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Abstract 
This study aims to calculate indicators and indexes to subsidize the analysis of vulnerability and 
adaptation of the renewable energy sector to climate change in Brazil, focusing on biofuels and 
solar energy. For biofuels, in general, the Brazilian coast will be a propitious area for agricultural 
productivity during the XXI century, but these are areas historically intended for occupation and 
development of the urbanization process, that is, with limited land availability and supply for 
primary production. In some parts of the Northeast, Midwest and South of the country, offer for 
the cultivation land will be reduced. For the solar energy is observed that Brazil has area and 
highly expressive power for the use of this power, both today and in the coming decades, especial-
ly in the North, Northeast and Midwest. In statistical terms, the Mann-Kendal test and Sen’s Bend 
point to a very weak tendency to useful radiation indicator in all regions of Brazil by 2100. In ad-
dition, it is projected a significant increase in mean air temperature by the end of XXI century 
across the country that can mean a reduction in power conversion capability, which is sensitive to 
ambient temperature variations, especially in the Midwest and North of the country. 
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1. Introduction 
Climate change increasingly occupies an important position within the various sectors of society, both nationally 
and internationally. Several studies, including the fifth assessment report of the Intergovernmental Panel on 
Climate Change [1], indicate that the growing trend of greenhouse gases is the main agent of such changes. Thus, 
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there is an imminent concern about the mitigation of these future climate changes, making it necessary to estab-
lish measures to adapt to possible impacts. 

As the power generation and consumption are key to socio-economic development, it is essential to under-
stand how the energy production infrastructure responds to the clash of climate change. From this knowledge is 
possible to measure the vulnerability of a nation and promote development of alternative means of it, offering 
appropriate prospects for the future. In Brazil, due to its characteristic of primary producer associated with con-
tinental proportions of its territory and climatic aspects, its energy matrix were guided primarily in renewable 
energy. 

Energy sources exploited in Brazil include hydropower, thermal power, solar power, biofuels and wind ener-
gy. According to the National Electric Energy Agency [2], the country has 3336 projects of electricity genera-
tion in operation, representing an output of approximately 118 Gigawatts. Thus, significant climate changes may 
represent substantial impacts for development and for the country economy in this sector. Specifically this re-
search, the main focus will be on solar energy and biofuels, as these sources have significant enhancement con-
ditions and vulnerability to present and future climate scenarios. 

The energy originated from biofuels is from renewable sources which in Brazil are essentially represented by 
biodiesel and ethanol. For proper use of land with purposes of exploitation of agricultural potential for the gen-
eration of biofuels, in addition to economic and social factors, it must take into account basic environmental 
factors, considering the physicochemical requirements of each culture, as well as the ecology of the region. 
Among the physical and ecological conditions, the climate plays an important role, especially with regard to 
water availability, which depends directly on rainfall supply and intensity of evapotranspiration process, ele-
ments that act as limiter to vegetation. 

For its intertropical location, Brazil has a high incidence of solar radiation throughout the year, making this a 
potential source for the exploration of energy in order to supply the increasing demand of energy in the country. 
Most of Brazil is located relatively close to the equator, so that there are not wide variations in daily sunlight. 
However, most of the population and socio-economic activities of the country are concentrated in more distant 
regions of equator, as in the Southeast and South. 

In view of the above perspectives, this work presents a vulnerability analysis and interpretation of the impacts 
(both positive and negative) of future climate changes in the renewable energy sector of biofuels and solar 
energy, in order to support researches that aim to adaptations and implementations in the current Brazilian 
energy matrix. 

2. Metodology 
2.1. Data from Climate Model 
The Numerical Models of the Earth System (NMESs) are the most promising tools to develop projections of fu-
ture climate change. Through the simulation of important physical and dynamical processes, NMESs can 
represent the complex nonlinear interactions that influence the climate as well as the interactions between the 
components of the Earth system (mainly atmosphere, biosphere and hydrosphere) and feedback mechanisms, in-
cluding changes in the frequency and intensity of extreme events [3]. In addition, NMESs can simulate future 
climates in response to changes in the concentration of greenhouse gases and aerosols. 

For this study, the regional climate was simulated by Eta model of Weather Forecasting and Climate Studies 
Center/National Institute for Space Research (CPTEC/INPE), which is coming from the original Eta model [4] 
developed at the University of Belgrade (Serbia) and operationally implemented by the National Center for En-
vironmental Predictions (NCEP) in the United States. The Eta 20 km regional model scenarios were simulated 
using the global model boundary conditions MIROC (Model for Interdisciplinary Research on Climate), a model 
developed in cooperation with the climate research center in Japan. From these integrations, the model is called 
Eta-Miroc5 [5] [6]. 

In this study, the average of thirty years is used as reference model for the processing of data and evaluation 
of future scenarios of the indicators described hereafter. The RCP 8.5 scenario [1] was selected to perform the 
climate change analyzes. Historical values (1961-1990) and projected future values (2011-2040, 2041-2070 and 
2071-2100) were calculated. Then the future-present differences were computed in order to verify the simula-
tions of future trends. 
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2.2. Biofuels Indicator 
Assuming that water availability is fundamental to the farm of genres used for the production of biofuels, in-
cluding ethanol, it is used the aridity index (D) proposed by [7]: 
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 is the Thorntwaite Moisture Index, PRECP is the precipitation and EVTP is  

the evapotranspiration. 
From this method, it was shown that occurrence of areas of desertification more emphatic process, so those 

with very low agricultural potential, are in the range 2 < D < 7. 
To complement this methodology is also used as reference humidity data in the soil in 0.1 m, which aims to 

support the assessment of water availability to the root system of plants. Furthermore, air temperature is also 
analyzed, from which proposes an index based on its variation (projected temperature-historical temperature), 
allowing estimation of the thermal stress of the plant in climate change scenarios, fundamental factor that di-
rectly affects the photosynthetic capacity of the plant. 

2.3. Solar Energy Indicator 
Assuming that the use of solar energy depends on the incident solar radiation in a given area, an efficient me-
thod of analyzing the view of the offer of this source is the radiation balance in a given region, which can be de-
termined by calculating the balance of radiation. This radiation (Rn) is the available energy in the earth-atmos- 
phere system and is defined as the radiation balance of all radiative fluxes leading to and from a surface [8]. 
Therefore, to define a useful radiation indicator (Ru) is required equating the variables of shortwave radiation 
incident to the surface (OCIS), albedo (α), short wave radiation emerging at the top of the atmosphere (ROCE) 
and short wave radiation emerging to the surface (OCES). Thus: 

2Ru OCIS ROCE OCIS OCES W mα  = + − ⋅ −    

The albedo (fraction of incident radiation which is reflected) regarded was the planet mean value, so 0.30 or 
30%. The maps show the average annual values of the indicator for a particular day of the year in Brazil, so Ruis 
multiplied by 24 hours, having a send unit W∙h/m2∙day.  

The equipment controllers of solar energy can be markedly influenced by variations in ambient temperature. 
Thus, also it is performed an analysis of projections of future increase or decrease in air temperature along the 
XXI century in Brazil. 

2.4. Statistical Tests 
For the evaluation of significance in climatic trends, it is used the Mann-Kendall nonparametric statistical test 
[9]. This test has been the most appropriate method to analyze the significance of possible climate change in 
time series [10]. 

Sen’s Bendis also calculated in this work. This is a non-parametric method (assuming a linear trend) used to 
estimate the trends magnitude [11]. As Sen’s Bend is insensitive to outliers and missing data, such testis more 
rigorous than the usual curvature of regression and provides a more realistic measure of trends in a time series. 

3. Results 
3.1. Air Temperature 
Figure 1 shows the differences in air temperature between the future climate (2011-2040, 2041-2070 and 2071- 
2100) and the historical period (1961-1990) projected to Brazil through Eta-Miroc5 model in IPCC RCP 8.5 
scenario. The estimates show an increase of about +2.0˚C in Brazil during 2011-2040. During 2041-2070, the 
projections indicate a similar temperature rise, but more sharply in the center of the country, with values reach-
ing up to +3.0˚C in the Midwest region and vicinity. Analyzing the period 2071-2100, it is noted that the  
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Figure 1. Air temperature differences between the future climate (2011-2040, 2041-2070 and 2071-2100) and the present 
climate (1961-1990) projected to Brazil through Eta-Miroc 5 regional climate model in the IPCCRCP 8.5 scenario.                    
 
increase in air temperature is emphatic in Brazil. The simulations show an increase between +2.0˚C and +3.0˚C 
in the South and in the east coast, while in up-country the difference can reach up to +5.5˚C in the Midwest and 
something around +4.0˚C in the North and in the most part of the Northeast and Southeast regions. 

In statistical terms, the analyzes indicate a significant upward trend in the average air temperature at 2 m for 
the five Brazilian regions by the end of the century, confirming the possibility of warming and frequency and 
intensity growth of temperature extreme events (Table 1). Based on this analysis, the Midwest and North Re-
gions Brazil present the highest rates of average temperature rise, with +1.51˚C by slice of time and +1.37˚C by 
slice of time, respectively. The region with the lowest magnitude of increase in the period analyzed is the South, 
with an increase of approximately +0.87˚C by slice of time. 

3.2. Biofuels (Bioethanol) 
The aridity index, formulated in the previous session, is an excellent indicator to assess the water availability in a 
particular climate type, pointing regions susceptible to the occurrence of severe droughts and desertification 
process. In the Brazilian, case is notoriously the prone to dryness of the Wild Northeast. From the proposed index 
(Figure 2), the northern state of Bahia is presented as area of desertification process, which evolves in terms of ex-
tension from the time slice 1961-1990 to 2071-2100. It also arise desertification outbreaks in the State of Pará. 

The coast of Brazil, both in its east coast as northeast remains with high moisture index, as well as the southeast  
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Table 1. Statistical analysis of air temperature at 2 meters for Brazilian regions. Values in red were considered significant at 
a confidence level of 90%.                                                                                                                            

Region Mann-Kendall Sen’s Bend 

North 0.09 +1.37˚C (by slice) 

Northeast 0.09 +1.22˚C (by slice) 

Midwest 0.09 +1.51˚C (by slice) 

Southeast 0.09 +1.27˚C (by slice) 

South 0.09 +0.87˚C (by slice) 

 

 
Figure 2. Present climate (1961-1990) and simulated future climate (2011-2040, 2041-2070 and 2071-2100) projected for 
the aridity index in Brazil through Eta-Miroc5 regional climate model in the IPCCRCP 8.5 scenario.                                          
 
of the country, which suffers with significant retraction of this area in 2011-2040 period, particularly in the 
States of São Paulo and Paraná, but from 2041 onwards, it rises again. Certainly the Brazilian coast characteris-
tics associated with a closed topography with high solar radiation and temperature of the surface ensures consi-
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derable moisture content and low static stability overlying the air, allowing when the synoptic situation is fa-
vorable, the occurrence of convective instability and hence surplus moisture in the environment. 

The most significant impact will be felt in the Central West and North of Brazil, where there is significant re-
duction in available moisture over the time slices, especially in the Amazon and Tocantins, Mato Grosso and 
Goiás, with increased susceptibility to dryness situations. 

In quantitative terms (Figure 3), the projection data of the IPCC RCP 8.5 scenario from Eta-Miroc5 show that 
in the period 1961-1990, over 74% of Brazil had aridity index below 0.9, so moisture supply code. However, 
modeling shows a reversal of this scenario by 2100, where approximately 67% will be in the next dryness class, 
that is, between the indexes 0.9 and 2.0. The areas in desertification, north of Bahia and in specific situations of 
Pará, will suffer a 0.2% increase in area extension until the end of the twenty-first century. 

As for the statistical analysis, the Mann-Kendall test indicates a significant trend in the level of 90% of the 
aridity index for Brazilian regions, except for the Southeast (Table 2). The magnitude of this change will be 
greater in the North of Brazil, which several studies have pointed to the savannization trend of lush rainforest, 
which corroborates the results. Jarring the other regions, the South has an increased trend of humidity, that is, 
over the slices, the trend observed in this region is greater availability of moisture. 

Soil moisture data (Figure 4) also confirm the spatial trend in the aridity index, so point to an expansion of 
the water deficit area, especially in the States of Bahia, Piauí and Minas Gerais. The data also show an available 
surface moisture reduction for the Midwest Region of Brazil and project a little significant change to the Brazil-
ian coast and the Southeast. However, the State of Mato Grosso do Suland Amazon region have significant loss 
of soil surface moisture over the time slices, common characteristics by virtue of the types of soils developed in 
these areas. 

These data are of great importance, since they are indicative of water availability to the root system of the 
plant, which has a direct impact on nutrient absorption capacity of it. Thus, from the modeling data is possible to 
estimate a reduction of the area with water availability for vegetation development, leading directly to the prod-
uctivity of various genres that are distributed between the Northeast and Midwest regions of Brazil. 

Statistical analyzes show a high significance for the Northeast region of the country, whose magnitude is −0.01% 
reduction in moisture between the slices of time on study (Table 3). The Region that clashes of this feature is 
the South of Brazil, whose tendency is soil moisture increases of +0.01% between the slices of time, strong by 
connecting with the results presented to the aridity index in the same area. 

From the indicators analyzed above, as well as the air temperature (item 3.1), it was possible the development 
of Figure 5, which is a synthesis map that shows those areas of Brazil with unfitness for cultivation due to  
 
Table 2. Statistical analysis of the aridity index for Brazilian regions. Values in red were considered significant at a confi-
dence level of 90%.                                                                                                                            

Region Mann-Kendall Sen’s Bend 

North 0.09 +0.04 (by slice) 

Northeast 0.09 +0.02 (by slice) 

Midwest 0.09 +0.03 (by slice) 

Southeast 0.73 +0.01 (by slice) 

South 0.09 −0.03 (by slice) 

 
Table 3. Statistical analysis of the soil moisture for Brazilian regions. Values in red were considered significant at a confi-
dence level of 90%.                                                                                                                            

Region Mann-Kendall Sen’s Bend 

North 0.31 −0.01% (by slice) 

Northeast 0.09 −0.01% (by slice) 

Midwest 0.31 −0.01% (by slice) 

Southeast 0.31 −0.01% (by slice) 

South 0.31 +0.01% (by slice) 
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Figure 3. Evolution of the areasofaridity index for Brazil through Eta-Miroc5 regional climate model in the IPCCRCP 8.5 
scenario.                                                                                                                            
 

 
Figure 4. Present climate (1961-1990) and simulated future climate (2011-2040, 2041-2070 and 2071-2100) projected for-
soil moisture (0.1 m) in Brazil through Eta-Miroc5 regional climate model in the IPCCRCP 8.5 scenario.                                          
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Figure 5. Synthesis map of cultivation fitness class to Brazil for present climate (1961-1990) and simulated future climate 
(2011-2040, 2041-2070 and 2071-2100) through Eta-Miroc5 regional climate model in the IPCCRCP 8.5 scenario.                                          
 
projected climate features (areas in red) as well as those areas which have the potential production, but human 
interventions with the use of more extensive methods of irrigation are required (yellow areas). The map shows 
also possible situations of ideal suitability for farming, areas where productivity will reach the maximum possi-
ble if the other agronomic and environmental conditions prove favorable (green areas). It is noted that by the end 
of the century, much of the Northeast of Brazil and in the States of Mato Grosso do Sul and Rio Grande do Sul 
may present climate unsuited to cultivation. However, most of the coast and the North of the country may be 
able to farming. 

Therefore, from the results presented in this section, it is observed that the Southeast region of Brazil, as well 
as the country’s coastline, is favorable areas for agricultural productivity. However, these regions are historically 
intended for occupation and development of the urbanization process, that is, with limited land availability and 
supply for production. 

3.3. Solar Energy 
Analyzing by generalized way all the maps produced by the Eta-Miroc5 regional climate model (Figure 6),  
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Figure 6. Present climate (1961-1990) and simulated future climate (2011-2040, 2041-2070 and 2071-2100) projected for 
the useful radiation indicator in Brazil through Eta-Miroc5 regional climate model in the IPCCRCP 8.5 scenario.                                          
 
there is the same pattern that remains admittedly: an inverse relationship between the intensity of solar radiation 
and latitude; so at lower latitudes (areas close to the equator, as the North and Northeast of Brazil) solar radia-
tion is high, while in higher latitudes (towards the south of the country), the intensity of this radiation is reduced. 
This occurs because of the sunlight on the earth’s surface, that is, perpendicular in the equatorial and tropical 
zone and more obliquely toward the poles. 

When the historical period (1961-1990) of the Eta-Miroc5 model is evaluated, it is noted that the Northern re-
gion of Brazil has the highest values of useful radiation indicator, and these are established between about 5700 
and 5900 W∙h/m2∙day. Next, there are the Northeast, Midwest and Southeast, with values around 5500 - 5700 
W∙h/m2∙day. The southern region has the most marked variation of intensity of this radiation, with values rang-
ing between 5500 W∙h/m2∙day in the north area to 4900 W∙h/m2∙day in southern part. 

As mentioned previously, the eminent values of useful radiation indicator in northern Brazil are due to em-
phatic solar energy that this area receives during the whole year. Thus, despite the yearly averages for the indi-
cator representation, the values of them remain significantly high. In contrast, the southern region exhibits lower 
values due to the lower amount of solar energy receipted by this area. In addition, the South has the striking fea-
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ture of quite often the performance of weather systems that enhance cloud cover, especially the cold fronts. 
Observing the future projections of useful radiation indicator generated by the Eta-Miroc5 model forced with 

the IPCC RCP 8.5 scenario, it appears that the simulated values by the end of the twenty-first century are minor 
compared with the present climate (historical period). On average, such radiation intensity reductions vary be-
tween 4% and 8% in Brazil, values considered not significant, since the country still find within a suitable range 
for the generation of energy from the short-wave radiation (solar radiation). 

Between 2011 and 2040, the North and the northern sector of the Midwest Brazil must have an average value 
of the useful radiation indicator in about 5600 W∙h/m2∙day, so a decrease of around 4% compared with the 
present climate. The south-center of the Midwest Region, as well as the Northeast and Southeast regions are 
likely to have values around 5300 W∙h/m2∙day, representing thus a reduction about 6% over the historical period. 
The South should show greater decay in the intensity of solar energy, about 8%, as the average value in this area 
would be around 5100 W∙h/m2∙day. 

Accompanying the future projections over 2041 to 2070 periods, there is a negligible increase in the values of 
useful radiation indicator in Brazil. These elevations are around 2% compared to the previous period (2011- 
2040), but still remain around 4% lower in relation to the present climate (1961-1990). In the period 2071-2100, 
the simulated scenario of solar radiation in the country is quite similar to the first discussed future period 
(2011-2040), with distribution of values of similar manner to that period. There is only one short exception in 
the States of Minas Gerais and Paraná, which keeps the value of the previous period (2041-2070). 

Figure 7 shows the percentage fractions of Brazil area for certain ranges of useful radiation indicator in func-
tion of time simulated by the Eta-Miroc5 regional climate model. Taking into consideration a land area of the 
country at 8.9 million∙km2, currently (1961-1990) and future (2011-2100) the majority (around 61%) has/will 
have an average annual radiation intensity between 5600 and 6000 W∙h/m2∙day. On a slightly lower power range 
(5200 - 5600 W∙h/m2∙day) it is noted and projected to remain around 34% of the total area of Brazil. Finally, 
about 5% of the country’s land have/will have solar radiation between 4800 and 5200 W∙h/m2∙day. 

Also according to Figure 6 and Figure 7, it is noted that the range of greater intensity of useful radiation in-
dicator (5600 - 6000 W∙h/m2∙day) is located on the North and parts of the Northeast, Midwest and Southeast of 
Brazil. On the other hand, the range with lower solar radiation (4800 - 5200 W∙h/m2∙day) is confined in a given 
stretch of southern Brazil. This reinforces one of the main geographical features and hence climate of Brazil: a 
country predominantly tropical with strong solar energy available. 

In addition, it is projected a significant increase in average air temperature by the end of XXI century across 
the country, as seen in item 3.1. It means a reduction in energy conversion capacity, sensitive to ambient tem-
perature variations, especially in the North and Midwest of the country. Furthermore, there would be area limi-
tations for the installation of photovoltaic stations due to the large expansion of the urban phenomenon in the 
national territory, leaving few free areas for these developments. 

In statistical terms, the Mann-Kendal test and Sen’s Bend point to a few significant trends to useful radiation 
indicator in all regions of Brazil (0.73), according to Table 4. Probably, this is due a few factors, including: the  

 

 
Figure 7. Percentage portions of Brazil area to the useful radiation in-
dicator ranges (W∙h/m2∙day) between 1961 and 2100 simulated by 
Eta-Miroc5 regional climate model in the IPCCRCP 8.5 scenario.                                          
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Table 4. Statistical analysis of the useful radiation indicator for Brazilian regions. Values in red were considered significant 
at a confidence level of 90%.                                                                                         

Region Mann-Kendall Sen’s Bend 

North 0.73 −99.56 W∙h/m2∙day (by slice) 

Northeast 0.73 −84.60 W∙h/m2∙day (by slice) 

Midwest 0.73 −92.91 W∙h/m2∙day (by slice) 

Southeast 0.73 −89.57 W∙h/m2∙day (by slice) 

South 0.73 −71.72 W∙h/m2∙day (by slice) 

 
use of the 30-year average and the low frequency of variation in solar radiation data. However, from the Sen’s 
Bend analysis, it is noted the magnitude of the trend, with unanimity in whimsy decrease in the useful radiation 
availability, especially in the North and Midwest, which associated with a rise in temperature could interfere in 
the production ability of energy from photovoltaic systems. However, it is noteworthy that these values are not 
statistically significant at the 90% level. 

Wherefore, it can be concluded that Brazil has area and highly expressive power for using solar energy, both 
today and in the coming decades, especially in the North, Northeast and Midwest regions. Regarding these 
considerations, it is worth noting that, since the given values are annual averages in 30 years, it is expected that 
in the summer the incident solar radiation intensity is more significant, with attenuation only in the presence of 
cloudiness, mainly in the North, a factor not impeding in a tropical country. 

4. Conclusions 
The objective of this study was to calculate indicators and indexes so that they subsidized the analysis of vulne-
rability and adaptation of the renewable energy sector to climate change in Brazil, focusing this research specif-
ically in the sources of biofuels and solar energy. 

For biofuels, in general, the Brazilian coast is presented as propitious area for agricultural productivity, but 
these are areas historically intended for occupation and development of the urbanization process, that is, with 
limited land availability and supply for primary production. In some parts of the Northeast, Midwest and South 
of the country, offer for the cultivation land will be reduced.  

In general, for the solar energy, it was observed that Brazil had area and highly expressive power for the use 
of this power, both today and in the coming decades, especially in the North, Northeast and Midwest. In statis-
tical terms, the Mann-Kendal test and Sen’s Bend point to a very weak tendency to useful radiation indicator in 
all regions of Brazil. In addition, it is projected a significant increase in mean air temperature by the end of XXI 
century across the country that can mean a reduction in power conversion capability, which is sensitive to am-
bient temperature variations, especially in the Midwest and North of the country. 

Finally, it should be noted that this work is based on current technology, thus technology improvement with 
biotechnology incentives can reverse the results once presented, and these are the recommendations of this study: 
1) investment in biotechnology and genetic improvement of plants for better adaptation to climatic contrasts; 2) 
investment in technology to better use of solar energy for power generation, in addition to the improvement of 
the materials to be less susceptible to temperature variation and transmission systems, which can reduce energy 
losses in the distribution process. 
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