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Abstract

:

South America is a place on the planet that stands out with enormous potential linked to renewable energies. Countries in this region have developed private investment projects to carry out an energy transition from fossil energies to clean energies and contribute to climate change mitigation. The sun resource is one of the more abundant sources of renewable energies that stands out in South America, especially in the Atacama Desert. In this context, South American countries are developing sustainable actions/strategies linked to implementing solar photovoltaic (PV) and concentrated solar power (CSP) facilities and achieving carbon neutrality for the year 2050. As a result, this systematic review presents the progress, new trends, and the road to a sustainable paradigm with disruptive innovations like artificial intelligence, robots, and unmanned aerial vehicles (UAVs) for solar energy facilities in the region. According to the findings, solar energy infrastructure was applied in South America during the global climate change crisis era. Different levels of implementation in solar photovoltaic (PV) facilities have been reached in each country, with the region being a worldwide research and development (R&D) hotspot. Also, high potential exists for concentrated solar power (CSP) facilities considering the technology evolution, and for the implementation of the hybridization of solar photovoltaic (PV) facilities with onshore wind farm infrastructures, decreasing the capital/operation costs of the projects. Finally, synergy between solar energy infrastructures with emerging technologies linked with low-carbon economies like battery energy storage systems (BESSs) and the use of floating solar PV plants looks like a promising sustainable solution.
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1. Introduction


1.1. Implementation of Renewables Energies in South America Towards a Low-Carbon Sustainable Energy Matrix


Renewable energy is energy that is not consumed or exhausted on a human scale in the processes of transformation and use of useful energy and generates significantly lower adverse environmental impacts than those produced by conventional or fossil energy sources [1,2,3]. This type of energy is classified as conventional and non-conventional, depending on the degree of development of the technologies for its use and the penetration in the present energy markets [4,5,6].



In South America, large hydroelectric installations (greater than 20 MW) are recognized as conventional renewable energy, and the following are recognized as non-conventional renewable energy: mini hydroelectric (less than 20 MW), solar, wind, waves/tidal, bioenergy, biogas, and geothermal [7,8]. Implementing these renewable energy sources to a greater or lesser extent is gradually transforming the region’s energy matrix from being based on fossil fuels to being low-carbon and sustainable [9,10]. In this context, the South American region is making efforts to mitigate the impacts of global climate change by promoting private investment projects and public policies for the inclusion of clean energy [11,12].



In South America, there is still an incipient development of renewable energies such as geothermal, waves/tidal, biogas, and bioenergy, and since the technologies are in a research and development stage, they have not managed to be scalable, and the costs are not yet competitive with other alternatives [13]. In this sense, the region’s most popular and widely implemented renewable energies have been hydroelectric energy, wind energy, and solar energy [14].



Hydroelectric energy is obtained by transforming water’s potential and kinetic energy to move turbines that feed generating equipment to produce electricity. Because of the water resource that gives rise to it, it is considered a renewable and clean source of energy, which is unfortunately threatened by the negative effects of climate change [15]. In this sense, the generation of this type of energy depends on the existence of an appropriate runoff flow and an elevation difference (height) that allows the speed of the falling water to be sufficient for the operation of the turbines. South America has these hydrological characteristics in its hydrographic basins on both the Pacific and Atlantic oceans [13,15]. Although this type of renewable energy has been very popular in the region in the last 10 decades, communities are currently complaining about negative environmental impacts, which has led to less implementation of this type of project in recent years, with countries such as Brazil, Venezuela, Colombia, Peru, and Paraguay standing out [15,16]. In this regard, the application of two types of hydroelectric energy is being evaluated: (i) reservoir hydroelectricity (impoundment), in which it accumulates a sufficient volume of water to then circulate it through narrower conduits and at high pressures to the turbines, where part of the mechanical energy is transformed into electrical energy, and then the water is returned to the source of origin (mainly rivers); and (ii) run-of-the-river hydroelectricity (diversion), in which it diverts a portion of the water from the rivers to operate the turbines and generate electricity, and then return the flow to the river in a lower area, after having used it to produce energy [14,16].



In this sense, South American countries have implemented other renewable energy alternatives, meeting the Sustainable Development Goals (SDGs) of the UN agenda for 2030 and achieving decarbonization by 2050 [4,17]. These renewable energy alternatives such as onshore wind energy and photovoltaic solar energy have been strongly implemented in the last decade [18,19,20].



Wind energy is a source resulting from the transformation of the movement of air masses generated by the wind into usable energy, preferably electrical [21]. The technologies developed for the use of wind movement as an energy source produce zero greenhouse gas emissions during their operation and consist of wind turbines or wind generators that transform the kinetic energy of the wind into mechanical energy and then the electric generator converts it into electrical energy [22]. This type of renewable energy has had a large-scale industrial implementation of onshore wind farms in countries in the region with high potential that are mainly located near the ocean on the coastal edge; among those included are Brazil, Chile, Argentina, Uruguay, and Peru [13,15]. Although there is a high potential for offshore wind energy, to date, this type of infrastructure does not exist in the region yet [14]. Some of the limitations of this energy source in the region have been (i) its remoteness from population centers or industrial centers located far from the ocean and (ii) intermittency in its generation due to the variability of wind speed during the hours of the day [15].



Given this background, photovoltaic solar energy has positioned itself in the last decade as a reliable, massive, and scalable source in the region, experiencing strong growth after the COVID-19 pandemic [13,23]. The sun is one of South America’s most constant sources of energy due to the abundance and high irradiation it generates in the outer layer of the atmosphere [24]. The energy received on the Earth’s surface is called irradiance, and it depends on the time of day, the inclination of the sun’s rays, and the cloud cover. One of its main barriers is that it is only received during the day, so it needs to be combined with other energy sources or associated with storage systems [25,26]. Northern Chile, southern Peru, southern Bolivia, and northwestern Argentina are among the countries with the most solar radiation globally, mainly due to their northern sector: the “Sun Belt” [27,28,29]. Chile stands out from the rest thanks to the geography of the Atacama Desert, with virtually unlimited resource potential [30,31]. In addition, the vast expanses of desert land provide ample and available physical space [32,33].



Figure 1 shows the evolution of the implementation of renewable energy (hydroelectric, onshore wind, and solar photovoltaic) in the last decade within the South American region, highlighting the growth rate of these technologies in the study area.



The graph above shows that among the renewable energies implemented in South America in the last 10 years, hydroelectric energy is the one that has the advantage, increasing its installed capacity from 143,543 MW in 2013 to 179,685 MW in 2023. This is followed by photovoltaic solar energy, which, in the last 10 years, has had a strong increase in the region, having 163 MW of installed capacity in 2013 and reaching 49,202 MW of installed capacity by 2023. In the case of onshore wind energy, its installed capacity has increased in recent years from 2787 MW in 2013 to 39,298 MW in 2023.



It is possible to see in the graphs above that the growth rate of hydroelectric energy has decreased and stabilized in recent years since 2019 when the global COVID-19 pandemic occurred. The opposite happens with onshore wind energy and solar photovoltaic energy, where both show a high growth rate. In the case of onshore wind energy, stronger implementation began in the first years compared to solar photovoltaic energy, but this has been reversed in recent years starting in 2021, where currently solar photovoltaic energy has a more massive implementation than onshore wind energy.



In this sense, solar energy can be transformed directly into electrical energy through photovoltaic systems, and indirectly through concentrated solar power, and can be used to heat water or salts through solar collectors [34]. One of the characteristics of solar energy is that its technologies are scalable and modular (see Figure 2), meaning they can be used both in large industrial installations and in small systems for domestic use [35].




1.2. Scope of the Article


This systematic review studies the progress in solar energy facility implementation in South America, considering different countries in this region, highlighting the state of solar energy generation on a large scale through a review of the scientific publications available on Scopus.



In this systematic review, the following research questions (RQs) are defined:




	
RQ1: What are the main clusters of solar energy concepts applied to implement this infrastructure in South America and how do they evolve?



	
RQ2: What is the solar energy installed capacity (MW), solar average theoretical potential considering global horizontal irradiance (GHI) (kWh/m2), and solar average practical potential (kWh/kW) in each country of South America?



	
RQ3: What is the annual energy production (GWh) from solar energy infrastructures and what is the related reduction rate of greenhouse gases (GHGs) in each country of South America?



	
RQ4: Which South American countries have more advances in solar energy considering the quantity of solar energy infrastructures under operation?



	
RQ5: What are the main policies related to climate change mitigation considering the implementation of solar energy in South America?



	
RQ6: What are the main cutting-edge technologies linked with solar energy infrastructures in South America?



	
RQ7: What are the main challenges facing the implementation of solar energy in South America?



	
RQ8: What are the main types of energy storage systems used in solar energy production in South America?








This study provides a general overview of the advancements and shortcomings of solar energy across the entire South American territory, focusing on gathering pertinent information to illustrate how these energy solutions have been implemented or progressed in the vast territorial and social diversity that characterizes South America. The aim is to conduct an analysis that integrates all the identified features, revealing the overall progress in the implementation of solar energy, not just in a specific area, whether social, geographical, technological, etc. The study also highlights the progression over time, based on the analyzed documentation, with particular attention to the evolution of the technologies used, the territorial expansion of solar energy implementation, the increase in energy currently supplied to the grid, and its impact on the population.



Finally, to communicate the main ideas of this article adequately, the following content structure was defined: Section 1: Introduction; Section 2: Resources and Methodology; Section 3: Results; Section 4: Discussion of Results; and Section 5: Conclusions.





2. Methodology Applied


2.1. Resources


2.1.1. Publications from Scopus


The Scopus database was considered to carry out this systematic review because it contains scientific journals related to solar renewable energy, all of which were published in English from 1989 to 2024.




2.1.2. Use of Software


For systematizing and processing the data, MS Excel version 21 was used, and for interpreting the information, VOSviewer 1.6.20 was used.





2.2. Method Applied


2.2.1. Bibliometric Analysis and Systematic Content Review


The methodological tool applied in this publication considered the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [36] and the creation of scientific graphs using the VOSviewer software [37].



Using the PRISMA tool, a methodological procedure shows the elimination steps: “identification, screening, eligibility, and final inclusion” (Figure 3).



The PRISMA statement is a methodological procedure that researchers can consider when reporting systematic reviews and meta-analyses [38]. The PRISMA guidelines provide recommendations that help address the interpretation of research by assisting systematic reviewers to inform the review; in this sense, a 4-phase methodological procedure was implemented: (i) Phase 1: quantitative method for a bibliometric analysis; (ii) Phase 2: qualitative method for a systematic review of the literature; (iii) Phase 3: integration method for a mixed review; and (iv) Phase 4: generation of scientific maps using the VOSviewer software (see Figure 4). In this study, the 8 research questions mentioned above are considered.



Figure 4 shows a summary of the methodological procedure applied in this systematic review.




2.2.2. Analysis of Publications Selected


A definition of keywords was carried out within the topic to be analyzed. The relevant words selected for this research were (i) solar, (ii) energy, (iii) Argentina, (iv) Bolivia, (v) Brazil, (vi) Chile, (vii) Colombia, (viii) Ecuador, (ix) Paraguay, (x) Peru, (xi) Uruguay, (xii) Venezuela, and (xiii) South America. The countries of Suriname, Guyana, and French Guyana were not considered due to a lack of available publications. Once the keywords were chosen, it was possible to create eleven combinations of keywords using the Boolean AND operator, as shown below in Table 1.



The data extraction form was evaluated considering the documents selected, obtaining information from the metadata analysis perspective, DEM (data extracted from metadata), and from the content analysis perspective, DEC (data extracted from content), as shown in Table 2.






3. Results and Findings


3.1. Analysis of Publication Screening


An analysis was developed in phases considering exclusion criteria (ECs) to select scientific publications. Figure 5 shows the steps applied together with the results.



Figure 5 presents the extraction of documents from the Scopus database considering the combinations of relevant concepts mentioned above, where 416 publications were obtained. Exclusion criterion 1 (EC1) was used to eliminate these documents according to an analysis of the title of the articles, leaving 346 documents. Then, exclusion criterion 2 (EC2) was used, reading the abstract of the documents to study which ones were related to solar energy implementation in South America, giving a result of 111 documents. Finally, exclusion criterion 3 (EC3) was considered, eliminating articles without a substantial direct contribution to the systematic review, leaving 91 documents. These 91 selected publications deal specifically with advances in the implementation of solar energy in South America, which will be subject to a specific study described in the following pages of this research.




3.2. Results and Findings Using Bibliometric Analysis


The following paragraphs present the response to the following research question RQ1, “What are the main clusters of solar energy concepts applied for implementation of this technology in South America and how do they evolve?”.



3.2.1. Articles Published per Year


Articles published per year related to solar energy in South America are presented in Figure 6 according to the 91 articles selected.



Figure 6 shows that the year with the most articles was 2023, while the least published were several years with zero publications. Despite some variations, it can be observed that over the years, the number of articles and interest in the topic has increased. It should be considered that the sample was taken in July 2024; therefore, said year does not include all the articles generated.




3.2.2. Production of Selected Articles from Different Countries


The production of 91 selected articles from different countries is shown in Figure 7.



Figure 7 shows the sample of the 16 nations with the largest number of articles on the topic. The greatest quantity of publications generated by the nation is mainly localized in Brazil, Chile, Colombia, and Ecuador, which represent approximately 75% of the 91 publications, while the United States, Germany, Spain, Peru, and the United Kingdom also stand out in the percentage of publications. Finally, Venezuela, Turkey, Finland, Norway, Portugal, Bolivia, and Japan have a minor percentage of publications.




3.2.3. Production of Citations of Selected Articles from Different Nations


Figure 8 shows the findings considering the production of citations for 91 selected articles by nation.



Figure 8 presents the number of citations by nation, where Brazil stands out with approximately 40% of the total citations, followed by Chile with 35% of the citations. The nations with 88% of the accumulated citations are Brazil, Chile, Germany, and Colombia. The graph in Figure 8 shows that some countries in South America such as Brazil, Chile, Colombia, Venezuela, and Ecuador, as well as the United States, are the ones that cite the 91 selected articles the most. There are some European countries with a significant number of citations; they are Germany, Portugal, Finland, and the UK. Then, to a lesser extent, other South American countries such as Bolivia, and Peru, as well as some European countries such as Spain, Turkey, and Norway, as well as Japan, also cite the 91 selected articles.




3.2.4. Document Classification Considering 91 Publications Selected


The document classification (review or article) considering the 91 publications selected is shown in Figure 9.



The pie chart shown in Figure 9 indicates the types of publications found in the Scopus database, of which articles predominate with 83, followed by reviews with 8.




3.2.5. Findings Considering Keyword Co-Occurrence Study


Considering the 91 selected articles, these were analyzed in VOSviewer software to generate a co-occurrence map without considering the time dimension. A criterion was defined considering the minimum occurrence value of two keywords, which means that a keyword appears on the map when two scientific publications cite it [39]. A map comprising seven clusters (represented in blue, yellow, green, red, orange, purple, and sky blue) is shown in Figure 10.



Considering the co-occurrence map presented in Figure 10, seven clusters were produced, which are shown in different colors. Within the keywords, the ones that stand out the most are renewable energy, solar energy, and photovoltaic systems. Table 3 shows an interpretative summary of Figure 10, one can observe the topics applied by cluster and prominent keywords of the co-occurrence analysis.



According to the cluster interpretation of Table 3, it is possible to find that the implementation of solar energy has a strong application trend in sustainable sources of energy.



Additionally, the resulting map using VOSviewer with the time dimension shows three clusters (represented in yellow, blue, and green) in terms of the year in which the selected publications were published, as shown in Figure 11.



According to the co-occurrence map presented in Figure 11, it is possible to observe the time dimension in which these concepts were generated, with the most recent being solar energy, environment, and water reservoirs, while the oldest are PV system, solar radiation, and amorphous silicon, among others. Finally, Table 4 shows an interpretative summary of Figure 11, where one can observe the topics applied by cluster and prominent keywords of the co-occurrence analysis.



According to the cluster analysis of Table 4, it is observed that the evolution over time of the implementation of solar energy in South America tends to start with aspects of the study of new PV cells, then evolves into the analysis of solar energy storage technology, and finally develops into green hydrogen production.





3.3. Systematic Content Review Findings


3.3.1. Content Analysis


Content analysis is presented in this chapter of the systematic review, showing the answers to the research questions considering the 91 selected articles.



Considering RQ2, “What is the solar energy installed capacity (MW), solar average theoretical potential considering global horizontal irradiance (GHI) (kWh/m2), and solar average practical potential (kWh/kW) in each country of South America?”, the following answer is presented in Table 5, a compilation based on the following sources of information.



According to Table 5, the following findings are presented: (i) the South American region had an installed capacity of solar PV energy equivalent to 49,267 MW; (ii) if comparing the installed capacity of the South American region with large economies such as Mexico, USA, and China, the insertion of solar PV energy has not been as rapid; (iii) the countries with the lowest installed capacity of solar PV energy are Paraguay, Venezuela, and Ecuador; (iv) the countries with the greatest installed capacity of solar PV energy are Brazil, Chile, Argentina, and Colombia; and finally (v), the installed capacity of the usable solar potential changes from 1 MW in the case of Paraguay to 37,449 MW in the case of Brazil.



Figure 12 is shown below, which illustrates a map of the average simulated solar PV capacity factors in Latin America.



Figure 12 shows that the highest capacity factors are in the area of the Atacama Desert. In this case, solar PV capacity factors were calculated assuming utility-scale solar PV plants with polycrystalline silicon modules (the best available technology (BAT) in 2023), single-axis tracking, and site-adapted tilt angle.



A map of solar PV facilities in Latin America specifying the installed capacity for each country is shown in Figure 13.



According to Figure 13, Chile stands out in the region with an installed capacity of over 6 GW. In second place is Brazil with an installed capacity in the range of 4–6 GW, and finally, the rest of the countries have installed capacities of less than 2 GW.



The following paragraphs present the response to the following research question RQ3, “What is the annual energy production (GWh) from solar energy infrastructures and what is the related reduction rate of greenhouse gases (GHGs) in each country of South America?”



According to Table 6, the following findings are presented: (i) Brazil is the country that generates the most electrical energy based on solar energy with 10,759 GWh. Then, there is Chile with 8141 GWh and Argentina with 1346 GWh; (ii) South America generates annual electricity based on solar PV energy equivalent to 22,048 GWh, which corresponds to 19% of what the USA generates and 8% of what China generates; (iii) the generation of greenhouse gas emissions from solar PV farms indicated in millions of tons of CO2 equivalent are lower for the South American countries in comparison with Mexico, USA, and China; and (iv) considering all the countries in the South American region, there is a contribution to the mitigation of climate change due to the annual reduction of 12.9 million tons of CO2 equivalents.



Considering RQ4, “Which South American countries have more advances of solar energy considering the quantity of solar energy infrastructures under operation?”, the following answer is presented according to Table 7 and Figure 14.



According to Table 7, the following findings are presented: (i) Brazil, Chile, Argentina, and Colombia have the highest number of solar PV farms; (ii) the country that has the most solar PV farms in operation is Chile with 335, followed by Brazil with 218, Argentina with 39, and then Colombia with 30; and finally (iii), considering the year 2023, the South American region has 663 solar PV farms.



The distribution of the number of solar PV farms in the South American region can be seen in Figure 14.



Figure 14 shows the spatial distribution of the number of solar PV farms in operation in each of the South American region’s countries. Chile (335), Brazil (218), Argentina (39), and Colombia (30) stand out in first place. Chile has more solar PV farms than Brazil because this country has a greater number of small-scale solar PV farms.



The following paragraphs present the response to the following research question RQ5, “What are the main policies related to climate change mitigation considering the implementation of solar energy in South America?”



According to Figure 15, it is shown that the main policy related to climate change mitigation considering the implementation of solar energy in South America is the reduction in fossil fuel energy facilities (RFFEF) with 22% of the 91 publications. In second place, implementation in residential facilities appears in 21% of the 91 publications. Likewise, when reviewing the scientific literature, in 18% of the 91 publications, four categories exist such as clean energy for remote places (CERP), rural electrification (RE), and implementation in industries (II). Finally, with fewer repetitions, the following topics are mentioned in the publications: not specified (N/S) with 2%.



The following paragraphs present the response to the following research question RQ6, “What are the main cutting-edge technologies linked with solar energy infrastructures in South America?”



According to Figure 16, it is shown that the main cutting-edge technologies linked with solar energy infrastructures in South America fall under not specified (N/S) information in 35% of the 91 publications. Next, in second place appears to be hybridization with onshore wind energy and floating PV farms (HWEFPV) with 29% of the 91 publications.



In the middle part of the graph, it is possible to find three categories: battery energy storage system applications (BESSAs) with 14% of repetitions, system photovoltaic solar (SFS) with 10% of repetitions, and concentrated solar energy (CSE) with 9% of repetitions.



Finally, with fewer repetitions, the following topics are mentioned in the publications: the bifacial panel utilization (BPU) with 2% of repetitions and solar trackers (STs) with 1% of repetitions.



The following paragraphs present the response to the following research question RQ7, “What are the main challenges facing the implementation of solar energy in South America?”.



According to Figure 17, it is shown that the main challenges facing the implementation of solar energy in South America are economic and political (EP) topics with 29% of repetitions. Then, with 26% of repetitions, we have the intermittent power supply (IPS). Furthermore, with 19% of repetitions, there is a sustainable and resilient infrastructure (SRI). Next, with 12% of repetitions is the training of human and technological resources (THTR). Finally, with 7% of repetitions, the following topics are mentioned in the publications: awareness and environmental education (AEE), and not specified (N/S).



The following paragraphs present the response to the following research question RQ8, “What are the main types of energy storage systems used in solar energy production in South America?”



According to Figure 18, it is shown that with 23% of repetitions, no types of energy storage systems are specified for use in solar energy production in South America. Then, with 22% of repetitions, we have the lithium-ion batteries (LIBs). In addition, with 20% of repetitions, there is the technology of lead-acid batteries (LABs). Next, with 18% of repetitions is the technology of thermal storage (TS). Next, with 8% of repetitions is the technology of hydraulic storage (HS). Next, with 7% of repetitions is the technology of hydrogen (H). Finally, with fewer repetitions, the following topics are mentioned in the publications: flywheel technology (F) and compressed air storage (CAS).




3.3.2. Comparative Analysis of the Publications Selected


A comparative analysis is carried out considering the selected articles linked with solar energy, which is summarized in Table 8. This table includes (i) main policies related to climate change mitigation, (ii) main cutting-edge technologies, (iii) main challenges, and (iv) main types of energy storage systems.



The interpretation of Table 8 reveals the following results:




	
Regarding the aspects in column (i), there is a relatively even distribution between the different policies implemented in South America to promote the development of solar energy, with all options achieving a repetition percentage of around 20%.



	
When studying the aspects in column (ii), there is a percentage of around 35% where the scientific literature does not specify what type of cutting-edge technologies are being implemented in South America for the development of solar energy.



	
Regarding the aspects in column (iii), more than 55% of the scientific literature considers political/economic issues and the intermittency of energy production as challenges for the implementation of solar energy in South America. In this sense, this means that the community demands a solar energy production/transmission/distribution system that is accessible to all citizens in an equitable, fair, and efficient manner.



	
When analyzing the aspects in column (iv), nearly 23% of the publications analyzed in this research do not specify any type of technology for storing energy from solar sources; however, the most popular technologies used to date in South America are lithium batteries and lead-acid batteries.



	
In the scientific literature reviewed exists a gap considering the implementation of Industry 4.0 technologies in the solar energy industry in South America, such as (i) sensors, (ii) IoT, (iii) cloud computing, (iv) data analytics, (v) artificial intelligence, and (vi) digital twins, among others.



	
Also, in the scientific literature reviewed exists a gap considering the application of circular economy principles linked with solar energy facilities in South America, such as the recycling and reuse of solar PV panels.



	
The analysis of the cost (CAPEX and OPEX) reveals that the information documented in the scientific literature does not specify the costs of wind energy infrastructure.











4. Discussion


4.1. Advances and Progress


4.1.1. Advances in Solar Energy Insertion of the Countries in South America


The countries in South America have carried out studies to determine solar energy potential. In addition, the countries are aligned with sustainability, which is why they have been implementing public and private investment projects over the last decade. In this way, the implementation of facilities for the generation of electrical energy through clean energy sources has been developed, with solar energy being one of the most attractive alternatives in the region. Table 9 shows a ranking of the countries in South America according to the criterion of installed capacity (MW).



According to Table 9, in South America, Brazil leads the ranking, with one of the reasons being the country’s high demand for electricity due to the size of its population, which mostly lives in cities, and the large-scale industrial sector. Brazil has the biggest solar PV farms, and in some cases, the solar PV facilities reach 1000 MW of installed capacity.



In second place in the ranking is Chile, and one of the reasons why an aggressive implementation of renewable energies has been promoted in the last decade is to decarbonize and diversify its energy matrix, since, in its history, electric energy was generated based on fossil sources (coal and oil). The high demand for electrical energy is mainly due to large mining projects linked to the copper and lithium industry. The enormous potential of solar resources in the Atacama Desert offers Chile the opportunity to expand its installed solar energy capacity.



Third place in the ranking belongs to Argentina, a country that has historically generated electrical energy based on fossil fuels such as oil and natural gas, in addition to the implementation of hydroelectric plants. Argentina requires the diversification of the energy matrix, and considering the enormous solar resource potential in the northern area, Argentina is developing technical–economic studies to insert new solar PV farms.



In fourth place is Colombia; it has decided to diversify its energy matrix and bet on the implementation of solar energy. This satisfies the demand for electrical energy for cities and different industries such as agriculture, livestock, and services, among others.



In fifth place is Peru, a mining, fishing, and agri-food country that has had economic growth and important infrastructure development in recent years, which has translated into an increase in its demand for electrical energy. Peru has decided to diversify its energy matrix by implementing a series of solar PV farms in the southern territory with abundant solar resources.



Next in the ranking are Uruguay, Bolivia, Ecuador, Venezuela, and Paraguay, countries that have been characterized by generating their electrical energy based on hydroelectric plants.



Table 10 shows the biggest solar PV farms located in South America in the year 2023.



The countries with the largest solar photovoltaic installations in the region by 2023 are Brazil and Chile. Brazil stands out with solar farms with an installed capacity of over 1000 MW. The following paragraphs describe the main technical characteristics of the largest solar photovoltaic installations in South America.




4.1.2. The Largest Solar PV Farms Under Operation in South America


	(i) 

	
Janaúba Solar Complex, Minas Gerais Region, Brazil







The Janaúba solar PV facility is in the region of Minas Gerais, Brazil. Construction began on this solar facility in 2021, and it came into operation in 2022. The land area occupied by the solar facility is equivalent to 3069 Ha. The Janaúba solar PV facility consists of 20 PV farms with a total of 2.2 million solar PV panels with an installed capacity of 1.2 GW; more than 3.0 TWh of energy will be generated annually, which can avoid 4.3 million tonnes of CO2 emissions. Figure 19 shows panoramic images of the solar facility, and Table 11 provides specifications of the infrastructure.



As shown in Table 11, this solar PV facility has a total of 2,200,000 PV modules of monocrystalline silicon. Furthermore, the power of the photovoltaic modules is 545 W, which, considering all the PV modules, means that the solar PV facility has an installed capacity equivalent to 1200 MW, and a tracking angle for the photovoltaic panels equivalent to 45° with an estimated capacity factor of 0.33.



	(ii) 

	
São Gonçalo PV Park, Piauí Region, Brazil







Located in the state of Piauí, a semi-arid region of Brazil, the São Gonçalo solar park is a record-breaking project with an installed capacity of 864 MW, consisting of 2.2 million panels, operated by the company Enel Green Power. Considering the whole São Gonçalo complex, more than 2.2 TWh of energy will be generated annually, preventing the emission of about 1.3 million tons of CO2 into the atmosphere every year. The construction of the first phase of the São Gonçalo solar PV facility, with an installed capacity of 475 MW, started in October 2018 and was connected to the grid in January 2020. In August 2019, Enel Green Power announced the start of works on an extension of the solar farm with an additional installed capacity of 133 MW, which was completed and came into operation in 2021. In addition, Enel Green Power started a third extension in 2022, with an additional installed capacity of 256 MW. This brings the current total installed capacity of the solar PV facility to 864 MW.



The solar PV complex in total covers an area of around 1200 Ha, where the 2.2 million solar panels use bifacial solar PV modules, which capture solar energy from both sides of the panel, with an expected increase in energy generation of up to 18%. Figure 20 shows panoramic images of the solar facility, and Table 12 provides specifications of the infrastructure.



As shown in Table 12, this solar facility has a total of 2,200,000 PV modules of monocrystalline silicon. Furthermore, the power of the PV modules is 390 W, which, considering all the PV modules, means that the solar PV facility has an installed capacity equivalent to 864 MW, and a tracking angle for the photovoltaic panels equivalent to 42° with an estimated capacity factor of 0.32.



	(iii) 

	
Futura 1 Solar Complex, Bahia Region, Brazil







The Futura I Solar Complex operated by Eneva is in Juazeiro in the Bahia region in Brazil, which has an installed capacity equivalent to 837 MW and significantly contributes to a more renewable energy matrix. There are over 22 photovoltaic generators and more than 1.4 million solar PV panels over an area of 1649 Ha. Considering the whole Futura 1 Solar Complex, more than 2.0 TWh of energy will be generated annually, preventing the emission of about 1.0 million tons of CO2 into the atmosphere every year. Figure 21 shows panoramic images of the solar facility, and Table 13 provides specifications of the infrastructure.



As shown in Table 13, this solar PV facility has a total of 1,400,000 PV modules of monocrystalline silicon. Furthermore, the power of the PV modules is 600 W, which, considering all the PV modules, means that the solar facility has an installed capacity equivalent to 837 MW, and a tracking angle for the PV panels equivalent to 40° with an estimated capacity factor of 0.30.





4.2. New Trends Under Development in the Region


4.2.1. Implementation of the Hybridization of Solar PV Facilities with Onshore Wind Farm Infrastructures


Typically, onshore wind farm designs allow for a distance of 1 to 2 km between one row of wind turbines and another for energy efficiency reasons; once the wind passes through a wind turbine, it loses its energy and must travel a certain distance to recover it. This means that these facilities have a lot of available space that can be used to generate energy from other renewable sources. In this sense, the initiative consists of implementing a hybrid renewable energy installation where a solar PV plant is located inside an onshore wind farm [131,132].



For example, if we analyze the South American region, both the northeast of Brazil and the north of Chile have special conditions that favor this type of hybrid renewable energy infrastructure, since they not only have excellent wind conditions but are also located in places with excellent levels of solar radiation, a complement that allows the generation of energy both during the day and at night.



However, the synergies that arise from the hybridization of renewable energy plants go beyond the use of space and natural resources. Aspects such as the construction of roads and accesses, and the erection of transmission lines and substations can also be avoided or reduced, allowing the same elements to be used to generate a greater amount of energy [133].



There is also the possibility of building hybrid renewable energy parks from scratch, which allows synergies to be taken advantage of not only during the construction and operation phases but also during the development phase [134]. In this sense, environmental, social, territorial, basic engineering, and interconnection studies can be conducted at once for both renewable energy plants, distributing these fixed costs over a greater installed capacity [131].



Below are three successful case studies of hybrid renewable energy facilities in operation in the South American region:




	(i) 

	
Neoenergia Hybrid Renewable Energy Complex—Luzia and Chafariz, Paraíba Region, Brazil









Iberdrola’s subsidiary in Brazil, Neoenergia, operates the Luzia photovoltaic solar plant, the first to be installed in the South American country. It has 228,000 photovoltaic solar panels with a total installed capacity of 149 MW. The photovoltaic solar plant is joined to the Chafariz onshore wind farm in what is known as the Neoenergia hybrid renewable energy complex.



The onshore wind part of the project consists of 136 wind turbines and an installed capacity of 471 MW, which make up the Chafariz Complex, which is fully operational. This hybrid renewable energy complex has the Luzia photovoltaic solar installation and the wind farms that make up the Chafariz Complex, enabling it to reach a total installed capacity of more than 620 MW, and thus avoiding the emission of more than 100,000 tons of CO2 per year. Figure 22 shows a panoramic view of the hybrid renewable energy complex currently in operation and Table 14 shows a summary of the main technical characteristics.



The wind and solar farms share an electrical substation and a 345 km distribution line, which connects the plants, located in a remote region of northeastern Brazil, to the national electricity grid. This is how the project combines two complementary energy sources, since wind production is stronger at night, when the solar plants are not operating, due to the wind regime in the region.



	(ii) 

	
Azabache Hybrid Renewable Energy Complex—Azabache and Valle de Los Vientos, Antofagasta Region, Chile







The Valle de Los Vientos onshore wind farm is a renewable energy facility located 10 km from Calama, in the Antofagasta Region of Chile, in the heart of the Atacama Desert. It is made up of 45 wind turbines of 2 MW each, with a total installed capacity of 90 MW, and produces more than 200 GWh per year, avoiding the emission of more than 165,000 tons of CO2 into the atmosphere. The installation began construction in 2012 and operations in 2013.



After conducting a series of technical–economic studies, it was decided to build an Azabache solar photovoltaic installation inside the Valle de Los Vientos onshore wind farm in 2020. In this sense, the solar photovoltaic installation has 154,170 photovoltaic solar panels and an installed capacity of 61 MW, beginning operations in 2022, producing more than 184 GWh per year, and avoiding the emission of more than 135,000 tons of CO2 into the atmosphere.



Figure 23 shows a panoramic view of the hybrid renewable energy complex currently in operation, and Table 15 shows a summary of the main technical characteristics.



The Azabache photovoltaic solar installation (61 MW) is located within the Valle de Los Vientos wind farm (90 MW). The distance between the wind turbines allowed for sufficient space to install the photovoltaic solar panels, and the use of common roads and facilities between the two parks, such as the operation and maintenance building or the substation, brought about different synergies both in its construction and in its operation.



	(iii) 

	
Las Salinas Hybrid Renewable Energy Complex—Las Salinas and Sierra Gorda, Antofagasta Region, Chile







Approximately 60 km from the city of Calama, Antofagasta Region, Chile, in the heart of the Atacama Desert, is the Las Salinas photovoltaic solar energy facility with an installed capacity of 205 MW, and which is also made up of a total of 458,044 panels with bifacial technology. This cutting-edge technology allows for greater efficiency in the generation of electric energy since it allows for the capture of solar radiation both from the top and from the bottom of each photovoltaic solar panel.



Due to the extraordinary wind conditions in the sector, the Sierra Gorda onshore wind farm is being built in the same place, which has an installed capacity of 112 MW and is made up of 56 wind turbines. This renewable energy facility generates more than 295 GWh per year and thus prevents the emission of more than 140,000 tons of CO2 into the atmosphere per year. This is how the Las Salinas photovoltaic solar installation works together with the Terrestre Sierra Gorda wind farm, turning both units into the center of renewable generation in a hybrid format on an industrial scale with a joint installed capacity of 317 MW, thus being the largest hybrid renewable energy installation in Chile to date.



Figure 24 shows a panoramic view of the hybrid renewable energy complex currently in operation and Table 16 shows a summary of the main technical characteristics:



Hybridization of energy projects, combining technologies such as solar and wind, has become an increasingly popular strategy for energy companies, since by sharing two or more renewable sources, companies can increase the efficiency of their projects with periods of complementary generation. Another important aspect to consider when designing this type of hybrid renewable energy installation is the impact of the shadow generated by the intermittent movement of wind turbine blades, which can be avoided by distancing solar photovoltaic installations in areas where there is greater availability of land use.




4.2.2. Use of the Battery Energy Storage Systems (BESSs) in Solar PV Farm Facilities


The massive and stable implementation of renewable energy generation on a large scale presents challenges to overcome, such as the intermittent dispatch of solar PV installations [135]. This is how the storage of electrical energy arises as an alternative to take advantage of resources and electrical production according to demand. BESSs are systems in which batteries, individually or more often together, are used to store the electricity produced by solar photovoltaic generating plants and make it available when needed [136]. In this sense, energy is released when there is high demand, and energy is stored when there is low demand. In this way, this process stabilizes the electrical network and guarantees a constant flow of energy [137].



In a BESS (see Figure 25), the fundamental components are the blocks formed by the batteries, but other elements are also present: (i) an inverter, which converts the direct electric current of the batteries into alternating electric current from the grid (and vice versa); (ii) a transformer, to adapt the voltage of the system to that of the grid; and finally, (iii) auxiliary systems (in particular, cooling and fire protection).



As in all storage systems, in BESSs, the electricity produced by a power plant or any other generating plant, even a single photovoltaic panel, is stored and then released at the desired times and hours [138].



The most widely used types of BESS in South America today are lithium-ion batteries: this is the most widespread, efficient, and increasingly cost-effective technology available today. Lithium BESS batteries can last up to 20 years, although over time their performance decreases. At the end of their useful life, they can be converted or recycled. However, research and the search for increasingly efficient and higher-quality technologies do not stop. Through feasibility studies and field tests, liquid air storage systems, flow batteries, or thermal storage continue to be explored as a response to future challenges. There are other types such as (i) a sodium-ion BESS, which is economical but has lower performance, (ii) an iron–air BESS, a promising but not yet mature solution, (iii) a flow BESS, which lasts longer thanks to the use of an innovative technique, and (iv) a solid-state lithium BESS, which is a promising technology for the future.



Below are experiences of BESS application projects in the South American region:




	(i) 

	
BESS Coya Facility—Solar PV Farm and BESS Facility, Maria Elena, Antofagasta Region, Chile









The Coya solar PV solar facility is in Maria Elena, Antofagasta Region, and has an installed capacity of 181.25 MW. This facility avoids the emission of 311,293 tonnes of CO2 per year. This solar energy facility has a battery energy storage system (BESS) technology which uses lithium batteries to store the renewable energy generated during the day. This BESS has a storage capacity of 638 MWh, with 139 MW installed capacity, avoiding the emission of 311,293 tons of CO2 per year, and is the largest battery energy storage system in South America to date (see Figure 26). Through its 232 modules, Coya’s BESS installed capacity will enable it to store the equivalent of 5 h of electricity and inject it into the grid during peak periods, representing the delivery of 200 GWh on average per year. It will also play an important environmental role by supplying enough green energy, thereby avoiding the emission of 65,000 tons of CO2 annually.



Table 17 shows a summary of the main technical characteristics of this cutting-edge BESS currently in operation in Chile.



Two more projects currently under construction in the Atacama Desert in Chile will be added to this initiative by 2024: BESS Tamaya (68 MW/418 MWh) and BESS Capricornio (48 MW/264 MWh). This will translate into approximately 255 MW of power for 5 h of energy dispatch, mainly at night.



Energy storage is one of the most important elements of the current energy transition and a priority for implementation in the South American region. In fact, its role is increasingly crucial in the face of the large-scale deployment of intermittent and unpredictable renewable sources. Thanks to storage systems, the electricity produced by intermittent renewable energy installations, both wind and solar, can be stored and released at the desired times: it can therefore be supplied to customers at any time, regardless of the time of day and weather conditions. Furthermore, due to their modular design, BESSs are characterized by great flexibility and scalability: additional battery packs can easily be added to an already operational system to increase its capacity.



In this way, the use of BESSs allows for a more constant and continuous use of energy from renewable sources such as the sun, thereby reducing dependence on fossil fuels and contributing to a reduction in greenhouse gas emissions in the fight against climate change. In this sense, it is expected that in the coming years, there will be significant technological advances that will make these systems more competitive, making them even more dynamic on a larger scale.




4.2.3. Implementation of Concentrated Solar Power (CSP) Facilities in the Region: A Pending Issue


In the South American region, there is an outstanding issue regarding the implementation of solar power concentration tower installations if we compare this with the operation of photovoltaic solar installations. For the implementation of this type of solar power concentration tower installations, a midday direct normal irradiance (DNI) ranging from 800 to 950 W/m2 or equivalent to direct normal irradiance (DNI) levels in this area ranging from 5.0 to 8.0 kWh/m2/day is required to be technically and economically feasible, where some geographical locations in Chile, Peru, Bolivia, Argentina, and Brazil have these conditions [140]. CSP needs not only high levels of DNI > 2000 kWh/m2/year to be considered economically viable but also flat ground and sufficient water supply [141].



Although the investment and operation cost together with the construction time of solar power concentration tower installations is higher than in the case of photovoltaic solar installations, the capacity for energy storage and use during the night provides a comparative advantage that guarantees energy security and stability 24 h a day [130].



Despite the high costs and lack of experience in the construction and operation of solar power tower installations, there is a country in the South American region that has decided to bet on this alternative technology that has already been tested in other parts of the world such as the USA, Morocco, and Spain, among others. In this sense, Chile has been a pioneer country in the South American region, with the only solar power tower project in operation by 2024 [30,140]. On the other hand, countries with solar potential to develop this technology such as Brazil and Peru are still lacking. Technological alternatives are currently being evaluated that allow for the implementation of this technology in the South American region, making it more attractive and competitive from a cost-efficiency point of view. This is how the hybridization of solar concentration towers with photovoltaic solar installations allows for reducing investment and operation costs, providing greater flexibility and energy redundancy to the electrical system. Below is the only successful case of implementation of solar concentration tower technology in the South American region, as well as future projects linked to the original initiative:




	(i) 

	
Cerro Dominador Hybrid Renewable Energy Facility—Concentrated Solar Power (CSP) and Solar PV Farm, Antofagasta Region, Chile









The Cerro Dominador solar thermal power plant is a 210 MW hybrid power plant that combines CSP energy with an installed capacity of 110 MW with PV solar energy consisting of 392,000 solar panels with an installed capacity of 100 MW. The hybrid solar thermal power plant together generates 950 GWh of energy per year. This renewable energy facility is in the commune of María Elena in the Antofagasta Region of Chile, approximately 24 km northwest of the town of Sierra Gorda in the heart of the Atacama Desert, one of the driest places in the world and with the highest solar radiation on the planet. Construction of the project began in 2014, and it was commissioned in 2021.



The 110 MW solar concentration tower installation has 10,600 heliostats, each with an area of approximately 140 m2, on a plot of land of more than 1000 hectares, which concentrate the reflected solar radiation on a receiver located at the top of a 252 m high tower, through which molten salts circulate at about 550 °C, absorbing the heat.



This technology uses a series of mirrors (heliostats) that collect the sun’s rays on two axes, concentrating the solar radiation on a receiver at the top of the tower, where the heat is transferred to the molten salts. The reflective element of the heliostat is a thin glass mirror with a low iron content. The structure on which the rest of the mirrors are placed is provided with a mechanism that allows for the tracking of two axes, the azimuth, and the elevation. The movement is carried out by a motor that receives the signal from the central control system, which provides a precise and constant aim at the reflective surface.



The molten salts that absorb heat at 550 °C are then used to transfer this heat to water, thus generating steam which is fed to a turbine connected to an electric generator and thus subsequently generating electricity. In addition, it has a thermal storage system for molten salts that allows for stable energy delivery 24 h a day. In this way, the emission of approximately 640,000 tons of CO2 per year is avoided. This type of plant makes it possible to solve the intermittent generation of energy thanks to the storage of molten salts, thus having an operating autonomy of 17.5 h without the presence of the sun. The installation has the implementation of algorithms of a computer system that work automatically and measure the temperature of each heliostat remotely. Additionally, it is possible to know the exact point from which the maximum power can be extracted from a certain heliostat. That is, its optimal operating condition is defined and monitored in real-time and allows for the detection of possible failures of the heliostats.



Figure 27 below shows a panoramic view of the Cerro Dominador hybrid solar thermal plant in the Atacama Desert and Table 18 shows a summary of the main technical characteristics of renewable energy installation.



The Atacama Desert in Chile offers ideal conditions for the implementation of CSP projects, as it has extraordinary solar irradiance conditions that are unique worldwide and does not have problems with sandstorms as is the case in other similar geographic locations in the world [30,140].



It is in this sense that an expansion of the current Cerro Dominador facility is being considered, an initiative called the Pampa Unión expansion project. Pampa Unión is a project under development that consists of a 210 MW photovoltaic solar plant with installed capacity in its first stage and will be in the Sierra Gorda commune in the Antofagasta Region, Chile. The project currently has the authorization of a social and environmental license to begin its construction. It is expected that in the second stage of this project, the installed capacity will be extended to 600 MW in the future.



In addition, there is another new project in the pipeline called Likana Solar. This project will be in a place called Llano de Quimal, located 41 km southeast of Calama. The Likana Solar project will consist of three towers, each of which will consist of a central tower solar thermal generator using concentrated solar technology like the Cerro Dominador project, with 12 h of energy storage and an installed capacity of 690 MW. Each of these units will be surrounded by a circular heliostat solar field consisting of 13,405 heliostats, which will be responsible for reflecting and focusing solar radiation toward the receiving tower located in the central area. The Likana Solar project is expected to generate an annual net electricity production of 3,150 GWh, which could position it as one of the largest CSP tower complexes in the world (see Figure 28).





4.3. The Road to a Sustainable Paradigm with Disruptive Innovations


4.3.1. Prospective Utility-Scale Solar PV Farm Capacities in South America


The countries of South America offer high solar generation potential. In that sense, it is possible to implement large solar PV facilities in the region.



Figure 29 shows a mapping of the future installed capacity for each of the nations in the Latin American region.



According to Figure 29, the countries with the biggest solar potential and opportunity to insert solar PV farm infrastructure are (i) Brazil, (ii) Chile, (iii) Argentina, (iv) Colombia, and (v) Peru. In the case of Brazil, a high potential is observed in the northern coastal zone equivalent to 3.0 GW, and in the central coastal zone, a potential equivalent to 6.0 GW is observed. On the other hand, Chile has the greatest solar potential in the Atacama Desert equivalent to 6.0 GW. Argentina is another country with high solar potential, where projects for solar PV farms are being planned with an installed power equivalent to 3.0 GW. Finally, Colombia has a high solar resource potential, where an installed capacity equivalent to 3.0 GW is projected.




4.3.2. Emerging Sustainable Initiatives Considering Floating Solar PV Facilities


New initiatives are being implemented in the South American region, including the installation of floating solar photovoltaic plants located in bodies of water. Floating solar photovoltaic plants allow for a reduction in evaporation and use new and available space to generate clean energy [142,143]. In this area, the countries of Brazil and Chile are the leaders in the region, and considering the size of the projects, the following cases stand out.



In 2019, the Sobradinho hydroelectric plant, located in the state of Bahia, Brazil, was modernized by implementing a floating solar system with an installed capacity equivalent to 1 MW (see Figure 30). The combination of solar and hydraulic energy is a response to meet the region’s electricity consumption needs. In this sense, the Sobradinho hydroelectric plant is the first to reach the scale of 1 MW in the country. The floating solar photovoltaic plant has 3792 solar panels and produces 1.7 MWh of energy annually. However, the floating solar PV plant is expected to be expanded, and its capacity is planned to increase to 2.5 MW of installed capacity; in that sense, it is expected that the expanded installation should produce more than 4.2 MWh per year.



The combination of hydroelectric and solar energy is quite promising in this case since (i) it avoids interruptions in energy production since hydroelectric energy is responsible for supplying the intermittency of solar energy, and (ii) in turn, it replaces hydroelectric energy when the Sobradinho plant is affected by climate change phenomena such as drought.



On the other hand, in 2023, on an irrigation reservoir within the Quilamuta Farm, in the Las Cabras commune, O’Higgins Region, Chile, the agricultural company Verfrut together with Solarity inaugurated the largest floating photovoltaic solar plant in the country. The facility is characterized by having 1.1 MW of installed capacity and 1998 solar panels located on floats that keep them above the water of the reservoir, covering a total area of 8260 square meters (see Figure 31). Meanwhile, eight current inverters are responsible for collecting the energy generated as direct current to convert it into alternating current that is injected directly for consumption at the Quilamuta Farm. The Quilamuta plant will provide clean energy for the self-consumption of Verfrut’s operations, supporting the company’s goal of promoting more sustainable processes in the production, packaging, export, and marketing of fresh fruit.



In this way, the Verfrut agricultural company promotes the development of the Sustainable Development Goals (SDGs) promoted by the United Nations Organization, UN, especially those related to the development of affordable and non-polluting energy, responsible production and consumption, and the implementation of climate action.



Finally, the last success story was inaugurated in 2024 in the state of São Paulo, Brazil, the first phase of the largest floating photovoltaic solar plant in Brazil. The project is located in the reservoir dam called Billings and is being developed by the Metropolitan Water and Energy Company (EMAE) and KWP Energia. The project has 7 MW of installed capacity, and 10,500 photovoltaic panels installed on high-density polyethylene floats, producing up to 10 GWh of energy per year (see Figure 32).



This also ensures that the floating solar PV plant will be the largest in the country to operate commercially in the distributed generation mode, with generators located near the consumption centers.




4.3.3. Application of Artificial Intelligence, Remote Sensing, and Robotics in the Solar Energy Facilities Located in the South American Region


More and more energy companies are constantly looking for innovative and disruptive technological solutions to increase the efficiency, productivity, reliability, and predictability of operations. The emerging need to electrify the economy and society requires an upgrade of the electric transmission network and the implementation of digital equipment to optimize network control [144].



The industry has long since adopted SCADA systems (which allow for monitoring, control, and data acquisition), which have led to an increasing digitalization of processes and facilitated the automation of plant operations.



In this sense, digital technology has become a critical enabler for innovation and disruption in the industry. Some key aspects of digitalization are as follows: (i) data collection: using advanced analytics and insights driven by organizational methodologies to enable data-driven decision-making and agility; (ii) effectiveness: accelerated digital transformation regarding energy efficiency at every step of the value chain; and (iii) IoT: sensors and data communication networks across the value chain enabled by IoT and 5G technologies [145].



The use of LiDAR remote sensing solutions with the use of UAV drones for monitoring electrical generation, transmission, and distribution networks is also expanding (see Figure 33). Likewise, due to their scalability and cost efficiency, cloud solutions were an important step in advanced metering infrastructure, which introduced new decentralized energy consumption and exchange models to the sector [130].



On the other hand, in the South American region, artificial intelligence is being used for more efficient management of electricity transmission and to solve bottlenecks that generate electricity spills, that is, electricity generated that cannot be used for economic reasons or due to the capacity of the electrical network [146].



There are solutions for the automation of high-voltage electrical networks. Artificial intelligence allows data to be captured and processed in real time with an algorithm, without human intervention, to return a set point or status to the network in real time. This makes it possible to deal with the intermittency caused by the integration of distributed renewable energy assets [147,148,149,150].



One of the challenges presented by the Atacama Desert region in Chile where solar PV plant projects are being located is the scarcity of water and the accumulation of dirt on solar panels due to dust. For this reason, innovative solutions are being incorporated for efficient, frequent, and autonomous dry cleaning of solar panels. Thanks to the integration of various technologies such as sensors, IoT, artificial intelligence, robotics, and automation, it is possible to have robots that allow for the cleaning of thousands of PV panels continuously (see Figure 34). In this way, it is also possible to have continuous monitoring of the status of the panels and manage their cleaning remotely. This represents an important advance in saving water use, time, and money, being a cutting-edge solution in issues related to sustainability and advances in digitalization technologies [151].



The adoption of new technologies is not an easy process, especially in industries such as the electrical industry, which are complex systems in which failure can have serious consequences for industries and cities. In this sense, the regulation of the sector tends to be seen as one of the main obstacles to the adoption of new digital solutions. In addition, there is a certain degree of resistance to change in countries in the region that are undergoing a generational change, which still presents difficulties in opening to changes, mostly due to security issues, uncertainty about the performance of the operation, and fear of changes, but gradually, spaces are opening up to cutting-edge technological prototype solutions.



Considering the experience and development of solar energy in the South American region, there are a number of open research challenges that still have no answers. In this sense, for example, it is necessary to explore and design a digital tool that allows for optimizing the operation and maintenance of a hybrid solar thermal generation plant, for example, similar to that of the Cerro Dominador project. Some of these open research challenges include the following:




	
How can the operation be optimized considering the different operating modes based on parameters and the analysis of real-time information?



	
How can weather and energy sale conditions be integrated with the best scenarios and strategies according to the reality of the plant’s layout and operation at any given time?



	
How can the plant’s 24/48 h load plans be made more efficient based on the analysis of real data from the facility?



	
How can different variables and operating modes be integrated into a digital twin to simulate different operating scenarios?



	
How can better forecasts and maintenance needs be obtained for systems, equipment, or parts of the facility based on information and analysis of parameters measured in real time and historical data?










4.4. Gaps and Limitations of This Review


The main shortcomings of this review lie in the lack of consideration of several critical factors for the comprehensive implementation of solar energy in South America. Although the paper provides a detailed overview of the potential and expansion of solar infrastructure, it fails to include an in-depth analysis of capital (CAPEX) and operational (OPEX) costs, which are essential for evaluating the economic feasibility and long-term sustainability of projects. This gap limits the understanding of the cost–benefit balance, especially when compared to other renewable energy sources and emerging technologies in the region. Additionally, this review does not adequately address the integration of advanced technologies such as Industry 4.0, which includes smart sensors, the Internet of Things (IoT), artificial intelligence, and digital twins. These tools are crucial for optimizing operational efficiency, predictive maintenance, and real-time decision-making, but their implementation and potential in solar projects across the region are not thoroughly discussed. Lastly, there is a lack of focus on circular economic principles, particularly in terms of recycling and reusing solar panels. Given the limited lifespan of these panels, the absence of a clear approach to managing future waste is a significant deficiency. Addressing these limitations could foster a discussion on how to tackle these challenges to ensure that the growth of solar energy in South America is both economically and environmentally sustainable.



The main challenge regarding the development of solar energy facilities in South America lies in reducing the capital (CAPEX) and operational (OPEX) costs of the projects. Currently, although the region has high solar irradiation potential, the widespread implementation of these infrastructures remains limited due to relatively high costs, especially compared to other energy sources. If these costs can be lowered through technological advancements, economies of scale, and supportive policies, solar solutions could expand on an urban, commercial, and industrial scale in a more widespread manner. This would enable solar energy to become a viable and competitive alternative, facilitating the transition to a more sustainable and low-carbon energy matrix.





5. Conclusions


All countries in the South American region considered in this study, Brazil, Chile, Argentina, Colombia, Peru, Uruguay, Bolivia, Ecuador, Venezuela, and Paraguay, have solar potential to develop this renewable energy, where the average theoretical potential (GHI) is 5.112 (kWh/m2) and the average practical potential is 4.460 (kWh/kW). Chile leads with 5.365 (kWh/kW) of average practical potential, considering the extraordinary environmental characteristics of the Atacama Desert.



In this sense, all countries have implemented facilities linked to solar energy. Brazil, Chile, Argentina, Colombia, and Peru are at the forefront as of 2023 considering the implementation of large-scale solar PV farms in the South American region, with a collective installed capacity that exceeds 49 GW. Brazil leads with a total installed capacity equivalent to 37 GW followed by Chile with a total installed capacity of 8.7 GW considering solar PV farms.



As of 2023, considering the countries of the South American region under study, there are 663 large-scale solar PV farms in operation, leading Chile with 335 solar PV farms and followed by Brazil with 215. The reason why Chile leads in the quantity of facilities is because it has a greater number of small-scale solar PV farms in comparison with large-scale Brazilian solar PV farms. As of 2023, there is only one tower concentrated solar power (CSP) facility in operation in the South American region, located in the Atacama Desert region in Chile, with a total installed capacity of 110 MW and a time of stored energy in the form of heat equivalent to 17.5 h. Also, it is relevant to mention that Chile has started the implementation of hybrid renewable energy facilities in the region considering the operation of (i) solar PV farms with on-shore wind farms and (ii) solar PV farms with tower concentrated solar power (CSP). Additionally, incipient progress is shown to be linked with the implementation of floating solar PV farm facilities, which are popular in hydroelectric reservoirs, water reservoirs linked with agriculture, and water reservoirs used in mining, among others.



Some of the advantages that are important to highlight regarding the implementation of solar energy in the South American region are the following: (i) low social conflict, where the use of solar energy resources is accepted in nearby communities, which is why they are usually implemented in a short time; (ii) energy matrix diversity, where generation is concentrated in hydroelectric and thermal natural gas plants, and solar energy installations allow the matrix to be diversified in order to address problems of scheduled (maintenance) and unscheduled (gas pipeline breakage, droughts, effects of the El Niño phenomenon, among others) unavailability; (iii) environmental pollution level reductions, where solar photovoltaic installations allow for a reduction in greenhouse gas emissions; and (iv) quickly implemented installations, where compared to conventional fossil fuel plants, the execution and operation of solar photovoltaic generation projects take less time (on average, between two and three years, depending on the size).



Solar energy installations also pose challenges that must be considered in their implementation, such as (i) intermittency, presenting unavailability throughout the day, and (ii) large-scale integration. It is in this sense that a decisive role is being assumed in the South American region by hybrid solar–wind renewable energy installations and battery energy storage systems (BESSs) implemented in solar photovoltaic installations. On the one hand, the hybridization between onshore wind energy and solar photovoltaic energy allows for large-scale integration and at the same time addresses the intermittency of solar energy by operating wind turbines at night. On the other hand, historically, the most important energy storage technology has been pumped-storage hydroelectric plants, but currently, there are important technological advances and cost reductions in the use of batteries, especially lithium batteries, which can be placed anywhere. The diffusion of BESS storage facilities in the South American region is in the initial stage of implementation, but it is promising as it is increasing rapidly thanks to technological innovation that constantly improves the quality and performance of batteries. It is expected that, in the next decades, BESSs will be fully integrated into the electrical grids, with intermittent sources such as solar energy being able to provide energy to the electrical grid at any time, regardless of atmospheric conditions. At that time, it will be possible to have a combination of renewable energy sources for electricity generation in total without greenhouse gas emissions, in the not-too-distant future.



Finally, it is possible to mention that the South American region contributes to important efforts and advances in the mitigation of climate change, aligned with the sustainable development objectives promoted by the UN 2030 agenda, and advances steadily and progressively in its roadmap towards the decarbonization of its energy matrix by 2050, supported by the benefits of inexhaustible and renewable solar energy.
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	SDGs
	Sustainable Development Goals



	UN
	United Nations



	BAT
	best available technology



	PV
	photovoltaic



	CSP
	concentrated solar power



	GHGs
	greenhouse gases



	CO2eq
	carbon dioxide equivalent



	NDCs
	Nationally Determined Contributions



	IRENA
	International Renewable Energy Agency



	ESMAP
	Energy Sector Management Assistance Program



	NGOs
	Non-Government Organizations



	DHI
	diffuse horizontal irradiance



	DNI
	direct normal irradiance



	GHI
	global horizontal irradiance



	PF
	plant factor



	BESS
	battery energy storage system



	R&D
	research and development



	AI
	artificial intelligence



	ML
	machine learning



	IoT
	Internet of Things



	CC
	cloud computing



	5G
	first-generation cellular technology—mobile network that provides more connectivity and faster connection speeds



	UAVs
	unmanned aerial vehicles



	LiDAR
	Light Detection and Ranging



	EIA
	Environmental Impact Assessment



	DEM
	data extraction from metadata



	DEC
	data extraction from content



	ECs
	exclusion criteria



	CAPEX
	capital costs



	OPEX
	operational costs



	EPC
	Engineering, Procurement, and Construction



	RER
	renewable energy resource



	ENSO
	El Niño–Southern Oscillation



	LCOE
	Levelized Cost of Electricity



	MW
	megawatts



	GW
	gigawatts



	MWh
	megawatts-hour



	GWh
	gigawatts-hour



	TWh
	terawatts-hour



	kWh/m2
	kilowatt-hour per square meter



	kWh/kW
	kilowatt-hour per kilowatt



	Mt
	millions of tons



	Ha
	hectare



	h
	Hours



	masl
	meters above sea level
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Figure 1. Comparative evolution between solar PV energy, wind energy, and hydroelectric energy implementation in South America. 
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Figure 2. Implementation of renewable solar PV energy in the Atacama Desert, Chile, South America. 
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Figure 3. Methodological procedure applied. 
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Figure 4. Summary of the methodology implemented in this systematic review. 
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Figure 5. PRISMA flow diagram of the procedure for article screening and selection. * Consider, if feasible to do so, reporting the number of records identified from each database or register searched (rather than the total number across all databases/registers). 
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Figure 6. Findings considering 91 articles selected from 1989 to 2024. 
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Figure 7. Production of 91 selected articles from different countries. 
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Figure 8. Production of citations of 91 selected articles by nation. 
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Figure 9. Document classification by type of the 91 scientific publications selected. 
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Figure 10. Findings of keyword co-occurrence study using VOSviewer without time dimension. 
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Figure 11. Findings of keyword co-occurrence study using VOSviewer with time dimension. 
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Figure 12. Mapping of average simulated solar PV capacity factors in Latin America. Adapted from [13]. 
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Figure 13. Mapping of solar PV facilities in Latin America specifying the installed capacity for each country. Adapted from [14]. 
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Figure 14. Spatial distribution of the number of solar PV farms under operation in the countries of South America in the year 2023. 
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Figure 15. Main policies related to climate change mitigation considering the implementation of solar energy in South America. 
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Figure 16. Main cutting-edge technologies linked with solar energy infrastructures in South America. 
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Figure 17. Main challenges facing the implementation of solar energy in South America. 
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Figure 18. Main types of energy storage systems used in solar energy production in South America. 
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Figure 19. A landscape view of photovoltaic panels in the Janaúba Solar Complex, Brazil, in the year 2024. 
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Figure 20. A landscape view of photovoltaic panels in the São Gonçalo PV Park, Brazil, in the year 2024. 
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Figure 21. Landscape view of Futura 1 Solar Complex, Brazil—year 2024. 
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Figure 22. Landscape view of Neoenergia hybrid renewable energy complex, Brazil—year 2024. 
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Figure 23. Landscape view of Azabache hybrid renewable energy facility, Chile—year 2024. 
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Figure 24. Landscape view of Las Salinas hybrid renewable energy facility, Chile—year 2024. 
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Figure 25. Example of battery energy storage system (BESS). 
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Figure 26. BESS Coya Facility, Chile—year 2024. Adapted from [139]. 
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Figure 27. Landscape view of Cerro Dominador hybrid renewable energy facility, Chile—year 2024. 
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Figure 28. Mapping of Cerro Dominador, Pampa Unión, and Likana Solar energy projects in Antofagasta Region in Chile. 
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Figure 29. Mapping of future facilities considering installed capacity in Latin America. Adapted from [14]. 
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Figure 30. Panoramic view of floating solar PV facility in Sobradinho hydroelectric plant, Brazil. 
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Figure 31. Panoramic view of floating solar PV facility in water reservoir of Fundo Quilamuta, Chile. 
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Figure 32. Panoramic view of floating solar PV facility in water reservoir of Billings Dam, Brazil. 
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Figure 33. An example showing the use of UAVs to detect anomalies in the panels of solar PV farms. 






Figure 33. An example showing the use of UAVs to detect anomalies in the panels of solar PV farms.



[image: Energies 17 05532 g033]







[image: Energies 17 05532 g034] 





Figure 34. An example showing the use of smart robots to clean panels of solar PV farms. 
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Table 1. Keywords and Boolean operators are used to search scientific publications.
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Keywords

	
Boolean Operator

	
Keywords

	
Boolean Operator

	
Keywords






	
Solar

	
AND

	
Energy

	
AND

	
Argentina




	
Bolivia




	
Brazil




	
Chile




	
Colombia




	
Ecuador




	
Paraguay




	
Peru




	
Uruguay




	
Venezuela




	
South America











 





Table 2. Data extraction form implemented in this research.
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	Id.
	Criteria
	Field
	Question
	Data





	DEM 1
	Metadata

perspective
	Keywords
	What are the keywords?
	keywords



	DEM 2
	Metadata

perspective
	Title
	What is the name?
	name



	DEM 3
	Metadata

perspective
	Authors
	Who are the authors?
	author list



	DEM 4
	Metadata

perspective
	Year
	What is the publication year?
	year



	DEM 5
	Metadata

perspective
	Country
	What is the country of the first author?
	country



	DEM 6
	Metadata

perspective
	Citation Count
	How many citations does the document have?
	number



	DEM 7
	Metadata

perspective
	Document Type
	What is the name of the type of document?
	conference paper or article or

review or other



	DEC8
	Content-based

perspective
	Popular

Clusters
	RQ1: What are the main clusters of solar energy concepts applied to implement this infrastructure in South America and how do they evolve?
	e.g., solar PV energy, and solar CSP energy, among others



	DEC9
	Content-based

perspective
	Solar Energy Potential and Installed Capacity
	RQ2: What is the solar energy installed capacity (MW), solar average theoretical potential considering global horizontal irradiance (GHI) (kWh/m2), and solar average practical potential (kWh/kW) in each country of South America?
	e.g., 5000 MW installed capacity and 4.654 solar average practical potential (kWh/kW), among others



	DEC10
	Content-based

perspective
	Solar Annual Energy Production and Reduction Rate of GHGs
	RQ3: What is the annual energy production (GWh) from solar energy infrastructures and what is the related reduction rate of greenhouse gases (GHGs) in each country of South America?
	e.g., 20,000 MWh, 1.2 Mt eq CO2, among others



	DEC11
	Content-based

perspective
	Quantity of Solar Farm Facilities
	RQ4: Which South American countries have more advances in solar energy considering the quantity of solar energy infrastructures under operation?
	e.g., 12, 22, 90, among others



	DEC12
	Content-based

perspective
	Climate Change Mitigation Progress
	RQ5: What are the main policies related to climate change mitigation considering the implementation of solar energy in South America?
	e.g., rural electrification and clean energy for remote places, among others



	DEC13
	Content-based

perspective
	Cutting-Edge technologies
	RQ6: What are the main cutting-edge technologies linked with solar energy infrastructures in South America?
	e.g., bifacial panel utilization, battery energy storage system (BESS) application, and floating solar PV farms, among others



	DEC14
	Content-based

perspective
	Challenges
	RQ7: What are the main challenges facing the implementation of solar energy in South America?
	e.g., economic and political, intermittent power supply, and sustainable and resilient infrastructures, among others



	DEC15
	Content-based

perspective
	Energy Storage Systems
	RQ8: What are the main types of energy storage systems used in solar energy production in South America?
	e.g., lithium BESS, hydrogen, and hydraulic storage, among others










 





Table 3. VOSviewer clusters without time dimension.
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	Cluster Name
	Keywords
	Cluster Definition





	Cluster “Yellow”
	Hydrogen fuels, hydrogen, PV energy, environment
	Green hydrogen production



	Cluster “Blue”
	Fossil fuels, emission control, electric power systems
	Decarbonatization



	Cluster “Red”
	PV systems, digital storage, distributed computer system
	Energy digitalization



	Cluster “Green”
	Solar energy, renewable energy, energy matrix, South America
	Renewable energy



	Cluster “Orange”
	CSP, heat storage, electric energy storage
	Energy storage



	Cluster “Purple”
	Sustainable development, hydroelectric power, energy system
	Hybridization



	Cluster “Sky Blue”
	Solar radiation, amorphous silicon, amorphous films
	New PV cells










 





Table 4. VOSviewer clusters with time evolution.
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	Cluster Name
	Keywords
	Period of Publication
	Cluster Definition





	Cluster “Blue”
	PV system, solar radiation, amorphous silicon
	2014–2016
	New PV cells



	Cluster “Green”
	Solar energy, renewable energy, heat storage
	2016–2020
	Solar energy storage



	Cluster “Yellow”
	Solar energy, environment, water reservoirs
	2020–2022
	Green hydrogen production










 





Table 5. A summary of the solar energy installed capacity (MW), solar average theoretical potential considering global horizontal irradiance (GHI) (kWh/m2), and solar average practical potential (kWh/kW) in each country of South America according to the data from the year 2023.
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	Country
	Installed Capacity

(MW)
	Average Theoretical Potential (GHI) (kWh/m2)
	Average Practical

Potential (kWh/kW)





	Argentina
	1408
	5.124
	4.599



	Bolivia
	172
	5.424
	4.942



	Brazil
	37,449
	5.276
	4.404



	Chile
	8790
	5.758
	5.365



	Colombia
	716
	4.867
	4.049



	Ecuador
	31
	4.305
	3.402



	Paraguay
	1
	5.077
	4.281



	Peru
	398
	5.146
	4.901



	Uruguay
	297
	4.790
	4.304



	Venezuela
	5
	5.350
	4.355



	South America
	49,267
	5.112
	4.460



	Mexico
	10,893
	5.728
	4.924



	USA
	137,725
	4.498
	4.358



	China
	609,350
	4.127
	3.883










 





Table 6. A summary of annual energy production (GWh) from solar infrastructures and the related reduction rate of greenhouse gases (GHGs) in each country of South America considering the data from the year 2020.
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	Parameters (Year 2020)
	Units
	Argentina
	Brazil
	Bolivia
	Chile
	Colombia
	Ecuador
	Paraguay
	Peru
	Uruguay
	Venezuela
	Mexico
	USA
	China





	Electricity generated from solar PV energy
	GWh
	1346
	10,759
	250
	8141
	206
	38
	0.01
	838
	462
	8
	13,528
	115,902
	261,369



	GHG emissions generated from solar PV energy
	Mt CO2eq
	0.1
	0.5
	0
	0.4
	0
	0
	0
	0
	0
	0
	0.6
	5.3
	12



	Avoided GHG emissions from solar PV energy
	Mt CO2eq
	0.545
	5.157
	0.110
	6.210
	0.136
	0.028
	0
	0.398
	0.367
	0.004
	6.182
	51.73
	225










 





Table 7. A summary of the total installed capacity (MW), the number of solar PV farms, and the average installed capacity per solar PV farm (MW) in each country of South America in the year 2023.
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	Country
	Total Installed

Capacity (MW)
	Number of Solar PV Farms
	Average Installed Capacity per Solar PV Farm (MW)





	Argentina
	1408
	39
	36



	Bolivia
	172
	8
	22



	Brazil
	37,449
	218
	172



	Chile
	8790
	335
	26



	Colombia
	716
	30
	24



	Ecuador
	31
	3
	10



	Paraguay
	1
	1
	1



	Peru
	398
	9
	44



	Uruguay
	297
	15
	20



	Venezuela
	5
	5
	1



	South America
	49,267
	663
	74










 





Table 8. Comparison of the main characteristics of the articles selected dealing with the insertion of solar energy in South America. The following abbreviations are considered for (i) main policies related to climate change mitigation considering the implementation of solar energy in South America (rural electrification, RE; clean energy for remote places, CERP; reduction in fossil fuel energy facilities, RFFEF; implementation in industries, II; implementation in residential facilities, IRF; not specified, N/S), (ii) main cutting-edge technologies linked with solar energy infrastructures applied in South America (bifacial panel utilization, BPU; battery energy storage system (BESS) application, BESSA; hybridization with onshore wind energy and PV, HWEFPV; system PV solar, SFS; concentrated solar energy, CSE; solar trackers, STs; not specified, N/S), (iii) main challenges facing the implementation of solar energy in South America (economic and political, EP; training of human and technological resources, THTR; intermittent power supply, IPS; awareness and environmental education, AEE; sustainable and resilient infrastructure, SRI; not specified, N/S), and (iv) main types of energy storage systems used in solar energy production in South America (lithium-ion batteries, LIBs; lead-acid batteries, LABs; hydrogen, H; thermal storage, TS; hydraulic storage, HS; flywheel, F; compressed air storage, CAS; not specified, N/S).
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	#
	Authors
	Year
	(i)
	(ii)
	(iii)
	(iv)





	1
	Galván et al. [40]
	2022
	RE-CERP-RFFEF
	BESSA-HWEFPV
	EP-THTR-IPS-AEE-SRI
	LIB-H-HS



	2
	Dei et al. [41]
	2005
	RE-CERP
	BESSA-HWEFPV
	N/E
	HS



	3
	Buch and Filho [42]
	2012
	RE
	SFS
	EP-THTR-IPS-AEE-SRI
	N/E



	4
	Silva et al. [43]
	2023
	RFFEF-IRF-II
	HWEFPV
	EP-THTR-IPS-SRI
	LIB-TS-HS



	5
	De Sousa et al. [44]
	2023
	RFFEF-IRF
	N/E
	EP-THTR-IPS-AEE-SRI
	LAB



	6
	David et al. [45]
	2024
	RE-FM-DPPM
	BPU-BESSA-HWEFPV
	EP-THTR-IPS-AEE-SRI
	LIB-LAB



	7
	Matos et al. [46]
	2022
	RFFEF-IRF-II
	CSE
	EP-IPS
	LIB-LAB-TS-HS



	8
	Barbosa de Melo et al. [47]
	2022
	IRF-II
	BPU-ST
	EP
	LIB-LAB



	9
	Carpio [48]
	2021
	RFFEF-IRF
	N/E
	IPS-SRI
	HS



	10
	Nadaleti et al. [49]
	2022
	II-IRF
	SFS
	SRI
	H



	11
	de Souza et al. [50]
	2022
	RE-CERP-II-IRF
	N/E
	N/E
	LIB



	12
	Torres et al. [51]
	2021
	RFFEF-II-IRF
	SFS-CSE
	EP-IPS-SRI
	N/E



	13
	Martelli et al. [52]
	2020
	RFFEF-II-IRF
	N/E
	EP-IPS
	LIB-LAB



	14
	Viviescas et al. [53]
	2019
	RFFEF-II-IRF
	N/E
	N/E
	N/E



	15
	Sulaeman et al. [54]
	2021
	RFFEF-RE
	HWEFPV
	N/E
	N/E



	16
	da Rocha Santos et al. [55]
	2019
	II-IRF
	HWEFPV
	EP-AEE
	LIB-LAB



	17
	Vilaça Gomes et al. [56]
	2018
	II-IRF
	N/E
	EP-IPS-SRI
	N/E



	18
	Urbanetz et al. [57]
	2019
	II-IRF
	SFS
	EP-THTR-IPS-AEE-SRI
	LIB-TS



	19
	Soria et al. [58]
	2016
	RFFEF-II-IRF
	BESSA-HWEFPV
	EP-THTR-IPS-AEE-SRI
	LIB-LAB-TS-HS



	20
	Fichter et al. [59]
	2017
	RFFEF-II-IRF
	HWEFPV
	EP-IPS-THTR
	LIB-LAB-TS



	21
	Ferreira et al. [60]
	2018
	RE-CERP
	CSE
	EP-THTR-IPS-AEE-SRI
	N/E



	22
	Malagueta et al. [61]
	2014
	RFFEF-II-IRF
	CSE
	EP-THTR-IPS-SRI
	TS



	23
	Nogueira et al. [62]
	2014
	RE-CERP
	HWEFPV
	EP-IPS
	LIB-LAB-HS



	24
	Jannuzzi and de Melo [63]
	2013
	RE-IRF
	SFS
	EP-SRI
	N/E



	25
	Viana et al. [64]
	2011
	RE-CERP
	CSE
	IPS
	LIB-LAB-TS



	26
	do Sacramento et al. [65]
	2008
	RFFEF-CERP
	HWEFPV
	N/E
	H



	27
	Martins et al. (1) [66]
	2008
	RE-CERP
	HWEFPV
	EP-IPS-SRI
	LIB-LAB-TS



	28
	Martins et al. (2) [67]
	2008
	RE-CERP
	HWEFPV
	EP-IPS-AEE
	N/E



	29
	Dhere [68]
	1989
	RE-CERP
	N/E
	EP-THTR-SRI
	N/E



	30
	Da Silva et al. [69]
	2005
	RE-CERP
	HWEFPV
	N/E
	H-HS



	31
	Quiñones et al. [70]
	2020
	RFFEF-II
	HWEFPV
	EP-THTR-IPS-AEE-SRI
	N/E



	32
	Maximov et al. [71]
	2021
	RFFEF-IRF
	N/E
	EP-IPS-SRI
	TS



	33
	Viole et al. [72]
	2023
	RE-CERP
	BESSA-SFS
	EP-IPS-SRI
	LIB-H



	34
	Vargas Gil et al. [73]
	2020
	RFFEF-IRF
	BESSA
	EP-IPS-SRI
	LIB-LAB



	35
	León et al. [74]
	2023
	CERP
	N/E
	N/E
	N/E



	36
	Cornejo-Ponce et al. [75]
	2022
	RE-CERP
	N/E
	EP-IPS-AEE-SRI
	LIB-LAB-TS



	37
	Behar et al. [76]
	2021
	II-RFFEF-CERP
	SFS
	EP-IPS-SRI
	LIB-LAB-TS



	38
	Haas et al. [77]
	2020
	RFFEF-II-IRF
	HWEFPV
	EP-THTR-IPS-AEE-SRI
	N/E



	39
	Bayo-Besteiro et al. [78]
	2023
	RFFEF-II-IRF
	SFS-CSE
	IPS
	TS



	40
	Hernández et al. [79]
	2020
	RFFEF-II
	CSE
	EP-THTR-SRI
	TS-LIB-LAB-H-F



	41
	Cardemil et al. [80]
	2016
	RFFEF-II
	HWEFPV
	N/E
	N/E



	42
	Suuronen et al. [81]
	2017
	RE-RFFEF
	N/E
	EP-IPS-SRI
	N/E



	43
	Starke et al. [82]
	2016
	RFFEF-II
	HWEFPV
	EP-IPS-SRI
	TS



	44
	Mena et al. [83]
	2019
	CERP-RFFEF
	CSE
	EP-IPS-SRI
	LIB-LAB-TS



	45
	Grágeda et al. [84]
	2016
	RFFEF-II-IRF
	SFS
	EP-SRI
	N/E



	46
	Girard et al. [85]
	2019
	RFFEF-II-IRF
	N/E
	EP-IPS-SRI
	N/E



	47
	Agostini et al. [86]
	2016
	RFFEF-CERP
	N/E
	EP-SRI
	N/E



	48
	Moreno-Leiva et al. [87]
	2017
	II
	SFS-CSE
	N/E
	TS



	49
	Vega and Zaror [88]
	2018
	II
	SFS
	EP-IPS-SRI
	N/E



	50
	Valenzuela et al. [89]
	2017
	RFFEF-II
	HWEFPV
	IPS-SRI
	LIB-LAB-TS



	51
	Ferrada et al. [90]
	2015
	II-IRF
	N/E
	N/E
	LIB-LAB-H-TS-F



	52
	Jiménez-Estévez et al. [91]
	2015
	RFFEF-II-IRF
	HWEFPV
	EP-THTR-IPS-SRI
	TS



	53
	Escobar et al. [92]
	2015
	RFFEF-II-IRF
	N/E
	EP-SRI
	N/E



	54
	Cáceres et al. [93]
	2013
	RFFEF-II-IRF
	CSE
	EP-IPS-SRI
	TS



	55
	Fuentealba et al. [94]
	2015
	II-IRF
	N/E
	AEE-SRI
	LIB-LAB-TS



	56
	Marcher et al. [95]
	2015
	RFFEF-CERP
	N/E
	IPS
	HS



	57
	Larraín and Escobar [96]
	2012
	IRF-II
	N/E
	EP-IPS-SRI
	N/E



	58
	Parrado et al. [97]
	2016
	RE-CERP-IRF
	HWEFPV
	EP-IPS
	LIB-LAB-TS



	59
	Betancur et al. [98]
	2024
	RE-RFFEF-IRF-II
	HWEFPV
	REP-THTR-IPS-AEE
	TS



	60
	Villamizar et al. [99]
	2023
	RE-CERP
	N/E
	EP-THTR
	N/E



	61
	López et al. [100]
	2020
	RE-CERP
	BESSA-HWEFPV
	EP-THTR-IPS
	LIB



	62
	Abril et al. [101]
	2021
	RE-CERP-RFFEF
	N/E
	EP-THTR-IPS
	LIB-LAB



	63
	Carvajal-Romo et al. [102]
	2019
	RE-CERP-IRF
	BESSA-HWEFPV
	EP-IPS-SRI
	LAB-TS



	64
	Mulcué-Nieto et al. [103]
	2020
	RE-CERP-RFFEF
	N/E
	N/E
	N/E



	65
	Aristizabal et al. [104]
	2019
	RFFEF-IRF
	N/E
	EP-IPS
	N/E



	66
	Sandoval-Rodriguez et al. [105]
	2023
	N/E
	N/E
	N/E
	N/E



	67
	Orjuela-Abril et al. [106]
	2023
	RE-CERP-II-IRF
	N/E
	N/E
	H



	68
	Moreno et al. [107]
	2022
	RE-CERP-RFFEF
	N/E
	EP-THTR-IPS
	N/E



	69
	Becerra-Fernandez et al. [108]
	2023
	RE-CERP-RFFEF
	N/E
	EP-THTR
	LIB



	70
	Pedraza-Yepes et al. [109]
	2023
	CERP-RFFEF
	BESSA
	EP-THTR-IPS
	LIB



	71
	Murillo et al. [110]
	2023
	RE-CERP-RFFEF
	BESSA
	EP-IPS
	LAB



	72
	Rodríguez-Urrego et al. [111]
	2018
	RE-CERP
	HWEFPV
	EP-THTR-IPS
	N/E



	73
	Ariza Taba et al. [112]
	2017
	RE-CERP-RFFEF
	N/E
	EP-IPS-SRI
	N/E



	74
	Domenech et al. [113]
	2022
	RE-CERP-IRF
	N/E
	EP-IPS-AEE
	LIB-LAB



	75
	Boero and Agyenim [114]
	2019
	IRF-II
	N/E
	EP-IPS
	TS



	76
	Lata-Garcia et al. [115]
	2018
	RE-CERP
	HWEFPV
	IPS-SRI
	LAB



	77
	Tian et al. [116]
	2021
	CERP-RFFEF-IRF
	N/E
	EP-AEE-SRI
	N/E



	78
	Zalamea-Leon et al. [117]
	2023
	IRF-II
	N/E
	EP-IPS-SRI
	N/E



	79
	Cevallos Escandón et al. (1) [118]
	2022
	RFFEF-IRF
	N/E
	EP-THTR-IPS
	H



	80
	Cevallos-Escandón et al. (2) [119]
	2023
	RFFEF-II
	BESSA-HWEFPV
	EP-THTR-IPS
	HS



	81
	Bermeo et al. [120]
	2021
	N/E
	N/E
	EP-THTR-IPS
	N/E



	82
	Becker Pessolani [121]
	2016
	RE-CERP-RFFEF
	N/E
	EP-THTR-IPS
	N/E



	83
	Love and Garwood [122]
	2011
	RE
	N/E
	EP-IPS-SRI
	LAB



	84
	Canziani et al. (1) [123]
	2021
	RE-RFFEF-IRF
	BESSA-HWEFPV
	EP-IPS-SRI
	LIB-LAB



	85
	Delgadillo et al. [124]
	2022
	RE-CERP
	BESSA-HWEFPV
	EP-THTR-IPS
	LIB-TS



	86
	Canziani et al. (2) [125]
	2021
	RE-CERP
	BESSA-HWEFPV
	EP-IPS
	LAB



	87
	Caravantes et al. [126]
	2024
	N/E
	N/E
	N/E
	N/E



	88
	Narvaez et al. [127]
	2023
	N/E
	N/E
	N/E
	N/E



	89
	De Barbosa et al. [128]
	2017
	RFFEF-II-IRF
	BESSA-HWEFPV
	EP-IPS
	LIB-LAB-HS-CAS



	90
	Posso and Zambrano [129]
	2014
	RE-CERP-
	N/E
	N/E
	N/E



	91
	Cacciuttolo et al. [130]
	2024
	RE-CERP-II
	HWEFPV
	EP-IPS-SRI
	TS-H










 





Table 9. Ranking of countries of South America for the insertion of solar PV energy considering installed capacity. Year: 2023.
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	Ranking
	Country
	Installed Capacity MW
	Number of Solar PV Farms
	Average Theoretical

Potential (GHI) kWh/m2
	Average Practical Potential kWh/kW





	1
	Brazil
	37,449
	218
	5.760
	4.404



	2
	Chile
	8790
	335
	5.758
	5.365



	3
	Argentina
	1408
	39
	5.124
	4.599



	4
	Colombia
	716
	30
	4.867
	4.049



	5
	Peru
	398
	9
	5.146
	4.901



	6
	Uruguay
	297
	15
	4.790
	4.304



	7
	Bolivia
	172
	8
	5.424
	4.942



	8
	Ecuador
	31
	3
	4.305
	3.402



	9
	Venezuela
	5
	5
	5.350
	4.355



	10
	Paraguay
	1
	1
	5.077
	4.281



	Total
	South America
	49,267
	663
	5.112
	4.460










 





Table 10. Ranking of the largest solar PV Farms in South America considering the installed capacity of solar energy. Year: 2023.
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	Ranking
	Solar PV Farm Name
	Country
	Installed Capacity
	Unit





	1
	Janaúba Solar Complex
	Brazil
	1200
	MW



	2
	São Gonçalo PV Park
	Brazil
	864
	MW



	3
	Futura 1 Solar Complex
	Brazil
	837
	MW



	4
	Sol do Cerrado Solar Park
	Brazil
	766
	MW



	5
	Helio Valgas Solar PV Park
	Brazil
	650
	MW



	6
	CEME1 PV Park
	Chile
	480
	MW



	7
	Sol do Sertão Solar PV Park
	Brazil
	475
	MW



	8
	Guanchoi PV Park
	Chile
	398
	MW



	9
	Pirapora PV Park
	Brazil
	398
	MW



	10
	SSM 1&2 Solar PV Park
	Brazil
	320
	MW










 





Table 11. The main characteristics of the Janaúba Solar Complex, Brazil, in the year 2024.
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	Characteristics
	Data
	Units





	Location
	Minas Gerais Region
	-



	Energy Company
	Elera Renovaveis
	-



	PV or CSP
	Photovoltaic
	-



	Quantities of PV Modules
	2,200,000
	-



	Module Type
	Monocrystalline Silicon
	-



	Power of Modules
	545
	W



	Modules’ Technology
	Bifacial Modules
	-



	Number of Inverters
	1350
	-



	Type of Structure
	1-Axis Horizontal Tracker
	-



	Tracking Angle
	45
	°



	Installed Capacity
	1200
	MW



	Capacity Factor
	0.33
	-










 





Table 12. São Gonçalo PV Park, Brazil—main characteristics.
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	Characteristics
	Data
	Units





	Location
	Piauí Region
	-



	Energy Company
	Enel Green Power S.A.
	-



	PV or CSP
	Photovoltaic
	-



	Quantities of PV Modules
	2,200,000
	-



	Module Type
	Monocrystalline Silicon
	-



	Power of Modules
	390
	W



	Modules’ Technology
	Bifacial Modules
	-



	Number of Inverters
	970
	-



	Type of Structure
	1-Axis Horizontal Tracker
	-



	Tracking Angle
	42
	°



	Installed Capacity
	864
	MW



	Capacity Factor
	0.32
	-










 





Table 13. Futura 1 Solar Complex, Brazil—main characteristics.
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	Characteristics
	Data
	Units





	Location
	Bahia Region
	-



	Energy Company
	Eneva S.A.
	-



	PV or CSP
	Photovoltaic
	-



	Quantities of PV Modules
	1,400,000
	-



	Module Type
	Monocrystalline Silicon
	-



	Power of Modules
	600
	W



	Modules’ Technology
	Bifacial Modules
	-



	Number of Inverters
	940
	-



	Type of Structure
	1-Axis Horizontal Tracker
	-



	Tracking Angle
	40
	°



	Installed Capacity
	837
	MW



	Capacity Factor
	0.30
	-










 





Table 14. Neoenergía hybrid renewable energy complex, Brazil—main characteristics.
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	Characteristics
	Value
	Units





	Location
	Paraíba Region
	-



	Concession Owner
	Iberdrola S.A.
	-



	Wind Farm Name
	Chafariz
	-



	Type of Wind Farm
	Onshore
	-



	Number of Turbines
	136
	-



	Turbines’ Manufacturer/Model
	SG132
	-



	Diameter of Turbines
	130
	m



	Hub Height
	150
	m



	Installed Capacity per Turbine
	3.5
	MW



	Total Installed Capacity
	471
	MW



	Wind Farm Capacity Factor
	0.50
	-



	Solar Farm Name
	Luzia
	-



	PV or CSP
	Photovoltaic
	-



	Quantities of PV Modules
	228,000
	-



	Module Type
	Monocrystalline Silicon
	-



	Power of Modules
	650
	W



	Modules’ Technology
	Bifacial Modules
	-



	Number of Inverters
	165
	-



	Type of Structure
	1-Axis Horizontal Tracker
	-



	Tracking Angle
	45
	°



	Installed Capacity
	149
	MW



	Solar PV Farm Capacity Factor
	0.25
	-



	Total Installed Capacity Hybrid Facility
	620
	MW










 





Table 15. Azabache hybrid renewable energy facility, Chile—main characteristics.
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	Characteristics
	Value
	Units





	Location
	Antofagasta Region
	-



	Concession Owner
	Enel Green Power S.A.
	-



	Wind Farm Name
	Valle de Los Vientos
	



	Type of Wind Farm
	Onshore
	-



	Number of Turbines
	45
	-



	Turbines’ Manufacturer/Model
	Vestas V100/2000
	-



	Diameter of Turbines
	100
	m



	Hub Height
	120
	m



	Installed Capacity per Turbine
	2.0
	MW



	Total Installed Capacity
	90
	MW



	Wind Farm Capacity Factor
	0.52
	-



	Solar Farm Name
	Azabache
	-



	PV or CSP
	Photovoltaic
	-



	Quantities of PV Modules
	154,170
	-



	Module Type
	Monocrystalline Silicon
	-



	Power of Modules
	395
	W



	Modules’ Technology
	Bifacial Modules
	-



	Number of Inverters
	85
	-



	Type of Structure
	1-Axis Horizontal Tracker
	-



	Tracking Angle
	40
	°



	Installed Capacity
	60.9
	MW



	Solar PV Farm Capacity Factor
	0.30
	-



	Total Installed Capacity Hybrid Facility
	150.9
	MW










 





Table 16. Las Salinas hybrid renewable energy facility, Chile—main characteristics.
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	Characteristics
	Value
	Units





	Location
	Antofagasta Region
	-



	Concession Owner
	Enel Green Power S.A.
	-



	Wind Farm Name
	Sierra Gorda
	



	Type of Wind Farm
	Onshore
	-



	Number of Turbines
	56
	-



	Turbines’ Manufacturer/Model
	Siemens Gamesa G114/2000
	-



	Diameter of Turbines
	114
	m



	Hub Height
	130
	m



	Installed Capacity per Turbine
	2.0
	MW



	Total Installed Capacity
	112
	MW



	Wind Farm Capacity Factor
	0.50
	-



	Solar Farm Name
	Las Salinas
	-



	PV or CSP
	Photovoltaic
	-



	Quantities of PV Modules
	458,044
	-



	Module Type
	Monocrystalline Silicon
	-



	Power of Modules
	450
	W



	Modules’ Technology
	Bifacial Modules
	-



	Number of Inverters
	285
	-



	Type of Structure
	1-Axis Horizontal Tracker
	-



	Tracking Angle
	40
	°



	Installed Capacity
	205
	MW



	Solar PV Farm Capacity Factor
	0.35
	-



	Total Installed Capacity Hybrid Facility
	317
	MW










 





Table 17. BESS Coya Facility, Chile—main characteristics.






Table 17. BESS Coya Facility, Chile—main characteristics.





	Characteristics
	Value
	Units





	Location
	Antofagasta Region
	-



	Concession Owner
	Engie S.A.
	-



	BESS Technology
	Lithium Batteries
	.



	Number of BESS Units
	232
	.



	Storage Capacity
	638
	MWh



	Installed Capacity
	139
	MW



	Storage Time
	5
	h



	Annual BESS Energy Supply
	200
	GWh



	Solar Farm Name
	Coya
	-



	PV or CSP
	Photovoltaic
	-



	Quantities of PV Modules
	369,432
	-



	Module Type
	Monocrystalline Silicon
	-



	Power of Modules
	490
	W



	Modules’ Technology
	Bifacial Modules
	-



	Number of Inverters
	58
	-



	Type of Structure
	1-Axis Horizontal Tracker
	-



	Tracking Angle
	45
	°



	Installed Capacity
	181.25
	MW



	Solar PV Farm Capacity Factor
	0.35
	-










 





Table 18. Cerro Dominador hybrid renewable energy facility, Chile—main characteristics.






Table 18. Cerro Dominador hybrid renewable energy facility, Chile—main characteristics.










	Characteristics
	Value
	Units





	Location
	Antofagasta Region
	-



	Concession Owner
	Grupo Cerro S.A.
	-



	Concentrated Solar Plant Name
	Cerro Dominador
	



	Type of Concentrated Solar Plant
	Solar Power Tower
	-



	Tower Height
	252
	m



	Number of Heliostats
	10,600
	-



	Area of Heliostats
	140
	m2



	Type of fluids
	Molten salts
	-



	Temperature of fluids
	550
	°C



	Total Area of Concentrated Solar Plant
	1000
	Ha



	Total Installed Capacity
	110
	MW



	Time of Stored Energy in Form of Heat
	17.5
	h



	Capacity Factor
	0.95
	-



	Solar Farm Name
	Cerro Dominador
	-



	Type of Solar Facility
	Photovoltaic
	-



	Quantities of PV Modules
	392,000
	-



	Module Type
	Monocrystalline Silicon
	-



	Power of Modules
	255
	W



	Module Technology
	Bifacial Modules
	-



	Number of Inverters
	150
	-



	Type of Structure
	1-Axis Horizontal Tracker
	-



	Tracking Angle
	40
	°



	Installed Capacity
	100
	MW



	Solar PV Farm Capacity Factor
	0.35
	-



	Total Installed Capacity Hybrid Facility
	210
	MW
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