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ABSTRACT 

 

Reservoirs of hydropower plants can amend water, energy, and food securities 

in semi-arid regions. However, during severe droughts, the priority of energy 

demand leads to critical conditions on the water storage and risk of availability for 

multiple uses. To reduce water use for energy, one possible measure is the 

adoption of solar power, an abundant energy source in semi-arid regions. This 

study assessed the influence of adding a floating photovoltaic powerplant in the 

large-scale reservoir of the Sobradinho hydropower plant, located in the São 

Francisco River, in the semi-arid region of Brazil, from 2009-2018. The simulated 

scenarios varied the installed solar power capacity from 50 to 1000 MW. For each 

scenario, water allocation was modified based on the solar-hydro equivalence 

that restrained the historical outflow of Sobradinho to maintain water in the 

reservoir. Additionally, a diverse set of rules for the operation of the reservoirs in 

cascade installed at the São Francisco River was adopted to avoid ecological 

impacts of low streamflow. The scenarios were assessed in water security, solar-

hydro electricity output, capacity factor of the powerplant, and water and energy 

losses by evaporation and spilled water. Results show that a photovoltaic system 

starting from 250 MW was necessary to improve water security during the severe 

drought, reserving 0.7-2.3 years of water demand. Due to the water scarcity, the 

scenarios PV-750 and PV-1000 presented the same water storage level in the 

reservoirs after 2014, which restricted the influence of adding solar power. On the 

energy side, the capacity factor of the Sobradinho hybrid power plant was 

optimized from 29% to 34-47%. However, the water allocation of the simulated 

scenarios maintained the total electricity generation from the system in cascade 

for the solar power plant of 250 MW but reduced by 4.4% for the 750 MW. 

Although the reduction in total generation, all scenarios achieved an increment of 

the electricity output in the most critical years of the severe drought. We 

concluded that the solar source implied improvements for water and energy 

securities in the range of 250-750 MW. Additionally, we discussed opportunities 

and limitations in social, environmental, and economical aspects. This 

information can support decisions on the operation of water and energy supply 
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systems and subsidize the proposal of public policies and guidelines for 

governance focused on integrated resources management in semi-arid regions. 

Keywords: Water-Energy Nexus. Solar power. Hybrid power plant. Water 

security. Integrated resources management. São Francisco river. Semi-arid.



xiii 

GERAÇÃO DE ELETRICIDADE POR USINA HÍBRIDA SOLAR-HÍDRICA 

PARA APRIMORAMENTO DAS SEGURANÇAS HÍDRICA E ENERGÉTICA 

NO RIO SÃO FRANCISCO: EFEITOS LOCAIS E REGIONAIS DURANTE 

SECA SEVERA 

 

 

RESUMO 

 

Reservatórios de usinas hidrelétricas podem alterar a segurança hídrica, 

energética e alimentar em regiões semiáridas. No entanto, durante secas 

severas, a prioridade na gestão de água para produzir energia conduz a 

condições críticas no estoque de água e risco na disponibilidade para os diversos 

usos. Para reduzir o uso de água para fins energéticos, uma possível medida 

reside em adotar a fonte solar, abundante recurso em regiões semiáridas. Este 

estudo avaliou a influência da adição de usina fotovoltaica flutuante no 

reservatório da usina hidrelétrica de Sobradinho, localizada no rio São Francisco, 

na região semiárida do Brasil, no período 2009-2018. Os cenários simulados 

variaram a capacidade instalada de geração fotovoltaica entre 50 e 1000 MW. 

Para cada cenário, a alocação de água foi modificada com base na equivalência 

hídrica-solar para restringir a vazão histórica de Sobradinho e manter água no 

reservatório. Além disso, foram adotadas regras de operação dos reservatórios 

em cascata instalados no rio São Francisco para evitar impactos ecológicos 

advindos da baixa vazão praticada no período. Os cenários foram avaliados por 

indicadores de segurança hídrica, produção combinada de eletricidade pelas 

fontes solar e hidrelétrica, fator de capacidade da usina híbrida, e perdas de água 

e energia potencial por evaporação e defluência de água sem turbinamento. Os 

resultados mostram que uma planta fotovoltaica com porte superior a 250 MW 

seria necessária para melhorar a segurança hídrica durante a seca severa, 

reservando o equivalente a 0,7-2,3 anos da demanda de água. Devido à 

escassez hídrica, nos cenários PV-750 and PV-1000 os reservatórios 

apresentaram niveis similares de estoque de água após 2014, o que limitou a 
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influência da planta solar. No quesito energia, o fator de capacidade da usina 

híbrida de Sobradinho foi otimizado de 29% para 34-47%. Entretanto, a alocação 

de água nos cenários simulados manteve a geração total de eletricidade do 

sistema em cascata com a planta solar de 250 MW, porém houve redução de 

4,4% com a planta solar de 750 MW. Apesar da diminuição total, todos os 

cenários obtiveram incremento da geração hidrelétrica nos anos mais críticos da 

seca. Concluímos que a adoção da fonte solar influenciou a condição hídrica do 

rio São Francisco, com melhorias da segurança hídrica e energética na faixa de 

plantas solares de 250 a 750 MW. Adicionalmente, foram discutidas 

oportunidades e limitações em aspectos sociais, ambientais e econômicos. 

Essas informações podem subsidiar decisões da operação de sistemas de 

abastecimento de água e energia, bem como subsidiar a proposição de políticas 

públicas e orientar medidas de governança voltadas à gestão integrada de 

recursos em regiões semiáridas. 

Palavras-chave: Nexo água-energia. Energia solar. Usina híbrida. Segurança 

hídrica. Gestão integrada de recursos. Rio São Francisco. Semiárido. 
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1 INTRODUCTION 

 

Reservoirs can provide water security to water-stressed regions (PEREIRA et al., 

2019; SCOTT et al., 2020). However, for multi-purpose reservoirs, the 

prioritization for other functions such as hydropower generation may jeopardize 

water security (BAHRI, 2020). In this context, the inclusion of a second power 

source to the existing HPP, turning it into a hybrid powerplant, can help to save 

water in the reservoir and make it available for other purposes, providing a 

solution for developing integrated resources management and rising governance 

(HUNT et al., 2018; MAUÉS, 2019). 

Resource availability is driven by environmental characteristics of the site (LINK; 

SCHEFFRAN; IDE, 2016) and the dynamic process of positive and negative 

feedbacks involving anthropogenic interventions (VAN OEL et al., 2014; VAN 

LOON et al., 2016; GARCIA; RIDOLFI; DI BALDASSARRE, 2020) and 

ecosystem regeneration (SRINIVASAN et al., 2013). In contemporary society, 

demographic growth, urbanization process, land-use change, shifts in the pattern 

of production, and increase in consumption are trends that intensify the demand 

for natural resources and, consequently, the pressure on ecosystems (Hoff, 

2011; Howells et al., 2013; IRENA, 2015; NCR / FAO, 2014; Rodriguez et al., 

2013; World Economic Forum Initiative, 2011). Water crises, food crises, and 

energy price shock are frequently listed by the World Economic Forum among 

the significant global risks related to resources security, human health, social 

cohesion, political and economic stability (WEF, 2020).  

For the definition of resource security, United Nations declares water security as:  

“The capacity of a population to safeguard sustainable 

access to adequate quantities of acceptable quality water 

for sustaining livelihoods, human well-being, and socio-

economic development, for ensuring protection against 

water-borne pollution and water-related disasters, and for 

preserving ecosystems in a climate of peace and political 

stability.” (UN, 2013).  
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For energy security, there are several definitions. The International Energy 

Agency defines it as the broad availability of energy at affordable prices (IEA, 

2016). The International Renewable Energy Agency states that energy security 

would be achieved by stabilizing the prices of petroleum products, combining 

different energy sources, and including the dimension of sustainability (IRENA, 

2015). For the European Commission, energy security implies political-economic 

bias and means the transition to a competitive low-carbon economy, less 

dependent on imported fossil fuels. The United States of America has a broader 

definition: to develop flexible, transparent, and competitive markets; diversify 

energy sources and routes; reduce greenhouse gas emissions; improve energy 

efficiency and manage the demand; adopt clean and sustainable technologies; 

invest in research and innovation; improve systems resilience; and minimize 

imported fuels (USDE, 2017). 

Natural and anthropogenic factors define the security in the use of resources by 

a population regarding availability, infrastructure, economic dependence, and 

governance. BIGGS et al. (2015) defend security as complementarily driven by: 

availability in nature, capability to access, dynamics of social power, strength of 

institutions, and operating governance. For KURIAN and ARDAKANIAN (2013), 

the security in the long-term is only met in balanced ecosystems, managed under 

sustainability principles, adopting technologies, and appropriate adaptations 

favorable to the quality of life. Recently, global environmental changes jeopardize 

security as it represents a direct driver of interference on water cycles, food 

production, and energy generation (IPCC, 2014). In this context, the 

management capacity plays an important role to concomitantly protect 

ecosystems, distribute the resources equitably, and apply them efficiently by the 

appropriate advances in research and new technologies. To create a globally-

oriented effort, the United Nations (UN) organized the Sustainable Development 

Goals (SDGs), a set of guidelines for multi-scales public policies to promote the 

strategic management of resources with governance and social equity for quality 

of life, human well-being, and conservation of ecosystems (UN, 2015). Food 

(SDG 2), water (SDG 6), and energy (SDG 7) securities stand among the 

seventeen objectives that make up the 2030 Agenda. The SDGs denote the 
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importance of global and coordinated actions that are constantly monitored and 

periodically reviewed. 

In semi-arid regions, environmental and anthropogenic factors jointly impose low 

availability of water resources, absence of access, and conflicts in the use. In 

these water-stressed regions, the population is constantly exposed to 

vulnerability in human health, economic development, social interactions, and 

cultural activities. Beyond the inherently compromised access to water, the low 

precipitation and high evaporation rates in periods of severe drought aggravate 

the scarcity and intensify the competition by its multiple uses (HUANG et al., 

2019). For the Intergovernmental Panel on Climate Change, drought relates to a 

certain climatic pattern, meaning “A period of abnormally dry weather long 

enough to cause a serious hydrological imbalance.” (IPCC, 2018). Scenarios of 

global changes predict an increase in frequency and severity of drought events 

that will probably intensify the drivers of pressure (IPCC, 2018). Thus, in semi-

arid regions, the appropriate management capacity and governance of the 

available resources are necessary for dealing with the drought and the most 

critical events towards security in their use. 

In order to address contexts of jeopardized security, vulnerability, and conflicts, 

Nexus stands as an approach to assess resources availability and their 

interactions. The concept recognizes water, energy, and food securities as 

intrinsically connected (HOFF, 2011; FAO, 2014a) in different spatial and 

temporal scales (KURIAN; ARDAKANIAN, 2013). The studies on Nexus are 

supposed to capture the interrelations, synergies, and trade-offs associated with 

the resources use and their mutual influence (SCOTT; KURIAN; WESCOAT, 

2015). The analysis of multiple scenarios – for instance, in the adoption of 

practices, technologies, infrastructures, or public policies – enables to estimate 

the outcomes and qualify the solutions to improve security in different scales. 

Beyond the diagnosis of the context and the assessment of a range of 

possibilities, to reach the objectives, the Nexus framework enhances the use of 

transdisciplinarity and governance: scientific knowledge and participatory 

decision-making applied to the proposal and implementation of strategic solutions 

to society and economic sectors (AL-SAIDI; RIBBE, 2017; MANNAN et al., 2018). 



4 

MARENGO et al. (2017) affirm that “There is a need for actions in which the 

scientific and the decision-makers communities can work together on drought 

issues, focusing on reducing vulnerability, and building resilience.”. Accordingly, 

in contexts of scarcity - such as water resources in semi-arid regions, Nexus can 

work as an adequate approach to identify feasible solutions based on synergies 

and resilience. 

Semi-arid areas are abundant in solar energy (SOLARGIS, 2020). Solar PV 

panels are progressively being adopted to feed equipment that withdraws, pump 

or treat water or, alternatively, to substitute water to generate electricity. Semi-

arid regions are target sites to install large-scale PV power plants (CROOK et al., 

2011), which has the potential to improve the infrastructure and prioritize water 

for other purposes when associated with existing HPPs  (BELUCO; KROEFF DE 

SOUZA; KRENZINGER, 2012; KOUGIAS et al., 2015, 2016; STIUBIENER et al., 

2020). As a substitute for hydropower, the use of solar allows to change the water 

management, making it available to being conserved in the reservoir saving 

potential energy, or increasing its destination for other purposes, such as 

ecological aspects and crop irrigation. Accordingly, a hybrid solar-hydro 

powerplant may change the pattern of resource use by reversing the policy of 

water for energy into energy for water. This strategy has the potential to increase 

water and energy security by attaining the water demand and providing 

renewable electricity. 

Hybrid power plants combining solar and wind sources with hydro present high 

potential in the Brazilian semi-arid region (VIVIESCAS et al., 2019; SANTOS et 

al., 2020). In this study, we analyzed the result of adding a floating photovoltaic 

solar powerplant into the Sobradinho hydropower plant, located in the semi-arid 

region of Brazil. The historical climate conditions of this basin show that the 

typical operation needs to be addressed with additional measures of integrated 

water and energy management. Scenarios in a range of PV power capacity were 

simulated to evaluate the influence of this strategy on water and energy securities 

regarding the water availability and conservancy on local and regional scales and 

the electricity dispatches to the national electric grid.  
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Previous studies have separately discussed water allocation strategies at the São 

Francisco River (LIMA; ABREU, 2016; BRAMBILLA; FONTES; MEDEIROS, 

2017; BASTO; FONTES; MEDEIROS, 2020), the local effects of 

converting hydro into hybrid power plants (MAUÉS, 2019; VELLOSO; MARTINS; 

PEREIRA, 2019), the water-energy Nexus for increasing the performance of the 

Sobradinho HPP (HUNT et al., 2018), or investigated the gains for the energy 

sector from the optimized design of floating PV systems added to the HPPs of 

SFR (SILVÉRIO et al., 2018). The novelty of this study stands in providing 

sensitivity analysis for a range of PV plants to improve both water and energy 

securities and discuss the trade-offs on local and regional scales. 

1.1 Hypothesis and goals 

The hypothesis of this study was to partially replace hydro power with solar power 

to maintain the volume of water stored in the reservoir, equivalent to the quantity 

necessary to produce the electricity generated by the PV panels. We assumed 

that Nexus Water-Energy stands as an appropriate concept to manage resources 

under conditions of water scarcity. The São Francisco River was adopted as the 

study case due to the presence of hydropower plants with large-scale reservoirs 

operating in cascade in a semi-arid region. A floating PV system installed at the 

reservoir of the Sobradinho hydropower plant was the technology selected to 

convert it into a hybrid system. The solar PV scenarios were proposed in the wide 

range of 50 to 1000 MW of installed power to carry out a sensitivity analysis of 

the proposed solution. We defined the years 2009 to 2018 to evaluate the 

potential benefits in a period of severe drought and critical water shortage in the 

river and reservoirs. 

Hence, this study investigated the influence of adding solar PV into the 

Sobradinho HPP on the water management of the São Francisco River over a 

severe drought. Besides this primary scientific question, we assessed the 

following specific objectives: 

• Identify the maximum outflow value from the Sobradinho reservoir that was 

sufficient to sustain a higher river flow compared to the observed values 

adopted over the severe drought of 2009-2018; 
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• Define operative rules to allocate water among the three reservoirs 

installed at the São Francisco river to increase water security in dry 

climatic conditions; 

• Quantify the solar-water equivalence to generate electricity based on the 

solar irradiation and the productivity of the Sobradinho hydropower plant; 

• Identify the viable range of scenarios varying the solar PV installed power 

into Sobradinho hydropower plant and quantify the associated electricity 

output; 

• Quantify indicators of water and energy security to assess the synergies 

and trade-offs of the simulated scenarios compared to the observed 

scenario; 

• Analyze associated impacts in social, environmental, and economic 

aspect that the PV adding into Sobradinho HPP would have avoided; 

• Analyze the adherence of the proposed scenarios of solar PV power plants 

to the national plans for the Brazilian electric sector regarding costs and 

installed power. 

The investigation involved the following steps: 1) to model the study area to 

reproduce water allocation and power generation of São Francisco River from 

1999 to 2018, designed based on governmental dataset (observed scenario); 2) 

to quantify the solar-hydro equivalence in power generation for each scenario of 

installed PV system; 3) to set operative rules for water storage and outflow among 

the reservoirs; 4) to model the simulated scenarios (based on step 1), modified 

by the hydro-solar energy equivalence (step 2) and the operative rules (step 3); 

5) to quantify the water and energy indicators. 

The model was designed in computer simulation using WEAP software, chosen 

due to its capacity to quantify the interactions on water allocation and energy 

generation, allowing to compare the results of multiple alternatives derived from 

the observed scenario. We validated the model using water and energy outputs 

of the hydropower plants installed at SFR and classified the simulated scenarios 

using the results at local and regional scales for water security, solar-hydro 
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electricity generation, capacity factor, water and energy losses by spilled water, 

and evaporation. 

The thesis is organized as follows: Chapter 2 describes the conditions of the São 

Francisco River in terms of water availability and energy production during the 

severe drought that occurred during the study period. Chapter 3 defines the 

methodology and dataset used in the modeling of the observed and PV scenarios 

and the indicators of water and energy outputs used in the assessment. Section 

4 provides the results of the proposed indicators. In Section 5, we discussed the 

results and presented additional analysis regarding the technical solution and the 

implications in social, environmental, and economic aspects. Section 6 

summarizes the main conclusions and recommendations for future research. 

Some of the results presented in this document are part of the paper “Hybrid 

hydro-solar power generation for increasing water and energy securities during 

drought: exploring local and regional effects in a semi-arid basin”, Journal of 

Environmental Management, September 2021, Volume 294, p. 112989, available 

at: www.sciencedirect.com/science/article/pii/S0301479721010513. 

 

http://www.sciencedirect.com/science/article/pii/S0301479721010513
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2 CONTEXTUALIZATION 

2.1 Study area 

The São Francisco River is inserted in a critical region of Brazil regarding climate, 

social and environmental aspects. The river basin extends for 638,576 km² in the 

Brazilian Northeast (geographical coordinates 7.3°S-20.9°S; 36.3°W-47.6°W) 

and is partially located inside the semi-arid boundary (Figure 2.1). The 

hydrological deficit comprehends annual precipitation lower than 1,500 mm and 

annual evapotranspiration higher than 1,750 mm (Figure 2.2) for the period 1981-

2010 (INMET, 2020). As illustrated in Figure 2.1, the basin is administratively 

organized in four sub-basins: Upper (16% of the total area), Middle (63%), Lower-

Middle (17%), and Lower (4%). In 2010, the SFB population was quantified as 

14.3 million, living in 505 municipalities (CBHSF, 2016). 

The wet season is reported from December to April, when the precipitation at 

Upper and Middle sub-basins charges the surface water of the São Francisco 

riverbed and the existing reservoirs. FUNCEME (2020) quantified the monthly 

average precipitation for the SF sub-basins based on the INMET (National 

Institute of Meteorology) stations using the Thiessen method for the period 1961-

2018. The estimative of annual precipitation varied by 543–2,134 mm at Upper, 

603–1,393 mm at Middle, 587–1,306 mm at Lower-Middle, and 221–1,068 mm 

at Lower sub-basins (FUNCEME, 2020).  

Since more than half of the basin is inserted in the semi-arid1 climate (SUDENE, 

2017), the sub-basins are social and economically characterized by differences 

derived from the availability of water. The river is the main source of water for the 

semi-arid portion of the basin (EMBRAPA, 2020) and the multiple uses essentially 

depend on the river and existing reservoirs (MANETA et al., 2009; CBHSF, 2016; 

ALVALÁ et al., 2017). On the other side, as a consequence of the low cloudiness 

and the geographic position of the Brazilian semi-arid, solar irradiation is an 

abundant resource over the year. Standing as one of the most productive areas 

 
1 Defined by average annual rainfall inferior to 800 mm, aridity index inferior to 0.50 (Thorntwaite 
method), and daily water deficit in more than 60% of the days over a year. 
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in Brazil, the potential for photovoltaic production reaches 1,750 kWh/kWp.year 

(PEREIRA et al., 2017), consisting of an appropriate site for the installation of 

solar powerplants to generate electricity to the national grid (Figure 2.3). 

Figure 2.1 - Location of São Francisco Basin and the four sub-basins. 

 

Figure 2.2 - Climate normals for 1981-2010 in Brazil: (A) annual precipitation (mm) and 
(B) annual evapotranspiration (mm). 

(A)     (B) 

            
Source: INMET (2020). 
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Figure 2.3 - Potential for photovoltaic production in (A) Brazil and (B) São Francisco 
Basin in kWh/kWp.year.  

  
Source: Pereira et al. (2017). 

The vulnerability in the access to water causes conflicts that have been gradually 

intensified by the control of the river flow imposed by the operators of the 

hydropower plants (MANETA et al., 2009; ANA, 2018a), the growth of water 

consumption (ANA, 2016a), and the events of severe drought (ALVALÁ et al., 

2017; MARENGO et al., 2017). To represent the role of water to this population, 

Figure 2.4 associates the population with access to water and the level of poverty 

in municipalities located in the semi-arid region of the Brazilian Northeast in 

comparison to other parts of Brazil. These data express both the vulnerability 

triggered by the lack of access and the potential growth of the demand when 

reaching an equitable condition. 

Figure 2.4 - Population living in poverty (%) versus water access in 1,136 municipalities 
in the semi-arid region of the Brazilian Northeast (red dots), compared to 
4,430 other municipalities in the rest of Brazil for 2010 (green dots).  

Population living in poverty (%) 

 
Source: Marengo et al. (2020). 
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Along the SF river, five HPP connected to the national electric grid take 

advantage of its streamflow. Three HPP contain large reservoirs (Figure 2.5): 

Três Marias (storage capacity: 19.5 Gm³; lake area: 1,040 km2), Sobradinho 

(34 Gm³; 4,214 km²), and Itaparica (10.7 Gm³; 60 km²), which jointly represented 

15.8% of the water storage capacity of the national electric grid in 2017 (ANA, 

2017a). The other two HPP – PAC and Xingó – work as run-of-river (ANA, 

2020a), being influenced by the operating rules of the reservoir’s system. The 

reservoirs were installed to provide two types of benefits: access to water during 

dry seasons at local and regional scales and control of electricity production at 

national scale. 

After the installation of the HPP, the streamflow started to be intensively 

controlled by the SIN operators, leading to negative impacts on the natural 

environment (CORREIA; DA SILVA DIAS; DA SILVA ARAGÃO, 2006; BEZERRA 

et al., 2019; CAVALCANTE et al., 2020). Sobradinho started operating in 1979 

and Xingó in 1994. As a consequence of the water allocation among the 

reservoirs, the river flow at the mouth was estimated in 1979-1994 in the range 

of 1,619-6,767 m³/s (average: 3,650 m³/s), being reduced in 1995-2012 to 1,326-

2,549 m³/s (average: 1,805 m³/s) (VASCO; AGUIAR NETTO; SILVA, 2019). The 

Basin Decadal Plan 2016-2025, registered the streamflow in 1931-2013 by 2,790 

m³/s, on average, with 811 m³/s of permanence flow Q952 (CBHSF, 2016). 

After the installation of the HPP, several public irrigation districts were installed 

nearby and downstream Sobradinho induced by the water provided by this 

reservoir (CODEVASF, 2017). Nowadays, Sobradinho supports an important 

regional economy, including a large-scale fruit culture (CARVALHO; KIST; 

BELING, 2020; CEPEA/ESALQ, 2020) that traded US$ 480 million3 in 2018 

(IBGE, 2019) with national and international markets (MAPA, 2018). The region 

is classified by the National Water Agency (ANA) as a special area for water 

resource management due to the intense demand and economic relevance 

(ANA, 2017b). 

 
2 Q95: streamflow value exceeded during 95% of the time. 
3 1 US$ = R$ 5.35 (02/02/2021)   
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In 2010, the water demand in SFB accounted for 279 m³/s, including irrigation 

(77%), human consumption (12%), industry (7%), and animal consumption (4%). 

The irrigation share is higher under semi-arid conditions: 87% at Middle (90m³/s) 

and 93% at Lower-Middle sub-basins (96m³/s) (CBHSF, 2016). Compared to the 

previous decade, the demand increased by 68% (166 m³/s in 2000), primarily 

driven by irrigation use, which increased 88%, from 114 m³/s in 2000 to 214 m³/s 

in 2010 (CBHSF, 2016). The relation between availability and demand is very 

critical in most of the semi-arid portion of the basin as expressed in Figure 2.5. 

To limit water use, in 2004, the basin committee set 360 m³/s as the limit for total 

withdrawal (CBHSF, 2004). However, the projections for the demand in 2025 are 

estimated in the range of 246-424 m³/s at Middle and 100-225m³/s at Lower-

Middle sub-basins. Thus, the availability of water in the basin compared to the 

demand and its trend denote the urgency in managing the water resource. 

Figure 2.5 – Location of the hydropower plants installed at the São Francisco River and 
the ratio of water demand and water availability in the São Francisco 
Basin. 

 
Source: ANA (2017). 
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2.2 Influence of severe drought 

In the 2010s, a prolonged and severe drought affected the Brazilian Northeast 

(ALVALÁ et al., 2017; MARENGO et al., 2017; MARENGO; TORRES; ALVES, 

2017) with intense harm for water availability, energy generation, and agriculture 

at the SFB. Attributed to the effects of El Nino and a warm tropical North Atlantic 

Ocean influencing the Inter-Tropical Convergence Zone (MARENGO et al., 

2017), the annual volume of precipitation was reduced from 646 Gm³ for the 

average 1981-2010 to 581 Gm³ for the average 2009-2018 (FUNCEME, 2020), 

the worst drought in 50 years (Figure 2.6 and Figure 2.7). For four years, the 

volume was registered below 480 Gm³ and classified as very dry in 2012, 2014, 

2015, and 2017. The highest volume of precipitation occurred in 2011 at 709 Gm³, 

10% higher than the average 1981-2010. For comparison, the years classified as 

wet exceed the average by 9-20% and very wet by 29-40%. Besides, the 

precipitation pattern in the two previous decades was already inferior and a very 

wet volume was only registered in 1992. The sequence of very dry years harmed 

the ecosystems and water-dependent activities (BRITO et al., 2018). For 

instance, 1,270 municipalities were listed in an emergency condition in 2016 

(ALVALÁ et al., 2017). 

Figure 2.6 - Annual volume of precipitation at São Francisco Basin from 1961 to 2018. 

  

1961

1962

1963

1964

1965

1966

19671968
1969

1970

1971

1972

1973

1974

197519761977

1978

1979

1980
1981

1982

1983

1984

1985

1986

1987

1988

1989

1990

1991

1992

1993

1994

1995

1996

1997

1998

1999

2000

2001

2002

2003

2004
2005

2006

2007

2008

2009

2010

2011

2012

2013

20142015

2016

2017

2018

376

480

585

689

794

898

1960 1970 1980 1990 2000 2010 2020

A
n

n
u

al
 p

re
ci

p
it

at
io

n
 (

G
m

³)

Very wet 

Wet 

Typical 

Dry 

Very dry 



14 

Figure 2.7 - Precipitation at São Francisco Basin: column bars express the seasonal 
volume of rainfall from 1961 to 2018; horizontal lines express the average 
values for wet (blue) and dry (orange) season in different periods: 1961-
2008 (light color), 2009-2018 (medium-dark color), and 2012-2018 (dark 
color); the lines with variation express the annual precipitation rate of the 
four sub-basins (gray colors). 

 
Source: FUNCEME (2020). 
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phases of ENSO and PDO in the Upper SF as identified in other regions of the 

Northeastern Brazil. However, a correlation was identified in the Lower-Middle 

sub-basin, where both positive PDO and ENSO influenced a reduction in 

precipitation; the opposite effect (increase in precipitation) was verified in 

negative occurrence for both phenomenons. The shift in PDO phase also 

influenced the values of minimum anomaly for Lower-Middle sub-basin. 

Figure 2.8 - Number of days in water deficit in the Brazilian Northeast from 2011-2016. 

 

    

Source: Marengo et al. (2017). 

Throughout the severe drought, the streamflow of the SFR was intensively 

reduced and the operators had to deal with the intense water shortage in the 

reservoirs. Before the severe drought, the Sobradinho HPP was ruled by an 

authorized minimum operative outflow of 1,300 m³/s, with the possibility of 

restriction to 1,100 m³/s in critical climate conditions, under the approval of ANA 

(ONS, 2011). The sequence of wet seasons with low precipitation occurred 
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unpredictably and the inflow registered, on average, <1,100 m³/s in 2014-2018 

(ANA, 2019a), decreasing to 661m³/s in 2017 (Figure 2.9). In the dry season of 

2017, the inflow varied in the range of 306-484 m³/s (ANA, 2019a), or ~15-24% 

of the historical average of 2,057 m³/s informed by (ANA, 2020b).  

In 2013, the National Water Agency (ANA) created a governance committee 

composed of regulatory, technical, and environmental bodies to periodically 

assess the hydrometeorological conditions and the probabilities of precipitation 

events, to evaluate the basin conditions, and to set the minimum outflow for each 

reservoir (ANA, 2018b). The governance committee gradually decreased the 

minimum average outflow at Sobradinho and Xingó to 1,100 m³/s in 2013 (ANA, 

2013), 900 m³/s in 2015 (ANA, 2015), 700 m³/s in 2016 (ANA, 2016b), and 

550 m³/s in 2017 (ANA, 2017c). As illustrated in Figure 2.9, the outflow at 

Sobradinho was intensively restricted and presented minor variations starting in 

2014. However, at this point, the events of precipitation were not enough to either 

fill the reservoirs or increase the outflow. In December 2017, the committee also 

interfered in the demand side by prohibiting irrigation and water withdrawal once 

a week (River Day), except for human and animal consumption (ANA, 2017d). 

Figure 2.9 also expresses the difference of inflow and outflow of Sobradinho. 

Generally, the outflow is lower than the inflow to maintain a certain amount of 

water in the reservoir. This difference is quantified based on the level of water 

that the operators set to be reached, considering the estimates of seasonal 

withdrawals and evaporation. Besides, part of the restriction aims to reduce the 

risks of uncertainties on measuring the actual volume of water inside the 

reservoir.  
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Figure 2.9 – (A) Inflow and (B) outflow of the Sobradinho reservoir (m³/s). 
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Figure 2.10 – Effective water storage in reservoirs of hydropower plants installed in the 
São Francisco River from 1999 to 2018: (A) Três Marias, (B) Sobradinho, 
and (C) Itaparica. 

(A) Três Marias 

 
(B) Sobradinho 

 
(C) Itaparica 

 
Source: ONS (2019). 
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Sobradinho HPP declined its generation from 5.11 TWh in 2007 to 1.16 TWh in 

2017 (ONS, 2019a), as shown in Figure 2.11. Consequently, the capacity factor 

dropped from 0.40 in 1999-2008 to 0.29 in 2009-2018 and attained 0.17 in 2014-

2018. The shortage of electricity from SFR contributed to a negative impact on 

the national scale because hydropower source attributes a high share in the 

Brazilian grid, by 74% of public utility power plants in 2018. The predominance of 

hydropower turns SIN susceptible to variations in climate conditions (ONS, 

2019b). Over these years, the shortage of hydropower had to be overcome using 

fossil energy in thermal power plants (MME/EPE, 2019). 

Figure 2.11 - Hydroelectricity generation (primary axis; orange bars) and average outflow 
(secondary axis; blue line) at Sobradinho from 1999 to 2018. 

 
Source: ONS (2019). 
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At this time, the fruit production at the Petrolina microregion4, where DINC is 

located, increased the average production from 0.7 Mt in 2005-2015 to 1.0 Mt in 

2017, and 1.28Mt in 2018 (IBGE, 2019). In comparison, the Juazeiro 

microregion5, which is contingent on rainfall and water access from the SFR 

(harmed by the river level), increased the production over wet years, reaching 

0.79Mt in 2007, but declining to 0.36Mt (46%) in 2015 (IBGE, 2019). The diverse 

responses of Petrolina and Juazeiro microregions (Figure 2.13) can be jointly 

explained by several factors that reflect productivity: size of the properties, type 

of cultures, irrigation method, and technological improvements. However, in this 

period, the opposite change in trends possibly can express the role of the 

reservoirs. This context revealed the significance of adopting governance and 

integrated management to balance the multi-purposes and, consequently, 

guarantee access to water-dependent activities. 

Figure 2.12 - Fruit production type of culture at IBGE microregions Petrolina and Juazeiro 
from 1990 to 2018. 

 
Source: IBGE (2019). 
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Figure 2.13 - Fruit production of the microregions Petrolina and Juazeiro from 1990 to 
2018, in million tons. 

 
Source: IBGE (2019). 

Over this century, an increase in temperature, reduction in the volume of 

precipitation, occurrence of extreme climate events, and long-lasting dry periods 

are expected for the Brazilian Northeast (MARENGO et al., 2011; MARENGO; 

TORRES; ALVES, 2017; IPCC, 2018). MARENGO et al. (2012) estimated 

precipitation reduction in wet season by 3.5 mm/day and annually by 35% by 

2100. In another study, MARENGO, TORRES and ALVES (2017) indicated 

projections of temperature increase between 1 and 5ºC - high probability for 4ºC 

(MARENGO et al., 2020). The water deficit during the dry season was predicted 

to increase in intensity and duration (Figure 2.14), raising the tendency of 

desertification (MARENGO et al., 2020). Although a reduction in precipitation is 

predicted to the second part of the wet season (March-May) and dry season at 

up to 1mm/day, an increase is expected for the first part of the wet season 

(December – February). The authors estimated an increase in the ensemble 

mean of multiple climate models from 100 days of consecutive dry conditions in 

1901 and projected the occurrence of 140 days in 2100 (MARENGO; TORRES; 

ALVES, 2017).  
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Figure 2.14 – Projections in the variation of precipitation minus potential 
evapotranspiration (mm/day) at Brazilian Northeast from 1970-2100. 

 
Source: Marengo et al. (2020). 

Due to the estimated reduction in precipitation and increase in evaporation 

induced by higher temperatures, the availability of water in the SFR and the 

energy generation are concomitantly harmed. Besides, land-use change, 

urbanization, and consumption growth also contribute to the intensification of 

scarcity and conflicts for the future. Over the next decade, estimates show an 

increment in consumption by 2.9-5.6% per year for water (ANA, 2016a; CBHSF, 

2016) and 3.8% per year for energy (MME/EPE, 2020). Additionally, some 

studies project critical scenarios for hydrological conditions and energy 

production in the basin (SCHAEFFER et al., 2012; RIBEIRO NETO et al., 2016; 

RUFFATO-FERREIRA et al., 2017; DE JONG et al., 2018; MARENGO et al., 

2020). These drivers of impact from climate change to the Brazilian semi-arid 

enhance the role of adopting a Nexus perspective for managing the resources 

among ecosystem and anthropic activities and investing in alternative energy 

sources in synergy with hydropower. 
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3 MATERIALS AND METHODS 

3.1 Water-Energy Nexus 

The concept of Nexus was proposed in the context of jointly addressing 

conservation of the ecosystems, equality in the access of resources, mitigation 

of climate change, and adaptation of human activities. In environmental sciences, 

the term was first used in 1983 by the United Nations University, associated with 

the security in the use of resources (SACHS; SILK, 1990). Recently, Nexus 

reached relevance in the Bonn Conference 2011, named Water, Energy, and 

Food Security Nexus - Solutions for the Green Economy (HOFF, 2011). Since 

this meeting, researchers have continuously been working to develop its 

framework and methodological guidelines.  

Conceptually, the coordinated actions towards sustainable development rely on 

governance capacity, guided by multicriteria assessment (FAO, 2014b). The 

advances comprehend the definition of the common scientific ground; 

understanding of the involved systems in human activities; its application on 

economic sectors; proposal of appropriate indicators, general indexes, and 

datasets; and the disclose of the results in a transdisciplinary communication that 

supports governance in creating actions (KURIAN; ARDAKANIAN, 2013; AL-

SAIDI; RIBBE, 2017; DARGIN; DAHER; MOHTAR, 2019). The actions for 

environmental security and ecosystem resilience rely on the assessment of 

synergies and trade-offs among the systems, which can involve, for instance, 

water, energy, food, land, or climate. Figure 3.1 illustrates some interactions over 

water, energy, and food systems. 

A consistent proposal towards integrated solutions arises from transdisciplinary 

knowledge of environmental, social, economic, and political fields (HOFF, 2011; 

FAO, 2014b; SCOTT; KURIAN; WESCOAT, 2015; TANIGUCHIA et al., 2017; 

VARIS; KESKINEN; KUMMU, 2017). Methodologically, the appropriate scale and 

relevant indicators of a study are mainly defined based on the context, diagnosis 

of critical vulnerabilities, and objectives. The Nexus investigations pursue the 

overall gains in the dynamics of the systems in several spatial and temporal 

scales instead of displacing the impacts between systems or achieving the best 
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performance of separate resources (SCOTT; KURIAN; WESCOAT, 2015; 

NHAMO et al., 2018). The qualification of appropriate responses will address the 

objectives in mitigating impacts, being related to processes change, technological 

update, infrastructure shift, or the introduction of public policies, to be adopted in 

combination or individually (HAROU et al., 2009; FAO, 2014b; DAHER; 

MOHTAR, 2015).  

Figure 3.1 – Classical schematization of the water-energy-food Nexus. 

 
Source: Mohtar and Daher (2012). 

An innovative dimension of Nexus is the focus on governance involving multiple 

sectors (HOFF, 2011; IRENA, 2015; IEA, 2016). The set of information produced 

in the study has to be oriented to support decision-making by the gather of 

stakeholders from the scientific community, society, public and economic sectors 

(FAO, 2014b; SCOTT; KURIAN; WESCOAT, 2015; KURIAN, 2017; SCANLON 

et al., 2017; RISING, 2020). To meet this goal, the appropriate communication of 
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the diagnosis and results of the studies is a relevant aspect (Figure 3.2) because 

uncoordinated decisions can lead to the inefficient use of resources or the 

adoption of inappropriate strategies in the overall context (HOFF, 2011; IRENA, 

2015; IEA, 2016). Accordingly, the capacity to inform the diverse stakeholders on 

the scientific results (HOWELLS et al., 2013), in an adequate common 

terminology (BAZILIAN et al., 2011; KURIAN; ARDAKANIAN, 2013; KURIAN, 

2017), offers the possibility of identifying synergies and improves the capacity of 

negotiation. The flow of information among stakeholders, committees, countries, 

and sectors creates the basis for the design of effective and integrated 

management programs and policies. For the reason of this conceptual 

framework, Nexus is considered appropriate for monitoring and advancing the 

Sustainable Development Goals (FAO, 2014b; BIGGS et al., 2015; SCOTT; 

KURIAN; WESCOAT, 2015; KURIAN; SUARDI; ARDAKANIAN, 2016).  

Figure 3.2 - Conceptual diagrams of different fields of knowledge. 

 
Source: Konar et al. (2016). 

Since the São Francisco River presents a territorial concomitance of water 

scarcity and its essential use for direct consumption, electricity generation, and 

food production, with asymmetry between availability and demand, the Nexus 

concept stands as an approach to improve the synergic use of the available 

resources, taking advantage of the current governance. 
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3.2 Selected scenarios 

The photovoltaic power plant was the designated technology because it responds 

to relevant issues. Firstly, solar is a renewable source to substitute the use of 

fossil energy in thermal power plants that feeds the grid during events of water 

shortages and, consequently, mitigate greenhouse gas emissions. Secondly, the 

semi-arid portion of the São Francisco basin, where Sobradinho is located, 

receives high downward surface solar irradiance over the entire year, with 

potential for photovoltaic production higher than 1,750 kWh/kWp.year (PEREIRA 

et al., 2017). Thirdly, solar power generation is being promoted by CHESF, the 

Company of hydroelectricity of São Francisco (CHESF, 2020), and winning a 

significant share in auctions for the grid expansion with competitive values (MME, 

2018; CCEE, 2020a). Fourthly, the installation of PV panels in a floating 

mechanism is a promising solution because the panels can benefit in production 

from the cloudiness regime of the lake breeze (GONÇALVES et al., 2020), and 

in efficiency from the cooling effect of water on the panels surface and local 

atmosphere (LIU et al., 2017). Alternatively, the floating system can reduce 

evaporation from the reservoirs by partially covering the lake; and the 

optimization of solar-hydro complementarity allows to dedicate the water storage 

for the demand. 

We selected converting Sobradinho into a hybrid power plant considering several 

factors: the relevance of this reservoir for population and economic activities on 

local and basin scales; the large storage capacity, which allows to conserve more 

water and assess the consequences of increasing water and energy security; its 

relative position in the operation of reservoirs in cascade at SFR; and the recent 

underutilization of this connection to the national electric grid (ONS, 2019a). 

Besides, a pilot project of 1 MWp FPV is operating at Sobradinho (PLANALTO, 

2019a) as part of the Petrolina Solar Energy Reference Center (CHESF, 2018a), 

which indicates the potential of this solution in this power plant. 

3.2.1 Solar power and solar-water equivalence 

To assess the solar power's influence on the allocation of water in the São 

Francisco River over the severe drought period, we defined a wide range of solar 



27 

power scenarios to carry out a sensitivity analysis of the Nexus Water-Energy. 

We investigated the scenarios of installed PV power capacity at 50, 100, 250, 

500, 750, and 1,000 MW. Although the technological solution was selected as 

the floating PV system, the electricity output was quantified for a ground-mounted 

system, using characteristics of the polycrystalline silicon cell modules with a 

panel efficiency of 0.2 currently available in the market (NREL, 2020). 

Solar photovoltaic energy is variable, as it depends on the incoming solar 

radiation at the PV modules, which, in turn, critically depends on the local 

cloudiness, incidence angle, surface albedo, and operating temperature of the 

PV modules. The solar electricity output was estimated for the observational 

ground-measured data of solar irradiation acquired at the BSRN6 meteorological 

station operating at the Petrolina municipality (~70 km from Sobradinho), 

managed by the SONDA project (PEREIRA et al., 2017; INPE, 2020). The 30-

minute global horizontal irradiation (GHI) dataset was converted into monthly 

averages, resulting in 110-216 kWh/m² for 2009-2018 (Figure 3.3). Data gaps 

were filled by the average of the specific month. The solar dataset shows a good 

correlation between high irradiation and years of severe drought, especially for 

2015 and 2017. The seasonal complementarity of the energetic sources is 

expressed in Figure 3.4, showing an increase in solar irradiation concomitant to 

the low precipitation rate of dry months.  

Figure 3.3 - Monthly average irradiation at Petrolina meteorological station (kWh/m²). 

 
Source: INPE (2020). 
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Figure 3.4 – Solar irradiation at Petrolina meteorological station and precipitation rate at 
Middle sub-basin, on monthly average values. 

 
Source: INPE (2020) and FUNCEME (2020). 

The solar irradiation was converted into potential power generation by using 

Equation 3.1 from LORENZO (2002) for photovoltaic systems connected to the 

grid: 

EAC = P*(Gdaeff/G)*FS*PR    (3.1) 

where 

EAC is the electricity produced by the PV system (kWh/month);  

P is the nominal power of the PV modules (kWp);  

Gdaeff is the global irradiation that reaches the panel surfaces at the latitude tilted 

angle (kWh/m².month);  

G is the irradiance that determines the nominal power of the modules under 

standard test conditions (STC), usually 1kW/m² at 25°C;  

FS is the factor of shading losses due to obstacles (0 for permanently in shadow, 
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We assumed complete unshaded conditions since the system configuration is for 

PV panels floating in the reservoir and, therefore, clear of obstacles (FS = 1). The 

potential EAC was estimated in a range of 88-173 Wh/Wp (Figure 3.5). The 

potential of solar irradiance presented a growing trend, probably explained by the 

reduction of cloudiness during the days along the study period. 

Figure 3.5 - Potential power generation at Petrolina per installed capacity in monthly 
timestep. 

 

 

For hydropower simulation, water allocation varied in correlation with the PV 

installed power capacity. We associated the hydroelectricity output with the 

turbinated outflow (ONS, 2019a) to estimate the outflow correspondent by the PV 
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very wet months. The four dots outlying from the linear trend in Figure 3.6 can be 

explained by this lack of information, which occurred in February and March 2005, 

January 2006, and March 2007. For the quantification of the saved flow, we 

adopted the 1999-2018 instead of the 2009-2018 average value to reduce 

underestimation in productivity. As the FPV increased the storage level, we could 

achieve higher productivity in the simulated scenarios compared to the values 

obtained in the severe drought period. 

Figure 3.6 - Productivity related to the level of water storage in the Sobradinho reservoir 
from 1999-2018. 

 
Source: ONS (2019). 

 

Figure 3.7 – Productivity of Sobradinho HPP from 1999-2018. 

 
Source: ONS (2019). 
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installation of a solar PV of 50 MW to 904 m³/s for the scenario with 1,000 MW, 

considering 0.2 for panel efficiency. 

Table 3.1 - Six scenarios with varying levels of installed power of photovoltaic panels, 
estimates of annual electricity from the solar source, and the equivalent 
volume and outflow of water. 

Solar 
intensity 
scenarios 

PV Installed 
power 

Potential 
annual solar 

electricity 

Equivalence to hydropower1 

Water 
volume 

Outflow (Saved flow) 

MW MWh 106 m³ m³/s 

PV-50 50 87,600 1,426 45 

PV-100 100 175,200 2,851 90 

PV-250 250 438,000 7,129 226 

PV-500 500 876,000 14,257 452 

PV-750 750 1,314,000 21,386 678 

PV-1000 1000 1,752,000 28,515 904 

1 - Hydropower productivity at Sobradinho = 61.4 Wh/m³ 

3.2.2 Operation rules for the reservoirs 

In 2017, to avoid future events of reservoir depletion, ANA reviewed the 

normative of 1,300 m³/s as the minimum operative outflow authorized for 

Sobradinho (ONS, 2011). The National Water Agency Resolution 2081/2017 

(ANA, 2017e) established the outflow values from the reservoirs based on three 

operational stages - Regular, Attention, and Restriction - classified by the 

effective storage volume (EV) of Três Marias and Sobradinho. A certain minimum 

outflow is associated with each operational stage, as expressed in Table 3.2. To 

create the resolution, several scenarios were analyzed for the critical inflow of 

2012-2016 varying three parameters: initial storage in December, outflows of the 

reservoirs, and effective volume of the operational stages (ONS, 2019c). As 

projections are not absolute in assuring the climate conditions of the following wet 

season, the projections of water level embraced a one-year time span (ONS, 

2019b). Another relevant aspect to be considered: after a severe meteorological 

drought, downstream areas face persisting hydrological dry conditions, which 

usually takes multiple years to recover (VAN OEL et al., 2018). Thus, the 
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resolution intended to guarantee the water storage above the restriction level at 

the end of the dry seasons, in November. The rules applied from 2019 onwards. 

Table 3.2 - Water Agency Resolution 2081/2017 for the outflow of the reservoirs at São 
Francisco River related to the effective water storage volume in the 
reservoir (EV). 

 Operational stage 

Reservoir Regular Attention Restriction 

Três Marias 

Minimum outflow 
EV > 60% 30% < EV < 60% EV < 30% 

150 m³/s 150 m³/s 100 m³/s 

Maximum outflow No restriction To be monthly defined  

Sobradinho 
 

Minimum 
outflow 

EV > 60% 20% < EV < 60% EV < 20% 

Sobradinho 800m³/s 
Xingó 1100 m³/s Both: 800 m³/s Both: 700 m³/s 

Maximum outflow No restriction 
To be monthly 

defined Dry period: 
1000 m³/s 

900 m³/s 

Source: ANA (2017). 

To make the study adherent to the current operating rules for drought conditions, 

we combined in the simulated scenarios the historical outflow operation with the 

Resolution 2081/2017, setting the rules informed in Table 3.3. Some exceptions 

to the resolution were adopted. For Três Marias, we just set the minimum outflow 

of 150m³/s, which enabled the allocation of water under the priorities established 

for the model. For the minimum outflow of Sobradinho in restriction stage, the 

same limit of alert stage of 800 m³/s was adopted since we intended to avoid low 

outflows and minimize the most harmful effects that occurred on the ecosystem 

and water access. For maximum outflow, this rule was substituted by the saved 

flow instruction aiming to access the positive and negative impacts of the 

measure.  
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Table 3.3 - Operation rules of water allocation adopted in the simulations. 

Reservoir 
Operational stage 

Regular Attention Restriction 

Três Marias 

Minimum outflow 
EV > 60% 30% < EV < 60% EV < 30% 

150 m³/s 

Maximum outflow No restriction 

Sobradinho 
 

Minimum outflow at 
Sobradinho and 

Xingó 

EV > 60% 20% < EV < 60% EV < 20% 

Historical  
outflow dataset 

Historical outflow dataset - saved 
outflow;  

limit of 800 m³/s 

Maximum outflow No restriction 

 

At the alert stage, the saved flow equivalent to generating the electricity added 

by the PV panels was deducted from the historical dataset respecting the limit of 

800m³/s, as illustrated in Figure 3.8. The minimum value was also established to 

avoid very low streamflow or negative values. These values were applied in the 

model as the minimum operating outflow for the restriction stage, which means 

that the simulations could assume higher values when water was available in the 

system. In addition, the saved flow rule was not applied to the regular stage for 

one reason: low outflows would not be realistic in high levels of water storage as 

it leads to the waste of potential electricity when high outflows occurred after filling 

the reservoir.  

The set of the minimum outflow above 800 m³/s mitigates the most harmful 

impacts of lower streamflow, which reached down 550 m³/s in 2017 (see red line 

in Figure 3.8), putting into risk water quality, public health, and ecosystem cycles. 

In the modeling, this adjustment implied a predominance of the rules dividing the 

study period in two: the first period was directly influenced by the 'saved flow' 

from PV adding while the second period was ruled by the minimum outflow. It is 

important to emphasize that the shift of the minimum outflow from 550 m³/s to 

800 m³/s was enabled by the PV adding. Every scenario presented an individual 

extent for each period. 
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Figure 3.8 – Rules for outflow at Sobradinho at attention stage: quantified for solar 
scenarios based on saved flow (dashed lines) and adjusted by the 
minimum outflow of 800 m³/s (solid line). 

 

3.3 Assessment of the scenarios 

The scenarios were analyzed in three contexts: water security, water 

conservancy, and electricity generation. Indicators were quantified regarding 

water, energy, water-energy, and water-food related to the different components 

of the SFR system, as described in Table 3.4. The scenarios were considered 

valid by avoiding water shortage: meeting the demand, conserving water above 

the minimum operating volume of the reservoirs and sustaining the minimum 

outflow at Sobradinho and Xingó. The food Nexus was embedded in water 

security and, therefore, mandatory for the scenario validation. After the validation, 

indicators were quantified and compared to the observed scenario (modeling of 

the historical dataset) of 2009-2018. 

-500

0

500

1000

1500

2000

2500

3000

S
o

b
ra

d
in

h
o

 o
u

tf
lo

w
 (

m
³/

s
)

Observed
50 MW
100 MW
250 MW
500 MW
750 MW
1000 MW
50 MW
100 MW
250 MW
500 MW
750 MW
1000 MW
800 m³/s



35 

Table 3.4 – Indicators of assessment of the scenarios. 

Indicator Description Nexus Influence Component Unit 

Water security 

Relation of the 

minimum water 

volume to the 

yearly demand 

Water, 

Water- 

Food 

Water 

storage  
Sobradinho 

Ratio of the 

storage to the 

yearly 

demand 

Solar electricity 
PV electricity 

generated 
Energy 

Solar 

radiation 
Sobradinho 

GWh/month 

GWh/year 

Hydroelectricity 
Hydroelectricity 

generated 

Water-

Energy 

River 

flow 
Sobradinho 

GWh/month 

GWh/year 

Capacity factor 

Capacity factor of 

the hybrid power 

plant 

Energy 

River 

flow and 

PV scale 

Sobradinho 

Ratio of the 

transmission 

line capacity 

Electricity 

output 

Total electricity 

generated  

(solar + hydro) 

Energy 

Solar 

radiation 

and river 

flow 

Sobradinho 

SFR HPPs  
TWh/year 

Water loss by 

evaporation  

Volume of water 

lost by 

evaporation from 

the reservoirs 

Water 
Water 

storage 

Sobradinho 

Reservoirs 
m³/year 

Energy loss by 

evaporation 

Potential energy 

not generated 

due to water 

losses by 

evaporation from 

the reservoirs 

Water-

Energy 

Water 

storage 
Sobradinho TWh/year 

Energy loss by 

spilled water 

Potential energy 

lost by outflow 

higher than the 

maximum 

turbinating 

capacity 

Water-

Energy 

River 

flow 

Sobradinho 

and HPPs 

downstream  

TWh 
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3.4 Water and energy system modeling 

The São Francisco basin water system was modeled using the Water Evaluation 

and Planning (WEAP) software, version 2019, 2  (SEI, 2015). This integrated 

platform based on semi-distributed hydrological modeling can incorporate 

interconnected components such as rivers, reservoirs, HPPs, crops, and multiple 

demands (YATES et al., 2005). The model configuration can include rules for 

water allocation among different uses such as agriculture and hydroelectricity. 

The program provided the downloading of spatial information on geographic 

positions, limits of the basin, and the course of the main rivers (Figure 3.9). 

Hereafter, the elements that made up the model were manually inserted: three 

HPP with reservoir (Três Marias, Sobradinho, and Itaparica); two run-of-river HPP 

(PAC and Xingó); the water withdrawals (demand) from the river and reservoirs, 

and the nodes. Nodes are elements offered by WEAP to input water (reaches) 

and promote the water allocation among the inserted elements (minimum flow 

requirements: MFR). The reaches were summed for each sub-basin and the 

MFRs were inserted next to the reservoirs outflow and at the river mouth. The 

operation of SFR was designed for the period 1999-2018, and the proposed 

scenarios were simulated for 2009-2018 as the three reservoirs presented full 

storage in 2009 (Figure 2.10). 

Water allocation and energy generation were designed to reproduce the dataset 

of the Brazilian governmental agencies ANA and ONS (Brazil's National Grid 

Operator). We informed data on the physical features of the HPPs and water 

inputs and outputs from the river and the reservoirs in the study period. The water 

in the riverbed and the reservoirs fed by the river consists of the available water 

under management. We did not take into account groundwater because surface 

water sums 90% of the demand in the basin (CBHSF, 2016). 
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Figure 3.9 – (A) Schematic interface of WEAP and the elements of modeling São 
Francisco River at (B) Três Marias region (Upper sub-basin) and (C) 
Sobradinho and Itaparica region (Lower-Middle and Lower sub-basins).  

(A)  

 

 (B)     (C) 

  
 

Figure 3.10 illustrates the components of the SFR system and the water flow of 

inputs and outputs of the water balance with the width of the arrows/flows 

corresponding to their relative volumes; values in brackets account for the volume 
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in billion cubic meters for the average of 2009-2018 (y-axis). Water resource was 

allocated using node elements and a sequence of priority between the 

components of the model. Four nodes were created to apply the historical dataset 

and define the minimum flow requirement (MFR) in the simulations: the outflow 

(ONS, 2019a) of Três Marias (MFR1), Sobradinho (MFR2), and Xingó (MFR3) - 

located just downstream the HPPs - and the streamflow (ANA, 2019b) at Traipu 

gauge (MFR4) – located at the river mouth. In the simulations, the MFR nodes 

were used to set alternative streamflow in these points and consequently modify 

the water allocation. The priority in delivering water followed the sequence: 1) 

water demand, 2) minimum flow requirement, 3) storage water at Três Marias, 

Sobradinho, and Itaparica reservoirs. 

Figure 3.10 – Water flow (Sankey diagram) in the components of the San Francisco 
River model; values in Gm³ for the average 2009-2018 refer to the y-axis.  

 

3.4.1 Hydropower plants and reservoirs  

Run-of-river and HPPs with reservoirs were modeled at WEAP. For the reservoir, 

we informed fixed characteristics (Table 3.5): total storage capacity, effective 

storage volume, minimum operational volume, volume-elevation curve, maximum 

hydraulic outflow (ANA, 2020a), maximum turbinated outflow, tailwater elevation, 

and powerplant efficiency (CHESF, 2018b). For the study period, operational 

data was included: the water storage for starting the model, defined by the 

effective volume at 01/01/1999 (ONS, 2019a), and net evaporation (FUNCEME, 

2020). 
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Table 3.5 – Primary information on the hydropower plants and their reservoirs. 

Elem. Characteristics Unit Três Marias Sobradinho Itaparica Source 
R

es
er

vo
ir 

Storage capacity  109m³ 19.53 34.12 10.78 (ANA, 
2020a) 

Minimum operating 
level (Top of 
inactive) 

109m³ 4.25 5.45 7.23 (ANA, 
2020a) 

Initial storage 
(01/01/1999) 109m³ 9.52 18.80 9.14 (ONS, 

2019a) 

H
PP

 

Maximum 
turbinating flow  m³/s 924 4,260 2,745 (CHESF, 

2018b) 

Total turbines  Unit 6 6 6 (CHESF, 
2018b) 

Efficiency % 95 90 92 (CHESF, 
2018b) 

 

To quantify hydroelectricity, WEAP combines the water allocation with the inputs 

of physical information of the reservoirs (Figure 3.11) and characteristics of the 

power plant (efficiency and maximum turbinating flow). The number of turbines 

effectively working is not constant and depends on the operational outflow and 

the maintenance scheme (ONS, 2019d). This implies a variation of the maximum 

turbinated outflow for the time-steps, whose information was not available. At 

Sobradinho, each turbine produces electricity using up to 710 m³/s, thus, we 

adjusted the maximum turbinated outflow for some months by using as reference 

the turbinated outflow and hydroelectricity output informed by ONS (2019). 

Besides, Sobradinho has an installed capacity of 1.05 GW (CHESF, 2018b), 

resulting in a maximum potential output of 9,200 GWh/year, or 767 GWh/month, 

on average. We assumed this value as the limit for the total dispatches of solar 

and hydroelectricity into the SIN to take advantage of the existing transmission 

line capacity already installed at Sobradinho. 
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Figure 3.11 – Volume-elevation curve of the reservoir (A) Sobradinho, (B) Três Marias 
and (C) Itaparica (ANA, 2019a). 

(A) 

 

(B)      (C) 

  

 

The run-of-river PAC and Xingó HPPs were included to evaluate the overall 

impact of the scenarios on the total electricity generated from the SFR. Although 

we recognize that residual storage may occur upstream of the turbines of a run-

of-river HPP, we could not access this information and, therefore, we assumed 

that the functioning of these power plants did not influence the river flow 

(SILVÉRIO et al., 2018). These HPPs were added to the model because the 

water allocation among the reservoirs influences their electric outcomes. Input 

data for the model was maximum turbine flow and energy efficiency, respectively, 

2,310m³/s and 95% at PAC, and 3,000m³/s and 92% at Xingó (CHESF, 2018). 

Turbines in operation and tailwater elevation were used to adjust the accuracy of 

the model in the electricity output.  
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3.4.2 Water input 

3.4.2.1 Incremental streamflow  

Incremental streamflow expresses the variation of the streamflow between two 

locations as a result of water inputs and outputs along the river: direct 

precipitation, runoff, contributing watercourses, withdrawals, evaporation, and 

transfers with underground water. For the reaches R1-R47 (Figure 3.10), the 

incremental streamflow was quantified using the inflow and outflow of the three 

reservoirs (ANA, 2019b; ONS, 2019a) and streamflow of Traipu gauge (ANA, 

2019b). Traipu gauge was selected among the gauges located near the river 

wedge due to its more complete dataset. We assumed for the reaches, 

respectively, the dataset of Três Marias inflow (R1), the variation from Três 

Marias outflow to Sobradinho inflow (R2), the variation from Sobradinho outflow 

to Itaparica inflow (R3), and the variation from Itaparica outflow to Traipu 

streamflow (R4). To describe the volume of the demand in each section of the 

river between the reservoirs, this withdrawal was included both as an output and 

input, included in the corresponding reaches. Water inputs were quantified in 

cubic meters per second (m³/s) and uploaded in monthly timestep using the ‘read 

from file’ tool of WEAP. 

Water inputs from the sub-basins associated with Upper (R1) and Middle (R2) 

contributed to the SFR streamflow more intensely than Lower-Middle (R3) and 

Lower (R4) because the precipitation rate was higher, as well as the contribution 

area is larger. Lower-Middle and Lower sub-basins are inserted in semi-arid 

areas, susceptible to frequent water deficits and more intense rates of water 

abstractions, transmission losses of the riverbed, and recharge of aquifers that 

lead to negative variations of the streamflow. Thus, R3 and R4 resulted in 

negligible or negative values in most of the months. To quantify the water entering 

the model in months that downstream measurements presented smaller values 

than the upstream measurements, the negative results were balanced within 

previous or consecutive months with positive values. For R3, the annual dry 

 
7 R1, R2, R3, and R4 corresponds to the four sub-basins of the SFB, as shown in the schematic 
of Figure 3.10. 
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seasons and the recent dry years resulted in long sequences of negative 

numbers. To balance the negative values, we adopted the average result of the 

dataset for two periods, 1999-2002 and 2003-2018. For R4, we balanced the 

negative numbers by quantifying an average for the years 2001-2009. 

3.4.2.2 Precipitation in the reservoirs  

The precipitation in the reservoirs was quantified by multiplying the area of the 

lake (ANA, 2020a) by the monthly precipitation rate of the sub-basins the 

reservoirs are located (FUNCEME, 2020). Upper, Middle, and Lower-Middle 

precipitation rates (Figure 3.12) were adopted for Três Marias, Sobradinho, and 

Itaparica, respectively.  

Figure 3.12 – Monthly precipitation rate at the São Francisco sub-basins Upper, Middle, 
Lower-middle, and Lower. 

 

The maximum flooded area was admitted for Três Marias (1,040 km²) and 

Itaparica (828 km²). For Sobradinho, we estimated the area from the volume of 

water in the reservoir by using literature data (AZEVEDO et al., 2018). Based on 

remote sensing images, the authors measured the area occupied by the 

Sobradinho reservoir in June (wet month) of 2011, 2015, and 2016, and in 

October (dry month) of 2015 and 2016. We associated the reservoir’s area 

provided by the authors with the average volume of water stored in the reservoir 

in the same months (ONS, 2019a). Using this data, we set three linear trends 
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related to the volume: 1) V<12 Gm³; 2) 12<V<30 Gm³; and 3) V>30 Gm³. Figure 

3.13 shows the data used to plot the linear trends (red dots) and the estimative 

of area for the annual average of water storage (purple dots). To quantify the 

average water surface area of the Sobradinho reservoir in monthly timestep, we 

identified the range in which the storage volume was inserted and applied the 

specific equation of linear correlation; the three equations are expressed in Figure 

3.13. Subsequently, to quantify the direct precipitation on the water surface of the 

Sobradinho reservoir, the estimated surface area was multiplied by the monthly 

precipitation rate at the associated sub-basin (FUNCEME, 2020). 

Figure 3.13 – Correlation of the volume of water at the Sobradinho reservoir and the area 
of the lake.  

 
 

3.4.2.3 Runoff at the Sobradinho reservoir 

We quantified the runoff into Sobradinho from the area between the inflow 

(Morpará and Boqueirão gauges) and the location of the HPP outflow 

measurement (~350 km). We estimated the monthly contributing area of both 

sides of the SF river (SIGEO, 2011), as illustrated in Figure 3.14, taking into 

account the variation of the Sobradinho lake. The monthly area was multiplied by 

the monthly precipitation rate of the Middle sub-basin (FUNCEME, 2020) and the 

runoff coefficient of 8% (MMA, 2006). The total area is estimated to be 69,518 

km² with 33,398 km² on the west side and 36,120 km² on the east side. The runoff 

into the other reservoirs was considered through the physical aspects of the 

inflow measurement of Três Marias, which includes the input from main 
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contributors around the boundaries of the reservoir; and the low precipitation 

rates and runoff coefficient of Itaparica, which were estimated into the incremental 

streamflow input. 

Figure 3.14 – Sub-catchment in the São Francisco reservoir with the contributing area of 
local runoff to the Sobradinho reservoir (in yellow). 

 
 

 

3.4.2.4 Total water input 

The input at R2 accounted for the main adding of water in the model (53%, on 

average for 1999-2018), followed by R1 (25%), local runoff at Sobradinho (7%), 

R3 (5%), R4 (4%), and the precipitation at Sobradinho (3%), Três Marias (2%), 

and Itaparica (1%). The monthly inputs are illustrated in Figure 3.15. The 

precipitation rate is higher at the Upper sub-basin, but the contributing area of the 

Middle sub-basin makes this region more significant to the water input and, in 

practice, to the availability of water to downstream sub-basins, which are located 

in the semi-arid portion of the SFB. The total water input presents a decreasing 

trend over the study period (dashed line). 
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Figure 3.15 – Water input (m³/s) in reaches: R1, R2, R3, and R4, local runoff at 
Sobradinho, precipitation (P) on the three reservoirs, and the linear trend 
of total input from 1999 to 2018. 

 

3.4.3 Water output 

3.4.3.1 Demand 

For the demand, we adopted the dataset for ANA’s authorizations of water 

withdrawal since the São Francisco River is under federal administration. The 

authorizations can be interpreted as the government's commitment to delivering 

a certain volume of water to the users, which can be associated with water 

security. The database is available in GIS format (ANA, 2020c), and includes 

information on localization, user, volume, data of emission, and validity of the 

authorization. 

The dataset was classified by location – withdrawals from the three reservoirs 

and SFR - and active authorizations on each year of the 1999-2018 period using 

the date of emission and validity. The classified authorizations were separated in 

six different groups: reservoirs and sections of the SFR between the reservoirs: 

Três Marias (Figure 3.10 – D1), Sobradinho (D3), Itaparica (D5), and the river 
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downstream of each reservoir (D2, D4, D6). The water demand associated for 

the six groups was quantified summing the annual volume authorized in each 

classified declaration. 

The authorizations for Sobradinho were also classified in urban supply 

(aggregates public supply and human consumption), Nilo Coelho irrigation district 

(DINC), irrigation (except DINC), and other uses (aquaculture, livestock, industry, 

mining, construction, and thermal energy). DINC was specified as this consumer 

presents 97.5% of the productive area dedicated to fruits (DINC, 2019). An 

additional demand was ascribed to the Itaparica reservoir: the East Transposition 

of the SF river (ANA, 2020d), which infers an additional driver of water scarcity. 

The use of water to produce hydroelectricity at the Brazilian HPPs appears in the 

database with zero consumption. 

The official dataset seems to present some uncertainties. The annual data varied 

widely throughout the study period, as illustrated in Figure 3.16. This variation is 

likely related to administrative and practical reasons. First, the authorization 

started to be organized and delivered in 2001, so there is a lack of information for 

the years 1999 and 2000. Second, the volume of water increased at a low rate 

during the first years, but from 2006-2007 onwards it presented high values. 

Accordingly, the 2007 values probably express a more reliable volume of water 

being extracted in the preceding period. Third, the authorized volume declined 

five years later but increased again to the trend level within two years. This 

oscillation might represent that users registered for an overestimated volume in 

their first registration; or some five-year permissions got invalid and the users did 

not immediately renew them - probably as an effect of previous wetter years; or 

administrative delays concerning database management. The same oscillation 

occurred five years later, when the authorized volume declined again, possibly 

due to one of the reasons previously mentioned. Another uncertainty is about its 

accuracy regarding the authorized volume and effective withdrawals. The 

authorized volume may not always correspond to the real volume of water that is 

taken from the watercourse or reservoir. If the user’s request for permission does 

not correspond to the actual water need, it can imply an overestimation. For 2018, 

the volume of water informed by the consumers related to their effective 



47 

consumption (auto-declaration) corresponded to 80% of the authorized volume 

(ANA, 2019c). The opposite can also happen, and some users may consume 

more than previously expected when applying for permission. Several penalties 

in 2018 were associated with disrespect to the authorized volume (29%) or water 

withdrawals without permission (24%) (ANA, 2019c). In this study, we assumed 

that factors of under- and overestimation may compensate for each other. 

From the primary dataset, we adjusted the values of the first years of the 

simulation. Figure 3.16 shows the primary data (solid line) and the adjusted 

values adopted in the study (dashed line). For the main consuming sector, 

irrigation, the database values from 2007 to 2018 were directly used in the model; 

for 1999, we adopted the minimum value of the time series (1.19 Mm³ in 2012); 

while for 2000-2006, we assumed an annual growth rate of 4% to reach the 2007 

value. For urban supply, data was available from 2009-2018; we assumed the 

value of 2009 for 1999-2008. DINC discloses the total withdrawal per year since 

2005; this first annual data was repeated from 1999-2004.  

Figure 3.16 – Volume of water of authorized withdrawal from Sobradinho Reservoir for 
2001-2018. Primary data by (ANA, 2020c) in solid line; adjusted data 
incorporated to the model, per user, in dashed line. 

 

 

The same procedure was adopted to estimate the withdrawals from Três Marias, 

Itaparica, and SFR sections for the entire period. For Três Marias, data were 

available for 2002-2018. The average demand was admitted to 1999, and an 

increasing rate of 8.5% per year was applied to reach the 2018 consumption 

(Figure 3.17A). For Itaparica, we admitted the primary data for 2005-2018, and 

the 2005 data as a constant value from 1999-2004 (Figure 3.17B). For the 
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withdrawals located downstream of each reservoir, in 1999-2006 we assumed 

the lowest value in the time series, and in 2007-2018 we adopted annual values 

of the database (Figure 3.17C, D, and E). For 2018 data, the total demand of the 

SF river (10.2 Gm³) was equivalent to around 20% of the effective water storage 

at the three reservoirs (47.5 Gm³). 

Figure 3.17 – Water demand from the reservoirs Três Marias (A) and Itaparica (B); and 
from the São Francisco River section downstream Três Marias (C), 
downstream Sobradinho (D), and downstream Itaparica (E). 

 

 

 

 

The Transposition of the São Francisco River project (ANA, 2020d, 2020e) plans 

the transfer of water from SFR to its neighboring river basins. Two channels were 

constructed downstream of Sobradinho to deliver water to the rivers Paraíba do 

Norte (Transposition East), Jaguaribe, and Piranhas (Transposition North) by the 

maximum authorized withdrawal of 28 and 99 m³/s (ANA, 2005), respectively. 

Currently, the testing flow varies around 10.0 and 16.4 m³/s, respectively. 

Transposition East was the only one that started operating during the study period 

(March 2017) and was included in the model.  
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To simulate the seasonality of the demand in dry and wet months (Figure 3.18), 

we adopted the monthly estimates provided by CBHSF for each sub-basin 

(CBHSF, 2016), except for DINC and irrigation from Sobradinho reservoir, for 

which we applied the variation in monthly withdrawal informed by DINC (2019). 

Figure 3.18 – Monthly variation of the water consumption from reservoirs and SFR 
sections.  

 
Source: DINC (2019) and CBHSF (2016). 

3.4.3.2 Evaporation 

WEAP simulates losses of water by evaporation from the reservoirs using a 

monthly timestep as a function of water storage (and the related reservoir surface 

area) and evaporation rate. The reservoir surface area is quantified by the 

software using the volume-elevation curve (ONS, 2019a) and the evaporation 

rate was informed using the monthly average dataset provided by FUNCEME 

(2020) for Três Marias, Sobradinho, and Itaparica (Figure 3.12).  

The monthly evaporation flow, illustrated in Figure 3.19, resulted in 147 m³/s from 

the Sobradinho reservoir on the 1999-2018 average. For comparison, we also 

collected literature data regarding the evaporation from this reservoir. ANA 

estimated that 110 m³/s are lost from the Sobradinho reservoir, which just 

considers the flooded areas and neglects the riverbed (ANA, 2017a). PEREIRA 

et al. (2009) estimated the evaporation of 132 m³/s on average, depending on the 

methodology: 155 m³/s (Linacre, 1993, based on Penman-Monteith), 140 m³/s 

(ECA C=0.6), 130 m³/s (Kohler et al., 1955, based on Penman-Monteith) and 

120 m³/s (CRLE). VIEIRA et al. (2016) estimated the annual evaporation from 
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101 m³/s (ECA C=0.4) to 205 m³/s (ECA C=0.8), based on eight quantification 

methodologies and the average reservoir area of 2,400 km2; if the maximum area 

was assumed, it would reach 360 m³/s. A recent study estimated the Sobradinho 

evaporation to be 203 m³/s, using the Penman method (VIEIRA et al., 2018). The 

higher estimation found in the literature for Sobradinho reached 380 m³/s 

(MEKONNEN; HOEKSTRA, 2011).  

Figure 3.19 – Monthly evaporation rates on Três Marias, Sobradinho, and Itaparica 
reservoirs from 1999 to 2018, based on the evaporation rate dataset of 
Funceme (2020). 

  

3.4.3.3 Total water output 

The outflow to the Atlantic Ocean stands for the main water output of the SFR. 

On average 1999-2018, 91% of the water followed the natural cycle by being 

incorporated into the ocean (80%) or the atmosphere by evaporation (11%); the 

anthropic withdrawal of water sums 9% of the outputs. Figure 3.20 illustrates the 

outputs expressing the variations of available water, the patterns in the demand, 

the role of storage in the reservoirs. From 1999-2008, the demand accounted in 

the range of 2-11% of the output, while the relative participation increased in 

2009-2018, reaching 40% in the dry season of 2017. At this period, the 
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governance committee set the minimum outflow of Sobradinho at 550 m³/s and 

the reservoirs reached their lowest levels. 

Figure 3.20 - Water output in the model distributed into demand, evaporation from the 
reservoirs, and outflow to the ocean from 1999 to 2018. 

 

3.4.4 Water balance 

The annual water balance is illustrated in Figure 3.21 for the years 1999-2018, 

expressing the total volume of water in the model as input, output, variation in the 

total storage of the three reservoirs, and the variance in data. The volume of water 

annually entering the system - incremental streamflow, precipitation in reservoirs, 

and runoff - fluctuated from 35.4 to 92.0 Gm³. The volume of water exiting the 

system - water demand, evaporation from the reservoirs, and outflow into the 

ocean - summed from 36.0 to 103.0 Gm³. The variation in the storage of water of 

reservoirs resulted positive or negative, depending on the year: the maximum of 

12.5 Gm³ was subtracted in 2012 and 13.2 Gm³ was restored in 2018. The 

variance in data comprises the uncertainties associated with the values that made 

up the model, for instance, inflow and outflow of the reservoirs, the quantification 

of incremental inflow, and the estimates on precipitation, demand, local runoff, 

and variation in the reservoir storage. 
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Figure 3.21 – Annual flow of SFR: volume of input, output, variation of water storage in 
the reservoirs, and variance in data. 

 

3.5 Validation 

We used three criteria to verify the correlation of the modeling and the observed 

dataset in monthly timestep of 1999-2018: 1) water storage at the three 

reservoirs, 2) streamflow, 3) electricity generation from the HPPs. The Nash-

Sutcliffe efficiency (NSE) coefficient was applied to quantify the confidence in the 

model, defined in Equation 3.2 (NASH; SUTCLIFFE, 1970): 

       (3.2) 
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where: 

Qtm is the modeled value at time t; 

Qto is the observed value at time t; and 

Qo is the mean of observed values. 

NSE results are classified as ‘Fair’ for 0.50<NSE≤0.70, ‘Good’ for 

0.70<NSE≤0.80, and ‘Very good’ for NSE>0.80 (MORIASI et al., 2015); a 

negative NSE means that the residual variance of the model is larger than the 

observed data variance comparing time-step and mean values. 

3.5.1 Model validation 1: reservoirs storage and streamflow 

On validation 1, we confronted the modeled water storage with the historical 

dataset (ANA, 2019a; ONS, 2019a) using the WEAP graphical user interface. 

NSE resulted in 0.96, 0.86, -0.77, and 0.89, respectively, for Três Marias, 

Sobradinho, and Itaparica, and the total storage in the three reservoirs (Figure 

3.22). The model incorporated the seasonal variations and presented a close 

relation to the dataset over the study period. At Sobradinho, the simulated storage 

was higher than the historical dataset in the initial years; one possible explanation 

is that the adjustments in demand were set at a level lower than the effective 

consumption. At Itaparica, the simulations performed a higher storage volume 

during the severe drought period, especially in wet months and after 2012. This 

can be explained by a larger water deficit, when the lack of precipitation and the 

dry soil moisture impulse a growth in water withdrawal, probably expressing that 

the effective consumption was higher than the demand informed by the official 

dataset. 



54 

Figure 3.22 – Volume of water in the modeled reservoirs (A) Três Marias, (B) 
Sobradinho, and (C) Itaparica (blue line) comparing to the ONS dataset 
(red line) at left; Nash-Sutcliffe efficiency (NSE) graph for the reservoir at 
right; and (D) NSE for the total storage in SFR reservoirs. 

(A) Três Marias (NSE: 0.96) 

  
(B) Sobradinho  (NSE: 0.86) 

      
(C) Itaparica (NSE: -0.77) 
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Figure 3.22 - Conclusion. 
(D) Total storage (NSE: 0.98) 

 

To verify the streamflow, we compared the simulations with the monthly dataset 

of downstream gauges (ANA, 2019b). We compared the simulated outflows with 

the following gauges: Três Marias and Pirapora (~150 km distant) (Figure 3.23A); 

Sobradinho and Juazeiro (~40 km) (Figure 3.23B); Xingó and Piranhas (~5 km) 

(Figure 3.23C); and the streamflow at the SFR wedge and the Traipu gauge 

(~100 km) (Figure 3.23D), respectively resulting in NSE 0.68, 0.88, 0.85, 0.84. 

Xingó was selected instead of Itaparica, as operational rules for SFR (ANA, 

2017e) are applied to this HPP. Juazeiro gauge dataset presented a lack of 

information in several months from 2013 to 2018, which were filled by the average 

between the previous and next data available. In general, the model simulated 

the streamflow variations, although some peaks in outflow were less intense, 

especially at Três Marias. These peaks can be attributed to eventual and rapid 

shifts in water management, such as water transfer between reservoirs for 

management reasons, punctual water demands, or events of hydro 

transportation. 
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Figure 3.23 – Outflow from the modeled reservoirs and at the wedge streamflow (blue 
line) comparing with the National Water Agency dataset (red line) at the 
gauges downstream. 

       (A) Três Marias x Pirapora (NSE=0.68)       (B) Sobradinho x Juazeiro (NSE=0.88) 

  

    

   (C) Xingó x Piranhas (NSE=0.85)             (D) SFR Wedge x Traipu (NSE=0.84) 

  

     

3.5.2 Model validation 2: hydroelectricity output 

The accuracy of hydroelectricity output in the simulation was verified in 

comparison to the historical dataset (ONS, 2019a). For 1999-2018, NSE resulted 

0.94 for Três Marias (Figure 3.24A), 0.97 for Sobradinho (Figure 3.24B), 0.93 for 

Itaparica (Figure 3.24C), 0.92 for Paulo Afonso (Figure 3.24D), and 0.94 for Xingó 

(Figure 3.24E). Considering the total electricity of the five HPP (Figure 3.24D), 

the NSE resulted in 0.96 for 1999-2018 (Figure 3.25) and 0.98 for the simulating 

period 2009-2018, demonstrating an adequate level of correlation. 
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Figure 3.24 – Hydroelectricity output in simulation (blue line) and ONS dataset (red line) 
for (A) Três Marias, (B) Sobradinho, (C) Itaparica, (D) Paulo Afonso, (E) 
Xingó, and (F) SFR HPPs, from 1999 to 2018. 
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Figure 3.25 - Nash-Sutcliffe efficiency (NSE) of hydroelectricity output comparing ONS 
dataset and the modeling of (A) Sobradinho and (B) the five hydropower 
plants installed at São Francisco River. 

 (A) Sobradinho (NSE: 0.97)  (B) SFR HPPs (NSE: 0.96) 

 

3.5.3 Model validation 3: water input 

In this validation, we analyzed the model regarding the volume of water input. 

The input was compared with an estimate of runoff in the basin. For each sub-

basin, we multiplied the contribution area (CBHSF, 2016), by the monthly 

precipitation rate of the relative sub-basin (FUNCEME, 2020) and the runoff 

coefficient. The runoff coefficient was quantified by dividing the streamflow by the 

volume of precipitation upstream of that location (Table 3.6). We selected four 

reference points to represent the sub-basins: Três Marias (section 1), between 

the Três Marias and Sobradinho (section 2), between Sobradinho and Itaparica 

(section 3), and from Itaparica to the wedge (section 4). For the streamflow (ANA, 

2019a), we adopted the inflow at the three reservoirs and the Traipu gauge. To 

quantify the contribution of each section, the upstream outflow was deducted from 

the inflow values, except for section 1, which assumed the Três Marias inflow. 

The runoff at Lower-middle resulted in a negative value as the inflow at Itaparica 

was lower than the Sobradinho outflow in 73% of the days for 1999-2018. This is 

coherent to a semi-arid area, where either the rare precipitation events evaporate 

or infiltrates in soil before reaching the riverbed and the river flow is reduced by 

withdrawals and evaporation. 
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Table 3.6 – Calculation of the runoff coefficient. 
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   m3/s 109 m3 m3/s 109 m3 km² mm/y 109 m3  

1 Upper Três Marias 539 17.0 531 16.7 57,272 1,401 80.2 0.21 

2 Middle Sobradinho 1654 52.1 1630 51.4 375,817 1,194 448.8 0.08 

3 Lower-
middle Itaparica 1591 50.2 1589 50.1 146,185 644 94.1 -0.01 

4 Lower Traipu 1720 54.2   59,302 836 49.6 0.08 
1 – Source: ONS (2019). 
2 – Source: SIGEO (2011). 
 
Figure 3.26 shows the monthly input of water that made up the model compared 

to the estimated runoff at the São Francisco basin. In general, there is an 

adequate concordance in the volume of water and seasonal variation. The 

divergences occurred in dry months because runoff depends on precipitation 

events and results in zero in dry months, while the input data, which was based 

on the incremental streamflow, is influenced by the water allocation. 

Figure 3.26 – Comparison of the water input in the model and the estimated runoff at 
São Francisco basin: (A) monthly volume and (B) correlation of the data. 
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Figure 3.26 - Conclusion. 
(B) 

 

3.5.4 Variables and uncertainties regarding solar generation 

In conclusion of the validation process, the water modeling presented adequate 

results in most indicators and a very good correlation in hydroelectricity output 

and storage of water at Sobradinho. For the solar power estimates, the wide 

variation in the size of the PV power plants expresses a range of possibilities in 

detriment of the searching for optimized response. Hence, we identified variables 

and uncertainties related to the results of solar electricity. 

3.5.4.1 Performance ratio of the PV system 

The performance ratio (PR) considering optical, thermal, and electrical losses 

ranges in literature by 0.75-0.87 (RÜTHER et al., 2014; CAZZANIGA et al., 2018; 

QUANSAH; ADARAMOLA, 2019; LOPES et al., 2020). DHIMISH (2020) 

conducted a study for five years in England, analyzing 8,000 PV crystalline silicon 

systems, and quantified the PR monthly average on 0.86 (0.84-0.92). LIMA; 

FERREIRA; and MORAIS (2017) estimated 0.83 for a 1-year study (2013-14) at 

Brazilian Northeast (Fortaleza). Although values higher than 90% are expected 

to become regular within some years (REICH et al., 2012), we adopted a more 

conservative PR of 0.8. 
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3.5.4.2 Measures of solar irradiance 

The output of solar PV electricity was estimated based on the monthly average 

of solar irradiation acquired from a meteorological station, an observational 

ground-measured data, operating at the Petrolina municipality (~70 km from 

Sobradinho). The uncertainties in solar irradiance estimates can be assessed as 

follows: 1) measurement uncertainty is relatively low, reaching 2% at most for 

high quality (type A, spectrally flat thermopile) pyranometers as used in this study. 

Maintenance, redundancy, and quality checks play an important role 

(SENGUPTA et al., 2021); 2) geographical uncertainty assessed from PEREIRA 

et al. (2017) show that the Sobradinho reservoir experiences a 4.7% higher level 

of irradiation compared to the measurement site. Moreover, the validation 

presented in this Solar Atlas shows an uncertainty range of -4.8% to +5.1% for 

the Petrolina region; 3) microclimate effects due to lake breeze may also improve 

irradiance inside the lake to a level still unveiled. Past studies found a 1.7% 

improvement for another reservoir in Brazil GONÇALVES et al. (2020); 4) 

conversion to plane-of-array (POA) irradiance inputs other uncertainties. In this 

study, the global horizontal irradiation was the input for power conversion. Tilt 

optimization implies in small effect of ~1% in the low latitudes of Sobradinho (Lat 

~9° S), as shown in (NICOLÁS-MARTÍN et al., 2020). The combination of the 

uncertainties mentioned above ranges from -0.4% to +13.5%, confirming the 

conservative approach adopted in this study. 

3.5.4.3 Solar panel efficiency 

We adopted the rate of 20% for solar panel efficiency. Other solar technologies 

can attain an efficient rate of 12.6 to 47%, while polycrystalline silicon cell 

modules can reach 23.3%, increasing by 15% the solar generation and, 

consequently, the saved flow. More efficient panels can reduce area but imply 

additional costs to the system.  

3.5.4.4 Technical uncertainties 

Additionally, there are uncertainties regarding the functionality of the floating PV 

system in producing electricity such as gains from temperature stability and lower 

dusting due to the presence of water, or variation from the engineering project 

such as panels characteristics, distribution, floating components, and materials; 
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angle and position over the lake; the presence of solar tracking or water veil-

cooling, among others. Gains from temperature stability is subject to several 

recent studies and number vary from 0,7% to 15,5%, assuming an average value 

of 12% according to literature (RANJBARAN et al., 2019; GONZALEZ SANCHEZ 

et al., 2021). 
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4 RESULTS 

 

The simulated scenarios were analyzed in terms of water allocation and energy 

output under the solar power adding and alternative operative rules set for the 

reservoirs in cascade. We classified as valid the scenarios that met the water 

demand, maintained the water storage above the minimum operational level, and 

sustained the river flow above 800 m³/s. Next, we quantified indicators of the valid 

scenarios for local and regional scale: for Sobradinho – water security, electricity 

generated by solar and hydropower, and capacity factor as a hybrid powerplant; 

and for the SFR system – hydro and total electricity generated, water and 

potential energy losses. 

4.1 Limits for water allocation 

We started the simulations by analyzing theoretical scenarios of outflow from 

Sobradinho HPP to estimate the maximum value that the water in the SF system 

would sustain without depleting the reservoir. To access this limit, we adopted 

the minimum outflow in a range of 550 to 1,100 m³/s over 2009-2018 (Figure 4.1); 

the rules related to PV adding (saved flow) or storage level were not applied in 

this first analysis. Figure 4.1 shows the results for each simulation and 

demonstrates that even if applied since 2009, values of minimum outflow higher 

than 1,000 m³/s would lead to the reservoir’s depletion. Thus, the ecological 

streamflow of 1,300 m³/s was not feasible to be achieved in these conditions of 

meteorological drought, and effective gains in water security were only achieved 

by adopting low outflow values in the operation of the Sobradinho reservoir. 
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Figure 4.1 – Water storage at Sobradinho reservoir using minimum streamflow from 550 
to 1,100 m³/s in the period 2009-2018. 

 

4.2 Effect of solar power generation on water conditions 

The simulated scenarios of solar power positively impacted the water availability 

at the Sobradinho HPP during the years of severe drought. The volume of water 

kept in the reservoir by the constraint to outflow increased the water security for 

Scenarios PV-250, PV-500, PV-750, and PV-1000 (Figure 4.2 and Figure 4.3). 

For Scenarios PV-50 and PV-100, the reservoir volume dropped to zero and, 

therefore, these scenarios were classified as invalid.  

Water storage for the valid scenarios was maintained at EV>20% for the entire 

period, except for PV-250, which crossed this level for four consecutive months 

(September-December) during the dry season of 2017. After 2014, scenarios PV-

750 and PV-1000 presented the same water storage due to climatic conditions 

when the lack of precipitation limited the influence of adding solar power. The 

storage was not completely recovered and fluctuated by 40-70% in 2017-2018 in 

both scenarios. Thus, after several years of severe drought, the available water 

proved to be insufficient to maintain the minimum streamflow of the SFR and 

conserve high levels of water in the reservoirs. When the lack of precipitation 

went critical, the stored water was applied to sustain the outflow above 800m³/s, 

reducing the reservoirs' water level. 
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Figure 4.2 - Water storage at Sobradinho for PV scenarios ranging from 50-1,000 MW: 
valid scenarios (blue line), invalid scenarios (orange line), and observed 
scenario (red line). 

 

Figure 4.3 – Outflow from Sobradinho reservoir in valid and observed scenarios. 
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Although the operating rules were supposed to constraint the outflow depending 

on the PV installed power, Sobradinho predominantly assumed an outflow close 

to the minimum, starting in 03/2013 for PV-750-1000, 11/2013 for PV-500, and 

06/2015 for PV-250 (Figure 4.3). The saved flow rule for the largest PV power 

plants led rapidly to the adoption of the minimum outflow, as illustrated in Figure 

3.8. The wet season of 2009, 2011, and 2012 achieved the maximum water 

storage level and required the release of the exceeding volume. All scenarios 

assumed similar outflow values from 07/2015 until the end of the simulation 

period, operating close to the minimum, with some episodical increases to 

allocate water between the reservoirs. 

The average water flows in the components of the São Francisco River model 

are illustrated as a Sankey diagram in Figure 4.4 for the observed scenario in 

average data 2009-2018 (A), the year 2017 (B), the scenarios PV-250 (C), and 

PV-1000 (D). The relative volume of water of the components is illustrated with 

the width of the arrows (y-axis). The data on the upper side of the diagram 

represents the fixed inputs of incremental streamflow (R), precipitation (P) and 

run-off (R-off), and the output of demand (D). The data on the lower side 

represents the reservoirs on the average storage of water, dead volume, and the 

output of evaporation from the lake (E). The installed HPPs are represented by 

the orange components connected to the reservoirs and at the riverbed. The 

average volume of water conserved in the Sobradinho reservoir increased with 

the more adding of solar PV: from 16.7 Gm³ in for the observed scenario to 20.5 

Gm³ for PV-250 and 26.6 Gm³ for PV-1000. 

Regarding the analysis of the São Francisco River, the comparison of the Figure 

4.4-A and Figure 4.4-B demonstrate the relevance of the water input at Upper 

and Middle sub-basins to the availability of water downstream. Since the average 

annual precipitation at Middle sub-basin (30.9 billion m³ for 2009-2018) is similar 

to the storage capacity of Sobradinho (34,1 billion m³), years of low precipitation 

jeopardize water security (Figure 4.4-C and Figure 4.4-D). Thus, during a 

sequence of dry years, the capacity of managing the water in the reservoirs to 

address water security and ecological streamflow is limited - even with the high 

storage capacity of Sobradinho. 
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Figure 4.4 – Water flow in the components of the San Francisco River model: (A) 
Observed scenario for average 2009-2018, (B) Observed scenario in 
2017, (C) Scenario PV-250, and (D) Scenario PV-1000. Values in billion 
cubic meters in the y-axis. 

(A) Observed scenario – Average 2009-2018 

 
(continues) 
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Figure 4.4 – Continuation. 

(B) Observed scenario – 2017 (very dry year) 

  
(continues) 
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Figure 4.4 – Continuation. 

(C) Scenario PV-250 

 
(continues) 
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Figure 4.4 – Conclusion. 

(D) Scenario PV-1000 

 

  



71 

On the energy side, for the operation of the hydropower plants, conditions of 

water storage above 60% of the capacity and constant outflows contribute to 

increasing the predictability and the control in dispatching electricity, 

consequently increasing the energy security. These two conditions are even 

more relevant in systems such as the Brazilian electric grid, in which the 

dispatches involve several connected power plants. The frequency of months 

with storage levels above 60% has significantly increased following the installed 

PV. Scenarios PV-500 to PV-1000 kept the water storage above 20% of the 

capacity during the entire period, and above 60% in the majority of the months 

(Figure 4.5). 

Figure 4.5 – Frequency of months with water storage in the three operation stages 
defined by the National Water Agency (ANA). 
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most months over the critical years in reason of the low outflows put into practice 

in the historical dataset. 

Figure 4.6 - Frequency of the operating rule in prevalence in the simulated scenarios for 
the period 2009-2013 and 2014-2018. 
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Figure 4.7 – (A) Ratio of the lowest level of water storage in Sobradinho and the yearly 
water withdrawal from the reservoir (D3) and between Sobradinho and 
Itaparica (D4); (B) result for 2017. 

(A)      (B) 

 

4.4 Solar electricity 

If we now turn to solar power generation, we estimated the monthly production 

by 22 to 43 GWh, on average 34 GWh, for each 250MW of PV installed at 

Sobradinho (Figure 4.8-A). The annual output ranged from 384 to 433 GWh/year 

(Figure 4.8-B). Despite the monthly seasonality, PV annual generation stood 

constant along the study period, showing a slight increase in generation in dry 

years. The Scenarios PV-250 to PV-1000 generated annually from 404 to 

1,615 GWh, on average.  

Figure 4.8 - Range of (A) monthly and (B) annual electricity generation of a PV installed 
power of 250MW located at the Sobradinho reservoir. 
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4.5 Hydroelectricity 

The hydroelectricity monthly generated by Sobradinho in the simulated scenarios 

ranged between 110-503 GWh in PV-250 and 128-665 GWh in the PV-1000, on 

the average 228 GWh/month. The historical dataset registered that 76-

479 GWh/month were dispatched to SIN over the years 2009-2018 (ONS, 

2019a). Figure 4.9 shows the results for scenarios PV-250 (Figure 4.9-A), PV-

500 (Figure 4.9-B), PV-750 (Figure 4.9-C), and PV-1000 (Figure 4.9-D). The 

more intense the solar adding, the more diverse was the reservoir operation from 

the practices adopted by ONS. Although the rule of saved flow was set to directly 

compensate the constrained outflow by solar source, the water allocation did not 

respond linearly because the other rules (apply historical outflow for V<60% and 

minimum outflow of 800 m³/s) concomitantly influenced the simulations. 

The hydroelectricity output presented trade-offs in the short (seasonal) and long 

term (interannual). Seasonally, higher PV scenarios presented more monthly 

variation, with increases in wet months led by the outflow of exceedance water in 

the reservoirs or the prevalence of the operative rule to the historical outflow. 

Interannually, the additional water stored in the first years was applied in 

maintaining an outflow higher than 800 m³/s starting from 2013, consequently 

generating more electricity than the observed scenario. These dispatches could 

have meant a significant increment of the renewable source to the SIN over the 

critical years of drought. In fact, the solar PV surpassed the quantity of electricity 

provided by the Sobradinho HPP during the critical dry months of 2017 starting 

from Scenario PV-500; and from August 2015 to December 2018 in the PV-1000. 

These trade-offs can be verified in Figure 4.9 and Figure 4.10 by comparing the 

results for the PV scenarios to the observed dataset. The annual generation of 

Sobradinho HPP resulted similarly among the simulated scenarios. The 

variations were more significant comparing 2009-2012, which resulted in the 

range of 3.1 to 4.4 TWh/year, and 2013-2018, when the output diminished to 1.7 

to 2.3 TWh/year, as illustrated in Figure 4.10.  
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Figure 4.9 – Scenarios of monthly electricity output from Sobradinho hybrid power plant 
per energy source: (A) PV-250, (B) PV-500, (C) PV-750, and (D) PV-1000, 
compared to the historical time-series 2009-2018 (red bold line).  
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Figure 4.10 – Annual electricity generation for PV scenarios in Sobradinho: PV-250 
(yellow), PV-1000 (orange), hydroelectricity outputs of the simulated 
scenarios (blue), the observed dataset from ONS (red), and the equivalent 
generation for HPP outflow of 800 m³/s. 

 
 

 

4.6 Capacity factor of Sobradinho 

The capacity factor of Sobradinho increased from 0.29 of the historical time-

series 2009-2018 to 0.34 in PV-250, 0.39 in PV-500, 0.43 in PV-750, and 0.47 in 

PV-1000, optimizing the existing infrastructure to transport electricity to the grid. 

Analyzing the Sobradinho infrastructure, the average restrains of 

767 GWh/month was only achieved once, in PV-1000, in April 2011. Thus, in 

either scenario, energy curtailment was not necessary throughout the study. 

The present study was focused on quantifying monthly and annual results; 

however, we additionally analyzed the occurrence of energy losses in terms of 

hourly generation at Sobradinho. The highest irradiation data at Petrolina was 

registered at GHI = 1,124 W/m² on 07/02/2011 at 3 p.m. (INPE, 2020). Using 

Equation 1, the solar generation resulted in 225 and 899 MWh for PV-250 and 

PV-1000, respectively, the equivalent to 21 and 86% of the Sobradinho installed 

capacity of 1,050 MW to dispatch electricity. Thus, complementary to solar at this 

hourly condition, the outflow at Sobradinho HPP can be estimated by 3,730 m³/s 

for PV-250 and 682 m³/s for PV-1000 without losing energetic resources. 

Assuming that the integrated operation of a hybrid power plant is managed to 

vary the reservoir’s outflow over the 24h and predominantly dispatch solar power 

during the day and hydropower during the night, the highest hourly PV power 

generation is attainable of proper management to avoid energy losses. 
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Accordingly, the hybrid plant can bring additional gains in the use of renewable 

energy resources, beyond the benefits of two separated plants. 

4.7 Electricity output from Sobradinho and SFR system 

The simulations of a hybrid Sobradinho power plant combining solar and hydro 

sources resulted in more electricity to the SIN in all scenarios compared to the 

time-series 2009-2018 of 2.67 TWh/year. The scenarios achieved, on average: 

3.13 (117%), 3.54 (133%), 3.94 (147%), and 4.35 TWh/year (162%), 

respectively, for PV-250, PV-500, PV-750, and PV-1000 (Figure 4.11-A). 

Simultaneously, shifting the spatial scale of the analysis, the five HPPs installed 

at the SFR presented a slight reduction in the simulated scenarios compared to 

the observed scenario, up to 9% less hydroelectricity. This reduction was 

inversely proportional to the solar power intensity, as illustrated in Figure 4.11-B.  

Figure 4.11 – Average electricity output in historical dataset 2009-2018 and simulated 
PV scenarios at (A) Sobradinho and (B) five HPPs at SFR.  

  

 

This outcome can be explained by three factors associated with the HPPs 

working in cascade. First, as more water was kept in the reservoirs, the loss of 

water by evaporation led to a loss of potential energy in correlation to the solar 

intensity and its saved outflow value. Second, the high river flow in wet months 

exceeded the maximum turbinating outflow in HPP downstream Sobradinho and 

induced events of water being released without generating electricity (spilled 

water). These two events are detailed in the coming section. A third factor is 

associated with the variance in the modeling of Itaparica as the exceedance of 
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water retained in this reservoir compared to the observed dataset diminished the 

results by 0.13 TWh/year, equivalent to 0.4% of the total output.The 

hydroelectricity loss between the simulated and observed scenarios was partially 

compensated by the solar adding at Sobradinho. The average electricity output 

of the observed scenario was 33.0 TWh/year, which was nearly maintained for 

Scenario PV-250 (99.8%) and resulted in 32.0 for PV-500 (97.0%), 31.6 for PV-

750 (95.6%), and 31.7 TWh for PV-1000 (96.0%). Compared to the observed 

scenario, the incremental evaporation and spilled water resulted in a loss of 

potential energy by 0.1 and 1.3 TWh/year, respectively, for PV-250 and PV-1000.  

4.8 Loss of water and potential energy 

4.8.1 Spilled water 

Spilled water occurs if the outflow is higher than the maximum turbinating outflow 

of the HPP. In this condition, water is released into the river without generating 

electricity, which we considered a loss of potential energy. In addition, the energy 

loss of spilled water is enhanced by the individual productivity of the plant. 

Sobradinho can harness 4,260m³/s, producing 61.4 Wh/m³, while the HPPs 

downstream present either lower values of maximum turbinated outflow and 

higher productivity factor, respectively: 2,745 m³/s and 126 Wh/m³ at Itaparica; 

2,310 m³/s and 319 Wh/m³ at PAC; 3,000 m³/s and 305 Wh/m³ at Xingó.  

The loss of potential energy also occurred in the observed scenario at 0.7 TWh 

for the 2009-2018 time-series; in the simulated scenarios, it summed 1.0, 4.3, 

6.8, and 8.4 TWh, respectively for PV-250, PV-500, PV-750, and PV-1000. 

Spilled water was registered at the end of the wet season of 2009, 2011, and 

2012, occurring in multiple HPPs depending on the scenario, as illustrated in 

Figure 4.12. Sobradinho only registered this type of loss in Scenario PV-1000, 

and in one month (April 2011). Scenario PV-250 only registered losses at PAC, 

while starting from PV-500 it occurred in every HPPs downstream Sobradinho.  
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Figure 4.12 - Loss of potential energy by spilled water at the hydropower plants 
Sobradinho, Itaparica, PAC, and Xingó for observed scenario, PV-250, 
PV-500, PV-750, and PV-1000. 

 

4.8.2 Evaporation from the reservoirs 

Evaporation is a collateral effect of reserving water, especially in areas 

characterized by climate conditions of water deficit. In the observed scenario, the 

volume of 6.7 Gm³/year evaporated from the three reservoirs on the average 

2009-2018; of which 4.2 Gm³/year from Sobradinho. In this reservoir, the 

evaporation was equivalent to the average water storage volume by 21% in 2009 

and 37% in 2017. Although it represents a high amount, this volume of 

evaporation associates with an undesirable storage level, which stood insufficient 

to provide water security. The simulated scenarios have retained more water in 

the reservoirs, increasing the surface area of the lake and, therefore, inducing 

incremental evaporation compared to the observed scenario.  

The incremental evaporation is a hypothesis of the study, considering that the 

water was effectively maintained in the reservoirs for water security, which 

eventually could have had other destinations of water demand or allocation in 

reservoirs operation, such as direct consumption, water transfer, or streamflow 

increase. Considering the evaporation from Três Marias, Sobradinho, and 

Itaparica, scenarios PV-250, PV-500, PV-750, and PV-1000, respectively, 

resulted in the total evaporation of 7.6, 8.3, 8.8, and 8.9 Gm³/year, on average. 

Thus, as more solar PV was added, the increase in water storage resulted in 

more evaporation from the reservoirs. Sobradinho responded to about 70% of the 
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total evaporation due to the lake’s geometry and the largest increase in water 

storage compared to the other reservoirs. 

The evaporation from Sobradinho can assume the range of 73 m³/s for effective 

volume 0% to 234 m³/s for 100% (Figure 4.13). Provided that, part of the saved 

flow was turned into incremental evaporation, estimated at a rate of 17%. 

Considering that the downstream HPPs produce hydroelectricity in cascade, we 

assumed the incremental evaporation at Sobradinho as a loss of potential energy 

from the SF electric system. For each cubic meter released from Sobradinho, the 

productivity of this and the next HPPs was estimated by 729 Wh/m³, on average. 

Figure 4.13 – Range of evaporation from Sobradinho reservoir related to the water 
storage. 
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Figure 4.14. 
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Figure 4.14 – Loss of potential energy by evaporation from Sobradinho reservoir for the 
simulated scenarios compared to the observed scenario, excepting the 
evaporation of dead volume condition. 

 

The estimated loss of potential energy explains the reduction in electricity outputs 

of the PV scenarios compared to the observed scenario (Figure 4.11-B). 

However, these indicators of energy loss should not represent the main result for 

decision-making or an aspect of disadvantage for adding solar power in the 

system as these results are related to years of water shortage. The spilled water 

occurred in conditions of water exceedance at Sobradinho reservoir, when the 

water storage was complete and the outflow was necessary. The evaporation 

needs to be particularly evaluated by studies on the optimization of water storage 

regarding the loss of potential energy from the SF system. Moreover, evaporation 

comprises the water cycle and implies ecological and local climate benefits, which 

were not approached in this study but can bring different perspectives for 

analyzing the results. 

4.9 Effects of solar PV in typical and wet periods 

As the study was carried out in a period of water scarcity, we also simulated the 

adoption of PV-250 and PV-1000 for the years 1999-2008 in order to identify the 

occurrence of potential energy losses by spilled water in typical and wet 

hydrologic conditions (Figure 4.15). Solar and hydropower were completely 
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harnessed, except in April 2007 for Scenario PV-1000, when spilled water was 

registered. The capacity factor of Sobradinho was improved from 0.40 in historical 

time series to 0.44 and 0.57, respectively for PV-250 and PV-1000, which 

expresses the potential gains of solar PV adding in periods not affected by 

drought. Solar sources can play a role in complementing the hydropower 

efficiency and the reduction in water availability at the São Francisco basin that 

occurred in the last decades. 

Figure 4.15 - Monthly electricity output of Sobradinho hybrid power plant per energy 
source in scenario (A) PV-250 and (B) PV-1000 from 1999 to 2018 
compared to the historical time-series (red bold line). 
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5 DISCUSSION 

 

We simulated the use of solar power in the range of 50-1,000 MW to partially 

replace the hydropower generation and manage the water allocation among three 

large-scale reservoirs in cascade aiming to reduce water shortage over a severe 

drought in the semi-arid region of Brazil. The simulations revealed the potential 

influence of PV systems on water and energy resources at Sobradinho and São 

Francisco River in 2009-2018. The study was focused on analyzing the synergies 

and trade-offs on water and energy outputs, in local and regional spatial scales, 

instead of recommending a specific size of the PV power plant to solve resources 

shortages at the São Francisco River. The research framework was defined in 

the severe drought to provide information for stakeholders to better prepare for 

future climate conditions at semi-arid areas since projections point to an 

intensification of dry periods (IPCC, 2018). Nevertheless, the results must be 

interpreted as related to severe droughts, and their application for typical climatic 

periods needs to be properly balanced. 

In the critical climatic conditions experienced in the period under investigation, 

clear benefits for water allocation could be identified by adding solar power, 

making this an advantageous strategy for human consumption, economic 

activities, and aquatic ecosystems. For those years, benefits were identified in 

the range of 250 to 1000 MW of installed power (Table 5.1); scenarios of PV 

systems with less installed power were insufficient to improve water security. 

Although water security was effectively improved by adding PV, it got limited by 

the total volume of available water in the system. The lack of precipitation was 

intense over the study timeframe and the reservoirs got depleted at Sobradinho 

by applying a constant outflow higher than 1,000 m³/s in the simulations. This 

value is equivalent to about half the historical average outflow. Consequently, the 

resolution established by the National Water Agency at 800 m³/s showed to be a 

necessary limitation, therefore, it was adopted as the minimum outflow to mitigate 

the most harmful ecological impacts. 
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Table 5.1 – Qualitative summary of indicators for the simulated PV scenarios. The colors 
express improvement (blue) or loss (red) compared to the observed 
scenario. The gradient expresses the intensity of the change.  

  PV 
Item Indicator 250 500 750 1000 

1 Water security  
2 Solar electricity  

3 
Hydroelectricity Sobradinho  
Hydroelectricity SFR  

4 Sobradinho capacity factor  

5 
Total electricity Sobradinho  
Total electricity SFR  

6 Water loss by evaporation  
7 Energy loss by evaporation  
8 Energy loss by spilled water  

             less critical               more critical  
  Improvement 
  Loss 
  Neutral 

 

In the simulated scenarios, photovoltaic power plants at Sobradinho in the range 

of 250 to 1,000 MW achieved water storage levels higher than 40% of the 

effective volume during the driest years. The water storage increased from 0.1 

years of the demand in the observed scenario to 0.7-2.3 years in the dry season 

of 2017, increasing the water security. It is important to note that the alleviation 

in supply conditions and the perception of water security during a drought period 

can also bring collateral effects (VAN OEL et al., 2018). The constant increase in 

the supply capacity creates a false perception of security in the use of water and 

offers for the demand side conditions to increase carelessly. Instead, the 

resources management needs to be jointly addressed on supply and demand 

sides by those responsible for water governance. 

Besides the increase in storage of water to meet future demand, the shifts in 

water management could be associated with social, environmental, and 

economic aspects. The replacement of the lowest outflow of the historical dataset 

(550 m³/s) by a minimum of 800 m³/s would have allowed to: 1) maintain the 
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access of water downstream Sobradinho, since the infrastructure for withdrawals 

became inoperative when the riverbed reached low levels and 2) minimize the 

most harmful impacts in water quality and ecosystem conservancy (ANA, 2018b). 

First, the expending of the public sector on construction to provide water access 

reached ~US$ 5.6 million in 2017, mainly for the reparation of the riverbed and 

reallocation of withdrawal equipment (CBHSF, 2020). Second, the negative 

impacts on the ecosystem involved higher salinity concentration, especially at the 

river mouth. FONSECA et al. (2020) and CAVALCANTE et al. (2020) analyzed 

the saline wedge at SFR, concluding that the salt concentration presented less 

amplitude over the tides and reached more than 10 km beyond the mouth of the 

river. The authors characterized the river flow pattern as unable to either avoid 

the estuarine plume or carry sediments from runoff and upstream. The negative 

impacts on water quality are probably long-lasting and cumulative in affecting 

human health, disturbing irrigated agriculture and pasture, and substituting 

aquatic communities and loss of species (VASCO; AGUIAR NETTO; SILVA, 

2019). Although the four valid PV scenarios achieved increases in the river flow 

downstream Sobradinho, the pattern of water allocation responded differently in 

each scenario. There was a predominance of low values in dry seasons and high 

values in wet seasons when adopting the largest PV plants (Figure 4.3). The wide 

range in the streamflow influences the pattern of electricity dispatches and makes 

the HPPs operation more complex, compromising the energy security. 

The electricity dispatches demonstrated the importance of assessing the system 

on different scales. At the local scale (Sobradinho), the PV scenarios increased 

the electricity output by 17-62% (Figure 4.11-A). At the regional scale (SFR), we 

identified up to 4.4% less electricity (Figure 4.11-B) lost by spilled water and 

incremental evaporation. Evaporation is the main factor of potential energy loss 

compared to the observed scenario: 86% in PV 250, 70% in PV-500, 65% in PV-

750, and 62% in PV-1000. Although average results showed this loss of potential 

energy, more electricity was produced over the most critical years of the severe 

drought, from 2013-2018 (Figure 4.10). In those years, the solar adding would 

have maintained the prevalence of the renewable share and improved the energy 

security of the national electric grid.  
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In that period, Brazil experienced water scarcity in many HPPs leading to the use 

of thermal power to compensate for the hydropower shortages. The share of non-

renewable energy increased from 14.5% in 2012 to 24.3% in 2014 (MME, 2019a). 

The dependence on thermal energy to meet the electricity demand implied two 

additional outcomes: socioeconomic implication, since incremental costs were 

transferred to the consumers (ANEEL, 2013), and environmental implication, as 

GHG emissions of the Brazilian electricity reached 0.136 tCO2/MWh (71.0 

MtCO2) in 2014 (MCTI, 2020). Before, the GHG factor was registered by 

0.025 tCO2/MWh in 2009 and 0.065 tCO2/MWh in 2012 (MCTI, 2020). In this 

aspect, the predominance of renewable energy and reduction of GHG emissions 

play a role in the international context as both collaborate on the Sustainable 

Development Goals (ONU, 2015) and Paris Agreement (MMA, 2017). Regarding 

the last one, the Brazilian Nationally Determined Contribution (NDC) committed 

to reducing emissions by 37% until 2025 and by 43% until 2030 based on the 

2015 level (FED. REP. BRASIL, 2016). 

Still in the approach of the energy side, we analyzed the net balance by 

comparing the electricity obtained from the PV panels with the loss of potential 

energy by incremental evaporation. For this estimate, we assumed that the 

additional water evaporated from the Sobradinho reservoir compared to the 

observed scenario would be turbinated at the HPPs Sobradinho, Itaparica, PAC, 

and Xingó. Scenario PV-1000 achieved additional gains of 0.3 TWh/year on the 

electric output, while the other scenarios presented an equivalence (Figure 5.1). 

Since the storage of water got limited and the evaporation of PV-750 and PV-

1000 is comparable, this explains the gains in net balance of the last scenario. 
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Figure 5.1 – Net balance of solar electricity output considering the loss of potential 
energy for evaporation. 

 

Although the loss of potential energy associated with evaporation from the 

Sobradinho reservoir implied an offset of solar adding in some scenarios, the 

hypothesis of this study is attached to improvements in water storage, turning the 

increase of evaporation into an intrinsic collateral effect. For comparison, the 

average evaporation from Sobradinho (excluding evaporation of inactive volume) 

in observed scenario and PV-1000 was comparable to the water demand from 

the reservoir, respectively, by 80% and 150%. The characteristics inherent to the 

semi-arid, the geometry of the lake, and the current engineering technology led 

to this outcome, which is complicated to avoid in the short term. 

Alternatives to reduce evaporation are associated with controlling water storage. 

Several aspects need to be considered to optimize the reservoir and avoid losses 

by evaporation, for instance, the projection for demands and hydrological 

conditions of the basin in the long-term, or the productivity of the HPP and the 

associated evaporation based on different operative water levels. The restrictions 

in water storage possibly provide more energy by turbinating this amount of water 

instead of losing it by evaporation. Some studies investigated this type of water-

energy trade-off: Basheer and Elagib (2018) quantified the ratio of energy 

generation and evaporation volume for several scenarios of maximum and 

minimum operation level for the Jebel Aulia reservoir, in Sudan, identifying an 

optimum operating level based on 1980-2009 dataset. CHARMCHI, IFAEI and 

YOO (2021) proposed a hydropower pinch point, which is a targeted level of 

water periodically set based on the projections for the water inputs and outputs. 
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Here, the PV contribution to the Sobradinho HPP can eventually enable the 

definition of an optimized operating level that concomitantly reduces evaporation.  

Another opportunity for reducing evaporation is associated with the installation of 

the floating solar panels over the reservoirs by shadowing the water surface and 

shifting the water-atmosphere interface (SAHU; YADAV; SUDHAKAR, 2016; 

ROSA-CLOT; TINA, 2018). In this study, although the modules stand as a 

technical option to reduce evaporation, the proposed PV plants corresponded to 

a small portion of the Sobradinho’s lake, which were admitted as neglectable. 

Alternatively, PV panels located in another reservoir in the SF cascade system 

or a diverse composition of HPPs would result differently. Moreover, the effect of 

local climatic conditions and the heat transfer between lake and solar panel needs 

to be measured to confirm the gains and losses in water balance. 

Additionally, the intensification of water scarcity in semi-arid areas will probably 

evolve into negative effects on the energy sector (SCHAEFFER et al., 2012) 

since drought events are expected to become more frequent and severe due to 

global climate changes (IPCC, 2018). The HPPs consist of vast opportunities to 

optimize existing infrastructures and connect systems, exploring the 

complementarity of different sources into the energy supply. In this context, solar 

PV technology reduces the dependence on water and increases the 

diversification of energetic sources on the national grid. Moreover, converting 

HPPs into hybrid power plants by adding solar power can bring additional benefits 

and contributes to the route for sustainability pathways due to the presence of 

high irradiation in months of low cloudiness and, therefore, low precipitation; and 

by the management of available water under rules of governance that equalizes 

the multiple demands. 

5.1 Opportunities and limitations for hybrid solar-hydro powerplants 

Hybrid power plants combining solar and hydro resources are expected to bring 

benefits in three aspects: synergy in electricity generation, security for power 

intermittence, and optimization of existing infrastructure. In the first aspect, solar 

and hydro are complementary in hourly and seasonal management (BELUCO; 

KROEFF DE SOUZA; KRENZINGER, 2012; KOUGIAS et al., 2016). While PV 
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provides electricity during the day, the outflow can be restricted in this period, 

saving water to be harnessed during the night. This trade-off is relevant in Brazil 

because, since 2016, the peak-hour in electric consumption has been registered 

at 3 pm, when the incoming solar irradiance is the highest (PEREIRA et al., 2017). 

The trade-off is also found in seasonal variation, as irradiation presents a slight 

increase at the end of the dry season (PEREIRA et al., 2017), while the water 

storage in reservoirs is declining (ANA, 2019a). Furthermore, the role of solar 

power might be enhanced by climate change conditions in the Brazilian 

Northeastern region. Here, the presence of solar power to generate electricity is 

more certain than the presence of proper hydrologic conditions (MARENGO; 

BERNASCONI, 2014; ALVES et al., 2020).  

The second aspect of intermittence remains an obstacle to the extensive adding 

of renewable sources such as solar, wind, and run-of-river HPPs into the electric 

systems. The low predictability of these energy resources increases the 

complexity of operating the grid (ONS, 2019b). Simultaneously, HPPs with 

reservoirs provide operation control by the characteristics of safe and rapid 

response (MME, 2018; SILVÉRIO et al., 2018). Thus, maintaining appropriate 

water levels in the reservoirs turns the HPPs into natural batteries to overcome 

the instant lack of generation from the solar source. The potential energy of HPPs 

creates the conditions to optimize the electric supply system, improve energy 

security, and reduce operational costs (DAVID; MOROMISATO, 2012). 

Therefore, the management of the existing reservoirs comes to be necessary 

under the growing share of renewable in the national grid and the uncertainties 

regarding hydropower plants to provide the historical amount of hydroelectricity 

under the conditions imposed by the global climate changes. 

The third aspect is related to optimizing the existing infrastructure and avoiding 

socio-environmental impacts. One relevant aspect for the optimized HPP in Brazil 

is the fact that the potential sites for the construction of novel plants with 

reservoirs infers harmful socio-environmental impacts as these areas of interest 

are mostly environmentally protected or indigenous lands (MME, 2018). The 

land-use change by flooding vast areas and the collateral effects of the reservoirs 

in the ecosystem and social interactions of these protected regions enhance the 
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relevance of carefully managing the existing ones (PRADO JR et al., 2016). The 

recent expansion of the electric system focused on implementing run-of-river 

HPP, whose electricity needs to be immediately dispatched, similarly to solar and 

wind power. The conversion of existing infrastructure into hybrid power plants 

also benefits from economic and legal aspects regarding land property, 

settlements reallocation, and mitigation of socioenvironmental impacts. These 

aspects are estimated to participate in the construction cost of a power plant by 

4-15% for conventional HPPs and by 0.4-1.9% for ground-mounted PV plants 

(MME, 2018). The floating PV systems may vary these percentual costs because, 

although land is already guaranteed, the floating system and the security of 

materials and components implies additional costs. 

Another aspect is the sharing of the transmission lines, taking advantage of the 

seasonal generation and complementarity of hydro and solar power. In the 

observed scenario, the capacity factor of Sobradinho in the periods of highest 

hydroelectricity production was, on average, 0.55 in 2007 (ONS, 2019a), 

reaching 0.74 and 0.86, respectively in February and March (ONS, 2019a). In the 

PV scenarios, the capacity factor was improved by ~0.04 for every 250 MW. 

These values denote that the existing transmission lines were not an aspect of 

limitation for the size of PV plants simulated in this study. Instead, the solar 

electricity occupied the underused infrastructure to increment the regional power 

supply, consequently, avoiding additional losses of electricity transportation from 

other regions (MME, 2019a).  

In the Brazilian electric grid, energy losses associated with electric power 

distribution reach ~20% and contribute to harm energy security (MME, 2020). 

Due to the size of the country, the origin and destiny of electricity dispatches can 

assume long distances, taking advantage of the integrated distribution system 

covering most of the national territory. The origin of the dispatches varies in time 

and space to prioritize the costs of electricity production (GODINHO; LIMA, 

2020). Hence, the electricity generated in one region can be transmitted to 

another depending on the price of the electricity, the intensity of consumption, 

and the capacity of regional power plants to meet the demand. In the annual 

balance of 2011 to 2016, production was lower than consumption at the Brazilian 
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Northeast, and the region prevailed receiving electricity from North and 

Southeast. In 2013, for instance, the dispatches to the Northeastern region 

summed 28.7 GW (MME, 2019a). In this context, the predominance of regional 

transmissions can improve the performance of the electric grid. 

5.2 Opportunities and limitations for large-scale PV power plant 

The installation of solar PV is growing fast worldwide due to policy support, 

technological evolvement, and the reduction of costs (IEA, 2020). In Brazil, the 

largest PV plant in operation is Pirapora Solar Complex, a 399 MW ground-

mounted plant located at one side of SFR, 150 km downstream of Três Marias 

(IRENA, 2019). To provide a comparison, the wind power plants Pedra do Reino 

I and III, located near Sobradinho, started operating in 2015 with an installed 

capacity of 48 MW, producing 180 GWh/year, on average. Several aspects 

contribute to sorting the type of energy power, as availability of the energy source, 

availability of the technology, affordability, local climate pattern, efficiency, or jobs 

creation (IRENA, 2015; MME, 2018). At the SF basin, solar power represents an 

appropriate candidate due to the abundant solar irradiation and the social-driver 

potential of creating jobs that can advance the economic activities in the region. 

These jobs are focused on the assembling of the panels, construction, 

installation, and maintenance of the system (IRENA, 2019; ABSOLAR, 2020). 

Regarding the financial feasibility of the simulated scenarios, a PV plant of 250 

MW consisted of the minimum necessary to avoid water shortages in 2017. The 

investments for this plant would start at US$ 0.43 billion, considering the average 

installation cost of 1.7 US$/Wp (WB/ESMAP/SERIS, 2019). The Brazilian studies 

for energy expansion project the centralized PV to increase by 5,600 to 

11,117 MW until 2029, with investments by the range of US$ 3.7-5.0 billion (0.45-

0.65 US$/Wp) only at the Brazilian Northeastern region (MME/EPE, 2020). The 

costs for implementing the Belo Monte Hydropower, concluded in 2019, reached 

around US$ 7.8 billion (PLANALTO, 2019b) for the installed capacity of 

11,788 MW (0.7 US$/Wp), and assured energy of 4,500 MW (1.7 US$/Wp). Belo 

Monte Hydropower is composed of a 478 km2 reservoir located inside the 

Amazon rainforest, at the Xingu River (Altamira city – Pará state). Another recent 
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initiative was Santo Antonio HPP, a 546 km² reservoir installed at Madeira river 

(Porto Velho city – Rondônia state) with costs of US$ 3.7 billion for the installed 

capacity of 3,568 MW (1.0 US$/Wp), and assured energy of 2,424 MW 

(1.5 US$/Wp) (FOLHA, 2021). Beyond the financial comparison, the electric 

expansion built on large-scale reservoirs brings a wide diversity of social and 

ecological consequences that must be embraced in future studies (PRADO JR et 

al., 2016; ATKINS, 2020).  

If we now consider the correspondent investment in solar PV is dedicated to 

initiatives for controlling the demand, such as water use efficiency, water 

treatment, reuse technologies, and equipment to access groundwater, PV would 

probably benefit the served population. However, the existing infrastructure (for 

instance, DINC canals comprise ~900km and 39 pumping stations) is currently 

necessary to provide broad access to water, and it will take time to be replaced. 

Some scientists defend the deconstruction of some existing reservoirs 

(HOENKE; KUMAR; BATT, 2014; FOX; MAGILLIGAN; SNEDDON, 2016; 

O’HANLEY et al., 2020). However, the reservoirs of HPP are designed to 

minimize the effects of hydrological seasonality and absorb the potential 

conditions of the river flow for both water and energy supplies. One possibility to 

be investigated is the predominant use of PV, conducting a re-dimension of the 

water storage to operate dedicated to the water supply. Currently, if the 

investment is only dedicated to water management, the energy security would 

not be jointly improved, which is critically necessary as the demand for electricity 

in Brazil is estimated to increase by 3.8%/year for 2020-2029 (MME/EPE, 2020), 

and hydropower is not a warranted source in the future (DE JONG et al., 2018). 

Therefore, there is a need to optimize the existing supply services while 

implementing measurements on both supply and demand sides towards the shift 

to a sustainable pathway. 

The electricity market is also an economic perspective that justifies the spending 

on solar power. However, the trade-offs from electricity costs were not 

approached in this study because the regulations on selling prices of electricity 

from hybrid systems are currently evolving in Brazil (ANEEL, 2020). Instead, we 

identified the existence of incremental costs of electricity over the severe drought 
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led by the powering of thermal power plants. In 2012-2018, the commercial value 

of the Northeastern sub-system resulted higher than 30 US$/MWh, on an annual 

average, achieving 126 US$/MWh in 2014 (Figure 5.2). Previously, this value 

only occurred in 2001, in a similar electric crisis in reason of water shortages in 

hydropower plants. The price reached ~100 US$/MWh in 69 weeks, attaining the 

maximum value of ~150 US$/MWh in 19 weeks (CCEE, 2020b). 

Figure 5.2 – Commercial value8 of the electricity of the Northeastern sub-system. 

 
Source: CCEE (2020). 

The estimate of the electricity production cost in the life cycle of 25 years 

presumed for a 250 MW FPV plant resulted in 59 US$/MWh, as detailed in Table 

5.2. We considered an installation investment of US$ 428 million, the average 

generation of 404 GW/year for the 25 years, and an annual cost ratio of 1,6% of 

the installation cost for operation and maintenance. 

Table 5.2 - Installation and electricity production cost of the PV system in the simulated 
scenarios PV-250 and PV-1000. 

Installed 

capacity 

Intallation 

cost 

O&M 

annual 

(1,6%) 

Total cost 

(25 years 

life span) 

Total 

energy in 

25 years 

Electricity 

production 

cost 

MW Million US$ Million US$ Million US$ TWh US$/kWh 

250 428 7 599 10.1 
0.059 

1000 1,711 27 2,395 40.4 

 

 
8 1 US$ = R$ 5.35 (02/02/2021) 
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GODINHO and LIMA (2020) estimated that the adoption of thermal energy to 

provide electricity to the grid cost an additional US$ 2.7 billion in the period 2013-

2019, equivalent to the installation cost of ~1,500 MW in FPV. In a perspective of 

fuel expenses, natural gas was used in the public utility power plants to produce 

424 TWh over 2009-2018, estimated to consume ~37 billion m³ of gas9 - from a 

consumption range of 706 Gm³ in 2009 to 6,093 Gm³ in 2014 - at a total cost10 of 

~US$ 19.7 billion. Considering the preceding installation of a 250 MW PV power 

plant, the total generation of ~4 TWh by solar source could have substituted ~1% 

of the natural gas. Assuming that, the spending on natural gas to generate the 

same amount of electricity of 250 MW is equivalent to ~43% of the PV installation 

cost while the potential benefits could have extended for additional 15 years. 

Besides, the shift of energy source could have mitigated the greenhouse gases 

(GHG) emissions by more than 580,000 tCO2. 

Accordingly, the technical and economic potential of the proposed solution is 

demonstrated by some aspects: the existence of a floating power plant currently 

in operational test at Sobradinho, the feasibility of the PV power plants at the 

range of 250-1000 MW, the adherent cost to the Brazilian projections to invest in 

the electric grid and the incremental costs for the electric sector caused by the 

incidence of severe droughts. Other technical solutions should be alternatively 

analyzed in terms of synergies and trade-offs such as the installation of 

distributed solar power plants. This PV category is rapidly evolving in the Brazilian 

electric market and the coordinated incentive can stand as a strategy to conserve 

more water in the existing reservoirs. 

5.3 Opportunities and limitations for floating PV systems 

The floating PV power plant is a technology emerging in scale since 2007. Some 

studies qualitatively accessed the potential advantages and disadvantages of the 

FPV to the water system and solar electricity output, which are listed in Table 5.3.  

 
9 11.55 MWh/10³m³ 
10 Annual average cost ranged from 411 to 625 US$/10³m³ for 2009-2018 (MME, 2019b). 
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Table 5.3 – Potential advantages and disadvantages of the floating photovoltaic 
technology (FPV). 

P
o
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n
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l 
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• panels efficiency: the cooling effect of water surface increases the 
efficiency by ~12.5% (CHOI, 2014; SACRAMENTO et al., 2015; 
CAZZANIGA et al., 2018; LIU et al., 2018). PV systems perform better 
at lower and constant temperatures, and the losses in electricity 
production can be associated with 0.4–0.45%/°C for silicon crystalline, 
and 0.2%/°C for a-Si (CAZZANIGA et al., 2018). Sacramento et al. 
(2015) carried out an experiment with floating panels in a water tank 
at Brazilian Northeast (Ceará) and estimated differences in 
temperature from 14-22ºC in the front and 17-24ºC in the backside on 
the panels (air temperature ~31ºC), leading to an increase in electricity 
generation by 9.5-14.5%; 

• maintenance: it reduces water withdrawals for cleaning panels, 
exempts clearing the vegetation of grounded areas, and the presence 
of water around reduces the dust deposition over the glasses (SAHU; 
YADAV; SUDHAKAR, 2016); 

• land-use change: it overlaps the water storage occupation and avoids 
the additional land use; 

• shadow: reduces the possibility of nearby landscape or built structures 
to compromise the light incidence (LIU et al., 2018); 

• evaporation: reduced under the PV modules area (50-90%), as the 
panels transform the interface water-atmosphere by shadowing the 
water, blocking the wind effect, and creating a convective air (vapor-
saturated) around the system (SAHU; YADAV; SUDHAKAR, 2016; 
ROSA-CLOT; TINA, 2018).                                                

(continues) 
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 Table 5.3 – Conclusion. 
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• lifetime of panels due to corrosion of metal parts in contact with water, 
ultraviolet exposure of floating structure (LIU et al., 2018),  

• panels break from thermal shocks (CAZZANIGA et al., 2018); 

• effect of moisture to the panel (SAHU; YADAV; SUDHAKAR, 2016); 

• fissure caused by vibration from water waves (SAHU; YADAV; 
SUDHAKAR, 2016); 

• installation and maintenance costs (SAHU; YADAV; SUDHAKAR, 
2016), whereas additional components and security materials are 
demanded, such as floats, moorings, water-resistant electrical cables, 
and connectors (STIUBIENER et al., 2020), incrementing by 25-30% 
(FERRER-GISBERT et al., 2013; GORJIAN et al., 2020); R$ 56 million 
were invested in the 2,5MWp FPV in test at Sobradinho (CHESF, 
2020a);  

• Adoption of active mooring systems to adjust to water level changes 
along the year; 

• safety from electrical accidents or transmitting the power through the 
water body (SAHU; YADAV; SUDHAKAR, 2016); 

• disturbance on water quality, aquatic ecosystem, and biodiversity 
(SAHU; YADAV; SUDHAKAR, 2016); 

• contamination of water by chemical elements produced by PV 
modules degradation (LIU et al., 2018); 

• negative impacts on navigation, tourism, and landscape 
(STIUBIENER et al., 2020). 
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FPV was conceptually selected because it responds to relevant issues of the 

region, which are discussed as follows. However, we did not quantify the effects 

of the presence of water on the solar output because the mutual influence of the 

panels and floating structure inside a reservoir still needs to be measured for 

specific climate conditions, equipment characteristics, and lake scale.  

PV systems located inside the reservoirs are a promising solution for warm 

weather because the panels might benefit from the water-cooling effect and the 

reduced cloudiness over the lake. The influence of water bodies on the local 

environment, reducing the cloudiness and consequently increasing the irradiation 

over the water surface, was investigated for the Serra da Mesa reservoir, in Brazil 

(distant ~1,000 km from Sobradinho) (GONÇALVES et al., 2020). The authors 

quantified a reduction of 5.7% in cloudiness, with an average increase of solar 

irradiance by 1.73%. Preliminary satellite images of Sobradinho visually indicate 

differences between the effective cloud cover index (CEF) of the reservoir area 

and the surrounding dry land, as illustrated in Figure 5.3. This influencing factor 

needs to be evaluated and properly quantified for Sobradinho. 
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Figure 5.3 – Estimates of average cloud cover index (CEF) over the Sobradinho reservoir 
region for the two periods of the day (early and late afternoon) and season 
of the year [December, January, February (DJF); March, April, May (MAM); 
June, July, August (JJA); and September, October, November (SON)]. 

 
Source: INPE (2020). 
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Another advantage: PV panels can reduce water evaporation in the covered area 

(GONZALEZ SANCHEZ et al., 2021). In the case of Sobradinho, our preliminary 

analysis showed a negligible influence due to the small area covered by the 

simulated PV modules and floating system compared to the water surface of 

Sobradinho. Our estimate indicated that a PV system with the installed power 

capacity of 250 MW (~770,000 panels) occupies ~3.2 km2, considering panel 

potential of 325 Wp, panel area of 2.0 m2, and maintenance space between 

panels of 2.2 m2 for each panel. Sobradinho reservoir has a minimum lake area 

of 1,250 km2 when the effective storage is dried out (V=0%) and extends for 

4,214 km2 in full reservoir conditions (V=100%). Based on these values, the 

scenario of PV-250 would occupy around 0.25% of the minimum area or 0.075% 

of the complete lake. Table 5.4 details the estimate for the coverage area of 

Sobradinho lake and Figure 5.4 illustrates the insertion of the simulated floating 

PV power plants of 250 and 1000 MW over the Sobradinho lake in wet (2011) 

and dry years (2015 and 2016). 

Table 5.4 – Size of the PV system for the simulated scenarios and the covering area of 
Sobradinho lake. 

Installed 

capacity 

Number of 

panels       

(325 Wp1) 

PV system 

area2,3 
Ratio of Sobradinho lake area 

 

MW Units km² EV 0% EV 100% 

250 769,231 3.2 0.25% 0.075% 

500 1,538,462 6.4 0.51% 0.151% 

750 2,307,692 9.5 0.76% 0.226% 

1000 3,076,923 12.7 1.02% 0.302% 

1 - Canadian Solar CS3U-325P - STC 325W PTC 300W - multi-c Si. 
2 – Panel area: 2.0 m². 
3 – Maintenance space between panels: 2.2 m²/panel. 
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Figure 5.4 - Size of the floating PV power plants with an installed capacity of 250 and 
1,000 MW in simulated insertion at the Sobradinho lake for the relative 
area in October 2011, 2015, and 2016. 

 
Source: Adapted from Azevedo et al. (2018). 

Hence, the area of the Sobradinho lake was not considered a limiting aspect for 

the proposed scenarios, although we acknowledge the necessity to assess the 

ecological impacts of panels, floats, and electrical cables for the ecosystem, 

aquatic life, and quality of water. The precise area of a PV system depends on 

an engineering project that specifies panels, their distribution, floating 

components, and materials; angle and position over the lake; presence of solar 

tracking or water veil-cooling, among other technical characteristics. 

5.4 Opportunities and limitations for small-scale PV power plant 

PV power plants with an installed capacity lower than 100 MW resulted 

insufficient to promote water security over the study period. However, it 

represents an opportunity to improve energy security in less intense dry seasons. 

To analyze the eventual gains, we simulated the adoption of the scenarios PV-

50 and PV-100 from 1999 to 2008 (Figure 5.5). These PV plants generated 80 

GWh/year for each 50 MW and produced, respectively, an additional 145 and 

218 GWh/year summing solar and hydropower. The capacity factor increased 

from 0.40 in the observed scenario to 0.41 for PV-50 and 0.42 for PV-100. Losses 
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of potential energy by spilled water were not registered. Therefore, hybrid plants 

with small-scale solar PV bring the opportunity to increment electricity dispatches, 

optimize the HPP, and increase water allocation control. 

Figure 5.5 - Monthly electricity output of Sobradinho hybrid power plant per energy 
source in scenario (A) PV-50 and (B) PV-100 from 1999 to 2008 compared 
to the historical time-series (red bold line). 

    

 

5.5 Final remarks 

Accordingly, Nexus studies provide information for managers, policymakers, 

scientific community, and the diversity of actors involved in the decision-making. 

The definition of the appropriate scenario is contingent upon the historical 

conditions of the basin and the expected goals. The simulated scenarios implied 

positive and negative impacts on water and energy securities, with secondary 

effects on social, environmental, and economic aspects. In addition to the results 

of the present study, the decisions need to be confronted with a broad series of 

supplementary information, for instance: trends in population, economic 

activities, and climatology; international commitments of sustainable 

development; governance structure; active policies that interfere in the use of 

resources; local, regional and national existing programs for water and energy 
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(A) 50 MW (CF: 0.41)
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supply, and current measures to control water and energy demand. The pursuit 

of mutualism and synergies among sectors in the use of resources depends on 

the constant monitoring and evaluation – on multiple scales – of the conditions, 

actions, responses, and rebound effects. 

5.6 Recommendations for future researches 

This study presents an approach for integrated management of water and energy 

resources in scarce conditions by placing additional renewable energy sources 

in the existent infrastructure and changing the management of its capacity. Future 

studies can bring important contributions by advancing the investigation on:  

i. Quantify the optimal solar production in a range of projected climate and 

hydrological conditions under the influence of global environmental 

changes; 

ii. Measure the gains and losses in electricity generation of the floating PV 

system located inside the Sobradinho reservoir; 

iii. Analyze the viability and the water and energy outcomes of additionally 

adding the FPV power plant in the Três Marias and Itaparica reservoirs at 

São Francisco River; 

iv. Analyze scenarios for the hybrid power plant investigating the 

complementarity in the harness of hydro and solar energy sources, and 

minimizing water and energy losses by spilled water and evaporation; 

v. Assess the optimized operating level of Sobradinho reservoir that 

concomitantly guarantees the water security of the projected demand in 

the long-term and reduces losses by evaporation; 

vi. Analyze the potential gains of changing the water allocation based on the 

installation of distributed generation from PV power plants located in urban 

areas. 
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6 CONCLUSIONS 

 

This study presents a scenario-based analysis of partly replacing hydroelectricity 

generation using solar power aiming to improve the water and energy 

management strategies for reservoirs operating in cascade at the São Francisco 

River, partially inserted in the Brazilian semi-arid region. This river provides water 

for human activities at the semi-arid portion of the basin, while the reservoirs that 

the river feeds represent ~15% of the water storage capacity of the national 

electric grid. Here, the recent events of drought and the climate projections 

indicate that the typical management of water and energy leads to sub-optimal 

outcomes. Hence, synergetic measurements of resources management need to 

be rapidly embraced to prepare for the future and minimize the most harmful 

social, environmental, and economic impacts, contributing to improvements on 

the Sustainable Development Goals, particularly SDG 6 and SDG 7. 

The severity of the drought in the 2010s decade restricted the capacity to 

management the water of SFR. We estimated at 1,000 m³/s the maximum outflow 

from the Sobradinho reservoir to maintain water security as higher outflow values 

would deplete the effective water storage. This value is considerably lower than 

the authorized minimum operative outflow (ecological streamflow) of 1,300 m³/s 

that regulated the reservoir’s operation before this severe drought. Considering 

that limit for the water availability, the operative rule of minimum outflow at 800 

m³/s set by the National Water Agency was adopted in the scenarios under 

investigation because it enabled the increasing on water security in the critical 

climatic conditions of 2015 and 2017. 

In this context, solar power stands as an alternative for saving water in reservoirs 

and reducing its use to produce energy. To carry out a sensitivity analysis on the 

adoption of solar power into a hydropower plant during a drought period, the solar 

FPV scenarios were proposed in the range of 50 to 1,000 MW of installed power 

and simulated for the years 2009 to 2018. The scenarios of 50 and 100 MW were 

insufficient to increase the water storage of Sobradinho and were classified as 
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invalid, while scenarios PV-250, PV-500, PV-750, and PV-1000 achieved 

benefits in water and energy security. 

We adopted a solar-water equivalence to set the saved flow (Sobradinho outflow 

restriction) of the simulated scenarios. Based on the Sobradinho average 

productivity of 61.4 Wh/m³, the saved flow varied from 226 m³/s for the PV-250 

to 904 m³/s for PV-1000 MW, respectively substituting 404 to 1,615 GWh, on 

average every year. The gains and losses of generating electricity by floating 

systems need to be properly quantified and were qualitatively discussed in this 

study. 

The study demonstrated that the PV power plants could have played a significant 

role in water and energy security in this high-dependent water demand area 

during a severe drought event. Water security was improved at the Sobradinho 

reservoir by adopting PV power plants in the range of 250 to 1,000 MW, achieving 

0.7-2.3 years of the water demand in the most critical year while electricity 

dispatches increased by 17-63%, on average. The largest simulated scenario 

occupied less than 1% of the Sobradinho lake area in a condition of absence of 

water.  

Besides the local security in water and energy, the measure could produce 

collateral improvements in social, environmental, and economic aspects such as 

in-river water quality, ecological conservation, jobs and income creation, and the 

optimization of the existing infrastructure of water and energy supply. However, 

on a regional scale, as Sobradinho is part of a five-hydropower plant system in 

cascade, the total electricity output was maintained for the PV scenario of 

250 MW but reduced by 4.4% for the scenario of 1000 MW. In scenarios higher 

than 500 MW, the solar power output was partially offset. These losses of water 

and potential energy are related to evaporation from the reservoirs and spilled 

water in the hydropower plants downstream Sobradinho. Despite this overall loss, 

a power generation increment was quantified in the critical years of the prolonged 

drought, which would have contributed to increase the renewable share of the 

grid. In fact, scenarios higher than 500 MW surpassed the hydroelectricity 

provided by Sobradinho in the critical dry months. This increase in energy output 
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over the severe drought follows the higher streamflow of the São Francisco River, 

attained by the release of water flow that was conserved in the reservoirs in the 

first years of the simulation. The higher streamflow is a required condition to 

mitigate the verified impacts in social, environmental, and economic aspects.  

The most harmful impacts of electricity shortages in the grid would have been 

avoided by adding the solar PV system into Sobradinho HPP. The discussion 

section brings the opportunities of combining solar and hydro power regarding 

daily and seasonal complementarity. The control in the operation of the national 

grid provided by the water reserve, especially with the increase of renewable 

resources with characteristics of intermittance in producing electricity being 

introduced to the grid. Other aspect of discussion was focused on the optimization 

of the existing infrastructure for generating and transmitting electricity and, 

consequently, avoiding socio-environmental impacts related to the installation of 

new infrastructure.  

On the economic side, the investments for each 250 MW of solar PV power plant 

costs around US$ 0.43 billion. The Brazilian study for expanding the centralized 

PV proposes the installation of 1,000 MW/year in the years 2019-2029, with 

investments of US$ 3.7-5.0 billion at the Brazilian Northeastern region. 

Therefore, the simulated scenarios show feasibility and adherence to the national 

plans for the Brazilian electric sector regarding both costs and installed power. 

Moreover, solar PV was associated to a compensation on the emergency 

spending over the period of drought. For instance, the spending made on natural 

gas from 2009-2018 to generate electricity equivalent to the PV-250 MW summed 

~43% of the installation cost. This shift in energetic source was able to mitigate 

greenhouse gases (GHG) emissions by more than 580,000 tCO2. 

Accordingly, as the potential complementarity of solar and hydropower is 

expected to be enhanced under future climatic conditions, the research provides 

information for actors responsible for the management of water and energy 

supply systems. The results subsidize these actors in comprehending the 

opportunities, limitations, and interlinkages across sectors towards the integrated 

governance and the development of appropriate public policies.  
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APPENDIX A - WATER EVALUATION AND PLANNING (WEAP) MODELING 

 

The main model programing, input dataset and results extracted from the WEAP 

are presented in this section. 

Figure A.1 – WEAP general rules for water allocation. 
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Water demand  

Figure A.2 – Method for data input and allocation on water demand. 

 

 

Figure A.3 – Method for quantifying the water demand. 
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Figure A.4 – Data for annual activity level of water demand. 

 

 

Figure A.5 – Data for annual water use rate. 
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Input dataset:  
Trans_East: If(Year>=2017;315576000;0) 

Irrigation (Sobradinho): Interp(1999; 1185181188; 2000; 1232588436; 

2001; 1281891973; 2002; 1333167652; 2003; 1386494358; 2004; 1441954132; 

2005; 1499632298; 2006; 1559617589; 2007; 1614034298; 2008; 1609848223; 

2009; 2238051199; 2010; 2251584449; 2011; 1192445793; 2012; 1185181188; 

2013; 2457588359; 2014; 2481506161; 2015; 2780917246; 2016; 2008978304; 

2017; 2278733821; 2018; 2325450544) 

Other Uses (Sobradinho): Interp(1999; 178361; 2000; 178361; 2001; 

178361; 2002; 178361; 2003; 178361; 2004; 178361; 2005; 178361; 2006; 

178361; 2007; 178361; 2008; 207893; 2009; 207893; 2010; 57893; 2011; 

271053; 2012; 346613; 2013; 39821693; 2014; 39836093; 2015; 40024157; 

2016; 40207144; 2017; 40277111; 2018; 40301518) 

DINC (Sobradinho): Interp(1999; 181768000; 2000; 181768000; 2001; 

181768000; 2002; 181768000; 2003; 181768000; 2004; 181768000; 2005; 

181768000; 2006; 183414000; 2007; 216483000; 2008; 202661000; 2009; 

168768000; 2010; 257780000; 2011; 221253000; 2012; 320646000; 2013; 

326015962; 2014; 277580000; 2015; 310059000; 2016; 348295000; 2017; 

393853000; 2018; 328188000) 

Urban Supply (Sobradinho): Interp(1999; 23633468; 2000; 23633468; 2001; 

23633468; 2002; 23633468; 2003; 23633468; 2004; 23633468; 2005; 

23633468; 2006; 23633468; 2007; 23633468; 2008; 23633468; 2009; 

23633468; 2010; 38416275; 2011; 37712524; 2012; 71040933; 2013; 

64566101; 2014; 22911005; 2015; 18968775; 2016; 20521452; 2017; 

18445298; 2018; 48106599) 

Demand_TresMarias: Interp(1999; 54239538; 2000; 58849898; 2001; 

63852140; 2002; 69279572; 2003; 75168335; 2004; 81557644; 2005; 

88490043; 2006; 96011697; 2007; 104172691; 2008; 113027370; 2009; 

122634697; 2010; 133058646; 2011; 144368631; 2012; 156639964; 2013; 

169954361; 2014; 184400482; 2015; 200074523; 2016; 217080857; 2017; 

235532730; 2018; 256625120) 

Tresmarias_Downstream: Interp(1999; 776340882; 2000; 776340882; 2001; 

776340882; 2002; 776340882; 2003; 776340882; 2004; 776340882; 2005; 

776340882; 2006; 776340882; 2007; 1199724240; 2008; 1222128360; 2009; 

1236039069; 2010; 1238458518; 2011; 776340882; 2012; 849410899; 2013; 

1728810450; 2014; 2228137702; 2015; 3183426709; 2016; 2283891493; 2017; 

2925017046; 2018; 3027286922) 

Itaparica_Downstream: Interp(1999; 210631232; 2000; 210631232; 2001; 

210631232; 2002; 210631232; 2003; 210631232; 2004; 210631232; 2005; 

227600865; 2006; 210631232; 2007; 211436208; 2008; 189649108; 2009; 

229910699; 2010; 385246939; 2011; 730475698; 2012; 684013750; 2013; 

1796427325; 2014; 1807552503; 2015; 1528046593; 2016; 1454054991; 2017; 

639429334; 2018; 617202897) 
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Sobradinho_Downstream: Interp(1999; 1089697035; 2000; 1089697035; 2001; 

1089697035; 2002; 1089697035; 2003; 1089697035; 2004; 1089697035; 2005; 

1660408294; 2006; 1089697035; 2007; 1773602199; 2008; 1902947431; 2009; 

2485031772; 2010; 2637345753; 2011; 2108575311; 2012; 2651364498; 2013; 

3305408834; 2014; 3815178791; 2015; 2406949722; 2016; 2981350145; 2017; 

1582165325; 2018; 2195131928) 

Demand_Itaparica: Interp(1999; 334101314; 2000; 334101314; 2001; 

334101314; 2002; 334101314; 2003; 334101314; 2004; 334101314; 2005; 

334101314; 2006; 336889698; 2007; 349637452; 2008; 381227146; 2009; 

373806098; 2010; 379067708; 2011; 384688502; 2012; 649676601; 2013; 

692013280; 2014; 924347687; 2015; 690033096; 2016; 699048093; 2017; 

489857766; 2018; 510582205) 

Figure A.6 – Monthly variation of the water demand. 

 

 
Input dataset: 
Trans_East 

MonthlyValues( Jan; 0;  Feb; 0;  Mar; 10;  Apr; 10;  May; 10;  Jun; 10;  

Jul; 10;  Aug; 10;  Sep; 10;  Oct; 10;  Nov; 10;  Dec; 10 ) 

Irrigation (Sobradinho) 

DINC (Sobradinho) 

MonthlyValues(Jan; 9,7;  Feb; 9,3;  Mar; 6,6;  Apr; 4,1;  May; 5,2;  Jun; 

7,3;  Jul; 8;  Aug; 9;  Sep; 11;  Oct; 9,9;  Nov; 9,5;  Dec; 10,4) 

Urban Supply (Sobradinho) 

Other Uses (Sobradinho) 

Itaparica_Downstream 

Sobradinho_Downstream 

Demand_Itaparica 

MonthlyValues(Jan; 2,6;  Feb; 3,8;  Mar; 2,7;  Apr; 8,3;  May; 11,7;  

Jun; 11,5;  Jul; 12;  Aug; 13,9;  Sep; 14,1;  Oct; 11,2;  Nov; 5;  Dec; 

3,2) 
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Tresmarias_Downstream 

MonthlyValues(Jan; 0,03;  Feb; 1,11;  Mar; 1,16;  Apr; 9,87;  May; 14,7;  

Jun; 14,2;  Jul; 15,44;  Aug; 18,35;  Sep; 16,34;  Oct; 8,69;  Nov; 

0,12;  Dec; 0) 

Demand_TresMarias 

MonthlyValues(Jan; 0;  Feb; 1,9;  Mar; 2,5;  Apr; 13,2;  May; 13,5;  Jun; 

12,6;  Jul; 13,5;  Aug; 17;  Sep; 14,8;  Oct; 11;  Nov; 0;  Dec; 0) 

Figure A.7 – Priority rule for water allocation. 
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Reservoirs 

Figure A.8 – WEAP programing for water storage and outflow of the reservoirs. 

 

 

(continues) 
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Figure A.8 – Conclusion. 
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Figure A.9 – Modeling of the reservoirs installed at SFR. 

(A) Storage Capacity 

 

 
(B) Top of Inactive Volume 

 

(continues) 
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Figure A.9 – Conclusion. 

(C) Net Evaporation 

 

(D) Maximum Hydraulic Outflow 
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Input dataset: 

Tres Marias DAM: If(Year <2009; ReadFromFile(C:\Erica\2-Academico\INPE\1-

TESE\WEAP\INPUT\ONS_TresMarias-Outflow.csv; ; ; Average; ; Interpolate); 924) 

Sobradinho DAM: If(Year <2009; ReadFromFile(C:\Erica\2-Academico\INPE\1-

TESE\WEAP\INPUT\ONS-Sobradinho-Outflow.csv; ; ; Average; ; Interpolate); 4260) 

Itaparica DAM: If(Year <2009; ReadFromFile(C:\Erica\2-Academico\INPE\1-

TESE\WEAP\INPUT\ONS_Itaparica-Outflow.csv; ; ; Average; ; Interpolate); 2745) 

Source for ONS_Reservoir_Outflow: ONS (2019a) 

Hydropower 

Figure A.10 – Modeling for quantifying the electricity generation at the hydropower 
plants. 

 

 

(continues) 
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Figure A.10 – Continuation. 

 

 

Figure A.11 – Modeling of the hydropower plants installed at the SFR. 

(A) Maximum Turbine Flow 

 

(continues) 
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Figure A.11 – Continuation. 

(B) Plant factor 

 

(C) Generating efficiency 

 

(continues) 
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Figure A.11 – Continuation. 

(D) Priority on filling the reservoir 

 

 

(continues) 
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Figure A.11 – Conclusion. 

(E) Run of river power plants 
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Figure A.12 – Model rules for Minimum Flow Requirement. 

 

 
Input dataset: 
MFR1_TresMarias_Outflow: If(Year<2009; 0; 150) 

MFR2_Sobradinho_Outflow: If(Year<2009; ReadFromFile(C:\Erica\2-

Academico\INPE\1-TESE\WEAP\INPUT\ONS-Sobradinho-Outflow.csv; 1; ; Average; ; 

Interpolate); (ReadFromFile(C:\Erica\2-Academico\INPE\1-TESE\WEAP\INPUT\ONS-

Sobradinho-Outflow.csv; 1; ; Average; ; Interpolate) – Saved Flow)<800; 800; 

PrevTSValue(Supply and Resources\River\SF_CatchDM River\Reservoirs\Sobradinho 

DAM:Storage Volume[m^3])>22649400000; ReadFromFile(C:\Erica\2-Academico\INPE\1-

TESE\WEAP\INPUT\ONS-Sobradinho-Outflow.csv; 1; ; Average; ; Interpolate); 

(ReadFromFile(C:\Erica\2-Academico\INPE\1-TESE\WEAP\INPUT\ONS-Sobradinho-

Outflow.csv; 1; ; Average; ; Interpolate) - Saved Flow))  

MFR3_Xingo_Outflow: If(Year<2009; ReadFromFile(C:\Erica\2-Academico\INPE\1-

TESE\WEAP\INPUT\G_Traipu_vazoes_C_49660000-EXP.csv; 1; ; ; ; Interpolate); 

(ReadFromFile(C:\Erica\2-Academico\INPE\1-TESE\WEAP\INPUT\ONS-Sobradinho-

Outflow.csv; 1; ; Average; ; Interpolate) - Saved Flow)<800; 800; 

PrevTSValue(Supply and Resources\River\SF_CatchDM River\Reservoirs\Sobradinho 

DAM:Storage Volume[m^3])>22649400000; ReadFromFile(C:\Erica\2-Academico\INPE\1-

TESE\WEAP\INPUT\ONS-Sobradinho-Outflow.csv; 1; ; Average; ; Interpolate); 

(ReadFromFile(C:\Erica\2-Academico\INPE\1-TESE\WEAP\INPUT\ONS-Sobradinho-

Outflow.csv; 1; ; Average; ; Interpolate) - Saved Flow)) 

MFR4_Traipu_Streamflow: If(Year<2009; ReadFromFile(C:\Erica\2-Academico\INPE\1-

TESE\WEAP\INPUT\G_Traipu_vazoes_C_49660000-EXP.csv; 1; ; ; ; Interpolate); 0) 

Source for ONS_Reservoir_Outflow: ONS (2019) 

Saved Flow applied for the PV scenarios: Table 3.1 
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Figure A.13 – Rules for Reaches. 

 

 
Input dataset 
R1-Alto: ReadFromFile(C:\Erica\2-Academico\INPE\1-TESE\WEAP\INPUT\V34\R1-

Alto.csv) 

R2-Medio: ReadFromFile(C:\Erica\2-Academico\INPE\1-TESE\WEAP\INPUT\V34\R2-

Medio.csv) 

R3-Submedio: ReadFromFile(C:\Erica\2-Academico\INPE\1-TESE\WEAP\INPUT\V34\R3-

SubMedio.csv) 

R4-Baixo: ReadFromFile(C:\Erica\2-Academico\INPE\1-TESE\WEAP\INPUT\V34\R4-

Baixo.csv) 

P_TresMarias: ReadFromFile(C:\Erica\2-Academico\INPE\1-

TESE\WEAP\INPUT\V34\P_TresMarias,csv) 

P_Sobradinho: ReadFromFile(C:\Erica\2-Academico\INPE\1-

TESE\WEAP\INPUT\V34\P_Sobradinho,csv) 

P_Itaparica: ReadFromFile(C:\Erica\2-Academico\INPE\1-

TESE\WEAP\INPUT\V34\P_Itaparica,csv) 

R_Sobradinho_Lake: ReadFromFile(C:\Erica\2-Academico\INPE\1-

TESE\WEAP\INPUT\V34\R_Sobradinho_Lake.csv) 
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Table A.1 – Water input for incremental streamflow R1, R2, R3 and R4. 

 R1- 
Upper 

R2- 
Middle 

R3- 
Lower-Middle 

R4- 
Lower Total 

01/1999 830  2001  170  106  3107  
02/1999 587  967  170  97  1821  
03/1999 1623  2894  170  53  4740  
04/1999 523  1145  170  82  1920  
05/1999 371  611  170  68  1220  
06/1999 209  474  170  65  918  
07/1999 174  392  170  60  796  
08/1999 89  299  170  85  643  
09/1999 97  211  170  88  566  
10/1999 116  318  170  112  716  
11/1999 600  996  170  84  1850  
12/1999 751  2130  170  167  3217  
01/2000 1072  3121  170  102  4465  
02/2000 2075  3364  170  122  5731  
03/2000 1437  2744  170  123  4474  
04/2000 664  2171  170  144  3149  
05/2000 391  948  170  55  1564  
06/2000 280  593  170  93  1136  
07/2000 202  520  170  76  968  
08/2000 143  409  170  70  792  
09/2000 223  454  170  91  938  
10/2000 98  306  170  119  693  
11/2000 569  1306  170  194  2239  
12/2000 906  2722  170  196  3993  
01/2001 736  2131  170  22  3059  
02/2001 313  1059  170  22  1564  
03/2001 431  1221  170  22  1844  
04/2001 193  751  170  22  1136  
05/2001 135  555  170  22  882  
06/2001 117  553  170  22  862  
07/2001 100  354  170  22  646  
08/2001 85  333  170  22  610  
09/2001 106  316  170  22  614  
10/2001 196  339  170  22  727  
11/2001 428  697  170  22  1317  
12/2001 788  1497  170  22  2477  
01/2002 1304  3053  170  22  4549  
02/2002 1794  3138  170  22  5124  
03/2002 942  2020  170  22  3154  
04/2002 402  1441  170  22  2035  
05/2002 276  504  170  22  972  
06/2002 206  415  170  22  813  
07/2002 161  419  170  22  772  
08/2002 86  217  170  22  495  
09/2002 138  83  170  22  413  
10/2002 75  258  170  22  525  
11/2002 333  505  170  22  1030  
12/2002 837  1112  170  22  2141  
01/2003 1642  2673  96  22  4433  
02/2003 1172  2746  96  22  4036  
03/2003 871  1715  96  22  2704  
04/2003 464  1831  96  22  2413  
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05/2003 300  825  96  22  1243  
06/2003 224  525  96  22  867  
07/2003 193  460  96  22  771  
08/2003 149  316  96  22  583  
09/2003 131  249  96  22  498  
10/2003 88  182  96  22  388  
11/2003 202  512  96  22  832  
12/2003 716  863  96  22  1697  
01/2004 1287  2326  96  22  3731  
02/2004 1784  3624  96  22  5526  
03/2004 1822  4575  96  22  6515  
04/2004 1014  3666  96  22  4798  
05/2004 448  1657  96  22  2223  
06/2004 363  786  96  22  1267  
07/2004 299  620  96  22  1037  
08/2004 236  351  96  22  705  
09/2004 167  285  96  22  570  
10/2004 179  383  96  22  680  
11/2004 203  603  96  22  924  
12/2004 992  1310  96  22  2420  
01/2005 1716  2311  96  22  4145  
02/2005 1234  3239  96  22  4591  
03/2005 1599  3196  96  22  4913  
04/2005 603  2871  96  22  3592  
05/2005 512  1198  96  22  1828  
06/2005 362  727  96  22  1207  
07/2005 273  522  96  22  913  
08/2005 229  360  96  22  707  
09/2005 220  374  96  22  712  
10/2005 160  395  96  22  673  
11/2005 720  680  96  22  1518  
12/2005 1545  2956  96  22  4619  
01/2006 759  3261  96  22  4138  
02/2006 702  1496  96  22  2316  
03/2006 1322  2460  96  22  3900  
04/2006 646  2976  96  22  3740  
05/2006 346  1419  96  22  1883  
06/2006 257  715  96  22  1090  
07/2006 222  474  96  22  814  
08/2006 185  452  96  22  755  
09/2006 203  411  96  22  732  
10/2006 390  656  96  22  1164  
11/2006 639  1830  96  22  2587  
12/2006 2383  1707  96  22  4208  
01/2007 3017  2575  96  22  5710  
02/2007 2449  4138  96  22  6705  
03/2007 795  5755  96  22  6668  
04/2007 562  1690  96  22  2370  
05/2007 383  782  96  22  1283  
06/2007 300  732  96  22  1150  
07/2007 247  453  96  22  818  
08/2007 194  454  96  22  766  
09/2007 151  231  96  22  500  
10/2007 127  117  96  22  362  
11/2007 247  150  96  22  515  
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12/2007 634  907  96  22  1659  
01/2008 922  1107  96  22  2147  
02/2008 2242  2294  96  22  4654  
03/2008 1508  2613  96  22  4239  
04/2008 1108  2257  96  22  3483  
05/2008 500  901  96  22  1519  
06/2008 353  516  96  22  987  
07/2008 265  352  96  22  735  
08/2008 212  272  96  22  602  
09/2008 232  114  96  22  464  
10/2008 195  170  96  22  483  
11/2008 436  392  96  22  946  
12/2008 1584  1509  96  22  3211  
01/2009 2011  2780  96  22  4909  
02/2009 1974  2641  96  22  4733  
03/2009 1331  1957  96  22  3406  
04/2009 1372  2523  96  22  4013  
05/2009 599  1499  96  22  2216  
06/2009 420  761  96  22  1299  
07/2009 353  391  96  22  862  
08/2009 280  369  96  22  767  
09/2009 301  291  96  22  710  
10/2009 447  724  96  22  1289  
11/2009 424  1667  96  22  2209  
12/2009 1008  1745  96  22  2871  
01/2010 820  2189  96  116  3221  
02/2010 359  1176  96  139  1770  
03/2010 977  1742  96  148  2963  
04/2010 472  1862  96  248  2679  
05/2010 294  677  96  151  1218  
06/2010 223  630  96  299  1248  
07/2010 162  331  96  191  780  
08/2010 101  222  96  121  540  
09/2010 94  296  96  109  595  
10/2010 250  304  96  203  853  
11/2010 765  991  96  121  1974  
12/2010 1056  1992  96  181  3325  
01/2011 1680  2936  96  167  4879  
02/2011 500  1723  96  187  2507  
03/2011 2194  2307  96  219  4817  
04/2011 1031  3345  96  68  4540  
05/2011 465  1148  96  155  1864  
06/2011 348  602  96  123  1170  
07/2011 278  527  96  177  1078  
08/2011 207  271  96  164  738  
09/2011 140  267  96  230  733  
10/2011 236  545  96  321  1198  
11/2011 362  745  96  275  1478  
12/2011 1742  2382  96  239  4459  
01/2012 2792  2194  96  246  5328  
02/2012 1055  3949  96  258  5359  
03/2012 658  1229  96  289  2272  
04/2012 553  1204  96  274  2127  
05/2012 382  606  96  188  1272  
06/2012 385  554  96  255  1291  
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07/2012 250  364  96  180  890  
08/2012 185  261  96  221  764  
09/2012 161  91  96  251  599  
10/2012 137  169  96  189  591  
11/2012 501  1154  96  125  1876  
12/2012 321  1438  96  228  2083  
01/2013 686  1144  96  200  2127  
02/2013 961  2272  96  152  3481  
03/2013 610  970  96  164  1840  
04/2013 632  1982  96  169  2879  
05/2013 260  856  96  185  1398  
06/2013 289  586  96  158  1129  
07/2013 178  386  96  212  873  
08/2013 130  330  96  177  733  
09/2013 110  219  96  219  644  
10/2013 175  256  96  189  716  
11/2013 258  507  96  156  1017  
12/2013 947  1962  96  113  3119  
01/2014 354  2564  96  117  3131  
02/2014 125  919  96  184  1325  
03/2014 181  1015  96  130  1422  
04/2014 205  1318  96  184  1803  
05/2014 99  559  96  193  947  
06/2014 72  302  96  184  654  
07/2014 69  346  96  163  674  
08/2014 60  215  96  199  570  
09/2014 32  205  96  203  537  
10/2014 22  89  96  190  397  
11/2014 204  476  96  184  960  
12/2014 457  1562  96  135  2250  
01/2015 148  766  96  120  1130  
02/2015 547  1000  96  136  1780  
03/2015 831  1156  96  90  2173  
04/2015 431  1303  96  142  1972  
05/2015 267  853  96  176  1392  
06/2015 174  441  96  150  861  
07/2015 120  313  96  155  684  
08/2015 65  204  96  160  525  
09/2015 95  67  96  155  413  
10/2015 33  0  96  145  274  
11/2015 166  68  96  85  415  
12/2015 346  643  96  100  1185  
01/2016 1105  1498  96  172  2871  
02/2016 571  3077  96  90  3835  
03/2016 463  1030  96  56  1645  
04/2016 202  514  96  105  917  
05/2016 143  279  96  122  640  
06/2016 127  189  96  139  551  
07/2016 76  100  96  132  404  
08/2016 58  72  96  143  369  
09/2016 38  32  96  161  328  
10/2016 84  82  96  150  412  
11/2016 296  365  96  89  846  
12/2016 636  1380  96  73  2185  
01/2017 355  660  96  78  1189  
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02/2017 389  1014  96  68  1568  
03/2017 238  745  96  63  1142  
04/2017 138  584  96  145  963  
05/2017 167  190  96  183  636  
06/2017 71  212  96  148  527  
07/2017 29  132  96  314  571  
08/2017 24  92  96  138  350  
09/2017 7  23  96  137  264  
10/2017 9  7  96  92  204  
11/2017 166  343  96  52  657  
12/2017 648  1259  96  41  2044  
01/2018 553  953  96  49  1651  
02/2018 635  1538  96  65  2335  
03/2018 694  1754  96  70  2614  
04/2018 247  1107  96  109  1559  
05/2018 121  394  96  143  754  
06/2018 95  230  96  145  566  
07/2018 53  139  96  173  461  
08/2018 49  98  96  203  446  
09/2018 46  52  96  237  432  
10/2018 143  75  96  204  518  
11/2018 734  886  96  224  1940  
12/2018 645  1795  96  186  2722  

 

Table A.2 - Water input related to precipitation in the area of the reservoirs and runoff 
in Sobradinho. 

 P_TresMarias P_Sobradinho P_Itaparica R_Sobradinho_Lake 
01/1999 86.0 90.9 30.9 209.0 
02/1999 69.0 118.7 36.2 271.5 
03/1999 101.6 142.4 47.9 319.3 
04/1999 9.1 15.1 5.1 32.1 
05/1999 2.1 9.7 5.3 21.5 
06/1999 4.8 0.6 1.7 1.4 
07/1999 1.3 2.2 2.5 5.3 
08/1999 0.0 1.4 1.3 3.5 
09/1999 15.8 15.4 6.7 44.4 
10/1999 30.8 57.5 23.3 179.3 
11/1999 102.8 136.1 60.1 457.0 
12/1999 92.9 146.9 63.1 475.2 
01/2000 131.2 146.7 54.2 382.7 
02/2000 82.7 131.1 45.9 320.7 
03/2000 89.5 148.3 45.0 318.6 
04/2000 15.2 33.7 14.3 68.0 
05/2000 1.7 2.9 2.4 6.0 
06/2000 0.4 0.4 3.3 0.8 
07/2000 3.2 2.5 2.8 5.5 
08/2000 7.6 6.2 3.6 14.5 
09/2000 29.1 26.1 10.2 63.8 
10/2000 16.0 25.6 8.5 67.1 
11/2000 106.7 162.8 62.2 478.5 
12/2000 95.4 214.9 72.2 557.3 
01/2001 60.0 56.7 19.2 132.9 
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02/2001 26.1 51.3 17.4 121.2 
03/2001 56.1 105.6 39.5 256.4 
04/2001 5.4 16.9 6.4 42.7 
05/2001 17.9 18.3 7.4 48.0 
06/2001 0.1 4.0 5.3 11.2 
07/2001 2.8 1.5 3.2 4.4 
08/2001 14.8 5.3 4.5 16.6 
09/2001 18.0 8.0 4.5 26.4 
10/2001 45.8 48.2 23.7 174.5 
11/2001 80.1 94.3 43.7 356.7 
12/2001 142.4 101.7 53.0 362.0 
01/2002 84.9 158.9 69.2 451.6 
02/2002 130.2 132.6 45.3 294.5 
03/2002 38.4 63.8 21.0 132.8 
04/2002 6.7 26.2 8.6 54.3 
05/2002 12.1 14.9 7.2 31.8 
06/2002 0.0 0.6 2.8 1.3 
07/2002 5.3 2.3 2.7 5.2 
08/2002 2.5 0.6 1.4 1.5 
09/2002 29.1 34.1 11.8 89.3 
10/2002 24.3 11.7 5.5 35.1 
11/2002 75.9 73.9 31.2 241.1 
12/2002 118.9 147.0 64.3 491.1 
01/2003 156.5 144.0 59.8 413.0 
02/2003 32.7 59.5 21.4 140.8 
03/2003 74.8 124.5 41.6 285.8 
04/2003 13.5 36.6 12.3 81.2 
05/2003 13.5 25.4 10.0 57.4 
06/2003 0.1 0.6 1.1 1.3 
07/2003 3.1 0.5 1.6 1.2 
08/2003 8.5 10.7 4.0 27.0 
09/2003 11.5 5.5 2.8 14.6 
10/2003 15.2 17.7 7.3 53.6 
11/2003 62.9 72.1 31.7 239.3 
12/2003 89.2 70.2 31.9 238.5 
01/2004 117.7 209.7 100.7 656.3 
02/2004 152.9 219.2 74.2 536.3 
03/2004 67.5 207.4 51.5 404.9 
04/2004 39.7 107.6 19.7 147.5 
05/2004 8.8 5.9 4.3 7.6 
06/2004 6.3 5.3 4.0 7.2 
07/2004 15.5 7.6 3.7 10.9 
08/2004 0.1 1.0 1.5 1.6 
09/2004 2.2 0.5 1.0 1.0 
10/2004 32.7 57.9 14.8 116.4 
11/2004 50.9 119.8 32.3 255.2 
12/2004 138.5 149.1 44.4 321.4 
01/2005 128.7 195.3 55.3 398.4 
02/2005 55.4 236.8 57.8 443.5 
03/2005 97.9 242.4 55.4 383.3 
04/2005 21.4 77.6 15.5 101.8 
05/2005 23.2 52.4 15.3 68.5 
06/2005 5.9 3.8 5.3 5.4 
07/2005 2.2 0.9 2.2 1.5 
08/2005 2.2 2.3 2.3 4.3 
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09/2005 25.5 25.5 7.4 50.4 
10/2005 25.3 17.3 5.6 37.0 
11/2005 111.1 206.9 59.1 467.4 
12/2005 111.6 211.0 59.3 450.9 
01/2006 55.9 42.1 12.3 79.3 
02/2006 69.4 124.4 34.8 221.3 
03/2006 98.3 249.7 63.2 452.0 
04/2006 20.3 175.9 33.2 234.5 
05/2006 9.0 25.4 7.2 33.3 
06/2006 2.6 1.7 4.0 2.5 
07/2006 0.5 0.9 3.2 1.6 
08/2006 7.0 3.6 1.9 6.9 
09/2006 27.9 29.1 9.6 60.5 
10/2006 58.2 116.2 33.3 262.9 
11/2006 94.8 165.8 49.6 382.4 
12/2006 159.4 162.9 50.0 364.0 
01/2007 155.4 136.5 40.4 273.5 
02/2007 67.6 305.7 78.9 565.8 
03/2007 20.1 30.7 10.9 47.3 
04/2007 31.7 61.9 13.4 81.6 
05/2007 7.6 4.6 4.9 6.6 
06/2007 0.8 0.7 1.9 1.2 
07/2007 6.6 0.9 2.5 1.8 
08/2007 0.1 0.3 2.0 0.6 
09/2007 0.8 0.7 1.1 1.6 
10/2007 25.8 11.7 4.9 28.9 
11/2007 59.5 80.3 31.1 241.3 
12/2007 90.3 88.9 38.0 289.6 
01/2008 153.3 90.5 40.6 267.8 
02/2008 90.0 117.8 45.3 310.0 
03/2008 95.7 155.8 57.4 354.2 
04/2008 43.0 113.3 34.0 227.8 
05/2008 1.7 6.2 6.0 11.9 
06/2008 2.8 1.0 2.1 2.0 
07/2008 0.1 0.2 2.4 0.5 
08/2008 7.2 1.1 1.9 2.4 
09/2008 30.3 19.3 7.1 44.2 
10/2008 16.6 5.1 2.5 12.6 
11/2008 82.5 132.6 45.8 377.0 
12/2008 183.5 167.9 65.5 472.8 
01/2009 118.1 152.9 50.3 365.4 
02/2009 92.1 109.8 36.5 226.3 
03/2009 76.2 151.4 40.2 284.8 
04/2009 33.8 202.6 45.4 306.6 
05/2009 7.6 51.6 16.9 66.9 
06/2009 9.6 26.2 7.4 36.6 
07/2009 1.0 1.1 1.9 1.8 
08/2009 14.9 11.1 5.9 20.9 
09/2009 28.2 24.9 7.4 48.8 
10/2009 73.4 196.5 51.1 403.0 
11/2009 52.6 71.8 19.6 147.6 
12/2009 128.0 214.7 58.1 437.2 
01/2010 58.9 94.8 27.9 184.5 
02/2010 28.3 71.4 20.5 132.6 
03/2010 85.1 199.9 51.4 388.8 
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04/2010 17.5 92.6 27.1 175.6 
05/2010 16.7 19.9 6.5 38.2 
06/2010 2.6 2.0 5.3 3.8 
07/2010 0.8 1.4 3.0 2.8 
08/2010 0.0 0.2 1.1 0.5 
09/2010 21.6 7.9 4.6 17.6 
10/2010 58.0 79.8 28.0 191.3 
11/2010 109.1 163.3 50.9 408.0 
12/2010 104.8 165.7 55.9 406.8 
01/2011 87.1 134.6 43.5 310.5 
02/2011 36.1 102.1 33.0 220.4 
03/2011 138.6 243.2 70.3 513.8 
04/2011 30.9 54.7 17.7 103.0 
05/2011 2.1 8.1 7.6 13.9 
06/2011 6.0 1.2 1.9 2.2 
07/2011 0.1 0.6 2.1 1.2 
08/2011 0.3 0.5 1.2 1.0 
09/2011 1.5 0.6 1.3 1.2 
10/2011 59.6 102.1 30.8 231.3 
11/2011 71.7 160.5 47.7 385.2 
12/2011 161.8 190.2 59.3 447.0 
01/2012 127.3 130.7 39.4 277.3 
02/2012 34.4 72.4 21.0 139.2 
03/2012 53.5 91.7 22.8 165.1 
04/2012 25.1 21.3 6.3 39.8 
05/2012 11.9 20.5 6.3 40.5 
06/2012 23.7 3.2 3.1 6.7 
07/2012 0.8 0.4 1.7 0.9 
08/2012 0.1 0.6 1.5 1.3 
09/2012 10.4 3.9 2.0 9.7 
10/2012 14.3 8.3 3.5 21.6 
11/2012 100.5 214.1 70.8 591.0 
12/2012 45.1 43.2 15.6 111.1 
01/2013 117.7 158.7 56.8 419.8 
02/2013 38.7 29.0 10.8 72.4 
03/2013 76.8 109.6 34.5 263.5 
04/2013 36.2 79.6 25.7 185.1 
05/2013 21.9 7.3 5.1 16.4 
06/2013 9.8 6.4 3.6 14.6 
07/2013 2.5 0.9 3.5 2.1 
08/2013 1.2 0.7 1.2 1.8 
09/2013 20.3 10.6 4.4 26.2 
10/2013 41.0 47.0 17.3 122.1 
11/2013 68.2 106.0 38.1 300.9 
12/2013 106.0 248.1 86.2 682.3 
01/2014 33.7 37.7 12.2 86.6 
02/2014 13.6 64.6 18.8 136.5 
03/2014 41.2 114.7 33.2 248.9 
04/2014 35.8 68.3 23.8 146.0 
05/2014 4.9 8.7 5.4 18.6 
06/2014 1.1 2.1 1.9 4.7 
07/2014 19.7 3.9 4.5 8.9 
08/2014 0.6 0.6 1.2 1.4 
09/2014 3.1 2.3 1.6 5.8 
10/2014 27.7 25.2 10.5 66.3 
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11/2014 85.0 116.0 47.6 352.9 
12/2014 57.9 105.6 40.9 324.7 
01/2015 44.7 27.1 12.2 79.2 
02/2015 93.6 93.3 40.4 287.7 
03/2015 89.2 75.3 34.1 229.1 
04/2015 21.6 72.4 27.0 209.6 
05/2015 18.8 21.1 9.6 60.6 
06/2015 5.4 1.2 3.1 3.5 
07/2015 0.8 0.9 3.0 2.8 
08/2015 1.2 1.3 1.0 4.3 
09/2015 30.9 3.6 3.6 12.5 
10/2015 19.7 13.8 7.1 51.9 
11/2015 59.5 54.6 27.7 221.6 
12/2015 73.1 28.5 18.6 117.8 
01/2016 139.8 224.0 117.0 887.5 
02/2016 38.3 25.8 13.0 72.4 
03/2016 46.1 46.0 17.2 115.2 
04/2016 10.4 9.0 3.9 22.4 
05/2016 3.7 1.8 2.9 4.5 
06/2016 16.8 3.2 3.4 8.6 
07/2016 0.2 0.6 1.0 1.6 
08/2016 2.4 1.9 1.2 5.8 
09/2016 13.9 12.1 5.6 40.5 
10/2016 17.7 29.8 14.1 106.1 
11/2016 99.6 115.4 46.0 434.0 
12/2016 111.4 99.4 40.0 353.0 
01/2017 44.7 23.7 12.2 79.2 
02/2017 93.6 84.9 40.4 287.7 
03/2017 89.2 71.6 34.1 229.1 
04/2017 21.6 66.6 27.0 209.6 
05/2017 18.8 18.7 9.6 60.6 
06/2017 5.4 1.1 3.1 3.5 
07/2017 0.8 0.8 3.0 2.8 
08/2017 1.2 1.2 1.0 4.3 
09/2017 30.9 3.3 3.6 12.5 
10/2017 19.7 13.1 7.1 51.9 
11/2017 59.5 54.3 27.7 221.6 
12/2017 73.1 30.4 18.6 117.8 
01/2018 139.8 263.0 117.0 887.5 
02/2018 39.7 24.0 13.4 75.0 
03/2018 46.1 44.4 17.2 115.2 
04/2018 10.4 9.2 3.9 22.4 
05/2018 3.7 1.9 2.9 4.5 
06/2018 16.8 3.5 3.4 8.6 
07/2018 0.2 0.7 1.0 1.6 
08/2018 2.4 2.3 1.2 5.8 
09/2018 13.9 15.6 5.6 40.5 
10/2018 17.7 38.1 14.1 106.1 
11/2018 99.6 152.3 46.0 434.0 
12/2018 111.4 138.8 40.0 353.0 
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