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Measuring the Climate Resilience of
the Power Sector: Harmonization,

Not Homogenization

The bottom line. Although by its very nature climate resilience can never be fully “standardized”,

the development and mainstreaming of climate resilience metrics can benefit from greater

consensus around key topics. Areas such as metric categories, methodologies, and reporting

frameworks can be aligned through coordinated efforts among regulators, utilities, and other

stakeholders, enabling more consistent, effective, and scalable resilience planning across the

sector. The key is harmonization and not homogenization.

Climate change is taking a toll on the power system. Its
conseguences already challenge every segment of the
system, from fuel supply to generation and distribution—
with direct effects on business productivity, the delivery of
critical services, and jobs. However, much of today’s power
system was designed with limited consideration of climate
change. Considering that it will play a pivotal role in com-
ing decades—driven by growing demand for electrification
of many sectors, rapidly growing demand for electricity for
air conditioning and data centers, and expansion of energy
access—the power system’s resilience against growing cli-
mate and disaster risks grows ever more crucial.

Yet according to the International Energy Agency (2022), a
quarter of the countries of the Organisation for Economic
Co-operation and Development lack a national plan that
focuses on the climate resilience of energy systems, even
though half of them face a substantial climate risk. The
World Bank Group’s Country Climate and Development

Reports have consistently raised the alarm about shortfalls
in policy development, technical capacity, and investment in
climate resilience across sectors, despite intensifying climate
risks. In low- and middle-income countries, each additional
year of inadequate attention paid to fortifying infrastructure
against climate risks, including in the power sector, could
cost an additional $100 billion in otherwise avoidable dam-
age (CDRI 2024).

Given the severity of the challenge,
why haven’t climate risks already been
integrated into power sector planning?

A key barrier is the absence of metrics to measure,
monitor, and manage climate-related risks

Although robust standards and procedures exist for assess-
ing reliability and resource adequacy needs, there is no
universally recognized framework to measure progress
toward meeting the unique resilience challenges posed
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by high-impact, low-frequency events, such as extreme
weather events driven by climate change. Power system
reliability standards have been designed to minimize the
risk of blackouts and impacts from equipment failures, often
focusing on the “n-1" criterion, which ensures that the system
can continue to function satisfactorily with one or a subset
of its elements out of commission—for example, a key trans-
mission line or the largest generator. Many countries use
indices, such as the System Average Interruption Frequency/
Duration Index. SAIFI and SAIDI measure, respectively, the
average number of interruptions a customer experiences
over a specified period, typically a year, and the average
total duration of outages experienced by a typical customer
in a given period. The measures serve to benchmark utility
performance, ensure compliance with regulatory require-
ments, and help to prioritize upgrades.

However, these standards do not fully capture the intrinsic
nature of the failures that typically arise from events caused
by extreme weather and climate change. SAIDI and SAIFI
are used by distribution utilities to measure supply perfor-
mance. They do not capture the “common mode failure” that
extreme weather events may produce, including cascading
failures across the entire supply chain.

There is as yet no universally recognized
framework to measure progress toward
meeting the unique resilience challenges
posed by high-impact, low-frequency events,
such as extreme weather events driven by

climate change.

Multi-metric approaches are being explored and adopted
to make for more robust reliability standards that can
define the tolerable risks in several dimensions of outages.
A multi-metric approach to the assessment of power system
reliability uses multiple metrics—beyond a single traditional
metric, such as loss of load expectation or expected unserved
energy—to provide a more comprehensive and nuanced
understanding of system performance (IEA 2025; EPRI 2025;
Chatterji and others 2021).
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As reliability metrics and standards evolve,
there must be parallel—and complementary—
efforts to develop metrics and standards
designed specifically to capture and advance

climate resilience.

While many utilities are leveraging a combination of readily
available reliability metrics as a first step in measuring resil-
ience, these do not encompass the full dimension of resil-
ience, which entails preparing for and adapting to changing
conditions, and withstanding and recovering rapidly from
disruptions typical of extreme weather events that can knock
down multiple transmission lines or shut down a significant
share of generation assets. The approach to mainstream-
ing resilience in the power sector used by the Energy and
Extractives Global Practice at the World Bank is discussed in
box 1.

As reliability metrics and standards evolve, there must be
parallel—and complementary—efforts to develop met-
rics and standards designed specifically to capture and
advance climate resilience. Conventional and widely used
reliability metrics—particularly when applied in isolation—are
insufficient for accurately measuring resilience. Table 1 out-
lines the key distinctions between reliability and resilience
in terms of their primary objectives, underlying concepts,
and operational functions. While reliability is an essential
component of resilience—a system cannot be resilient if it
is fundamentally unreliable—the two concepts are comple-
mentary rather than synonymous. Some metrics related to
energy-source diversity, redundancy, and storage capacity
are applicable to both reliability and resilience, but not in all
instances. Achieving high reliability by minimizing failures can
be prohibitively expensive. In such cases, alternative strate-
gies—such as investing in backup systems or ensuring rapid
service restoration—mayy offer more cost-effective paths to
resilience.
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Box 1. The World Bank’s approach to mainstreaming resilience in the power sector

Within the World Bank’s Energy and Extractives Global Practice (EEX), mainstreaming climate and disaster resil-
ience has become a priority in all its workstreams, from financing to capacity-building and policy dialogues. To
support the systematic scaling and tracking of climate resilience efforts in a way that is practical for EEX power
sector projects, the M-A-R-C framework was developed (figure B1.1). M-A-R-C provides a structured approach to
assessing and enhancing resilience before, during, and after crises, ensuring that energy systems can minimize vul-
nerability, absorb shocks, and recover effectively. Beyond recovery, these efforts must also strengthen the overall
resilience of the energy sector and communities before and after crises. The framework also builds on the World
Bank’s approach to climate resilience, including the Resilience Rating System, by analyzing both the resilience of
the financed infrastructure and the strengthened resilience of the system achieved through the intervention.

Figure B1.1. The M-A-R-C framework for defining and mainstreaming
climate resilience in World Bank power sector projects

Minimize power system’s vulnerability to climate hazards—pre-crisis Resilience THROUGH
- Anticipation - Adaptation - Preparation

Absorb climate shocks—during the crisis Resilience OF

Recover from climate shocks—post-crisis
- Rapid recovery - Long-term recovery

Contribute to overall power sector and people’s resilience capacity—pre- and post-crisis
- Learning - Building back better

The M-A-R-C framework can help energy operations units design targeted activities that enhance both the
sustainability and effectiveness of a project’s development impact. Developing comprehensive sets of actions

and indicators aligned with the framework can deepen understanding and promote systematic thinking around
climate resilience within the power sector. It can also offer practical guidance to help project teams integrate
resilience in ways that are tailored to each country and project context, enhancing the projects’ sustainability

and development impact and enabling greater climate resilience efforts through the replication and scaling up of
action.

Source: World Bank 2021a, 2027b; World Bank and others 2023,

~




4 EVE\N"' . Measuring the Climate Resilience of the Power Sector: Harmonization, Not Homogenization

Table 1. Comparing reliability vs. resilience in a power system

« Conventionally incorporated into power system planning with
clear design criteria (e.g., n-1), metrics, and wide applications.

« Universally applied standards and metrics exist to measure
reliability (e.g., n-1design criteria, SAIDI/SAIFI as metrics).

« Focuses on minimizing supply disruptions from high-probability
/ low-impact disturbances under routine conditions.

« Focuses on past weather and outage data to assess
operational readiness over short-term time horizons.

. Limited scope of engagement in the decision-making process.

. Conventionally, costs are passed on to utility customers.

Source: Compiled by the author.

- Arelatively new concept with no concrete, universal standards
or metrics to integrate into system planning and operations.

- Refers broadly to the ability of the power system to withstand
during the time of crisis as well as to recover from it, spanning
broad temporal and spatial dimensions.

- Encompasses low-probability / high-impact events typical
of climate hazards in a changing climate, as well as high-
probability / low-impact events.

» Forward looking, underpinned by mid- to long-term climate
modeling reflecting the growing frequency and intensity of
climate and disaster risks.

- Wide scope of engagement in the decision-making process
(e.g., local community).

« Assumption of cost varies with power market and utility
structure; could include society at large and taxpayers given its

social impacts.

Note: IEEE defines “electric service reliability” as the ability of the electric power system—particularly the distribution system—to deliver electricity to customers
without interruption under normal operating conditions. This concept is formalized in IEEE Standard 1366, which also establishes the key metrics used to

quantify reliability: SAIDI, SAIFI, CAIDI, and MAIFI.

Why are dedicated climate resilience
metrics so important—and how do we
develop them?

Climate resilience metrics can lay the groundwork for
measuring, monitoring, and managing power systems’
resilience against escalating climate and disaster risks

Metrics not only enable utilities and regulators to identify
and measure the most vulnerable assets and services; but
they also facilitate comparisons of vulnerabilities across
regions or systems while tracking progress over time and
thus providing a foundation for benchmarking and account-
ability. Good metrics support informed decision-making
by offering a framework within which to compare options,
prioritize actions, and attract investments, as insurers and
financiers can use them to assess risks and returns. As more
utilities and regulators develop and apply metrics, efforts
to address climate risks will become more coordinated and
focused, making it possible to manage risk across the entire
power system.

A comprehensive and effective governance structure is
essential to advancing climate resilience metrics in the
power sector, as key stakeholders now readily acknowledge.
Increasingly, they are integrating climate resilience metrics
into power system planning to enable targeted action,
efficient investment, and improved business continuity and
sustainability. Bringing together stakeholders—utilities, regu-
lators, ministries, and research organizations—ensures align-
ment of priorities, coordination of efforts, and integration of
expertise. Such collaboration is especially critical for devel-
oping robust climate resilience metrics, drafting consistent
standards, making fully informed decisions, and, generally,
strengthening the sector’s ability to withstand and adapt to
climate impacts.

Key stakeholders increasingly acknowledge—
and are acting on—the importance of
integrating climate resilience metrics into

power system planning.


https://site.ieee.org/boston-pes/files/2019/03/IEEE-1366-Reliability-Indices-2-2019.pdf
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v/ As the stewards of the power sector, utilities are setting
the pace in building and testing new climate resilience
metrics (World Bank 2024). They are uniquely positioned
to assess, measure, and enhance climate resilience over
time and to make strategic and cost-effective invest-
ments. To plan and recover those investments, they will
need data, modeling tools, and analytical capacity.
Resilience standards help utilities make a compelling
case to regulators to justify investments in resilience and,
later, to demonstrate compliance.

v/ Regulators and system operators also play a critical
role in defining best practices and providing a common
framework for more utilities to adopt, thus encouraging
the mainstreaming of climate resilience metrics across
the power sector. Regulators and system operators
can also regularly update their requirements, enhance
preparedness and rapid-response capacity, encourage
transparency, and review utility investments to ensure
they are cost-effective and forward looking. In the United
States, regulators in 14 states, including California, Texas,
and New York, enforce resilience planning for regulated
utilities and work closely with them to enhance resilience
(Schellenberg and Schwartz 2024).

v/ Because climate change and variability will have
growing effects on power system planning, ministries
of energy (as well as regulators) will have to keep their
integrated resource planning instruments in tune and
up to date. Interagency coordination led by a central
disaster-risk-management agency appears essential for
ensuring a structured and cohesive approach.

v/ Research institutions and associations are providing
technical support to advance the development of
high-quality climate resilience metrics. For example, the
Resilience Working Group of the International Council on
Large Electric Systems (CIGRE) and the Power Framework
developed by the Electric Power Research Institute (EPRI)
through its Climate READi program reflect collaborative
efforts among electric utilities, national laboratories, reg-
ulators, and climate scientists (EPRI 2025). The Coalition
for Disaster Resilient Infrastructure (CDRI) worked with
the government of Odisha, India, as well as relevant
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stakeholders, to establish a comprehensive guideline to
improve power sector resilience, including a methodology
for assessing risk and incorporating risks into planning
(CDRI 2025).

The first step in developing resilience metrics is to gain a
clear understanding of the power sector's vulnerabilities
through robust, data-driven analysis. This process can be
approached in stages. It begins with the collection of his-
torical data on past disruptive events and the integration
of that data into forward-looking climate projections. A
central challenge lies in understanding how specific climate
hazards, alone or combined, lead to system failures. This is
especially complex in power systems owing to their multiple
components: generation, transmission, distribution, and end
use (including storage). But the integration can be done by
identifying causal links between different types of hazards,
their likelihood and intensity, and their impact across vari-
ous components of the power system (or on the system as a
whole), which is rather lengthy and costly. Al-powered analy-
ses can be extremely helpful in scrutinizing large sets of data
and identifying core vulnerabilities.

In low- and middle-income countries, even
gathering reliable baseline data is often a
fundamental challenge to resilience efforts,

including for metrics development.

In low- and middle-income countries, even gathering reli-
able baseline data is often a significant challenge—long
before grappling with the complexities of statistical mod-
eling and scenario analysis. Improved data management,
safeguarded by robust cybersecurity, is therefore a critical
foundation. And even with significant data gaps in these
countries, initiating assessments can lay the groundwork for
more comprehensive datasets through ongoing monitoring
and verification—such as failure logging and equipment
testing—and allow for the refinement of assumptions as new
evidence emerges.




What is the status of climate resilience
metrics today?

Present-day resilience metric frameworks vary in
approach but share a common goal: To capture the
full spectrum of resilience—before, during, and after
disruptions

Three principal approaches exist today. They are reviewed
below.

The performance-based approach assesses changes in the
system’s core functionality, which facilitate comparisons of
disaster impacts against a baseline (table 2). For example,
by measuring the frequency and duration of interruptions,
and the time and cost to restore power, these metrics help to
assess the impacts of an event, which is why they are often
used in performance contracts. Indicators can be particu-
larly powerful if they are transparent and easily accessible
to the public. Increasingly, regulators and utilities, such as
Aneel (Agéncia Nacional de Energia Elétrica, the electricity
regulator in Brozil) and Ameren (a power utility in the US.
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state of Missouri), are developing open-access platforms to
follow interruptions and estimate restoration in real time.
One limitation with the performance approach are the cost
implications of risk-mitigation measures. As climate change
leads to more frequent and severe power interruptions, it
becomes increasingly important to understand the cost of
maintaining and rapidly restoring electricity service—along
with the required upfront investments.

The impact-based approach (which is integrated into the
performance-based approach in table 2) is distinguished
by the fact that it not only accounts for the direct effects of
disasters on power systems but also the broader community
consequences, which are often categorized into economic,
environmental, and social dimensions, thereby clarifying
their cost implications. An example might be “expected
annual frequency of large-cost events’, as a metric, with
“large-cost events” defined as events with costs, not neces-
sarily monetary costs, exceeding a defined threshold value.
Such metrics can serve not only as a benchmark for utilities
to assess acceptable risk levels, but also for financiers and
the insurance community.

Table 2. Examples of power system resilience frameworks and metrics

Attributed-based approach
Absorptiveness, adaptiveness, Power system performance
robustness, resourcefulness,

recoverability

Performance-based approach

Economic consequence Social consequence

Resilience Measurement Index
Including capacity/quantity of
backup generators; percentage
of infrastructure hardened;
emergency management

plans and training; system

redundancies

Social Vulnerability Index and
Baseline Resilience Indicators
for Communities

Including flood insurance
coverage; flood insecurity rate;
home ownership rate; number

of Red Cross volunteers

Outage severity

Including megawatt hours

of load unserved; number/
percentage of customers
experience outage (for lifeline
services, critical infrastructure,

or vulnerable populations)

Restoration efficiency
Including time to restore
service; duration of load
curtailment (for lifeline services,
critical infrastructure, or

vulnerable populations)

Source: Adapted from Kazimierczuk and others (2023).

Utility costs
Including utility restoration,
repair, and recovery costs;

revenue losses

Customer costs, damage
Including business interruption

costs; value of lost load

Economic production
Including losses in gross
regional product

Social burden
Including hours to access

critical services; income losses

Health outcomes
Including changes in quality-
adjust life years and value of

statistical life/life years
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Table 3. Overview of the European Distribution System Operators’ climate resilience metrics

Resilience feature
Robustness

to the required standard

Share of sites resilient to flash flooding out of total sites identified as

vulnerable

Share of assets for which adaptation has been considered for high winds,

flooding, lightning, temperature
Redundancy
for redundancy)

Share of high-voltage primary substation transformers with spare capacity for

overloads
Reliability

Response and recovery

Share of network with automated self-healing (reclosing) devices installed

Source: Adapted from E.DSO (2024).

The attribute-based approach focuses on the robustness
of system attributes, such as backup generators, system
redundancies, upgrades of certain assets to respond to
projected climate hazards, and emergency response mech-
anisms. Following these attributes simplifies measurement
and tracking. An example of the attribute approach is the
European Distribution System Operators’ position paper on
climate resilience metrics, which lays out a suite of metrics for
network operators and managers to measure the resilience
of their network based on four key resilience features: redun-
dancy, robustness, reliability, and response and recovery
(E.DSO 2024). Table 3 presents a partial overview of E.DSO’s
proposed climate resilience metrics.

A tailored combination of the available approaches is
the best way to reflect and address the complexity of
resilience. In New York, for example, the New York State
Energy Research and Development Authority (NYSERDA),
ICF International, and National Grid developed a resilience
scoring tool and framework underpinned by a dual metrics
system—preparedness- and performance-based metrics—to
help utilities better assess their resilience (Weisenfeld, Pelton,
and Martinez Michel 2024). Its preparedness-based metrics
evaluate attributes in a utility’s infrastructure that should
improve resilience to climate hazards, such as flood protec-
tion for substations and undergrounding of feeders, while

Leading metric for pre-event resilience-oriented planning

Share of overhead line network that has undergone vegetation management

Share of circuits with n-1for medium-voltage outlets (or most resilient variant

Share of remote-control urban medium/low voltage substations

Share of medium-voltage circuits under FLISR (ADMS) control

Reason (weather case)

Wildfires, windstorms
Flooding

High winds, flooding,
lightning, heat

Overall
Various hazards

Various hazards
Various hazards

Wind, lightning, vegetation

performance-based metrics quantify how a utility’s system
performs relative to the type and magnitude of the weather
threats to which itis exposed. These metrics are then weighed
and synthesized into an overall resilience score, which offers
clear insights into the utility’s strengths and vulnerabilities
across different hazard scenarios. Similarly, the Philippines
Department of Energy’s draft scorecard for distribution net-
works aims to capture the diversity of resilience indicators by
assigning different weights to various dimensions—ranging
from disaster-risk financing and insurance to stockpiling,
cyber resilience, and reinforced infrastructure (GOVPH 2024).

Where do we go from here?

Our approach to climate resilience metrics must be
united in purpose but unique in approach

While resilience metrics must be tailored to institutional
and technical capacity and local conditions, a core set of
common metrics enables meaningful benchmarking, drives
progress, and reinforces the case for sustained resilience
investments. Each situation is different owing to the variety
of geography, climate hazards, infrastructure exposure, and
regulatory or technical conditions, but the core principles of
climate resilience remain consistent. A common framework
that organizes context-specific applications within a unified
structure, similar to how international accounting standards




operate across diverse economies with different currencies,
would provide a way to advance climate resilience in the
power sector. Such a framework would foster data sharing
and collaboration, enable benchmarking across jurisdictions
and over time, help set global minimum expectations for
resilience, and ultimately build investor confidence—unlock-
ing greater private sector investment in climate resilience
efforts.

There is room for standardization of climate resilience metrics
to enable more coordinated, structured, and scaled action
across the power sector. Although by its very nature climate
resilience cannot be easily “standardized”, the development
and mainstreaming of climate resilience metrics can benefit
from greater standardization around key topics. Key areas—
such as metric categories, methodologies, and reporting
frameworks—can be aligned through coordinated efforts
among regulators, utilities, and other stakeholders, enabling
more consistent, effective, and scalable resilience planning
across the sector. The key areas include:

v/ Categories of resilience metrics. As with the M-A-R-C
framework (box 1), the full spectrum of climate resilience
should be covered. While the exact terms and the degree
of granularity differ, the key pillars of climate resilience
that the metrics should address include direct physical
risks (exposure) and sensitivity to various hazards, and
the capacity to absorb the shock and recover. By orga-
nizing resilience along these dimensions, standardization
creates a consistent structure for resilience assessments
across regions while still allowing flexibility in how each
category is measured.

v/ Guiding principles. Standardized guiding principles
help ensure that all stakeholders follow a shared value
framework when planning and developing metrics.
Emphasizing equity, for instance, ensures the inclusion of
marginalized communities, while transparency can foster
good governance, trust, and learning. Similarly, data-
based planning ensures that key decisions are driven by
robust assessments of climate hazards and system vul-
nerabilities rather than political expediency.
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v/ Minimum required indicators. While various indicators are
needed for a complete picture, a core set of minimum
indicators can ensure that all utilities, regardless of size
or location, report on the most important aspects of resil-
ience. Metrics like outage frequency, infrastructure risk
exposure, and resilience spending enable accountability,
comparability, and targeted intervention. This baseline
reporting makes resilience a routine part of utility per-
formance. The development of scorecards to track resil-
ience, as in the case of the Philippines’ Energy Resiliency
Scorecard, is a very encouraging development (GOVPH
2024).

v/ Reporting and disclosure. Standardized disclosures like
those of the International Task Force on Climate-Related
Financial Disclosures ensure that climate resilience is
consistently reported, thus promoting transparency, com-
parability, and integration into financial and operational
planning. They can also encourage lagging actors to
align with sector expectations and peer performance.

The key is harmonization and not homogenization. While
targeted standardization of climate metrics offers signifi-
cant benefits—such as comparability, accountability, and
improved decision-making—a  one-size-fits-all approach
cannot reflect the diverse climate risks, power system
designs, and institutional capacities across regions. The key
is to harmonize climate resilience efforts through a flexible
framework of multiple, customizable metrics, with regula-
tors, utilities, and relevant agencies playing a central role.
Crucially, this approach allows for change over time. Initial
gaps in weather and sector-specific data can be addressed
as systems improve and more data become available. By
adopting a structured yet adaptable metrics framework, the
power sector can lay the groundwork for long-term resilience

that responds to shifting risks and capacities.

The author gratefully acknowledges the contributions of her
World Bank colleagues Celine Ramstein (senior energy econ-
omist at IEEGK), Anthony Granville (senior power engineer at
IEEGK), and Debabrata Chattopadhyay (senior energy specialist
at the Energy System Management Assistance Program). From
outside the Bank, she thanks the Coalition for Disaster Resilient
Infrastructure, the Electric Power Research Institute, and ICF
International for their generous assistance.
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Resilience for Energy Systems,” by Amy Schweikert, Celine

Ramstein, and Claire Nicolas.

Live Wire 2021/117. “Climate Disaster Risk Screening: Making

Energy Projects More Resilient,” by Eskedar Bahru Gessesse.

Live Wire 2021/116. “Stationary Energy Storage to Transform
Power Systems in Developing Countries,” by Chandrasekar

Govindargjalu, Fernando de Sisternes, and Sandra Chavez.
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Diagnostic,” by Daniel Camos, Robert Bacon, Antonia Estache,

and Mohamad Mahgoub Hamid.
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Nangia, and Kwawu Gaba.

Live Wire 2016/65. “Improving Transmission Planning:
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