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Popular summary

Few resources are as vital to life and well-being as water. When hydrological
systems are disrupted, the consequences can be severe economically, environ-
mentally, and socially. Because water is such a fundamental resource, it is deeply
entangled with other critical systems, creating opportunities and risks. Among
these interconnections, three nexuses stand out: water-energy, water-food, and
the broader integration of water, energy, and food. While this thesis focuses
primarily on the water-energy nexus, it also considers how this interaction over-
laps with and intensifies agricultural dynamics. In this thesis, the water-energy
nexus is analyzed from a qualitative perspective, telling the story of how these
systems evolved in Brazil. The narrative covers the past, present, and future.
The past traced the early stages of Brazil’s electrification, which relied almost
entirely on hydropower. Since the beginning of the electricity sector, political
and regulatory efforts have favored electricity generation, often sidelining the
water supply system. This imbalance has left lasting impacts on ecosystems
and communities, which are still felt today. In Sao Paulo, for example, the
expansion of electricity infrastructure contributed to what this thesis describes
as the water dichotomy, defined as the abundance and scarcity, a cycle where
the same population experiences both floods and droughts. The population
widely perceives this contradiction, but its roots in historical urban and energy
planning are less visible. While the connection between water and energy may
go unnoticed at the local level, at the national scale, their interdependence is
undeniable. The crises of 2001, 2014, 2015, 2021, 2024, and 2025 exposed re-
curring vulnerabilities in both systems. Analyzing these events, across time and
scale, reaffirms the central role of governance in strengthening resilience. To
address the wide range of impacts, including energy shortages and water and
electricity rationing, it is necessary to revisit the long-standing debate around
electricity mix diversification. Therefore, building resilience is not optional. It
requires reimagining the future in ways that advance social justice, ensure water
security, and enable a just energy transition. By connecting past, present, and
future, this thesis makes the development of the water-energy nexus in Brazil
even more visible. This long-term perspective reveals how historical choices in
energy and urban planning have shaped current vulnerabilities—and how they
continue to influence future responses. The lessons drawn from this analysis
underscore the limitations of reactive governance and the necessity of moving
beyond short-term solutions. In doing so, it argues that advancing resilience
demands more than technical solutions. It requires a deeper temporal under-
standing of the water-energy nexus, one that acknowledges historical legacies,
confronts present challenges, and shapes more just and sustainable futures.
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Sumario popular

Poucos recursos sao tao essenciais para a vida quanto a dgua. Quando os sis-
temas hidroldgicos sao interrompidos, os impactos podem ser graves na eco-
nomia, no meio ambiente e na sociedade. Por ser tao fundamental, a dgua
estd interligada a outros sistemas criticos, gerando tanto oportunidades quanto
riscos. Entre essas conexoes, trés se destacam: agua-energia, dgua-alimentos
e agua, energia e alimentos. Embora esta tese se concentre principalmente no
nexo agua-energia, ela também considera interacoes com agricultura. A tese
toma uma abordagem qualitativa para contar a histéria da evolucao desses sis-
temas no Brasil, através do passado, o presente e o futuro. No passado, a elet-
rificacdo do pais foi construida principalmente com energia hidrelétrica, que foi
priorizada desde o inicio, muitas vezes em detrimento do abastecimento de agua.
Esse desequilibrio deixou marcas profundas em ecossistemas e comunidades, que
ainda hoje enfrentam seus efeitos. Em Sao Paulo, por exemplo, a expansao da
infraestrutura elétrica contribuiu para o que esta tese descreve como dicoto-
mia hidrica — a convivéncia entre abundancia e escassez, um ciclo recorrente
no qual a mesma populagao enfrenta tanto enchentes quanto secas. Essa con-
tradicao é percebida pela populacao, mas suas raizes em decisoes histéricas de
planejamento urbano e energético ainda sao pouco visiveis. Se, em nivel local,
a conexao entre agua e energia pode passar despercebida, em escala nacional
sua interdependéncia é inegavel. As crises de 2001, 2014, 2015, 2021, 2024 e
2025 expuseram vulnerabilidades recorrentes nos dois sistemas. A andlise desses
eventos, ao longo do tempo e em diferentes escalas, reafirma o papel central da
governanca na construcao de resiliéncia. Para lidar com impactos como apagoes,
racionamentos de agua e energia e o agravamento da vulnerabilidade social, é
necessario retomar o antigo debate sobre a diversificacao da matriz elétrica.
Construir resiliéncia, portanto, ndo é uma escolha e sim uma necessidade. E
isso exige repensar o futuro de forma a promover justica social, garantir a se-
guranca hidrica e viabilizar uma transicao energética justa. Ao conectar pas-
sado, presente e futuro, esta tese torna ainda mais visivel o desenvolvimento
do nexo agua-energia no Brasil. Essa perspectiva de longo prazo revela como
decisoes histéricas no setor energético e no planejamento urbano moldaram as
vulnerabilidades atuais e como esses mesmos padrées continuam a influenciar
as respostas as crises futuras. As licGes extraidas desta andlise evidenciam os
limites de uma governanca reativa e a urgéncia de ir além das solucoes de curto
prazo. Nesse sentido, a tese argumenta que fortalecer a resiliéncia demanda mais
do que solugoes técnicas: exige uma compreensao temporal mais profunda do
nexo agua-energia. Essa compreensao precisa reconhecer os legados histéricos,
enfrentar os desafios do presente e construir futuros mais justos e sustentaveis.

X



Populiarvetenskaplig sammanfattning

Fa resurser ar lika avgorande for liv och vilbefinnande som vatten. Nér hydrolo-
giska system rubbas kan konsekvenserna bli allvarliga — ekonomiskt, miljoméssigt
och socialt. Eftersom vatten &r en sa grundlaggande resurs ar det djupt sam-
manflitat med andra kritiska system, vilket skapar bade mdojligheter och ris-
ker. Tre centrala samband utmérker sig sérskilt: vatten—energi, vatten—mat och
den bredare integrationen av vatten—energi—-mat. Denna avhandling fokuserar
framst pa vatten—energi-sambandet, men beaktar ocksad hur denna interaktion
overlappar med och forstiarker jordbruksdynamiken. Avhandlingen analyserar
vatten—energi-sambandet ur ett kvalitativt perspektiv och beridttar hur dessa
system har utvecklats i Brasilien — i datid, nutid och framtid. Den historiska
delen belyser de tidiga stegen i Brasiliens elektrifiering, som néstan helt byggde
pa vattenkraft. Sedan elsektorns borjan har politiska och regulatoriska atgérder
prioriterat elproduktion, ofta pa bekostnad av vattenforsorjningen. Denna oba-
lans har ldmnat djupa spar i ekosystem och samhillen, vilka fortfarande &r
kdnnbara i dag. I Sao Paulo har exempelvis utbyggnaden av el-infrastruktur
bidragit till det som i avhandlingen kallas vattendikotomin: en cyklisk erfa-
renhet av bade dversvimningar och torka i samma befolkning. Pa lokal niva
kan sambandet mellan vatten och energi forbli osynligt, men pa nationell niva
dr deras omsesidiga beroende tydligt. Krisaren 2001, 2014, 2015, 2021, 2024
och 2025 blottlade aterkommande sarbarheter i bada systemen. Att analyse-
ra dessa héndelser 6ver tid och pa olika skalor bekréftar styrningens centrala
roll for att stérka resiliensen. For att hantera konsekvenserna — fran elbrist
till vatten- och elransonering — krévs en atergang till den langvariga debatten
om diversifiering av energimixen. Att bygga resiliens dr darfor inte ett alterna-
tiv, utan en ndédvindighet. Det innebér att framtiden maste omformas pa sétt
som framjar social riattvisa, garanterar vattensidkerhet och mojliggor en réttvis
energiomstéallning. Genom att koppla samman datid, nutid och framtid gor av-
handlingen utvecklingen av Brasiliens vatten—energi-samband mer synlig. Detta
langsiktiga perspektiv visar hur historiska val inom energi- och stadsplanering
har skapat dagens sarbarheter — och hur de fortsdtter att paverka framtida
l6sningar. Lardomarna fran denna analys framhéver grinserna for reaktiv styr-
ning och behovet av att ga bortom kortsiktiga lésningar. Att framja resiliens
kriaver mer #n tekniska atgirder — det kriver en djupare tidsméssig forstaelse
av vatten—energi-sambandet, som erk&nner historiska arv, beméter dagens ut-
maningar och formar en mer réttvis och hallbar framtid.



A temporal analysis of the
Brazilian water-energy nexus






Part 1

Introduction






Chapter 1

Motivation

September 2025.

Brazil is currently facing a major drought that began in 2024, triggered by a
strong El Nino, and disrupted rainfall patterns in the central and southeastern
regions [1]. The dry spell continued into 2025, affecting small municipalities to
major metropolitan areas [2]. In the affected regions, the ability to provide a
consistent water supply to residents diminished, given the low reservoir capacity
[2]. For instance, in 2025, the Metropolitan Area of Sao Paulo (MASP), home
to over 20 million people [3], experienced a reduction in water pressure during
nighttime hours to conserve reservoir levels, which had reached their lowest
point in a decade [4]. Further north, all municipalities in the State of Amazonas
and 21 in the state of Acre declared emergency status due to drought conditions
that disrupted river transport and compromised urban water supplies [5]. In
the Federal District, water rationing was avoided thanks to proactive measures
and investments by the state utility, which sustained water provision through
167 consecutive days without rain [6, 7].

The electricity sector also struggled during this drought. Hydropower, respons-
ible for over 50 percent of Brazil’s electricity supply, faced sharp declines in out-
put [8, 9]. Large hydropower facilities in the Amazon were particularly affected.
In 2024, Belo Monte, the third-largest hydroelectric plant in the world, gener-
ated only a fraction of its anticipated output [160]. Similarly, Santo Antonio, a
key dam on the Madeira River with over 3,500 MW of installed capacity, had to
operate with a reduced number of turbines [166]. In the Southeast and Center-
West regions, inflows to the Paranaiba, Grande, and Tocantins basins reached
historic lows [167]. These rivers are crucial as they feed some of the country’s



largest hydropower reservoirs [167]. Despite the disruption, the drastic reduc-
tion in hydropower generation did not lead to electricity shortages, as thermal
plants and other renewable sources effectively compensated for the decline [168].
While this solution ensured a stable supply, it came at a financial cost to con-
sumers [14, 15]. When hydropower is insufficient or when reservoirs need to be
preserved, thermal plants are activated to secure firm capacity, which increases
generation costs [16]. These costs are subsequently passed on to consumers
through the tariff flag system [16]. This system serves as a warning scale for
consumers: a green flag indicates no extra charges, a yellow signal a modest
increase, while a red flag features two escalating levels [16]. By the time the
system reaches the highest red level, households may confront double-digit in-
creases in their electricity bills, which poses a significant burden for low-income
families [16]. In 2024, the flags fluctuated from yellow in July to red level two
in October [17]. By September 2025 [18], Brazil had already experienced five
months outside the green flag. May was marked by yellow [19], June and July
registered red level one, and the subsequent two months escalated to red level
two [20].

Table 1.1: Variation in household electricity costs under the tariff flag system. Source: [16].

Tariff flag Extra cost (per 100 kWh)
Yellow R$ 1.885
Red level 1 R$ 4.463
Red level 2 R$ 7.877
Water scarcity R$ 14.20

The current crisis is not an isolated incident. Over the past two decades, par-
ticularly in the last ten years, Brazil has faced recurrent droughts and energy
shortages that have exacerbated existing social and systemic vulnerabilities [22].
As illustrated in Figures 1.1 and 1.2, since 2015, hydropower reservoirs have
consistently been below expected levels [22]. The situation of the Furnas hy-
dropower plant serves as a pertinent example [22]. Before 2015, the reservoir
experienced a balance between wet and dry cycles, with low-water periods being
relatively brief [22]. The most severe drought before this timeframe occurred
between 2001 and 2004; however, it did not reach extreme levels. After 2015,
circumstances shifted dramatically, and the basin endured seven consecutive
years of drought, followed by a brief period of above-average rainfall that was
neither sustained nor widespread [22]. Since then, the basin supplying Furnas
has remained in severe drought conditions for far longer than it has experienced
recovery phases [22].
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Figure 1.1: Reservoir levels for Furnas and Tucurui hydropower plants over the past 10 years. Source: [21].
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Figure 1.2: Reservoir levels for Itaipu and Trés Marias hydropower plants over the past 10 years. Source: [21].

The recurring nature of crises, the interdependence between water and energy,
and the anticipation of worsening conditions all underscore the motivation be-
hind this thesis. My motivation is particularly anchored in three key com-
ponents. The first is the nexus perspective, which frames water and energy
as interconnected systems that necessitate consideration of both synergies and
trade-offs. The second component is the temporal dimension, as repeated crises
demand an approach that connects past decisions, current vulnerabilities, and
future risks. The third component addresses the social consequences, given that
these crises impact households, utilities, and the broader economy. When I
embarked on this doctoral journey, the underlying tensions were already appar-
ent. As new crises emerged and vulnerabilities became increasingly clear, I have
witnessed the urgency of addressing this theme intensify over time.






Chapter 2

Research objectives

In this thesis, I aim to develop a longitudinal discussion of the water—energy
nexus in Brazil by connecting past legacies, present challenges, and future per-
spectives. To achieve this, I guided the work through the following research
objectives:

e Objective I: Advance the conceptualization of temporal understanding
in water—energy nexus research, providing a foundation for embedding
temporal dynamics into future analyses.

e Objective II: Trace Brazil’s electrification from a water—energy nexus
perspective.

e Objective III: Demonstrate how the historical development of Brazil’s
electricity sector has contributed to current urban vulnerabilities.

e Objective I'V: Assess how Brazil’s electricity crises demonstrate the per-
sistent dependence on hydropower and the limits of source diversification.

e Objective V: Strengthen the methodological and analytical basis for the
water—energy nexus, highlighting the value of temporal understanding to
connect historical legacies, present challenges, and future paths.



Thesis structure

This thesis is structured into four main parts, each contributing to a longitudinal
and multi-scalar understanding of the water-energy nexus in Brazil.

Part I — Introduction outlines the motivation for this research, introduces the
concept of the water-energy nexus, and the case study. It also defines the re-
search objectives.

Part IT — Results and discussion are organized into four chapters that adopt
a temporal perspective on the water—energy nexus in Brazil. The first lies the
foundation for the temporal water-energy nexus debate research. The second
examines the past, the third the present, and the fourth the future. Together,
they provide a longitudinal analysis that connects historical legacies, current
challenges, and prospective transitions.

Part III - Presents the Conclusion, which summarizes the key insights of the
thesis.

Part IV - Includes Paper I (published), Paper II (in review), Paper III
(published) and Paper IV (in draft).
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Chapter 3

Water-energy nexus

The concept of the water—energy nexus encompasses more than descriptions
of flows between two resources; it signifies a paradigm shift in how societies
understand, analyze, and govern interdependencies between these two resources.
Scholars define it as the intrinsic relationship between water and energy systems.
Energy powers every stage of water services, and water is essential for nearly
all forms of energy generation [23, 24, 25, 26]. Over the past two decades,
both academic and policy communities have increasingly embraced the water-
energy nexus as a fundamental framework for discussing trade-offs, synergies,
and systemic vulnerabilities that were previously considered in isolation.

The concept of the nexus emerged in the 1970s in the United States, when re-
searchers began to highlight the economic implications of the interconnections
between resources [27]. By the early 2000s, severe droughts revealed the vul-
nerability of thermal and nuclear power generation to water shortages, shifting
the focus of the discussion toward resource insecurity [28, 29]. From that point
onward, the nexus perspective provided a crucial framework for examining the
stability of infrastructure and the resilience of modern economies in the face of
resource stress.

The 2010s marked a pivotal moment for integrating the water-energy nexus into
the global agenda. For the first time, the International Energy Agency (IEA)
included a dedicated section on this nexus in its World Energy Outlook (2012)
[30], marking a substantial institutional acknowledgment of the issue. This
concept gained further traction through significant global events, including the
Bonn 2011 Conference [28], the World Economic Forum 2012 [25], the 6th World
Water Forum [31], EU Green Week 2012 [32], the Rio+20 Conference [33], and
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Stockholm World Water Week [34]. These initiatives positioned the nexus as
a fundamental element of sustainable development. Subsequently, multilateral
institutions such as the World Bank and United Nations (UN) agencies intro-
duced programs like the Thirsty Energy Initiative [35], the Water for Energy
Framework [36], and the UN International Year of Water and Energy (2014)
[37], emphasizing the necessity of cross-sectoral collaboration for effective policy
and planning.

Rising international attention underlines increasing insecurities regarding re-
source availability, which are further intensified by climate change, resource
depletion, and escalating consumption [38]. These insecurities have significant
ramifications since they undermine economic stability, jeopardize public health,
and harm ecosystems by disrupting the reliability and accessibility of essential
services. Currently, nearly 10 percent of the global population lacks access to
electricity, approximately three billion people do not have access to clean cook-
ing technologies, and over six billion individuals, more than 80 percent of the
world’s population, experience some level of water insecurity [39, 40]. These
statistics emphasize the pressing need for inclusive and integrated policy inter-
ventions. Table 3.1 summarizes the key events and institutional milestones that
have shaped the concept of the water-energy nexus as a focal point in sustain-
ability discussions.

Table 3.1: Timeline of key events in the development of the Water-Energy Nexus.

Year Event Description
1970s Concept emergence in the U.S. Initial discussions focused on economic implications of water-
energy interdependence [27].
2000s Drought-induced shift Power generation vulnerabilities reframed the debate around re-
source security [28, 29].
2011 Bonn 2011 Conference Advocated integrated approaches to manage resource interlink-
ages [28].
2012 IEA World Energy Outlook Included a dedicated section on the water-energy nexus [30].
2012 World Economic Forum Raised the profile of the nexus in global development discourse
[25].
2012 6" World Water Forum Addressed water-energy linkages as part of global water policy
[31].
2012 EU Green Week Highlighted nexus implications for environmental policy [32].
2012 Rio+20 Conference Reinforced the nexus as part of sustainable development
strategies [33].
2012 Stockholm World Water Week Consolidated international attention on water-energy interde-
pendencies [34].
2013 Thirsty Energy Initiative ~Promoted integrated planning in energy and water sectors [56).
(World Bank)
2014 UN International Year of Water ~Emphasized cross-sectoral cooperation and public awareness
and Energy [37].
2012-ongoing ~ Water for Energy Framework Provided a structured approach to integrate water and energy
(UN) policy [36].

2022-23

Global status reports

Highlighted persistent access gaps in electricity, clean cooking,
and water security [39, 40].
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In response to these insecurities, academic and policy communities have de-
veloped frameworks designed to capture the interdependencies between water
and energy systems more effectively. A relevant framework was proposed by
Hamiche et al. [41], which identifies five interconnected dimensions: environ-
mental, social, technological, economic, and governance. These dimensions will
serve, directly or indirectly, as analytical lenses throughout this thesis to eval-
uate how vulnerabilities arise and to explore the development of more resilient,
equitable, and sustainable strategies. Each dimension will be presented and
thoroughly examined.

Environmental

The environmental dimension of the water-energy nexus encompasses the bio-
physical systems that underpin the availability of water and energy. Ecosystems
play a crucial role in regulating flows through hydrological and carbon cycles;
however, their degradation due to deforestation, pollution, or over-extraction un-
dermines their reliability [41, 42]. Climate change exacerbates these challenges
by altering precipitation patterns and temperature, which directly impacts hy-
dropower generation, thermal cooling processes, and infrastructure planning
[43, 44]. Droughts further expose the vulnerabilities of infrastructures designed
without considering ecological thresholds, as extreme events can destabilize
water-energy systems and disrupt resource flows [45]. As environmental pres-
sures mount, competition among agricultural, energy, and ecosystem needs be-
comes increasingly pronounced, revealing more trade-offs within global resource
systems [46, 47]. Consequently, the environmental dimension addresses issues of
scarcity and the diminishing resilience of ecosystems upon which societies rely.

Social

The social dimension of the water-energy nexus captures how disruptions in wa-
ter and energy systems affect human well-being and social justice despite global
recognition of access to safe water and electricity as fundamental rights. In the
absence of these resources, women, children, Indigenous peoples, the elderly,
and residents of informal settlements suffer the most [48, 40]. Research shows
that these gaps are rarely addressed systematically in the water-energy nexus
studies, where social justice often remains underexplored [49]. The effects on
the population once systems fail vary widely. Water insecurity reduces agricul-
tural production, disrupts livelihoods, and contributes to migration and poverty,
while energy insecurity undermines essential services such as healthcare, edu-
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cation, and mobility. Rising energy prices often force low-income households
into difficult trade-offs between food, fuel, and housing [42]. These challenges
also connect to broader debates on energy justice [50]. Urban studies highlight
how adaptation and resource planning frequently reproduce inequalities. For
example, research on global city networks shows that climate and infrastructure
strategies, while ambitious, often fail to integrate equity concerns, reinforcing
existing vulnerabilities [51]. The social dimension goes beyond basic access, em-
phasizing the capacity of communities to anticipate, absorb, and recover from
compound shocks to water and energy systems [52].

Technology

Technology plays a crucial role in how resource flows are captured and dis-
tributed, embedding both political and operational choices within infrastruc-
tures. Water is vital in generation processes, including hydropower, thermal
and nuclear cooling, and bioenergy, while energy is essential for processes such
as pumping, treatment, distribution, and desalination [53, 54]. Although these
resources serve as inputs, technologies also significantly impact the environ-
ment and society throughout their operation, posing risks when infrastructures
displace communities or exacerbate environmental degradation. For instance,
large-scale hydropower dams have disrupted sediment flows, submerged agricul-
tural land, and displaced millions globally. Similarly, desalination plants have
contributed to increased coastal salinity and energy dependence [103, 55]. To
fully understand these issues, it is important to look beyond material flows and
consider the political and economic priorities embedded within infrastructure.

Financial

The financial dimension highlights the importance of both the flows that support
the water-energy nexus systems and the implications that result from their dis-
ruption. This aspect gained prominence during the 1970s oil crisis, when the in-
terdependence between water-intensive energy production and energy-intensive
water supply became apparent. For example, the surge in oil prices dramat-
ically escalated the costs associated with pumping and treating water, while
prolonged droughts limited hydroelectric generation and drove up electricity
prices [56]. At the household level, fluctuations in prices undermine affordabil-
ity, particularly for low-income households. Evidence indicates that in numerous
low- and middle-income countries, increasing electricity tariffs and water bills
compel families to reduce spending on food or healthcare, heightening social
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vulnerability [25, 57]. On a macroeconomic scale, droughts in Brazil and Cali-
fornia exemplify the billions in losses incurred by agro-industrial output and
public budgets [58, 59]. Unfortunately, infrastructure planning often neglects
these interdependencies, resulting in stranded assets and costly inefficiencies.
For instance, thermoelectric plants that were designed without accounting for
water scarcity have had to curtail operations [60]. Addressing the nexus as an
economic concern necessitates integrated investment and adaptive planning [61].

Governance

Governance has a critical role in determining whether interdependencies are
managed collaboratively or lead to increased conflict. Polycentric arrangements,
which involve multiple decision-making centers, enhance adaptive capacity in
response to climate variability, as seen in urban settings in India [62]. Mechan-
isms such as joint investments in water and energy or basin-level agreements can
help mitigate trade-offs and improve systemic efficiency [63]. Fragmented gov-
ernance, characterized by silos and uneven power dynamics, undermines coher-
ence and creates cross-sectoral externalities [64]. Consequently, nexus-oriented
governance requires inclusive engagement, transparent data sharing, and institu-
tional learning. This is exemplified by the situation in Ethiopia’s Awash Basin,
where weak coordination among sectoral authorities and limited integration of
water, energy, and food planning contribute to escalating distributional conflicts
[65].
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Chapter 4

Case studies

This chapter presents the case study that serves as the foundation for the ana-
lyses throughout the thesis. The focus is on Brazil, beginning with a nationwide
perspective and then narrowing down to the State of Sao Paulo and the Metro-
politan Area of Sao Paulo (MASP). This multi-scalar approach allows the thesis
to examine the relationship between water and energy across different levels,
linking historical legacies to contemporary challenges. This chapter details in-
formation on the demographic, hydrological, and governance characteristics of
these contexts for the case studies.

Brazil

Brazil stands as both an emerging economy and an environmental powerhouse.
Across its continental territory, the country is home to more than 200 million
inhabitants, making it the seventh largest globally [66]. Economically, Brazil
ranked as the 10th largest economy in the world in 2024 [67]. Despite these
macroeconomic indicators, the country remains characterized by deep social
contrasts. Persistent inequality continues to shape access to resources, public
services, and opportunities, reinforcing significant disparities between regions,
urban and rural areas, and different social groups.

Brazil is known for its biodiversity and wide variety of natural resources, in-
cluding water. This natural wealth is particularly evident in the country’s hy-
drological endowment. Brazil possesses approximately 12 percent of the world’s
renewable freshwater resources, amounting to over 5,600 billion m? per year
[59], similar to Russia, Canada, and China [59]. Brazil’s freshwater resources
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are structured into 12 official river basins, each with distinct characteristics and
roles for ecosystems, society, and the economy. These basins are further divided
into sub-basins. Figure 4.1 illustrates Brazil’s major river basins and provides
an overview of basic characteristics. In Brazil, the water abundance is not evenly
distributed. The North region accounts for more than 70 percent of the available
water flows, while the Northeast and certain areas of the Southeast experience
chronic water scarcity [59].

Brazilian river
basins
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Figure 4.1: The Amazon Basin is the largest in the world, dominating in both size and discharge, while the
Tocantins—Araguaia Basin is the largest entirely within Brazil, with strong hydroelectric potential. The Parnaiba
Basin serves the semi-arid Northeast, and the Atlantic Northeast Occidental and Atlantic Northeast Oriental
basins drain coastal areas in Maranh3o, Pard, and the semi-arid Northeast. The S3o Francisco Basin is vital for
irrigation, supply, and energy generation. The Atlantic East Basin, spanning Bahia, Minas Gerais, Sergipe, and
Espirito Santo, also faces semi-arid pressures, while the Atlantic Southeast Basin, which includes the Doce,
Paraiba do Sul, and Ribeira rivers, sustains highly urbanized areas such as S3o Paulo and Rio de Janeiro. In
the South-Central region, the Parand Basin is extensively developed for hydropower, and the Paraguay Basin
encompasses the Pantanal, the world’s largest floodplain. The Uruguay Basin marks the southern border with
Argentina and Uruguay, while the Atlantic South Basin covers the southernmost coastal rivers [68]. Adapted
from: [69].
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The basins are extensively used for electricity generation. Currently, hydropower
plants account for about 368 TWh, equivalent to 55 percent of the country’s
electricity generation in 2024 [70]. Other renewable sources also play an increas-
ingly important role, as Brazil presents favorable generation conditions unevenly
spread throughout the territory. The Northeast region concentrates most wind
generation, while solar generation, particularly distributed systems, has grown
in southeastern and southern states such as Minas Gerais, Sao Paulo, and Rio
Grande do Sul. Overall, wind power and solar generation (combined distributed
and centralized production) contribute to roughly 14 and 9 percent, respectively
[70]. Fossil fuel sources now represent less than 8 percent, although their share
tends to increase during dry years [70].

National level governance of water and energy resources

National-level laws and institutions define the governance of both water and
energy in Brazil. In the case of water, national guidelines have been progressively
translated into a basin-oriented framework through successive reforms, shifting
from a fragmented and sectoral approach to a more integrated management
model [71]. Electricity governance, by contrast, has evolved through successive
waves of reform into a highly institutionalized and centralized system. While
water is implemented through basin committees and participatory mechanisms,
the electricity sector operates under a national market and planning structure,
with clearly defined and complementary roles in regulation, operation, planning,
and commercialization.

Water sector governance

The National Water and Sanitation Agency (ANA) serves as the federal author-
ity tasked with the implementation of the National Water Resources Policy (Law
9,433/1997) [72]. ANA oversees the allocation of water rights for federal rivers,
regulates interstate and transboundary river basins, and offers technical and fin-
ancial support to basin committees and state agencies [72]. The National Water
Resources Council (CNRH), a multi-stakeholder forum led by the Ministry of
Environment and Climate Change [73, 74], provides strategic direction. This
council comprises representatives from various ministries, states, municipalities,
water users, and civil society.

Water governance operates within a hierarchical framework characterized by a
cascading structure, where responsibilities are distributed across three distinct
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tiers. Each level maintains its own set of specific duties while contributing to
the overarching governance goals through collaboration and coordinated efforts.

e National level: The CNRH defines guidelines for the National Water Re-
sources Policy. ANA regulates federal rivers and coordinates monitoring,
planning, and information systems.

e State level: Each state has its own State Water Resources Council and
regulatory agencies, responsible for intrastate rivers and for implementing
state water laws aligned with the national framework.

e Basin level: River Basin Committees (Comités de Bacia) act as delib-
erative forums for participatory management, bringing together municip-
alities, users, and civil society. They prepare Basin Plans and define the
criteria for water charging mechanisms.

Historically, water governance in Brazil was first formalized in the Water Code
of 1934, which acknowledged water as a public good but primarily emphasized
its use for energy generation, irrigation, and navigation [72]. This framework
remained largely sector-oriented until the 1990s, when water crises, decentraliza-
tion reforms, and international pressures prompted a significant paradigm shift.
The adoption of Law 9,433/1997 [72] marked a pivotal moment by establishing:

e Integrated water resources management at the basin scale;
e Decentralization, through basin committees with decision-making powers;
e Participation, by including users and civil society in governance;

e FEconomic instruments, such as water charging and tradable rights.

By 2015, Brazil had established more than 200 river basin committees, each
demonstrating varying levels of effectiveness across different states [75]. Des-
pite these advancements, assessments by the Organization for Economic Co-
operation and Development (OECD) pointed out persistent challenges, includ-
ing fragmentation, limited financial sustainability of the committees, and in-
sufficient coordination between water governance and sectoral policies such as
energy, agriculture, and urban planning [75].
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Electricity sector governance

At the national level, the Ministry of Mines and Energy (MME) is responsible
for defining overall policy [76]. It establishes long-term strategies, guidelines
for expansion, and energy policy directives [76]. The MME also chairs the
National Energy Policy Council (CNPE), which provides advisory support to
the Presidency on strategic matters, including supply security, fuel utilization,
and diversification efforts [77].

Regulation and oversight of the electric energy sector are handled by the Na-
tional Electric Energy Agency (ANEEL), established in 1996 [16]. ANEEL is
tasked with regulating tariffs, managing concessions, ensuring service quality,
and overseeing compliance by utilities and market participants [16].

The ONS, created in 1998, is responsible for the technical coordination and real-
time operation of the National Interconnected System (SIN) [78]. This agency
ensures the reliability and security of the system while optimizing the dispatch
of generation resources to minimize costs [78].

Founded in 2004, the Energy Research Company (EPE) conducts technical stud-
ies aimed at medium- and long-term planning [79]. The company publishes es-
sential documents, including the Ten-Year Energy Expansion Plan (PDE) and
the National Energy Balance (BEN).

The Electricity Trading Chamber (CCEE) is a pivotal institution in govern-
ing the electricity market [80]. Established in 2004 as the successor to MAE
(Mercado Atacadista de Energia), the CCEE oversees the wholesale electricity
market. Its responsibilities include registering contracts, managing the account-
ing and settlement of discrepancies between contracted and actual energy, and
organizing energy auctions in accordance with the regulatory framework set by
the MME and the ANEEL [80].

This institutional framework can be visualized as a cascade of complementary
functions:

Policy level: MME and CNPE define national energy policy.

Regulation: ANEEL supervises market rules, concessions, and tariffs.

Planning: EPE produces long-term studies and forecasts.

Operation: ONS manages real-time system operation and security.
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e Commercialization: CCEE organizes the wholesale market, energy auc-
tions, and settlement.

Historically, Brazil’s electricity governance has evolved from a vertically in-
tegrated state-owned model to a regulated market system. Until the 1990s,
state-owned utilities dominated the sectors of generation, transmission, and dis-
tribution [81, 82]. Reforms initiated in the mid-1990s liberalized investments,
established the ANEEL and the National Electric System Operator (ONS), and
paved the way for private participation [81, 82]. The 2004 reform, known as
the New Institutional Model, further solidified this structure by creating the
EPE and the CCEE, expanding auction mechanisms, and enhancing planning
integration

Sao Paulo

The state of Sao Paulo stands as Brazil’s economic powerhouse, contributing
approximately one-third of the national GDP in 2024 [83]. With a population
of around 45 million, it surpasses the populations of many countries within Latin
America [84]. Sao Paulo is also the most urbanized state in Brazil, with over 95
percent of its residents living in urban areas. This includes the MASP, which is
the largest urban agglomeration in the country [84].

Despite its crucial role in the economy, Sao Paulo faces significant water chal-
lenges. The state is situated within river sub-basins that experience considerable
demographic and industrial pressure, such as the Alto Tieté, Paraiba do Sul,
and the Piracicaba—Capivari-Jundiai (PCJ) sub-basins, as well as parts of the
Parand basin. These sub-basins are particularly strained, as they collectively
support both MASP and the surrounding industrial regions.

Given its favorable water resource conditions, numerous hydropower plants are
operating in the State of Sdo Paulo, particularly along the Parand, Paranapan-
ema, and Tieté rivers, which make significant contributions to the regional en-
ergy supply. The Ilha Solteira hydropower plant illustrates the importance of
hydraulic exploitation in Sao Paulo for electricity generation, as it ranks among
the ten largest hydropower plants in Brazil [85]. Consequently, any failures or
shortages in Sao Paulo can have widespread repercussions across the national
system. Besides its hydropower potential, the state stands as the largest electri-
city consumer [86], as the country’s industrial, commercial, and financial center,
it relies heavily on a stable and affordable power supply.
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State-level governance of water and energy resources

The state has a relatively advanced framework for water governance. The De-
partment of Water and Electric Energy (DAEE) is responsible for issuing water
rights for state rivers and overseeing infrastructure projects [87]. The State Wa-~
ter Resources Council (CRH-SP) establishes strategic guidelines. At the same
time, over 20 River Basin Committees, including those for Alto Tieté, PCJ, and
Paraiba do Sul, serve as forums for participatory and integrated management
[88]. Notably, Sao Paulo was a pioneer in this regard, adopting its State Water
Resources Law in 1991, ahead of the federal law enacted in 1997 [89]. While
energy governance in Brazil is primarily federal, Sdo Paulo actively participates
through its state regulatory bodies, such as ARTESP, as well as initiatives under
the Secretariat for Infrastructure and Environment (SIMA).

Metropolitan Area of Sao Paulo

The MASP encompasses Brazil’s largest urban agglomeration and is among the
largest in the world, housing over 22 million residents within a relatively con-
fined area of approximately 8,000 km? [3]. This substantial demographic con-
centration, combined with dynamic industrial, commercial, and service sectors,
positions MASP as a vital center for water-energy interactions.

From a hydrological perspective, MASP is situated within the Upper Tieté basin,
where natural water flows are insufficient to satisfy the metropolitan demand
[90, 91]. To address this shortfall, the region relies heavily on significant inter-
basin transfers. The most important are the Cantareira system, which trans-
ports water from the Piracicaba—Capivari-Jundiai (PCJ) basin, and the Billings
system, which connects to the Tiete—Parand basin and also supports hydropower
generation [90, 91].

The MASP is Brazil’s largest electricity demand center, concentrating a signi-
ficant share of the country’s consumption [92]. Peak demand in the region reg-
ularly reaches values in the two-digit gigawatt scale, reflecting its status as the
country’s leading industrial and urban hub [93]. Although hydropower plants,
such as Henry Borden in the Billings system, are located within the region, their
contribution is modest compared to local demand [94]. MASP’s demands are
supplied by power flows from the National Interconnected System (SIN), which
integrates generation from other parts of the country [92].
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Part 11

Results and discussion
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Chapter 5

Temporality

This text is based on Paper I.

While efforts to quantify the relationships between water and energy systems
have advanced the field, the temporal dimension of the water-energy nexus re-
mains underexplored [41, 95, 96]. Current literature presents the nexus as a
static relationship, offering a constrained perspective on the underlying chal-
lenges. This framing gives the misleading impression that the challenges are
recent issues [41] and tends to reinforce existing historical models without crit-
ical reflection [96]. Furthermore, the prevailing focus on resource availability,
demand patterns, and technological development sustains a technocratic ap-
proach [41, 95, 96], often at the expense of examining the social and political
processes that evolve [96, 95].

Therefore, Paper I proposes a broader conceptualization of temporal under-
standing. Beyond acknowledging the evolution of water-energy relations over
time, Paper I highlights the importance of analyzing motivations behind study
period selection and recognizing the constraints embedded in temporal analyses.
Under this perspective, temporal understanding defined in Paper I goes bey-
ond the evolution of water-energy systems, also incorporating the fundamental
dimensions that frame how temporality is incorporated into research designs.
To systematize the definition of temporal understanding, Paper I develops a
conceptual framework designed to capture the different dimensions of temporal-
ity in the water-energy nexus research. These dimensions include the temporal
extension and position of studies, the motivation behind the temporal choice,
and the research approach employed. Building on this framework, Paper I ana-
lyses the existing water-energy nexus literature to show how these dimensions
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have been addressed and to identify the main critical gaps in relation to the
temporal understanding of the nexus. Following, I summarize the main findings
from Paper I influencing the temporal narrative, methodological approach, and
analysis perspective of this thesis.

Research opportunities

The literature review conducted in Paper I identified six main gaps in the
temporal understanding of the water-energy nexus, as summarized in Table 5.1.
Although distinct, these gaps share similarities and can be grouped into broader
categories. Gaps I, I, and IV point to the need for methodological diversifica-
tion, while Gaps I to IV emphasize the importance of considering the historical
development of the nexus. In addition, Gaps III and V highlight the need to
improve data quality and diversification. While all six gaps are interrelated and
equally relevant, three of them are more relevant for the development of this
thesis.

Together with the conceptual foundation established in Paper I, these gaps
form the basis for the hypothesis advanced in this work.

Table 5.1: Summary of main gaps in the temporal understanding of water-energy nexus research. Source: [101].

Gap Critical Issues
I—Methodological diversity Excessive use of quantitative methodologies
limits a comprehensive temporal
understanding.
II—Temporal motivation Half of the reviewed articles do not present

any temporal motivation, lacking links to
specific water-energy issues. This is
especially important for studies of single
past events.

ITI—Qualitative data usage The low use of qualitative data decreases
the temporal contextualization.
IV—Analysis focusing on social and Social and political factors are directly
political aspects related to a specific time; however, they are
underrepresented in Water-FEnergy Nexus
studies.
V—Updated data The need to present the current

Water-Energy Nezus situation requires
updated data, which is not satisfactory for
most studies with this focus.
VI—Analysis of historical background Studies focusing on past events often do
not explore the historical background of the
processes linked to Water-Energy Nezus.
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Methodology diversification

Increasing methodological diversity is crucial for deepening the understanding
of the water—energy nexus. Relying on a single research approach limits the
ability to capture the complexity, uncertainties, and multidimensional trade-
offs embedded in water and energy interactions. Qualitative methods, such as
interviews, institutional analysis, and policy reviews, help reveal institutional
settings, governance dynamics, and socio-political drivers that shape water and
energy decisions. Quantitative approaches, such as system dynamics modeling
or optimization techniques, are often used to simulate technical systems, identify
critical thresholds, or forecast long-term scenarios. Each methodological path
carries specific strengths and limitations.

Paper I provides a structured overview of these approaches, presented in Table
5.2, and emphasizes how methodological complementarities can support more
robust conclusions and policy-relevant insights [97]. Understanding these com-
plementarities is particularly important in contexts of high climatic, political,
and infrastructural uncertainty, such as Brazil. By acknowledging the value of
methodological diversity, Paper I aligns with recent scholarship that calls for
more interdisciplinary frameworks and cross-sectoral dialogues in water—energy
nexus research [98, 99, 100]. Advancing water—energy nexus knowledge therefore
requires not only better data and more models, but also integrative thinking cap-
able of reflecting the real-world complexity in which water and energy systems
operate.

Table 5.2: Main strengths and weaknesses of qualitative and quantitative approaches for the temporal understanding of
the Water-Energy Nexus [101].

Type of research Strength ‘Weakness
Quantitative Tracks changes in Excludes social, political,
Water-Energy Nexus and subjective dynamics

interlinkages; supports
statistical pattern

recognition
Qualitative Captures political context Limited generalizability;
and stakeholder time-consuming data
perspectives over time collection

Temporal motivation

Temporal motivation plays a central role in shaping the objectives and relevance
of water—energy nexus studies. It refers to how and why a study situates its
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analysis in time, whether guided by a specific event, a policy timeline, or a
longer-term planning horizon [97]. As discussed in Paper I, this dimension is
often underexplored or addressed in an arbitrary manner.

The systematic review conducted in Paper I found that nearly half of the
studies lacked an explicit temporal motivation. Many have analyzed recent or
past water—energy nexus conditions without justifying the time frame selected,
instead relying on arbitrary choices. Such omissions reduce analytical depth
and hinder comparability across studies, particularly in contexts where histor-
ical trajectories and future projections are central to understanding systemic
vulnerabilities.

By contrast, studies that incorporated a deliberate temporal anchor were clas-
sified as determined. These were grouped into two main categories of temporal
motivation: temporal triggers and temporal targets. Temporal triggers include
events such as extreme droughts, energy crises, or institutional reforms, which
serve as entry points to examine change or disruption. Temporal targets, in turn,
are linked to long-term policy goals, national development strategies, or inter-
national climate commitments, which frame analysis around forward-looking
benchmarks.

These categories are summarized in Table 1 of Paper I, which provides a ty-
pology to help researchers reflect on their temporal assumptions and align their
studies with policy needs or historical dynamics. Overall, the concept of tem-
poral motivation highlights the importance of grounding water—energy nexus
research in explicit, justified, and context-sensitive timeframes, particularly in
Brazil, where both past crises and future uncertainties continue to shape water
and energy dynamics.

Table 5.3: Main motivators underlying the determined temporal motivations. Source: [101].

Temporal Position of Motivator Motivator

Past (temporal trigger) Extreme events, such as intense droughts
Critical events such as water and energy
crises
Changes to policies on a national or
international level
Infrastructure changes
Future (temporal target) Future policy implementation, e.g., on a
local, national, or international level
Climate change impacts
Future infrastructure changes due to plan
or policy adaptation
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Lack of historical understanding

Paper I shows that many studies on the water—energy nexus tend to overlook
the historical development of governance structures and sectoral interactions
[96, 95]. This gap limits the understanding of how current vulnerabilities have
evolved. It reinforces a fragmented view of crises, treating them as isolated
events rather than outcomes of long-term institutional and infrastructural tra-
jectories [41, 96].

Much of the literature concentrates on present-day trade-offs or future-oriented
technical solutions. At the same time, few studies explore how past decisions,
policies, and infrastructure frameworks have shaped the current state of inter-
dependence between water and energy systems [102, 103]. Critical issues such
as regulatory asymmetries, environmental degradation, and sectoral dominance
are rarely examined from a historical perspective, despite being central to un-
derstanding persistent challenges in water—energy governance [104].

A historical lens also helps explain why certain policy options remain constrained
and why longstanding inequities resurface during periods of crisis. In Brazil, for
instance, the prevalence of hydropower reflects decades of political and institu-
tional choices that prioritized centralized, energy-centric planning as much as it
reflects natural resource availability [105, 106, 107]. Likewise, today’s limited
integration between water and energy policies is rooted in earlier decisions that
entrenched independent sectoral management.

Incorporating historical development into the analysis enriches the understand-
ing of how governance has evolved and why it has often failed to anticipate
or absorb shocks. Without this dimension, responses to water—energy nexus
challenges risk reproducing past patterns and overlooking deeper institutional
barriers to resilience [108].

Implications of the review

Paper I establishes the conceptual foundation of this thesis. Moving beyond
a traditional literature review, it defines the temporal lens through which wa-
ter—energy interactions are analyzed and provides a framework that directly
shapes the research design. The gaps identified in Paper I informed the
choice of research questions, case study design, and analytical approach adopted
throughout the thesis.
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Each of the following papers responds to one or more of these gaps. Paper
IT addresses the lack of historical analysis by reconstructing more than a cen-
tury of water—energy dynamics in the Sao Paulo region. It shows how past
environmental, technological, economic, and political decisions shaped the rela-
tionship between the two sectors and how these legacies continue to influence
contemporary vulnerabilities.

Paper III engages with the need for stronger temporal motivation in wa-
ter—energy nexus research. By examining recent droughts and floods in Sao
Paulo, it uses extreme events as temporal markers to analyze how water scarcity
and excess interact with urban infrastructure and governance. In doing so, it
illustrates the risks of treating crises as isolated events and emphasizes the im-
portance of contextualizing them within broader temporal processes.

Paper IV addresses the tendency of the literature to neglect long-term tra-
jectories and future uncertainties. It examines scenarios for Brazil’s electricity
mix under climate change, institutional instability, and the push for diversific-
ation. By linking past legacies and present vulnerabilities to possible futures,
it highlights how governance reforms and planning strategies must grapple with
inherited structures.

Taken together, these three move sequentially from a historical understanding
(Paper II), to present-day vulnerabilities (Paper III), and finally to future
governance challenges (Paper IV). This temporal arc provides the organizing
structure of the thesis and highlights how water—energy interactions must be
understood across different temporal scales.
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Chapter 6

Past

This text is based on Paper II.

Paper II examines the historical background of the water—energy nexus in
Brazil. The paper analyzes how the core dimensions of the nexus (environ-
mental, social, technological, economic, and political) intersect in shaping the
sector [41]. Through this multidimensional lens, Paper II demonstrates that
electrification was a technical achievement. However, it also emerged from re-
source constraints, institutional decisions, and social transformations.

Brazil’s electrification began in the late 19th century, with the first hydropower
plants Ribeirao do Inferno (1883) and Marmelos (1889) [109]. Unlike industri-
alized countries that relied on abundant coal reserves [110], Brazil faced limited
and low-quality deposits [111, 112]. This scarcity redirected investment toward
hydropower, supported by abundant rivers and favorable topography [113]. By
showing how resource scarcity and natural endowments steered early techno-
logical pathways, Paper II reinforces the argument that historical resource
constraints shaped decisions whose effects remain visible today, a theme further
examined in Paper ITI when analyzing Sao Paulo’s exposure to recurrent crises.

Within this national trajectory, Sao Paulo emerged as a focal point of expansion.
Rapid urbanization and industrial growth, driven by the coffee economy, cre-
ated increasing demand for infrastructure [82, 114, 115]. At the turn of the 20th
century, coffee exports accounted for more than 60 percent of Brazil’s foreign
trade, and Sao Paulo was the epicenter of this prosperity. The influx of capital
and labor stimulated both the industry and the population to grow from less
than 240,000 in 1900 to over one million by 1930. This rapid transformation in-
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Figure 6.1: Confluence of the Tieté River and the Pinheiros River, looking towards Osasco. Undated. Source: [116].

tensified the demand for reliable electricity to sustain transport, manufacturing,
and household consumption. At the same time, the city’s landscape was defined
by an extensive network of more than 300 rivers and streams, most of them
meandering across the lowlands. The meandering character of rivers such as the
Tieté and the Pinheiros is visible in Figure 6.1, which shows their confluence
before large-scale rectification works.

Paper II explores how foreign concessionary companies were granted control
over essential services, reinforcing natural monopolies in a fast-changing met-
ropolis. The Canadian-owned Light became the dominant actor, integrating
electricity generation, distribution, and urban transport while reshaping local
riverscapes through large hydropower projects [117, 118]. Interventions included
the canalization of the Pinheiros River, the construction of reservoirs such as
Guarapiranga and Billings, and even the reversal of natural river flows to feed
hydropower plants [82].

The contrast between Figures 6.1 and 6.2 illustrates the scale of these transform-
ations. During this engineering process, the river’s curves were straightened into

36



Figure 6.2: Straightening of the Pinheiros River: first cut of the canal, southwards from Cidade Jardim Avenue. Workers
are visible on the left riverbank. 1936. Source: [116].

a channel to accommodate the expansion of the hydroelectric system and the
needs of a rapidly urbanizing metropolis. The interventions secured electricity
supply and created new space for urban growth, but they also degraded water
quality and disrupted aquatic ecosystems.

The long-term impacts of these dynamics remain evident today since the de-
gradation of these rivers has undermined their capacity to contribute to water
security. As a result, Sao Paulo continues to face high exposure to water crises,
including those of 2014-2015 [119] and 2021 [157]. Drawing on this histor-
ical perspective, Paper II demonstrates that past decisions produced enduring
vulnerabilities [82, 121, 122]. The paper further reveals how specific actors,
institutions, and policies shaped these outcomes, offering lessons that remain
central for the future governance of water—energy interactions.

37






Chapter 7

Present

This text is based on Paper III.

Paper III advances the temporal discussion about the water—energy nexus.
The paper introduces the concept of the water dichotomy, illustrated in Figure
7.1, which refers to the coexistence of water scarcity and excess within the
same region, often in a short period. The water dichotomy is particularly acute
in large urban centers, where droughts and floods can occur within a single
hydrological year. Among others, the water dichotomy is driven by climate
variability and long-term climate change. Longer dry spells and shorter rainy
seasons reduce water availability [123, 124, 125] while intense rainfall events
and prolonged wet periods increase flood risk, particularly in areas with poor
drainage [126, 127, 128].

Unplanned urban growth in risk-prone areas, coupled with socio-economic pres-
sures such as population growth and increased demand for water services [129,
130, 131, 132], and governance failures exacerbate the situation. Fragmented
institutional responsibilities, limited coordination, and reactive management re-
duce the system’s ability to prevent or mitigate the risks of both drought and
flooding [133, 134, 135]. As a critical threat to urban water security, water di-
chotomy requires integrated planning that considers water infrastructure, land
use, and governance strategies.

39



Action Impact
| Population growth Increased demand for water

Lack of access to water supply and sewage

I haofi izati
I Seemienze.s engleheniis Lo siien systems and dumping of waste into water bodies

Il Water bodies pollution Lack of access to clean water
\Y Non-recovery of water bodies Decreased water availability and quality
\/ Creenhouse gases emission Intensification of the droughts

Extreme precipitation events

Action Impact
| Increase impermeability of sufaces Decrease of infiliration
Il Chaotic uibanization Occupation of risk areas
III Prioritization of economic sectors River rectification and channeling
IV Improper disposal _of solid waste and lack of Runoff obstruction
maintenance.
V Creenhouse gases emission Intensification of rainfall intensity

Figure 7.1: The water dichotomy in an urban setting. The actions and consequences of urbanization in the water dichotomy
perspective. Source: [122]

To protect vulnerable populations from the impacts of the water dichotomy,
resilience strategies must reflect the interplay between climate trends and un-
planned urbanization. Focusing on a single aspect of the problem, such as
scarcity, can lead to blind spots. The impacts of the water dichotomy include
infrastructure damage, financial loss, worsening inequality, and heightened pub-
lic health risks. Together, these effects underscore how this dichotomous nature
undermines urban sustainability and human well-being.
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Impacts in the Metropolitan area of Sao Paulo

The Metropolitan Area of Sao Paulo (MASP) provides a compelling example
of how water scarcity and excess can co-exist and reinforce systemic vulnerab-
ility. As discussed in Paper II, the region’s electrification process shaped the
governance and infrastructure of local water systems by prioritizing hydropower
generation, triggering long-term trade-offs in water availability and quality. The
prioritization of the energy sector contributed to the redirection of water supply
away from local rivers, which had become increasingly compromised by pollution
and reduced flow. The degradation of Sao Paulo’s rivers increased dependence
on large inter-basin transfers, most notably the Cantareira System, the city’s
main reservoir [82, 136]. Over time, untreated sewage, deforestation along ri-
verbanks, decades of inadequate infrastructure investment, and weak regulatory
enforcement also contributed to the deterioration of local rivers [82]. These
factors, combined with political and institutional shortcomings, have eroded
the system’s resilience and left communities repeatedly vulnerable to crises. If
not for the continued and severe degradation, Sao Paulo’s local water resources
might now be able to partially meet the demand for water and sanitation services
of more than 22 million people today [137, 138, 139].

The challenges imposed by the water dichotomy must also be seen in a broader
picture. As discussed in Paper IV, Brazil has been facing recurrent droughts,
and MASP has been among the regions most severely affected. The 2014-2015
water crisis, further detailed in Paper IV, resulted in rationing measures that
reached nearly 60 percent of the population [82]. In contrast, the same year,
the city was also exposed to intense summer storms that revealed the city’s
fragile infrastructure and poor preparedness. In February 2015, a storm im-
pacted the entire metropolitan region, triggering widespread power outages and
failures across critical systems [140]. By December of the same year, heavy rain-
fall again overwhelmed drainage capacity, causing severe flooding and blocking
major transportation routes [141].

In 2021, another severe water crisis unfolded, intensified by climate change and
adding pressure on the Cantareira System, whose storage levels are projected
to decline more frequently and severely in the coming decades [142, 143]. As in
2015, the paradox of scarcity and excess became evident, with reservoirs reaching
critical lows while heavy summer storms triggered recurrent urban flooding. In
February 2021 alone, authorities issued multiple official flood alerts for Sao
Paulo, with all districts on high alert status on the 2nd, 10th, and 26th. Heavy
rainfall submerged streets, disrupted public services, and once again exposed
the city’s vulnerability [144, 145].
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These cases demonstrate that prolonged droughts do not exclude episodes of
intense rainfall, which add a layer of risk. The simultaneous occurrence of
scarcity and excess defines a water dichotomy that places acute pressure on
urban systems and exposes their most vulnerable populations to overlapping
hazards. Residents of informal settlements, who often lack stable infrastructure
and secure access to water, are disproportionately affected [146, 147].

Paper III does not engage directly with the water—energy nexus. Still, it
contributes to the thesis by analyzing the urban water dichotomy in Sao Paulo,
intrinsically linked to the electricity generation processes explored in Paper
IT and highlighting long-term vulnerabilities, governance failures, and socio-
environmental inequalities that are closely related to nexus dynamics.
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Chapter 8

Future

This text is based on Paper IV.

Paper IV continues the temporal narrative, addressing the recurrent water-
energy crises in Brazil with a forward-looking perspective. Since the early 2000s,
Brazil has faced four major droughts in 2001, 2014-2015, 2021, and 2024-2025.
Despite being driven by distinct climatic conditions, the dry spells exposed the
same vulnerabilities in the electricity sector and caused similar impacts.

In 2001, a combination of prolonged drought in the Southeast and Central-West
regions [148] and a decade of underinvestment in generation capacity resulted in
Brazil’s most emblematic electricity crisis. Reservoirs dropped to critical levels,
forcing the government to impose compulsory rationing of 20 percent of con-
sumption nationwide, which generated estimated economic losses of R$45 billion
[149, 150]. At the time, hydropower dominated the electricity mix, supplying
approximately 85 percent of generation, while thermoelectric plants accounted
for the remainder. The severity and duration of the crisis led to the establish-
ment of the Programa de Incentivo as Fontes Alternativas de Energia Elétrica
(PROINFA), a diversification policy aimed at promoting renewable alternatives
such as wind, biomass, and small hydropower plants [151].

By 2014-2015, the Brazilian electricity matrix had become more diversified,
with hydropower reduced to around 60 percent of supply, while thermal plants
accounted for 25 percent, biomass for 5 percent, and wind for 2 percent [152,
153]. Despite this diversification, a severe drought in the Southeast disrupted
hydropower generation. To replace lost capacity, thermal generation rose to 24
percent. The financial consequences were substantial, with tariffs increasing by
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17 percent for residential consumers [154, 155].

Driven by La Nina and deforestation-induced evapotranspiration losses, the 2021
drought was described as the most severe in nearly 90 years [156, 157]. Reser-
voirs in the Southeast and Central-West fell below 35 percent of capacity [158],
the Parand basin registered its lowest flows in 26 years, constraining Itaipu
hydropower plant’s output [159], and Belo Monte hydropower plant faced oper-
ational restrictions due to reduced Xingu River flows [160]. The financial burden
was unprecedented, as tariff surcharges reached record levels with the creation
of a water scarcity flag [161, 162]. Social impacts mirrored this scale: electricity
bills rose sharply, disproportionately affecting low-income households through
higher payment delays and disconnections [163, 164]. Although diversification
had advanced, wind, solar, and biomass together accounted for about 22 per-
cent of the national supply; hydropower (55 percent) remained the backbone of
system stability.

In 2024, hydropower still accounted for about 55 percent of Brazil’s electricity
mix, while wind and solar supplied 14 percent and 9 percent, respectively [165].
A compounded climatic event, driven by El Nino, successive heatwaves, and
long-term drying trends, resulted in a sharp reduction of rainfall across key
basins [166, 167]. Hydropower output in the North declined by 30 percent
[168], Belo Monte operated only two of its eighteen turbines during peak hours
[169], and Itaipu’s generation fell by 20 percent [170]. Some municipalities
recorded more than 120 consecutive dry days, underscoring the magnitude of
the hydrological deficit [167]. The costs for keeping the operations relying on
thermal power plants were, once again, transferred to the population via the
flag system [171].

By reviewing the cases, Paper IV demonstrates that diversification has not
prevented new crises or mitigated their growing impacts on the population. A
central reason is that hydropower plants, in addition to generating electricity,
provide essential ancillary services. These services include frequency regulation,
reserves, ramping flexibility, voltage control, inertia, and black start capacity,
all of which are essential for system reliability [172, 173]. In Brazil, such services
are primarily supplied by reservoirs, since water can be stored and turbines dis-
patched rapidly, this means that when hydropower performance is compromised,
no alternative sources entirely replace these functions. Table 8.1 illustrates the
correlation between each crisis and the ancillary services.
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Table 8.1: Examples of ancillary services compromised during major Brazilian electricity crises.

Crisis Ancillary service Example
affected
2001 Reserve capacity Prolonged drought revealed the absence of
reserves, leading to nationwide rationing
[174, 175].
2014-2015  Storage and compet- Depletion of the Cantareira system ex-
ing uses posed the storage role of reservoirs and
conflicts with urban supply [155, 153].
2021 System stability Dispatch of thermal plants outside the

merit order reflected erosion of stability
and frequency regulation [161].

2024 Balancing role Even with record wind and solar penetra-
tion, hydro’s balancing role could not be
substituted [165].

Paper I'V shows that diversification in Brazil has reconfigured, rather than re-
duced, hydrological dependence. Although the share of hydropower in the elec-
tricity mix has declined, reservoirs remain indispensable because they provide
the flexibility, stability, and storage services that other sources currently cannot
deliver at a comparable scale [172, 173]. As a result, successive crises revealed
that diversification, narrowly defined in terms of megawatts, failed to prevent
cascading impacts. For this reason, Paper IV argues that value system ser-
vices and treating water as a multi-use resource, besides focusing on adding
other sources. Only then can diversification evolve from a numerical target into
a strategy for resilience and joint water—energy security.

The vulnerabilities identified in Paper I'V are deeply rooted in historical legacies,
as shown in Paper II, where electrification consolidated reservoirs as instru-
ments of electricity expansion, sidelining competing uses of water [122]. These
legacies remain visible in contemporary contexts such as Sao Paulo, as shown
in Paper III. The Brazilian case, therefore, illustrates that governance has re-
mained reactive rather than preventive, reproducing past vulnerabilities under
new climatic conditions.
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Part 111

General conclusions
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The persistent vulnerability of the Brazilian electricity sector in the face of
extreme drought events motivates my thesis. Despite successive reforms and
increasing diversification of the energy mix, the crises between 2001 and 2025
demonstrated that structural dependence on reservoirs continues to shape the
electricity system. To address this challenge, I adopted a temporal approach, re-
constructing historical legacies, analyzing present vulnerabilities, and problem-
atizing future pathways. This temporal approach proved essential for describing
events and for understanding why the energy sector has struggled to overcome
its fragilities over nearly a century.

Paper I introduced the concept of temporal understanding in water—energy
nexus research. It addressed Objective I by showing that much of the literat-
ure frames the nexus as static, neglecting explicit temporal motivations (such
as crises or long-term policy targets), overlooking historical trajectories, and
underrepresenting the institutional developments that shape current vulnerabil-
ities . By mapping six major gaps, from the limited use of methodologies to the
lack of explicit temporal justification, the paper provided a critical framework
that guided the entire thesis. Its main contribution was to highlight the need
to situate vulnerabilities in explicit temporal horizons, making visible the links
between past events, present diagnoses, and projections.

By reconstructing Brazil’s electrification from a water—energy perspective, Pa-
per IT addressed Objective II, showing how coal scarcity and river abundance
led to the centrality of hydropower from the late 19th century, especially in Sao
Paulo. The historical analysis revealed that concessionary companies such as
Light impacted beyond the energy infrastructure, but also the urban rivers, priv-
ileging electricity generation over other uses of water. This process consolidated
a structural dependence on hydropower and an energy-centric governance model,
legacies that continue to influence recent crises. Thus, Paper II grounded the
thesis by demonstrating that current vulnerabilities are not recent failures, but
the result of long-term institutional and technological choices.

Paper III introduced the concept of the water dichotomy to capture the coex-
istence of scarcity and excess in urban areas, responding to Objective III. The
study analyzed the Metropolitan Area of Sao Paulo (MASP) as an example of
how historical decisions, such as the degradation of local rivers and reliance on
inter-basin transfers, produced persistent vulnerabilities. The 2014—-2015 crisis
showed how droughts and floods can occur within the same year, exposing social
inequalities and institutional weaknesses. Paper III therefore demonstrated
that current urban vulnerabilities cannot be dissociated from the historical de-
velopment of the electricity sector, directly connecting the legacies of Paper II
to present conditions.
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Paper IV evaluated whether generation diversification has effectively reduced
water and energy insecurities in Brazil, addressing Objective I'V. The analysis
of the 2001, 20142015, 2021, and 2024-2025 crises showed that although wind,
solar, and biomass expanded, their contribution to resilience remained limited.
Ancillary services continue to depend primarily on hydropower. Paper IV ar-
gued that sources diversification without mechanisms to value ancillary services
reshapes water dependence instead of reducing it.

By integrating the four papers, the thesis fulfilled Objective V, reinforcing
the methodological and analytical foundations of water—energy nexus research.
Paper 1 provided the conceptual lens, Paper II demonstrated how historical
choices produced legacies of vulnerability, Paper III showed how these legacies
translate into present-day urban crises, and Paper IV revealed how recent re-
forms and diversification did not overcome structural fragilities. Together, the
papers construct an analytical trajectory that spans history, present challenges,
and future risks, highlighting how institutional and technical decisions accumu-
late over time.

The contributions of this thesis can be summarized in three main dimensions.
At the theoretical level, the introduction of the concepts of temporal under-
standing and water dichotomy offers new ways to analyze the evolution of the
water—energy nexus. At the empirical level, the thesis reconstructed crises and
vulnerabilities at multiple scales, national, regional, and urban, with emphasis
on Sao Paulo and the MASP. At the normative level, the thesis demonstrated
the need for governance that recognizes the role of ancillary services, overcomes
institutional fragmentation, and integrates the demands of water, energy, soci-
ety, and ecosystems. These contributions consolidate and expand the findings
presented in the individual papers, providing an integrated perspective.

The findings have direct implications for public policy and energy planning. The
Brazilian crises demonstrated that measuring diversification only by the share
of sources in installed capacity does not guarantee stability. Future policies
must evolve from a megawatt-centered logic to a reliability-centered logic, pro-
moting mechanisms of cross-sectoral coordination and preventing urban supply,
agriculture, and ecosystems from being deprioritized in the face of immediate
energy needs. For hydro-dependent countries like Brazil, the central lesson is
that the energy transition is not merely a matter of changing sources, but of
restructuring governance to mitigate systemic vulnerabilities.

My thesis also has limitations and opens possibilities for future investigation.
Limitations include the reliance on secondary data, the predominantly qualitat-
ive nature of the analysis, and the focus on the electricity sector. Future research
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could integrate quantitative modeling of ancillary services, broaden international
comparisons, and examine the water—energy nexus in sectors beyond electricity.
These extensions would allow for the empirical testing of hypotheses raised here
and generate more applicable recommendations for long-term planning.

In conclusion, my thesis demonstrated that understanding the vulnerability of
the Brazilian electricity sector requires a temporal perspective that connects
past legacies, present vulnerabilities, and future pathways. The results respond
to the five objectives. Still, they also provide critical lenses to interpret water
and energy crises as structural and recurrent processes, rather than isolated
events. The central challenge is not to substitute water as the basis of the
electricity matrix, but to recognize its pivotal role and to design institutional
and market arrangements that promote resilience.
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