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Abstract. The increase in intermittent sources of electricity in national grids is increasing the need for energy storage
solutions. Brazil’s energy grid has a hydrothermal conformation that the provision of power to meet the demand is
easily met with its numerous hydropower generators if there is water available to turn their turbines. With the intent of
storing water and energy with a small flooded area for a whole cascade of hydropower plants, this paper proposes the
construction of a new seasonal pumped storage plant (SPHS), named Sao Tomé SPHS, at the head of the Antas river in
the Rio Grande do Sul state. Results show that the proposed SPHS plant would increase the hydropower in the dams in
cascade in around 260 MW. Apart from this, the SPHS plant could also be used to store energy generated from solar
and wind sources and generate electricity during peak hours.

Keywords: Seasonal Hydropower Pumped Storage, Energy Storage, Water Management, Hydropower, Renewable
Energies.

1. INTRODUCTION

The development of a sustainable future requires better management of energy and water resources. New resource
management approaches and the UN’s Sustainable Development Goals (SDGs) (Griggs et al. 2013) have been focusing
on the need to optimize interactions between water, energy and land, to provide society and the economy with the
required resources at an affordable cost, while minimizing the adverse impacts on the environment (Rasul and Sharma
2016; Ringler, Bhaduri, and Lawford 2013). Water resources are essential for the development of society, industry,
irrigation, transportation, recreation, and hydropower generation. Storage reservoirs play an important role to manage
water resources across a basin and between time periods. However, storage reservoirs require appropriate geological
formations that allow the reservoir level to vary significantly for storing a considerable amount of water.

A reliable balance between energy supply and demand is facing more challenges with the integration of intermittent
renewable energy sources such as wind and solar (Huertas-Hernando et al. 2017). This has led to a growing demand for
flexibility options such as energy storage (Schill and Zerrahn 2018). These variable energy sources have hourly, daily
and seasonal variations, which require back-up and balancing technologies to maintain a secure supply. Currently, most
pumped-hydro storage (PHS) plants only store energy in daily storage cycles, however, this might not be competitive in
the future due to the reduction in battery costs (I. Kougias and Szabd 2017). Other reviews on PHS types can be seen in
(NHA 2017; Dallinger et al. 2019; loannis Kougias et al. 2019; Julian David Hunt et al. 2020; International
Hydropower Association 2019; Kong et al. 2017; J. Hunt et al. 2018; J.D. Hunt, Freitas, and Pereira Junior 2017).

This paper presents the benefits of constructing a seasonal pumped storage plant on the Antas River, particularly
with the construction of the Sdo Tomé SPHS plant. Apart from storing energy from intermittent sources and generating
electricity during peak hours, this plant has the potential to reduce the spillage in the dams downstream and, thus,
increase their hydropower generation and store water in case of draughts (J.D. Hunt., Stilpen, and de Freitas 2018).
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2. METHODOLOGY

SPHS consists of two reservoirs, a lower and an upper reservoir connected by a power conversion system
(pump/turbine) and a tunnel Figure 1 (a). The lower reservoir is meant for storing water and it may or may not have a
large storage capacity (Julian David Hunt et al. 2020). Typically, a month-long storage capacity in the lower reservoir is
enough to store water in days with intense rainfall, allowing the water in the main river to be pumped to the upper
reservoir. The upper reservoir should have a large storage capacity to take up a large part of the water from the main
river during periods with high flowrate, and store the water periods with low river flow or droughts. Thus, most of the
water will be stored in the upper reservoir and the lower reservoir would control flow fluctuation in the main river so
that water will be available to be pumped to the upper reservoir.
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Figure 1. (a) Sdo Tomé SPHS project description in the head of the Antas river. (b) Antas river cascade with operational
(blue) and planned (orange) run-off-the-river (circles) plants and proposed SPHS (square) plant. SHPP are small
hydropower plants (smaller than 50 MW) and LHPP are large hydropower plants (larger than 50 MW). (c) Axial

presentation of the Sdo Tomé SPHS.
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Figure 2. Antas river basin with Sdo Tomé SPHS. The blue area represents the drainage area of Sdo Tomé SPHS.
The yellow area represents the drainage area of the other plants in the basin.

The Sdo Tomé SPHS plant proposed for the Antas river has the potential to regulate the flow of the Antas and
Taquari rivers. The S&0 Tomé SPHS dam can vary between 140 to 215 meters and the necessary tunnel is 5 km, as
shown in Figure 1 (a). The S8o0 Tomé SPHS powerhouse is at a height of approximately 490 m Figure 1 (c), since the
water collection takes place in the reservoir of the Passo do Meio small hydropower plant (SHPP) at an altitude of 535
m. This results on a 45 meters head, which is enough to prevent cavitation of Sdo Tomé SPHS. In other words, Sao
Tomé SPHS has a benefit in that it does not require excavating the powerhouse, which would reduce its cost by
approximately 10%. Figure 1 (b) shows the cascade of plants in the Antas river basin. Figure 2 shows the SHPS and the
run-off-the-river plants in Antas and Taquari rivers, focusing on the drainage area of Sdo0 Tomé SPHS is 3,734 km? (in
blue) and the drainage area of the other plants in the basin is 26,428 km? (in yellow). Table 1 and Table 2 presents the
details of the operational and planned, small hydropower plants (SHPP) and large hydropower plants (LHPP)

downstream the Sdo Tomé SPHS plant, respectively.

Table 1. Description of SHPP in operation and planning that will benefit from Sdo Tomé SPHS.

Passo do| Serra dos Serrados | Espigdo S50 José Séo Séo Séo
Meio | Cavalinhos I|Cavalinhos Il Preto Manuel | Bernardo| Marcos

Status Operating Operating | Operating | Planned | Planned | Planned | Planned | Planned
Power (MW) 30 25 29 34 30 51 30 57
Upstream level (m) 535 477.5 450 419 380 350 305 282
Downstream level (m) 492 450.28 418.8 382 353 305 283 241
Head (m) 43 27.22 31.2 37 27 45 22 41
Area (km?) 2.48 0.95 0.48 2.1 0.43 2.6 0.6 2.3
Drainage area (km?) 3,457 3,703 3,809 4,255 5,247 6,379 6,433 6,902
Impact of S&o Tomé
SPHS on drainage area 1.10 1.03 1.00 0.89 0.72 0.60 0.59 0.55
(%)

Table 2. Description of the LHPP in operation and planning that will benefit from the S8o0 Tomé SPHS.

Castro Monte 14 de Mugum | Encantado Arroio do Bom

Alves Claro Julho Meio Retiro
Status Operating | Operating | Operating | Planned | Planned Planned | Operating
Power (MW) 130 130 100 79.5 36.2 68.6 35.2
Upstream level (m) 240 148 104 65 38.5 30 12.3
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Downstream level (m) 148 104 70.5 38.5 30 135 2.85
Head (m) 92 44 33.5 26.5 8.5 16.5 9.45
Area (km?) 5 1.4 5 9.7 2.6 11.4 6.73
Drainage area (km?) 7,776 12,132 12,775 15,839 19,138 19,536 26,428
The equation is used to estimate the energy stored in the SPHS plant.
EnergyStored= z hif c;gp (1)

Where, “Energy Stored” is measured in Joules (J); h is the mean difference in height between the upper reservoir
and the lower reservoir plus the sum of the generation head of the dams in cascade (in meters); n is the number of dams
in cascade dams and the SPHS; f is the amount of water stored in the SPHS plant (in m®); ¢ is the efficiency of the dams
in cascade and the SPHS; g is the acceleration due to gravity (in m/s?); p is the density of water (in kg/m®). The volume
of water stored in the SPHS is estimated using the topography of the site. The overall efficiency of the system is
estimated using Eq. 2 below (J.D. Hunt, Freitas, and Pereira Junior 2014).

} (Hsps + H; =0, 25xHgps )Xl x g+ V+ E
Overall Efficiency = - (2)
(Hsps + H)) X F X g

Where:

F = Pumping flow in the SPHS (m%/s).

Hspns = SPHS mean generation head (meters).

H; = Generation head in the hydroelectric plants, downstream the SPHS (meters).
V = Electricity generation gains due to the reduction of spillage (in kWh)

E = Electricity generation gains due to reduced evaporation (in kwWh)

g = gravitational acceleration (m/s?).

Although a daily SPHS has an average efficiency of 80%, the combination of a SPHS and a cascade of
hydroelectric dams can increase the total storage efficiency to about 95%, not including the reduction of spillage in
cascading dams. In cases where a SPHS reduces the spillage in the hydroelectric dams in cascade, the SPHS may result
in an overall energy gain, rather than a loss to the system. For example, the Sdo Tomé SPHS can have an overall
efficiency of 105% or higher.

3. RESULTS

In order to accurately estimate the volume of the S&o Tomé SPHS reservoir, the topographic data from the Shuttle
Radar Topography Mission (SRTM) were used (Jarvis A., H.l. Reuter, A. Nelson 2008). An area of the reservoir was
defined and the variation in volume of the topography represents a variation in the volume of the reservoir of the Séo
Tomé SPHS, as shown in Figure 3.
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Figure 3. Sdo Tomé SPHS reservoir with dimensions of (a) 740, (b) 800, (c) 850, (d) 875 meters.

Three examples of dams have been proposed for the Sdo Tomé SPHS (Figure 4). The highest proposed dam for the
Sao Tomé SPHS reaches an altitude of 875 m, which requires a 215 m high and 4 km dam, and a flooded area of 49
km?2. Note that a 2.5 km section of the dam has an altitude of less than 25 meters, which would not be an impediment to
the project. The resulting reservoir can store 2.7 km® of water and 5.5 GWmed of energy. The intermediate proposed
dam for the Sdo Tomé SPHS is 850 m, which required a 190 m high and 1.5 km long dam, and a flooded area of 33
km2. The resulting reservoir would be able to store 1.7 km? of water and 3.4 GWmed of energy. The lowest proposed
dam for the Sdo Tomé SPHS is 800 m, which requires a 140 m high and 1 km long dam, and a flooded area of 15 km?.
The resulting reservoir would be capable of storing 0.6 km? of water and 1.3 GWmed of energy. Figure 5 presents the
level vs. storage volume of the Sdo Tomé SPHS. As it can be seen, the amount of water storage capacity substantially
increases with the increase in dam altitude. This allows a great deal of water to be stored in a small land area. Table 3
presents the general benefits for SHPP and LHPP in Antas river with the construction of the Sdo Tomé SPHS.
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Figure 4: Different proposed heights for the Sdo Tomé SPHS dam.
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Figure 5. Volume level vs. storage volume curve for Sdo Tomé SPHS.

Table 3. General benefits for the construction of the Sdo Tomé SPHS in the SHPP and LHPP in cascade.

. . Sdo Tomé

Details Operating Plants| Planned Plants SPSH
SHPP installed capacity (MW) 84 286 -
LHPP installed capacity (MW) 395.2 579.5 -
Total installed capacity (MW) 479.2 865.5 1,000
SHPP head (m) 101.4 273.4 -
LHPP head (m) 178.95 230.5 -
Total hydropower head (m) 280.37 503.9 315
SHPP flooded area (km?) 3.91 11.94 -
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LHPP flooded area (km?) 18.13 41.83 -
Total flooded area (km?) 2.04 53.77 33
SHPP cascade regulation index (%) 1.05 0.81 -
LHPP cascade regulation index (%) 0.39 0.35 -
Total cascade regulation index (%) 0.63 0.60 -
Increase in hydropower generation (MW) 150.74 259.9 -
Power/Flooded area (km?/MW) 0.062 0.046 0.033

4. DISCUSSION

An impact assessment of the Sdo Tomé SPHS plant has been carefully analyzed. The reservoir is located far from
any environmental restriction zone and any other type of restriction zone imposed by federal, state or municipal
governments. The biggest cause for concern is the Cazuza Ferreira community with a population of approximately 300
people. Cazuza Ferreira is at an altitude of 907 meters and the maximum level of Sdo Tomé SPHS is 875 meters. With
the construction of this SPHS, the community would not be flooded and no one would have to be relocated and the
reservoir, when full, would be 1.5 km from the community, as shown in Figure 6.
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Figure 6. Impact of S&o Tomé SPHS on the Cazuza Ferreira community.

The map in Figure 7 presents the potential for daily, weekly, monthly, seasonal and pluri-annual PHS plants in and
surrounding the Antas river basin. The methodology and model applied to find this potential is based on the Global
SPHS potential model in (J. Hunt et al. 2020). Some adjustments were made to increase the number of seasonal PHS
projects developed and to include daily and weekly PHS projects in the analysis. The exact Sdo Tomé SPHS is not
represented in Figure 7 because the model used to locate PHS projects assumes that the tunnel that connects the river
and the SPHS reservoir connects directly to the SPHS dam, this is not the case for the Sdo Tomé SPHS, as shown in
Figure 1 (a). Figure 8 presents the topographic map of the Antas river basin, including all tunnels of the SPHS
developed with the PHS mapping tool mentioned in the paper.
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Figure 8. Topographic map of the Antas river basin, including the tunnels of the SPHS developed with the PHS
mapping tool mentioned in the paper.
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5. CONCLUSION

This paper has shown the possibility of building seasonal pumped hydro storage plants in the Antas rives basin and
described a possible project, named Sdo Tomé SPHS. It also presented the possible benefits of SPHS, such as to
regulate the flow of the river, reduce the spillage in dams in cascade downstream the SPHS, store energy from
intermittent energy sources such as wind and solar, peak generation and store water for draught periods.
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