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Abstract 
Climate change is taking special attention among the economic agents, especially due to the uncertainties and 
risks associated with it. In countries with a significant share of renewables in their energy matrix, this 
phenomenon implies on challenges for the energy planning in future scenarios. In this context, this study 
establishes a correlation between energy security and climate change by understanding the ability to generate 
hydroelectric power in large-scale hydroelectric (HEP) and small hydroelectric plants (SHP), in the Alto 
Paranapanema Basin (São Paulo, Brazil), a region with rainfall anomalies and water flow changes due to climate 
change. This region was chosen based on its future scenarios on climate change, especially those of rainfall 
anomalies and change in water flow, using the Soil Moisture Accounting Procedure (SMAP) mathematical 
model. The water flow was simulated in the HidroLab model, resulting in the generation of hydroelectric power. 
The results indicated a loss of generation capacity, that can be attributed to negative anomalies of rainfall and its 
direct influence on river flow, which is a fundamental factor in hydropower generation. Thus, this study draws 
attention to the importance of considering climate vulnerability in energy planning now and in the future. 

Keywords: climate change, impacts of climate variability, hydroelectric power generation in Brazil, rainfall 
variation, energy security 

1. Introduction 
Global climate variability, especially climate change and global warming, has become a major concern for 
governments, NGOs, companies, and society in general as its impacts on economies, population, food production, 
and the environment. The Intergovernmental Panel on Climate Change (IPCC) was categorical in stating that the 
observed global warming of the past 50 years is due to the accumulation of greenhouse gases generated by 
human activities. These greenhouse gases, especially carbon dioxide and methane, have the highest atmospheric 
concentrations in the last 650 000 years of the history of the planet.  

The Fifth IPCC Report projected that by 2100 the mean global temperature could rise on average from 2°C to 
more than 4°C (IPCC, 2014). Consequently, the high latitudes and the equatorial Pacific are likely to experience 
an increase in annual mean precipitation. In many mid-latitude and subtropical dry regions, mean precipitation 
will likely decrease while in mid-latitude wet regions, mean precipitation will likely increase. Extreme 
precipitation events over most mid-latitude land masses and over wet tropical regions will very likely become 
more intense and more frequent as global mean surface temperature increases. Globally, in all scenarios studied 
by IPCC, it is likely that the area encompassed by monsoon systems will increase and monsoon precipitation is 
likely to intensify and El Niño-Southern Oscillation (ENSO) related precipitation variability on regional scales 
will likely intensify (IPCC, 2014).  

The energy use is dependent on natural resources, and the availability and reliability of renewable sources are 
function of climate conditions, which can vary according to global climate changes (Lucena, Szklo, Schaeffer & 
Dutra, 2010). Climatic variability and climate change effects impacts on water resources use and associated 
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environmental conservation efforts (Schaeffer et al., 2012). In the history of civilization, it is common to 
correlate the migration of people and water availability, as well as combinations of changes in climate, soil, 
water and other physical factors. A well-documented example is the correlation between the frequent droughts 
that occur in the Brazilian Northeast region and its historically tenuous social and economic development and the 
large migration of the affected population to other parts of the country, especially to the Southeastern region of 
Brazil (Tucci, 2002). 

Brazilian electricity matrix is extremely dependent on water resources. According to the National Energy 
Balance (BEN, in Portuguese), hydroelectric power plants accounted for 64.0 % of domestic electric supply in 
2015, against of 74.0 % in 2010, indicating a reduction in recent years (Empresa de Pesquisa Energética [EPE], 
2011; 2016). In fact, Brazil faced a water scarcity period in 2013 that resulted in a serious problem for energy 
security in country. On the one hand, the drought reduced the levels of the reservoirs, while energy demand 
increase stimulated especially by Provisional Measure nº 579 (BRASIL, 2013). Consequently, it was necessary 
to activate almost total thermal power plants, worsening emissions in country and its contribution to climate 
change.  

According to the National Conjuncture of Brazilian Water Resources (ANA, 2015), since 2012 there is a gradual 
and intense reduction in the rainfall indices in some regions of the country (whose causes are not understandable 
given the short period studied), affecting significantly the supply of water in the Brazilian semi-arid, and in more 
populated areas and of greater water demand, such as São Paulo and Rio de Janeiro. 

In fact, Brazilian energy and water planning do not evaluate the possible impacts of climate change on natural 
resources. The National Policy for Water Resources (PNRH in Portuguese) do not considers climate vulnerability 
explicitly in its guidelines, but states that Brazilian water resources must be managed “[…] to ensure the current 
and future generations the necessary availability of water, in quality standards appropriate to their uses”. The 
politics also aims the prevention and protection against critical hydrological events, natural or resulted from 
inappropriate use of natural resources (BRASIL, 1997). Currently, Brazilian energy planning focuses especially 
on mitigating greenhouse gas emissions from the matrix by expanding alternative sources, replacing fuels and 
energy efficiency actions. However, risk management is still not considered as a fundamental factor in public 
energy policies. 

In this context, a systematic view of the hydro climatic processes at global and mid-scale levels, which are 
highly important, it also is necessary to understand the impacts from this variability so that mitigating or 
preventative measures can be planned.  

Tucci & Clarke (1998) and Collischonn, Tucci & Clarke (2001) showed that large-sized basins in South America, 
such as those associated to the rivers Paraguay and Parana, and in Africa showed long periods with differing 
water flow tendencies. After the 1970s, an increase was recorded in rainfall and river flow in South America 
while, in Africa, during the same period, there was a substantial reduction in the same parameters, raising 
questions regarding the causes of these phenomena. Tucci & Clarke (1998) and Collischonn et al. (2001) 
suggested that these long-term tendencies might have been influenced by anthropic conditions such as soil use or 
warming due to the anthropogenic intensification of the greenhouse effect, but science has not yet managed to 
identify the causes due to the short periods inherent to the information. In this context, is necessary to analyze 
the correlation between the climate change impact in each sector of water resources and its uses to the impact on 
the social and economic development and the environmental preservation of each region. 

In the last years, several studies aim to evaluate the issue of climate vulnerability and its effects on hydroelectric 
generation. Schaeffer, Lucena & Szklo (2008) estimated losses from 1.0% to 2.2% in electricity production of 
hydraulic origin for the case of Brazil as a whole. The projections by Lucena et al. (2009) indicated a mean 
potential loss in some electricity generation in the basins of the rivers Paraná, Grande, Paranaíba, Paranapanema, 
Parnaíba, São Francisco and Tocantins of 1.58% for A2 scenario and 3.15% for the B2 scenario (Note 1). 
According to Cleto (2008), electricity production in Portugal will decrease from 5% to 6% loss in the fall and 
spring, a 15% loss in the winter and a slight 1-2% increase in the summer.  

In such context, the present study objective is to focus on an area these previous studies did not focus on, which 
is the correlation of potential impact of the climate alterations on water resources and subsequently on 
hydroelectric power generation, a theme little explored in Brazil and in many other countries (Bazilian, Hobbs, 
Blyth, MacGill & Howells, 2011; Schaeffer et al. 2012).  

In summary, the main objective of the present study was to analyze the climatic variability degree, which drive 
changes in seasonality and quantity of rainfall, and can alter the physiological behavior of a body of water in its 
hydrographic basin. This change also alters the water availability, which impacts electricity generation by 
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hydroelectric plants (HEP) or from small hydroelectric plants (SHEP). A secondary objective of the present 
study was to assess whether there is proportionality in the loss factors between rainfall, flow and electricity 
generation. The Brazilian region chosen was the Alto Paranapanema Basin located in Sao Paulo state. This 
region houses the largest industrial park and the greatest economic production of Brazil, where closer 30% of the 
Brazilian GNP is produced and whose historically high electricity consumption has an intrinsic relationship with 
its notable economic power (EPE, 2011).  

2. Method 
A well-known and proven methodology developed by Hamada, Gonçalves, Marengo & Ghini (2008) was chosen 
to be used in the present study. In this methodology, the scenarios of changes in the rainfall seasonality and 
volume were used as database for numerical modeling (see Table 1, as follow). From these scenarios, the SMAP 
(Soil Moisture Accounting Procedure) hydrological model was used to predict water performance in the basin 
and these data were then imported into the HidroLab model, simulating hydraulic electricity operation and 
generation in a HEP and a SHEP. 

 
Table 1. Mean daily rainfall anomalies (mm/day) 

Month 
2020 2050 2080 

A2 B2 A2 B2 A2 B2 

January -1.34 -1.16 -1.26 -1.00 -1.09 -0.97 

February -0.16 -0.04 -0.22 0.10 -0.13 0.04 

March -0.04 -0.34 -0.07 0.02 -0.28 -0.24 

April -0.10 -0.01 -0.13 -0.05 -0.02 -0.08 

May -0.18 -0.11 -0.21 -0.18 -0.26 -0.18 

June 0.10 0.14 0.19 0.13 0.15 0.13 

July 0.09 0.08 0.11 0.13 0.09 0.09 

August 0.12 0.13 0.15 0.14 0.08 0.10 

September -0.01 -0.10 -0.13 -0.24 -0.27 -0.16 

October 0.18 0.12 0.08 -0.18 -0.06 0.13 

November 0.31 0.13 0.13 0.48 0.07 0.44 

December -0.61 -0.61 -0.77 -0.55 -0.49 -0.38 

Source: Adapted from Hamada et al. (2008). 

 

Hamada et al. (2008) used the A2 and B2 scenarios described by the Intergovernmental Panel on Climate 
Change (IPCC, 2007), and are part of the four scenarios (A1, A2, B1 and B2) created by the IPCC for studies on 
climate change. Each scenario is distinguished from the other by different perspectives regarding changes in 
energy uses, sustainability actions, economic scenarios and other social, economic and environmental indicators. 

The climate scenarios used in the simulations were scenarios A2 and B2 of IPCC (or, more precisely, the A2 and 
B2 scenario families). Scenario A2 refers to the most drastic scenario regarding climatic changes, that is, with 
the most significant impacts of temperature increase and climatic variation. Scenario B2 refers to a less drastic 
scenario of climate changes, characterized by more gentle temperature increases and climatic variations. 

2.1 Models Used and Calibration Required 

The SMAP hydrological model is a rainfall-flow transformation model where mean monthly rainfall values for 
the hydrographic basins studied and values obtained of mean monthly flow of the body of water in question are 
used as entry data points. The SMAP model is a flow simulation model and its usage require a careful calibration 
process to produce results with the greatest possible significance (Lopes, Braga & Conejo, 1982; Lopes 1999). 
The SMAP model is calibrated using past rainfall and flow data in the basin under study where the model creates 
an equation that explains the basin performance, as recommended and used by Muñoz & Sailor (1998).  

The HidroLab program was also utilized in this study due to the system’s characteristic of managing a set of 
optimization, prediction and simulation models which help to solve problems of planning the operation decisions 
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of the systems on medium and long-term horizons, and the programming of operations on short-term horizons 
(Cicogna, 1999; 2003; Cicogna & Soares Filho, 2005). The HidroLab has a set of advanced characteristics, it is 
supported by a database of 104 registered plants and it manages a set of optimization, prediction and simulation 
tools in addition to a databank. The tools of the HidroLab used in this study were: 

• HidroData, it manages the recorded data from 104 Brazilian hydroelectric plants (Cicogna & Soares 
Filho, 2005) all of which are dispatched in the National Interlinked System (SIN) by the National 
Electricity System Operator (ONS). It contains the databank with the information necessary to execute 
the required simulations; 

• Hidromax, it was developed to optimize the energetic operation. It is an optimization model of 
individualized plants based on flow of capacitated networks with a non-linear objective; 

• The HidroSim model LT (long-term), it is a simulation model of hydroelectric plant operation. The 
description of the simulation horizon is the same adopted for the HydraMax optimization model, 
providing data and result exchange among the optimization and simulation models. 

After concluding the calibration step of the Hidrolab model, the parameter values obtained were inserted to be 
executed to obtain the flow series. The rainfall values from the rainfall collection sites, dated between 1961 and 
1990 (considered as the current scenario) were inserted in the model and a flow series was generated for the 
period. The series altered by the climatic changes followed the same sequence, but before being applied to the 
model, the anomalies presented in Table 1 were added to the rainfall values from 1961 to 1990 for both the 
scenarios (A2 and B2) and the periods (1991-2020, 2021-2050 and 2051-2080). 

The current and future flow values obtained in the Hidrolab model were used to simulate electricity generation. 
For the application of the HidroSim and HidroMax tools an HEP operation policy must be utilized. HEP 
operation policies are used in the operation of a reservoir plant, which determines how much water to save in the 
reservoir or if maximizing electricity production is the priority. The HEP policy chosen for the HidroSim and 
HidroMax tools was twofold, first was to maximize the firm electricity production for each year while 
maximizing hydroelectric power generation in order to cut costs with thermal power complementation, as this is 
more expensive than generating hydro energy. These policies were not adopted in the case of the SHEP because 
the electricity energy generation system in SHEP, run of the river, does not allow policies. In the case of SHEPs, 
since the ability to store water in reservoirs is not available, all the water that arrives at the plant has two main 
uses: the water is turbinated to generate electricity or flows out. Applying the Hidrolab model to the SHEP is 
restricted to simulating the maximum electric power production by modeled flow since the simulation allows 
that the flow that exceeds energy production of 30 MW flows out. 

2.2 The Study Area 

The study area is in the Great Hydrographic Basin of the Paraná River, more precisely in the Alto Paranapanema 
Basin (see the following Figure 1), also called the Water Resources Management Unit - UGRHI 14. The location 
was chosen because its physical characteristics are very close to an environment in its natural state, that is, the 
river source has little anthropic alteration and significant changes are not found in the location in the natural 
water volume of the rivers. 
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Table 2. Electricity generation for the A2 and B2 scenarios in the Jurimirim Small Hydroelectric Plant 

Scenario 
Time horizon in years 

analyzed 

MW (average; 

approximate 

value) 

Minimum value reached in 

the simulation – MW 

(approximate value) 

Maximum value reached 

in the simulation – MW 

(approximate value) 

A2 1991 – 2020 57.5 29 90 

B2 1991 – 2020 59 34 90 

A2 2021 – 2050 54.5 28 84 

B2 2021 – 2050 56.5 33 84 

A2 2051 – 2080 52.5 27 83 

B2 2051 – 2080 60.5 34 83 

 

In the case of the 3 SHEPs analyzed, a significant discrepancy was found in the months of November compared 
to the other months. This discrepancy best be understood by analyzing Table 1 which shows the greatest anomaly 
values. In this context, the subsequent issue is why this discrepancy did not occur in the Jurumirim HEP 
simulation since rainfall was of the same quantity and all the hydroelectric plants are located in the same 
geographical region. The explanation for this discrepancy is that the Jurumirim HEP has a reservoir which allows 
it to store water and better manage and control the water flow to the plant turbines.  
In this context, it is important to observe that for the Jurumirim plant, December and January presented a 
quantity of periods with greater power generation than in the other months. In fact, Table 1 analysis shows that 
these months have negative rainfall anomalies. Since the plant has a reservoir to store water, the electricity 
generation gains in December and January are associated to the high rainfall indices in the previous months, 
mainly due to the significant rainfall increases in November. This explains the discrepancy between the quantity 
of years with electricity generation gain of the Jurumirim and the SHEPs whose do not have a reservoir.  

It seems clear that, in the case of Jurumirim, the excess of water in November served to increase the generation 
gains in the following months, minimizing the impact of the change in rainfall seasonality on electricity 
generation. Unlike HEPs, SHEPs, which do not have water reservoirs, experienced the largest electricity 
generation impact due to the variation in rainfall during these months. It is important to consider the fact that the 
characteristically high rainfall in November (like the positive anomalies in the months of June, July, August and 
October) contributed to increasing the electricity generation capacity throughout the study period and exactly for 
this reason the Jurumirim presents, almost in its totality, all periods studied with at least one-year gain in 
generation, that did not occur in the SHEPs, where there was no year with increases in generation capacity. 

The loss in electricity production capacity may not be significant when dealing with a hydroelectric plant with 
only 98 MW of the Jurumirim and two SHEPs with a hypothetical 60 MW, however, if this loss was amplified to 
the entire river, which contains multiple HEPs with approximately 2430 MW installed, this reduction in 
electricity production capacity would be significant with potential negative reflections for the regional social and 
economic development. The two SHEPs under study are privately owned and generate power to a large cement 
plant, in this case, the power generated by these two SHEPs are used to meet the electricity demands of the 
industry in question. 

If, hypothetically, this loss was amplified for all of Brazil, with its 514.2 TWh hydroelectric power production 
generated in 2010 (EPE, 2011), the loss in question would be much more significant, resulting in serious energy 
problems potentially impossible to solve in a short-term scenario. 

4. Discussion 
Electricity consumption of a country is one of the main parameters to measure the degree of its development 
(Seljom et al., 2011), as it is directly connected to the degree of industrialization of the country. A possible and 
expressive loss in electricity production capacity could bring serious social and economic risks to the country. 

The electricity distribution system in Brazil is managed by the interlinking of the Interlinked National System 
(SIN, in Portuguese). The advantage of this system is that it can compensate the lack of electricity production 
capacity in one region with the electricity generated in another, somewhat reducing the direct influence of the 
loss of electricity production capacity with negative impacts to regional economies. The mentioned advantage 
cannot be considered in the case of the North Region of the country, since it utilizes decentralized systems to 
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supply the majority of the energy demand. This shortfall in Brazil’s energy distribution will most likely improve 
in the future as studies show that about 63% of the hydroelectric potential is located in the North Region, mainly 
in the Amazon basin (Soito & Freitas, 2011). The present study analyzed the headwater of a river located in the 
most important state of Brazil from the economic point of view: The State of São Paulo, which produces more 
than 30% of the Brazilian GDP, according to IBGE (2012), and serves as a serious relevant warning in this 
“climatic-hydro-energy-social-economic” obstacle. 

The following Table 3 shows that the relationship between rainfall and water flow and between water flow and 
power generation. 

 

Table 3. Generation capacity losses (in %) and proportions among loss in the electricity generation units under 
study 

 
Scenarios 

Rainfall with 

anomalies* 
Flow*

Energy 

generation*

Flow/Rainfall

** 

Generation

/Flow** 

Generation

/rainfall**

%
 lo

ss
 in

 J
ur

um
ir

im
 H

E
P 

1991-20 A2 3.8 9.4 7.8 2.46 0.82 2.02 

1991-20 B2 4.2 10.1 8.3 2.43 0.82 1.98 

2021-50 A2 5.0 11.9 10.0 2.41 0.84 2.01 

2021-50 B2 2.9 7.0 5.6 2.43 0.80 1.94 

2051-80 A2 5.2 12.2 10.3 2.37 0.84 2.00 

2051-80 A2 2.6 6.4 5.2 2.48 0.82 2.03 

Average 

proportions 
   2.43 0.82 2.0 

%
 lo

ss
 in

 S
an

ta
 M

ar
ia

 S
H

E
P

 1991-20 A2 3.7 8.8 10.3 2.4 1.18 2.83 

1991-20 B2 4.0 9.5 10.3 2.38 1.09 2.61 

2021-50 A2 4.7 11.2 10.3 2.37 0.92 2.19 

2021-50 B2 2.7 6.5 6.9 2.38 1.06 2.53 

2051-80 A2 4.9 11.5 10.3 2.35 0.9 2.11 

2051-80 A2 2.4 5.9 6.9 2.42 1.16 2.82 

Average 

proportions 
   2.38 1.05 2.51 

%
 lo

ss
 in

 S
ão

 J
os

é 
SH

E
P 

1991-20 A2 3.8 9.5 9.1 2.51 0.96 2.41 

1991-20 B2 4.1 10.2 9.1 2.50 0.89 2.22 

2021-50 A2 4.9 12.1 13.6 2.48 1.12 2.79 

2021-50 B2 2.8 7.1 4.5 2.51 0.64 1.61 

2051-80 A2 5.1 12.5 13.6 2.47 1.09 2.69 

2051-80 A2 2.5 6.4 4.5 2.53 0.71 1.80 

Average 

proportions 
   2.50 0.90 2.25 

*The values were calculated by finding the percentage of loss from the average of each factor in relation to 

the average of the baseline (1961-90) 

** Proportional value 
 

The results show that the relationship between rainfall and water flow and between water flow and power 
generation are not linearly proportional because of complex phenomena of the hydrographic cycle and its 
electricity production, resulting in different loss percentages. It was also observed that the impact of rainfall 
reduction in flow production in the Alto Paranapanema Basin was accentuated. The numbers in Table 2 also 
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show that the reduction in power generation closely matches reduction in water flow with positive and negative 
variations that depends on the characteristics and limitations of the plant turbines. 

Table 3 also present, in the intersection of the “generation/rainfall” column with the “proportion means” line, 
that the three production units had a very unequal proportion mean for generation/rainfall, a difference that 
reached the 25% level. Starting from the fact that the three units are located within the same hydrographic basin 
(Alto Paranapanema Basin) this difference in the proportion is even more significant. In the end, if this 
inequality already exists in closest locations and with similar physical and climatic characteristics, this 
proportional difference tends to be even greater in locations that are more distant. This, in principle, discourages 
analyses focused on correlation between climatic variation and electricity production that do not consider the 
physical characteristics (hydrology, pathology and geomorphology, for example) of the exact physical locations 
of this energy. 

Among the most important factors of this non-linearity between rainfall loss and decreased electricity generation 
capacity are the physical and particular factors of the plant surroundings and the individual potential of each 
plant that can, at times of flooding, waste energy by the outflow because of lack of generation capacity, due to 
the physical limitation of the plant. 

5. Conclusions 
The present study warns of the growing need to increase the electricity offer, even for reasons of energy security. 
It is important to emphasize that the characteristics or profiles of electricity demand and consumption are linked 
to the main questions of this study, as it is predicted that there is possible loss in the hydroelectric electricity 
production capacity, a form of energy that is considered renewable and clean. In Brazil, if these losses become 
more evident and real, it will be necessary to complement this electricity with another type of generation, usually 
made by thermal plants (as occurred in 2013), that are notorious emitters of greenhouse gases and consequently 
foment the climate change process, which, in turn, creates a cyclic process that can further intensify the process 
of loss of renewable electricity production capacity. 

Considering factors such as rainfall and water flow studied in a micro basin, the present study pointed to more 
serious losses in the study area than predicted. The electricity production losses range from 4.5% to 10.3% and 
the flow loss range from 5.9% to 10.2% for scenarios B2 for scenario A2 the electricity losses range from 7.8% 
and 13.6% and the flow loss ranges from 8.8% to 12.5%. The increases in electricity production in other regions 
will not compensate for the predicted losses in the Alto Paranapanema Basin.  

Thus, in the possible context of worsening in the global climate change, medium and long-term energy planning 
geared to sustainability, or more pragmatically to energy efficiency, and along with satisfactory meeting of the 
growing energy demand, has been shown to be necessary and opportune. The results of the present study confirm 
that there will be impacts on hydroelectric power generation from climate change, reducing electricity 
production capacity in the studied area, both in SHEP and HEP generation modalities. 

In this way, this work recommends that the planning of expansion of electricity sector considers the impacts of 
the climate change, especially in countries that, as Brazil, have an expressive hydraulic generation., 
incorporating scenarios regarding the climatic variations and the losses in hydroelectricity production capacity, 
attributed to the hydro-climatic factor.  
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Notes 
Note 1. IPCC scenarios, widely used for climate change modelling. The A2 scenario family describes a typically 
heterogeneous world. The main focus is self-reliance and preservation of local identities. Fertility patterns across 
regions converge typically slowly, which results in continuously increasing population. Economic development 
is primarily regionally oriented and per capita economic growth and technological change more fragmented and 
slower than other scenarios. The B2 scenario, focused on regional and local levels, family describes a world in 
which the emphasis is on local solutions to economic, social and environmental sustainability and related with 
intermediate levels of economic development, and not so fast but very diverse technological change. 
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