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ABSTRACT 

This study evaluated projected changes in key climate variables relevant to the energy sector in 

South America, with a focus on Brazil, using simulations from eight CMIP6 global climate 

models. The study analyzed precipitation, 100 m wind speed, wind power density, global 

horizontal irradiance, concentrated solar power (CSP), and photovoltaic potential (PVP). The 

Quantile Delta Mapping (QDM) method was applied for bias correction and statistical 

downscaling. The simulations indicate significant reductions in precipitation, increased duration 

and severity of droughts, and delays in the onset and demise of the South American monsoon, 

especially under the SSP5-8.5 scenario. A shortening of the rainy season was also observed over 

the South Atlantic Convergence Zone (SACZ) and the Brazilian Amazon. Regarding renewable 

energy, projections indicate a 25-50% increase in wind power density in Northeastern and 

Southern Brazil, Patagonia, northern Venezuela, Uruguay, Bolivia, and Paraguay. CSP potential 

is expected to increase by up to 6% in Northeastern Brazil and parts of Chile, while PVP is 

projected to rise by 1-4% in the Midwest, Southeast, and Amazon regions, with predominantly 

neutral or negative trends in Southern Brazil. The complementarity between sources (rain-solar 

and wind-solar) tends to strengthen in several areas, favoring hybrid energy systems. However, 

the growing intermittency of renewable sources and reduced hydropower storage capacity pose 

operational challenges. The results highlight the importance of integrated energy planning and 

infrastructure expansion in the context of climate change, with Brazil strategically positioned to 

lead the sustainable energy transition in the region. 

Keywords: South America; Statistical Downscaling; Climate Change; Renewable Energies; 

Energetic Complementarity. 

 

 

 

 

 

 

 



 

 

RESUMO 

Este estudo avaliou projeções de mudanças em variáveis climáticas essenciais para o setor 

energético na América do Sul, com foco no Brasil, utilizando oito modelos climáticos do CMIP6. 

Foram analisadas precipitação, vento a 100 m, densidade de potência eólica, irradiância global 

horizontal, energia solar concentrada (CSP) e potencial fotovoltaico (PVP). Aplicou-se o método 

Quantile Delta Mapping (QDM) para correção de viés e downscaling estatístico. As simulações 

indicam redução significativa da precipitação, aumento da duração e severidade das secas e 

atrasos no início e término da monção sul-americana, especialmente sob o cenário SSP5-8.5. 

Também foi observada redução na duração da estação chuvosa na ZCAS e Amazônia. Em relação 

à energia renovável, projeta-se aumento de 25-50% na densidade eólica no Nordeste e Sul do 

Brasil, Patagônia, norte da Venezuela, Uruguai, Bolívia e Paraguai. O potencial solar CSP deve 

crescer até 6% no Nordeste do Brasil e partes do Chile, enquanto o PVP tende a aumentar 1-4% 

no Centro-Oeste, Sudeste e Amazônia. A complementariedade entre fontes (chuva-solar e vento-

solar) tende a se fortalecer em várias regiões, favorecendo sistemas híbridos. No entanto, a 

intermitência e a menor capacidade de armazenamento hídrico impõem desafios operacionais. 

Os resultados reforçam a importância do planejamento energético integrado e da ampliação da 

infraestrutura frente às mudanças climáticas, com o Brasil posicionado estrategicamente para 

liderar a transição energética sustentável na região. 

Palavras-chave: América do Sul; Downscaling Estatístico; Mudanças Climáticas; Energias 

Renováveis; Complementariedade Energética.  
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1. GENERAL INTRODUCTION 

 

Renewable energy plays an essential role in reducing greenhouse gas emissions, and it is 

expected to supply about 20-30% of global primary energy by 2040, with the potential to entirely 

replace the current energy system by 2050 (Gernaat et al., 2021). For South America, expanding 

the use of renewable energy is crucial, as countries in the region have set ambitious targets to 

reduce greenhouse gas emissions (Washburn and Pablo-Romero, 2019) and diversify clean 

energy resources (Icaza et al., 2022) in the coming years.  

Abundant in renewable energy resources, Latin America currently has more than 319 GW 

of solar and wind energy production capacity (large-scale announced, in pre-construction or 

under construction) and could increase its production capacity by more than 460% by 2030 

compared to the 69 GW (27.6 GW of solar and 41.5 GW of wind) that are currently in operation 

(Bauer et al., 2023). Although South America has a strong position in renewable energy 

compared to other regions (Icaza et al., 2022), recent trends indicate an increasing reliance on 

thermal energy sources (Arango-Aramburo et al., 2020). Additionally, there is a direct 

relationship between economic growth and the consumption of non-renewable energy, leading 

to higher greenhouse gas emissions in the region (Deng et al., 2020).  

In this scenario, Brazil stands out, as the country currently has around 40 GW of installed 

solar photovoltaic capacity and could reach 68 GW in the next five years, which would place it 

as the fifth-largest solar producer in the world and the leader in solar production in Latin America 

(Brazilian Energy Balance, 2024; Cacciuttolo et al., 2024). However, the expansion of solar 

capacity in the country depends on several factors, such as the installation of solar farms, 

improvements to energy transmission and storage systems, the implementation of a management 

system that integrates solar energy into the Brazilian matrix, and incentives for new investments 

in the sector (Reuters, 2023).  

Furthermore, approximately 46% of the Brazilian energy matrix comes from renewable 

sources, among which the hydraulic matrix predominates with 65.2%. Wind and solar sources 

represent 10.5% of the total produced (EPE, 2022). Currently, the hydraulic matrix is responsible 

for about 11% of primary energy and 65% of total electricity generated in Brazil (EPE, 2022).  
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However, reduced precipitation can substantially affect hydropower generation, and 

studies indicate that the impacts may be more severe on hydropower production in the North and 

Northeast regions (Schaeffer et al., 2015; Vasquez-Arroyo et al., 2020; Arias et al., 2021), where 

extreme events such as droughts, may reduce the volume of reservoirs and energy storage 

(Schaeffer et al., 2012). Additionally, the effects are not limited to supply but also affect demand. 

Changes in temperature and humidity can also lead to a greater need for cooling or heating 

environments, with greater impacts on the building sector (Schaeffer et al., 2012; Clarke et al., 

2018). Given this, the high risk of water supply deficit to hydroelectric plants requires increasing 

investments in energy from other sources. The increased occurrence of extreme events can also 

put the energy production and transmission system at risk, with the impacts increasing on large 

infrastructures such as the National Interconnected System (SIN) (Vasquez-Arroyo et al. 2020). 

Considering wind energy, studies show that its potential will not be considerably affected 

in Brazil, with climate projections pointing to an increase in wind capacity in the country in the 

coming decades, mainly in the Northeast and South regions (Lucena et al., 2010; Pereira et al., 

2013; de Jong et al., 2019; Lima et al., 2020). Furthermore, projections estimate an increase in 

solar radiation and temperature in most of the country, which would favor the expansion of this 

energy matrix (Costa et al., 2020). Brazil’s energy sector heavily relies on hydropower, making 

it particularly vulnerable to shifts in precipitation patterns driven by climate change. Given this 

dependency, evaluating the country’s renewable energy matrix diversification is essential to 

ensuring long-term energy security and resilience. Within this framework, this doctoral 

dissertation aims to assess the potential impacts of climate change on the availability of hydro, 

solar, and wind resources across South America, with a primary focus on Brazil.  

By analyzing projections from the latest generation of climate models (CMIP6), this 

research examines trends in precipitation, solar radiation, and wind availability, mapping the 

regions best suited for expanding renewable energy generation in the coming decades. 

Additionally, this study may support energy planning and climate adaptation strategies, 

contributing to a deeper understanding of how a changing climate may reshape the renewable 

energy landscape. Given the increasing urgency of transitioning to low-carbon energy sources, 

this research’s findings are particularly relevant for policymakers, industry stakeholders, and 

researchers aiming to enhance Brazil’s energy sustainability in the face of future climate 

challenges. 
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2. MOTIVATION 

 

Anthropogenic activities are estimated to have caused a global increase of approximately 

1.1 °C over pre-industrial levels (IPCC, 2021; Reboita and Ambrizzi, 2022). The increase in 

global average temperature is associated with changes in the entire climate system, including 

reduced snow and ice surfaces, sea level rise, increased frequency of heat extremes, intense 

precipitation events, drought periods, and rainfall deficits in many regions of the globe, 

configuring a risk situation for many ecosystems and human populations (IPCC, 2021). The 

effects concern Brazil, given that critical economic activities, such as energy generation and 

agriculture, depend highly on climate conditions. 

Regarding South America, this continent is particularly vulnerable, as it concentrates on 

some of the most important biodiversity areas in the world, harboring many endemic species 

threatened by anthropogenic activities (Raven et al., 2020). Many regions of the continent are 

exposed to the risks of reduced water availability, increased flooding and overflows, decreased 

food production, and increased incidence of vector-borne diseases (Arias et al., 2021). Over the 

past four decades, several portions of South America have also experienced reduced rainfall 

volumes, indicating an expansion of dry subtropical zones and an increased frequency of drought 

events over these regions (Rivera and Arnould, 2020).  

In South America, climate change’s effects on droughts are evident in different sectors, 

such as Northeastern and Southeastern Brazil, Amazonia, and the continent’s southeast. The 

semi-arid Northeast of Brazil is one of the historically most vulnerable regions to droughts 

(Marengo et al., 2018), with several events recorded since the 16th century (Marengo et al., 

2016a, 2018, 2022) and numerous socio-economic impacts such as damage to agricultural 

production, livestock, loss of human life from hunger, malnutrition, disease, migrations to urban 

centers, and failures in regional and national economies (Marengo et al., 2016a). Southeastern 

Brazil (SEB) has also experienced some of the worst droughts in recent decades, such as in 2001 

(Cavalcanti and Kousky, 2001), 2014/2015 (Seth et al., 2015; Nobre et al., 2016; Coelho et al., 

2016; Abatan et al., 2022; Geirinhas et al., 2022), 2018 (Gozzo et al., 2019), and most recently, 

in 2020/2021 (Cuartas et al., 2022). Several drought events have also occurred in the Amazonia, 

accentuating forest fires, affecting the region’s biota, and signaling the risk of a tipping point 

(Guimberteau et al., 2013; Duffy et al., 2015; Marengo et al., 2016b; Lima and AghaKouchak, 
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2017; Agudelo et al., 2019; Lovejoy and Nobre, 2019; Jimenez et al., 2021; Boulton et al., 2022). 

Additionally, in the last decade, other Brazilian areas have also experienced severe droughts, 

such as the 2019/2020 droughts in the Brazilian Pantanal and Midwest (Borges et al., 2018; 

Thielen et al., 2020; Marengo et al., 2021) and the 2012/2013 and 2019/2020 droughts in southern 

Brazil (SB) (Cunha et al., 2019; Fernandes et al., 2021).  

On the other hand, most studies on the South American continent induce optimistic 

estimates of wind power in the coming decades (Pereira et al., 2013; Ruffato-Ferreira et al., 2017; 

Reboita et al., 2018; de Jong et al., 2019). Regarding offshore WPD, GCMs from the CMIP5 

project for the end of the 21st century excellent conditions across the entire South Atlantic Ocean 

(Zheng et al., 2019). A possible cause for the higher projected wind speeds is the South Atlantic 

Subtropical Anticyclone (SASA) expansion and the longitudinal shift of its position to the west 

(Gilliland and Keim, 2018; Reboita et al., 2019), intensifying the pressure gradient and wind 

speeds along the Brazilian coast.  

In this context of climate research, global climate models (GCMs) are a primary tool for 

investigating climate system elements (Avila-Diaz et al., 2023). A new generation of GCMs from 

CMIP has recently been available to the scientific community, comprising the sixth phase of the 

project’s experiment (CMIP6). The CMIP6-GCMs present aspects of improvement over 

previous generations, such as higher spatial resolution and better parameterization schemes of 

the physical and biogeochemical processes of the climate system (Eyring et al., 2016). In 

addition, CMIP6 models employ the Scenario Model Intercomparison Project (ScenarioMIP), 

which provides climate projections based on the latest greenhouse gas emission and land use 

scenarios, the Shared Socio-economic Pathways (SSPs) (Riahi et al., 2017). SSPs characterize a 

more realistic socio-economic development by considering different social, economic, 

technological, and political scenarios (Carvalho et al., 2021).  

Despite their crucial role in climate research, GCMs have limitations due to their coarse 

spatial resolution, which restricts their use in analyzing regional-scale processes and impacts. In 

this framework, dynamical and statistical downscaling techniques address these limitations of 

global models. Dynamical downscaling employs regional climate models (RCMs) that use initial 

and boundary conditions provided by GCMs, whilst statistical downscaling determines 

relationships between large-scale atmospheric circulation factors and local climate (Fowler et al., 

2007). Dynamical downscaling is helpful for the analysis of local-scale climate phenomena, but 

such a procedure requires high computational costs (Ambrizzi et al., 2019). On the other hand, 
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statistical downscaling requires less computational effort and avoids the propagation of 

systematic errors arising from GCMs (Mutz et al., 2021). 

Although both methods have advantages and weaknesses, a preference for studies in 

South America using dynamical downscaling has been observed in recent decades, mainly in the 

analysis of variables like precipitation and air temperature (da Rocha et al., 2009; Marengo et al., 

2012; Chou et al., 2014; Reboita et al., 2014, 2016; Solman and Blázquez, 2019; Solman et al., 

2021; Silva et al., 2023). However, there is a growing literature in recent years about statistical 

downscaling in the continent (Bettolli and Penalba, 2018; Mutz et al., 2021; Sulca et al., 2021; 

Solman et al., 2021; Olmo and Bettolli, 2022).  

Statistical downscaling does not directly simulate the physical processes of the climate 

systems. It relies on establishing statistical relationships between large-scale climate variables 

(obtained from GCMs) and local-scale variables (obtained from in situ measurements). These 

relationships are derived from historical observations (perfect prognosis (PP) approach) or 

simulations (model output statistics (MOS) approach) and then applied to project future climate 

conditions (Maraun and Widmann, 2018). Traditionally, in climate research, the PP approach has 

been used, and it includes different methods (Maraun and Widmann, 2018), such as regression 

models (also called the transfer function model), weather type methods, and analog and 

resampling methods (Lee and Singh, 2019).  

One of the statistical downscaling approaches that is less computationally expensive is 

the model based on transfer functions. Research with statistical downscaling of precipitation 

projections from CMIP6 to South America showed that the Quantile Delta Mapping (QDM) bias 

correction technique, developed by Cannon et al. (2015), performed well in correcting the 

systematic errors in the different quantiles of the probability distributions of the GCM raw 

simulations, evidencing its ability to reproduce seasonal variability and extreme properties 

(Ballarin et al., 2023).  

With the QDM technique, it is possible to use data as reanalysis to interpolate the 

historical projections to the reference dataset’s spatial resolution and, from transfer functions, 

apply the same correction to future predictions. The QDM method has proved advantageous since 

it preserves the model-projected relative changes and trends (i.e., if a model has a dry trend in a 

specific region, it will be kept after the spatial disaggregation and bias correction) (Cannon et al., 

2015).  
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Until now, only Ballarin et al. (2023) applied the QDM approach to CMIP6-GCMs in 

South America. However, the present study introduces several distinctions from the former work. 

While Ballarin et al. (2023) focus solely on Brazil, this research extends the analysis to the entire 

South American continent, offering a broader perspective. Moreover, their study does not 

examine the projected impacts on various aspects analyzed here (renewable energy, droughts, 

changes in the rainy season etc.). Another distinction is the temporal scope since Ballarin et al. 

(2023) limit their projections to the last three decades, and this study presents long-term 

projections for the 21st century. These differences highlight this research’s broader scope and 

relevance in assessing the future of renewable energy under a changing climate in South America. 

Despite the growing urgency of renewable energy in South America, the region’s 

literature on wind and solar energy is still relatively sparse, and few studies have used the latest 

generation of climate models. Notwithstanding, previous works relied on raw CMIP6 outputs 

(Almazroui et al., 2021; Arias et al., 2021; Ortega et al., 2021; Collazo et al., 2022; Dutta et al., 

2022; Medeiros and Oliveira, 2022; Zuluaga et al., 2022; Ha et al., 2023). Additionally, research 

evaluating future changes in the South American monsoon lifecycle and the potential 

complementarities among renewable energy resources in Brazil is lacking. Thus, this research 

contributes by applying a novel approach to the national literature and seeks to bridge these gaps 

by providing perspectives that can support those interested in optimizing the future management 

of water resources and the expansion of wind and solar infrastructure in Brazil and, more broadly, 

across South America.  

Given this background, this study aims to (a) apply the QDM bias correction technique 

and statistical downscaling to historical simulations and climate projections of precipitation, 

surface wind, and global horizontal irradiance from a CMIP6 multi-model ensemble; (b) use the 

bias-corrected data to generate intermediate-resolution (50 km) projections of precipitation, 

wind, and solar energy potential across South America, with a particular focus on Brazil; and (c) 

analyze the impacts of climate change on various aspects of renewable energy resources, 

including hydrological droughts, changes in the South American monsoon system’s lifecycle, 

wind power density, concentrated solar power, photovoltaic solar energy, and the 

complementarities between these renewable resources. 
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3. AIMS 

3.1  General Aim 

The general objective of this study is to analyze projected changes in climate and 

renewable energy resources over South America, with a particular focus on Brazil, by applying 

statistical downscaling to historical simulations and future climate projections from the Coupled 

Model Intercomparison Project Phase 6 (CMIP6). The study investigates precipitation, wind 

speed at 100 meters, wind power density at 100 meters, global horizontal irradiance (GHI), 

concentrated solar power (CSP) output, photovoltaic (PV) potential, and the complementarity 

between these resources under the SSP2-4.5 and SSP5-8.5 scenarios, across four future 

timeframes (2020-2039, 2040-2059, 2060-2079, and 2080-2099), relative to the historical 

baseline (1995-2014). 

3.2  Specific Aims 

The specific objectives of this research are organized into three thematic axes, each 

associated with peer-reviewed scientific articles that comprise the core of this dissertation: 

The specific objectives of this research include:  

1) Assessment of hydrological droughts and the South American monsoon system 

This objective aims to:  

 Evaluate the frequency, duration, severity, and intensity of hydrological 

droughts using the SPI-12 index based on statistically downscaled projections;  

 Investigate projected changes in the South American monsoon system lifecycle, 

particularly its onset, demise, and duration.  

Associated articles:  

 Assessment of precipitation and hydrological droughts in South America 

through statistically downscaled CMIP6 projections (Climate, 2023)  

 South American monsoon lifecycle projected by statistical downscaling with 

CMIP6-GCMs (Atmosphere, 2023) 
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2) Evaluation of wind and solar energy potentials 

This objective seeks to:  

 Assess changes in wind speed and wind power density at 100 meters to estimate 

future wind energy potential;  

 Analyze projections of GHI, CSP output, and PV potential to evaluate the solar 

energy resource base.  

Associated articles:  

 Assessment of the wind power density over South America simulated by CMIP6 

models in the present and future climate (Climate Dynamics, 2024)  

 Assessment of the solar energy potential over South America estimated by 

CMIP6 models in the present and future climate (Journal of Environmental & 

Earth Sciences, 2024) 

3) Analysis of complementarity among renewable energy resources  

This objective focuses on:  

 Examining the spatiotemporal complementarity among key renewable resources 

(precipitation, wind speed, and solar irradiance) to enhance integrated energy 

strategies under climate change scenarios.  

Associated article:  

 Assessing renewable resources complementarity in South America with 

statistically downscaled CMIP6 projections (manuscript in preparation)  

In addition to these goals, this research also developed a climate-energy atlas and a 

statistically downscaled dataset at 50 km spatial resolution, encompassing historical and future 

projections of all analyzed variables for South America. These outputs support energy planning, 

climate adaptation strategies, and scientific dissemination. 
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4. Assessment of precipitation and hydrological droughts in South America 

through statistically downscaled CMIP6 projections  
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9. GENERAL CONCLUSIONS 

 

This doctoral research analyzed projected changes in key climate variables across 

South America, particularly Brazil, using simulations and projections from eight CMIP6 

global climate models (GCMs). The study focused on precipitation, wind speed at 100 m, 

wind power density at 100 m, surface solar irradiance, concentrated solar power (CSP), and 

photovoltaic power (PVP). Statistical downscaling and bias correction were applied using the 

Quantile Delta Mapping (QDM) method to enhance the accuracy of projections. Overall, the 

QDM technique reduced systematic biases in CMIP6 models, improving all analyzed 

variables’ seasonal and spatial representation.  

 

Hydrological Droughts  

Future projections indicate significant reductions in precipitation across most of the 

continent, especially during austral spring, with the most pronounced decline under the SSP5-

8.5 scenario. While the frequency and intensity of drought events exhibited mixed signals 

among GCMs, there was strong agreement on droughts’ increasing duration and severity 

throughout the 21st century. Notably, Brazil is expected to experience a higher proportion of 

moderate and severe droughts, particularly in the Northeast and Midwest regions. These 

findings emphasize the urgent need for strategic water resource management to mitigate 

potential energy and agricultural effects.  

 

South American Monsoon Lifecycle  

 The projected changes in the South American Monsoon System indicate delays in its 

onset, leading to a shortened rainy season in critical areas. The ensemble suggests a delay of 

approximately three pentads in monsoon onset across most regions and a two-pentad delay in 

its demise north of 20°S. These changes are expected to be particularly significant in the South 

Atlantic Convergence Zone and the Brazilian Amazon, where a statistically significant 

shortening of the monsoon length is projected in the second half of the 21st century. Such 

shifts may have profound implications for agriculture, hydropower production, and overall 

water availability, reinforcing the necessity of adaptive strategies to ensure regional resilience.  
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Wind Energy Potential  

 Expanding wind power generation is crucial for South America’s transition to a more 

sustainable energy matrix. Projections indicate a 25-50% increase in wind power density in 

regions such as Northeast and South Brazil, Argentine Patagonia, northern Venezuela, 

Uruguay, Bolivia, and Paraguay. The most substantial increases are expected under SSP5-8.5, 

reinforcing these sectors’ growing potential for wind energy expansion. However, individual 

model projections revealed considerable uncertainties regarding wind intensity anomalies, 

underscoring the challenges of long-term forecasting. Despite these uncertainties, the study 

provides the first comprehensive analysis of CMIP6 projections for wind power in South 

America, offering valuable guidance for energy sector stakeholders.  

 

Solar Energy Potential  

 The findings indicate spatial and seasonal variations in solar energy generation across 

South America. For concentrated solar power (CSP), projections suggest that historically 

favorable regions – such as Northeast Brazil and parts of Chile – will maintain their suitability, 

with potential 1-6% increases under the SSP5-8.5 scenario. For photovoltaic power (PVP), 

projected increases range from 1-4%, particularly in the Amazonia, Midwest, and Southeast 

Brazil. However, in South Brazil, approximately 84% of the projections indicate either a 

negative or neutral trend, signaling less favorable conditions for solar expansion in this region. 

These results highlight the importance of region-specific planning to optimize solar energy 

investments and infrastructure development.  

 

Renewable Resources Complementarity 

 The complementarity between precipitation, solar radiation, and wind speed is 

essential to ensuring energy security in South America. Future projections suggest an increase 

in precipitation-solar complementarity in Midwest and Southeast Brazil during the wet season, 

whereas declining rainfall in Amazonia may reduce this effect. Precipitation-wind 

complementarity is expected to strengthen in North and Northeast Brazil, promoting hybrid 

energy generation during dry periods. Additionally, solar-wind complementarity is projected 

to increase in northern South America and Northeast Brazil, further supporting the 

development of hybrid solar-wind systems.  
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However, challenges remain in balancing the seasonal variability of run-of-river hydropower, 

particularly in northern Brazil, where reduced water storage capacity may introduce 

operational constraints.  

Study Limitations and Implications for Decision-Making  

 While this research advances the understanding of climate change impacts on 

renewable energy in South America through bias-corrected CMIP6 projections at a seasonal 

scale, several limitations must be acknowledged to contextualize its results and inform their 

appropriate use by decision-makers. Decision-makers often require spatially and temporally 

explicit guidance tailored to specific investment horizons, infrastructure lifespans, and energy 

policies (Illangasingha et al., 2023; Fleming et al., 2025). However, climate projections 

inherently deal with long-term, probabilistic scenarios rather than deterministic forecasts 

(Reggiani et al., 2021). This temporal mismatch can lead to misinterpretation or misuse of the 

data if uncertainty ranges, methodological assumptions and spatial generalizations are not 

fully understood. Without appropriate contextualization, there is a risk that policymakers may 

either overestimate the confidence of model-based outputs or dismiss valuable information 

due to perceived complexity (Moradian et al., 2025). 

 Furthermore, the analysis presented here is restricted to seasonal averages without 

exploring finer temporal resolutions such as daily or hourly scales. These higher-resolution 

scales are critical for evaluating the operational viability of renewable energy systems, 

particularly regarding the intermittency and ramping behavior of wind and solar power 

(Esnaola et al., 2024; Yang et al., 2024; Zhang et al., 2024). In addition, the observational 

datasets used for validation (e.g., reanalysis or gridded climate products) are subject to biases 

and uncertainties, especially in regions with sparse in situ data, such as parts of the Amazon 

and Andes. These biases can propagate and lead to erroneous assumptions about the accuracy 

of GCM projections and bias correction performance (Balmaceda-Huarte et al., 2021). 

Moreover, extreme events such as heatwaves, heavy precipitation, or wind droughts are not 

explicitly analyzed despite their significant relevance to energy demand, generation reliability, 

and system resilience (Antonini et al., 2024). Given the projected intensification of extremes 

under climate change (IPCC, 2021), their exclusion constitutes a critical research gap to be 

addressed in future studies.  
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 Also, this study does not incorporate technological progress in wind and solar systems, 

such as increased hub height for wind turbines or improvements in photovoltaic panel 

efficiency (Cazzaniga and Rosa-Clot, 2021; Lopes et al., 2022; Zhuo et al., 2025). These 

advances directly affect capacity factors and energy yield but were not modeled here, 

potentially underestimating future renewable energy power (Lopes et al., 2022; Satymov et 

al., 2022; Liu et al., 2023). In addition, hydropower projections were assessed through climate 

indicators only, without using hydrological models capable of simulating river discharge, 

reservoir dynamics, or water balance under climate change. Integrating such models is 

essential for a more accurate evaluation of hydroelectric generation (Almeida et al., 2021; 

Caceres et al., 2021; de Jong et al., 2021; Serrão et al., 2021). Moreover, biomass energy, a 

relevant component of South America’s renewable energy mix, requires further analysis of 

how changing climate conditions affect biomass availability, crop yields, and biofuel 

production efficiency. 

 Despite the clear benefits of transitioning to renewable energy sources in mitigating 

greenhouse gas emissions, deploying large-scale wind and solar energy infrastructure can 

generate significant ecological and social impacts. Wind farms have been associated with 

noise pollution, landscape fragmentation, and disturbances to avian and bat populations, 

mainly when installed along migratory routes or near ecologically sensitive areas (Hamed and 

Alshare, 2022; Karasmanaki, 2022; Msigwa et al., 2022). Similarly, solar PV projects often 

require large tracts of land, leading to land-use change, habitat loss, and soil degradation 

(Lambert et al., 2021; Tawalbeh et al., 2021; Hamed and Alshare, 2022).  

 The Amazon biome, in particular, presents a complex dilemma. While the region holds 

vast potential for solar energy due to relatively high irradiance in its deforested and degraded 

areas, installing PV systems may catalyze further deforestation, ecosystem fragmentation, and 

indirect land-use change (da Silva et al., 2018; Rehbein et al., 2020; Sonter et al., 2020; Usman 

et al., 2020). Therefore, the expansion of solar infrastructure in this biome must be carefully 

evaluated through rigorous environmental impact assessments and inclusive planning that 

prioritizes ecosystem integrity and local livelihoods (Sánchez et al., 2015; Trindade et al., 

2022; Hampl, 2024). Another often overlooked aspect of renewable energy development is 

the environmental footprint of its supply chain – particularly the mining of critical minerals 

such as lithium, which are essential for solar panels, batteries, and wind turbines (Ali et al., 

2017; Sonter et al., 2020; Giglio, 2021).  



9 – General Conclusions 

 

199 
 

 Beyond energy systems, future work should also focus on the broader socio-

environmental consequences of climate change, including its effects on vector-borne disease 

transmission. Rising temperatures and altered precipitation patterns could expand the habitat 

suitability for disease-carrying vectors, posing significant public health risks. Furthermore, 

extreme temperature events, including heatwaves and cold spells, require further investigation 

to assess their potential impacts on human health, agriculture, and energy demand. By 

integrating high-resolution climate models, advanced energy system modeling, 

epidemiological studies, and interdisciplinary approaches, future research can provide even 

more refined projections and strategic insights to guide sustainable energy planning, public 

health preparedness, and climate adaptation policies in South America. 
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