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Key Messages

Brazil’s renewable advantage comes with vulnera-
bilities: the country’s electricity system is about 89%
renewable and has a vast interconnected grid. However,
this benefit comes with risks: Brazil is among the world’s
most climate-vulnerable countries (ND-GAIN score:
0.369).! High-impact, low-frequency (HILF) events - such
as storms, floods, and wildfires - already lead to wide-
spread outages, and because of climate change, these
events are becoming increasingly frequent and more
intense. In 2023, a storm in Sao Paulo left 2.5 million peo-
ple without power and knocked down 1,300 trees onto
power lines, highlighting the vulnerability of the distribu-
tion systems.

Technological solutions are available and need to be
expanded: grid hardening, modernization, and advanced
digital platforms (ADMS, DERMS, SCADA, smart meters)
help reduce vulnerabilities and boost efficiency. Distrib-
uted Energy Resources (DERs), such as solar, batteries,
and microgrids, offer local flexibility and resilience. These
measures together create a more adaptable grid but
require additional investment and supportive regulation
for broader adoption.

Preparedness and planning must be institutionalized:
Using Al-driven tools, digital twins, and real-time dash-
boards for forecasting and monitoring enhances outage
prediction and risk management. Emergency prepared-
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ness plans, including early warning systems, contingen-
cy protocols, and trained response teams—should be
required across utilities. Integrated planning must also
incorporate climate risk and biodiversity criteria into grid
expansion and modernization.

Nature and policy reforms are crucial: Resilience must
be central to planning with investments in network
protection, diversification, and adaptation supported and
socialized by governments. Regulatory frameworks need
to recognize extraordinary climate-related costs, adapt
reliability indicators to guide resource allocation. More-
over, Brazil must strike a balance between grid expansion
and biodiversity protection, employing ecosystem-based
adaptation (EbA) and vegetation management strategies.
The convergence of technical innovation, nature-based
strategies, and supportive policy frameworks will be key
to transforming resilience from specific reactive mea-
sures into a proactive pillar of power sector development.

Resilience investments are cost-effective: The net
benefit on average of investing in more resilient infra-
structure in low- and middle-income countries would be
$4.2 trillion with $4 in benefit for each $1 invested (World
Bank, 2019)
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Scope

Home to 20% of the world’s biodiversity and with an 89% renewable power matrix, Brazil has a large, interconnected
power network that supplies 99% of the country, operating approximately 189,000 km of transmission lines at voltages
above 230 kV.2 Brazil’s Sistema Interligado Nacional (SIN), the interconnected grid system, covers about 40% of the total
length of European Network of Transmission System Operators for Electricity (ENTSO-E). While experiencing signifi-
cant expansion — from 65,500 km in 2000 to 189,000 km in 2025 — Brazil’s power grid and infrastructure remain highly
vulnerable to climate change events. The country has a vulnerability score of 0.369, ranking among the most vulnerable
nations according to the ND-GAIN Country Index.? Without a resilient grid, decarbonization targets risk being derailed by
climate shocks.

Building on Brazil’s goal of achieving Climate Neutrality by 2050 and its greenhouse gas reduction targets for 2035, as
outlined in the National Plan for Climate Change Adaptation and the Pact for Ecological Transformation, this paper
will examine the technological challenges related to T&D system resilience against extreme weather events and
provide an overview of best practices and current technical solutions for enhancing infrastructure durability. The
paper will also cover the integration of environmental conservation strategies, highlighting synergies with climate
adaptation efforts.

Additionally, it will briefly examine policy and financial mechanisms designed to mainstream adaptation, including
strategies to align and mobilize both public and private sector investments toward sustainable, climate-resilient
solutions.

Introduction

Brazil’s National Interconnected System (SIN) unifies regional power grids, ensuring efficient electricity distribution and
enhancing grid stability. The country’s transmission infrastructure operates at high-voltage levels of 230 kV, 345 kV, 500
kv, and 750 kV, enabling the long-distance transport of electricity. Spanning approximately 189,000 kilometers, the grid
connects remote generation sites to urban centers, although its vast coverage poses challenges in terms of transmission
losses and maintenance.

Brazil’s power generation is primarily dominated by hydropower, which accounts for approximately 55% of the nation’s
electricity generation,* thanks to its vast river systems. To diversify its energy sources, Brazil has increasingly invested in
renewable alternatives. Wind energy now contributes around 14%, solar energy contributes 9%, and biomass, partic-
ularly from sugarcane bagasse, provides about 8%.> Thermal power plants and nuclear facilities, which offer backup
during low hydroelectric output periods, contribute approximately 12% to the overall energy mix.5”

Historically, large hydropower plants have dominated power generation in the country, providing a flexible and
low-emission electricity supply. However, their share in the mix has slowly fallen over the last 20 years — from 83% of
hydro share in 2004 to around 55% in 2025. Non-hydro renewables, especially wind and solar, have been leading the
system’s expansion, driven by significant cost reductions and generous incentives and/or subsidies, such as discounts
on transmission tariffs.

Distributed generation (DG) now represents 15% of Brazil’s installed capacity, posing challenges in energy management
and dispatch. As of January 2025, the country counted on 36,4 GW of distributed solar, a 17x growth from the 2.2GW
installed by the end of 2019. The country is undergoing a structural and hourly mismatch between supply and demand,
with the net demand ramp in the evening potentially surpassing 30 GW. It largely comes from DG being over-subsidized
and escaping the country’s energy control and planning mechanism. There is an urgent need for a new market design to
incorporate and remunerate flexibility, as well as conduct a thorough review of energy subsidy allocation.
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A key feature of Brazil’s energy consumption and demand profile is the geographic mismatch between generation and
usage: approximately 80% of wind and 60% of solar energy is produced in the Northeast, while around 55% of elec-
tricity demand is concentrated in the Southeast region of the country This disparity underscores the critical need for
expanding transmission infrastructure — particularly from the Northeast, where wind capacity is rapidly growing, to the
Southeast, where demand is highest. Strengthening interregional connections is essential to optimizing energy flow

and ensuring system reliability. Since 2000, and more intensively since 2010, Brazil’s transmission grid has grown by
140% in extension with the delivery of North-South and regional interconnections. The National Electric Energy Agency
(ANEEL) is planning a transmission auction in 2025 with an estimated investment of 7.6 billion BRL;! it is intended for the
construction and maintenance of 1,178 kilometers (km) of new transmission lines and sections and 4,400 mega-volt-am-
peres (MVA) of transformation capacity, as well as rapid automatic reactive control and seven synchronous compen-
sations.® However, this investment will not fully resolve the geographic imbalance between energy generation and
consumption. Current transmission capacity remains insufficient to absorb the rapidly expanding renewable generation
in the Northeast, where connection queues already exceed planned capacity. Continued and accelerated transmission
expansion — particularly through new high-voltage corridors and dynamic grid management systems — will be essen-
tial to integrate the growing renewable output from the Northeast and ensure supply security in the Southeast, where
electricity demand remains concentrated.

Brazil’s climate adaptation and resilience strategy is outlined in its second Nationally Determined Contribution (NDC),
submitted November 2024, which highlights the country’s commitment to addressing the increasing risks posed by ex-
treme climate events. The document details an integrated approach that combines adaptation policies with biodiversity
conservation and national mitigation strategies, ensuring that climate actions align with the Sustainable Development
Goals and Climate Neutrality.

In the beginning of 2025, Brazil’s federal government, along with the Ministries of Environment and Climate Change
(MMA) and Science, Technology, and Innovation (MCIT), launched a public consultation on the revised version of its
Climate Adaptation Plan (PNA). This initiative follows a year of discussions on climate risks, goal setting, and action
planning to improve the climate resilience and adaptation of various economic sectors, including the energy sector.

The plan includes ambitious goals across 16 sectoral and thematic areas, with targets such as:

+ Improving disease monitoring for climate-sensitive illnesses by 2027.

+ Ensuring water security in 200 vulnerable communities by 2031.

« Boosting urban climate resilience in at least 350 priority municipalities.

+ Reducing the risk of species extinction by 30% and restoring 30,000 hectares of restinga® vegetation by 2032.
+ Publishing a list of coastal municipalities most exposed to flooding and sea level rise by 2026.

« Establishing a national policy to combat environmental racism by 2027.

These targets and the revised PNA are part of Brazil’s broader climate strategy leading up to COP30, where the country
will launch its revised Climate Strategy.

A key part of Brazil’s resilience strategy is its focus on biodiversity conservation, particularly the protection of the Ama-
zon Rainforest and other critical ecosystems. For example, the National Plan for Native Vegetation Recovery (Planaveg)
reaffirms Brazil’s commitment to restore at least 12 million hectares of native vegetation by 2030,° in line with the Paris
Agreement. Healthy ecosystems act as natural buffers against climate extremes such as floods and droughts, while also

1  Current exchange rate of 1 USD equals 5.41 BRL on 20 Oct 2025.
2 Arestingais a type of coastal ecosystem found primarily along the Atlantic coast of Brazil. It forms on sandy, nutrient-poor soils
and is shaped by the interaction between the sea and the land over thousands of years.
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preserving biodiversity and maintaining vital ecosystem services. Brazil’s adaptation strategies are also linked to its
national mitigation plan, which aims to reduce deforestation, restore degraded land, and shift to low-carbon agriculture.
These efforts, combined with nature-based solutions and ecosystem-based adaptation, enhance both mitigation and
adaptation, supporting the long-term sustainability of Brazil’s development.

Brazil’s Forest Code is a comprehensive legal framework that governs the protection and sustainable use of native vege-
tation across Brazil. While it imposes important environmental safeguards, it also provides mechanisms for compliance
and restoration, such as environmental regularization programs and incentives for sustainable land use. Launched in
2012, itincorporates rigorous aspects of environmental law, including mandatory forest reserves on private land as a
fixed percentage of the property. It mandates maintaining 20-80% of native vegetation on rural land, depending on the
biome.

Part I: Brazil Needs Action

Brazil’s power grid is increasingly exposed to high-impact, low-frequency (HILF) events that can severely disrupt elec-
tricity supply. Despite having strong analytical tools and risk-assessment platforms, urgent action is needed to translate
these insights into practical resilience measures reflected in the energy sector regulation.

Extreme weather events, or HILF events, are defined by their infrequent occurrence but severe consequences. These
events can cause widespread and prolonged disruptions, including significant damage to infrastructure, broad geo-
graphic impact, and potential loss of life and vital resources. Whether an event is classified as HILF depends on the con-
text and can vary based on regional risk assessments, environmental conditions, and specific regulatory or operational
standards. Brazil uses a local taxonomy supported by the World Meteorological Organization (WMO) that considers
factors such as nature, intensity, frequency, and social and environmental impact.

The methodology for assessing how extreme weather events affect distribution grids involves data collection, scenario
analysis, hazard assessment, and impact estimation, with a strong emphasis on evaluating grid vulnerability to see how
various components react to hazards.!® By comparing hazard exposure with grid weaknesses, utilities can prioritize ar-
eas for reinforcement, such as upgrading materials, relocating substations, and implementing self-healing grid technol-
ogies.

Brazil already has robust tools to guide risk-informed energy and infrastructure planning, such as PClima and Adapta-
Brasil, which provide climate projections, vulnerability mapping, and sectoral adaptation guidance. In addition, the Best
Practices for the Electric Power Distribution Sector in the Face of Extreme Weather Events (MPECE) initiative offers prac-
tical guidelines for utilities to enhance operational resilience and emergency response to climate-related disruptions.
Together, these platforms form a solid foundation for integrating scientific evidence into national and regional resilience
planning.

1. PClima - INPE Climate Analysis: This platform, managed by the National Institute for Space Research (INPE),
offers climate data, weather analysis, and projections relevant to Brazil. It includes monitoring of extreme weather
events, historical climate trends, and model-based future scenarios.

2. AdaptaBrasil - MCTI: Developed by the Ministry of Science, Technology, and Innovation (MCTI), AdaptaBrasil pro-
vides climate risk assessments, vulnerability mapping, and adaptation strategies across sectors such as energy,
water resources, and agriculture.

3. Best Practices for the Electric Power Distribution Sector in the Face of Extreme Weather Events (MPECE):
This platform compiles methodologies and operational recommendations for electric utilities to mitigate and
respond to high-impact, low-frequency (HILF) events. It supports utilities in developing contingency protocols,
infrastructure hardening strategies, and post-event recovery plans.
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For energy generation, the AdaptaBrasil platform assesses hydropower vulnerability by evaluating risks associated
with droughts and changing rainfall patterns, as well as projections on river flow variations. This helps hydroelectric
operators anticipate water shortages and optimize reservoir management in different time horizons (2030-2050). It also
evaluates the renewable energy potential of wind and solar sources across various climate scenarios, accounting for
changes in wind speed and solar radiation. Additionally, the platform examines thermal power risks, especially how
rising temperatures impact cooling system efficiency, water availability, and operational costs.

Regarding transmission and distribution networks, AdaptaBrasil identifies high-risk areas for power infrastructure by
mapping threats such as floods, storms, and wildfires, helping utilities reinforce vulnerable parts of the grid. The plat-
form also offers electricity demand forecasts, helping energy planners anticipate shifts in consumption driven by rising
temperatures, especially the increased use of air conditioning in urban areas.

Together, these tools provide a strong scientific foundation for resilience planning, but they must now be matched by
concrete implementation. The growing frequency and severity of extreme events underscore that Brazil not only has the
data—it has an urgent need for action.

Brazil’s electricity regulatory agency, ANEEL, is advancing new measures to address the growing impact of extreme
climate events on the power sector. These include proposals for standardized contingency plans, improved real-time
monitoring, and enhanced coordination with emergency services. In 2024, the agency opened a two-phase public con-
sultation process to evaluate the regulatory needs associated to enhance grid resilience of the transmission and distri-
bution systems to extreme weather events. It has received more than 1,000 individual contributions and has announced
specific regulations will be published between 2025-2026. The next steps of this regulatory-management plan will be
key to ensure the sustainability of the country’s energy security and renewability.

Part Il: Roadmap to Resilience

A comprehensive strategy to improve the resilience and adaptability of power infrastructure should start with reinforc-
ing and modernizing the existing system, ensuring it can withstand extreme weather and operate reliably under stress.
This involves deploying grid-hardening technologies, adopting advanced maintenance protocols, enhancing forecasting
and monitoring capabilities, and developing strong emergency preparedness plans. These steps collectively aim to low-
er vulnerability, boost operational efficiency, and protect critical assets against increasing environmental challenges.

Beyond traditional infrastructure upgrades, integrating decentralized energy resources is crucial to making the grid re-
silient for the future. Distributed Energy Resources (DERs) provide local resilience and flexibility, while new transmission
lines and capacity reserves are essential to meet growing energy demands and reduce disruptions. Digitalization further
improves grid efficiency and responsiveness through advanced management systems, smart meters, and real-time data
analytics.

Lastly, Ecosystem-Based Adaptation (EbA) is recognized as a systemic approach to climate risk reduction, helping to
buffer infrastructure from floods, droughts, wildfires, and other climate-related hazards.

In practice, on resilience metrics and forecasting inputs, grid resilience is the ability to anticipate, absorb, adapt to,
and rapidly recover from disruptive events (i.e., storms, wildfires, cyberattacks, equipment failure, etc.). The indices
most used for reliability (e.g., SAIDI, SAIFI, CAIDI)® are weak proxies for resilience to high-impact, low-frequency events

3 Abbreviations used in this paragraph: SAIDI — System Average Interruption Duration Index; SAIFI — System Average Interruption
Frequency Index; CAIDI — Customer Average Interruption Duration Index; AM/ — Advanced Metering Infrastructure; SCADA —
Supervisory Control and Data Acquisition; ADMS — Advanced Distribution Management System; OMS — Outage Management
System; GIS — Geographic Information System; DERMS — Distributed Energy Resource Management System; TSTM — (National
Weather Service code) Thunderstorm; TTIK — Total Time of Interruption per Installed kVA — a capacity-normalized continuity
indicator used in parts of Latin America.
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because they average performance and understate the capacity lost, the criticality of affected loads, and recovery
dynamics. To steer climate-resilience investments, utilities and regulators should complement these with capacity- and
recovery-focused indicators — e.g., TTIK and related measures that track the share of electrical capacity impacted and
the duration it remains unavailable during extreme-weather faults; event-normalized mean time to recover for feeders/
substations; critical-load continuity (i.e., hospitals, water, telecom) and priority-customer service rates; and energy

not supplied during the event alongside restoration curves. Weather-derived signals (e.g., “TSTM” thunderstorm tags
from meteorological services) integrated with GIS and digital grid platforms (i.e., AMI, SCADA, ADMS, OMS, GIS, DERMS)
should feed these indicators to improve outage prediction, situational awareness, and post-event benchmarking. Be-
cause current sector metrics are not yet adequate to describe resilience impacts, Brazil should pilot and standardize a
fit-for-purpose suite through ANEEL processes and embed them in planning, tariff reviews, and concession targets.

Technological Pathways

Technological pathways to strengthen Brazil’s power grid can be grouped into four key areas: reinforcing and modern-
izing existing infrastructure, integrating distributed energy resources, expanding transmission and storage capacity,
and digitalizing the grid. Each area targets a different aspect of resilience, but together they form a comprehensive set
of measures to prepare the electricity system for climate-related risks. Across all four areas, new grid assets should be
explicitly future-proofed—specified, sited, and built to adaptation-ready standards (e.g., higher wind/heat/flood toler-
ances, modular designs, and rapid-recovery features). By “future-proofing,” we mean designing and procuring assets
so they maintain safe, reliable performance under evolving climate hazards, demand patterns, and technology stan-
dards over their life cycle, through higher hazard tolerances, modular/upgradeable components, interoperable digital
controls, and maintainability features that speed recovery and reduce total life-cycle cost. Procurement and regulatory
rules should reward lifecycle resilience rather than the lowest upfront cost, so vendors have clear incentives to embed
adaptation by design.

A. Reinforce and Modernize Existing Infrastructure

A robust adaptation strategy includes upgrading infrastructure to withstand extreme weather conditions, developing
specific maintenance procedures, enhancing forecasting and monitoring systems, and creating emergency response
plans.

Grid Hardening Technologies for Existing Infrastructure:
+ Replacing aging and weak infrastructure, such as poles and transformers, which are more susceptible to damage
due to growing climate challenges; moreover, increasing redundancy and providing multiple maneuver options via
telecontrol equipment enhances resilience in the event of damage.

+ Replacing overhead power lines with underground cables, especially where the risk of wind, storms, and wildfires is
higher, less expensive solutions are insulated and covered cables.

« Utilize fire-resistant materials, such as insulated conductors, composite poles, and others with fire-resistant coat-
ings. These are good value investments for fire zone areas.

+ Elevated and waterproof substations to protect critical assets from hurricanes and storms.

+ Mobile substations as standby and back-up sources in case of severely damaged assets and prolonged outages, and
generator availability for the supply to critical customers.

Maintenance Options:

Advanced Performance Analytics / Insights (APA/API) plays a vital role in operating and maintaining T&D grid assets,
with a focus on Condition-Based Maintenance. APA uses a unique methodology and metrics with Al/ML algorithms to
monitor and evaluate the overall Health & Risk Index for various critical grid assets and equipment, such as transform-
ers, breakers, reclosers, and others. This approach helps optimize equipment operation, supports condition-based
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maintenance, improves reliability, and reduces maintenance costs for key grid assets. It gathers data from sources and
technology platforms such as:

+ Historical data from maintenance records, breakdown and outage logs, asset specifications, and manufacturer’s
nameplate data;

+  SCADA systems/ADMS/EMS, providing real-time monitoring, control, and operational data;
+ AMI/Smart Meters, offering detailed loading, energy flow/consumption data, and outage detection;

« Other IoT sensors that measure physical parameters and provide additional operational data.

Vegetation Management:

Vegetation management focuses on preventing and taking reactive approaches to trees to reduce the risks of falls
during extreme weather events. Incorporating advanced technologies, such as satellite imagery, Light Detection and
Ranging (LiDAR), and machine learning algorithms, for vegetation monitoring can significantly enhance risk assess-
ments, enabling proactive tree management. These innovative applications may help prioritize interventions by pro-
viding detailed, high-resolution data on tree locations and conditions. Additionally, advanced tree scanning techniques
are used to evaluate tree health and risk factors more accurately. Virtual three-dimensional (3-D) training programs are
created for workers, emphasizing proper pruning and cutting techniques, environmental considerations, and the use of
fungicides to maintain tree health.

Regulatory harmonization at municipal and national levels could further streamline vegetation management practices,
reducing outage risks caused by falling trees during storms and high-wind events.

Assessing tree health involves a) visual inspections by qualified forestry management professionals; b) risk assessments
utilizing satellite imagery and LIDAR technology; c) applying algorithms and machine learning techniques to analyze
multispectral images; d) using drones.

Private utility companies may collaborate with municipal authorities to share information, prioritize interventions, and
coordinate tree removal efforts. This partnership ensures that high-risk trees are identified and managed effectively,
utilizing both technological innovations and local expertise to preserve urban vegetation’s health and safety.

Forecasting and Monitoring Systems:
Detection protocols must be established to monitor, identify, and issue alerts about meteorological or climatic events
that could pose a significant threat to operational safety.

Key technologies and platforms for effective forecasting and monitoring in power system operation and maintenance:
« Advanced Distribution Management Systems (ADMS) play a significant role as a core platform for integrating
real-time monitoring, automation in fault location and restoration, and forecasting across the distribution network.

» Al/ML-based advanced Load /| Demand Forecasting platforms, Al-driven Digital Twins to simulate and optimize
asset operation in response to climate stress across the grid,

« DERMS in optimizing renewable energy sources and their optimum utilization,

« SCADA system for real-time monitoring and data acquisition, along with advanced analytics

Furthermore, a dynamic dashboard that combines data from various sources, including tree geolocation and health
status, climate forecasts, and geospatial models of flood- and landslide-prone areas, is crucial for managing the impact
of upcoming weather events. Adding advanced Al-driven analytical tools and predictive models to these dashboards
can further improve forecasting accuracy and decision-making speed, allowing utilities to take proactive measures that
significantly reduce climate-related grid impacts.
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Lastly, investing in meteorological equipment is essential to ensure the accuracy, reliability, and effectiveness of the
collected data, thereby improving forecasting and early warning capabilities for extreme weather events.

Emergency Preparedness Plans:
Emergency preparedness plans, including rapid response protocols and backup power solutions, ensure that the grid
can quickly recover from climate-related disruptions.

The emergency preparedness plan begins with the integration of early warning systems, using alerts provided by nation-
al meteorological agencies and specialized institutions to anticipate extreme weather and trigger preventive actions.
Next, contingency protocols define clear triggers for emergency response, including the mobilization of repair teams,
pre-positioning of critical equipment, and coordination with local authorities to ensure rapid restoration efforts.

Training programs ensure that previously identified teams are trained and equipped with the necessary procedures and
understand the processes designed for the specific incident.

Finally, effective communication ensures timely updates to customers on outages and safety measures, while maintain-
ing seamless coordination with field teams through integrated communication channels and command systems.

Evaluation and Baselines for Resilience Interventions:

The biggest challenge in justifying resilience investments is defining a credible future baseline or the “without-inter-
vention” case. Since this counterfactual relies on assumptions (e.g., hazard frequency/intensity, exposure of assets and
loads, and asset fragility), baselines should be anchored in recognized climate- and demand-scenario resources, such as
AdaptaBrasil and PClima, with assumptions made explicit and sensitivity-tested. Benefits should then be demonstrat-
ed using fit-for-purpose resilience indicators that go beyond average reliability, such as tracking the share of capacity
impacted, the duration it remains unavailable during extreme events, energy not supplied, time to recover to predefined
service levels (e.g., 90% of load restored), and the continuity of service for critical facilities. This method enhances trans-
parency for cost-benefit analyses and supports consistent regulatory review.

B. Improve Grid Resilience with DERs

DERs, including distributed generation and energy storage systems, are crucial for improving grid resilience. Recent de-
ployments of renewable-powered microgrids in remote and underserved Brazilian communities have shown significant
advantages, such as better resilience, decreased reliance on centralized power, and increased local reliability. Urban and
peri-urban microgrids could similarly strengthen infrastructure resilience by providing a stable and secure local power
supply during grid disruptions.!! To maximize these benefits, Brazilian regulations could update DER interconnection
standards to include advanced grid-support features like voltage regulation, reactive power control, and islanding capa-
bilities. These features greatly improve grid stability during disturbances.*?

Specific programs and recommendations to facilitate efficient DER interconnection and integration into the T&D grid are
listed:

« Identify transmission grid congestion pockets and prioritize strategic investments for infrastructure upgrades
(especially major power transformer overloading, and Transmission line capacity issues).
- Develop and release stations and lines capacity availability to accommodate DERs.

- Implement advanced DER enablement projects at stations and feeder for assets and infrastructure upgrades
(both for system upgrades/modernization and DER enablement). Specifics like protection and control system up-
grades with modern IEDs (Intelligent electronic devices).

« Consider applying Dynamic Line rating (DLR) methodologies, if applicable, for efficient integration of DERs.
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« Develop and implement efficient cost estimates for DER interconnection to provide investors with quick, high-lev-
el, mid-level, and detailed costing, which can be a lengthy process. This will help DERs to have an initial feasibility
and financial assessment to proceed forward.

» Develop and follow a structured “Documentation and Timelines approach” for DER interconnection covering
all requirements and submissions by the DER stakeholder, starting from the initial feasibility assessment to further
detailed impact studies, estimating, construction & commissioning work, along with clear deadlines.

+ Develop a comprehensive DER interconnection planning that ensures technical and operational safety, reliability,
and control at the point of connection through agreed specifications, protection systems, and metering. Follow a
structured process that includes feasibility studies, cost assessments, infrastructure upgrades, and documentation
for design, commissioning, and ongoing operation.

C. Expand Transmission and Capacity Reserves

As DERs become more prevalent in power distribution systems and as efforts are made to combat adverse weather
events caused by climate change, enhanced transmission lines must be planned and built. The increasing production of
renewable energy sources has led to curtailment issues currently affecting the country. These losses highlight the urgent
need to expand transmission infrastructure and establish a dedicated framework for energy storage. Additionally, there
is a need to include capacity reserves, to improve grid reliability, resilience, and operational flexibility.

Capacity reserve involves using battery storage systems to enhance grid resilience during brownouts and peak demand
periods, thus providing sustainability, flexibility, and balance between supply and demand during emergencies and pe-
riods of high demand. Brazil has a formal capacity reserve mechanism, but it is still catching up with modern grid needs,
especially in integrating batteries and flexible resources.

In recent years, the country has faced increasing renewable curtailment, especially in wind- and solar-rich regions of the
Northeast, where transmission constraints prevent full dispatch of available generation. These bottlenecks and resulting
financial losses for energy producers highlight the urgency of expanding transmission infrastructure and establishing

a dedicated regulatory framework for energy storage to absorb excess renewable generation and provide firm capacity
when needed.

While Brazil recognizes the importance of battery-based capacity reserves, regulations and auctions for storage are
delayed — the first dedicated auction is now expected only in 2026. Although hydroelectric plants provide firm capacity
and essential ancillary services, such as frequency regulation, they do not currently receive compensation for that flexi-
bility under Brazil’s ancillary services regulations.

D. Enhance Grid Digitalization and T&D Efficiency

The digitalization of the T&D grid necessitates transforming the traditional electricity network into a digital grid through
the systems and features mentioned above in the topic about forecasting and monitoring systems. Key solutions and
technologies for this transformation include:

Operational Technologies: Examples of key operational technologies & platforms in the T&D grid include Energy Man-
agement Systems (EMS), which are sets of software tools and hardware that help optimize the operation and control of
the electrical power grid, primarily at the transmission level.

Network Management Systems (NMS) is a platform that oversees the operation and control of a utility’s communica-
tion network, which is critical for real-time monitoring and control of the electrical power grid through EMS. By provid-
ing advanced monitoring, control, and analysis capabilities, the EMS and NMS help enhance T&D operating efficiency in
many ways, including those discussed below. Distribution Automation (DS Automation) includes substation automation
& feeder automation. It refers to the automation of various functions within the distribution grid, including switches,
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reclosers, transformers, and voltage regulators at substations, feeders, and lines. These devices are remotely controlled
and managed through a central system.

Advanced Distribution Management Systems (ADMS) integrates multiple operational tools into a single platform,
offering advanced monitoring, control, and optimization of the distribution grid, including substations and feeders. It
includes functions such as fault location, isolation, service restoration (FLISR), voltage control, load forecasting, outage
management system (OMS) and more.

Outage Management Systems (OMS) is a digital platform to assist utility companies in managing power outages. It is
primarily used to detect, respond to, and restore power outages more efficiently and effectively. OMS integrates data
from various sources such as smart meters, SCADA systems, GIS, and customer reports to provide real-time situational
awareness.

Fault Location, Isolation, and Supply Restoration (FLISR) uses sensors and automated switches to detect faults in the
distribution network, isolate the affected area, and reroute power to minimize the impact of outages.

Supervisory Control and Data Acquisition (SCADA) systems provide centralized control and monitoring of the grid by
collecting data from field sensors and control devices across the grid infrastructure. Operators can remotely control var-
ious field devices like switches, transformers, and other grid components, which allows for a faster response to manage
faults or changes in grid parameters.

The Distributed Energy Resource Management System (DERMS) is a software platform used by utilities and grid
operators to monitor, control, and optimize the operation of distributed energy resources (DERs) within the grid. DERs,
including renewable energy sources such as solar, wind turbines, energy storage systems, and electric vehicles (EVs),
are decentralized and connected to the T&D grid rather than traditional central power plants. By providing real-time
monitoring, control, and coordination of DERs, DERMS helps utilities manage energy flows and the grid more efficiently.
Below is a detailed list of how DERMS helps achieve this efficiency. By enabling coordinated operation of DERs, DERMS
optimizes power flow and voltage management across the distribution network, balancing generation and consump-
tion locally. DERMS reduces line congestion and overloading by managing the dispatch and output of DERs based on
real-time network conditions and operating parameters. By controlling DERs to provide local reactive power support,
DERMS minimizes reactive power losses and decreases the reactive power needed from central generators. By maximiz-
ing the use of locally generated energy from renewable sources, DERMS supports matching consumption and coordina-
tion, avoiding longer T&D line losses. DERMS helps maintain local reliability through island or microgrid modes, which
decrease the need for power imports from the main grid by supporting islanding and microgrid operations. DERMS
improves grid stability and flexibility by efficiently utilizing diverse and flexible resources, and it promotes market econ-
omy and investment opportunities for local investors in DERs.

Advanced Metering Infrastructure (AMI) and Smart Metering are systems that include smart meters. These meters are
installed at consumer premises and enable utilities to remotely collect energy usage data, perform real-time monitoring,
and send control commands to meters (e.g., disconnect/reconnect) through a two-way communication system and soft-
ware platform called a Meter Data Management System (MDMS). AMI provides detailed real-time information on energy
usage, power quality, and operational conditions across the network, helping utilities improve T&D grid efficiency. AMI
aids in reducing Non-Technical Losses (such as energy theft and metering & billing errors) by continuously monitor-

ing energy consumption patterns at each customer or metering point and comparing them with the energy supplied.
MDMS and analytics help detect and report metering and billing errors, enhancing revenue collection and efficiency.
They also improve load and phase balancing, network optimization, and provide granular data on loading and energy
flow at different sections and phases of the grid infrastructure. Additionally, AMI supports voltage optimization, power
quality, and power factor improvement by allowing utilities to monitor voltage levels, power quality, and power factor
values at various points in the distribution network, up to the last end of the distribution lines at consumers’ premises. It
enhances demand response and peak load reduction by enabling utilities to implement demand response (DR) and load
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response programs, providing real-time energy consumption data and allowing remote load control through interface
devices. Furthermore, AMI aids outage management and reduces downtime by supplying real-time outage information,
including the exact location and extent of outages and affected customers. It also promotes efficient asset management,
maintenance planning, and forecasting through continuous data on energy usage, loading trends, operating parame-
ters, and asset health conditions.

Geographic Information System (GIS) is a powerful tool used in Transmission and Distribution (T&D) systems for map-
ping, analyzing, and managing geospatial data related to widely scattered grid infrastructure. It provides utilities with a
comprehensive view of the physical network across a mapping system, including the locations of power lines, substa-
tions, transformers, and other assets. GIS helps utilities enhance T&D efficiency in many ways. It supports efficient and
optimized network design and planning by mapping geographical features, existing energy, and other public infrastruc-
ture, including the most efficient routing with accurate load mapping and demand forecasting through detailed map-
ping of customer locations and load densities with population growth. It facilitates efficient fault detection, isolation,
and restoration through a spatial view of the network and routing, making it easier to identify the exact location of faults
and dispatch crews. It also improves disaster preparedness and emergency response, efficient land use and right-of-way
management, and enhances customer service through better asset visualization.

Nature-Based & Biodiversity-Sensitive Solutions

While technological solutions are crucial, they alone are not enough. Grid expansion and modernization in Brazil must
develop along with the country’s unique natural ecosystems. Nature-based and biodiversity-sensitive approaches, like
ecosystem-based adaptation (EbA) and broader nature-based solutions (NbS), provide complementary strategies that
reduce climate risks, protect biodiversity, and create co-benefits for communities. Incorporating these measures into
infrastructure planning ensures resilience is built in ways that are environmentally sustainable and socially inclusive.

A. Protecting Biodiversity and Nature Conservation

Adaptation strategies need to balance infrastructure development and nature conservation by incorporating stringent
environmental standards into projects, aimed at protecting biodiversity hotspots and managing natural resources with-
out hindering the energy transition roadmap.

Ecosystem-Based Adaptation (EbA) is recognized as a systemic, flexible, socially just, and cost-effective approach to
climate adaptation.®* The concept was advanced in the late 2000s by international conservation and environmental
bodies — most notably IUCN and UNEP — and was taken up in global policy through the UNFCCC Cancun Adaptation
Framework (2010) and the Convention on Biological Diversity (CBD) decisions on ecosystem-based approaches to ad-
aptation. EbA has since been synthesized in IPCC assessments and operationalized via programs such as the Global EbA
Fund (IUCN/UNEP). Its benefits include:

» Climate Risk Reduction: EbA helps buffer communities and infrastructure from floods, droughts, wildfires, and
other climate hazards.

« Carbon Sequestration: Restored ecosystems act as carbon sinks, contributing to Brazil’s net-zero goals.

- Biodiversity Protection: EbA preserves habitats and enhances ecosystem services.

« Social Inclusion: EbA supports traditional and indigenous communities, aligning with climate justice.

« Infrastructure Resilience: Natural buffers (e.g., forests, mangroves) protect energy and transport infrastructure
from climate impacts.
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B. Integration with Urban Planning and Land Use Planning

In urban areas, Ecosystem-Based Adaptation (EbA) can be applied through measures such as green corridors, perme-
able surfaces, and expanded urban forests, which help mitigate heat island effects and reduce flooding risks. The World
Bank’s support for EbA and, more generally, Nature-Based Solutions (NbS) in projects across Vietnam, Rwanda, Colom-
bia, and Indonesia demonstrates how nature can be strategically leveraged to protect infrastructure, enhance com-
munity resilience, and unlock new financing opportunities.* Scaling such integrated solutions requires policy reform,
cross-sector collaboration, and mobilization of both public and private capital to ensure infrastructure investments are
climate-smart and nature-positive.

To effectively address climate resilience and biodiversity loss, it is crucial to incorporate nature-based solutions (NBS)
into infrastructure and land use planning. This means integrating NBS into national and regional regulations, ensuring
that spatial planning for energy generation, transmission, and urban development consistently follows the mitigation
hierarchy — avoid, reduce, restore, and compensate — throughout the project lifecycle. By protecting critical natural
habitats and boosting ecosystem services, infrastructure can become more resilient, cost-efficient, and environmentally
sustainable.

To support this integration, policy frameworks should introduce incentives for utilities that adopt solutions providing
both resilience and biodiversity benefits. Climate adaptation funds should be allocated to ecosystem-based infrastruc-
ture protection and nature-positive grid modernization. Additionally, participatory planning processes must involve
local communities, Indigenous peoples, and conservation organizations to ensure infrastructure development aligns
with both social and ecological priorities.

Part Ill: Enabling Frameworks

Technical and nature-based solutions will only achieve their full potential if the right financial and regulatory frame-
works are in place to support them. In Brazil, this involves adjusting tariff structures, reliability indicators, and cost-re-
covery processes to reflect climate risks, while also creating incentives for utilities and investors to upgrade infrastruc-
ture, incorporate distributed resources, and adopt storage technologies.

Brazil’s upcoming COP30 presidency provides a strategic opportunity to leverage international climate finance mecha-
nisms — such as the Green Climate Fund (GCF), Adaptation Fund, and emerging Article 6 cooperation frameworks — to
scale investment in grid modernization, distributed generation, and ecosystem-based adaptation. By aligning national
policies with its Pact for Ecological Transformation and updated Nationally Determined Contribution (NDC), Brazil can
attract blended finance and concessional funding to accelerate the implementation of climate-resilient energy infra-
structure.

Strengthening these frameworks is critical to ensure that resilience measures are not just isolated pilot projects but are
integrated into the core of power sector planning, operations, and investment.

Financial and Regulatory Framework

To ensure access to electricity without unnecessarily raising consumer tariffs, it is crucial to identify an optimal level

of service and investment that guarantees the reliability and resilience of the distribution network. A key step in this
process is the objective recognition of additional operational costs (e.g., system restoration and premature equipment
failure) and investments (e.g., new adaptation standards and preventive monitoring) needed to address climate-related
risks. This approach helps protect consumers and provides utilities with the regulatory framework necessary for rapid
response.
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Quantitative indicators must be established to prioritize investment needs. Proposed indicators could include adapted
reliability metrics such as Mean Time to Recovery (MTTR) after extreme events, Climate Vulnerability Indices specific to
urban areas, and adjusted System Average Interruption Duration Index (SAIDI) and System Average Interruption Fre-
quency Index (SAIFI) indices to accurately reflect disruptions from extreme climate events.

Extraordinary Cost Recovery and Regulatory Adaptation

Extreme Weather Events (EWE) urgently require infrastructure restoration and emergency response measures, which
incur significant costs that are not fully covered by current regulatory and financial frameworks. Financial tools should
be assessed, such as a) contingency funds or insurance plans possibly linked with Climate funds; b) intergovernmental
funding channels (state and municipal); c) tariff mechanisms for early cost recovery; d) sector-specific levies or fiscal
instruments.

In Brazil’s regulated environment, where generation, transmission, and distribution are separate businesses, mar-
ket-based mechanisms must be adapted to the existing structure. While transmission and distribution concessionaires
operate under regulated revenue models, revenue-stabilizing mechanisms such as long-term Power Purchase Agree-
ments (PPAs) remain crucial for generators in both the regulated (ACR) and free (ACL) markets.* Expanding access to
corporate or bilateral PPAs, particularly for renewable and storage projects in the free market, could enhance investor
confidence, lower financing costs, and accelerate the deployment of resilient infrastructure. Although feed-in tariffs

are not compatible with Brazil’s regulatory model, feed-in premiums or differentiated green tariffs could be explored in
voluntary or niche markets, where consumers are willing to pay a premium for renewable electricity. Over time, these
tailored instruments could help align financial stability for generators with the broader goal of a climate-resilient power
system.

The introduction of clear regulatory mechanisms to recognize and swiftly recover extraordinary climate-related costs
— such as infrastructure repairs following extreme events — would significantly reduce financial uncertainty for utilities
and enhance their ability to make timely adaptation investments.

Effective market design must treat climate resilience as an integral part of energy policy, rather than an afterthought.
Regulatory frameworks need to properly recognize and compensate for extraordinary costs associated with extreme
events. Incentive-based regulation, which recognizes investments over shorter cycles such as annually, could also be
evaluated. Developing and adjusting performance indicators (like SAIDI, SAIFI) to address extreme weather events can
support this mechanism.

Enhancing Vegetation Management for Distribution Grid Resilience

To reduce the operational risks urban trees pose to power distribution networks, it is advisable for regulatory and mu-
nicipal authorities along with utility operators to implement a comprehensive vegetation management plan. For this,
collaboration among regulators, state agencies, and distributors is crucial. This plan should cover the entire life cycle
of urban trees — from choosing species to maintenance, removal, and waste disposal — ensuring it aligns with urban
infrastructure and minimizes disruptions to electrical assets.

In fact, establishing clear regulatory guidelines for cooperation between municipal governments and utilities — in-
cluding regular data sharing, coordinated maintenance schedules, and jointly developed risk assessment frameworks

— could significantly improve vegetation management effectiveness and decrease grid outages caused by vegetation-re-
lated issues.

4 InBrazil, electricity is traded in two contracting environments. The Ambiente de Contratagdao Regulada (ACR), or Regulated
Contracting Environment, covers energy purchased by distribution utilities through government auctions to supply captive con-
sumers under long-term contracts (CCEARs). The Ambiente de Contratacdo Livre (ACL), or Free Contracting Environment, allows
large consumers and traders to negotiate bilateral Power Purchase Agreements (PPAs) directly with generators at market-based
prices. The ACR ensures supply stability through regulated auctions, while the ACL provides flexibility and competition in energy
procurement.
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DER Interconnection Standards and DERs and Market Participation

Updated regulations require DERs to have grid operation and support functions with key parameters such as voltage,
frequency, power factor, and reactive power control, which are essential for grid stability and resilience, especially
during disturbances.

Allowing DERSs (including DER aggregators) to operate and participate in the wholesale energy market can improve their
financial viability, attract additional investment, and enable grid-supportive roles. Technology platforms like DERMS can
actively support the management of DERs to enhance grid reliability and resilience. Virtual Power Plants (VPPs), which
use scattered and behind-the-meter (BTM) DERs along with Demand Side Management, are another emerging platform
that helps improve T&D grid reliability and resilience. Clear regulatory pathways that facilitate DER participation in
wholesale energy markets — such as enabling VPP aggregations — would greatly incentivize DER investments, improve
grid flexibility, and support resilience through decentralized generation and storage.

Microgrids Applications and Supportive Regulations

Promoting and enabling DERs that can operate independently through island microgrids, especially during outages, or
support the grid during peak demand, can significantly enhance grid flexibility, reliability, and resilience. Supportive
island regulations should be developed in consultation with utilities. To boost adoption, Brazil’s regulatory framework
could establish clear standards and streamlined approval processes for urban and rural microgrid applications, explicit-
ly encouraging renewable-powered systems to improve local energy security and resilience during grid disruptions.

Connecting DERs on the utility distribution grid is generally less time-consuming, with simpler processes and approval
timelines compared to transmission-connected projects. Distribution-connected DERs also enhance resilience by reduc-
ing risks, enabling faster restoration after failures, and supporting localized microgrid applications that can maintain
supply during disturbances.

DERs in Integrated Resource Planning (IRP)

Regulators, system operators, and utilities should include DERs in infrastructure planning and upgrades, accounting
for their impacts on carbon footprints and resilience benefits. Support from funding, subsidies, and policy guidelines
can help build a more resilient, decarbonized grid. Explicitly incorporating DERs and storage systems into integrated re-
source planning (IRP) processes, supported by clear regulatory guidelines and incentives, could promote timely invest-
ments and infrastructure upgrades, thereby improving overall grid decarbonization and resilience.

Energy Storage Technologies

Energy storage technologies are becoming essential for a decarbonized, stable, and resilient power grid. They are
significant for managing the variability of renewable sources, such as wind and solar, by providing backup during peak
demand and unforeseen outages. Globally, large-scale battery energy storage systems have already demonstrated their
ability to enhance grid stability and reliability — particularly in places like Australia and the United States — by providing
quick-response services that reduce system stress and prevent blackouts. Similar systems can significantly improve grid
resilience in Brazil’s urban and industrial areas.

To fully realize the potential of energy storage, it must be integrated into long-term power system planning. This in-
cludes its incorporation into Integrated Resource Planning strategies for grid modernization, especially to support peak

POWER 14



demand management and overall load balancing. Policymakers could also consider performance-based incentives
for storage systems that improve reliability in high-risk or critical grid areas — particularly during outages or extreme
demand situations — thus enhancing the resilience of Brazil’s electricity network.

Part IV: International Case Studies

Brazil is not alone in facing the challenge of adapting its electricity system to climate risks. Other countries and utili-
ties have already implemented policies, technologies, and regulatory frameworks to strengthen grid resilience against
storms, floods, wildfires, and other extreme events. Studying these international experiences offers valuable insights
into what works, what pitfalls to avoid, and how resilience measures can be scaled. The following case studies — from
the European Union, North America, and specific utilities such as REN in Portugal, Florida Power & Light, and PG&E in
California — provide concrete lessons that can guide Brazil’s own path toward a stronger, climate-ready power system.

European Union (EU) Framework

The forthcoming European Climate Adaptation Plan (ECAP),* set for publication in 2026, will play a critical role in
strengthening the resilience of the EU’s energy sector against climate-related risks. A core priority is enhancing climate
risk assessments, particularly for energy infrastructure, to identify vulnerabilities and reinforce grid resilience by design.
In line with the Critical Entities Resilience Directive,'* Member States must conduct risk assessments of energy trans-
mission and distribution networks by January 2026, ensuring these systems can withstand climate-induced disruptions
such as extreme temperatures, storms, and flooding. The plan will also promote the integration of adaptive technolo-
gies, including smart grids and decentralized energy storage, to enhance system flexibility and reliability.

The EU integrates climate adaptation funding across major spending programs rather than through a single dedicated
instrument. The Multiannual Financial Framework (2021-2027) allocates at least 25% of the EU budget to climate-related
expenditures, supporting initiatives through the European Regional Development Fund, the Cohesion Fund, Horizon
Europe (research and Innovation), and the LIFE Programme (Environmental Action). This approach should maximize
financial leverage and align public and private investments to drive climate adaptation on a scale.

United States and Canada Framework

Florida Power & Light (FPL)’s storm response plan emphasizes readiness, restoration, and recovery to provide reliable
power during and after storms. FPL’s Storm Protection Plan (SPP) enhances resilience across its entire transmission and
distribution grid through 20 years of system hardening.'’

The approved SPP includes eight programs:

1. Distribution Inspection Program,

2. Transmission Inspection Program,

w

. Distribution Feeder Hardening Program,
. Distribution Lateral Hardening Program,

. Transmission Hardening Program,

o2 BN O B Y

. Distribution Vegetation Management Program,
7. Transmission Vegetation Management Program,

8. Substation Storm Surge/Flood Mitigation Program.
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PG&E Wildfire Mitigation Plan R0 2026-2028 (California, USA) — This plan was developed in response to the catastrophic
wildfires that struck California between 2017 and 2018, which caused widespread destruction, prolonged power out-
ages, and led to PG&E’s bankruptcy and major regulatory reforms in the state’s energy sector. The WMP employs both
proactive and reactive strategies to manage wildfire risk. Its approach focuses on preventing ignitions, rapidly respond-
ing to any fire starts to minimize incident severity, and supporting efforts to enhance forest health to reduce Wildfire
Consequence (WFC). By combining advanced technologies, system upgrades, and collaboration with communities and
agencies, PG&E aims to build more resilient infrastructure and ensure a safer environment.

Hydro-Québec Climate Change Adaptation Plan 2020-2030 (Canada, East) — This plan addresses risks from extreme
weather such as ice storms, flooding, and heat waves. Key actions include reinforcing transmission towers, relocating or
flood-proofing substations, improving vegetation management, and incorporating climate projections into long-term
asset planning. Developed with support from Ouranos, it aims to ensure grid resilience against changing climate risks.

BC Hydro Resilience Strategy and 10-Year Capital Plan (Canada, West) — The strategy incorporates wildfire and flood
resilience into infrastructure planning. Actions include installing fire-resistant materials on transmission lines, using
drones for vegetation and wildfire monitoring, strengthening substations against river flooding, and working with pro-
vincial emergency agencies for quick restoration.

Portugal Project Replant (REN)

Portugal’s transmission system operator REN partnered with the Universidade de Coimbra and tech firms to develop a
wildfire-resilient grid. Al-powered cameras detect smoke and simulate real-time fire spread. The system determines if a
fire is within 10 km of infrastructure and triggers simulations to predict its path. This allows for proactive grid shutdowns
or rerouting to prevent damage.

Comparative Insights: Lessons from International Experience

The international examples discussed above show how countries are adopting a variety of technological, regulato-

ry, and financial measures to improve grid resilience against climate risks. Although contexts vary, common patterns
emerge in long-term planning frameworks, digital monitoring and automation, and integrated climate risk assessments,
which are essential for effective adaptation. Table 1 summarizes the key hazards, measures, and lessons from each case,
highlighting practical insights that can support Brazil’s ongoing efforts to develop a climate-resilient and nature-positive
power system.

Country / Utility

Main Hazard

Key Measures Implemented

Lesson for Brazil

European Union (EU)

Extreme weather
(storms, floods,
heatwaves)

Integrated climate risk assess-
ments and adaptive planning un-
der the Critical Entities Resilience
Directive; funding through the EU
Multiannual Financial Framework
(2021-2027)

Mainstream climate risk into
national energy planning and
use blended finance to scale
resilience investments.

Florida Power & Light
(USA)

Hurricanes and
storm surges

20-year Storm Protection Plan
including system hardening, veg-
etation management, and flood
mitigation for substations

Institutionalize long-term plan-
ning for storm resilience and
standardized regulatory require-
ments for utilities.
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Country / Utility

Main Hazard

Key Measures Implemented

Lesson for Brazil

PG&E (California, USA)

Wildfires

Wildfire Mitigation Plan with pro-
active ignition prevention, rapid
response protocols, and forest
health collaboration

Integrate wildfire risk mapping
and vegetation management into
grid operation and regulatory
frameworks.

Hydro-Québec (Cana-

Ice storms, flooding, | Reinforced transmission towers, Incorporate climate projections

da, East) heatwaves relocated substations, improved into asset management and pri-
vegetation management, and cli- | oritize infrastructure adaptation
mate-informed asset planning in high-risk regions.

BC Hydro (Canada, Wildfires and floods | Use of fire-resistant materials, Leverage digital tools and

West) drones for monitoring, and coordi- | cross-agency coordination for

faster recovery and better mon-
itoring.

nation with emergency agencies

REN (Portugal)

Wildfires Al-based smoke detection and
real-time fire spread simulations

(Project Replant)

Deploy Al and digital platforms
for predictive risk management
and early intervention.

Table 1: International Experiences in Grid Resilience - Lessons for Brazil

Part V: Recommendations for Regulators and Utilities

Brazil’s electricity sector is at a crucial point in moving forward with the integration of resilience measures into plan-
ning, operations, and regulation. The following recommendations turn the insights of this brief into practical advice for
regulators, utilities, and policymakers. They include immediate measures, such as vegetation management, emergency
preparedness, and tariff reform, as well as structural reforms in planning, biodiversity integration, and digital modern-

ization.

Grid Hardening & Digital Platforms

POWER

Grid resilience requires targeted technological upgrades. Investment prioritization in grid hardening technolo-
gies — such as underground cables, fire-resistant components, and mobile substations, increasing redundancy,
and providing multiple maneuver options via telecontrol equipment — reduces vulnerability to extreme weath-
er events. In urban areas frequently impacted by extreme weather events, these measures have proven effective
in significantly decreasing service disruptions during adverse climate conditions.

The adoption of digital platforms, such as Advanced Distribution Management Systems (ADMS), Distributed En-
ergy Resource Management Systems (DERMS), and Supervisory Control and Data Acquisition (SCADA), is crucial
for predictive maintenance, outage management, and climate-responsive grid operations. Utilities in Brazil are
largely adopting these, but more investment is needed to achieve uniform adoption across regions and to en-
sure interoperability. Significant deployments of smart grid technologies within Brazil have demonstrated mea-
surable improvements in operational reliability, particularly through extensive smart meter implementations,
automated fault detection, and self-healing network capabilities. These proven approaches provide a scalable
model to enhance resilience in densely populated urban regions, which are very common in Latin America.

Distributed solar has grown 281-fold since 2016 (from 0.13 to 36.5 GW) now representing 15% of the coun-
try’s total installed power capacity. This rapid expansion particularly impacts densely populated urban grids,
necessitating updated interconnection standards, streamlined permitting processes, and robust smart-grid
functionalities, such as advanced metering and automated controls. Distributed solar generation in Brazil has
expanded significantly, increasing from 0.13 GW in 2016 to 36.5 GW in 2025, and now accounts for about 15
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percent of the country’s installed capacity. This rapid growth affects the operation of urban grids and highlights
the need to update interconnection standards, simplify permitting procedures, and improve smart-grid systems
with advanced metering, automated controls, and real-time monitoring to manage two-way power flows more
efficiently.

Forecasting and Emergency Preparedness

+ Weather advance forecasting and monitoring are essential. Meteorological equipment is critical for ensuring
the accuracy of collected data and enhancing forecasting and early warning capabilities for extreme weather
events. Al-driven forecasting tools, digital twins, and integrated dashboards combining meteorological, geospa-
tial, and asset data are needed to anticipate and mitigate climate-related disruptions. Utilities in comparable ur-
ban contexts worldwide have effectively used Al-driven predictive analytics and digital twins to improve outage
prediction accuracy, enable proactive maintenance, and expedite restoration following extreme weather events.
A national-level service leveraging these tools could further improve coordination and reduce response times
during HILF events. Adopting these solutions can significantly boost resilience and operational efficiency.

« Emergency preparedness needs institutionalization. Regulatory frameworks should foster utilities to devel-
op and maintain emergency response protocols, early warning systems, and train rapid-response teams for
climate-related grid failures. In Brazil, although not yet mandated, recent regulatory proposals, such as ANEEL’s
Public Consultation No. 010/2024,° signal the incorporation of explicit resilience targets within distribution
concession renewals. Additionally, it proposes standardized contingency plans for T&D companies, including
climate monitoring, emergency response protocols, resource mobilization, communication with consumers and
workers, and public safety measures.

+ Integrated planning should include climate and biodiversity criteria and KPIs. Regulatory planning processes
should foster the integration of climate risk assessments and biodiversity conservation into grid expansion and
modernization strategies.

Biodiversity & Vegetation Management

+ Biodiversity and grid expansion must coexist. Brazil holds about 15 to 20 percent of the world’s biodiversity and
must expand its electricity transmission network without harming sensitive ecosystems. The Amazon biome
contains some of the planet’s richest biological resources, and the Restinga, a coastal ecosystem within the
Atlantic Forest, provides essential habitat on sandy, nutrient-poor soils. Current research and policy frame-
works show how infrastructure can be planned, routed, and licensed to reduce environmental harm through
the mitigation hierarchy. To strengthen climate resilience and prevent biodiversity loss, rigorous environmental
standards must be integrated into the energy transition roadmap to protect biodiversity hotspots and manage
natural resources responsibly.

+ Vegetation management requires harmonized regulation. A national strategy for vegetation management —
using satellite imagery, LIDAR, and Al — should be embedded in regulatory requirements to reduce outage risks
from falling trees and wildfires.

Financial and Regulatory Reforms

+ Incentivizing preventive investments in resilience. Financial and regulatory frameworks should include incen-
tives for preventive investments that strengthen grid resilience before disasters occur. These can consist of tar-
iff-based rewards, risk-sharing mechanisms, and access to concessional finance for utilities that adopt climate
adaptation and grid-hardening measures.

5 Inthe Brazilian electricity sector, a public consultation is a mandatory formal instrument that allows society to participate in the
formulation, review, orimprovement of regulations and regulatory decisions. It is conducted by agencies such as ANEEL (the Bra-
zilian Electricity Regulatory Agency) and aims to ensure transparency, legitimacy, and efficiency in decisions that affect consum-
ers, companies, and the power system as a whole. It is one of the first steps of the Power Sector regulation approval process.
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+ Recognizing extraordinary costs. Extraordinary expenses resulting from climate events should be recognized
as reimbursable in tariff rate cases. Regulatory mechanisms should allow recovery of extraordinary costs from
climate events —i ncluding infrastructure restoration, adaptation investments, and emergency responses — by
socializing the costs of resilience-enhancing investments.

« Ensuring fair cost-sharing for solar PV. As Brazil’s distributed solar generation expands rapidly, the regulatory
framework should ensure fair cost-sharing among all electricity consumers. Adjusting the current system of sub-
sidies and transmission fee exemptions would prevent market distortions and promote equitable participation
in the energy transition.

+ Updating performance indicators. Traditional reliability metrics (e.g., SAIDI, SAIFI) should be adjusted to reflect
disruptions caused by extreme weather events, ensuring fair performance evaluation and incentivizing climate
resilience.

Building consensus and mobilizing support for resilience-oriented reforms will be critical to accelerate investment and
prevent systemic failures. By embedding resilience and energy security into the national policy agenda, Brazil can safe-
guard its economic competitiveness, protect vulnerable communities, and advance its energy transition with greater
confidence.
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