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Geração integrada de eletricidade como alternativa para melhoria da vazão 
ecológica no sub-médio e baixo da bacia do Rio São Francisco 

Hagen Koch1*; Ana Lígia C. Silva2; José Roberto Azevedo3; Werônica Meira de Souza4; Johann 
Köppel5; Clecio Barbosa Souza Junior6, Fred F. Hattermann7 

Resumo – Muitas fontes de recursos para a geração de electricidade, como centrais hidroeléctricas 
e a energia eólica, dependem de factores climáticos. Reservatórios são construídos para superar a 
natureza estocásticas da vazão e para tornar a produção hidroeléctrica mais confiável. No entanto, 
reservatórios estão afetando o estado ecológico de ecossistemas fluviais, desencadeando discussões 
do regime da vazão a jusante dos reservatórios. No nordeste do Brasil a capacidade instalada para 
geração de energia eólica aumentou acentuadamente nos últimos anos. Neste artigo é analisado se a 
geração de energia eólica, culminando na estação seca, pode ajudar a alcançar um regime de vazão 
mais ecológica no sub-médio e baixo do rio São Francisco. Descargas maiores de reservatórios 
durante a estação chuvosa e descargas menores durante a estação seca, o que representa um regime 
de fluxo mais natural, estão levando à geração de energia hidrelétrica reduzida na estação seca. Em 
geral, a demanda da electricidade só pode ser parcialmente coberta pela energia eólica e 
hidrelétrica. Uma grande parte precisa ser gerada por centrais térmicas ou ser importadas de outras 
regiões. A adoção da referida abordagem integrada pode contribuir para melhorar o regime da 
vazão no sub-médio e baixo do rio São Francisco. 
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INTRODUCTION 

Hydropower and wind are renewable resources for the generation of electric energy. Both 
types of electricity generation depend on climatic factors. The electricity generation by a 
hydropower plant is strongly connected to river discharge and hence on precipitation and 
evapotranspiration, while wind power generation makes direct use of wind. Reservoirs can balance, 
at least partially, the stochastic occurrence of precipitation and discharge, and increase the 
reliability of hydropower generation and water supply. For wind power generation up to now there 
is no technology to reduce the direct dependence on wind. With the construction and operation of 
dams a discussion on benefits, environmental and social costs emerged (Scudder, 2005; Bergkamp 
et al., 2000). Impacts of dams include alteration of flow regimes and sediment transport, change of 
aquatic biodiversity, flooding or falling dry of native vegetation, greenhouse gas emissions, 
reallocation of water by evaporation and infiltration (Anderson et al., 2006; Fearnside, 2002). 

The study area is the sub-middle and lower São Francisco river basin. The São Francisco river 
basin has an area of approximately 640 000 km2. The mean discharge at the mouth is 2 846 m3/s 
(ANA/MMA, 2013). Due to climatic characteristics with a strong seasonal flow regime in the last 
century large dams were constructed. The largest dams are Três Marias with a total capacity of 
19 528 hm3 (live capacity of 15 278 hm3, installed hydropower capacity 396 MW), Sobradinho 
(34 117 hm3, 28 669 hm3, 1 050 MW) and Itaparica (10 782 hm3, 3 549 hm3, 1 500 MW). The main 
uses of these reservoirs are flood protection and hydropower generation, but they also deliver water 
for agricultural irrigation and to municipalities, and are used to augment streamflow for navigation. 
Downstream of Itaparica reservoir a number of large hydropower plants, Apolônio Sales (400 
MW), Paulo Afonso 1 (180 MW), Paulo Afonso 2 (445 MW), Paulo Afonso 3 (800 MW), Paulo 
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Afonso 4 (2 460 MW), and Xingó (3 000 MW), is located (ANA/GEF/PNUMA/OEA, 2004). Due 
to the huge reservoirs and their storage effects the discharge at the main river has changed 
dramatically. The natural flow regime with wet and dry seasons no longer exists (Medeiros et al., 
2013). Recently, environmental hydrograms (hidrogramas ambientais) were developed within the 
project "Avaliação dos Impactos Hidrológicos da Implantação do Hidrograma Ambiental, do baixo 
trecho do rio São Francisco - AIHA". This project provided monthly target values for river 
discharges for the sub-middle and lower São Francisco river basin. The environmental hydrograms 
were developed for normal and dry years, and were derived using the Building Block Methodology 
(see Ferreira, 2014; Medeiros et al., 2013). In the austral winter half year, the dry season in the São 
Francisco river basin, in north-eastern Brazil the wind speed is high, while in the austral summer, 
i.e. the rainy season, wind speed is lower. The research topic of this paper is to analyze if wind 
power generation can help to achieve a more ecological flow regime in the sub-middle and lower 
São Francisco river basin with higher discharges during the rainy season and lower discharges 
during the dry season, leading to reduced hydropower generation in the latter. 

DATA AND METHODS 

Electricity generation in north-east Brazil and in the São Francisco river basin 

Data of electricity demand, electricity generation by hydropower, thermal power and wind 
power plants, and electricity imported to north-eastern Brazil are available from ONS (2016a). The 
development between 2006 and 2015 is shown in Figure 1. Between 2006 and 2015 the mean 
annual electricity demand has increased by 38 %, in the years 2013 to 2015 the mean monthly 
demand was between 10 627 and 12 368 MW. Since 2012, with declining hydropower generation in 
the São Francisco river basin due to an ongoing drought, the generation by thermal power plants has 
increased sharply. Also the increased wind power generation, due to the higher installed wind 
generation capacity, is visible. The values for imported electricity show a high fluctuation. 

 
Figure 1 – Development of electricity demand, electricity generation by hydropower plants, thermal power 

plants and wind power plants, and electricity imported to north-eastern Brazil (ONS, 2016a) 

Wind power generation 

Data from climate observation stations Petrolina/PE (PCD 32475; 05/2001 to 12/2015), Irecê/BA 
(PCD 32546; 01/2001 to 12/2015), Floresta/PE (PCD 32026; 05/2002 to 12/2014) and Belem de 
Sao Francisco/PE (PCD 31935; 08/2005 to 12/2015) were used in this study (3-hourly mean wind 
speed at height of 10 m; INPE, 2016). There are many more climate observation stations with 3-
hourly mean wind speed data in the region, however, often the time periods are very short or the 
time series have many gaps. According to data of CEPEL (2005) in the surroundings of the cities of 
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Petrolina and Irecê mean annual wind speed is 5.4 m/s and 5.9 m/s, respectively. In the greater 
region there are locations with mean annual wind speed of 4.01 to 5.00 m/s and 8.01 to 9.00 m/s. 
However, the majority of cells are in the same class as Petrolina and Irecê, and in the class 6.01 to 
7.00 m/s. Therefore, the wind speed at climate observation stations Petrolina (32475) and Irecê 
(32546) can be seen as representatives of wind speed in this region. 

In the estimation of the wind power generation annual and daily fluctuations of wind speed 
need to be considered. Furthermore, generation power curves and an extrapolation to the hub-height 
of the wind mills are necessary. In the calculations of wind power generation a power curve as 
described in Akdag & Güler (2011) or Koch et al. (2015) is applied: a horizontal-axis wind turbine 
with a hub-height of 100 m and blades of 50 m length. The wind speed data were extrapolated to 
hub-height of 100 m above ground using the logarithmic wind profile (Hoogwijk et al., 2004): 

 VH= VM (ln(H/z0) / ln(M/z0))       (1) 

where H is the hub-height (m), VH is the wind speed at H (m/s), M is the anemometer height, 
and z0 is the roughness length of the surface (m). In this function no thermal effects on wind speed 
are included. The anemometer height is 10m. Roughness lengths of the surface (z0) of 0.02 and 
0.15 were used for Petrolina (32475) and Irecê (32546), respectively. 

Table 1 – Wind speed (mean for 3-hourly intervals in m/s) for Petrolina/PE (PCD 32475), Floresta/PE (PCD 
32026), Belem de Sao Francisco/PE (PCD 31935) and Irecê/BA (PCD 32546); date: 24-07-2006 

PCD 0:00 h 3:00 h 6:00 h 9:00 h 12:00 h 15:00 h 18:00 h 21:00 h 
32475 7,5 5,1 5,4 7,4 12,4 13,2 11,1 8,2 
32026 10,4 5,9 5,1 4,2 10,1 10,1 10,4 9,2 
31935 11,1 8,1 8,1 7,1 11,8 12,6 10,8 8,3 
32546 3,5 3,9 2,7 7,8 0,1 12,5 11,8 7,1 

 

 
Figure 2 – Observed and simulated mean monthly utilization of wind power plants for north-eastern Brazil (MME, 

2012; ONS, 2016b, own simulation) 

In Table 1 examples for data used (3-hourly mean wind speed) are given for the day 24-07-
2006. The values given for 9:00 h and 15:00 h have the same magnitude, while at 12:00 h the value 
for Irecê (32546) is significantly lower than those for the three other stations. However, a revision 
of the time series was beyond the means of this study. Gaps in the time series for Petrolina (32475) 
and Irecê (32546) were filled with data of Floresta (32026) and Belem de Sao Francisco (31935), if 
none of the station had data for a certain time interval data from preceding days were used.  

In Figure 2 the observed mean monthly utilization of wind power plants for north-eastern Brazil is 
shown for the years 2010 to 2014 (data for 2010 and 2011 from MME, 2012; data for 2012 to 2014 
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from ONS, 2016b). Also shown is the simulated mean monthly utilization using the observed wind 
speed data for Petrolina (32475) and Irecê (32546). Although there are some deviations between 
observation and simulation, the annual cycle, i.e. lower utilization in the austral summer and higher 
utilization in the austral winter, can be reproduced. For north-eastern Brazil an installed capacity of 
6 200 MW for wind power is assumed in this study. 

Hydropower generation 

Daily inflow and outflow time series, and volumes for the reservoirs Sobradinho and Itaparica 
up to the year 2014 were delivered from Operador Nacional do Sistema Elétrico (ONS) to the 
Brazilian-German INNOVATE project. The reservoir module of the eco-hydrological model SWIM 
developed by Koch et al. (2013) was used in this study. In order to exclude deviations between 
observed and simulated discharges the reservoir module was applied outside of SWIM, i.e. the 
observed daily inflow time series were used as input for the reservoir module. Daily climate data, 
e.g. temperatures, precipitation, wind speed, solar radiation, were available from the WATCH-
project until 2010 (http://www.eu-watch.org/; Weedon et al., 2011). These data were used to 
calculate the potential evaporation using the TURC-IVANOV methodology (see Wendling & 
Schellin, 1986). Using the observed inflow time series, precipitation and the potential evaporation 
rates, the reservoir module was used to simulate the management of the reservoirs Sobradinho and 
Itaparica and the electricity generation by these reservoirs and the hydropower plants downstream. 
The hydropower plants included in this study, i.e. all hydropower plants listed in the Introduction 
except Três Marias, have an installed capacity of 9 835 MW. 

Electricity demand 

The monthly electricity demands for north-eastern Brazil for the years 2013 to 2015 can be 
seen as variations of the present state and therefore are used in this study. To calculate the 
electricity demand for wind power and hydropower generation from these values the electricity 
imported is subtracted as initial condition. An installed capacity of 4 400 MW for thermal power 
plants is used. In the long term a utilization of 60 % for hydropower plants (mean generation of 
5 900 MW), of 40 % for wind power plants (mean generation of 2 480 MW) and of 70 % for 
thermal power plants (mean generation of 3 080 MW) is assumed. Therefore, in the long term 73 % 
of the electricity demand should be covered by wind and hydropower generation. Because for wind 
power generation there is no technology to reduce the direct dependence on wind, while reservoirs 
can be used to store and release water when needed, first wind power generation is simulated, and 
in the second step, depending on electricity demand, hydropower generation is simulated to fill the 
gap between electricity demand and generation. The remaining gap not covered by hydropower 
generation then needs to be covered by thermal power plants and/or electricity imported. If wind 
power generation and hydropower generation, the latter having a base generation as reservoirs need 
to release a minimum discharge, are higher than the electricity demand to be covered by wind 
power and hydropower, thermal power plants generation and/or electricity import can be reduced. 

For the simulation of wind power and hydropower generation climate data are needed. Wind 
speed data were available from 2001 to 2015. Because precipitation data and climate data needed 
for the calculation of potential evaporation were available until 2010 only, the time period 2001 to 
2010 was used in this study. As the electricity demand during this time period was much lower than 
the demand of the last years, scenarios with electricity demands representing the present state were 
applied. In scenario “Demanda 1” the observed electricity demand of 2013 is used for the year 
2001, the observed demand of 2014 is used for the year 2002 etc. Scenario “Demanda 2” uses the 
observed demand of 2014 for the year 2001 and of 2015 for the year 2002 etc. In this way the 
uncertainty about electricity demand can be included at least partially (see Table 2). 
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Table 2 – Data used for the simulation of wind power and hydropower generation, and three scenarios for 
electricity demand (see text for explanation) 

ano 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 

Geração eólica, 
velocidade de vento, 
intervalos de 3 horas 

obser-
vação 

obser-
vação 

obser-
vação 

obser-
vação 

obser-
vação 

obser-
vação 

obser-
vação 

obser-
vação 

obser-
vação 

obser-
vação 

Geração hidráulica, 
vazão e dados 
climaticos, diario 

obser-
vação; 
Watch 

obser-
vação; 
Watch 

obser-
vação; 
Watch 

obser-
vação; 
Watch 

obser-
vação; 
Watch 

obser-
vação; 
Watch 

obser-
vação; 
Watch 

obser-
vação; 
Watch 

obser-
vação; 
Watch 

obser-
vação; 
Watch 

Demanda 1; 
demanda por mês 2013 2014 2015 2013 2014 2015 2013 2014 2015 2013 
Demanda 2; 
demanda por mês 2014 2015 2013 2014 2015 2013 2014 2015 2013 2014 
Demanda 3; 
demanda por mês 2015 2013 2014 2015 2013 2014 2015 2013 2014 2015 

 

RESULTS 

The interconnection of wind and hydropower generation leads to strong variations in the 
demand on hydropower generation. In Figure 3 volumes of Sobradinho reservoir observed and 
simulated are shown.  

 

Figure 3 – Observed and simulated volume for Sobradinho reservoir 

As the electricity demand in the scenarios is higher compared to the observations, most of the 
time the volumes are lower in the simulations. Only for the wet year 2007 and electricity demand of 
2013 (“Demanda 1”) the volume is considerably higher than the observed volume. The simulated 
wind and hydropower generation, the demand on wind and hydropower generation, and the total 
electricity demand for north-eastern Brazil for scenario "Demanda 1" are shown in Figure 4. For the 
very dry year 2001 and until the end of 2003, as a consequence of this drought, the generation of 
wind and hydropower plants is almost always lower than the demand on wind and hydropower 
generation, i.e. generation by thermal power plants generation and/or electricity import need to be 
increased. In the wet years 2004 to 2008 the generation of wind and hydropower plants is almost 
always higher than the demand on wind and hydropower generation, i.e. generation by thermal 
power plants generation and/or electricity import can be reduced. In March 2007 the generation of 
wind and hydropower plants is even higher than the total demand, i.e. electricity can be exported. 
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Figure 4 – Simulated wind and hydropower generation, demand on wind and hydropower generation, 
and total electricity demand for north-eastern Brazil for scenario “Demanda 1” 

 

Figure 5 – Balance between simulated wind and hydropower generation and demand on wind and 
hydropower generation, dotted brownish line: installed capacity of 4 400 MW for thermal power plants 

The balance between simulated wind and hydropower generation and the demand on wind 
and hydropower generation is shown in Figure 5. Also shown is the installed capacity of 4 400 MW 
for thermal power plants. As long as the balance is lower than minus 4 400 MW the gap can be 
filled by thermal power generation in north-eastern Brazil theoretically. As the electricity 
generation by hydropower plants in other regions of Brazil usually is cheaper than the generation of 
thermal power plants, the gap would be filled partially by electricity import. If the gap is larger than 
4 400 MW, i.e. values below the dotted brownish line, electricity needs to be imported. Finally the 
question if wind power generation can help to achieve a more ecological flow regime is discussed. 
The mean monthly discharges for the years 2001 to 2010 from Sobradinho reservoir observed and 
simulated are shown in Figure 6. Also shown are the Hidrogramas Ambientais for normal and dry 
years. The interconnection of wind and hydropower generation enables a more dynamic flow 
regime in the sub-middle and lower São Francisco river basin, i.e. higher discharges in the rainy 
season and lower discharges in the dry season. However, in comparison to the Hidrogramas 
Ambientais the simulated flows at the end of the rainy season are declining early (April) and are 
already increasing before the end of the dry season (August). 
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Figure 6 – Observed and simulated discharge for Sobradinho reservoir and Hidrogramas Ambientais 

DISCUSSION 

In this paper an approach to integrate electricity generation by wind power, hydropower and 
thermal power plants is presented. The electricity demand can only be covered partially by wind 
and hydropower plants. A large share needs to be generated by thermal power plants or to be 
imported. According to the results the flow regime in the sub-middle and lower São Francisco river 
basin can be changed to reach a better ecological status. However, the ecosystems of reservoirs 
themselves are not considered here. Water level variations lead to the displacement of shorelines 
affect the aquatic ecosystem in various ways (Hirsch et al., 2014; Hofmann et al., 2008). Large 
areas are getting inundated with rising and desiccated with declining water level. During strong 
short-term water level variations aquatic and riparian organisms are physically stressed (Hofman et 
al., 2008). At the same time, also wind power can come along with some unintended side-effects on 
ecosystem functions and services and needs to be sensitively developed (Huesca-Pérez et al., 2016, 
Köppel et al., 2012). For a discussion on the consideration of ecosystems of reservoirs in reservoir 
management the reader is referred to Koch et al. (2015b). Future studies should include scenarios 
with increased electricity demand, increased wind power generation capacities and climate change. 
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