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Abstract:

Background: The global expansion of renewable energy sources in the electricity matrix has intensified the
challenges related to curtailment, which refers to the restriction of energy production due to technical, regulatory,
or economic factors. Although rarely addressed explicitly, this phenomenon has direct consequences for the
sustainability and efficiency of power systems, requiring new governance strategies aligned with Environmental,
Sacial, and Governance (ESG) principles. In this context, the study investigates the strategic role of renewable
energy in promoting more sustainable and resilient curtailment management, emphasizing its relevance to the
energy transition and the development of management models suited to current climate challenges.

Materials and Methods: This research employed a qualitative methodology based on epistemological principles
that value the analysis of social phenomena within their specific historical and institutional contexts. It is
classified as a theoretical-analytical study, grounded in a review of international scientific and technical
literature, and focused on the intersection of curtailment, energy sustainability, and governance within the ESG
framework.

Results: The main objective of the study was to analyze the relationship between renewable energy curtailment
and ESG principles, while proposing scientifically grounded and strategic guidelines for sustainable curtailment
management in the energy sector. The research identified regulatory, technical, and institutional gaps and, by
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suggesting integrative guidelines based on analytical and theoretical evidence, it provides significant
contributions to the development of public policies and corporate strategies that are more efficient, transparent,
and environmentally responsible.

Conclusion: The consolidation of specific metrics, the promotion of technological innovation, and the articulation
between public and private actors emerge as viable strategies to transform curtailment-related challenges into
opportunities, ensuring that the growth of renewable energy sources is accompanied by efficient and sustainable
management. Thus, addressing curtailment goes beyond operational concerns, becoming a key element of the
global agenda for a fair, efficient, and environmentally consistent energy transition in the 21st century.
Keywords: Curtailment; ESG; Renewable Energy; Energy Transition.
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I.  Introduction

The expansion of renewable energy sources is widely regarded as a cornerstone of the energy transition
and a key strategy for addressing climate change. However, this progress faces technical and structural challenges
that hinder its full effectiveness, among which the phenomenon of curtailment stands out—a term referring to the
intentional restriction of energy production, even when renewable sources are fully available. While this procedure
is necessary in certain operational contexts, it reveals significant contradictions in the path toward sustainability,
particularly by undermining the optimal use of clean resources and the economic viability of renewable energy
projects. In this context, the need to incorporate curtailment into discussions surrounding ESG (Environmental,
Social, and Governance) criteria becomes increasingly evident. These criteria are emerging as strategic
benchmarks for organizations and institutions committed to sustainable, transparent, and socially responsible
practices.

In response to this issue, the present study adopts a qualitative, theoretical-analytical approach grounded
in a systematic review of scientific and documentary literature from the past five years. This includes reports from
international institutions such as the IEA and IRENA, as well as specialized publications on ESG. The
methodology involves critical and comparative analysis of secondary data, along with the construction of tables
and graphs to synthesize the most relevant findings. This strategy aims not only to outline the current state of
knowledge regarding curtailment and its implications but also to suggest practical guidelines for its mitigation
within the scope of ESG-related requirements.

The overarching objective of this study is to analyze the relationship between the curtailment of
renewable energy and ESG principles, proposing scientific and strategic guidelines for the sustainable
management of curtailment in the energy sector. More specifically, the study aims to: (a) investigate the main
causes and impacts of curtailment in renewable energy systems; (b) assess the role of ESG metrics in the
management and mitigation of curtailment; and (c) propose strategic guidelines and solutions to integrate
curtailment control into corporate environmental governance practices.

To achieve these objectives, the article is structured into five interrelated sections. Following this
introduction, the Materials and Methods section outlines the methodological principles of the research. The
Theoretical Framework is then organized into three subsections addressing the causes and effects of curtailment,
its connection to ESG practices, and strategies for its reduction. The Discussion section presents a critical analysis
of the results and offers guidelines for the sustainable management of the phenomenon. Finally, the Conclusion
summarizes the study’s key contributions and highlights avenues for future research.

Il. Material And Methods

This study employed a qualitative methodology grounded in epistemological principles that value the
analysis of social phenomena within their specific historical and institutional contexts (Guerra et al., 2024). The
investigation is classified as theoretical-analytical, based on a review of international scientific and technical
literature, focusing on the intersection of energy curtailment, energy sustainability, and governance within the
framework of ESG (Environmental, Social, and Governance) guidelines.

The research was structured around two complementary methodological pillars: a systematic literature
review and document analysis. The systematic review encompassed the selection and examination of publications
from the past five years, with an emphasis on indexed journal articles, reports from international energy agencies,
and specialized investigations on ESG. This process followed the protocols outlined by Bandeira et al. (2021),
employing explicit inclusion criteria such as thematic relevance, methodological rigor, and the impact factor of
the sources. The databases consulted included Scopus, Web of Science, and ScienceDirect, in addition to
institutional repositories associated with the IEA (International Energy Agency), IRENA (International
Renewable Energy Agency), and ANEEL (Brazilian Electricity Regulatory Agency).

In addition, a document analysis was conducted following the methodological guidelines proposed by
Lima Junior et al. (2021), with a focus on technical-scientific and regulatory documents, including annual reports,
operational manuals, and institutional publications from the aforementioned agencies. Documents were selected
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based on their recency, institutional representativeness, and relevance to understanding curtailment mitigation
strategies within the energy transition landscape.

The data collected were organized into analytical tables and graphs, developed according to the principles
of statistical literacy (Gould, 2017), allowing for the comparison of key findings. The evidence was critically
examined using inductively constructed thematic categories, based on patterns and recurrences identified in the
texts. This analysis also incorporated the triangulation of secondary sources and case studies cited in the reviewed
documents, following the methodology suggested by Ribeiro (2021), thereby ensuring robustness and depth in the
interpretation of the information.

This methodological approach proved essential for achieving the objectives of the study, providing a
solid foundation for the critical analysis of the relationship between renewable energy curtailment and the
principles of Environmental, Social, and Corporate Governance (ESG). The integration of the systematic review
and document analysis enabled the identification of the most significant causes and impacts of curtailment, as
well as the evaluation of the role of ESG metrics in its management and mitigation. The combination of qualitative
analysis techniques with the principles of statistical literacy and the triangulation of sources allowed the study to
ensure the consistency and analytical depth necessary to formulate scientific guidelines and governance strategies
capable of informing sustainable practices in the energy sector. Thus, the methods implemented not only enabled
the identification of patterns, trends, and gaps, but also substantiated the proposal of viable solutions for
integrating curtailment control with corporate environmental governance practices.

I11. Literature Review

The theoretical framework of this study aims to provide an integrated and in-depth understanding of the
relationship between renewable energy curtailment and ESG (Environmental, Social, and Governance) guidelines,
addressing technical, environmental, and governance aspects. To this end, the theoretical exposition is organized
into three central subsections.

The first section, Curtailment in Renewable Energy: Causes, Impacts, and Trends (3.1), analyzes the
structural and operational factors that lead to the restriction of renewable energy generation, as well as examining
its economic and environmental repercussions, based on recent research and forecasts.

The second subsection, The Incorporation of Curtailment in ESG Practices: Current Diagnosis (3.2),
investigates how the issue of curtailment has been integrated—or overlooked—in the ESG strategies and reporting
of companies and organizations within the energy sector.

Finally, the third subsection, Strategic Guidelines for the Reduction of Curtailment Integrated with ESG
(3.3), proposes viable and sustainable approaches for mitigating curtailment, linking these strategies to current
demands for sustainability, social responsibility, and corporate governance. This structure is designed to provide
a robust theoretical foundation to support the analyses and recommendations developed throughout the article.

Curtailment in Renewable Energy: Causes, Impacts, and Trends

Curtailment, or constrained-off, in renewable energy systems represents an increasingly significant
challenge for the sustainability and operational efficiency of modern electrical grids. According to the IEA (2023),
the substantial rise in the integration of intermittent renewable sources, such as solar and wind, creates a need to
balance supply and demand in real time, which often results in the intentional reduction of generation (curtailment)
to prevent grid instabilities and overloads. This phenomenon is driven by various factors, including infrastructure
limitations, transmission constraints, and the lack of flexibility in existing systems (Nycander et al., 2020;
O'Shaughnessy, Cruce & Xu, 2021).

Table 1 — Main Causes of Curtailment in Renewable Energies

Cause || Description |
Grid limitation || Insufficient capacity of the transmission or distribution network. |

Climatic factors ||Sudden variations in wind or solar radiation requiring curtailment.|

|
|
| Excess generation || Energy production exceeds local demand. |
|
|

Scheduled maintenance” Shutdown of lines or equipment for maintenance. |

Note. Adapted from Nycander, E., Soder, J., Olauson, J., & Eriksson, R. (2020); O'Shaughnessy, E., Cruce, J., &
Xu, K. (2021); and Correia, T. de B. C. (2020).

Table 1 synthesizes the main causes of curtailment in renewable energy systems, grouping them into four
categories: grid limitation, overgeneration, climatic factors, and scheduled maintenance. These causes reflect the
operational and structural challenges faced by electrical systems in integrating intermittent sources such as solar
and wind energy. According to Nycander et al. (2020), the limited capacity of transmission and distribution
networks constitutes one of the primary bottlenecks hindering the full utilization of generated energy.
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O'Shaughnessy, Cruce, and Xu (2021) further emphasize that overgeneration—particularly during periods of low
demand—significantly contributes to curtailment, highlighting the urgent need for investments in energy storage
and grid flexibility. Correia (2020) notes that although climatic conditions and scheduled outages are predictable,
they demand strategic operational planning to mitigate losses and ensure system reliability. Thus, the table
underscores that mitigating curtailment requires integrated technical, regulatory, and operational solutions.

The International Energy Agency (IEA) has observed that curtailment of renewable electricity generation
approaches 10% in several countries, leading to the transfer of restriction-related costs to consumers.
Consequently, the societal benefits of low-cost electricity are delayed. Accelerating the delivery of these benefits
is a political, economic, and social imperative. Hence, the importance of expanding the grid using modern
technologies that enhance its flexibility and accessibility (IPCC, 2012).

Figure 1 below illustrates the contribution of variable renewable energy sources (VRE), predominantly
solar and wind, to the total electricity generation mix, alongside the technical curtailment rates for different
countries. It is noteworthy that nations with higher penetration of VRE—such as the United States (California),
Ireland, and Australia—also exhibit relatively high curtailment rates, highlighting the challenges associated with
integrating these intermittent sources into the power grid. This trend corroborates studies such as those by
Nycander et al. (2020) and O'Shaughnessy, Cruce, and Xu (2021), which underscore the need for increased grid
flexibility and technological innovation to reduce energy losses and preserve system stability.

Figure 1 - VRE shares in generation and technical curtailment for
selected countries
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According to Schierenbeck (2025), grid flexibility would directly translate into lower energy costs for
consumers. By optimizing the use of existing infrastructure and reducing curtailment, modern grids could stabilize
electricity prices.

Moreover, countries with moderate or low VRE penetration, such as Japan and Chile, exhibit
significantly lower curtailment rates, reflecting the influence of regional grid characteristics and regulatory
policies in curtailment management. This diversity among countries demonstrates that the phenomenon is not
homogeneous and is subject to multiple factors, such as infrastructure, storage capacity, and regulatory
frameworks, as argued by Correia (2020) and Joskow (2019). Hence, the evaluation of the graph underscores the
importance of context-specific strategies in the transition to sustainable energy.

In situations of overgeneration or inertia-induced scarcity, system operators often resort to VRE
curtailment as a mitigation measure—meaning the reduction of output from VRE units by a system operator to
address flexibility challenges. In wind turbines, this can be achieved by pitching the blades out of the wind; in
photovoltaic solar technologies, production can be curtailed through smart inverters or by simply disconnecting
certain units (IRENA, 2018).

The consequences of curtailment extend beyond mere energy loss, directly impacting the economic
viability of renewable energy projects and the sustainability image associated with such investments. Joskow
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(2019) emphasizes that curtailment can discourage further investment in renewable energy, thereby undermining
global decarbonization goals and ESG (Environmental, Social, and Governance) commitments. Furthermore,
Nycander et al. (2020) highlight that limited transmission capacity, coupled with insufficient system flexibility,
plays a significant role in increasing curtailment, underscoring the urgency of integrated strategies for the effective
management of distributed generation.

Rolim (2025) states that there are at least ten justifications for curtailment—and, consequently, the
necessity for compensation to affected producers—including constraints in grid capacity, oversupply during
specific periods, lack of energy storage systems, and insufficient market signaling. These elements point to a
disconnect between the planning of renewable energy expansion and the upgrading of transmission infrastructure,
resulting in economic losses and disincentivizing continued investment in the sector.

Beyond technical aspects, the effects of curtailment have direct repercussions on the sustainability of the
energy sector and its strategic role within ESG practices. As Rolim (2025) highlights, the interruption of renewable
energy generation not only impairs the efficiency of power systems but also weakens the climate commitment of
institutions and governments aiming for energy transitions based on clean sources. Therefore, understanding the
structural and operational causes of curtailment is essential to proposing strategies that integrate renewable energy
expansion, supply reliability, and economic equity for producers. lIdentifying these causes and their effects enables
progress in developing public policies, regulatory instruments, and market mechanisms that ensure the full and
sustainable integration of renewable energy in alignment with responsible energy governance principles.

Recent studies indicate that advancements in technological and regulatory solutions are crucial for
mitigating the effects of curtailment. Correia (2020) underscores the relevance of regulatory policies that promote
grid adaptability, energy storage, and infrastructure modernization. Troncoso (2025), in turn, presents lessons
drawn from global experiences that transform challenges into opportunities, highlighting models that integrate
smart storage and compensation systems for affected producers. According to Almeida (2025), this perspective is
further enriched by addressing the effects of curtailment in the energy transition, indicating that the harmonization
between governance and technological innovation is fundamental to ensuring the sector’s sustainability.

Thus, analyzing the causes and effects of curtailment not only contributes to the improvement of energy
policies but also reinforces the strategic importance of renewable energy within the ESG framework, facilitating
a more robust and effective energy transition.

The Integration of Curtailment into ESG Practices: Current Diagnosis

The integration of ESG (Environmental, Social, and Governance) principles into corporate strategies has
increasingly emerged as a response to growing demands for socio-environmental responsibility and transparency
in governance procedures. Within the scope of renewable energy, this approach becomes particularly significant,
considering projections that these sources will play a pivotal role in the transition to a sustainable energy matrix.
The rising trend toward the adoption of green products (with lower environmental impact) that yield social benefits
has compelled companies to embrace ESG-oriented policies (Bezerra, 2023).

However, the occurrence of curtailment — or the forced reduction of renewable energy generation —
directly affects environmental and governance indicators, underscoring the urgency of a critical assessment of
how it is managed within the framework of ESG metrics. Nunes et al. (2024) emphasize that corporate
sustainability is tied not only to the implementation of renewable sources, but also to the ability to effectively
integrate them into the power system, thereby preventing operational losses and misalignments with established
climate commitments.

Curtailment, by limiting the full utilization of renewable energy sources, produces detrimental effects on
environmental indicators by preventing the use of available clean energy. In some cases, this leads to the activation
of conventional, more polluting energy sources. Rolim (2025) highlights that reductions in renewable energy
generation often stem from technical, regulatory, or structural constraints, which necessitate compensatory
mechanisms for affected producers and reveal weaknesses in sectoral management.

In this scenario, the challenges faced by companies extend beyond renewable energy generation and
encompass its effective and continuous integration into the grid. Murasawa (2022) points out that the credibility
of environmental targets is intrinsically linked to how effectively organizations address structural barriers such as
curtailment, which can compromise a company’s reputation in the eyes of investors and regulators who monitor
the coherence between sustainability discourse and actual practice.

The implementation of ESG guidelines by energy sector organizations requires the use of regulatory
instruments and performance indicators that enable monitoring and transparency in environmental and
governance-related actions.

According to Assuncédo (2021) and Guevara and Dib (2022), the consolidation of the ESG agenda within
institutions is directly associated with the capacity to measure impacts, risks, and opportunities related to climate
change and energy efficiency. In this context, the adoption of internationally recognized frameworks has proven
essential for ensuring compliance with sustainability standards, particularly in situations where curtailment may
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hinder decarbonization goals. Table 2 below presents three of the main ESG frameworks that address energy
efficiency issues and are widely adopted by companies operating in the renewable energy sector:

Table 2 — ESG Frameworks Addressing Energy Efficiency

| Framework || Relevant Features |
| GRI (Global Reporting Initiative) || Energy and emissions indicators. |
| SASB (Sustainability Accounting Standards Board) || Specific metrics for renewable energy. |
ITCFD (Task Force on Climate-related Financial Disclosures)HAnaIysis of climate-related risks and opportunities.l

Sources: Assuncdo (2021); Guevara e Dib (2022); Machado e Checon (2023); Gomes et al. (2024)

The demands of the financial market and regulatory bodies have increasingly pressured corporations not
only to disclose their environmental and governance practices, but also to demonstrate tangible outcomes. Gomes
et al. (2024) highlight that corporate education focused on fostering an ESG-oriented culture is essential for
strengthening organizational citizenship and sustainability, encompassing the efficient management of resources
and the mitigation of operational risks such as curtailment. The implementation of effective ESG metrics can thus
serve as a strategic tool for identifying weaknesses within the energy system, while also proposing solutions that
enhance reliability and predictability in renewable energy operations. Vieira (2022), in turn, emphasizes that
energy efficiency can only be achieved through the elimination of barriers — such as generation constraints —
that limit decarbonization potential and compromise the achievement of carbon neutrality targets.

The application of ESG criteria in the energy sector plays a vital role in curtailment reduction, promoting
greater operational efficiency, technological advancement, and social acceptance of energy infrastructure. The
interconnection between corporate governance, environmental responsibility, and social engagement forms a
robust foundation for addressing the challenges arising from unforeseen energy losses. Table 3 below illustrates
how each of the ESG components can directly contribute to the reduction of curtailment:

Table 3 — Correlation between ESG Adoption and Curtailment Reduction

| ESG Factor || Contribution to Curtailment Reduction |
| Governance || Improved management of energy assets and infrastructure. |
[Environmental|[  Promotion of storage technologies and smart grids. |
| Social ||Encouragement of social acceptance of energy infrastructure.|

Souces: Assungdo (2021); Guevara e Dib (2022)

Moreover, curtailment directly challenges the principles of sound corporate governance. According to
Machado and Checon (2023), companies that position themselves as committed to ESG must demonstrate
alignment between their actions and the established governance standards, which includes transparency in
managing the technical and economic risks associated with renewable energy production.

An inadequate approach to curtailment may be perceived as negligence or a lack of strategic
preparedness, ultimately affecting investor perception and undermining the organization's market appeal.
Assungdo (2021) argues that the private sector must establish robust voluntary commitments to mitigate the effects
of curtailment, integrating this issue into the core of corporate strategies aimed at achieving net-zero emission
targets.

An effective ESG approach must, therefore, consider curtailment as a critical variable to be proactively
managed. The interconnection between public policy, infrastructure investment, and technological advancement
is fundamental to overcoming this challenge. Guevara and Dib (2022) emphasize that the opportunities linked to
ESG principles are contingent upon the ability of organizations to respond to external pressures through effective
and sustainable actions.

In this regard, Rolim (2025) contends that, due to the complexity of curtailment’s underlying causes, it
is essential to develop regulatory mechanisms that not only ensure compensation for producers but also promote
grid modernization and the implementation of energy storage technologies.

Building a robust energy governance structure—grounded in clearly defined environmental, social, and
governance (ESG) indicators—will be essential to ensure that the expansion of renewable energy sources
translates into meaningful sustainability gains, mitigates the distortions caused by curtailment, and strengthens
the climate commitments of both nations and corporations.

Strategic Guidelines for Curtailment Reduction Integrated into ESG

The increasing share of renewable sources in Brazil’s energy matrix has intensified discussions on
curtailment and its implications for the sector’s sustainability. This phenomenon—characterized by limitations on
energy generation despite the availability of natural resources—exposes structural and operational weaknesses in
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the integration of intermittent sources, such as wind and solar energy, into the power grid. As noted by Valente,
Sobrosa, and Terra (2024), this situation is particularly prevalent in Brazil’s Northeast region, which hosts a
significant concentration of wind farms. However, transmission infrastructure constraints hinder the full dispatch
of the energy produced.

In this context, the development of strategic guidelines that combine technical and governance solutions,
aligned with ESG principles, is essential for minimizing energy losses, enhancing energy security, and enabling a
more equitable and efficient energy transition. Among the most promising technical options for reducing
curtailment is energy storage.

According to Castro et al. (2022), technologies such as battery systems and green hydrogen production
enhance the operational flexibility of the grid by enabling the absorption of excess energy generated during periods
of low demand, thereby contributing to grid stability. These solutions are further supported by smart grid
technologies and demand-side management strategies, which optimize the utilization of generated energy.
According to the Regulatory Impact Report by ANEEL (2020), the integration of hybrid power plants into smart
grids enhances the resilience of Brazil’s national interconnected system.

Research conducted by Pontes (2024) and Pinho (2017) underscores the technical and economic
feasibility of producing hydrogen from wind energy surpluses, particularly in the Northeast, while also presenting
viable alternatives for the efficient use of otherwise curtailed energy. Table 4 outlines a set of strategic guidelines
for curtailment reduction, categorized by type of action:

Table 4 — Strategic Guidelines for Curtailment Reduction
| Guideline || Description |

| Energy storage || Use batteries to absorb surplus energy. |
|Demand flexibility|| Manage consumption dynamically. |

| Grid expansion |[Invest in infrastructure to avoid bottlenecks.]
Sources: ANEEL (2020); Castro et al. (2022); Luz e Vila (2024); Valente, Sobrosa e Terra (2024)

These approaches are supported by both Brazilian and international experiences, although their
implementation requires financial investments in innovation and regulatory adjustments. In the Brazilian context,
battery storage and the use of green hydrogen have already been explored through pilot projects; however, they
still face challenges related to cost and regulatory frameworks. Demand-side management, in turn, calls for greater
digitalization of electricity networks and increased consumer engagement, while grid expansion depends on strong
public policies and long-term integrated planning.

On the international front, initiatives such as the implementation of wake steering in wind turbines in the
United States, as reported by Seiler and Hoyt (2020), demonstrate the effectiveness of dynamic control strategies
in optimizing production under curtailment conditions. This technique modifies wind flow paths between turbines
and requires complex predictive models as well as advanced infrastructure, raising questions about its feasibility
in Brazil given current technological and regulatory limitations. Nonetheless, Luz and Vila (2024) emphasize that
energy planning based on hourly annual simulations that account for climatic variability and different demand
scenarios is essential for making more resilient decisions.

From a governance standpoint, incorporating curtailment monitoring into Environmental, Social, and
Governance (ESG) reporting represents a strategic advancement. Troncoso (2025) advocates for the
implementation of specialized metrics to address this phenomenon, fostering greater transparency regarding
operational losses and the mitigation strategies employed by energy sector organizations. Such transparency
supports alignment between environmental commitments and effective corporate practices. Additionally, Almeida
(2025) highlights that effective governance must integrate regulatory compliance, socio-environmental
responsibility, and a commitment to operational efficiency—Kkey elements given the complexity of managing
intermittent energy sources.

Ultimately, the evidence examined indicates that curtailment reduction should not be viewed merely as
a technical or operational issue, but rather as a strategic component of sustainable energy governance. Repeated
curtailment undermines the attractiveness of renewable energy ventures, deters investors, and weakens the sector’s
ESG commitments (Rolim, 2025; Yang et al., 2020). The integration of technological solutions, sound governance
practices, and coherent public policies proves essential for advancing the sustainability of the national energy
matrix. Therefore, it is recommended that organizations and policymakers prioritize integrated and forward-
looking initiatives, recognizing curtailment as a central factor in evaluating the quality of energy governance in
Brazil.
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IV. Discussion

The correlation between curtailment reduction and Environmental, Social, and Governance (ESG)
practices reveals a central dilemma in the energy transition: despite increasing investments in renewable energy
aimed at fulfilling environmental and social commitments, the conventional power infrastructure remains limited,
preventing the full integration of intermittent generation and, consequently, undermining the realization of the
intended environmental benefits. According to IRENA (2020), rising curtailment levels in systems with a high
share of renewables negatively impact sustainability, as clean energy is wasted due to operational and regulatory
failures.

Despite its significance, curtailment remains underestimated in the ESG indicators most commonly
adopted. This omission reflects both normative and methodological gaps, since, as highlighted by Eccles, loannou,
and Serafeim (2014), the effectiveness of ESG reporting depends on the specificity of the indicators used. The
absence of metrics aimed at assessing avoidable energy losses may result in the overstatement of the positive
environmental impacts reported by electric sector companies. In this context, energy governance must evolve to
incorporate efficiency criteria in the use of renewable generation, moving beyond the mere quantification of
installed capacity or avoided emissions.

The implementation of sustainable strategies — including energy storage, demand-side management, and
grid expansion — faces technical, economic, and institutional obstacles. Studies conducted by Nycander et al.
(2020) and Correia (2020) point to the high costs associated with storage systems, as well as the challenges in
coordinating market actors. In Brazil, additional issues include rigid regulatory frameworks, delays in licensing
procedures, and the absence of economic incentives for modernizing the electrical infrastructure — all of which
perpetuate curtailment as a structural feature of the system.

To align ESG parameters with the challenges of the energy transition, it is essential to incorporate the
concept of curtailment into evaluation and reporting processes. This can be achieved through three main avenues:
(i) the development of specific indicators for avoidable energy losses; (ii) the recognition of technological
initiatives aimed at reducing such losses; and (iii) the adoption of governance metrics that emphasize efficiency
in infrastructure management. According to the IEA (2023), without such adjustments, energy governance may
compromise the very principles of sustainability in the sector.

In this context, policymakers and corporate actors play a strategic role in the development and
implementation of these indicators. Public-private partnerships, innovation incentive programs, and regulatory
reforms focused on the effective integration of renewable sources represent promising alternatives to align ESG
governance practices with the actual conditions of the energy sector.

Thus, by recognizing curtailment as a reflection of systemic inefficiencies rather than as an isolated
failure, it becomes possible to develop more comprehensive assessment tools aligned with climate goals.
Overcoming regulatory and technical barriers through integrated strategies involving government, the private
sector, and society is essential to ensure the credibility and effectiveness of ESG commitments in the transition
toward a truly sustainable energy system (Gomes et al., 2024; Troncoso, 2025; Rolim, 2025).

V. Conclusion

The research fully achieved all the previously established objectives, providing a detailed and strategic
analysis of the relationship between the curtailment of renewable energy sources and the principles of
Environmental, Social, and Corporate Governance (ESG). The general objective — to investigate this relationship
and propose guidelines for a sustainable management of curtailment — was attained through a meticulous
theoretical-analytical approach, grounded in a systematic review and a critical documentary analysis. The specific
objectives were likewise fully met: the main causes and impacts of curtailment were examined (objective a); the
role of ESG metrics in its mitigation was evaluated (objective b); and finally, integrative guidelines compatible
with corporate environmental governance were proposed (objective c).

Regarding the theoretical framework, the study demonstrated in section 3.1 that curtailment stems from
technical, regulatory, and structural factors, such as the intermittency of renewable energy sources, limitations in
grid capacity, and shortcomings in energy planning. Furthermore, an upward trend in the occurrence of curtailment
was identified in countries with high penetration of variable renewable energy sources, such as solar and wind,
intensifying the need for both preventive and corrective strategies. In subsection 3.2, it was observed that, although
curtailment still receives limited explicit attention in ESG guidelines, there is a growing recognition of the need
to incorporate metrics related to energy efficiency, operational flexibility, and environmental responsibility as
essential components in the management of the electric power sector. The present diagnosis highlighted the
absence of international standards for evaluating curtailment in the context of ESG, while also indicating avenues
for both conceptual and practical development. In section 3.3, the study proposed strategic guidelines
encompassing policies aimed at decarbonization, modernization of energy infrastructure, adoption of storage
technologies, and the digitalization of energy management — all of which were presented as promising
alternatives to reduce curtailment in alignment with ESG principles.
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The analytical contribution of this study was enhanced through the construction of tables and graphs that
summarize the main results in an organized and comparative manner. Table 1 — Main Causes of Renewable Energy
Curtailment enabled the identification — based on scientific and documentary evidence — of the technical,
regulatory, and economic factors that most significantly influence the limitation of renewable energy generation.
Table 2 — ESG Structures Addressing Energy Efficiency demonstrated how different ESG frameworks have
begun, albeit tentatively, to address challenges related to energy efficiency and curtailment-related losses. Table
3 — Correlation Between ESG Adoption and Curtailment Reduction provided a comparative analysis of
international experiences, indicating that entities and nations with greater adherence to ESG principles generally
exhibit lower levels of curtailment, suggesting a positive association between environmental governance and
efficiency in the power sector. Complementing this evidence, Table 4 — Strategic Guidelines for Curtailment
Reduction compiles practical and scientifically grounded recommendations intended to guide policies and
corporate actions focused on the sustainable mitigation of curtailment. Additionally, Figure 1 — Participation of
Variable Renewable Energy Sources in Generation and Technical Curtailment in Selected Countries offered a
graphical illustration of the discrepancy between the share of variable renewable energy (VRE) in national
electricity mixes and technical curtailment rates, highlighting significant trends and underscoring the urgency for
context-sensitive solutions.

As an extension of this research, it is suggested that future studies further explore the empirical analysis of
the relationship between ESG practices and the reduction of curtailment in specific national and regional contexts,
with an emphasis on case studies. Moreover, the development of ESG-specific metrics for energy losses is
recommended to improve their measurement and management in accordance with sustainability criteria. Another
promising area involves the investigation of the feasibility of emerging technologies aimed at curtailment
mitigation, including advanced storage systems, smart grids, and artificial intelligence—based solutions. Lastly, it
is recommended to analyze the economic impact of integrated curtailment management on the attractiveness of
sustainable investments, considering ESG criteria as guiding parameters for investors and stakeholders. The
intersection between technological innovation, public policy, and corporate governance constitutes a fertile
ground for research aiming to overcome the obstacles posed by curtailment, thereby enabling a truly sustainable,
inclusive, and resilient energy transition.
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