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Resource Adequacy

“The ability of the electricity

requirements of the end-use

\ Terminology, August 2013

system to supply the aggregate
electrical demand and energy

customers at all times, taking into
account scheduled and reasonably
expected unscheduled outages of
system elements” (NERC, 2013)

North American Electric Reliability Corporation. Reliability
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Resource Adequacy

“The ability of the electricity
system to supply the aggregate
electrical demand and energy
requirements of the end-use
customers at all times, taking into
account scheduled and reasonably
expected unscheduled outages of
system elements” (NERC, 2013)

North American Electric Reliability Corporation. Reliability
\ Terminology, August 2013

J

Resilience

“The ability to withstand and
reduce the magnitude and/or
duration of disruptive events,
which includes the capability to
anticipate, absorb, adapt to, and/or
rapidly recover from such an event”
(FERC 2018)

Federal Energy Regulatory Commission. Grid Resilience in
Regional Transmission Organizations and Independent System

\ Operators, January 2018
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Resource Adequacy

-
Challenges to an Adequate System:

» Load growth and electrification
* Increasing weather-dependent generation

« Common-cause impacts

~
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Resource Adequacy
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Challenges to an Adequate System:

» Load growth and electrification
* Increasing weather-dependent generation

« Common-cause impacts
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Resilience

-
Challenges to a Resilient System:

* Load growth and electrification
* Increasing weather-dependent generation

« Common-cause impacts
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Resource Adequacy

Challenges to an Adequate System:
» Load growth and electrification

* Increasing weather-dependent generation
« Common-cause impacts

 Increasing frequency and severity of high-
stress events

We care that an outage happens

\
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Resilience

-
Challenges to a Resilient System:

* Load growth and electrification
* Increasing weather-dependent generation
« Common-cause impacts

 Increasing frequency and severity of high-
stress events

* Increasing dependence on electricity

We care what happens as a
result of an outage

\_

\
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Resource Adequacy

/

Assessing Adequacy:

« Well-defined metrics

« Concerned with loss of load
* Frequency
« Duration

« Magnitude

* In general, all outages are equally
Important

J
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Resource Adequacy

/

Assessing Adequacy:

 Well-defined metrics

 Concerned with loss of load

« Frequency Hard to define metrics

 Duration
of resilience in a

meaningful way

« Magnitude

* In general, all outages are equally
Important

J
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that capture all aspects

Resilience

\_

Assessing Resilience:

No standard metrics

Concerned with loss of load

Concerned with pre-event preparedness
Concerned with during-event response

Concerned with post-event restoration

Some aspects of outages may be more
Important than others

* Widespread, long-duration disruptions
 Disruptions to critical loads

 Disruptions to vulnerable customers

J
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Is the grid adequate? Is it resilient? How do we judge?

How Texas’ power grid failed in 2021 — and who’s
responsible for preventing a re] CLIMATEWIRE

bin #lhan cbabale misiav ceidd Alactviciti: amd mabiival cam avn ~m

@ utLTypive  peepdive opimion Librery Even  \\/NQT Neat wave? Batteries keep the lights on in California.

1 The state’s grid has been strengthened against extreme heat by the rapid expansion of solar
Most of US electric g [=e-9 0=
resource shortfall th:
finds

Published Dec. 16, 2022

ﬁ BY: BENJAMIN STORROW | 09/10/2024 06:15 AM EDT

0" Robert Walton
Senior Reporter
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Long-term planning for adequacy and resilience requires
augmenting traditional planning regimes

I”

“Traditional” Planning Uncertainties New Uncertainties to Consider

AN Load growth @ Electrification

S 2
Variable generation |ﬂﬂ Climate Change

o

Fuel prices SN Severe weather events

Policies and regulations Climate impacts on assets




Uncertainties drive the scoping and set-up of assessment
efforts, for both adequacy and resilience

New Uncertainties to Consider

@ Electrification

T~
|%»§I Climate Change

-
Demand

’H%Q Severe weather events

Climate impacts on assets
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Workstream 1

Physical Climate
Data & Guidance

Identify climate hazards
and data required for
different applications

Evaluate data
availability, suitability,
and methods for
downscaling & localizing
climate information

Address data gaps

CLIMATE

RE ADI

RESILIENCE AND ADAPTATION INITIATIVE

Workstream 2

Evaluate vulnerability at
the component, system,
and market levels from
planning to operations

Identify mitigation options
from system to customer
level

Enhance criteria for
planning and operations to
account for event

probability and uncertainty

Workstream 3

System Adaptation &

Investment
Prioritization

Assess power system and
societal impacts:
resilience metrics and
value measures

Create guidance for
optimal investment
priorities

Develop cost-benefit
analysis, risk mitigation,
and adaptation strategies

© 2024 Electric Power Research Institute, Inc. All rights reserved.

EPRI Climate Resilience and
Adaptation Initiative (READI)

= COMPREHENSIVE: Develop a Common Framework addressing the
entirety of the power system, planning through operations

= CONSISTENT: Provide an informed approach to climate risk
assessment and strategic resilience planning that can be replicated

= COLLABORATIVE: Drive stakeholder alignment on adaptation
strategies for efficient and effective investment

S '

RESPONSE
PRIORITIZATION

PHYSICAL CLIMATE
HAZARD

VULNERABILITY
ASSESSMENT

|§ Deliverables: Common Framework “Guidebooks”

* Climate data assessment and * Recovery planning
application guidance Hardening technologies
* Vulnerability assessment * Adaptation strategies

* Risk mitigation investment * Research priorities
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Climate READiI uses an integrated system modeling approach

Local Level Load Projections

Risk Screening

Regional Operational Model
Technology Bulk System Costs, Bulk-System Congestion, Reserves, &

Adoption Capacity System Risk Analysis
Pathways Expansion Model

Modeling Nodal, Unit-Level
End-Use and Electric Sector Expansion Analysis
Techmology Planning

Distribution Model
Feeder Level Planning and Operations Assessments

Still, there are many decisions required in the selection of climate data and
exireme events to plan for

13 © 2024 Electric Power Research Institute, Inc. All rights reserved. [ ={r={|




Climate READiI uses an integrated system modeling approach

How can we represent climate impacts within system models?

Will the proposed
What might the future grid future grid be

look like? | | adequate, reliable,
and resilient?

[P

F—

Still, there are many decisions required in the selection of climate data and
exireme events to plan for
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Bounding the data problem: How do we expect climate
and weather to change?

= Data choice and preparation
should be determined by the Current climate (1950-2021)
application or modeling need,
including planning time horizon

1 2050 climate, high emissions
1 2050 climate, low emissions

= Adequacy and resilience
concerns both lie in the tails of a
distribution —important to
understand what these changes
mean

= Relevant data can span both , : : "
historical and future periods 80 100 120

2024 Electric Power Researc h Institute, Inc. All rights reserve d. [ ={r={|



Bounding the data problem: What might Hydro Generation Risk Indicator:

Change in Decadal Minimum Annual

future extreme events look like? Inflow to Normal Storage Ratio
Souris-Red-Rainy (DMAINSR)

Pacific Northwest Upper Mississippi SSP2-4.5 (Midterm: 2020-2059)
@ Missouri ;

Upper Colorado

Great Lakes

New England

Total Capacity
Great Basin Mid Atlantic

Arkansas-White-Red

25,000 MW
10,000 MW
California y 500 MW
' 50 MW
Tennessee
DMAINSR Risk
. <0 A
South Atlantic-Gulf
0-1
Lower Colorado 1-5
e 5-15
Rio Grande Lower Mississippi B 15-50
Graphic Note: Texas-Gulf B 50-100 v .
* This graphic represents the projected change in decadal minimum annual flow as a ratio of normal reservoir Bl 100+ Benefit

storage levels. This indicates the projected extent of impacts on generation and the extent that maintaining generation levels will have on Hydrological region colors: Median generation risk
reservoir volumes. It is important to note that additional factors such as outflow requirements and timing of the annual inflow play a key  pje chart: Distribution of risk across the number of
role in determining generation impacts at individual sites. This should be further explored in future work. hydropower plants
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Beyond the climate data: How will future conditions
impact electricity demand?

Load models have typically ‘
accounted for historical or AR summer

o, 2020 demand (1999-2019 weather Hours
weather-normal conditions P

2050 demand (1999-2019 weather + SSP3-7.0 climate)

All Hours

Need to capture sensitivity of
projected end-use technologies \

“40 60 80 100
Hourly Load (GW)

to extreme events or extreme :
meteorological years Winter

Hours

End-use projection models can

be useful for understanding v

sensitives in demand - largest 60 o ® ouiosd Gy
. . Hourly Load (GW)

change not driven by climate!
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Beyond the climate data: How will future conditions
impact asset performance?

1.0
| | |

00 02 04 06 038

NGCC Capacity Derates

— Physics-based relationship
—=== Accounting for increased forced outage
rates from historical performance data

HAZARD

High temperature

Low temperature

Low temperature,

humidity, and precipitation

Snow

0

20

Temperature (C)

VULNERABILITY

Heat-induced derate or
cooling system constraint

ASSET AT RISK

Thermal generators

40

HAZARD IMPACT

Reduced capacity

MAGNITUDE
0-30%

Cold-induced fuel
disruption

Natural gas plants
without backup fuel

Generation unavailable

100%

Ice accretion

Wind turbines

Reduced capacity

40-80%

Snow buildup

Solar panels

2024 Electric Power Research Institute, Inc. All rights reserved.

Generation unavailable

100%

= High-stress events: aggregation of
individual asset impacts

= Vulnerabilities vary with asset class,
configuration, design standards,
adaptations in place, age,
maintenance history, etc.

= Accurately capturing vulnerabilities
is broader than failures — it gives a
realistic assessment of performance
across a range of operating
conditions
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Once we choose the bounds of climate risk, we still need
to choose data as input for models

What we want to

represent What power system planning models
. are often designed to take as input:
Future Climate g P

Natural variability
) Hourly Snapshot

Typlcal. Extreme Event
Climate change Meteorological 3 ,
Year cenario

Uncertainty

We need to ensure the ‘right’ data is passed from climate
projections to planning models and then to evaluation
processes — without leaving potentially critical periods out!

19 © 2024 Electric Power Researc h Institute, Inc. All rights reserve d. (e =g r={]



One approach: Risk Screening (RiSc) to identify relevant
data across models

1. Take a large amount of climate data and pass it through fast, approximate models
that correlate to stressed grid conditions: high loads and high likelihood of generator
unavailability

Climate 2. Identify key time periods for more detailed downstream modeling to capture a

diverse set of extreme events

Challenges in applying climate data in power system planning Ry R I OEINCEG ‘Starting Point:
assessments: Future Weather Years

. . . x 5 global climate models
Climate models provide coarse spatial and temporal o )
resolu’rions X 2 emissions scenarios

Power system operations are sensitive to weather co- X 26 asset locations

variability (e.g., wind and solar)

Extremes are rare by definition (and we may lack sufficient

observo’rions) Simplified representation of synchronous meteorology
(temperature, wind, solar, etc.)

x 8760 hours per year

20 2024 Electric Power Research Institute, Inc. All rights reserved. [ ={r={|



RiSc identifies high-siress time periods of concern

Starting Point:
Future Projected Weather Years RiSc tool clusters and flags diverse events
g Event A

Risk Screening Output:
Time Periods of Interest %[\
[

o @ climate
y o R1SC
N/ —— Risk Screening flags \ EventD ™~ . ) ;

ik time periods and associated
weather conditions of high
potential system stress

21 © 2024 Electric Power Research Institute, Inc. All rights reserved. [ ={r={|



Climate Data Across Modeling Functions: RiSc can
support data selection for many uses

E.g., capacity expansion may use specific events

/;@M\ e

v
bV — Risk Screening flags

M time periods and associated
weather conditions of high 8
potential system stress

Capacity Expansion Input:
Snapshots from selected
high-risk time periods

Risk Screening Output:
Time Periods of Interest

O Individual time periods,
representing extreme
events, selected for inclusion in
capacity planning

E.g., transmission reliability requires snapshots

/@*/\ o~

v
- Risk Screening flags

M time periods and associated
weather conditions of high
potential system stress

Transmission Reliability Input:
Snapshots from selected
high-risk time periods

Risk Screening Output:
Time Periods of Interest

O Individual time periods,
representing extreme events,
selected for inclusion in
transmission reliability analysis

E.g., resource adequacy evaluates many weather years
ﬁ Resource Adequacy Input:

% e
/ . I\ Zfeintérestarlei::tu(:gd ,."' oy Y ‘\ i

Risk Screening Output:
Time Periods of Interest

—— Large number of
) X —_— l}isk s«:rge:lng flags ot \ g (A V¢ individual weather years
time :eno S ;",d ass(f)«rzl{at W selected, representing some or
weather conditions of high all among many projected future
potential system stress weather years

E.g., production cost evaluate specific years or events
Production Cost Model Input:
P s
v and high-risk years

Risk Screening Output:
Time Periods of Interest

\ ) - Individual weather years,

covering both nominal and
extreme conditions, selected
among many projected future
weather years

- Risk Screening flags
M time periods and associated
J weather conditions of high
potential system stress

Climate data and impacts are consistently captured across bulk system modeling functions

22
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Climate READiI uses an integrated system modeling approach

How can we represent climate impacts within system models?

Will the proposed
What might the future grid future grid be

look like? | | adequate, reliable,
and resilient?

[P

F—

Still, there are many decisions required in the selection of climate data and
exireme events to plan for
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Resilient Capacity Expansion Planning: Directly
accounting for high-stress events through planning

= Baseline Planning Model: Find the least-cost
generation and transmission expansion plan

= Resilient Planning Model: Find the least-cost
generation, transmission, and hardening expansion
plan that meets specified resilience targets during
high-stress events

= Resilience Metric for this example: Lost Load
Tolerance (LLT)

— LLT 10% means: No event in the capacity planning model can
drop more than 10% of system demand

— This is a Planning Target for the capacity planning model, not
an evaluation result

Tighter resilience targets increase total costs
for synthetic Texas case study system

Cost Increase (% over baseline)

Resilient Plans

@
)

w
T

N
)

N
T

—_
()]
T

—_
T

05

Cost (Inv. and Ops.) vs. Resilience Target

Each candidate plan is
the least-cost plan for the
specified Resilience
Target

0 5 10 15 20 25

Lost Load Tolerance (%)

P

30

Baseline Plan

»

<
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The target system buildout changes as it aims to meet a
higher resilience target

. Capacity Investments: Change from Baseline 20 Hardening Investments vs. Resilience Target
N Wind I \Vinterize + Inlet Chiller
’;\ 14 I solar il 60 - [ Battery Shelter |
Q [ INGGT [ ING Backup Fuel Tank
o 121 I NGCC 1 — [ Inlet Chiller
% I Bulk Storage % 50 1
@ 10 [ LI Battery T Z
o I Transmission =
£ 8 1 S 40 ]
o (@8
= ©
v 6 ] O
(o) © 30 y
c ()
s, 5
©) | I
> o 20 -
= T
g 2 |
] 10 4
O 0
_2 1 | 1 | 1 | 0 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Lost Load Tolerance (%) Lost Load Tolerance (%)
= More transmission capacity is built when resilience targets = Most resilience costs are driven by hardening investments
are tightened

= Solaris often available during extreme heat events so more

solar generation is built at all LLT targets

= Some capacity receives winter protection

= Most combustion turbines are outfitted with heat
protection in the form of advanced inlet air chillers

= The added transmission and solar investments help reduce

operating costs in non-extreme conditions

25
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Climate READiI uses an integrated system modeling approach

How can we represent climate impacts within system models?

Will the proposed
What might the future grid future grid be

look like? | | adequate, reliable,
and resilient?

[P

F—

Still, there are many decisions required in the selection of climate data and
exireme events to plan for
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Example application: Climate-informed resource
adequacy assessment

71 years 20 Outage 1420 8760 Hours
per Year

Draws Each — Samples

&3

i

- 71 climate projected weather years were selected based on the outcome of the Climate RiSc
tool

- Time-sequential optimization-based Monte Carlo simulations including technical detail, such as
ramps and minimum operating points

- Network aggregated to eight weather zones across synthetic Texas system

- Climate data is incorporated through weather-dependent load profiles, variable Renewable
Energy Sources production, outage probabilities and high-temperature derates of generators

— Flooding risks, fires, and hurricanes are not included

—~ Temperature-dependent fuel supply risks only indirectly accounted for via generator outage
probabilities

2024 Electric Power Research Institute, Inc. All rights reserved. [ ={r={|



Can standard resource adequacy metrics also provide
insights for resilience?

Loss-Of-Load-Hours

Expected-Unserved-Energy

Loss-Of-Load-Expectation

Scenario CEVYIAET [MW/year] [hours/year]
LLT - 0% Only LLT - 0% falls I7 0.08 7.77 _ 0.09
within standard 38 times 19GW (Baseline)
LLT - 10% 0.46 1,837.62 vs. 7.8MW (LLT 1.16
reliability criterion more days w.
Baseli LOLE<0.1 306 load shedding [ 15002219 ool b 8.67
aseline : ,994. :
<,\= expected <|\ unserved energy
LLT — 0% LLT — 10% Baseline
1.5
T 10
s . ANNENSENNNNNE NN —.— _____l l___

28
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Can standard resource adequacy metrics also provide
insights for resilience?

Loss-Of-Load-Expectation Expected-Unserved-Energy Loss-Of-Load-Hours

Scenario

CEVIAE WAWAEE] [hours/year]

LTT - 0% LTT - 10% Baseline
—  Avail. Capacity
- | 0ad
70000 A — Generation
/) N
60000 -
=
Z 50000
40000 ‘\j ‘\} ‘\j
30000 -
Lb,fb X ) (b,,)e (b,,;, & a > > . % X ) (b:,)o . N 3 a & > (b,l,‘b . 0 (b%o (b,,;, & a & >
Q’Q Q’Q Q’Q QQ Q’QQ Q'Qq Q’Qq Q’Qq Q’Q Q’Q Q’Q QQ Q’QO) Q’Qq Q'Qq QQQ Q QQ Q Q'Q Q'Qq ng Q'Qq Q'Qq
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
D X D » o D X D X » X A » A » » D D D D X D D X
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However, model outputs are subject to assumptions
regarding the model inputs...

There is significant uncertainty in future load projections — how

might different assumptions affect results?

= Looking at load projections with:
— Higher electrification rates

- More conservative assumptions around efficiency of end-use
technologies

= Resulting in:
— Much higher-demand projections
- Requires additional capacity buildout

2024 Electric Power Research Institute, Inc. All rights reserved.
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Sensitivity load projections: Updated adequacy results

EUE Heat Map by Zone

Coast East Far\West MNorth MNorthCentral South SouthCentral West

EUE

9000
6000
3000

Hour
i
w [==]
Jua|sad 32door Indino

LOLE LOLH
[days/year] [hours/year]

LLT - 0% - v1 23.82 115,801

254.1

= Update generation portfolio and load profiles are exposed to updated risks

= Afternoon hours in summer months seem to be challenging for the system

— Characteristic afternoon event passed back from RA to Capacity Expansion
- New system planned to better handle this type of event

31 © 2024 Electric Power Research Institute, Inc. All rights reserved.
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Sensitivity load projections: Updated adequacy results

EUE Heat Map by Zone

Coast East FarWest North MNorthCentral South SouthCentral West

20- [::] -

EUE

-
un
yno
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||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
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[days/year] [hours/year]

LLT - 0% - v1 23.82 115,801 33.6 2541

LLT - 0% - v2 6.19 20,829 8.3 45.5

= |teration with capacity expansion based on RA outputs improves results
— LOLE reduced by factor of 4; EUE by factor of 5.5

= However, iteration does not entirely remove reliability issues!

- Integrated process works, but this may be more art than science to get it right — how much fine-tuning is practical in practice?
- Continue iterating OR pass more severe events OR change the structure of the capacity expansion problem OR...

32 © 2024 Electric Power Research Institute, Inc. All rights reserved. [ ={r={|



Are we building an adequate and resilient system?

EUE Heat Map by Zone

Coast East FarWest North MNorthCentral South SouthCentral West
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[days/year] [hours/year]

LLT - 0% - v1 23.82 115,801 33.6 2541

LLT - 0% - v2 6.19 20,829 8.3 45.5

= |teration with capacity expansion based on RA outputs improves results
— LOLE reduced by factor of 4; EUE by factor of 5.5

= However, iteration does not entirely remove reliability issues!

- Integrated process works, but this may be more art than science to get it right — how much fine-tuning is practical in practice?
- Continue iterating OR pass more severe events OR change the structure of the capacity expansion problem OR...
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Takeaways for climate resilience (and adequacy!)

= Ensuring resilience in a changing climate requires changes to
traditional practices, but we (largely) know what this takes
— Incorporation of forward-looking climate risk with sufficient weather variability
— Models that account for climate-induced impacts for assets across the system
- Knowledge of adaptation strategies to include in planning
— Consistent assumptions and scope across models and data

= Planning for resilience can improve adequacy, but assessing resilience
likely requires more than what adequacy alone can tell you

— Doing this well is a combination of art and science!

Research Institute, Inc. All rights reserved. [ ={r={|
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Takeaways for climate resilience (and adequacy!)

Ensuring resilience in a
changing climate requires
changes to traditional
practices, but we (largely)
know what this takes

- Incorporation of forward-looking climate
risk with sufficient weather variability

- Models that account for climate-
induced impacts for assets across the
system

- Knowledge of adaptation strategies to
include in planning

- Consistent assumptions and scope
across models and data

Planning for resilience can
improve adequacy, but
assessing resilience likely
requires more than what
adequacy alone can tell you

— Additional aspects of system state and
behavior may be needed to characterize
resilience

— Integration across models can provide
confidence in robust solutions

— Doing this well is a combination of art and

science!

© 2024 Electric Power Research Institute, Inc. All rights reserved.
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