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1. Introduction 

Energy and water are both fundamental inputs for modern economies (Hussey & Pittock 2012). The high 

standard of life they provide depends on an uninterrupted supply. As reliance on these resources grows, so do 

the concerns regarding their security, especially in terms of availability (Ang et al. 2015; Bridge 2015; Hussey 

& Pittock 2012; Perrone and Hornberger 2014). Anthropogenic-induced climate change and a projected rise in 

population, in combination with the relentless pursuit of economic growth, suggest that greater stress will be 

placed on these same resources (Perrone and Hornberger 2014; Vörösmarty et al. 2000). In order to secure their 

continuous and sufficient supply for future generations, awareness of their consumption is imperative, as well 

as a more comprehensive understanding of what impacts their sustainability and in what ways.   

 

In an attempt to mitigate the effects of climate change, global efforts have been directed towards the 

development of alternatives to fossil fuels. Biofuels have become an important source for energy security that 

can contribute to a reduction of greenhouse gas emissions (EC n.d.; MME n.d.). Sugarcane-based ethanol has 

been deemed by many the most viable alternative biofuel to replace fossil fuel-based gasoline (Granco et al. 

2017). Brazil is the main producer and exporter of this type of ethanol (ibid.). 

 

The oil crisis of 1973 significantly impacted the developing Brazilian economy, which depended largely on 

imported oil (Granco et al. 2017; Tavora 2011). To counteract this threat, the government initiated a National 

Alcohol Program (Proálcool Program) in 1975, aiming to ensure supply by introducing sugarcane-based ethanol 

into the country’s energy matrix (ibid.). The second oil shock in 1979 motivated the government to intensify 

the program and to invest in the production of cars that could be powered primarily by ethanol (ibid.). A new 

wave of long-term investments in the 1990s led to significant improvements in productivity and efficiency, 

including the eventual development of flex-fuel cars, which can run on any proportion of gasoline and/or ethanol 

(Barbosa Cortez 2016; Granco et al. 2017; Hernandes et al. 2017; Kaup 2015; Tavora 2011). The introduction 

of these new engines into the national market resulted in another period of substantial increase in the production 

of sugarcane-based ethanol. (ibid.). Today, over 80% of all cars produced in Brazil have a flex-fuel engine 

(ANFAVEA 2019). The country’s new national biofuels policy, RenovaBio, approved by the congress at the 

end of 2017, proposes to further increase and stabilize the supply of this fuel. Its goal is to ensure energy security 

for Brazil and to contribute to global ambitions to reduce greenhouse gas emissions and mitigate climate change 

(MME n.d.; Bordonal et al. 2018). Correspondingly, the country’s economy is expected to profit from increased 

production and exportation.  

 

Brazil is also known for its general abundance of water resources, including the world’s largest renewable water 

supplies (Nazareno & Laurance 2015; Perrone and Hornberger 2014). Nonetheless, water issues, such as 

droughts, have started to occur at a more prominent rate (ANA 2019). This has notably prompted the country’s 

National Water Agency (ANA) to compose its first National Plan for Water Security (PNSH), released in April 

of 2019 (ibid.). 

 

The La Plata Basin is a hydrological region that reaches across the Center-South of Brazil and is noted for its 

favorable climatic conditions (Nazareno & Laurance 2015; De Vasconcelos 2014). Recently, however, it has 

started to experience historically significant droughts (ibid.). These recent events are of great concern because 

the La Plata Basin covers the most densely populated area of the country (Berbery and Barros 2002; Cavalcanti 

et al. 2015); its water resources supplying the population through a system of dams and reservoirs, or other 

renewable freshwater sources, refilled regularly by precipitation (ANA, n.d.; Keys et al. 2018; Sabesp, n.d.). It 

also sustains the largest hydroelectric power plant of South America and is of vital importance for the 

agricultural sector, including for the cultivation of sugarcane, with production relying heavily on rainwater (De 

Vasconcelos et al. 2012; Hernandes et al. 2017). Increasing droughts would expose the country’s economy as 

well as the well-being of its society to risks that could jeopardize Brazil’s supposed aim to achieve sustainable 

development (Itamaraty n.d.).  
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1.1. Problem statement  

The production of sugarcane-based ethanol offers compelling prospects in terms of energy security, economic 

growth and environmental goals, such as the reduction of greenhouse gas emissions. In Brazil, increase in 

production has been synonymous with the use of additional land for the plantation of sugarcane, which has 

expanded from 2.8 million hectares in 19801 to 10.2 million in 2017 (IBGE n.d.; Unicadata n.d.). 

Approximately half of the sugarcane produced is used for ethanol (Hernandes et al. 2017). The two largest 

sugarcane production areas in the country, the state of Sao Paulo and the lower Cerrado region, are currently 

responsible for over 80% of the area cultivated (IBGE n.d.). They are also both located within the La Plata 

Basin (ibid.), where significant droughts have been observed in recent years (De Vasconcelos et al. 2014). As 

research shows that change in land use can greatly impact water resources (Hernandes et al. 2017; Van der Ent 

et al. 2010), it suggests the possibility of the existence of a link between the increased use of land for sugarcane 

production and more frequent and more intense periods of dry conditions in those same areas. Considering the 

significant socio-economic value of the La Plata Basin area and the magnitude of Brazil’s effort to ensure 

energy security through sugarcane-based ethanol, complications could be critical and not easily reversible. This 

renders a comprehensive understanding of any potential linkages between these two factors crucial (Bettolli & 

Penalba 2018; Cavalcanti et al. 2015; Lovejoy & Nobre 2018; Nazareno & Laurance 2015). Growing research 

has been addressing energy security and water security in Brazil independently as well as the link between 

them, but literature on the topic still lacks findings on the full nature of their relationship, including the existence 

of tradeoffs and the extent of their connections. The research questions and aim of this study intend to help 

close that gap.  

 

1.2. Research aim and questions 

Brazil’s push for energy security has caused national production of sugarcane to increase (IBGE n.d.; Tavora 

2011). At the same time, the area currently responsible for the largest production of sugarcane has begun to 

display an increase in the frequency and intensity of droughts (De Vasconcelos et al. 2014; Nazareno & 

Laurence 2015). Research shows that land use change can impact water resources (Hernandes et al. 2017; Van 

der Ent et al. 2010). This suggests the possibility of a connection between the two events. The aim of this study 

is to assess this phenomenon by investigating how Brazil’s push for energy security through the production of 

sugarcane-based ethanol could be affecting its water security. 

 

While the scope of this study does not allow for a comprehensive look into energy and water security, the hope 

is to contribute to the subject by focusing on the availability of these two resources, an aspect that is crucial for 

both. In that context, the research questions to be addressed through case studies of Brazil’s two largest 

sugarcane production regions are the following: 

 

1. How is the increased production of sugarcane for ethanol in the state of Sao Paulo and the lower Cerrado 

region impacting land use? 

2. How is such land use change affecting the availability of rainwater in the same production area? 

 

Answers to these two questions will contribute to a better understanding of how Brazil’s efforts to ensure energy 

security by continuously pushing for the increased production of sugarcane-based ethanol could be affecting 

its water security in terms of the availability of rainwater.  

 

1.3. General outline 

A brief history of how sugarcane-based ethanol was integrated into Brazil’s energy matrix and became a 

valuable economic activity for the country will provide the initial context within which the topic of this paper 

is situated. The background chapter will also relate the connection between biofuel production and water issues 

                                                 
1 First year of available data for cultivation area by the Brazilian Institute of Geography and Statistics (IBGE n.d.). 
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and include the prospect for the future production of sugarcane-based ethanol in Brazil. Together, it will allow 

for a better understanding of the importance and relevance of the topic this study aims to address. The 

theoretical framework will provide the necessary definitions and concepts to help assess to which extent a link 

between the production of sugarcane and levels of rainfall exists. It will also justify the viewpoints adopted, 

approach selected and theories that were singled out to create a coherent framework that can be operationalized. 

The chapter thereafter will present the chosen method of investigation, which will consist of a case study 

encompassing the two largest sugarcane production regions in the country, the state of Sao Paulo and the lower 

Cerrado. Both areas are located within the La Plata Basin, where significant droughts have been observed in 

the recent past. The collection of data, guided by the theoretical framework, will lead to results permitting an 

analysis of how the country’s push for energy security and the subsequent change in land use it brings relate to 

the availability of rainwater in its largest producing area. The discussion will offer further insights into the 

dynamic interlinkages between energy security and water security, maintaining land use change as a pivotal 

aspect. It will also explore alternative rationalizations and expose corresponding tradeoffs. Final considerations 

will suggest points for further investigation intended to contribute to a more comprehensive understanding of 

this dynamic relationship, imperative for the achievement of a more balanced nexus, where energy security and 

water security are simultaneously present.   
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2. Background 

2.1. Sugarcane-based ethanol in Brazil 

The production of sugarcane has a long history in Brazil, dating back to its early colonial period in the 16th 

century (Barbosa Cortez 2016). At first, sugarcane plantations were primarily established in the northeast region 

of the country but were eventually and systematically moved southeast into territory that now comprises the 

state of Sao Paulo and where most consumers were located (ibid.). By the twentieth century sugarcane had 

become an important culture for Sao Paulo, with companies specializing in its production emerging in the 1920s 

(ibid.). These quickly turned into leaders of the sugarcane sector and came to play a fundamental role in the 

country’s process of industrialization (ibid.). 

 

The 1930s saw clear steps taken towards officially changing Brazil’s energy matrix to include sugarcane-based 

ethanol. As a solution to the growing overproduction of sugar and reduction of international demand, the 

government passed Decree-Law 19.717 in 1931, making ethanol-blended fuel compulsory for the entire country 

(Barbosa Cortez 2016; Granco et al. 2017). The minimum blending rate was set at 5% (ibid.). It was the first 

time that part of the country’s sugarcane was directed towards the production of ethanol (Maoura 2017). At the 

same time, research into the use of ethanol for automotive purposes at the engineering school of Sao Paulo’s 

state university continued to progress (Barbosa Cortez 2016). Two years later, the government took another 

significant step by creating the Institute of Sugar and Alcohol (IAA) and ensuring its role in regulating the 

sugarcane sector (Barbosa Cortez, 2016; Tavora 2011). The creation of the IAA in 1933 aimed to mitigate 

tensions within the sector (Tavora 2011) while also capitalizing on bioenergy as a vector of development for 

the country (Barbosa Cortez 2016).  

 

During the Second World War, the government reinforced the national interest in the sugarcane industry by 

establishing minimum prices for the product (Barbosa Cortez 2016). The state’s control over the industry was 

also exercised as it raised the blend rate to 40% in order to minimize impacts from oil shortage (Granco et al. 

2017). As oil supply steadied over the next decades, the amount of ethanol blended into gasoline stabilized 

between 5% and 7% (Barbosa Cortez 2016). This continuous and stable contribution secured sugarcane-based 

ethanol’s place within Brazil’s energy matrix (ibid.). Accordingly, research and development aiming at higher 

productivity, efficiency and quality continued to expand, with a group of sugarcane processing plant owners in 

the state of Sao Paulo creating the Copersucar Technology Center (CTC) to lead the way (ibid.). 

 

Sugarcane-based ethanol finally witnessed a change in status from a byproduct of sugar production to an 

important source of energy for Brazil in the 1970s (Granco et al. 2017). At the time, the country’s economy 

was growing at rate of 10% annually, with industrialization and urbanization quickly spreading (ibid.). The oil 

crisis of 1973 significantly impacted the developing Brazilian economy, which was importing 80% of the oil it 

consumed at the time (ibid.). As a counter measure, the government initiated the Proálcool Program in 1975, 

expanding the presence of sugarcane-based ethanol in the energy matrix of the country and aiming to 

permanently raise the ethanol blend rate for cars to 25% until 1980 (ibid.). This solution made use of the 

production structure and technology already in place and substituted dependency on a foreign product for a 

local one. The program focused on ensuring supply for the local, as well as external market, in addition to 

diversifying production by modernizing and installing new processing units (Granco et al. 2017; Moura 2017). 

It also intervened in the market in order to stimulate the production of ethanol (Moura 2017). The second oil 

shock in 1979 motivated the government to intensify the program by further investing on the demand side 

through the production of cars powered primarily by ethanol. This was a necessary step to avoid the maximum 

blend rate of 25%, which is considered safe for vehicles without an adapted engine (Granco et al. 2017; Perrone 

& Hornberger 2014). As a result, production of ethanol in Brazil increased from 0,6 billion liters in 1975 to 

almost 12 billion in 1985, as sugarcane-based ethanol vehicles came to represent 96% of the sales of new cars 

(Granco et al. 2017; Moura 2017).  
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The late 1980s was a difficult period for the industry due to the combination of a decrease in international oil 

prices, an increase in sugar prices and a national economic crisis (Granco et al. 2017; Moura 2017). By the end 

of the decade, the government had retracted incentives for the industry and the production of ethanol-powered 

cars decreased to 10%, culminating in the end of the Proálcool era (Granco et al. 2017; Moura 2017; ANFAVEA 

2019). The IAA was discontinued the same year, removing government control over the sugarcane sector 

(Granco et al. 2017; Moura 2017).  

 

In the 1990s, a combination of deregulation with stabilization of the Brazilian economy that came with a new 

economic plan (Plano Real) generated a new business environment for the sugarcane sector (Granco et al. 

2017). This allowed for new long-term investment in sugarcane production, stimulating a new wave of 

expansion, especially for the region of Sao Paulo (ibid.). This was further supported by the arrival of cars with 

flex-fuel engines into the market, which can use any proportion of gasoline and/or ethanol (Hernandes et al. 

2017). The new engine released in 2003 was well received by consumers and the country’s flex-fuel fleet grew 

exponentially, reaching 84% of all produced cars in 2014 (Moura 2017; ANFAVEA 2019). In order to keep up 

with growing demand, more sugarcane had to be produced and that required additional land (Granco et al. 2017; 

Tavora 2011). The lower Cerrado region thus became the new frontier of sugarcane expansion in the 2000s 

(ibid.). Figure 1 shows the evolution of sugarcane plantation in the country over the last forty years, highlighting 

the scope of the expansion reached in 2015. As Granco et al. (2017) observed, the lower Cerrado had now 

become the second largest sugarcane production region in the country, contributing with 6 billion liters of 

ethanol to the market in 2012.   

 

 

     
 

Figure 1. Concentration of sugarcane plantation in Brazil 1975 and 2015 (IBGE 2017) 

 

 

With a total growth in production of 718,8% since the start of the Proálcool Program in 1975 (IBGE 2017), the 

sugar-energy sector has become of significant importance for the Brazilian economy and its energy matrix. As 

of 2008, it accounts for approximately 2% of the country’s gross domestic product (GDP) (Sant’Anna 2016). 

It contributes to local economic growth through urbanization, specialized labor, new jobs and income 

generation at all stages of the supply chain (Moura 2017; Sant’Anna 2016). In terms of primary energy supply, 

roughly 30% comes from bioenergy, which represents 70% of all renewable energy (IEA Bioenergy 2018). 

Bioethanol represents 17% of all bioenergy (ibid.).  
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2.2. Land use change and water issues 

The main issues related to the increased production of biofuels in Brazil have been connected to land use and 

water resources (Bordonal et al. 2018; Ferreira Filho & Horridge 2014; Hermele 2012; Hernandes et al. 2017; 

Granco et al. 2017; Lapola et al. 2010; Leal et al. 2017; Salazar et al. 2015). As sugarcane-based ethanol is the 

most important biofuel produced in Brazil and constitutes a fair contribution to the country’s energy matrix, 

growing research aims to assess the impacts that come with its production (ibid.). These can be direct or indirect, 

independent or interlinked, with the latter option in both cases implicating a much higher level of complexity.  

 

When intensification efforts are exhausted or the incentive to acquire new land for plantation is more attractive, 

increased production induces the expansion of biofuel plantations and generates significant land use changes 

(Leal et al. 2017). It often replaces native vegetation and occupies extensive areas of farmland (ibid.). In Brazil, 

the area used for sugarcane cultivation has more than tripled over the past decades, expanding from almost 2.8 

million hectares in 1980 to over 10.2 million in 2017 (IBGE n.d.; Unicadata n.d.). Despite the various 

advantages that come with biofuel production, expansion of this magnitude comes with growing concerns 

(Bordonal et al. 2018). It can disrupt food supply and drive up food prices and provide little reduction or even 

increase the emissions of greenhouse gases depending on the practices used for production (Bordonal et al. 

2018; Lapola et al. 2010; Leal et al. 2017). It can also mean loss of biodiversity and soil erosion (ibid.). Research 

on these topics is thus imperative for the efficacy of any given biofuel (Hernandes et al. 2017; Leal et al. 2017). 

And although direct land use change has been increasingly investigated and considered, especially in relation 

to deforestation, the effects of indirect changes and the (long-term) impacts that come with the emergence of 

new agricultural frontiers are still poorly understood and uncertain (Bordonal et al. 2018; Lapola et al. 2010). 

The continental size of a country like Brazil only aggravates the difficulty of assessing such indirect impacts 

nationally. 

 

Energy systems and water resources are intrinsically linked, especially in the case of biofuels, which can affect 

both water availability and quality (Hernandes et al. 2017; Hussey & Pittock 2012). The use of fertilizers and 

its adverse impacts on water quality often accompanies the production of biofuel feedstocks. In Brazil, 

favorable growing conditions allow for the highly efficient cultivation of sugarcane with relatively low fertilizer 

inputs (Bordonal et al. 2018). Some application of pesticides is also required for its cultivation and even though 

sugarcane plantations in Brazil consume less in comparison to other crops, evidence points towards a substantial 

increase in recent years (ibid.). Residue from production processes can be another issue as it may contaminate 

water resources, such as the case of vinasse, the main residue from the sugarcane biofuel industry (ibid.). In an 

attempt to prevent the complications that can come from discarding this residue, and apply it advantageously, 

it is often used for both irrigation and fertilization (ibid.). This practice, however, has also shown the potential 

for unfavorable outcomes, such as potassium accumulation and leaching into the groundwater, as well as 

acidification, among others (ibid.). Such outcomes not only affect aquatic systems and the quality of soil for 

further production but is also of concern for the surrounding, densely populated urban areas, dependent on the 

same water resources for everyday use (Bordonal et al. 2018; Hernandes et al. 2017).   

 

More than 90% of the water needed for the production of biofuel is used during the agricultural phase when the 

feedstock is cultivated (Hernandes et al. 2017). In Brazil, where the rates of precipitation have been relatively 

high and stable in the largest producing areas, irrigation has not been extensively used for cultivation 

(Hernandes et al. 2017). Nonetheless, the industry has pushed for the optimization of water use in the production 

of sugarcane both in terms of reducing the amount used and recycling, contributing to its positive sustainability 

reputation (Bordonal et al. 2018). This high efficiency of water use in sugarcane production makes it one of the 

most favorable option for ethanol in terms of water footprint2, which is much lower when compared to other 

crops (Bordonal et al. 2018; Hernandes et al. 2017). With that said, irrigation can significantly boost sugarcane 

yields and would be necessary to meet large-scale demand, if usual water resources were strained (Bordonal et 

al. 2018). As irrigation of croplands is expected to increase in Brazil and would come with great water demands 

considering its magnitude, Hernandes et al. (2017) point out that irrigation practices and management need to 

                                                 
2 Amount of water consumed per unit ethanol produced (Gerbens-Leenes et al. 2009).  
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be explored, especially in regions where water scarcity increases and water availability decreases. Other 

concerns regarding the expansion of sugarcane and water availability relate to alteration of the partitioning of 

water at the land surface as hydrological processes such as evapotranspiration3, infiltration, groundwater 

recharge, base flow, and runoff are impacted (ibid.).  

 

Although studies involving sugarcane expansion and water resources in Brazil are growing in number, results 

still lack effective and conclusive information (Hernandes et al. 2017). The difficulty in producing such results 

only increases when addressed in connection to land use change, where dynamics are related to regional aspects 

and socioeconomic issues (Lapola et al. 2010). Assessing indirect impacts, such as the replacement of pasture 

and annual crop areas, require a much more complex approach and precise results are scare (Jusys 2017). 

Notwithstanding, research shows that indirect impacts can also yield substantial consequences and should, 

therefore, receive greater attention. This point of view reflects the rationale behind the task this study aims to 

achieve, which grows in imperativeness with the consideration that sugarcane-based ethanol production is 

projected to continue increasing in Brazil, as discussed below.  

 

2.3. Outlook for sugarcane-based ethanol in Brazil 

Several factors support the outlook for increased production of sugarcane-based ethanol in Brazil, none less 

than the fact that it has ample availability of necessary land and water resources (Bordonal et al. 2018; 

Hernandes et al. 2017). Brazil’s pledge to comply with the Paris Agreement and the continuous global demand 

for biofuels to replace fossil fuels not only remains firmly in place but has been recently boosted by the 

country’s new biofuels policy (MME n.d.). The RenovaBio program intends to increase Brazil’s ethanol 

production from 28 billion liters per year, as was recorded in 2015, to around 50 billion by 2030 (ibid.). Another 

contributing factor relates to how well-established the industry has become and its contribution to the country’s 

(economic) development, which has enabled the sugar-energy lobby to secure an influential role in Brazilian 

politics (Granco et al. 2017; Fundação Heinrich Böll & Fundação Rosa Luxemburgo 2018). The industry’s 

access to financial and political capital supports the assumption that its push for growth is likely to succeed. 

This is further supported by the fact that investment in research and development from both the public and 

private sector to increase efficiency, supply, and profit remains stable (Granco et al. 2017; Moura 2017). 

Statistics showing that a significant number of processing plants, or mills, are heavily focusing on the 

production of ethanol falls in line with and complements the outlook presented here (Granco et al. 2017; IBGE 

2017). 

 

The difficulty in accurately predicting the evolution of biofuels is related to existing speculation surrounding 

mandates for ethanol blending requirements (OECD & FAO 2018). These are not only highly sensitive to 

potential change in policy, but also to the overall demand for transport fuel and prices of crude oil (OECD & 

FAO 2018). The scope of this study does not allow for a thorough look into the topic, but assuming that blending 

rates remain as they are in key regions, the OECD and FAO (2018) conclude that it should lead to the 

stabilization in production and steady growth in the coming years, albeit slower than in previous decades. 

Figure. 2(a) shows the outlook for world ethanol production up to the year 2027, with a projected increase of 

around 10 billion liters. Figure. 2(b) shows that the percentage of sugarcane in regard to the total amount of 

biofuels used should steadily increase by no more than 3% over the same timeframe.  

 

                                                 
3 Function inherent to land surfaces that will be more thoroughly discussed in section 3.4 and which involves evaporation 

and transpiration of water from soil and plants (Ellison et al. 2017; Van der Ent et al. 2010; Makarieva and Gorshkov 

2007; Spracklen et al. 2012). 
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Figure 2. Biofuels and the demand for feedstock, 2000-2027 (OECD & FAO 2018). 

 

 

The same report by the OECD and FAO (2018) sees a clear change in the composition of the origin of demand 

for biofuels, showing a shift towards so-called developing countries, with strong growth expected in Brazil, 

China, and Thailand, where favorable policies have been adopted. In China demand could reach an even higher 

degree with the implementation of a new ethanol mandate for 2020. The report concludes that 84% of the 

additional demand for ethanol in the coming decade is expected to come from countries fitting this category. 

As these countries push to achieve sustainable development and sugarcane-based ethanol remains a viable 

alternative, it is reasonable to accept the proposed outlook as probable. This would be especially the case for 

Brazil, where local conditions such as land availability, climate, long-term experience, existing commercial 

technology, and the domestic market are comparatively favorable and further supported by public policies and 

regulatory framework (Hernandes et al. 2017).  
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3. Theoretical framework 

The definitions and concepts applied in this study, which will collectively guide the methodology, are intended 

to sharpen the focus for the analysis of a topic that is very broad and complex. First, the terms energy security 

and water security will be defined by concentrating on a single, and fundamental, aspect within their wider 

meanings: availability. Second, a nexus approach that emphasizes the dynamic relationship between vital 

resources and their corresponding sectors, in this case energy and water, will be presented. Its purpose is to 

highlight how investments in one sector can lead to (in)direct consequences for the other. Lastly, a description 

of the system that regulates the amount and frequency of rainfall in the La Plata River Basin, which covers the 

agricultural areas in Brazil relevant for this study, will be introduced. It will comprise the last piece of a 

theoretical basis necessary to adequately consider whether the increased production of sugarcane (for ethanol) 

could potentially be impacting the availability of rainwater in those same regions.  

 

 Energy security 

The modern world’s increasing reliance on energy has rendered growing concerns surrounding the security of 

its provision. This is an issue of critical importance not only to governments, but also to businesses and civil 

society, whose high standard of life has been proven to depend on an uninterrupted supply (Ang et al. 2015; 

Bridge, 2015). In modern times, energy security has been primarily associated with the supply of oil, and 

although new themes and dimensions continue to be incorporated into the concept, no consensus has been 

reached on a definition. After the first oil crisis in 1973, the International Energy Agency (IEA n.d.(a)), a now 

influential intergovernmental organization, set out to promote alternative sources of energy and less 

dependency on oil. In addition to ensuring affordable prices, its definition of energy security, which continues 

to be widely used in academic and policy debates, is devoted to “the uninterrupted availability of energy 

sources” (IEA n.d.(b)). As Ang et al. (2015) note, availability remains the one basic factor within any 

conceptualization of energy security. It seems to be the one non-negotiable aspect of any definition, with all 

others such as source, price, access, and equity inherently susceptible to compromise.  

 

New themes and dimensions have unmistakably increased the complexity of energy systems and with that the 

idea of their securitization (Ang et al. 2015; IEA n.d.(b)). Acknowledgement of the need of a more systematic 

approach to address the wider ranges of vulnerabilities that accompany this increased complexity has been 

widely recognized (IEA n.d.(b)). This can be seen through an increasing number of studies dedicated to this 

purpose (see Ang et al. 2015; Bridge 2015; Cherp and Jewell 2014; Kucharski & Unesaki 2015; Radovanović 

et al. 2017). Nevertheless, the availability of supply remains at the core of what nations perceive to be a threat 

to their energy security. Bridge (2015) reasons that applying a logic of securitization to energy, or any other 

matter such as food and water, causes any threat to its stability, especially availability of supply, to be seen as 

a national concern. Brazil’s Ministry of Mines and Energy (MME n.d.) clearly adheres to this logic, as reflected 

by a report it released on the issue in 2017, where it begins by recognizing the definition offered by the IEA. 

Its working group responsible for the publication goes on to list four other components that should be 

considered in order to ensure energy security (physical security, access to energy, emergency response system 

and business environment), all of which, in one way or another, require consistent and increasing availability 

of energy supply. As demand and consumption continue to increase, and the goal to ensure energy security 

persists, Brazil’s new national biofuels policy reiterates the inceptive rationale behind the country’s most 

significant and comprehensive push for sugarcane production in 1975. RenovaBio (MME n.d.), brings attention 

to current ambitions to reduce greenhouse gas emissions and mitigate climate change, but at its core lies the 

country’s perpetual and unapologetic aim to increase and stabilize supply. The fact that Brazil’s push for energy 

security continues to encompass measures to directly increase the amount of sugarcane-based ethanol it 

produces renders an approach that looks at the availability of the resource relevant.  
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 Water security 

A similar development can be observed when it comes to the concept of water security. The UN recognizes 

water as a vital resource for human well-being, with modern living standards significantly dependent on its 

level of security (UN-Water 2013). It sees it as essential for future sustainable development. Cook and Bakker 

(2012) explain that the framing of the concept of water security has also become more diverse over the years, 

moving significantly beyond its initial focus in the 1990s on quantity and availability of water for human use. 

Different trends show how definitions have become more integrative in the 21st century, as can be seen by the 

UN’s current descriptive definition of 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-Water 2013). 

 

As discussed above in relation to energy security, all components of this widely recognized definition are also 

dependent on the availability of supply in order to be able to fulfill their respective purposes.  

 

The Global Water Partnership (GWP), a prominent network founded in 1996 to bring together government, 

civil society, and businesses from around the world to develop solutions to water problems, asserts that a holistic 

approach is needed in order to fully grasp the complexity of the concept of water security. It assures this to be 

imperative for the establishment of an appropriate balance between the protection and use of water across all 

sectors (GWP 2019; GWP n.d.). The author of this study concurs with that point of view and hopes to contribute 

to it by looking at the one underlying aspect in any approach to water security. Given availability’s undeniable 

and lasting centrality throughout the history of the concept, which is also clearly reflected in Brazil’s current 

approach (DNOCS 2019), this study will adopt a view of water security focused on the availability of supply. 

More specifically, it will consider the quantity of water made available through rainfall. It should be seen as a 

modest but fundamental contribution towards a more complex and comprehensive investigation of the subject 

in the future. 

 

This choice of approach is further rationalized by the fact that even though Brazil has the world’s largest 

renewable water supplies, it has experienced historic rainwater shortages in the recent past (Nazareno & 

Laurance 2015). This is particularly relevant for this study because sugarcane production in Brazil is mostly 

rain-fed, and thus highly dependent on levels of rainfall (Hernandes et al. 2014). Furthermore, these same 

production regions are greatly urbanized, and the water supplied to their inhabitants also relies on sufficient 

precipitation (ANA n.d.; Keys et al. 2018) A decrease in water available through rain would put the well-being 

of large numbers of the Brazilian population directly at risk. 

 

 The energy-water nexus 

Although energy and water are recognized as indispensable for humans and our modern way of life, Allan et 

al. (2015) note that these natural resources have not been developed and consumed in a way that incorporates 

awareness of their value and scarcity. The need to manage energy and water in an integrative manner presented 

a shift in perspective only in the early 1980s (Al-Saidi & Elagib 2017). And even though it has been increasingly 

gaining space in academic and policy debates, the energy-water nexus still remains alarmingly underexploited 

almost four decades later (Hussey & Pittock 2012). This explains Hussey and Pittock’s (2012) further argument 

that despite wide recognition of the interdependency of these two resources and their corresponding sectors, 

decision-making surrounding existing energy and water policies continues to be mostly sector specific. Smaigl 

et al. (2016) assert that history has started to show the grave risks that can come with sectoral investments 

prioritizing one resource. The fragmentation resulting from policies developed in isolation is starting to reveal 

erroneous consequences all around due to problematic trade-offs (Smaigl et al. 2016). Whether neglect or 

inadequate comprehension about how energy and water resources interact with one another at different points 
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and scales is to blame, it shows a lack of concern for their interconnectedness and the perilous outcomes it 

could bring about for humans and the environment (Hussey and Pittock 2012; Smajgl et al. 2016). This issue 

becomes even more important as investment and development continue to take place in the context of climate 

change and increasing resource scarcity (Ringler et al. 2013; Smaigl et al. 2015). 

 

Nexus thinking corresponds to the basic understanding that natural resources have boundaries and awareness 

of the consequences that come with overstepping them (Ringler et al. 2013). The pursuit to securitize resources 

like energy and water simultaneously and to equal extents requires acknowledging the inter-linkages between 

them and their place within a larger system (Smaigl et al. 2016). As Newell et al. (2011) adeptly observe, “It is 

a truism of system science that a system’s performance cannot be optimized by optimizing the performance of 

its subsystems taken in isolation from one another”. The nexus paradigm proposed by Smajgl et al. (2016) 

suggests that when sectoral objectives are not weighed equally from their onset, investments in the development 

of one sector can impact another one, often resulting in unintended trade-offs. This is especially relevant when 

it comes to sectoral imperatives of large-scale development investment since the corresponding scale of impact 

has the capacity to affect the security of another vital resource – precisely the matter this study aims to 

investigate. The approach at hand also calls for the simultaneous consideration of the relationship between the 

different sectors and the nexus core, which can include factors such as climate change and population growth. 

This reflects a principle of sustained interactions where sectoral outcomes impact attributes of the core drivers 

while at the same time being influenced by them. For Smajgl et al. (2016), the outcome of this dynamic and 

continuous process is what determines whether nexus factors, such as availability, improve/expand or 

deteriorate/contract. This can be assessed by looking, qualitatively or quantitatively, at changes of sectoral 

outputs, the characteristic of sectoral interactions, or the conditions of the core drivers. The authors also stress 

that the cumulative effect of historical social and political projects and decisions that have contributed to current 

circumstances must be considered too. This approach ultimately emphasizes considering three sectors (energy, 

water, and food) that are fundamental for environmental sustainability and the well-being of all. Nevertheless, 

it is still applicable in the case of a two-way nexus, since it is a necessary and preliminary step for a broader 

assessment including all sectors. 

 

As a diagnostic tool, a nexus approach allows for a more comprehensive understanding of the dynamic 

interactions between different resources and their sectors. Moreover, it provides insights into the outcomes 

resulting from cross-sectoral interventions as well as relevant core drivers (Smajgl et al. 2016). In this case, an 

analysis of the dynamic interactions affecting water security following large-scale development in energy 

security would enhance our overall knowledge of the energy-water nexus. While the complexity this entails 

highlights a key challenge, the comprehensiveness it commends offers a better understanding and, 

consequently, a primary step towards more realistic solutions to preventing or minimizing ripple effects and 

trade-offs (Al-Saidi and Elagib 2017; Perrone & Hornberger 2014; Smaigl et al. 2016). As Brazil continues to 

strive for energy security in the same way it has in the past, such an approach would be imperative to expose 

the (long-term) problems this can generate and to ensure a balanced nexus. Nonetheless, the potential of 

applying a nexus approach cannot be overstated in that the situational context is overlooked. The drivers behind 

the push for energy security are closely entangled with significant economic and political forces and can, 

therefore, constitute real hindrance to the implementation of a nexus approach, despite the obvious overall 

benefits it would bring.   

 

 Rainfall in the La Plata Basin 

The last piece of the theoretical framework concerns the hydrological cycle that regulates levels of rainfall in 

the regions of Sao Paulo and the lower Cerrado, both of which lie within the La Plata River Basin. Here, two 

separate but interconnected theories have been singled out as relevant for an understanding of where the water 

that rains down in the La Plata Basin comes from and what factors influence it. While the concept of moisture 

recycling explains how land use directly influences levels of rainfall through evapotranspiration (Ellison et al. 

2017; Van der Ent et al. 2010), the concept of a biotic moisture pump (Makarieva and Gorshkov 2007) further 

theorizes how levels of rainfall in a certain region are also indirectly affected by fluxes of air transporting water. 

When working optimally, these two mechanisms ensure adequate and reliable rainfall for the La Plata Basin. 
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 The La Plata Basin  

The La Plata is the second largest basin in South America after the Amazon, which is located just north of it 

(Cavalcanti et al. 2015; Martinez & Dominguez 2014), as shown in Figure 3. It spreads over five countries, 

including Argentina, Paraguay, Bolivia, Uruguay, and Brazil, with approximately 45% of its total surface 

extending over Brazilian territory (Berbery and Barros 2002). This is equivalent to about 1,430 km2 and 

represents almost 17% of the total area of the country (De Vasconcelos 2014) consisting of three hydrological 

sub-basins – Paraguay, Paraná, and Uruguay (Berbery and Barros 2002). Figure 4 provides a more detailed 

view of the Brazilian side of the La Plata Basin shown to cover the entire state of Mato Grosso do Sul (MS), 

most of Sao Paulo and parts of all other states constituting the lower Cerrado – Mato Grosso (MT), Goias (GO), 

Minas Gerais (MG) and to a minimal degree Paraná (PR). The water resources of the La Plata Basin sustain the 

most densely populated area in Brazil and the continent (Berbery and Barros 2002; Cavalcanti et al. 2015). It 

is also home to the largest hydroelectric power plant of South America and covers one of the most important 

regions for agriculture (Berbery and Barros 2002; Cavalcanti et al. 2015; De Vasconcelos et al. 2014). 

Accordingly, any changes in the hydrological cycle of the basin, including levels of precipitation, correspond 

to impacts that are significant environmentally, economically, and socially.  

 

 

 
 

 

 Moisture recycling 

Terrestrial evaporation is a crucial contributor to atmospheric moisture (Van der Ent et al. 2010; Keys et al. 

2012). Like ocean surfaces, land surfaces also release water vapor into the atmosphere through 

evapotranspiration, an inherent function that involves evaporation from soil and plants’ surfaces and 

transpiration of water from plants’ leaves (Ellison et al. 2017; Van der Ent et al. 2010; Makarieva and Gorshkov 

2007; Spracklen et al. 2012). Prevailing wind patterns then transport recharged atmospheric moisture across 

planetary surfaces (Ellison et al. 2017). This upwind and cross-continental production and transport of 

Figure 3. Hydrological Basins of South America,

including ( 5 ) Amazon Basin and ( 12 ) La Plata

Basin (FAO n.d.).

Figure 4. La Plata Basin (in gray) situated within

the Brazilian territory (de Vasconcelos et al. 2014).
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atmospheric moisture constitutes a form of land-atmosphere interaction referred to as moisture recycling4 

(Ellison et al. 2017; Van der Ent et al. 2010). This recycling process is intimately linked to the redistribution of 

water across terrestrial surfaces, with rainfall and water availability either intensifying or declining depending 

on the circumstances (ibid.). A transregional character ensures the transportation of atmospheric moisture over 

local as well as distant land surfaces, some thousands of kilometers downwind (Ellison et al. 2017; Keys et al. 

2012).  

 

The portion of rainfall over land that originates from evapotranspiration is, on average, at least 40% (Ellison et 

al. 2017). In some areas, like the La Plata Basin, about 70% of the precipitation is estimated to be of terrestrial 

origin (Ellison et al. 2017; Martinez & Dominguez 2014; Van der Ent et al. 2010; Zempt et al. 2014). Martinez 

& Dominguez (2014) assert that the most important terrestrial contribution to atmospheric moisture over the 

La Plata Basin comes from local recycling, where moisture evaporates and precipitates within the same region. 

Most of this moisture of local origin remains within the basin during the austral summer (ibid.). During the 

austral winter, however, local recycling reaches a minimum and average precipitation is reduced to less than 

half (ibid.). This results in a dry season, making the La Plata Basin more dependent on external sources for 

precipitation (Martinez & Dominguez 2014; Zemp et al. 2014). At this point, evapotranspiration from the 

Amazon Basin, which is a dominant source of continental moisture for South America, turns into a more 

relevant source of moisture for the La Plata Basin (Lovejoy and Nobre 2018; Martinez & Dominguez 2014; 

Zemp et al. 2014).  

 

Evapotranspiration from the Amazon’s natural vegetation is high and varies little in space and time, providing 

relatively constant rates of atmospheric moisture year-round for precipitation downwind (Ellison et al. 2017; 

Keys et al. 2012; Lovejoy and Nobre 2018; Martinez & Dominguez 2014; Zemp et al. 2014). Figure 5 (A and 

B, respectively) shows the origin and fate of continental atmospheric moisture over South America. Figure 

5(A) indicates levels of contributions to continental moisture recycling by evaporation, with dark red 

representing an area of high contribution and blue of low. Accordingly, the northern part of South America, 

including the Amazon, is classified as a source area for moisture evaporation that will fall again as precipitation 

over the continent. Figure 5(B) shows levels of continental precipitation recycling, with dark red representing 

an area that is highly receptive and blue unremarkably so. In this case, the central part of South America, where 

the La Plata Basin is also located, is classified as a sink region, with continental moisture recycling contributing 

substantially to levels of rainfall. When combined, these ratios provide a convincing picture leading to the 

reasonable conclusion that levels of rainfall and the availability of water in a downwind location such as the La 

Plata Basin depends on moisture recycling not only from the regional but also the continental scope (Ellison et 

al. 2017; Van der Ent et al. 2010; Keys et al. 2012; Lovejoy and Nobre 2018; Morengo 2006).  

 

 

                                                 
4 Ellison et al. (2017, p. 52) refer to the same form of land-atmosphere interaction as “precipitation recycling”. This paper 

will continue to use the term “moisture recycling” as adopted by Van der Ent et al. (2010). 
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Figure 5. (A) – Average continental evaporation recycling ratio (1999–2008); (B) – Average continental precipitation 

recycling ratio (1999–2008) (Van der Ent et al. 2010).  
 

 

Acknowledgement of terrestrial evaporation’s contribution to atmospheric moisture requires also recognizing 

the influence of vegetation over the climate (Ellison et al. 2017; Lovejoy & Nobre 2018). Correspondingly, this 

implies that land use change has the capacity to significantly impact moisture recycling and with that the 

availability of rainwater (Ellison et al. 2017; Lovejoy & Nobre 2018; Spracklen et al. 2012; Van der Ent et al. 

2010). Zemp et al. (2014) further emphasize that due to the Amazon’s constant and meaningful contribution to 

atmospheric moisture, land use change in the form of its deforestation could significantly alter rates of 

evapotranspiration, affecting the entire continental water cycle. This is especially the case when these changes 

occur at large scale, since it is more prone to alter levels of precipitation farther away from where vegetation 

has been modified (Spracklen et al. 2012). The section that follows highlights the mechanism behind the central 

role forest areas play in continental moisture recycling. 

 

 Biotic moisture pump 

Forests are responsible for the initial accumulation of water over continents as well as for the stable maintenance 

of its stores amassed thereafter (Makarieva and Gorshkov 2007). The biotic pump of atmospheric moisture 

functions as a driver of the hydrological cycle on land (ibid.). When functioning properly, natural forest cover 

that stands intact and has an extensive border with a large body of water, such as a sea or ocean, enables 

continental land to remain moistened up to an optimal level (ibid.). The essence of the biotic pump of 

atmospheric moisture involves the movement of air masses under the action of evaporative force following 

closed trajectories (ibid.). These include areas of ascending, descending and horizontal motion. As shown in 

Figure 6, the biotic moisture pump works by having low-level air move from areas with weak evaporation to 

areas with more intense evaporation. A high leaf area index5 allows natural forests to maintain high evaporation 

fluxes, supporting the movement of air over the forest (ibid.). This motion is responsible for “sucking in” moist 

air from the ocean, an open surface with weaker levels of evaporation (ibid.). At this point, moisture generated 

locally through forest evaporation is joined by additional moisture from the ocean, together contributing to a 

more robust ascending flux. The moisture-laden air, now in the upper atmosphere, moves over land before 

precipitating again in the course of time (Makarieva et al. 2014).  

 

 

                                                 
5 Defined by Makarieva and Gorshkov (2007) as “equal to the total area of all leaves of the plant divided by the plant 

projection area on the ground surface”.  

A B
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Figure 6. Biotic pump of atmospheric pressure. Black arrows: evaporation flux, arrow width schematically indicates the 

magnitude of this flux (evaporative force). Empty arrow: horizontal and ascending fluxes of moisture-laden air in the lower 

atmosphere. Dotted arrow: compensating horizontal and descending air fluxes in the upper atmosphere; after condensation 

of water vapor and precipitation they are depleted of moisture (Makarieva and Gorshkov 2007). 

 

 

Makarieva and Gorshkov (2007) assert that the biotic pump of atmospheric pressure relies on the fundamental 

physical principle that air, and water vapor, will always move from areas with weaker to stronger evaporation 

in horizontal fluxes. Mean continental precipitation would therefore decrease whenever natural forest cover 

were to be replaced by low leaf index vegetation, as this would result in lower levels of evaporation over forests, 

consequently decreasing the magnitude of corresponding fluxes and affecting the functionality of the biotic 

pump. This grants the process of evapotranspiration a significant role in the intensification and stabilization of 

precipitation through a positive feedback loop (Makarieva et al. 2014). It means that deforestation and 

anthropogenic land use change can decrease the total continental ocean-to-land moisture transport and 

associated feedbacks, decreasing both the magnitude and reliability of rainfall in a wider region (ibid.). Ellison 

et al. (2017) concur with this assessment and highlight that this could be precisely the case for continental 

interiors such as that of South America, where the La Plata Basin is located.  

 

 Synthesis 

The combination of the different concepts presented above provides a coherent framework through which the 

problem stated by this study can be analyzed. The energy-water nexus makes the case for how these two vital 

resources and sectors are intrinsically interlinked and explains the need to consider how investment in one could 

influence the other. The La Plata Basin hydrological system points to what variables need to be considered in 

order to assess the possible impacts and tradeoffs involved in this specific case. Rainwater is of great importance 

for this geographical area, which encompasses the largest sugarcane production regions in the country, and 

points to land use as a significant variable for the functionality of the hydrological system. Together with this 

study’s point of view regarding energy security and water security, it reveals a clear and tangible way to analyze 

whether a conflict exists between energy security and water security, and if so, how it is leading to a crisis of 

this nexus in Brazil. It calls for an assessment of the country’s push for energy security that looks at the 

increasing production of sugarcane-based ethanol and considers the subsequent land use changes it generates. 

This approach incorporates the centrality of availability for energy security while focusing on a variable that 

shows to have considerable impact on the hydrological system regulating rainfall. An assessment of the levels 

of rainfall in the same regions would be considerate of an approach to water security that also focuses on 

availability, providing parallel information on the opposite end of that link. Figure 7 offers a corresponding 

visualization of this theoretical framework that not only points to what data needs to be collected, but also 

provides the basis for the analysis, which will produce answers to the research questions previously stated.  
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Figure 7. Chain of assessment for a connection between energy security and water (in)security. In a case where this chain 

of assessment proves true, the desire for energy security would generate an increase in the production of sugarcane-based 

ethanol for more supply, as indicated by the black arrow pointing in the same direction. Likewise, an increase in production 

would require additional land for sugarcane plantation, which would cause changes in land use. Direct and/or indirect land 

use changes, in turn, would affect the patterns of rainfall, which would impact the availability of water in the same 

producing region, thus establishing a connection, and conflict, between energy security and water security, as indicated by 

the dashed arrow pointed in this respective direction. The dashed arrow going the other way relates to a possible second 

movement within the nexus, where the emergence of water insecurity comes to negatively impact energy security.  
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4. Methods 

The overall purpose of this study is to contribute to a better understanding of the energy-water nexus in Brazil. 

It hopes to do that by providing new insights into how Brazil’s push for energy security could be linked to 

growing water security issues in the country’s largest sugarcane producing regions. The theoretical propositions 

presented in the previous chapter served as reference for the speculation of this relationship and guided the 

development of research questions, which aspire to address it. Fulfilling the proposed objectives of this study 

will require acquiring knowledge about events leading up to this phenomenon. The theoretical framework 

adopted above not only points to the relevant data to be collected but also offers a way to assess the existence 

and extent of a possible causal relationship between energy security and water security in the context of 

sugarcane-based ethanol production and levels of rainfall. This chapter addresses in detail the methodological 

procedure used to carry out the study and fulfill its aim, starting with the chosen method of research. The section 

thereafter describes the case selection, followed by how the data was collected. Lastly, the analytic approach 

applied is discussed and the limitations of the study considered.  

 

4.1. Case study research 

The research method chosen for this study is the case study. It involves the systematic collection and analysis 

of data to answer descriptive and explanatory questions (Yin 2012, p. 5-6). The purpose of a case study is to 

explain presumed causal links that are complex and result from real-world interventions (Yin 2018, p. 18). It is 

especially useful in situations that lack comprehensive understanding and where no clear, single set of outcomes 

exists (ibid.). The theoretical orientation was responsible for guiding the stipulation of this presumed set of 

causal sequences about “how” and “why” certain outcomes have arisen, and the subsequent analysis of the 

collected data serves to assess its validity (Yin 2018, pp. 168, 179.). The process involves identifying changes 

that have been occurring, followed by the development of an explanation for these same changes and then the 

indication of critical evidence to both support and challenge explanations (Yin 2018, p. 181).  

 

Case study research aims to contribute with new and invaluable insights to the better understanding of a certain 

topic. Yin (2012, p. 4) classically characterizes it as “an empirical inquiry about a contemporary phenomenon 

(e.g., a “case”), set within its real-word context especially when the boundaries between phenomenon and 

context are not clearly evident”. The author adds that this research method comes with the assumption that in 

order to comprehensively understand the case at hand, it is necessary to analyze the context and other complex 

conditions connected to them (ibid.). Bonoma (1985) asserts a case study approach to be particularly suitable 

for research where the theoretical body has not yet been fully developed or the phenomenon to be studied cannot 

be fully dissociated from its real-world context, both of which apply to this study. The results, when 

corresponding to an exemplary piece of research, allow for analytic generalizations that go beyond the setting 

of the specific case, i.e. they advance knowledge about a given topic and can be applied to other situations as 

theoretically and empirically grounded hypotheses (Bonoma 1985; Yin 2012, pp.7, 27; 2018, p. 38). 

 

4.2. Case selection 

Two cases were selected to serve as the main units of analysis in this case study. The state of Sao Paulo and 

three other states comprising most of the lower Cerrado (Goias, Minas Gerais and Mato Grosso do Sul) give 

this case study a geographic focus that encompasses an area of great importance for Brazil. While about half of 

all the sugarcane currently produced in the country comes from Sao Paulo, the lower Cerrado constitutes the 

new frontier for the crop (Granco et al. 2017). This clearly makes both regions key in any research surrounding 

Brazil’s push for energy security through sugarcane-based ethanol. Both regions are also located within the La 

Plata Basin, where water security issues have started to appear (Nazareno & Laurance 2015; De Vasconcelos 

2014). As the chapters above have highlighted the connection between land use change and water issues, and 

the expansion of sugarcane production is intrinsically related to both, it gives reason to investigate if such a 

relationship plays a role in this case. Any tradeoffs that could be occurring due to the expansion of sugarcane 
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plantation and production needs to be thoroughly understood as this geographic area not only plays an important 

role when it comes to energy security, but is also a main source of water, contributing to the economic as well 

as social prosperity of the region. In favor of the selection of these two regions, i.e. cases, is also the fact that 

although research on the topic at hand is growing, information is still limited, with a great part of what is 

available up to today focusing on similar geographical areas, especially in regard to meteorological data. This 

is precisely the reason why the state of Mato Grosso in not included in the case study even though a significant 

part of its territory lies within the borders of the lower Cerrado. Moreover, the state’s contribution to sugarcane 

and ethanol production has not reached margins that would render its inclusion into this study fundamental. 

The state of Paraná is also left out of the case study since the Cerrado biome crosses only minimally into its 

borders and meteorological data across its territory is usually measured separately from the other states of the 

lower Cerrado as it belongs to southern region of the Brazil.    

 

4.3. Collection of data 

The data collected comes from both primary and secondary sources, including documents such as scientific 

articles, books, and statistical data from government and non-governmental institutes and organizations. Yin 

(2012, p. 10) encourages the use of multiple sources of evidence in order to produce a good case study, and this 

is precisely the view this study has incorporated. As qualitative research, case studies are often criticized for 

validation issues (Robson McCartan 2016), but hopefully the triangulation of data sources applied here can 

undermine such critique. This will be done by relying on independent sources pointing to the same set of events, 

facts, and assessment, as suggested by Yin (2012, p. 13).  

 

4.4. Operationalization of the theoretical framework 

In order to assess the existence and extent of a possible causal relationship between the increased production 

of energy in the form of sugarcane-based ethanol and the availability of water in relation to levels of rainfall in 

the state of Sao Paulo and the selected states pertaining to the lower Cerrado, various pieces of information 

need to be considered. In each case, results will show how the production of sugarcane-based ethanol has 

developed in the region. It will also include how much of the area is currently being used for sugarcane 

cultivation and how that compares with previous decades, going back to the 1970s, when the Proálcool program 

was put into place. Land use changes encompassing the same timeline will be presented for both cases as well. 

Lastly, levels of rainfall reflecting the same timeframes will be included for the upper part of the Brazilian side 

of the La Plata Basin, which covers the regions being investigated. Together, this should allow for a satisfactory 

analysis of a potential link between the production of sugarcane-based ethanol, land use change and water 

issues encompassing the two cases at hand. Moreover, it is important to clarify that the investigation will be 

primarily limited to direct land use change, which can be measured and assessed for the case areas selected. 

Indirect land use change will be addressed in the discussion section.  

 

4.5. Analytic approach 

The analytic approach used for this study involves theoretical propositions, a time-series analysis and pattern-

matching to build an explanation that can enrich the understanding of a possible causal relationship between 

energy security and water security. The theoretical propositions point not only to the relevant contextual 

conditions to be described but also to the explanations to be examined. Their purpose is to allow for logical and 

causal argumentation, which is central to qualitative research. The arguments can only be considered successful 

if supported by the data and a convincing chain of evidence. While assembling a linear sequence of events can 

produce insightful description that hints at possible explanations, pattern-matching allows for the comparison 

of an empirically based pattern and the predicted one (Yin 2012, p. 16). In this case, the chronology of both 

case studies will be compared to the theoretical framework developed and presented above. Reaching analytic 

generalization, which relies on argumentative interpretation rather than numeric tallies, will depend on the 

success of a cycle of review that goes from theory to data and back to theory (Bonoma 1985; Yin 2012). The 
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more convincing this process, the more compelling the framework becomes and the more this case study can 

contribute to the research literature by offering a logic that resists challenge and could be successfully applied 

to other situations (Yin 2012, pp. 7, 19, 2018, p. 38).  

 

4.6. Limitations  

The main limitation of this study relates to the accuracy of the above-mentioned primary and secondary data 

upon which it relies. The data included should be viewed with some skepticism, especially in regard to the 

hydrological and meteorological data, since these can be subject to their own biases or shortcomings. 

Addressing the hydrological cycle of the La Plata in quantitative terms requires spatial as well as temporal 

information, and different models can be applied to collect data. This is an extremely complex task, which still 

lacks comprehensive observations (Ambrizzi & Coelho 2018; Berbery & Barros 2002). Lack of adequate 

observing stations, management and records is not surprising in a country as large as Brazil, where economic 

development and population density has not been homogenous, contributing to limited or incomplete data for 

some areas (Liebmann & Mechoso 2011; Zandonadi et al. 2016). Uncertainties and variations in results depend 

on the quality of the data used, the assumptions included in the methods and how the borders of the domain 

were defined. With that said, the scope of this study does not allow for a more thorough discussion of such 

limitations, nor is it its purpose to challenge or oppose the methods used to acquire the data provided by those 

sources. It simply aims to analytically assess the existence of a potential causal link between energy and water 

based on scientific data, which is possible despite such limitations. The theoretical framework of this study will 

help interpret the data sample available by drawing on wider theories and concepts from other studies to 

overcome these limitations. Future research with access to longer and higher quality data series will present the 

opportunity for a comparison of results, ensuring greater reliability of analysis and conclusions (Zandonadi et 

al. 2016). 
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5. Results 

In 1975, when the Proalcool program was initiated, Brazilian production of sugarcane was located mainly in 

the Southeast and the Northeast of the country (IBGE 2017). Figure 8 shows a time series of the levels of 

sugarcane production in Brazil covering the four decades that followed, highlighting contributions by the 

different regions of the country. In total, it indicates that between 1975 and 1987 national production increased 

by almost 200%, which represents an annual average increase of over 9% (IBGE 2017, p. 38.). From 1987 to 

2000 the growth rate for national production was of 20%, showing an annual average increase of less than 1,5% 

(ibid.). During the next decade, the expansion in production reached 120% nationally, resulting in an annual 

increase of 8% on average (ibid.). Since then, rates of production have stabilized (ibid.). This expansion totaled 

in an increase of over 700% in sugarcane production in Brazil over these four decades (ibid.) In terms of 

sugarcane-based ethanol production, Brazilian production has increased over 180% since 2000 (ibid.). 

Presently, the distribution of sugarcane directed towards the production of sugar and ethanol is mostly even 

balanced (Da Camara & Caldarelli 2016; Hernandes et al. 2017; IBGE 2017). Figure 9 gives an overview of 

the contribution of the four states covered by this study (SP, GO, MG and MS) as of 2016. Together, these 

represented about 83% of all sugarcane and ethanol production in Brazil, occupying almost 80% of all land in 

the country dedicated to sugarcane plantation. A geographical overview of the concentration and distribution 

of sugarcane plantation in terms of area across the country can be seen in Figure 1.  

 

 

 
 

Figure 8. Total sugarcane production in Brazil 1975-2015. Light brown represents the Southeast, orange the Northeast 

and dark brown the Midwest (IBGE 2017). 
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Figure 9. Percentage of national total for each state (Sao Paulo, Goias, Minas Gerais and Mato Grosso do Sul) in 2016, 

including total area used for sugarcane plantation in green, total sugarcane production in orange and total sugarcane-based 

ethanol production in brown (CONAB 2016).  

 

 

In terms of land use, the amount of Brazilian land dedicated to the production of sugarcane went from 2.77 

million hectares in 1980 to 10.18 million in 2015 (Unicadata n.d.). The Brazilian Institute of Geography and 

Statistics (IBGE 2017) asserts that the general dynamic of sugarcane expansion since the implementation of 

the Proalcool program has been to replace land previously used for pasture and other crops rather than native 

vegetation. Deforestation of the lower Cerrado and of the Atlantic Forest, which covers most of the state of Sao 

Paulo as well as some parts of Minas Gerais and Mato Grosso do Sul, took place mostly before 1975 and was 

motivated by other uses and causes beyond the expansion of sugarcane, including earlier governmental 

campaigns to expand the country’s agriculture frontiers (IBGE 2017; Leal et al. 2017). In the Center-South 

region of the country, markedly consisting of the geographical areas relevant for this study, around 70% of all 

sugarcane expansion has displaced pasture, 25% annual crops and only less than 1% corresponds to the 

replacement of native vegetation (Hernandes et al. 2017, p. 1529).    

 

The next sections will include detailed data for the two case studies defined by this study, the state of Sao Paulo 

and the other three states comprising most of the lower Cerrado (GO, MG and MS). The results will encompass 

statistics for the entire territory of all four states, despite the fact that some of it lies beyond the borders of the 

northern part of the La Plata Basin within the Brazilian territory, as seen in Figure 4. Data for the exact 

delineation of this area is not available and its assessment is beyond the scope of this study. As most of the 

sugarcane produced in all of these states takes place within these limits of the La Plata Basin, shown by Figure 

1, this should not alter the analysis this paper aims to undertake. The sections below will provide data on the 

development of sugarcane and ethanol production in each respective region over a similar timeframe as the one 

discussed above, as well as an overview of the expansion of plantation areas and its impact on land use. 

Furthermore, rainfall patterns across the area stipulated above will be presented, highlighting recent changes. 

Likewise, in this case, the results will include the most suitable available data and should not prevent the 

achievement of the overarching goal at hand.  

 

5.1. The state of Sao Paulo 

Sugarcane production was already notably cultivated in Sao Paulo prior to the implementation of the Proalcool 

program, with the state having acquired the title of largest producer not only in the Southeast region but in the 
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entire country by the 1950s (Granco et al. 2017; IBGE 2017). In 1970, sugarcane production contributed with 

14% of the state’s agricultural revenue (De Carvalho et al. 1993, p. 158). In terms of production, Sao Paulo was 

responsible for around 38% of Brazil’s total sugarcane and the area it used for harvesting covered almost 31% 

of the total area used in the country (ibid.). A decade later, and five years into the Proalcool program, 

contribution by the sugarcane sector to the agricultural revenue of the state had reached almost 20% (ibid). By 

the 1990s it had surpassed 30%, reaching 40% in 2005 (De Carvalho et al. 1993, p. 158; IEA n.d.(c)). Since 

then, this margin has stabilized, ranging anywhere from 36% to 46% depending on the year (IEA n.d.(c)). Sao 

Paulo currently has 172 mills to process sugarcane (NovaCana n.d.), where about 75% are flex, or mixed mills, 

about 20% are exclusively ethanol mills and 5% sugar mills (Granco et al. 2017, p. 74). The development of 

the sugarcane industry in Sao Paulo over the same timeframe in terms of sugarcane and ethanol production, as 

well as land use is shown below in Table 1.  

 

 

 
 

Table 1. Time series (1980-2015) of the state of Sao Paulo’s contribution to the total national production of sugarcane and 

sugarcane-based ethanol as well as the amount of state land (in ha) used for the production of sugarcane and the 

corresponding percentage of the national total (Unicadata n.d.), in addition to the percentage of total state land (Cano & 

Paulillo 2016; Granco et al. 2017) and agricultural state land (Da Camara & Caldarelli 2016). 

 

 

Sugarcane is the only agricultural product to have expanded in area in Sao Paulo since 1995 (Da Camara & 

Caldarelli 2016). Its production has replaced both permanent and temporary crops, as well as pasture area 

(ibid.). Between 1995 and 2001, replacement corresponded to 106% of the sugarcane expansion area in the 

state (Da Camara & Caldarelli 2016, p. 111). Of the 328 thousand hectares representing this part of the 

expansion of sugarcane, almost 278 thousand hectares of permanent and temporary crops were replaced and 

slightly over 50 thousand hectares of pastureland (ibid.). From 2002 to 2007 that margin was lowered to about 

101%, with replaced cropland and pastureland constituting 324 and 917 thousand hectares respectively of the 

total 1.241 thousand hectares of sugarcane expansion (ibid.). The next period, from 2008 to 2013, sugarcane 

expanded by 820 thousand hectares in Sao Paulo, with 164 thousand hectares replacing crops and 656 replacing 

pasturelands (ibid.). A short time series spanning from 2005 and 2011 reveals that the sugarcane expansion in 

Sao Paulo replaced less than 1% of natural vegetation (Da Camara & Caldarelli 2016, p. 96.). In corroboration, 

cattle herd in Sao Paulo is estimated to have suffered a loss of just over 25% from 2003 and 2013, while an 

increase of more than 8% was registered during the same time period on the national level (Da Camara & 

Caldarelli 2016, p. 106).  

 

5.2. The lower Cerrado 

At the beginning of the Proalcool program, sugarcane production in the states of Goias and Mato Grosso do 

Sul was below 1% (Unicada n.d.). Minas Gerais was the only state within the lower Cerrado with any 

contribution worthy of mention, although still relatively small (ibid.). Table 2 provides an overview of the 

development of the sugarcane industry across these three states in the decades following the implementation of 

the Proalcool program, including percentages of national sugarcane and ethanol production, as well as the area 

used for cultivation. Of the 62 mills currently situated in Goias and Mato Grosso do Sul, 39 and 23 respectively 
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(NovaCana n.d.), 40 started operation between 2005 and 2013 (Granco et al., p. 72). Minas Gerais accounts for 

42 mills as of 2019 (NovaCana n.d.). About half of all the mills operating in the Cerrado region are exclusively 

ethanol mills, with mixed mills also focusing largely on the production of the biofuel (Granco et al. 2017; IBGE 

2017).  

 

 

 
 

Table 2. Time series (1980-2015) for the four states pertaining to the lower Cerrado and the La Plata Basin (GO, MG, MS 

and MT) of their contributions to total national production of sugarcane and sugarcane-based ethanol, amount of state land 

(in ha) used for the production of sugarcane and the corresponding percentage of the national total (Unicadata n.d.). 

 

 

During the period of 2000 and 2010, the agricultural composition of these states showed changes (Aguiar & 

De Souza 2014; Granco et al. 2017). The expansion of sugarcane production resulted in the substitution of other 

agricultural products (Aguiar & De Souza 2014). Pastureland as well other crops were replaced, with sugarcane 

expansion substituting cultures important for internal supply, especially rice, beans and corn (ibid.). When 

considering the agricultural land used for crops, sugarcane went from using 4,5% of the total land in Goias in 

2000 to 12,9% in 2010 (Aguiar & De Souza 2014, p. 94). In Minas Gerais the expansion in area cultivated was 

7,3% of the total in 2000 and 15,7% in 2010 (Aguiar & De Souza 2014, p. 95). Percentages in Mato Grosso do 

Sul were 5,3% and 12,3%, respectively (ibid.). In terms of deforestation, between 2002 and 2008, the increase 

in sugarcane cultivation across the entire native vegetation of the Cerrado corresponds to 2% of the total 

expansion (Leal et al. 2017, p. 1479).    

 

5.3. Rainfall in the La Plata Basin 

The Paraná Basin, which encompasses the largest part of the La Plata Basin on the Brazilian side, has recently 

experienced its most severe drought in the last 60 years (Melo et al. 2016; Nobre et al. 2016). In fact, two 

significant droughts have been identified in this region in the recent past, as shown by the time series in Figure 

10 (Melo et al. 2016). The first drought started in October of 1999 and lasted until August of 2000 (Melo et al. 

2016, p. 4677) It was a moderate to severe drought and the driest on record, with an SPI6 of less than or equal 

                                                 
6 Standardized Precipitation Index is a tool developed primarily for defining and monitoring precipitation deficits or 

excesses on temporal scales of 1, 3, 4, 6, and 12 months. It uses historical rainfall data to assess different accumulation 

periods, where positive SPI values represent precipitation that is greater than the median and negative values the opposite. 
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to –1.25 (ibid.). The following water year, September 2000 to August 2001, was moderately dry and rainfall 

anomalies were more critical over the eastern and northern parts of the basin7 (ibid.). The next significantly dry 

period started in September of 2013 and affected most of the Paraná Basin (Melo et al. 2016, pp. 4674, 4677). 

A second drought was recorded between the months of February and November 2014 during which SPI was 

less than or equal to –1.20 (ibid.). During this time, levels of annual rainfall were 20-40% below the long-term 

mean from 1982-2015 for most of the basin (Melo et al. 2016, p. 4677). For the northeastern region the situation 

was even more critical, with rainfall anomalies for the year reaching –60% in some cases in comparison to the 

same long-term mean (Melo et al. 2016, p. 4684). Levels of total storage for reservoirs in the area also went 

down during the two water years highlighted (ibid.) Values of average storage were lower by a margin of 17% 

during the water year encompassing the first drought and 15% during the second one, equaling a reduction of 

over 30% in relation to the system maximum capacity of reservoirs in both cases (Melo et al. 2016, p. 4678). 

Furthermore, results show that over a historical period going back to 1986, the number of consecutive dry days 

in the northern part of the basin has increased (Zandonadi et al. 2016, p. 749). These results go along with 

findings showing a decrease in the number of rainy days and light rain days for a similar area (see Zilli et al. 

2017, p. 2274). 

 

 

 
 

Figure 10. Time series of levels of rainfall and SPI for the Paraná Basin 1995-2015 (Melo et al. 2016). 

 

 

When adjusting the time series temporally and considering an area slightly wider than the Southeast region of 

Brazil, including almost the entire states of Sao Paulo, Minas Gerais, and a significant part of Goias (see 

(Ambrizzi & Coelho 2018, p. 24), similar results emerge. Figure 11 shows anomalies in precipitation in a time 

series for the austral summers 1979-20158 in relation to data of a historical period from 1981 to 2010. Results 

for this region and timeframe further reveal that the rainfall deficit during the austral summer of 2014 was 

particularly concentrated over the states of Sao Paulo and parts of Minas Gerais, where it produced exceptional 

droughts (Ambrizzi & Coelho 2018, p. 23-24). The following summer, deficits in rainfall distribution affected 

a wider area more homogenously, essentially ensuring an extremely dry period for the entire Southeast region 

of the country (ibid.). Furthermore, there has been an increase in consecutive dry days for the region, as well 

as an increase in the duration of dry events when considering data from a period between 1976 and 2000 

(Ambrizzi & Coelho 2018, p. 28). The latter observation is also valid for the Midwest region, which 

encompasses the states of Mato Grosso do Sul and Goias (ibid.).  

 

 

                                                 
Accordingly, high negative deviations (–2  SPI  –1) indicate drought periods (Coelho et al. 2016a, p. 777; Melo et al. 

2016, p. 4677; Nobre et al. 2016, pp. 253, 255). 
7 It is important to note, as Getirana (2016) points out, that such values represent an average across a given region and that 

certain areas can be especially aggravated by droughts, exhibiting hotpots that cannot be addressed within the scope of 

such results. 
8 Austral summer months include December of the same calendar year and January and February of the following year 

(Nobre et al. 2016).  
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Figure 11. Time series of precipitation anomalies during the austral summers 1979-2015 for the Southeast region of Brazil. 

Positive anomalies, i.e. precipitation excess, in relation to the historical mean from 1981-2010 are shown in blue and 

negative anomalies, i.e. precipitation deficit, calculated in the same way are shown in red (Ambrazzi & Coelho 2018). 

 

 

Further adjustments, including expansion of the area of analysis to also consider a significant part of the state 

of Mato Grosso do Sul (see Coelho et al. 2016b, p. 3738) and a wider timeframe covering a period from 1961 

to 2014, reveal results shown by Figure 12. Here, results refer to the months of January, February and March 

of the corresponding year.  

 

 

 
 

Figure 12. Time series of precipitation anomalies 1961-2014 (area average for the months of January, February and 

March) based on the climatological mean from 1981 to 2010 for the same region (stipulated by Coelho et al. 2016b, 3738).  
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Historical data covering the same timeframe for the Cantareira region (see Nobre et al. 2016, p. 254), which is 

a smaller area located within the La Plata and Paraná Basin, also shows rainfall anomalies over the last decades 

(Marengo & Alves 2015; Nobre et al. 2016). Figure 13 displays a graph of a corresponding time series for 

austral summers in the region. This specific area deserves to be highlighted due to the fact that the Cantareira 

reservoir system is the main supplier for the Sao Paulo Metropolitan area, providing water to almost nine 

million people and supporting production of a third of the country’s GDP (Nobre et al. 2016, p. 253). In 

comparison to the historical mean 1961-1990, precipitation was assessed to be 60 to 70% below the given 

average for the austral summer of 2013 and about 25% for 2014 (Nore et al. 2016, p. 255). These negative 

rainfall anomalies were reflected in the Cantareira reservoir system, which reached critical conditions in 

January of 2015 (ibid.). Levels of storage were at 5% of the system’s total capacity at the beginning of the same 

year and only recovered by 10% by the end of the rainy season in March (Nobre et la. 2016, p. 259).  

 
 

 
 

Figure 13. Time series of rainfall anomalies during austral summers (December-February) over the Cantareira reservoir 

system region from 1961 to 2015, in blue. The historical data represented by red relates to the maximum temperature 

anomalies for the same area (Nobre et al. 2016).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 27 

6. Analysis  

6.1. The development of sugarcane and ethanol production  

The results show that the national production of sugarcane increased substantially in Brazil from 1975 to 1987, 

with an increase of almost 200% and an annual average increase of over 9% (IBGE 2017). During the next 

fifteen years growth rates stagnated with a total expansion of only 20% and an annual average of less than 1,5% 

(ibid.). The beginning of the 21st century brought another significant increase in sugarcane production for the 

country. Growth for that period resulted in a total increase of 120% and an annual increase of 8% on average, 

with rates stabilizing thereafter (ibid.). This progressive expansion represents a total increase of over 700% in 

sugarcane production for Brazil over forty years (ibid.). Figure 8 makes it visible that the Southeast, where the 

two most crucial contributors are the state of Sao Paulo and Minas Gerais, has not only remained the main 

producer of sugarcane since 1975, but also that its contribution has expanded at rates much higher than any 

other region. The Midwest, including states occupying a large portion of the lower Cerrado (Goias and Mato 

Grosso do Sul), show minimal contributions for the first two decades, but gradually increase their participation 

over the following years. During the last decade, and especially after 2007, rates of growth go up significantly 

in that region and its contribution reaches noteworthy levels, almost 18% of all sugarcane production by 2016 

(CONAB 2016). Also impressive is the country’s increase in sugarcane-based ethanol production9, which was 

over 180% in the last 15 years. This is the only aspect investigated in this study, in which the state of Sao Paulo 

has suffered profound loss over the decades, its contribution to ethanol production in Brazil dropping from an 

outstanding 70% to 48% over the years. On the other hand, the states comprising the second case study have 

showed remarkable increases in levels of ethanol production over the same time period, collectively reaching 

almost 35% of the national total in 2016 in comparison to a mere 3% in 1980.  

 

The first case study shows that the sugarcane and ethanol industry quickly became heavily concentrated in the 

state of Sao Paulo after 1975. Five years into the Proalcool program, Sao Paulo was producing over 50% of all 

the sugarcane in Brazil and 70% of all ethanol. Almost 40% of all the land used for sugarcane cultivation in the 

country was located within its borders. Other states pertaining to the lower Cerrado – Goias, Minas Gerais and 

Mato Grosso do Sul – faced a different reality. Production of sugarcane and ethanol was practically nonexistent 

in all those states, except for Minas Gerais, which contributed with 5% and 3% respectively and held 8% of the 

national land used for this purpose. During the next decade production continued to increase in Sao Paulo, 

where it was now using 43% of all national land dedicated to sugarcane cultivation and its production reached 

60% of the national total, 7% higher than in 1980. Its participation in ethanol production dropped slightly over 

the same period, but the state remained its main producer ensuring 67% of all ethanol nationwide. Minas Gerais 

maintained its contribution rate of 5% of the national margin of sugarcane production and scarcely increased 

its ethanol margin over the same period. Land use did not show significant change during the time either. Goias’ 

contribution was still minimal by 1991 but it had reached 2% of the national production of sugarcane and 3% 

of ethanol, proportionally reflecting its cultivation of 3% of all the land dedicated to sugarcane in the country. 

Mato Grosso do Sul also showed signs of gradually increasing its production, reaching about 2% of the national 

total in all aspects. Over the next decade production continued to rise slowly in these three states, with 

contributions on the national level essentially stagnating around 3-4% on average. The only statistic that stands 

out marginally is Minas Gerais’ usage of land for sugarcane production, which came to constitute two percent 

less of the national total in comparison to 1980. In Sao Paulo, sugarcane production dropped slightly to 58% of 

the national total by 2000 after an unexceptional increase of 1% over the first half of the decade. Its contribution 

to ethanol production dropped more noticeably from 67% in 1991 to 61% in 2000, but its use of land for 

sugarcane cultivation went considerably up, comprising over 50% of the national total.  

 

The first five years of the new century brought another wave of decent growth for Sao Paulo, now responsible 

for 63% of the production of both sugarcane and ethanol while using 53% of all national land dedicated to it. 

The three states pertaining to the second case study also showed continuous growth over this same timeframe, 

                                                 
9 Hereafter referred to only as ethanol and ethanol production. 
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with Goias and Minas Gerais standing out slightly ahead. Together, the two states contributed with 10% of all 

sugarcane production in the country and 11% of all ethanol in 2005, representing an increase of 3% over five 

years in both fields. Almost 10% of the land used for sugarcane production in Brazil continued to be cultivated 

within these two states. The six years that followed brought considerable changes to the dynamics of the 

sugarcane sector in Brazil, with the lower Cerrado states considered in this study showing compelling growth. 

Goias led the way with an increase of 4% in total sugarcane production and land used for its cultivation and an 

increase of 7% in ethanol production. Mato Grosso do Sul followed closely behind. Its growth rates in terms of 

total national production for both sugarcane and ethanol was of 4% by 2011 and 5% of all the land being used 

for sugarcane production in Brazil was within its territory. Similarly, Minas Gerais showed respectable growth, 

securing a 3% increase across the board for the same stretch of time. For the state of Sao Paulo this meant 

significant losses in terms of the percentage it contributed to the national totals at hand. Its production of 

sugarcane now represented only 54% of all production in Brazil, a decrease of 9% in just six years. Its 

contribution to the country’s production of ethanol dropped even more drastically, by 12%, even though it still 

accounted for 54% of all the land used for sugarcane cultivation in Brazil. The next five years proved to be 

fairly stable for the state, which maintained its rates of contribution at around 55% of all national sugarcane 

production and land use for cultivation and 50% of all ethanol production. For the states composing most of 

the lower Cerrado, growth continued, albeit at a more reduced pace. Minas Gerais and Mato Grosso do Sul 

showed growing rates of 1% of the national total, while Goias expanded its production and land used for 

cultivation at a higher pace. It went from being responsible for 8% of all sugarcane production in Brazil in 2011 

to 11% in 2015 and using 2% more of the national land dedicated to sugarcane cultivation. Its production of 

ethanol increased by 4%, reaching 16% of the total produced nationally by 2015. This finally granted Goias the 

title of second largest producer of sugarcane and ethanol in Brazil, surpassing Minas Gerais, also in hectares 

used for the cultivation of the crop.  

 

Although this analysis illustrates an impressive development within the perimeter of both case studies over the 

last four decades, statistics expressed in percentage of national total alone may not clearly reflect just how far-

reaching the expansion of sugarcane production has been. An analysis of the chronological account of the 

amount of land dedicated to the cultivation of sugarcane over the same time period should more adequately 

express the issue and clarify what the increases in growth rate have signified in terms of land use change. The 

section below will more precisely address this topic.  

 

6.2. Land use change 

In terms of land use, the amount of Brazilian land dedicated to sugarcane production in 1980 was 2.77 million 

hectares. The areas covered by the two case studies in this study represented almost half of that. Sao Paulo lead 

the way prominently, with over one million hectares, which represented 7% of all its state land. At the same 

time, the states comprising the second case study dedicated a mere 250 thousand hectares of land to sugarcane 

production. A decade later, Sao Paulo’s efforts showed significant increases as it had come to cultivate 1.85 

million hectares of sugarcane by 1991, representing 8,5% of all its state land. Minas Gerais and Mato Grosso 

do Sul increased the amount of land they used for the same purpose by a small margin of about 60 thousand 

hectares during the same period. Goias showed a slightly higher increase of almost 85 thousand hectares. The 

slow development of sugarcane and ethanol production in the major states of the lower Cerrado during the 

1990s is reflected in the chronology of their land usage over the same period. By 2000, Minas Gerais was using 

only 16 thousand additional hectares for sugarcane cultivation, Goias 27 thousand and Mato Grosso do Sul 34 

thousand. Only in Sao Paulo did expansion continue to increase considerably with an addition of over 600 

thousand hectares by the turn of the century. This now equaled 12% of its entire state area and 43% of all state 

land dedicated to the agriculture of crops.   

 

The start of the century showed a similar trend with Sao Paulo adding another 600 thousand hectares for 

sugarcane production by 2005, surpassing the three million hectares margin and covering 15% of all its state 

land. The other three states averaged an additional 63 thousand hectares over the same period. Results for the 

following decade go on to show a hike in the amount of land used for sugarcane in all states in 2011. Goias and 

Minas Gerais’ efforts to contribute with 17% of all sugarcane production and 21% of ethanol required a 
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significant increase in land use, which accumulated in almost an additional million hectares combined. This 

impressive expansion was, nonetheless, remarkably outdone by Sao Paulo. Here, more than two additional 

million hectares of state land were converted for the production of sugarcane in six years, amounting to over 5 

million hectares of its entire territory. With that, sugarcane had come to occupy over 21% of all land in Sao 

Paulo and over 65% of all land dedicated to the agriculture of crops in the state. By 2015, even though rates of 

growth decreased, expansion continued with Sao Paulo staying at the top and converting another 360 thousand 

hectares for the production of sugarcane. In total, it now accounted for over half of the 10 million hectares of 

land dedicated to sugarcane production in the country and around 25% of its entire territory. Goias followed 

with 232 thousand hectares and Minas Gerais with 87 thousand, both now ensuring almost one million hectares 

each. Expansion in Mato Grosso do Sul was the lowest, with only 50 thousand hectares. Nonetheless, Mato 

Grosso do Sul had now surpassed the 500 thousand mark.  

 

Despite the remarkable increase in land dedicated to sugarcane cultivation, results for the dynamics of this 

expansion in relation to land use change reveal that, overall, replacement occurred primarily over land 

previously used for pasture and other crops. Government records show that deforestation in areas encompassed 

by both case studies was carried out prior to 1975 for purposes beyond the production of sugarcane, which was 

barely on the radar of the lower Cerrado states apart from Sao Paulo. There, sugarcane was already a respectable 

commodity at the time but by no means a leading one, as discussed in the sections above. A closer look shows 

that in the state of Sao Paulo, since 1995 and after which the largest sugarcane expansion took place, it went 

from replacing primarily other crops until the beginning of the 21st century to pastureland thereafter. From 2002 

to 2007, just over 75% of the sugarcane expansion in Sao Paulo replaced pastureland and 25% other crops. 

During the next five years results were similar, with about 80% and 20% respectively. In fact, land used for 

pasture shows to have suffered the largest loss over the years in Sao Paulo. Moreover, a short time series 

spanning from 2005 and 2011 reveals that the dynamics of sugarcane expansion in Sao Paulo was responsible 

for deforesting less than 1% of state’s natural vegetation. Changes in the agricultural composition of land use 

in the other states pertaining to the lower Cerrado were also noticeable after the turn of the century. In terms of 

agricultural land dedicated to crops, the share of land used for sugarcane cultivation increased over 8% in both 

Goias and Minas Gerais, now respectively accountable for about 13% and 16% of the state total. Similar 

numbers were recorded for Mato Grosso do Sul. Nevertheless, also in this case, deforestation seems to have 

played only a minor role in land use change across these states, with results highlighting that between 2002 and 

2008, when significant sugarcane expansion took place in the region, less than 2% of it affected native 

vegetation pertaining to the Cerrado biome. These results are fundamentally in line with findings of land use 

change for the entire Center-South region of the country, which is largely made up by the areas covered in both 

case studies. For this whole region, displacement of pasture land has accounted for 70% of all sugarcane 

expansion since 1975, crops for 25% and native vegetation for less than 1%. 

 

6.3. Rainfall trend 

The results outline a plausible new trend in the pattern of rainfall for the areas covered by both case studies. 

The most severe drought on record in the Paraná Basin was recorded in the early 2000s (Figure 10) and the 

years following it are shown to have been moderately dry in comparison to the long-term mean 1982-2015. The 

water year 2010 came as an exception standing out as extremely wet. From that point on, rainfall once again 

systematically decreased, leading to another dry period reaching almost extreme levels, which started towards 

the end of 2013 and lasted until the end of 2014. At this point, levels of rainfall varied between 20 to 40% 

below the given long-term average for most of the region, reaching –60% in some cases and thus severely 

affecting levels of total water storage for the reservoirs in the area. These results not only highlight the severity 

of the two drought periods that took place but, as a whole, indicate that the Paraná Basin, constituting most of 

the Brazilian side of the La Plata Basin and covering most of the area being investigated by this study, has been 

experiencing relatively dry conditions in general since the 1990s, with sporadic, extreme droughts occurring 

in-between (Geritana 2016). The fact that the number of consecutive dry days over parts of the basin has 

increased since 1986 and the number of rainy days and light rain days has decreased further supports this 

assertion.  
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When the data analyzed is adjusted temporally and spatially, as shown in Figure 11, similar results emerge. In 

this time series, not only does the austral summer of 2001 also stand out as significantly dry for the Southeast 

of Brazil but so does that of 1984. Only two years within this 17-year time period showed positive anomalies 

where moderate precipitation excess occurred, namely 1985 and 1992. The rest of the austral summers during 

this period displayed rather negative anomalies. The beginning of the 21st brought another short wave of 

positive anomalies from 2002 to 2005, after which precipitation deficits started to be experienced more 

continuously and profoundly in comparison to years going back as far as 1979. The austral summer of 2013 

went on to surpass any previous negative anomalies, which worsened the following year, bringing exceptional 

droughts to Sao Paulo and Minas Gerais in 2014. The following summer culminated in an extremely dry period 

for the entire region, with Figure 11 depicting the precipitation deficit that occurred in the austral summer of 

2015 to have been the most extreme in the entire time series. Results for the Southeast region again corroborate 

findings for the Paraná Basin in that it also reveals increasing numbers of consecutive dry days. Furthermore, 

it shows a tendency towards an increase in the duration of dry events.  

 

Extending the time series to consider another 15 years and the months of January through March instead of 

December through February, in addition to expanding the area to include parts of Mato Grosso do Sul, produced 

slightly different results, which do not, however, change the above evaluation fundamentally. Figure 12 shows 

that important precipitation deficits have been registered in the past, especially for a prolonged period between 

the years 1968 and 1979. Notwithstanding, also in this case, the magnitude of negative anomalies shows to 

have reached new lows in the years 1984 and 2001, which were then markedly surpassed in 2014, the last year 

on record for this particular time series. And although Figure 12 shows sporadic, short excesses in precipitation 

throughout the years, no exceptionally positive anomalies have been registered since the early 1990s, essentially 

coinciding with findings produced by Figure 11. Results from a similar time series of the climatic conditions 

of the Cantareira region produced no significant differences. The 1970s are also shown to have been relatively 

dry, followed by a period of about the same length in the 1980s that recorded rather positive anomalies. With 

the exception of a peak in precipitation excess in 1995, the values for the 1990s remained close to the mean 

average. Then, just like in the previous time series, values quickly dropped at the turn of the century, with the 

austral summer of 2001 registering a remarkable low level of precipitation. During the next 15 years, results 

show a trend of an increasingly dry climate for the Cantareira region, with the only positive anomaly, which 

was fairly small and brief, occurring in 2007. From there, values dropped even more, reaching an unprecedented 

low during the austral summer of 2014. Correspondingly, the Cantareira reservoir system showed exceptional 

low levels of water storage and conditions became critical at the beginning of the 2015, reflecting the same 

situation experienced throughout the entire Paraná Basin, as discussed above.  

 

Overall, the results show compelling evidence that the climate on the Brazilian side of the La Plata Basin is 

changing. Areas within its perimeters have clearly started to display precipitations levels with significant 

variation over decades of monitoring (Anache et al. 2019). Predominant levels of precipitation deficit have 

been experienced since the 1990s and especially after the turn of the century, pointing towards a decreasing 

trend in volume of rainfall, which is reflected by an increasing number of dry days. Results also indicate the 

presence of more frequent and intense extreme events (Bettolli & Penalba 2018), showing progressively 

troubling magnitudes. Collectively, this exposes a growing pattern of prevailing precipitation deficit that points 

towards a new trend in levels of rainfall, affecting the total and seasonal precipitation and inducing drier climatic 

conditions.   
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7. Discussion 

7.1. Production expansion and direct land use change 

The Brazilian government’s implementation of the Proalcool program in 1975 conveyed a clear message about 

its intent on how to ensure energy security for the country. The initiative called for countering world oil 

shortages by increasing the amount of sugarcane-based ethanol it produced. The results and analysis of this 

paper show the corresponding progression that took place over the four decades that followed. They reveal a 

continuous increase in the amount of sugarcane and ethanol produced in the country and an accelerated increase 

within the regions covered by this study. By 2015, the Sao Paulo and lower Cerrado regions had together 

become responsible for almost 84% of the total national production of both sugarcane and ethanol. This 

remarkable increase was, however, only possible due to the industry’s ability to expand areas of sugarcane 

cultivation. Research and development within the sugarcane sector, which has been largely led by the state of 

Sao Paulo in view of its access to ample economic and political capital, also elevated levels of efficiency and 

productivity over the years. Investment and innovation in the intensification of production, mechanization, crop 

genetics and advancement in the capacity and sustainability of mills are significant areas within which the 

sugar-energy industry has produced impressive developments over time (IBGE 2017). Nonetheless, land is vast 

within the Brazilian territory and spatial expansion allowed for a faster, parallel solution to meet rising demand 

for ethanol while technological development continued to mature to desired levels. 

 

The most progressive expansion occurred within the borders of the state of Sao Paulo, which already held the 

title of largest sugarcane producer in the country before the start of the most prominent and comprehensive 

push for sugarcane-based ethanol in 1975. As the results show, the sugarcane industry quickly became heavily 

concentrated in this area. This was due to a combination of factors and competencies ranging from climatic and 

soil conditions, access to financial capital by farmers and producers, research and innovation, industrialization, 

infrastructure, growing urban population, as well as support from the state legislature (IBGE 2017). The number 

of mills located within Sao Paulo’s territory is a testament to this assertion – 63 more than in Goias, Minas 

Gerais and Mato Grosos do Sul combined (Granco et al. 2017; NovaCana n.d.).  

 

During the first three decades following the start of the Proalcool program, the states constituting the second 

case study and a large portion of the lower Cerrado also showed continuous growth, albeit to a much lower 

degree. This was due to the fact that these areas had experienced weaker economic development and lacked 

connection to other regions of Brazil where population and economic activity were concentrated (Granco et al. 

2017). Aware of the situation, the government developed strategies to change the circumstances and integrate 

wider parts of the lower Cerrado (Granco et al. 2017; IMB 2017 (a)). One of the most well-known strategies 

was the building of a new capital (Brasilia) within the state of Goias. It was, however, a combination of efforts 

that eventually turned these states into a dynamic region that was better connected, more vastly populated, 

agriculturally competitive, and economically successful (Granco et al. 2017; IMB 2017 (a)). This included 

substantial new policy directed towards regional development through investments and public incentives (IMB 

2017 (a)). Along with abundant subsidized credit, implementation of modern agriculture practices, 

improvement of (transportation) infrastructure to extend commercial flux and generate industrial integration 

was supposed to attract new producers (Granco et al. 2017; IMB 2017 (a)). Over the decades, these efforts set 

the foundation for occupation and transformation of the lower Cerrado into a productive region (IMB 2017 (a)). 

Other reasons that contributed to the region becoming the new focus of sugarcane expansion included that Sao 

Paulo, a traditionally agricultural region, was becoming saturated and land prices were increasing (Cano & 

Paulillo 2016; Granco et al. 2017). Opportunely, the rest of the lower Cerrado offered favorable agricultural 

conditions, in addition to abundant cheaper land that was also flat, a factor that gained even more importance 

after the state of Sao Paulo passed law n. 11.241 in 2002 (Cano & Paulillo 2016; IBGE 2017). This new state 

law represented a more severe version of an earlier decree by the national government (Decree number 

2.661/1998) which required that, whenever possible, agricultural expansion take place in regions where the 

land allowed for mechanization. The directive required any expansion(s) to focus on land that was flat as it 

aimed to eliminate the practice of burning in the process of production (Cano & Paulillo 2016; IBGE 2017). 
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The idea of regulating the expansion of sugarcane production to mitigate environmental impacts was later 

supported by a national plan of Sugarcane Agroecological Zoning, passed in 2009, which delineated areas 

suitable for expansion on the basis of favorable climatic and soil conditions and protection of native vegetation 

(Cano & Paulillo 2016; Granco et al. 2017; IBGE 2017). Much of the suitable area was found to be within the 

lower Cerrado (ibid.). Another factor supporting expansion into this direction was that sugarcane fields need to 

be located close to the mills that process it, since sugarcane quickly loses its quality after harvesting, reducing 

the amount of sugar and ethanol that can be obtained (Granco et al. 2017). Since few mills were located 

elsewhere in the country, and especially those producing ethanol, it was viable to expand production around 

the nuclear cluster already established in Sao Paulo, where the main domestic market for ethanol was also 

situated (Granco et la. 2017; IBGE 2017). More specifically, this meant a logical expansion into the southern 

parts of Goias and Mato Grosso do Sul and western part of Minas Gerais (Granco et al. 2017; IBGE 2017). 

 

It was not until the turn of the century and after the introduction of flex fuel engines in Brazil, which eminently 

increased the demand for ethanol as consumers welcomed the flexibility in choice of fuel that came with the 

new engine, that the scenario showed notable changes (Granco et la. 2017; Hernandes et al. 2017). In 

combination with increasing international support for biofuels to replace fossil fuels and to mitigate the effects 

of climate change, the subsequent expansion of sugarcane and ethanol production started changing the 

dynamics and configuration of the sugarcane sector in Brazil (Hernandes et al. 2017). Rising demand from both 

the national and international markets boosted the sugar-energy sector in the country (Da Camara & Caldarelli 

2016), yielding a second wave of growth that was reflected by a substantial expansion into the lower Cerrado. 

With vast land suitable for the mechanized production of sugarcane, good agricultural conditions and more 

viable infrastructure that facilitated logistics and transport, investors turned to the lower Cerrado as an 

alternative to the land competition and production costs in Sao Paulo. Over the decades following the Proalcool 

program, Sao Paulo had redirected over 4 million hectares of its land to sugarcane production, which, by 2015, 

represented around 25% of its entire state area and over 65% of all the land it dedicated to agricultural crops. 

Consequently, more mills were finally built in the lower Cerrado, solidifying a new frontier and allowing the 

states of Goias, Minas Gerais and Mato Grosso do Sul to rapidly secure a significant share of the total national 

sugarcane and ethanol production (Granco et al. 2017; IBGE 2017; Tavora 2011). By 2015, these states were 

producing 28% of all sugarcane in the country and an even more impressive 35% of all sugarcane-based ethanol. 

Collectively, they were now responsible for over 2.3 million hectares dedicated to sugarcane cultivation, 

representing almost 25% of the national total.  

 

The spatial expansion of sugarcane cultivation came at the cost of monumental land use change, which occurred 

mostly in relation to the replacement of cattle (pastureland) and other crops (Da Camara & Caldarelli 2015). 

This pattern of substitution has been revealed in the dynamics of land use in Sao Paulo and other states of the 

lower Cerrado. In both case studies, displacement of pastureland accounts for the majority of changes in the 

agricultural composition of land use. Levels of deforestation have been minimal across the board, varying 

between 1% and 2%, with the Brazilian Institute of Geography and Statistics (IBGE 2017) asserting that 

displacement of native vegetation for agricultural purposes occurred mostly before 1975. At the same time, 

records of levels of rainfall suggest a changing pattern, signaling the emergence of an overall drier climate in 

the area of the La Plata Basin outlined by this study. This new trend results from observation of increasingly 

drier conditions since the 1990s highlighted by periods of sporadic and extreme droughts. Precipitation deficits 

have occurred at a higher rate and more profoundly when compared to records going back as far as 1979, with 

negative anomalies reaching new magnitudes after the turn of the century. A decreasing trend in volume of 

rainfall is also reflected by a rise in number of dry days and a decrease in number of days that are rainy or 

experience light rain, affecting precipitation in the La Plata Basin in terms of annual total as well as seasonality.  

 

The events discussed above highlight that the availability of energy in the form of ethanol has continuously 

increased over the last four decades, in great part due to significant spatial expansion in sugarcane production. 

The availability of water, on the other hand, shows to be decreasing due to a growing pattern of precipitation 

deficit. Nonetheless, application of the chain of assessment developed for this study and displayed by Figure 7 

concedes no direct connection between these two events occurring in the same area. The chain of assessment 

is interrupted where land use change and the concept of moisture recycling meet. In this case, emerging negative 
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trend in rainfall cannot be directly traced back to the spatial expansion of sugarcane production because the 

change in land use occurred mainly at the expense of areas that were previously used for the production of other 

agricultural goods. This is a decisive point considering that modelling and monitoring have shown rates of 

evapotranspiration for areas planted with sugarcane to be higher than other cops or pastureland (Anache et al. 

2019; Hernandes et al. 2017; Loarie et al. 2011). Loss of native vegetation is expected to reduce the atmospheric 

moisture generated by terrestrial evapotranspiration and with that an important amount that is made available 

for precipitation (Ellison et al. 2017). In this case, as sugarcane replaced other crops and pastureland, the higher 

rates of evapotranspiration it produces allows for the availability of water to increase as it contributes to a more 

regulated hydrological cycle, more closely resembling that of the native vegetation in the Cerrado (Loarie et al. 

2011; Anache et al. 2019). Therefore, even though land use change driven by sugarcane expansion can raise 

valid concerns related to water resources, here, it does not show to be directly affecting the availability of water 

in a negative way since it did not cause significant local deforestation. Concludingly, the expansion of 

sugarcane production that took place across Sao Paulo and the lower Cerrado cannot be said to have negatively 

impacted moisture recycling at the regional level, thus negating a direct connection between the country’s push 

for energy security through sugarcane-based ethanol and growing water insecurity in the La Plata Basin. Given 

the limitations and debates that come with results related to complex concepts such as evapotranspiration and 

moisture recycling, long-term observations for continuing evaluation would be essential to further strengthen 

this assessment (Anache et la. 2019; Hernandes et al. 2017).  

 

7.2. Indirect land use change and rainfall trends 

The expansion of sugarcane in Sao Paulo generated conflict of land use in the state. This caused the substitution 

of other agricultural products, with pastureland suffering the largest losses. Over the last four decades, the size 

of the cattle herd in Brazil has more than doubled while the area used for its farming has slightly decreased in 

hectarage (EMBRAPA 2014; IBGE 2017; LAPIG n.d.). In order to offset some of the loss in production that 

would have come with pastureland being redirected for the production of sugarcane, cattle farmers had to invest 

in intensification, technological advancements, organizational structure and the health of the animals to ensure 

higher productivity (EMBRAPA 2017; Granco et al. 2017). Farmers that could not compete in Sao Paulo moved 

their pastureland to other areas of the lower Cerrado, where land prices were lower. As the lower Cerrado 

became the new frontier of the sugar-energy sector, the conflict extended to its territory (Da Camara & 

Caldarelli 2016; Granco et al. 2017). Now, cattle farmers in the lower Cerrado are being forced towards areas 

that are less attractive for the cultivation of crops and where land prices remain more accessible (Granco et al. 

2017). In terms of land use change, displacement has shown exponential growth in areas being used for 

pastureland in the Amazon, where about a quarter of the total national cattle is now farmed (EMBRAPA 2014; 

IBGE 2017). In 1975, this margin was practically negligible (ibid.).  

 

Accepting that the expansion of sugarcane production indirectly contributed to the displacement of pastureland 

into the Amazon connects it to the deforestation that has taken place in the rain forest over the same time period. 

Following the concept that loss of native vegetation negatively impacts moisture recycling as it reduces the 

amount of terrestrial evapotranspiration generated, connects this land use change dynamic one step closer to 

the issues of water availability emerging in the La Plata Basin. The chain of assessment that was interrupted 

where land use change and moisture recycling met in the scenario above, shows no interruption in this case. In 

fact, since little uncertainty exists surrounding the idea that atmospheric moisture is transported from the 

Amazon to the La Plata Basin (Ellison et al. 2017), this would, consequently, prove the chain of assessment 

true. Brazil’s push for energy security through the production of sugarcane-based ethanol contributed to the 

displacement of pastureland into the Amazon resulting in reduced evapotranspiration. This then negatively 

impacted levels of rainfall in the La Plata Basin through continental moisture recycling, as the availability of 

rain decreased with less atmospheric moisture being transported downwind. Consequently, this would mean 

that as the country strived to ensure energy security, it indirectly affected its water security. The continuation 

of this pattern could result in water insecurity, which would, in turn, come full circle and negatively impact 

energy security, as shown by the lower dashed arrow in Figure 7.  
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The extent of the potential impacts arising from ocean-land-atmosphere interactions require further research as 

changing trends in the pattern of rainfall emerge in areas located further away from the Amazon, where direct 

land use change cannot be considered responsible for such events. As the concept of the biotic moisture pump 

emphasizes the centrality of natural forests for a balanced hydrological cycle at the continental scale and 

warnings of a tipping point of deforestation in the Amazon are elevated, this becomes crucial. The interaction 

between air masses and the current rates of deforestation could be detrimental for water-recycling mechanisms 

in deforested areas. It could also lead to diminishing rainfall in areas like the La Plata Basin, extending dry 

seasons and causing more frequent droughts (Debortoli et al. 2017; Lovejoy and Nobre 2018). It may be 

complex to comprehend the importance of moisture generated in the Amazon for areas further south and the 

mechanisms involved, but it is imperative, since these regions are densely populated and responsible for 

producing a great percentage of the agriculture and energy of Brazil.   

 

7.3. Future production, land use change and water concerns 

Brazil’s pledge to comply with the Paris Agreement and the continuous global demand for biofuels to replace 

fossil fuels, in combination with the country’s new RenovaBio program, indicate that its production of 

sugarcane and ethanol will continue to increase (MME n.d.). Although research and development has enabled 

increased efficiency and productivity, abundant land in Brazil still concedes spatial expansion as a strategy that 

is cheaper and offers higher returns in the short term to satisfy a growing national and international market (Da 

Camara & Caldarelli 2016; Granco et al. 2017; IMB 2017 (a); Aguiar & De Souza 2014). The partnership 

between the Brazilian State and the sugarcane industry has proven very successful in the past (Ellison et al. 

2017), including favorable policies to ensure energy security through an array of subsidies and incentives to 

expand production (Granco et al. 2017). The sugarcane industry is now well-established in the country and has 

become a dynamic sector, generating significant employment and income (Moura 2017; Sant’Anna 2016) and 

contributing to the economy in a considerable way (ibid.). The flexibility that comes with being able to produce 

either sugar or ethanol based on market demand and prices only reinforces the value of the sugarcane industry, 

which can be seen as a buffer in times of economic crises (IMB 2017 (b)). Other factors are also increasingly 

adding to the value of the sugarcane industry, such as a growing world population with more access to cars that 

use gasoline mixed with ethanol or ethanol alone, and its use in the production of a growing assortment of 

products including, paints, varnish, thinner, distilled drinks, cosmetics, cleaning products and antiseptics among 

others (CONAB 2016; IBGE 2017). Brazilian mills are also capable of generating electric energy from biomass 

and of producing animal feed and fertilizer from bagasse, which allows them to be self-sufficient and to reduce 

their environmental impacts (IBGE 2017). Considering that Brazil has the land and water resources, know-how 

and technology to produce the most sugarcane-based ethanol in the world grants the industry’s lobby important 

influence in Brazilian politics, which only strengthens the above outlook (Bordonal et al. 2018; Fundação 

Heinrich Böll & Fundação Rosa Luxemburgo 2018; Granco et al. 2017; Hernandes et al. 2017).   

 

The Cerrado remains one of the largest agricultural frontiers in the world (Anache et al. 2019) with ample land 

in its lower part deemed suitable for sugarcane production by the government’s national plan of Sugarcane 

Agroecological Zoning (Cano & Paulillo 2016; Granco et al. 2017); therefore, it is rational to expect expansion 

to continue in this direction. Furthermore, sugarcane plantations need to be located near processing units and 

as Sao Paulo, where most mills are located, becomes saturated, with land prices and production costs increasing 

(Cano & Paulillo 2016; Granco et al. 2017), the lower Cerrado offers a viable solution. The promising outlook 

for ethanol production only adds to this prospect, since most of the mills located in Goias, Minas Gerais and 

Mato Grosso do Sul are either purely ethanol mills or mixed, reflecting the time when they were built (Granco 

et al. 2017; IBGE 2017). Following this path, expansion in land use will likely reflect the same pattern seen 

over the last forty years, shown in Figure 1, with the nucleus of production simply expanding over time, making 

use of the already existing infrastructure and logistics as it gradually extends its reach and capacities. If this 

pattern continues, the logical indirect consequence will encompass further displacement of pastureland, as 

discussed in the previous section. This could be curtailed by the creation of an alternative strategy to land use 

change dynamics in the country and further investment in the cattle industry to increase efficiency and 

productivity, but this is unlikely to be a priority as long as expansion into other regions, i.e. the Amazon, is 

viable. And even though the Brazilian government has shown great efforts in the recent past to reduce clearance 
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of the Amazon, which could change the current course of events, levels of deforestation have started to rise 

again, providing credibility for this outlook (Terrabrasilis n.d.). As the section above highlighted, land use 

change leading to (indirect) deforestation of the Amazon can pervasively impact moisture recycling and 

corresponding continental atmospheric fluxes, potentially jeopardizing water security for a wide area, including 

the La Plata Basin, where most sugarcane in Brazil is produced. It is, therefore, imperative that ensuring energy 

security through increased sugarcane-based ethanol be counterbalanced by concerns related water resources 

and its scarcity. 

 

7.4. A balanced nexus 

Energy systems and water resources are intrinsically linked. This is especially the case when it comes to energy 

stemming from biofuels, where the land use change that has been shown to accompany the expansion in crop 

production can significantly affect moisture recycling and consequently water availability. Integration of 

biofuel crop production and water resources management is, therefore, essential for effective sustainable 

development (Hernandes et al. 2017). Achieving a balance of the energy-water nexus constitutes understanding 

a complex system of interlinkages and numerous potential tradeoffs that need to be considered collectively and 

continuously (Buckeridge & Ribeiro 2018; Smajgl et al. 2016).  If obtained, a balanced nexus of energy security 

and water security offers the opportunity for the simultaneous existence of a sustainable environment, society 

and economy.  

 

When land use change, whether direct or indirect, leads to deforestation, it can affect precipitation not only 

regionally but also in more remote areas, as this case study has shown. Decreased levels of rainfall and 

variations in seasonality can, in turn, raise serious concerns for agriculture (Lawrence & Vandecar 2015). This 

is especially the case in Brazil, where the main source of water for crop cultivation comes from rainfall 

(Hernandes et al. 2017). Inadequate and ill-timed precipitation can be detrimental for the development of 

cultures like sugarcane, leading to lower yields and reduced productivity (CONAB). In this case, indirect 

deforestation of the Amazon resulting from the expansion of land used for sugarcane production shows to be 

negatively impacting rainfall in the La Plata Basin, where the two largest production regions, Sao Paulo and 

the lower Cerrado, are located. This not only affects the country’s ability to maintain high levels of ethanol 

production, but also puts the wellbeing of a large percentage of the country’s society at risk as the amount of 

water available for agriculture, businesses and human consumption is reduced. The La Plata Basin is also vital 

in terms hydroelectric energy, producing over 70% of all energy consumed in Brazil and highly susceptible to 

prolonged water depletion (Geritana 2016). Furthermore, it is crucial to bring attention to the fact that negative 

changes in patterns of rainfall could eventually lead to competition for water. As water availability decreases, 

more irrigation will be needed to maintain levels of production, which could represent conflicts in access to 

water. This is a dauting prospect especially for a country like Brazil, which has an extremely powerful 

agriculture lobby (Fundação Heinrich Böll & Fundação Rosa Luxemburgo 2018). If the country does not 

significantly change its current approach to energy security and the accompanying land use change dynamics 

in a comprehensive way, the projected outcome could undermine the very essence of what is trying to achieve. 

A decrease in water availability could severely impact agricultural production systems and with that its ability 

to produce ethanol, which is seen as key to the energy security of the country (Lawrence & Vandecar 2015). A 

nexus approach to energy security and water security would provide the balance needed to ensure the 

availability of both energy and water, while also securing necessary levels of food production.  

 

A nexus approach would entail the integrated management of both energy systems and water resources. It 

would require recognizing the importance of natural forests, such as the Amazon, for the stability of 

hydrological cycles, which depend on their preservation (or recovery) over continent-wide areas (Makarieva et 

al. 2014). Public policy would need to promote more effective production of agricultural goods and to 

encompass more awareness of the fundamental physics pertaining to ocean-land-atmosphere interaction and 

the corresponding fluxes (Nazareno & Laurence 2015). Changing the current dynamics of land use change in 

Brazil could prevent precipitation deficits from increasing and lower the risk of future droughts over regional 

and continental areas (Nazreno & Laurence 2015). The main strategy of the current National Plan for Water 

Security is to avert issues surrounding the availability of water by focusing primarily on increasing the number 
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of reservoirs and storage capacity. While this is a valid approach, it endorses a simple, short-term solution. It 

fails to address the complexity involved in the management of water resources, specifically the fact that it is 

part of larger systems and intrinsically connected to other natural resources and the sectors that manage it. This 

case study makes it clear that isolated solutions to issues related to the security of a natural resource is fruitless 

(Bruckeridge & Ribeiro 2018). Efforts to improve the existing model of water management is necessary, but 

alone it will not hinder insecurity, since part of the issues that are emerging are caused by changes occurring 

beyond the jurisdiction of its sector and impacted by long-term developments that are complex. This is precisely 

the reason why public policies surrounding the development of (natural) resources need to be less asymmetrical, 

integrated, and encompass a nexus approach, where the tradeoffs emerging from investments and management 

in one sector can be considered and addressed in unison with other sectors (Allan et al. 2015; Smajgl et al. 

2016). Cooperation in the deliberation of investments and management will widen knowledge about the 

connections between such resources and their corresponding sectors and increase awareness of the tradeoffs 

that need to be averted, especially long-term ones. This will lead to more sustainable solutions that can ensure 

both energy security and water security as they meet social needs and advance economic development without 

causing irreversible damage to the environment. 
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8. Conclusion 

Brazil is the largest producer of sugarcane-based ethanol in the world. And even though its water resources are 

considered to be abundant, it has experienced significant droughts in the recent past. The aim of this paper was 

to investigate how its efforts to ensure energy security by continuously pushing for the increased production of 

sugarcane-based ethanol is affecting its water security in terms of the availability of rainwater. The background 

provided the contextual framework within which these two events have taken place and the theoretical 

framework determined the factors to be analyzed. The chain of assessment developed allowed for the 

operationalization of the framework by looking at the expansion of sugarcane and ethanol production, including 

the land use change that took place. Additionally, levels of rainfall were considered. Two cases were selected 

to conduct the investigation based on importance to the topic and availability of data for the analysis. They 

encompassed the state of Sao Paulo and three other states pertaining to the lower Cerrado – Goias, Minas Gerais 

and Mato Grosso do Sul. The analytic approach involved the use of theoretical propositions, time-series analysis 

and pattern-matching to assess and shed light on the existence and extent of a possible causal relationship 

between energy security and water security by focusing on their availability. The results showed impressive 

increases not only in the amount of sugarcane and ethanol produced, but also in the expansion of land used to 

cultivate sugarcane in the areas encompassing both cases. Furthermore, the results revealed an increasing trend 

in precipitation deficit for both regions, which lie within the La Plata Basin. This suggests a growing negative 

trend in rainfall in the same areas where production of ethanol has increased the most and the largest amount 

of land has been redirected for the cultivation of sugarcane. Applying this information to the chain of assessment 

highlights how direct land use change cannot be connected to reduced levels in rainfall, since most of the land 

that was dedicated to the production of sugarcane had been previously used for other crops or pastureland. It 

does, however, show that the displacement of cattle, which comprised the largest percentage of land use change, 

led to indirect deforestation of the Amazon. This contributes to reduced rates of evapotranspiration in the 

Amazon, which affects continental moisture recycling that is imperative for rainfall downwind, where the La 

Plata Basin is located. In this case, the chain of assessment shows no interruption, indicating that the increased 

production of ethanol in Sao Paulo and in the lower Cerrado, aimed to ensure energy security for Brazil, is 

affecting the water security in those same regions by contributing to the reduced availability of water. This 

comes as a consequence of the indirect land use change that has allowed the area used for sugarcane cultivation 

to expand at noteworthy rates.   

 

By answering the two research questions – how the increased production of sugarcane for ethanol in Sao Paulo 

and lower Cerrado region has impacted land use and how such land use change could be affecting the 

availability of rainwater in those same regions – this paper provided insights into the complex relationship 

between energy security and water security. The circumstances of this case study may be unique to the selected 

regions and timeframe, but, in a more general sense, also point to possible risks for water security, if a nexus 

approach is not taken into consideration when large-scale investment in energy security involves land use 

change, a prevalent issue related to biofuels. Furthermore, it sheds light on the problems that come with 

increasing precipitation deficits and the detrimental impacts it could have socially, economically and 

environmentally. Future concerns based on an outlook of growing demand and production of ethanol, where 

the pressure to mitigate climate change increases along with the world population, are also discussed, in 

addition to what achieving a balance nexus would entail. Limitations discussed within the text should not be 

overlooked and further research is recommended for greater reliability of the conclusions reached in this paper. 

This should include more robust data for the factors analyzed and increased knowledge of ocean-land-

atmosphere interactions as well as the corresponding fluxes and feedbacks, fundamental for creating public 

policies that can ensure the sustainable development of energy systems and water resources.  
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