

159

Table 2. Costs of a floating PV plant according to the tilt angle.

160 3.2 Computational simulation parameters

161 The PV energy calculation as a function of tilt angle, E, («), was performed in
162  PVSyst®. In this software, there is no option to simulate a floating PV plant, but the
163  available parameters and the simulation of the desired conditions can be adjusted, as
164  shown in the following subsections. The simulations were performed for a 1 MW, plant
165  to obtain a normalized energy (MWh/MW,). This approach allows the estimation of the
166  generation for any peak power. A power density (KWy/m 2) is also obtained, which can

167  be used to estimate the area required for installation based on any peak power.
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3.2.1 Simulation model used in PVSyst

The simulation model "Unlimited Sheds" was used to consider mutual shading
losses among the rows of panels (Figure 1). This effect can be significant for utility-
scale PV plants if the inter-row distance (pitch) is not correctly sized. The number of
hours per day for which mutual shading can be avoided is controlled through the
“shading limit angle”. In addition, increasing the pitch affects the ground occupancy

factor, thereby requiring a larger installation area for the same PV peak power.

Figure 1. Parameters of the Unlimited Sheds model available in PVSyst

3.2.2 Albedo of water
Albedo is a measure of the potential that a surface has to reflect the radiation from
the sun. A model for estimating the albedo (p) in different water bodies is presented in

equation 1 [24]:

p= Cr.siny+1 (1)

where c is the color coefficient, r is the roughness coefficient (due to undulations),

and vy is the solar height.

Based on the coefficients presented in [24] for lakes and ponds with clear water and
ripples of up to 2.5 cm (¢ = 0.16; r = 0.70), the albedo values for various sun heights

can be obtained, as presented in Table 3.

Table 3. Albedo of the water as a function of solar height y
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Table 3 presents the values of albedo with an average and standard deviation equal
to 0.096 + 0.025. Thus, the albedo used for the simulation in PVSyst® was the average
value of p=0.096. This value is well below the default value (for the ground) of

p=0.020.

3.2.3 Natural wind cooling

The literature review did not yield a method for determining the natural wind
cooling effect on PV panels that are installed on floating platforms. As such, based on
wind flow obstruction at the back of the modules caused by the shape of the floating
platforms, as shown in Figure 2, the thermal behavior of PV modules was defined in
PVSyst® as "Integration with fully insulated back™, i.e., without natural cooling at the

back.

3.2.4 Figure 2. Shape of floating platforms a) Isifloating® and b)
Hydrelio® increased-efficiency PV panels

The peak power (W,) of the PV panel is established under standard test conditions
(STC: irradiation of 1000 W/m 2, air mass of 1.5 and cell temperature 25° C) [25]. This
value decreases by 0.5% per °C of cell temperature increase in the STC value on
average [26]. For modules operating on the ground, [18] and [27] reported temperatures
of 42.8°C and 65.1°C, respectively. With the objective of absorbing the heat surplus that
is generated by the PV panel, Bahaidarah et al. [27] used a stream of water on the back
of a PV panel and obtained a 34% reduction in temperature. Therefore, because the PV
modules that are installed on floating platforms have natural water flows below their
back surfaces, they operate at lower temperatures and with higher efficiencies than

modules installed on land.
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Therefore, an analysis of the results presented in [14], [18], and [19] allows us to
conclude that differences in climate and the tilt of PV modules are the most important
variables that increase the efficiency of PV panels installed on floating platforms.
Therefore, a conservative value of 7% was considered the efficiency improvement for
PV panels at Brazilian hydroelectric power plants. This value is used to estimate the

normalized power (E,om) generated by the floating PV plants.

3.3 Evaluation of the influence of the tilt angle on the energy cost

For the same peak power, a higher PV panel tilt demands greater spacing between
rows to avoid mutual shading. This issues increases area required for PV panels, , which
represents larger floating platforms. The larger floating platforms increase the costs of
storage, transport, field construction time, and anchorage systems (presented in Table
2). In contrast, depending on the location, larger tilts can maximize the energy that is
collected by PV panels. Therefore, it must be determined whether the energy benefit
offsets the additional costs.

LCOE analysis can indicate the tilt at which energy will be generated at the lowest
price. Darling et al. [28] presented a simplified LCOE equation for utility-scale PV
plants. To evaluate the best tilt option (o) for a floating PV design, the influence of a on
the variables that are presented in the original equation must be considered. Then, the

minimum value of the LCOE (a) function must be obtained according to equation 2:

AO(a) RV (@)
OB — G(a) + a1 (T 1 pRYT ~ (T4 DRY ,
min LCOE(a) = " E, (@) X (1—SDR)" (2)

n=1"" (14 DR)"

where C; (a) is the initial cost as a function of a; AO (a) is the annual cost of

operation as a function of a, considered 1% of the investment value per year; RV (a) is
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the residual value as a function of o, considered 10% of the investment value; E, (a) is
the energy produced in year zero as a function of a; SDR is the degradation rate of the
PV system, considered 0.6% per year; N is the number of exploitation years, considered
25 years; and DR is the discount rate, considered 10%.

To calculate the energy produced (E,), losses due to mutual shading should be
considered. These losses can only be avoided if the rows are very far apart, thereby
making the cost of the floating system unreasonable [29]. Therefore, it is necessary to
establish a period of the day in which the plant will be free of mutual shadows and

ensure that it is not exceeded in when calculating the energy generated at different tilts
().
3.4 Tilt angle restrictions (dust and wind actions)

3.4.1 Minimal tilt to avoid soiling losses

The analysis of soiling losses on the surface of PV modules is an important stage
in the determination of a due to its negative influence on the absorption of solar
radiation [30]. In this context, Hegazy [31] investigated the accumulation of dust on
glass plates with different tilt angles and the associated influence on the solar
transmittance of the material for one year. The results showed that the reduction in the
normal transmittance of the glass strongly depended on the tilt of the plates and the
local climatic conditions.

However, no studies were found in the literature related to the accumulation of
dust on PV panels installed on reservoirs in Brazil. The default value of 3% was
adopted in PVSyst® software annual soiling losses. According to the PVSyst® manual,
this value provides a good estimation for minimum inclination angles between 2° and 3°

[32].
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3.4.2 Maximum tilt for limiting wind loads

It is of utmost importance to evaluate the adverse effects of the tilt angle of PV
panels and the intensity of forces caused by the wind on the floating platform and
anchoring system. [33]. However, current standards related to wind forces on structures
are not adequate and do not provide aerodynamic or pressure coefficients to evaluate the
forces associated with PV installations [34]. In practice, coefficients of the structures
that are similar to those for PV panels on platforms [33] or roofs [11] have been
adopted.

From the Brazilian standard for calculating wind loads, NBR 6123 [35], a
methodology for calculating the resulting forces on various structural elements and
characteristic wind speeds in Brazilian regions can be obtained. The elements closest to
a floating PV structure are considered as "flat water insulated cover”, and the cover
represents the PV module that is open at the sides and back, as in the model shown in
[36]. Additionally, a "1-sided roof in rectangular plant buildings" is considered. In this
case, the roof represents a PV module that is totally or partially closed according to the
models of the manufacturers Ciel et Terre [37] and Isifloating [38]. The maximum load
that the system can withstand provides the technical constraint for the maximum value

of a.

3.5 Limitation of PV peak power for Hydro/PV coordinated operation
The poor electrical quality of PV energy, which is a consequence of the randomness
and intermittency of the solar resource, makes the integration of utility-scale PV plants
into power systems difficult because it imposes risks to the operative stability of the
system and creates associated high investments in spinning reserves [39]. Moreover, in
interconnected systems, when the local market does not consume all the power that is

generated, it is transmitted to remote markets that can be thousands of miles away.
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Therefore, a stable power source is essential for avoiding substantial changes in power
flow and voltage fluctuations. Therefore, for large-scale PV generation, it is extremely
important to improve power quality [12].

Due to their operational flexibility, hydroelectric plants have considerable potential
for offsetting PV instability in real time [12], [39]. Thus, according to An et al. [12], the
principles of hydro/PV coordinated operation can be stated as follows.

- In short-term scheduling, hydropower can compensate for the variability of PV
energy through its rapidly adjustable power output, as depicted in Figure 3.

- In mid- to long-term scheduling and to meet the peak demand, the excess energy
that is generated by the PV plant can compensate for the energy deficiency of the
hydroelectric plant.

Implementing these combined systems can improve the quality of PV energy,

thereby allowing its transmission to distant load centers [12], [39].

Figure 3. PV compensation through hydropower: the elimination of (a) the
randomness and (b) the intermittency is verified

Source: [12]

To ensure that hydropower is capable of compensating for the power deficiency
created by a steep decline in PV output, in the most important PV generation scenario, it
IS necessary to establish restrictions on the size of the PV plant. Fang et al. [39]
conservatively established the installed capacity of a hydroelectric plant as the
maximum limit of PV peak power to be installed according to equation 3. Economic

factors are also evaluated for optimum PV plant design in [39].

0< NI <NH 3
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where NPV is the floating PV peak power and N is the power capacity of the

hydroelectric plant.

3.6 Modeling of PV energy as an equivalent inflow to the hybrid plant

Because the PV power generated to complement the hydroelectric power prevents a
certain volume of water from being consumed and is stored in the reservoir for use
during peak periods, the model presented in [40] can be used to convert PV energy into
an equivalent inflow that reaches the reservoir during the analysis period. In [40], the
equivalent inflow is obtained by pumping water from a lower reservoir into an upper
reservoir through a process that uses energy from a PV plant that is built on the ground
and near a reversible hydroelectric plant. This approach can be used in this study by
considering the pumping stage ideal; that is, all PV energy is converted into an
equivalent inflow. Equation 4 presents this relationship:

0

- 7 4
d'g'HTE(i) ( )

Veow) =

where Vgq(;) is the equivalent flow corresponding to the PV power generated in
period i, E¢;py(;) is the total energy generated by the floating PV plant in period i, d is
the density of water (1000 kg/md), g is the gravitational constant (9.81 m/s?), and Hyg ;)

is the hydraulic head in period i (m). The period i could represent hours, days, weeks,

etc.

3.7 PV internal lines connecting solar power to a hydroelectric
substation
For floating PV plants with installed power on the order of hundreds of megawatts,

it is necessary to divide the PV array into sub-PV arrays to make the transmission of
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large blocks of energy through an internal line technically possible. The costs of these
networks in the LCOE must be considered because the PV array may have to be built
away from the hydroelectric substation due to environmental and water use issues.
Thus, based on the limitations of low-voltage energy transmission [41], Figure 4
displays the basic scheme of internal lines used to quantify the effects of the line length

(i.e., cost) on the LCOE.

Figure 4. Basic scheme of internal lines for a floating PV power plant in a

hydroelectric reservoir

4  RESULTS AND DISCUSSION

4.1 Simulation results
The simulation parameters defined in section 3.1 were used in simulations
executed with PVSyst® for a floating PV power plant in the Trés Marias hydroelectric

reservoir for different tilt angles (o)), and the results are presented in Table 4.

Table 4. Summary of the simulations for different topologies of the hydroelectric Trés

Marias Power Plant

The maximum shading limit angle (6) that ensures the floating PV plant at Trés
Marias will not suffer losses caused by mutual shading in a period of 8 h to 16 h is
0=32°. The value of 6 is controlled by the spacing between the rows of panels, which is
called pitch (P). The value of P is based on the greater value between the distance that

ensures there are no losses due to mutual shading (Pspa) and the minimum distance
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required for performing plant maintenance (Pman). Normally, for higher tilts, the value
of Pgpa IS greater than Ppa, because, under these conditions, more space between rows is
necessary to avoid mutual shading. However, as o decreases, the rows may be
approximated because the shadows that are cast by the panels are small. Thus, Pgha
approaches Pnan as a decreases, which, in this geographical location, occurs at o = 15°.
At this point, Psh,, must be equal to Pnan, €ven though Psp, represents a smaller spacing
between rows, because a minimum space of 0.50 m is required for maintenance. This
distance should be added to the horizontal projection of the panel to obtain Ppman.

The change in P influences the utilization factor (UF), which is given by the ratio
of the total area of the PV modules to the total area occupied by the PV power plant; the
latter also considers the spacing P between rows. Therefore, because the total area of the
PV modules used in this study for 1 MW, is always 6508 m2, the area occupied by each
MW, of the floating PV plant (Aqo) can be determined. The power density is obtained
by taking the inverse of Aq, and can be used to estimate the area occupied to achieve
any PV peak power. The normalized energy (Enorm) is the result of simulating 1 MW, of
generation in PVSyst®. This value can be used to estimate the energy generated by any
installed system with a given peak power at this location. The same procedure was
performed for other hydropower plants, but the results are only demonstrated based on

the LCOE and Eporm.
4.2 Optimizing the PV panel tilt angle

4.2.1 Evaluation of influence of the tilt angle on the LCOE
The energy results from the previous section are related to costs of the floating PV

system for determining the LCOE (a), as shown in the graphic in Figure 5.

Figure 5. Graphic of the LCOE as a function of a
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Although the analyzed hydroelectric plants are in distinct geographic regions
with latitudes ranging from 9° to 19° south, similar LCOE (o) behavior is observed, with
a minimum value (below R$290/MWh) at a=0° that increases as o becomes larger.
From this perspective, o should be less than 5°. However, an analysis based only on
energy maximization, as presented in [29], would lead to very different results and
target values of a ~ 15° as the best option. However, this would imply values above
R$338/MWh. Thus, the importance of considering economic factors in the design of
floating PV plants is clear because the energy gain obtained by increasing o may not
justify the increase in the cost of the system. The LCOE graphic can also be used to
identify the hydropower plants in the basin where the construction of a floating PV
plant is more financially viable, such as the Trés Marias, Retiro Baixo, and Queimado
plants in this case. These plants can be selected to stimulate the development of the
sector with later expansion to other plants throughout the country.

There is one gap among the LCOE curves that visibly separates them into two
groups. This separation is due to the considerable geographic distance between these
groups. Specifically, the Sdo Francisco River basin creates different climatic zones. The
plants that receive more solar radiation (Trés Marias, Retiro Baixo, and Queimado)
exhibit small LCOEs for any o. Reviewing the geographical data in Table 1, it is

apparent that neighboring hydroelectric plants exhibit very similar LCOE values.

4.2.2 Tilt angle restrictions due to soiling losses
Restricting the minimum value of o is based on the accumulation of dirt, as

presented in subsection 3.3.1. Thus, equation 5 represents this restriction condition.

a>3° (5)
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4.2.3 Tilt angle restrictions due to wind loads

The restriction to the maximum value of a is based on the maximum load the
anchorage system can withstand and the resistance of the floating elements. In
accordance with the methodology presented in subsection 3.3.2, the most severe
situation occurs when the incidence angle of the wind is +45°. In these conditions, the
horizontal forces on each floating platform as a function of a are presented in Figure 6

for PV panels with dimensions presented in section 3.

Figure 6. Horizontal force caused by the wind load on a PV panel as a function of a

The maximum limit for the horizontal force (100 kN) defined in [33] was based
on the limitation of the anchoring system considering that it would be technically and
economically infeasible to build ground foundations that are capable of withstanding
larger forces. In floating PV plants with many rows, there is a reduction in the
horizontal forces caused by the wind-break effect that the windward rows exert on the
adjacent leeward rows. The coefficient of reduction Fs = 0.75 used in [33] was also

considered for the construction of Figure 7.

Figure 7. Horizontal force based on the width of the floating platform

Figure 7 shows that the larger the value of a is, the shorter the distance at which
the maximum force of 100 KN will be reached, i.e., a smaller number of PV panel rows.
Thus, the maximum possible length is approximately 2400 m, which can only be
reached for a tilt angle of up to 3°. Because the floating PV plants in this study have a

peak power on the order of hundreds of MW,, the initial minimum length of the floating
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platform will be approximately 1000 m. This length is only valid for tilt less than 8°
(dotted green line). Equation 6 presents the initial condition for the maximum tilt

restriction.

a<8° (6)

Limiting the maximum value of a to 8° is in accordance with the tilt
angles of the panels used in designs developed and presented in reference
[14], in which the maximum angle was 10°. Thus, it is evident that even at
latitudes higher than those of the hydroelectric basin of the Sdo Francisco
River in Brazil (e.g., in Spain and Italy), the tilt angle should not exceed
10° to limit the effects of wind, although in these tilts the energy collected

by the PV panels is not the maximum.

4.2.4 Determination of the optimum tilt angle
To determine the optimum a, one should simultaneously consider the conditions
presented in the three previous subsections. Equations 5 and 6 establish the upper and

lower technical limits for o that are summarized in equation 7.

3I<a<8° (7)

An analysis of the LCOE (o) graphic (Figure 5) indicates that floating PV plants
yield the lowest cost at tilts less than 5°. Based on this finding, the optimum tilt angle is
defined as o=3°. This a value is much smaller than those (ranging from 8° to 11°) used
in other projects discussed in the literature review, and this difference is related to the

sizing method. Previous studies based their values on maximizing the energy collected
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by the PV array (obviously limited by wind load) but did not consider the influence of
increasing the angle on the cost of the floating PV system. In addition, such projects

used floats with very different characteristics than those used in this study (Figure 2).

4.3 Coordinated Hydro/PV operation

4.3.1 Determination of maximum power for coordinated Hydro/PV
operation
As presented in section 3.4, the PV peak power must be limited to the value of
the installed capacity of the hydropower plant. The area occupied for peak power (using
the power density) and the percentage of the surface area of the reservoir occupied by
each hydroelectric power plant can be determined from the optimum tilt a=3°, as shown

in Table 5.

Table 5. Peak powers and occupied areas of floating PV plants

The analysis includes two types of hydropower facilities: those with storage
reservoirs and run-of-the-river plants. In the case of storage reservoir facilities, the
floating PV plant occupies a maximum reservoir surface area of 3.58%, which in
principle does not compromise other activities (tourism, fish farming, etc.).

However, in the case of run-of-the-river facilities , the percentage of the surface
occupied can reach 48.31%, which can cause serious conflicts with other activities. In
addition, in the case of the Paulo Afonso I, 11, Il and IV hydroelectric plants, the areas
occupied by the floating PV plant would be much larger than the surface areas of the
available lakes (surpassing 100% occupancy). This is a very unigque case because the
Paulo Afonso complex comprises 4 hydroelectric power plants (Paulo Afonso I, 11, 11l
and 1V), which have 2 small impoundments and a very high installed power (3880

MW). Thus, since it is not possible to construct floating PV plants with peak power
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equal to the installed capacity of the respective hydroelectric dams in the available area
on the surface of the Paulo Afonso I, II, 111 and IV reservoirs, as described in section
3.4, these cases were excluded from the energy analysis. The floating PV plant of the
Apolonio Sales hydroelectric plant was also excluded from the energy analysis due to
the lack of generation data, even though the area of the reservoir occupied by the
floating PV plant is acceptable. The best reservoir location for constructing a PV
arrangement depends on several environmental, economic, and technical factors, for
which detailed information and studies of the reservoirs and their margins are necessary.

These factors that will not be addressed in this study.

4.3.2 Expected floating PV generation

In terms of the designed tilt angle and peak power of each PV plant, annual and
monthly PV generation can be estimated using the normalized energy (Enorm) calculated
for each PV plant in the corresponding time interval. The bars in Figure 8 show the
average energy generated by the hydroelectric plants over the past 3 years according to
the data available in [42]-[44], as well as the annual PV energy obtained from the
computational simulation. In addition, the points on the curves show the capacity
factors (CFs) of the hydroelectric plants without the contribution of the PV floating

source (yellow curve) and with the contribution of the PV floating source (blue curve).

Figure 8. Annual energy generated by the hydroelectric plants and floating PV

plants
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Figure 8 shows a significant increase in PV energy production, which represents
51.0% of the average energy generated by the Xing6 hydroelectric plant and exceeds the
average power generated at the Retiro Baixo hydropower plant (105.6%), in which the
hydroelectric generation CF (16.7%) is worse than that of the PV plant installed at the
same location. Trés Marias and Sobradinho also exhibited low CFs (near 20%) in the
past 3 years, in these cases, the PV generation would represent a greater than 85%
increase in energy generated and a CF upgrade of approximately 15%. The average
annual energy gain produced by the proposed coordinated operation for the
hydroelectric plants in the S&o Francisco River basin would be approximately 76%, and
the average CF increase for the hybrid plants would be approximately 17.3% in relation

to that of the original hydroelectric power plant without the contribution of PV energy.

4.3.3 Equivalent inflow for a floating PV plant

According to section 3.5, PV energy can be converted into an equivalent inflow
that reaches the reservoir and can be added to the natural inflow of the river, resulting in
a total water inflow available in the analyzed period. Thus, the existing Brazilian
optimization models can be used to program the dispatch of the hybrid plant formed by
the hydroelectric and floating PV plants operating in a coordinated and complementary
manner. Figure 9 shows the inflows: the natural inflow of the river (in blue) and the
equivalent PV (in red) and total (in green) flows for each hydroelectric plant in the S&o
Francisco River basin.

The increase in the equivalent inflow is very similar to the increase in PV energy
presented in Figure 8 and is more representative of hydroelectric plants with low CFs.
In these cases, the equivalent inflow created by the PV energy exceeds the natural
inflow during the dry period, which in the southeastern and northeastern regions of

Brazil is between May and November. As shown in equation 4, the equivalent inflow
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can be obtained for any time interval i. Since dispatch scheduling is usually done per
operative week, it is sufficient to obtain the normalized PV energy and hydraulic head
available per week to calculate the weekly equivalent inflows.

Under the current regulatory perspective of the Brazilian electricity market, it is
only appropriate to add the equivalent inflow from the PV source to the natural flow of
the river if the prices of both power sources are the same. However, the sale price of
hydroelectric energy registered at the last auction was R$ 166.92/MWh [45], which
makes it impossible to consider the flow rates together. However, since the objective of
this work is to perform an energy analysis for a future scenario in which it is estimated
that the sale price of PV energy will be close to that of hydroelectric energy, regulatory

issues are not addressed.

Figure 9. Natural, equivalent and total inflows for each hydroelectric plant in the Séo

Francisco River basin
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4.4 Impact of internal lines on the LCOE

To technically enable the transmission of the energy generated by low-voltage PV
panels to the hydroelectric substation, it is necessary to increase the voltage to
standardized high-voltage levels (13.8 kV, 34.5 kV, 69 kV, etc.) and to build internal
lines aboveground or underground to transmit energy. The cost of these transmission
systems is a linear function of the length of the internal lines; therefore, the greater the
distance the floating PV plant is built from the hydroelectric substation, the greater the
cost is. Figure 10 presents the variation in the LCOE as a function of the length of the
underground 13.8-kV collection network that transmit the energy from the 4.7 MVA
subarray, as shown in Figure 3. The internal lines could be configured with higher
voltages or by constructing a substation for which the energy from all the subarrays
would be input and few high-voltage lines (preferably compatible with the voltage level
of the hydroelectric substation: 138 kV, 230 kV, etc.) would transmit the output. The
criterion for choosing the best configuration is economic based and is not presented in

this study.

Figure 10. Variation of the LCOE as a function of the length of internal lines

5 CONCLUSIONS

Recent climate changes and intense drought have contributed to a decrease in
hydroelectric production and an increase in the dependence on thermoelectric power
plants to meet energy needs, especially in the northeast region of Brazil. In this sense,
this study presents an alternative to complement the hydroelectric plants through
coordinated operation with utility-scale PV floating plants. The addition of large PV

plants to compensate for hydroelectric plants could reduce the variability and
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intermittency of the PV energy source and improve the energy quality, which is one of
the greatest obstacles of large-scale applications in power systems. Additionally, the PV
plant can complement the hydroelectric plant during drought periods (when clouds are
less common). Furthermore, this approach increase the capacity of the hydroelectric
plant to meet peak demands of the system because during daylight hours, the PV energy
prevents a certain volume of water from being consumed, and this volume can be used
for generation during the peak period.

For hydro/PV coordinated operation, the two plants must be connected to the
electrical system through the same substation. Thus, the PV plant must be built close to
the hydroelectric plant. Because of this issue, floating PV plants on the surface of the
plant reservoir, rather than located in nearby areas that generally have unfavorable
topography for the construction of PV plants, are ideal. Cost is another limiting factor
for the use of PV sources; therefore, a technical and economic analysis of the various
design variables of a floating PV system was presented. Among these variables, tilt has
one of the greatest influences on the LCOE due to increases in the costs of the floating
system that are directly proportional to the tilt angle. Thus, the choice of tilt based only
on the technical criterion of energy maximization can lead to LCOE values that make
this technology unfeasible. The distance from the floating PV plant to the hydroelectric
substation is another factor to consider in the design stage because it can make the cost
of energy unfeasible. LCOE costs for an internal line of up to 20 km (ranging from
R$320/MWh to R$342/MWHh) are competitive when compared to some thermal plants
that have been dispatched in recent years in the Brazilian power system.

The results of the simulations in PVSyst® for floating PV plants suggest a
significant increase in energy output, varying from 51.2% to 105.6%, for the hybrid

power plants (formed by the hydroelectric and floating PV plants). To incorporate the
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energy results into the existing optimization algorithms of the electric system, a method
is presented to model the PV energy as an equivalent inflow that can be added to the
natural flow of the river to obtain the total inflow reaching the hybrid plant. An analysis
of the monthly profiles of these flows revealed the ability of the floating PV plant to
complement the hydropower plant in the dry period, in which the equivalent inflow
exceeded the natural inflow of the river. This approach represents a valuable possibility
to store more water for the hydroelectric plant and, consequently, to reduce the

dependence on thermal complementation to meet power system demands.
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Table(s)

Table- 1. Main data for the hydroelectric plants that were analyzed

Reservoir | Geographic
Installed
Hydroelectric Plant | Abbreviation Area coordinate
capacity [MW)]
[km?] [°]
Queimado Queimado -16.20, -
105 39.43
47.32
Retiro Baixo R. Baixo -18.87, -
82 22.58
44.77
Trés Marias T. Marias -18.21, -
396 1090
45.27
Sobradinho Sobradinho 1050 4214 -9.43, -40.83
Itaparica Itaparica 1480 828 -9.14, -38.31
Complex of Paulo Comp. P.A
Afonso and Apolénio and A. S 983.5 125.3 -9.42, -38.21
Sales *
Xingo Xingo 3162 60 -9.63, -37.79
Note: * The set formed by the hydroelectric power plants of Paulo Afonso I, I, 111 and

IV and Apolbénio Sales is modeled as

a single plant by the national system operator (ONS); therefore, the data provided are

the generation set.
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Table-23. Costs of a floating PV plant according to the tilt angle.

o [°] PV equipment Floating Anchoring Total

costs platform costs system costs Costs (R$/MW)
0 R$ 2,656,773.79 R$ 920,000.00 R$ 147,200.00 | R$3,723,973.79
5 R$2,656,773.79 | R$ 1,361,600.00 R$ 239,200.00 R$ 4,257,573.79
10 R$ 2,656,773.79 | R$ 1,472,000.00 R$ 294,400.00 R$ 4,423,173.79
15 R$ 2,656,773.79 | R$ 1,729,600.00 R$ 368,000.00 R$ 4,754,373.79
20 R$ 2,656,773.79 R$ 1,950,400.00 R$ 441,600.00 R$ 5,048,773.79
25 R$ 2,656,773.79 | R$2,318,400.00 R$ 515,200.00 R$ 5,490,373.79
30 R$ 2,656,773.79 | R$2,760,000.00 R$ 625,600.00 R$ 6,042,373.79
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Table-34. Albedo of the water as a function of solar height y

Sun height y [] Albedo p
10 0.128
20 0.103
30 0.084
>40 0.070

Table- 54. Summary of the simulations for different topologies in the hydroelectric Trés

Marias Power Plant

Enor
0 Pman I:)sha DPow
o] UF PIm] | Am[m?] [MWh
[°] [m] | [m] [KWp/m?]
year/MW,]
0 0 066 ]| 149 - 1.49 9860.6 0.101414 1651.1
1 2 1066 | 1.49 - 1.49 9860.6 0.101414 1659.6
2 3.9 |066 | 149 - 1.49 9860.6 0.101414 1667.7
3 59 | 0.66 | 149 - 1.49 9860.6 0.101414 1675.2
4 7.8 | 0.66 | 149 - 1.49 9860.6 0.101414 1682.3
5 9.7 |0.66 | 149 - 1.49 9860.6 0.101414 1688.7
10 |19.2|0.67 | 1.47 - 1.47 9713.4 0.102950 17117
15 | 27.0|0.68 | 146 | 1.37 | 1.46 9570.6 0.104487 1719.9
20 1318|067 | 143 | 148 | 148 97134 0.102950 1715.7
25 1319|063 | 140 | 157 | 157 10330.2 | 0.096804 1704.5
30 | 32 |060| 1.36 | 1.65 | 1.65 10846.7 | 0.092194 1683.1




Table: 65. Peak powers and occupied areas of floating PV plants.

Surface
Power | PV area | Reservoir
Hydroelectric Type occupation
[MW,] [km2] area [km?]
[%0]
Storage
Queimado 105 1.04 39.43 2.63%
reservoir
Storage
Retiro Baixo 82 0.81 22.58 3.58%
reservoir
Storage
Trés Marias 396 3.90 1090 0.36%
reservoir
Storage
Sobradinho 1050 10.35 4214 0.25%
reservoir
Storage
Itaparica 1479.6 14.59 828 1.76%
reservoir
Paulo Afonso Run-of-the- 12.33% [Formatted: Portuguese (Brazil)
601417 | 8:5913.97 4.8
11 river 291.09%
Paulo Afonso Run-of-the- 410 4.04 31.34%
12.9
v river 2462 24.28 188.19%
Apoldnio Run-of-the-
100 400 | 699 3.94 98 1.019% 4.02%
Sales river
Run-of-the-
Xingd 3162 28.98 60 48.31%

river




Table(s)

Table 1. Main data for the hydroelectric plants that were analyzed

Reservoir | Geographic
Installed
Hydroelectric Plant | Abbreviation Area coordinate
capacity [MW]
[km?] [°]
Queimado Queimado -16.20, -
105 39.43
47.32
Retiro Baixo R. Baixo -18.87, -
82 22.58
44.77
Trés Marias T. Marias -18.21, -
396 1090
45.27
Sobradinho Sobradinho 1050 4214 -9.43, -40.83
Itaparica Itaparica 1480 828 -9.14, -38.31
Complex of Paulo Comp. P.A
Afonso and Apol6nio and A. S 983.5 125.3 -9.42, -38.21
Sales *
Xingé Xingé 3162 60 -9.63, -37.79
Note: * The set formed by the hydroelectric power plants of Paulo Afonso I, 11, 11l and

IV and Apoldnio Sales is modeled as

a single plant by the national system operator (ONS); therefore, the data provided are

the generation set.




Table2. Costs of a floating PV plant according to the tilt angle.

a[°] PV equipment Floating Anchoring Total

costs platform costs system costs Costs (R$/MW)
0 R$ 2,656,773.79 R$ 920,000.00 R$ 147,200.00 R$ 3,723,973.79
5 R$ 2,656,773.79 R$ 1,361,600.00 R$ 239,200.00 R$ 4,257,573.79
10 R$ 2,656,773.79 R$ 1,472,000.00 R$ 294,400.00 R$ 4,423,173.79
15 R$ 2,656,773.79 R$ 1,729,600.00 R$ 368,000.00 R$ 4,754,373.79
20 R$ 2,656,773.79 R$ 1,950,400.00 R$ 441,600.00 R$ 5,048,773.79
25 R$ 2,656,773.79 R$ 2,318,400.00 R$ 515,200.00 R$ 5,490,373.79
30 | R$2,656,773.79 | R$2,760,000.00 R$ 625,600.00 R$ 6,042,373.79

Table3. Albedo of the water as a function of solar height y

Sun height v [°] Albedo p
10 0.128
20 0.103
30 0.084
>40 0.070

Table 4. Summary of the simulations for different topologies in the hydroelectric Trés

Marias Power Plant

a[°]

0 Pman
UF

[°] [m]

I:)sha
P [m]
[m]

Atio [M?]

DPow

[KW,/m?]




Table 4. Summary of the simulations for different topologies in the hydroelectric Trés

Marias Power Plant

Enor
0 I:)man Psha DPOW
a[°] UF P[m] | Afo[m?] [MWh
[°] [m] | [m] [KWp/m?]

year/MW,]
0 0 |0.66| 149 - 1.49 9860.6 0.101414 1651.1
1 2 066 149 - 1.49 9860.6 0.101414 1659.6
2 39 | 0.66 | 149 - 1.49 9860.6 0.101414 1667.7
3 59 | 0.66 | 149 - 1.49 9860.6 0.101414 1675.2
4 7.8 | 0.66 | 149 - 1.49 9860.6 0.101414 1682.3
5 9.7 | 0.66 | 149 - 1.49 9860.6 0.101414 1688.7
10 | 19.2 | 0.67 | 1.47 - 1.47 9713.4 0.102950 1711.7
15 | 270|068 | 146 | 1.37 | 146 9570.6 0.104487 1719.9
20 | 318|067 | 143 | 148 | 148 9713.4 0.102950 1715.7
25 | 319|063 | 140 | 157 | 157 | 10330.2 | 0.096804 1704.5
30 | 32 |060| 1.36 | 1.65 | 1.65 | 10846.7 | 0.092194 1683.1

Table 5. Peak powers and occupied areas of floating PV plants.
PV Surface
Power Reservoir
Hydroelectric Type area occupation
[MW,] area [km?]
[km?] [%6]
Storage
Queimado 105 1.04 39.43 2.63%
reservoir




Table 5. Peak powers and occupied areas of floating PV plants.

PV Surface
Power Reservoir
Hydroelectric Type area occupation
[MW,] area [km?]
[km?] [%0]
Storage
Retiro Baixo 82 0.81 22.58 3.58%
reservoir
Storage
Trés Marias 396 3.90 1090 0.36%
reservoir
Storage
Sobradinho 1050 10.35 4214 0.25%
reservoir
Storage
Itaparica 1479.6 | 14.59 828 1.76%
reservoir
Paulo Afonso Run-of-the-
1417 13.97 4.8 291.09%
1,11, 11 river
Paulo Afonso Run-of-the-
2462 24.28 12.9 188.19%
v river
Apoldnio Run-of-the-
400 3.94 98 4.02%
Sales river
Run-of-the-
Xingb 3162 28.98 60 48.31%

river
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