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* Project Goal: Develop a modeling and assessment framework to quantify how
storage enhances grid reliability and resilience

» Current Practice: Storage is widely promoted for resilience and reliability, but
lacks clear metrics, data needs, and standardized methods for quantifying benefits

« Why PNNL.: Unique capabilities in storage modeling and valuation; established
frameworks and integrated platforms with embedded data and models; strong
industry partnerships and project experience focused on resilience and reliability.

* Innovation: Advanced framework integrating metric identification, data
requirements, available datasets, and procedures to systematically quantify
storage benefits for reliability and resilience

* Impact: Enables consistent, transparent, and data-driven evaluation of storage for
outage mitigation, resilience improvement, and enhanced reliability for customers

» Alignment: Supports OE goals by establishing standardized methods to quantify
' storage benefits for resilience and reliability
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* Increasing operational challenges from
aging infrastructure and growing system
complexity

 Storage as a solution across the grid,
especially for enhancing reliability and
resilience

e Lack of clear metrics, data needs, and
standardized quantification methods

* Need for an advanced framework to
assess storage benefits and guide
deployment decisions

Background and Motivation
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We propose a comprehensive framework built on the following core

components:

= Metrics: Identify key metrics

» Required Data Inputs: Define the types of data needed to compute each
metric

= Relevant Datasets: Identify available datasets to supply the required inputs

* Quantification Approach: Implement systematic steps to generate metrics
through storage modeling and dispatch, simulations, event-based analysis, and
comparative scenarios (with and without storage)

= Comprehensive Outputs: Provide not only key metrics but also additional
results to support deeper understanding (e.g., storage dispatch, usage pattern,
cost of enhanced resilience)
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I
Device set: SGs, IBRs, line, transformer, J Adequacy: :
capacitor, switch, shunt, measurement unit = Transmission level: LOLE, ENS, EENS, EUE, UM, MPS,
and et.al. 8 LSR, CLES :
= Distribution level: SAIFI, SAIDI, CAIDI, TCHO [
O Number of failed device = Bothlevel: CLES, CLC, UCL, LOLP, MPS, LSR
W Duration of device failures:

J Static security:
= Qperational region: DyOE, volume, SAR

O Device failure Metrics = Voltage violation: UP/OP, VFR, VRC, PVUR
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= MOF = Topological metrics: EB, vertex importance
U Weighted device performance  Dynamic security:

= AST  Monetary value = Transient performance: RoCof, nadir,
O Unique functionality: = Return: WTP, TOAC RoCoV, et.al.

= Black start

» Loss:LOR, TOC, VOLL = Small-signal stability: DR, EigV, gSCR

* Ride through voltage = Large-signal stability: ROA, CCT

current, and time
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* The stakeholders are interested distribution system resilience and
end-user service reliability

* Metrics should be able to collectively capture both the technical and
economic impacts of power interruptions under normal and extreme

conditions.
Metrics Required Data Inputs
» Lost Load (kWh/year) = | oad information 3 |
= Qutage Duration (minutes/year) = Storage technology specifications
= Qutage Frequency (times/year) = Qutage data or reliability records

= Value of Lost Load ($/year) = Value function of lost load
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* Energy Storage Cost and
Performance Database offers up-to- ( ‘) ) EgEﬁg‘% EIE)LREAN%E
date cost and performance metrics N 'S  DEPARTMENT OF ENERGY
for a variety of energy storage
technologies.

° InterruptiOn COSt EStImate (ICE) 20 KWhr =100 KWIr 500 KWr —-.;2‘500kahr |
. $350,000
Calculator provides data on the oo

economic costs associated with 250,000

. | power interruptions. I ‘ : ib S savon
= Extract Cost Damage g §100000
Function (CDF) CALCULATOR

= Revise CDF to ensure et
applicability under extreme uration (Hours)

conditions (e.g., outage | S
. . Source: M. Sullivan, et.al, “Updated Value of Service Reliability Estimates for
durat|0ns exceed|ng 1 6 hOU I‘S). Electric Utility Customers in the United States,” LBNL--6941E, Jan. 2015.
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* The Environment for the Analysis of Geo |

Located Energy Information (EAGLE-)

/\ —I PDF u‘f Outagé Slartll'lmes
monitors power distribution outages for over

\

o /N
146 million customers, covering more than

bability
N
/

d \
92% of the US and Territories.

= Clean, aggregate, and structure

outage data by location and time
= Extract the probability distribution
o functions (PDF) for

12
Hour of the Day

Utility Name State SAIDI SAIFI
O D ate Of O u tag e Adams-Columbia Electric Coop  Wisconsin 229.1 1.087
1 Agralite Electric Coop Minnesota 238.438 1.364
O Sta rt tl m e Of O u tag e Alameda Municipal Power California 6.69 0.031
Alaska Electric Light & Power Co. Alaska 74 1.94

o Outage frequency and duration paoka e .
. o . any Utility Board Georgia 116.272 1.28
e U.S. Energy Information Administration e a City of Alexandria - (MN) Minnesota 10.157  0.293

. . Alger-Delta Coop Electric Assn Michigan 189.1 1.045

(EIA) tracks and publishes comprehensive Attamaha Electric Member Corp  Georgia 424713 1997
. . . City of Ames - (IA) lowa 33.21 0.4
electric power reliability data across the Amicalola Electric Member Corp _ Georgia 16138 4766
. City of Anaheim - (CA) California 28.35 0.585
United States. CigofAnderson—(lN] Indiana 326919 1973

Connexus Energy Minnesota 54.841 0.616
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Monte Carlo simulation enables rigorous assessment of storage benefits for
improving reliability and resilience by accounting for stochastic variability and
operating conditions, while capturing complex interdependencies across
scenarios.

Grid Information

* Load profile Location Cost Damage
~> . Storage configurationand SoC "~~~""" Load type ~=" " Function
i » Profile of other energy asset
| 9 ¥

Grid Simulation

Yearly Outage Scenario Generation Reliability and Resilience Metrics

: « Location miny_ L, * Lost Load
» Customer input events == . .
» Real outage record * Date » g(x,y)=0 » * Outage Duration ® - Value of Lost Load
+ Sampling based of PDF ~ * Starttime st. h(x,9)<0 . Outage Frequency
« Duration V)=
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A web-based, easy-to-use app that is flexible and configurable for
customized storage benefit quantification.

# Input Output

Outage Information

» End-User End-User Resilience Metrics
Resilience
Metrics Outage Events
Lost Load (kWhiyear) © Generated based on Reliability Metrics

* Customer and Individually Specified

Load Information Value of Lost Load ($/year)

Outage Events Generation
Qutage Duration (minutes/year)

Grid Reliability Metric Source State @ SAIDI @
* Outage O ElA Dataset (by Utility) @ Alab, - -
i abama . -
Information Outage Frequency (times/year) ataset (by UtilTy) Mo [, minutesfyear .
i1 EAGLE-l Dataset (by County) @ Utility Defsuit 110
Customized Baldwin County El Member Carp + SAIFI @
* Energy Storage . 136 times/year [
system Customer and Load Information s |
efauit: 1.26
* Photovolaic V) Load Profile
System Energy Storage System
Customer Type State @
© Commercial/industrial Alabama - I} Default values of cost and performance parameters are obtained/interpolated from the Energy Storage Cost and Performance Database
Residential TMY3 Station @ Battery Type Cost Parameter Year
riston Metrs AP © Lithium-ion LFP © Estimates in 2023
Profile | M nniston Metro -
Load Profile I'Ipl.lt ethod Lithium-ion NMC Projections in 2030
O select from Typical Building Load Profiles @ Building Type Zinc
CsV File Upload Full Service Restaurant = Lead Acid

Vanadium Redox Flow

Show preview chart of selected/uploaded load profile Annual Energy Consumption @ Other
~ —

333 Mwh
hd

Default 233

Technical Parameters Economic Parameters
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Summary of Benefit
» Tabular comparison of
metric evaluation results

€ VIEW ES4RES DEMO INPUT

Annual Energy Service Disruption Metrics @

Baseline With Storage Solution Improvement
Lost Load (MWh/year) 0.59 0.7 0.43 (72%)
Value of Lost Load ($/year) 47K 15K 32K (68%)
Qutage Duration (minutes/year) 839 350 489 (58%)
Outage Frequency (times/year) 25 1.2 1.3 (50%)

Upfront Investment Costs

Components Cost ($)
Energy Storage System

Energy Components 44,700
Power Components 7,300
Fixed Investment 0
ES System Subtotal 52,000
Photovoltaic System

Power Components 900,000
Fixed Investment 20,000
PV System Subtotal 920,000
Total 972,000

Overall Assessment

* Discretized probability
distribution plots

« Complementary cumulative
distribution plots
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User-Centered and Structured Output

Event-Oriented Analysis

 Time-series visualization of
ESS charge/discharge, load
served/shedding, and other
system components

Historical Year/Sample Index Event Index

1 1w

X X7 ESSCharge 77 Load Shedding === Load ESS Discharge ™ PV Curtailment

350

300

Power (kw)

ESS SOC (%)
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Feb 28, 2023 Mar 1, 2023
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Conclusions

» Developed a comprehensive framework to quantify storage benefits for resilience and
service reliability

« Demonstrated how metrics, data, and procedures can be systematically aligned

» Developed a web application to support customized storage benefit quantification for
diverse resilience and reliability objectives

~ Future Work

« Advancing the framework by expanding metrics, datasets, and storage models to
accommodate evolving stakeholder needs

* Enhance platform usability, visualization, and decision-support features

» Use the framework and platform to provide technical support for storage deployment
in resilience and reliability projects
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https://www.enerqgy.gov/oe/energy-storage
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Thank You

Buxin She
buxin.she@pnnl.gov
(509) 375-2458

https://www.pnnl.gov/energy-storage
https://eset.pnnl.qgov/
https://es-control.pnnl.gov/
https://msp.pnnl.gov/
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