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Abstract: 
Background: The growing energy demand associated with data centers and the expansion of renewable energy 

sources have intensified scientific discussions concerning energy efficiency, sustainability, and operational 

stability in high-capacity digital infrastructures. Within this context, the present study aims to comprehensively 

examine technological strategies designed to optimize energy consumption in data centers operating within 

renewable energy-based systems, considering the impacts of energy curtailment on operational efficiency, 

sustainability, and the stability of energy supply in these infrastructures. 

Materials and Methods: This study adopted a qualitative methodological approach, as the research sought to 

interpret and understand phenomena related to energy curtailment and technological strategies applied to energy 

management in data centers. Methodologically, a bibliographic review was employed as the primary research 

strategy, enabling the systematic organization and critical analysis of scientific publications associated with the 

investigated topic. 

Results: The findings demonstrated that technical and operational factors directly influence the occurrence of 

curtailment in renewable energy-based systems, affecting the energy stability of data centers. Furthermore, the 

results indicated that technologies such as artificial intelligence, automation, and energy storage contribute to 

greater efficiency in computational workload management and to the reduction of energy waste. 

Conclusion: It was concluded that the integration between intelligent technological solutions and renewable 

energy sources promotes greater operational sustainability, energy efficiency, and reliability in the operation of 

data centers with high computational demand. 
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I. Introduction 
Over the last decades, an accelerated advancement of the phenomenon known as digital transformation 

has been observed, a process that has significantly increased dependence on computational infrastructures 

characterized by high-performance standards. In this context, data centers have assumed a strategic role in the 

storage, processing, and distribution of large volumes of data, becoming essential for the efficient operation of 

activities that require large-scale information management. Simultaneously, the growth in energy consumption 

associated with digital activities has intensified scientific and technological debates concerning the sustainability 

of these operations and the diversification of the energy sources employed in such infrastructures. Within this 

scenario, renewable energy sources have gained increasing prominence in strategies aimed at reducing the 

environmental impacts generated by human activities, while also contributing to the development of more 

sustainable energy models focused on long-term environmental preservation. Nevertheless, the intermittency 

inherent to renewable energy generation, particularly in wind and solar systems, remains a significant technical 

challenge for ensuring stability in electricity supply, especially in computational environments characterized by 

high energy demand. 

One of the principal challenges associated with the efficient integration between data centers and 

renewable energy sources concerns the phenomenon known as energy curtailment. This phenomenon refers to 

the reduction of energy generation resulting from operational, structural, or demand-related limitations, 

particularly when there is a mismatch between the volume of generated energy and real-time electricity 

consumption. Such a scenario may produce significant consequences, including energy losses, reductions in 

operational efficiency, and interruptions in electricity supply that directly affect computational systems operating 

continuously. These impacts may compromise both overall performance and operational continuity. 

Consequently, the development of technological innovations aimed at intelligent and efficient energy 

management has progressively become a topic of substantial relevance within both scientific and technological 

domains. Current debates increasingly emphasize the search for alternatives capable of improving the operational 

efficiency of energy systems while mitigating the impacts arising from the intrinsic fluctuations of renewable 

energy sources. In this regard, solutions based on artificial intelligence, automation, and energy storage 

technologies emerge as relevant and innovative proposals for strengthening energy stability in data centers. 

The present article aims to examine, in detail, the technological strategies designed to optimize energy 

consumption in data centers integrated with renewable energy systems. Furthermore, the study investigates how 

the phenomenon of curtailment affects operational efficiency, sustainability, and energy supply stability within 

these infrastructures. The specific objectives include: (i) investigating the technical and operational factors 

associated with the occurrence of curtailment in renewable energy systems used to supply data centers; (ii) 

analyzing the application of intelligent technologies capable of mitigating the effects of this phenomenon on 

electricity consumption; and (iii) evaluating the impacts of sustainable and technologically integrated strategies 

on both energy efficiency and the operational resilience of essential digital infrastructures. The establishment of 

these objectives enables a comprehensive analysis of the technical, operational, and environmental dimensions 

associated with the topic under investigation. 

In order to achieve the proposed objectives, a qualitative methodological approach was adopted, 

considering that the research seeks to interpret and understand the phenomena associated with energy curtailment 

and the technological strategies employed in energy management within data centers. Qualitative research is 

particularly relevant in scientific investigations involving complex phenomena situated within dynamic and 

interdisciplinary contexts. In this perspective, knowledge related to technology, the energy sector, and 

sustainability becomes essential for understanding the interactions and consequences arising from these 

dimensions in contemporary society. Methodologically, the study employed a bibliographic review as its primary 

research strategy, enabling the systematic organization and critical analysis of scientific productions addressing 

the investigated theme. 

Regarding the structural organization of the manuscript, the article was divided into four main sections, 

developed in an articulated and coherent manner according to the objectives established for the research. The first 

section corresponds to the introduction, in which the theme is contextualized, the research objectives are clearly 

presented, and the methodological strategy adopted in the study is described. This section establishes the 

theoretical and conceptual foundations necessary for understanding the relevance of the topic and the direction of 

the investigation. The second section presents the methodological procedures employed throughout the 

development of the research, detailing the scientific methods and techniques adopted. The third section is 

dedicated to the theoretical framework, addressing the phenomenon of energy curtailment, intelligent 

technologies for efficient energy management, and the relevance of sustainability in data centers powered by 

renewable energy sources. Finally, the fourth section presents the final considerations, synthesizing the principal 
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findings of the study and proposing future research perspectives directly related to the optimization of energy 

consumption in computational environments dependent on renewable energy sources. 

 

II. Material And Methods 
The growing demand for electricity has been accelerated by the continuous expansion of data centers 

worldwide, largely driven by the exponential increase in data processing, the widespread adoption of cloud 

computing, and the advancement of applications associated with artificial intelligence. This trend reflects a 

significant transformation in the contemporary technological landscape, in which energy efficiency has become 

increasingly relevant. Within this context, the integration of renewable energy sources into computational systems 

has emerged as one of the most extensively discussed subjects in both scientific research and technological 

innovation, particularly regarding energy efficiency and sustainability in operational processes. This growing 

emphasis demonstrates the relevance of the topic in the search for alternatives capable of reducing environmental 

impacts while promoting a more conscious and responsible use of available resources. Nevertheless, the 

intermittency inherent to both solar and wind energy constitutes one of the principal factors associated with energy 

curtailment. This term refers to the practice of partially restricting or interrupting energy generation from 

renewable sources due to operational, technical, or structural limitations within the electrical system. Therefore, 

it becomes essential to investigate technological solutions capable of increasing energy consumption efficiency 

in data centers powered by renewable energy sources. Such a necessity arises from the urgent need to balance 

computational performance, stability in energy supply, and the reduction of energy waste. This evaluation is 

particularly relevant because it seeks to identify effective mechanisms for reconciling the growing dependence 

on technology with the contemporary demands of sustainability. As emphasized by Antonio Carlos Gil (2022), 

scientific investigation must be conducted systematically and directed toward solving practical societal and 

technological problems, thereby enabling the production of robust knowledge grounded in effective and 

consolidated methodologies. 

The present research adopts a qualitative approach, as it seeks to interpret and understand the phenomena 

associated with energy curtailment while also examining the technologies employed in the management of energy 

consumption in data centers operating with renewable energy sources. Qualitative research holds substantial 

relevance in contemporary science because it enables broader interpretations of phenomena characterized by 

complexity, multidimensionality, and contextualization within dynamic and constantly evolving scenarios. This 

perspective becomes especially pertinent in interdisciplinary fields involving energy, technology, and 

sustainability. Consequently, qualitative research constitutes an indispensable methodological instrument for 

understanding the complexities and interconnections that characterize such interdisciplinary domains. According 

to Silva et al. (2022), qualitative research enables a deeper investigation into relationships, meanings, perceptions, 

and structures embedded within a given context. These dimensions are highly intricate and cannot be fully 

interpreted solely through quantitative metrics or numerical indicators. As a result, scientific research becomes 

more closely integrated with the social, technical, and operational dimensions associated with the investigated 

objects of study, thereby favoring more consistent and coherent interpretations aligned with the demands of 

contemporary global scientific production. 

From a methodological perspective, the study employed bibliographic review as its primary research 

method. This approach is widely recognized within the international academic community because it enables the 

organization, critical analysis, and synthesis of existing knowledge regarding a specific subject, thereby 

contributing to the identification of theoretical convergences, research gaps, and methodological trends. 

According to Gil (2022), bibliographic review allows researchers to access previously published scientific 

contributions, thus establishing a robust analytical foundation for the development of new investigations. In the 

present study, the bibliographic review was based on 26 research sources, predominantly composed of scientific 

articles and specialized books addressing energy curtailment, energy efficiency, data centers, and renewable 

energy systems. The selection of sources considered thematic relevance, scientific consistency, and academic 

pertinence in relation to the objectives of the research. 

The combination of the qualitative approach with bibliographic review proved to be appropriate for 

achieving the objectives of the investigation, as it enabled an integrated analysis of the technological, energetic, 

and operational factors involved in optimizing energy consumption in data centers powered by renewable sources. 

This methodological integration facilitated a more contextualized interpretation of energy curtailment mitigation 

strategies while promoting the articulation of distinct theoretical perspectives present in contemporary scientific 

literature. According to Silva et al. (2022), qualitative research, when combined with bibliographic analysis, 

contributes to the development of interpretations that are theoretically grounded and aligned with the complexity 

of the investigated phenomena. Thus, the adopted methodology provided a theoretical and analytical foundation 

consistent with the objectives of the study, strengthening both the scientific rigor of the research and the critical 

understanding of the investigated theme. 
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III. Theoretical Framework 
The theoretical framework of the present study was structured around three interdependent thematic 

axes, organized with the objective of providing a systematic understanding of the relationships between energy 

curtailment, technological management, and operational efficiency in data centers powered by renewable energy 

sources. The first topic, entitled “Curtailment in Renewable Energy Systems: Causes, Operational Challenges, 

and Impacts on Energy Supply for Data Centers,” addresses the technical and structural factors associated with 

the limitation of renewable energy generation, as well as their implications for the stability and reliability of 

energy supply directed toward computational infrastructures. The second topic, entitled “Intelligent Technologies 

for Energy Management in Data Centers: Artificial Intelligence, Automation, and Energy Storage,” focuses on 

the analysis of technological solutions applied to the optimization of energy consumption, emphasizing the use 

of automated systems, artificial intelligence algorithms, and energy storage mechanisms designed to enhance 

operational efficiency. Finally, the third topic, “Sustainability and Energy Efficiency in Data Centers Based on 

Renewable Energy Sources,” discusses strategies related to the reduction of environmental impacts, the 

rationalization of energy consumption, and the strengthening of sustainable practices in computational 

environments characterized by high energy demand. The organization of these thematic axes enabled the 

establishment of an analytical sequence coherent with the objectives of the research, thereby facilitating the 

articulation between the theoretical foundations and the central issues investigated throughout the study. 

 

Curtailment in Renewable Energy Systems: Causes, Operational Challenges, and Impacts on Energy 

Supply for Data Centers 

The growing contribution of renewable energy sources to the global electricity matrix has generated 

significant transformations in the operation of modern energy systems. These changes have profoundly influenced 

the way energy operations are currently conducted, introducing new methods and challenges in the management 

and utilization of sustainable energy sources. The rapid and continuous expansion of solar and wind energy, 

although associated with carbon emission reduction and the strengthening of sustainability policies, has also 

exposed a series of structural limitations directly related to the capacity of electrical grids to transmit, store, and 

balance the generated energy. This issue has become increasingly evident as renewable sources assume a more 

prominent role within the contemporary energy landscape. In this context, the phenomenon known as curtailment 

emerges as a circumstance involving the total or partial restriction of renewable energy generation. This 

phenomenon occurs primarily when there is an excess of energy generation or when electrical infrastructure is 

unable to accommodate the produced energy. According to Caracas Neto, Gomes et al. (2025), greater 

participation of renewable sources in the energy sector requires the implementation of new governance strategies 

and technical mechanisms capable of ensuring the operational stability of energy systems. 

The manifestation of curtailment is closely associated with a series of technical, regulatory, and 

operational factors commonly observed in both distributed and centralized generation systems. These factors are 

fundamental to the functioning and efficiency of energy generation infrastructures. Among the elements most 

directly related to this process are the intermittency of renewable energy sources, characterized by variability in 

power generation; limitations in transmission line capacity, which restrict the transportation of large amounts of 

electricity; regional energy congestion, resulting from excessive demand in specific areas; and the absence of 

large-scale energy storage systems, which remain insufficiently robust and efficient, thereby hindering the 

management and stability of energy supply. According to Faveret (2025), the increase in renewable energy 

generation in Brazil has substantially intensified pressure on the national electrical infrastructure. These 

increasingly frequent operational interruptions are considered necessary to maintain the stability of the 

interconnected electrical system. This phenomenon is not an isolated case. On a global scale, the reduction of 

renewable energy production has continuously increased in markets with high penetration of renewable sources. 

In 2025 alone, several significant cases were reported: Spain intentionally curtailed nearly 20% of its wind energy 

generation in May; France reached a peak in August, with more than 11% reduction in wind production; and, in 

the United Kingdom, the curtailed electricity would have been sufficient to supply all Scottish households during 

the first half of that year. In China, some provinces recorded curtailment rates exceeding 30% for both wind and 

solar energy during the first six months of the year (Willige, 2025). 

In data centers, the repercussions of curtailment become even more critical due to the intense dependence 

of these facilities on continuity and predictability in energy supply. Data centers operate under heavy 

computational workloads and require high electrical availability to maintain processing systems, data storage, 

cooling infrastructure, and digital connectivity. According to Chiappini (2025), the rapid proliferation of data 

centers has intensified pressure on electrical grids, especially in regions where energy infrastructure already 

exhibits signs of overload. In addition to structural issues, the climatic variability associated with solar and wind 

sources further aggravates energy management challenges in high-demand computational environments. Abrupt 

fluctuations in wind speed or solar irradiance may compromise the predictability of renewable energy generation 

and require rapid energy compensation solutions. According to Fagundes (2025), the synergy among energy 
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storage systems, intelligent management, and technological integration emerges as a significant alternative for 

mitigating the operational effects of curtailment in renewable energy systems. 

In this context, large-scale battery storage solutions, smart electrical grids, and flexible energy 

distribution models have gained increasing prominence within the energy sector. According to Feitosa Neto and 

Gomes et al. (2025), smart curtailment management is capable of balancing energy supply and demand, 

minimizing energy waste, and optimizing operational efficiency in systems with high participation of renewable 

sources. The authors also emphasize that data centers may function as flexible consumption units, reducing part 

of their computational loads during periods of critical energy instability. Figure 1 below summarizes the main 

factors associated with curtailment in renewable energy systems and illustrates how these factors affect data 

centers, considering electrical infrastructure, energy intermittency, intelligent management, and computational 

stability. 

 

 
 

The economic effects resulting from curtailment, defined as the practice of reducing or restricting 

electricity generation from renewable energy sources, have also become the subject of intense debate and 

discussion. This occurs largely because significant financial losses are associated with renewable energy that is 

not effectively utilized. Consequently, increasing attention has been directed toward the broader economic 

impacts of this practice, particularly as dependence on sustainable energy sources becomes progressively more 

essential. According to Rodrigues (2024), several companies operating within the Brazilian renewable energy 

sector have begun reporting substantial financial losses. These losses have resulted from generation cuts 

implemented by the national electrical system operator, causing severe operational and economic damage to these 

companies. This scenario clearly demonstrates that curtailment is not merely a technical issue, but rather an 

economic matter of considerable relevance, directly linked to the feasibility and profitability of investments in 

energy infrastructure and digital transformation. 

In addition to the economic consequences associated with the mandatory reduction of renewable 

generation, curtailment also reveals technical limitations related to the operational efficiency of electrical 

distribution networks. In this regard, Silva, Moura, and Barroso (2022) argue that the assessment of technical 

losses in medium-voltage feeders represents an important factor for both energy planning and the improvement 

of electrical systems operating under high load conditions. The authors propose a model for evaluating technical 

losses based on both single-phase and three-phase load flow data, enabling more precise identification of electrical 

inefficiencies within distribution networks. Therefore, this discussion is directly intertwined with the context of 

curtailment in renewable generation systems, where structural limitations and energy losses in electrical 

infrastructure may intensify operational restrictions, leading to the inability to fully utilize generated energy and, 

consequently, causing instability in energy supply for high-performance computational environments such as data 

centers. 

According to sectoral regulations and guidelines, Rolim (2025) suggests that renewable energy 

producers have been seeking compensation mechanisms in response to the negative financial impacts caused by 

operational reductions. These initiatives aim to offset the damages resulting from imposed limitations by 

identifying effective strategies to mitigate the adverse economic effects associated with this condition. At the core 

of this debate are several aspects directly related to the necessity of adequately expanding electrical infrastructure. 

This discussion also encompasses the limitations imposed by regulations governing electricity transmission, as 
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well as the compensation models applied to agents affected by curtailment, that is, the reduction or interruption 

of energy generation due to operational constraints. Consequently, the interconnection among these different 

dimensions illustrates the complexity of the debate, which is essential for understanding and addressing the 

challenges involving the electrical sector. In the context of the rapid expansion of data centers, facilities dedicated 

to the storage and processing of large volumes of data, these discussions become even more relevant and 

necessary. In this sense, the energy demand required to sustain the operation of these centers is expected to 

increase substantially over the coming years, representing a trend that requires careful planning and strategic 

attention. 

Furthermore, the 2026 analysis conducted by Simple Energy indicates that curtailment has ceased to be 

perceived solely as an operational problem and has increasingly been understood as a structural risk of significant 

concern for the Brazilian electrical sector. This interpretation becomes even more evident in regions of the country 

where renewable generation sources are highly concentrated, while the electrical transmission infrastructure 

responsible for distributing generated energy remains insufficient. The interaction among digital technologies, 

intelligent energy monitoring systems, and flexible energy consumption approaches appears to be increasingly 

essential for reducing operational impacts on data processing centers, namely data centers. This integration is 

progressively viewed as a necessity for addressing the challenges faced by these facilities, particularly in scenarios 

where maximizing resource utilization and ensuring efficiency are fundamental requirements. Therefore, the 

efficient use of electricity consumption in these environments depends not only on the expansion of renewable 

energy sources, but also on the ability to manage, in an agile manner, the variabilities and constraints of the current 

electrical system. Real-time management is essential to ensure that the fluctuations and operational standards 

characterizing modern electrical grids are properly handled, thereby enabling more efficient and sustainable 

utilization of available energy resources. 

Thus, there is an imperative need to consolidate intelligent electrical grid management capable of 

encouraging energy consumption among industrial and residential users, thereby helping absorb excess energy 

and reduce peak demand. In this regard, smart grid technologies capable of monitoring and controlling electricity 

flows in real time would be crucial for achieving this objective, in addition to improving overall grid management 

(Willige, 2025). 

 

Intelligent Technologies for Energy Management in Data Centers: Artificial Intelligence, Automation, and 

Energy Storage 

The increasing digitalization of the economy and society has resulted in progressively higher energy 

consumption by data centers. This becomes particularly evident in data centers that provide cloud computing 

services, big data processing, and artificial intelligence applications. This trend demonstrates the growing 

dependence on digital technologies, which require increasing amounts of energy resources to operate efficiently. 

Consequently, electricity consumption management has evolved from a purely reactive activity, focused 

exclusively on monitoring and controlling electricity usage, into a broader set of initiatives aimed at promoting 

energy efficiency, sustainability, and the resilience of computational infrastructure. This transformation highlights 

the growing necessity for an integrated approach to energy resource management. According to Brito, Matai, and 

Santos (2023), modern data centers undoubtedly require sophisticated and advanced energy monitoring systems. 

Such systems are essential for minimizing energy waste while simultaneously maximizing both thermal 

performance and processing capacity. This strategy not only optimizes the use of energy resources but also 

enhances the operational efficiency of data centers. 

To illustrate the magnitude of this issue, according to the International Energy Agency (IEA), half of the 

global growth in electricity demand generated by data centers is expected to be supplied by renewable energy 

sources, supported by energy storage systems and electrical grids. Consequently, renewable energy generation is 

projected to increase by more than 450 TWh to meet data center demand by 2035 (IEA, 2025). 

Artificial intelligence applied to energy management systems has promoted remarkable advances in 

electricity demand forecasting and in the real-time adaptation of computationally managed workloads. These 

developments are essential for optimizing energy utilization and increasing the efficiency of operational processes 

within this highly strategic sector. Machine learning models are capable of analyzing, in real time, data related to 

historical energy consumption patterns, climate conditions, and the availability of renewable generation. As a 

result, these systems can automatically and accurately adjust equipment performance, maximizing efficiency 

while adapting to changes in operational conditions. According to Ferreira et al. (2024), the application of 

Artificial Intelligence within data center infrastructures enables operational decisions to be made with a 

substantially higher degree of precision. Furthermore, it significantly reduces energy overloads and contributes 

to greater stability in environments affected by the typical fluctuations of renewable energy sources. The 

relationship between technological innovation and operational efficiency is therefore fundamental to the 

modernization of data center operations. 
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Amid the ongoing energy and digital transition, the technology and energy sectors have become more 

interconnected than ever before. Supplying the energy required for artificial intelligence applications and 

simultaneously leveraging the benefits of AI for the energy sector will demand deeper dialogue and stronger 

collaboration between technology and energy industries. In this regard, the IEA will continue to provide robust 

data and analyses to support decision-making processes and assist both sectors in becoming better prepared as AI 

adoption continues to expand (IEA, 2025). 

Beyond intelligent automation, energy storage systems have assumed a strategic role in reducing the 

effects of curtailment within electrical grids characterized by high penetration of renewable sources. Through 

large-capacity battery systems, excess energy generated during periods of low demand can be stored and 

redistributed during moments of higher computational consumption. According to Feitosa Neto and Gomes et al. 

(2025), the integration of data centers, battery storage systems, and flexible energy compensation policies 

contributes to balancing electrical grids and minimizing losses resulting from interruptions in renewable energy 

generation. 

The adoption of smart grids has also improved energy consumption management in highly demanding 

digital infrastructures. These intelligent networks operate through the integration of sensors, analytical platforms, 

automation systems, and real-time communication technologies, thereby enabling greater predictability of 

renewable generation and more efficient distribution of electrical loads. According to Silva (2018), infrastructures 

aligned with the principles of green information technology must integrate energy efficiency, operational 

automation, and sustainable planning of computational facilities, particularly in environments that depend on the 

continuous availability of electrical energy. 

The remarkable advancement of generative artificial intelligence, combined with the development of 

computational clusters designed for training highly complex models, has led to a significant increase in energy 

consumption by data centers worldwide. This phenomenon highlights the growing demand for energy resources 

driven by the efficiency and sophistication of emerging technologies that are continuously implemented and 

enhanced. In their 2023 analysis, Chatterjee and Venugopal emphasize that facilities dedicated to Artificial 

Intelligence processing require substantially more robust and efficient energy architectures. These architectures 

must be capable of managing elevated computational density, which implies the ability to perform a large volume 

of simultaneous operations without compromising thermal stability or operational efficiency. Simultaneously, 

Stacciarini and Gonçalves (2025) argue that the expansion of digital infrastructure associated with artificial 

intelligence has intensified debates surrounding fundamental issues such as energy security, the extraction of 

strategic resources, and the reconfiguration of geopolitical dynamics involving the global technological supply 

chain. 

Subsequently, Table 1 presents and synthesizes the most significant and innovative technologies applied 

to energy management in data centers operating within renewable energy-based systems. This overview 

comprehensively addresses the practical application of these technologies and their significant role in mitigating 

the adverse effects of energy curtailment, defined as the restriction of electricity generation from renewable 

sources under specific operational conditions. 

 

Table 1. Intelligent Technologies Applied to Energy Management in Data Centers Operating in Renewable 

Energy-Based Systems 

Technology Operational Application in Data Centers Contribution to Curtailment Mitigation 

Artificial Intelligence 
Energy demand forecasting and automated 

workload management 

Dynamic adjustment of energy consumption 

according to energy availability 

Machine Learning 
Predictive analysis of energy consumption and 

operational behavior 
Reduction of energy waste and greater operational 

stability 

Battery Storage 

Systems 
Storage of surplus renewable energy Subsequent utilization of non-consumed energy 

Smart Grids 
Intelligent monitoring and distribution of 

energy 

Greater balance between electricity supply and 

demand 

Sustainable Cloud 
Computing 

Virtualization and optimization of 
computational resources 

Reduction of energy consumption and improved 
operational efficiency 

Energy Automation 
Real-time control of cooling and processing 

systems 

Minimization of energy fluctuations and operational 

costs 

Flexible Load 

Management 
Redistribution of computational tasks 

Operational adaptation during periods of energy 

restriction 

Source: Prepared based on Feitosa Neto and Gomes et al. (2025), Brito, Matai and Santos (2023), Ferreira et al. 

(2024), Silva (2018), Chatterjee and Venugopal (2023), and Welsch (2022). 
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The implementation of sustainable cloud computing has emerged as another widely discussed strategy 

in recent literature concerning energy efficiency in data centers. Welsch (2022) emphasizes that major technology 

companies have expanded investments in renewable energy sources and energetically optimized digital platforms 

as a means of reducing emissions associated with the continuous operation of computational infrastructures. This 

movement encompasses initiatives ranging from renewable energy supply agreements to automated load-

balancing processes among operational centers located across different regions. 

Additionally, the intersection of artificial intelligence, energy automation, battery storage systems, and 

smart grids is expected to transform the manner in which data centers operate within renewable energy systems. 

The synergy among these technologies enables greater adaptability to fluctuations in electricity generation, 

mitigating operational risks associated with curtailment while simultaneously increasing the efficiency of 

computational energy consumption. Consequently, the sustainability of modern data centers no longer depends 

exclusively on the expansion of renewable generation capacity, but also on the implementation of intelligent 

systems capable of balancing, in real time, energy demand, operational stability, and energy efficiency. 

Finally, based on the aforementioned considerations, it is important and timely to highlight that Artificial 

Intelligence is already being employed by energy companies to optimize energy generation, transmission, and 

consumption, with the objectives of reducing costs, increasing energy supply, and extending the lifespan of digital 

infrastructure (IEA, 2025). 

 

Sustainability and Energy Efficiency in Renewable Energy-Based Data Centers 

The expansion of digital infrastructure worldwide has intensified debates concerning the energy 

sustainability of data centers, particularly in light of the continuous growth in electricity consumption associated 

with cloud computing, artificial intelligence, and massive data processing. In this context, the incorporation of 

renewable energy sources has assumed a central role in corporate policies aimed at reducing emissions and 

increasing operational efficiency. According to Aslan et al. (2025), the pathway toward climate neutrality in data 

centers lies in the integration of greenhouse gas inventories, advanced energy management systems, and 

operational models aligned with international decarbonization goals. 

In response to this emerging reality, Green Data Centers have gained prominence by employing energy-

efficient technologies to optimize energy consumption, minimize environmental impacts, and reduce operational 

costs. Green data centers also frequently rely on renewable energy sources, such as solar and wind power. 

Consequently, these infrastructures prioritize efficiency and environmental sustainability through the adoption of 

intelligent energy management approaches (Khan; Goodwin, 2026). 

Energy efficiency in data centers is generally measured through technical indicators capable of 

quantifying the operational performance of information technology infrastructure. Parameters such as PUE 

(Power Usage Effectiveness), thermal efficiency, energy reuse, and carbon intensity are currently employed by 

companies and operators to evaluate electricity consumption. Brito, Matai, and Santos (2023) emphasize that, for 

these metrics to become increasingly effective, it is essential to integrate technological modernization, automation 

of operational processes, and intelligent control over energy distribution in high-performance computational 

environments. 

Cooling systems are among the components with the highest energy consumption in data centers, 

accounting for a substantial portion of the electrical load within these facilities. Thermal management represents 

one of the principal operational challenges of modern digital infrastructure, particularly in regions characterized 

by high temperatures and increasing computational density, as highlighted by Huang et al. (2024). The authors 

state that the use of liquid cooling systems, automated airflow control, and real-time thermal monitoring has 

contributed significantly to reducing energy waste and improving the operational efficiency of computational 

systems. 

In addition to cooling techniques, waste heat recovery and dynamic computational load management are 

increasingly being incorporated into energy efficiency initiatives in data centers operating with renewable energy. 

According to Lin et al. (2023), green-aware models enable a more efficient trade-off among computational 

performance, energy consumption, and thermal stability, thereby facilitating the reuse of heat generated by 

equipment for industrial, urban, and commercial applications. This strategy enhances the overall efficiency of 

digital infrastructure while reducing energy losses associated with traditional heat dissipation processes. 

From an environmental perspective, the adoption of sustainable information technology practices has 

become an integral component of strategies related to environmental governance, social responsibility, and the 

reduction of organizational carbon footprints. Pinto, Campos, and Azevedo (2016) argue that achieving 

sustainability in data centers requires more than simply replacing conventional energy sources. It also demands 

appropriate architectural planning, server virtualization, reduction in the number of physical devices, and the 

implementation of permanent environmental management policies. Within this context, Environmental, Social, 

and Governance (ESG) principles have begun to directly influence investments in sustainable digital 

infrastructure and corporate energy transparency systems. 
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The intersection among artificial intelligence, sustainable energy, and digital infrastructure has become 

even more significant due to the rapid proliferation of large computational centers dedicated to training advanced 

AI models. According to Prieto et al. (2025), studies conducted on Google Data Centers between 2024 and 2025 

indicate that the increasing computational demands associated with artificial intelligence have made the efficient 

integration of renewable energy sources, intelligent cooling systems, and automated energy management 

platforms indispensable. According to the authors, the environmental sustainability of these environments will 

only be viable if computational performance, energy security, and reductions in operational emissions can be 

effectively balanced. 

Energy resilience has also become a widely discussed concept within contemporary literature concerning 

sustainable data centers. The recurrent treatment of this subject highlights its importance for understanding the 

challenges and opportunities involved in implementing sustainability-oriented practices within this sector. 

According to Silva et al. (2026), maintaining the operational continuity of these infrastructures depends on the 

implementation of integrated strategies capable of mitigating risks associated with variability in renewable energy 

generation, fluctuations in energy demand, and constraints within electrical systems. Among the most relevant 

measures adopted are battery energy storage systems, automated management of critical workloads, integration 

with smart grids, and predictive monitoring systems focused on ensuring the operational stability of computational 

environments. These initiatives are therefore fundamental for enhancing both operational efficiency and 

reliability. 

Complementing these considerations, Vasconcelos (2025) emphasizes that the sustainability of 

contemporary data centers has increasingly been recognized as a strategic element within the digital green 

economy. This perspective has become even more relevant due to the rapid growth in data storage demands and 

the continuous expansion of cloud-based services. According to the author, companies operating within the 

technology sector have significantly increased investments in renewable energy agreements, water reuse 

initiatives, thermal efficiency improvements, and energy automation systems. These measures are implemented 

as part of a broader strategy aimed at mitigating the environmental impacts generated by digital infrastructure, 

which, despite being essential to modern societal development, also creates substantial demand for natural 

resources and may contribute to environmental degradation. Consequently, the integration of energy efficiency, 

operational resilience, and environmental sustainability tends to promote and consolidate the development of new 

management models directed toward data centers operating within renewable and digitally interconnected energy 

systems. This approach is expected to significantly improve management processes, fostering advancements in 

efficiency, responsiveness, and sustainability within increasingly modern computational infrastructures. 

 

IV. Final Considerations 
Discussions and studies concerning energy curtailment and energy consumption in data centers have 

become increasingly essential within the contemporary scientific and technological context. This relevance 

becomes even more pronounced considering the rapid expansion of digital infrastructures and the continuously 

growing demand for large-scale data processing worldwide. Such a scenario reflects increasing concern regarding 

energy efficiency and the environmental impacts associated with these operations, since the expansion of storage 

capacity and data volume requires careful management of available energy resources. In this context, the 

integration of renewable energy sources into large-scale computational systems emerges as an alternative aligned 

with the demands for environmental sustainability and operational efficiency. Nevertheless, the variability 

inherent to renewable energy generation, combined with the structural limitations of electrical systems, continues 

to create challenges related to maintaining energy stability. Furthermore, these issues directly affect the proper 

and efficient utilization of energy generated from renewable sources. Given this context, the present study proved 

highly relevant by investigating several technological approaches aimed at maximizing electricity consumption 

efficiency in data centers connected to renewable energy systems. The study also considered the operational 

effects and environmental impacts associated with energy curtailment, defined as the reduction of electricity 

generation during periods of overproduction. 

The results obtained from the conducted research demonstrated that the general objective proposed for 

the investigation was fully achieved. Consequently, it was possible to evaluate several technological approaches 

dedicated to minimizing the negative impacts of curtailment on the operation of data centers powered by 

renewable energy sources. In addition to the general objective, the specific objectives established for the study 

were also successfully accomplished, since the investigation effectively identified various technical and 

operational factors associated with the occurrence of the phenomenon known as curtailment. Furthermore, the 

study provided a detailed analysis of the adoption of several intelligent technologies designed for efficient energy 

management. The investigation also examined the effects of implementing sustainable strategies on the 

operational efficiency and resilience of the aforementioned computational infrastructures. Energy management 

in data centers, according to all aspects discussed throughout this study, requires the implementation of integrated 

solutions capable of promoting effective synergy among computational system performance, energy supply 
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security, and energy consumption optimization. This perspective is fundamental for the efficient and sustainable 

operation of these technological ecosystems. 

Throughout the development of the theoretical framework, it became evident that the phenomenon 

known as curtailment, characterized by the reduction of energy generation in renewable energy systems, occurs 

due to a series of complex and interrelated factors. Among these elements are limitations in electricity 

transmission systems, fluctuations in electricity generation, and incompatibilities between energy supply and 

demand during specific operational periods. It was also significantly observed that the consequences of this 

phenomenon may directly compromise the stability of electricity supply to data centers. Such impacts exert 

immediate effects on the operational efficiency of these facilities, potentially jeopardizing the adequate and 

uninterrupted functioning of services that depend on reliable and stable energy availability. Regarding intelligent 

and advanced technologies for energy management, the use of tools based on artificial intelligence, automated 

systems, and energy storage solutions proved to be highly relevant. These innovations contribute to more efficient 

forecasting of energy consumption, optimization of electrical load distribution, and reduction of energy waste, 

thereby promoting more efficient and sustainable energy management. Furthermore, the analysis of sustainable 

strategies demonstrated that technological practices not only improve energy consumption efficiency but also 

enhance the operational resilience of organizations. Consequently, these measures contribute to reducing the 

environmental impacts commonly associated with the continuous operation of digital infrastructures dependent 

on advanced technologies. 

In conclusion, future studies are recommended to explore the practical application of predictive models 

based on artificial intelligence technologies for real-time energy management, particularly in computational 

environments characterized by high uncertainty in renewable energy generation. Such investigations may provide 

valuable insights into the efficient utilization of energy resources while considering the inherent instability 

typically associated with renewable generation systems. Likewise, it would be relevant to conduct empirical 

studies focused on comparative analyses among different energy storage technologies employed in renewable 

energy-powered data centers. This perspective may offer a more comprehensive understanding of the available 

alternatives and their effectiveness in promoting sustainability. Another highly relevant aspect to be considered 

involves the analysis of economic impacts and regulatory frameworks associated with the implementation of 

hybrid energy systems within large-scale digital infrastructures. Such investigations may clarify not only the 

financial costs but also the legal and regulatory requirements related to the implementation of these technologies, 

both in terms of funding mechanisms and regulatory compliance. These perspectives may contribute significantly 

to the advancement of scientific research related to energy efficiency, operational sustainability, and technological 

modernization of computational systems integrated with renewable energy sources. Exploring these issues may 

foster the development of innovative and efficient solutions capable of addressing the growing demands of an 

increasingly sustainability-oriented world. 
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