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mme  OYStem Design and Characteristics

* Energy storage technology, physical capability, and characteristics Confi

Quration

* Vertically integrated utilities, electricity markets, distribution utilities,
and large C&I customers

mmm Use Cases and Applications

» Bulk energy, ancillary service, transmission-level, distribution-level,
and end-user services

Dispatch and control strategies

» Co-optimization, rule-based control, mathematical programming,
stochastic/risk-aware control, learning-based method, hybrid-control

mm  REgiOns and systems

« Different generation mix, grid infrastructure, market structures/rules,
distribution system capacity, and load growth rate

Inadequate capabilities for appropriately modeling and valuing energy storage

have become a significant barrier to market penetration
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» Technology-Aware Representation Operating Conditions / Dispatch
= Coupled SOC and SOH dynamics (3() § g I~
Power (P Temperature Current / C-rate Time / Duty Cycle

» SOC/SOH-dependent power capability | |
* Nonlinear efficiency and operating behavior

State Update State Update

» High-Fidelity Model Development 21 [ s06u - 500, - JomBSt | | [ som = som-asom | 4
» Models derived from product specifications s \c'ﬁ:;:?,'g\ e
and field measurements e - SRl ‘
= Calibration using testing/operational data :E’?Ef;ff”’r’” DB w
* Planning and Operational Integration Bl e L8 PR i)
= Integration into planning, techno-economic | R P ’
assessment, and dispatch — e B e Bl eae
* Methods addressing nonlinear, high-order, ‘
and intertemporal challenges Ry T B e R

Crawford, V. Viswanathan, D. Wu, D. Choi, D.M. Reed, X. Ma, and V. Sprenkle, "BESS performance and degradation modeling with multi-system
validation," under review.

A. Das, H. Kim, and D. Wu, “Learning-based dispatch for optimal energy storage operation considering degradation effects,” IEEE Electrical Energy
Storage Applications and Technologies Conference, 2025
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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
storage planning and operation
decisions

Resilience Metric and Quantification

O Number of failed device
Q@ Duration of device failures:
= MTR/MTTR
QO Device failure probability/frequency

O Adequacy
= Transmission level: LOLE, ENS, EENS,
EUE, UM, MPS, LSR, CLES
= Distribution level: SAIFI, SAIDI, CAIDI,

Determine

* MOF TCHO
0 Weighted device performance = Both level: CLES, CLC, UCL, LOLP, MPS,
= AST LSR
QO Unique functionality: O Static security
" B!ack start = Operational region: DyOE, volume, SAR
* Ride through voltage, current, = Voltage violation: UP/OP, VFR, VRC, PVUR

and time

1
Economic Performance pabk

U Monetary value
= Return: WTP, TOAC
= Loss: LOR, TOC, VOLL

= Thermal violation: UP/OP

= Topological metrics: EB, vertex importance
U Dynamic security

= Transient performance: RoCof, nadir, RoCoV

= Small-signal stability: DR, EigV, gSCR

= Large-signal stability: ROA, TSI, CCT

Resilience Objective

m@in Z C + Rtl
Decision Set_ | *" | g conomic Objective
For Vt=1,2,---T and ¥, € ¥, Event Set
x=f (x, y)
st:0= g(x,y)
r<r (x,y) <r Resilience Constraints

B. She, D. Wu, and K. Kwon, “A Review of Energy Storage for Power System Resilience: Functions, Metrics, and Applications,” Applied Energy, 2026.
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( Start )——l Initialize dav=1|

« Manage uncertainty and tradeoffs

day€day+1

= Resilience vs. economic benefits e L
= Short-term value vs. degradation/service life il
- Integrated forecast and storage dispatch I

» Forecasts of outages, peak days, etc. I

= Adaptive reserve management and dispatch activation =~ ‘\ows L_—— L IZZI
.+ Adaptive energy reserve and dispatch | i

* Rule-based or learning-based reserve setting and [

[

~ -
.........................

dispatch activation
= Adaptive dispatch optimization informed by Step-1
decisions

H. Kim, A. Das, D. Wu, R, Kini, Z. Hou, and N. Lu, “Generative modeling for mid-term
probabilistic load forecasting based on latent diffusion,” Applied Energy, vol. 406, 2026..
Z.Hou, T. Fu, H. Ren, D. Wang, X, Ma, and D. Wu, “An uncertainty-informed digital twin
framework for optimal long-duration energy storage dispatch,” International Journal of
Electrical Power & Energy Systems, vol. 177, 2026.
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» Shortcomings of existing ADP
methods
= Battery life and degradation are not

Objective
Function

+ BESS O&M cost
« Energy cost

» Calendar life
loss considering
different SOC

Off-policy Learning and Battery Loss of Life

Proposed ADP
Approach

Off-policy
gradient-based
learning

Power Flow and

Safe Exploration

+ Power flow
solution from
OpenDSS using

and ambient « Customized actions from
properly modeled CCycelfeloss  bromiang "™ . Retion cipping
= Lookup tables are infeasible for DOTRUONEESS | 2d reward
continuous states/actions
» Gradient-based ADPs struggle with —
exploration, data usage, and rowardlcoat *
computational complexity @7k o, | e o
* Innovative ADP for DER coordination e —

Environment
Solve power flow using
OpenDSS, and return

. Action

_______ \

\
O O

7

Q00 q Q O
o RO Action o RO
0 «— O
R0 O

Actor Behavior

= Explicit modeling of calendrical and Y
cyclical aging effectsl ?ES&T.ZE?JL e
= Customized policy with random et
exploration to enhance off-policy learning
efﬁ Cie n Cy A b A b State IEEE 123-n(;de system

power imbalance,
voltage violation, and
operation cost

Critic Behavior

A. Das, D. Wu, B. Bhatti, and M. Kamaludeen, “Approximate dynamic programming with enhanced off-policy learning for coordinating distributed energy
resources,” IEEE Transactions on Sustainable Energy, vol. 15, no. 3, pp. 1614-1626, Jul. 2024.
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Deep reinfqrcement Ielaming ]_crom Data-driven methods face practical challenges
demonstrations to assist service such as potential hazards to microgrids during
restoration in islanded microgrids: on-line training opportunities and insufficient on-

line training due to low outage rates.

 Pre-training stage: imitation learning

is applied to equip the control agent DDPGID RLAgent ¢ Exteral environment
with expert experiences to guarantee ol e P ——
acceptable initial performance. e O R ;_
- Online training stage: action clipping, %§§ @é% Doguentien | o fy) g
reward shaping, and expert e
demonstrations are leveraged to 8 oo |
) g Expert - . Solve the DistFlow
ensure safe exploration while monsmion] - Caotae {5 | Srebe ™
accelerating the training process. R Sl volisgo vioation nd
Koy ot Nl )

Y. Du and D. Wu, “Deep reinforcement learning from demonstrations to assist service restoration in islanded microgrids,” IEEE Transactions on Sustainable
Energy, vol. 13, no. 2, pp. 1062-1072, Apr. 2022.
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. . . = NG operationalphilc_)sophy
« Model conversation and validation / e e \
- CYMDIST and PSS/E 9 OpenDSS / * Island load characteristics \
and G”d LAB—D ® Island network constraints and operational strategy
¢ DiStribUtion SyStem anaIySiS K‘Rated Eovufesr‘s \ ('Rat(_ed Pow?:rsldHeat—rate\
= Recommended upgrades et e
. = Performance (RTE, SOH) = Generator Characteristics
u BESS dlspatCh . :nveirtgr Cl:fara(c:teris:_ilt:_sw) g?c:tudinﬁ\!ar Capability)
including Var Capabili = Start-up Process
u Harmon|C analyS|S = _(riﬁntractual Limitations on = Onsite FueISt_or_age_
roughput = Contractual Limitations on
. . . Operation
* Protection requirement and setting . &\ A //
recommendation A _ r

Voltage Reference

Bunker Rd Bus Voltage SOC

Af—

Volt/VAR
Management

SEL 735

Control Mode

Supervisory

Volt/VAR
settings

Site Controller

Dispatch &

AGC Pref & Qref
vref & freq

Scheduler

Island Load
‘;V::zl;:: (previous Day)
AMI data or SCADA
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https.lleset.pnnl.qov

ESET™ — a suite of applications that enable utilities, regulators, vendors,
and researchers to model, optimize, and evaluate various energy storage
systems for stacked value streams

- Battery Storage Evaluation Tool (BSET) 1000+ Users 1026

* Energy Storage for Resilience and Reliability From 600+ Institutions

(ES4R2) 704

» Microgrid Asset Sizing considering Cost and 415
Resilience (MASCORE)

« Pumped-Storage Hydropower Evaluation Tool 169
(PSHET) 15 |

* Virtual Battery Assessment Tool (VBAT) 2020 2021 2022 2023 2024 2025

A subset of features and capabilities of ESET are made publicly accessible

as a web-based tool: https://eset.pnnl.gov/
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https.lleset.pnnl.qov

Comprehensive Models Advanced Optimization Consistent Modeling

Properly represent diversified Maximize benefits and Various use cases and
technical and economic determine optimal sizing/siting, assumptions across different
characteristics of different considering multi-dimensional technologies and deployments,
energy storage technologies couplings and practical allowing for fair comparisons
and their hybridization constraints

Integrated Uncertainties and Econom|cIF|nanC|aI

Utility rates, electricity market Ensure the estimated benefits Articulates benefits vs costs,

prices, generation and load align with the actual benefits of calculates key metrics (BCR
profiles, and energy storage the deployed systems NPV, IRR), and reports net
cost for easy and rapid input income and cash flow

" preparation


https://eset.pnnl.gov/

Pacific
Northwest

NATIONAL LABORATORY

» Cash Flow for ESS Projects

Development Operation
Period Period
Benefits
Financed Cash * |ncome from Grid al
Services alvage

Start

Construction Expenditures

e Bill Reduction
* |ncentive
Avoided/Deferred Cost

Costs

* Operating Expense

*  Principal Repayment and
Interest Payment

e Tax

* Refurbishment Expense

Value

Comprehensive Cost-Benefit Analysis Engine

Summary

Net Present Value Internal Rate of Return

$9.1M 16.69 %

Benefit-Cost Ratio

1.717

Payback Period @

8 years
Electrolyzer Operation Hours @ Hydrogen Production @
8640 584,076.68 kg
Present Value Breakdown Operations Breakdown
Benefits Costs

W CAPEX-Fuel Cell
M CAPEX - Electrolyzer
B Income Tax
M Demand Charge
CAFEX - Hydrogen
M O&M - Electralyzer
N OZM - Fuel Cell
L~ M 0&M-Hydrogen Storage
CAPEX - Tube Compressor
M O&M - Tube Compressor

w

orage

Cash Flow

Sic M Free Cash Flow
M Netincome

2020 2025 2030 2033

Year
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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)

outa Grid Reliability Metric Source State @ SAIDI @
* Outage
; © ElA Dataset (by Utili Alabama i
Information Outage Frequency (times/yean) ataset (by Utility) @ 10 minutesiyear [
1 EAGLE-l Dataset (by County) @ Utility Defsuit 110
Customized Baldwin County El Member Carp + SAIFI @
» Energy Storage . 126 timesiyear [
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 nPUt 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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https://eset.pnnl.gov

) Annual Energy Service Disruption Metrics @ Historical Year/Sample Index Event Index
Summary of Benefits - -
¢ Tabu Iar Com parISOH Of \L,:T::ji::tv:::ze;?yean Zji (:;Z O;;i Z:Z: x> ESS Charge « # + Load Shedding e | oad ESS Discharge
metrl C eva | u atIO n res u ItS Outage Duration (mihutes/year) 839 350 489 (58%) === Available Non-Dispatchable Gen. .\ Non-Dispatchable Gen. Curtailment
Outage Frequency (times/year) 25 1.2 1.3 (50%) — N

/.

50.0% 300

/7

Resilience Assessment
* Discretized probability

distribution plots Hjﬂk
« Complementary cumulative B

distribution plots S

2504

200«

Probability
N w N
© S o
(=} (=] o
= = =

Power (kW)

-
(9]
o

-V//a/////// -

Bl

9]
(=]

Annual Outage Duration (minutes/year)

N\

40.0%

Event-Oriented Analysis }

« Time-series visualization of E—
ESS charge/discharge, load
served/shedding, and other

system components T 0
18:00 00:00 06:00 12:00 18:00 00:00
Annual Outage Frequency (times/year) hen.28. 200 MAr.2028 REArE e

Probability
=
o
>

50

ESS SOC (%)
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Microgrid Asset Sizing Considering Cost and Resilience (MASCORE): Select, size,
and evaluate energy storage and other DERs for a cost-effective and resilient
microgrid

* Modeling various DER technologies with
different economic and technical TSI, S
CharaCteriStiCS DER techno-economic « Load profile « Qutage trials

parameters * Tariff rates + Critical load profiles

Operational parameters

¢ MOde“ng and Capturlng d|VerS|f|ed Energy s_tor_age parameters - Grid service prices s Survivabilily reg.
system conditions in both grid-connected ' =i

and island modes + Cycle life

= Capital cost

- Capturing the interdependency between  EEIEEESE

= Capital cost

optimal size and dispatch . Fuel efficiency

» Simultaneously determining the optimal
sizes of different DERs

Optimal sizes and dispatch

Optimal sizing
or dispatch

i

" D. Wu, X. Ma, S. Huang, T. Fu, and P. Balducci, “Stochastic optimal sizing of distributed energy resources for a cost-effective and resilient

of DERSs, cost benefits
analysis results

microgrid,” Energy, vol. 198, May 2020, 117284
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| |
| -- |
i BINGHAMTON 7 Testing |
! UNIVERSITY Pacific Northwest and Reporting :
: STATE UNIVERSITY OF NEW YORK MNATIONAL LABORATOR . Performance '
| TEA and Resilience Analysis Validation :
: Resiliency Definition « ESS Planning Tool ) -Igeg;[/rll-‘\?gsort :
: * Load Analysis » Resilience Operation Algorithm P :
.- }
jmmmm e ———————————————— j E ____________________________
!

| PCS and Site Controller DC Block 1.2MWh Cells

: + 100+ kW CPS Design « ESS DC block built + Enhanced Ceramic Technology
1+ Site Controller Integration  « PCS Integration « 8000-cycle life

)

I

!

.l | [}
oy | BTN C-electrovaya
| awenng ocusiness vwoandwiae o

e e o -
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Technology
» Ceramic-separator lithium-ion architecture

» Enhanced safety through improved thermal
stability and reduced short-circuit risk

» ~8000-cycle life supporting mission-critical
applications

Host Site: BU ES2 Data Center

 Fully instrumented 4,500-sqg-ft AI/HPC data
center with 70+ racks and ~80 GPU servers

» Supports controlled and disruptive experiments
impractical in production data centers

« Extensive monitoring, controls, and controllable
loads for energy-smart operation and storage
integration

and Resilience Use Cases

Use Cases

» Critical load support during grid
disruptions through islanded microgrid
operation

» Peak reduction, energy shifting, and
potential demand response

» Mitigating distribution constraints and
enabling scalable data center load growth

« Assessment of how storage
complements, extends, or partially offsets
conventional UPS functions
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Main
Grid

QEE EEE EEE I I S B B B B B B B B e B B Eae .

Alliance Redwoods Water Pumping
Convention Center Station
Battery Modules BMS and EMS
« 2.5 MWh (10 hrs @100kW) NUVATION
* Iron-Sodium Technology ENERGY

Site Planning and
Microgrid Control

VITAL

L} INLYTE ENERGY

&
Ej GTI FABRICATION ‘\\,0

am S S I I I IS DS DS D D D D D D D D D B B B e e e e Em

Iron and Sodium Battery for Multi-day Resilience

TEA & Resilience Analysis

* Adapt analysis methodology
* Quantify value of resilience

<:> Testing and Reporting \%/

Test plan development Pacific
« Performance validation Northwest
° ROVI Reporting NATIONAL LABORATORY

1T

Prototype Test

* 40 kW/600 kWh string

* Independent assessment of
performance and reliability

« Final system test plan = e=dr=]

ELECTRIC POWER
RESEARCH INSTITUTE
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Technology Use Cases

. Iron-sodiL_Jm v_vith competitive cost target and  Enhanced resilience for critical facilities
long service life and community functions in a high

- Non-flammable materials with reduced safety ~ Wildfire-risk environment
risk * Integrated solution for backup power,

- Domestic, abundant material supply dleselt_dlsplacement, and daily cycling

: : operation
- Host Site: Alliance Redwoods ° . .
. o o * Customer bill savings through peak

* Tier 3 High Fire Threat Zone with historically reduction and energy shifting across
lower power reliability diverse tariff structures

 Community resilience site serving as an « Support for critical water pumping
evacuation center operations during grid disruptions

« Twenty-meter microgrid environment spanning
diverse commercial and residential tariffs

* Supports a nearby water pumping station
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This material is based upon work supported by the U.S.
Department of Energy, Office of Electricity (OE), Energy Storage
Division.

£FR U.S. DEPARTMENT  Office of

Y of ENERGY Electricity

To stabilize, optimize, and grow the electricity system to ensure the grid
delivers affordable, reliable, and secure energy to the American people.

https://www.energy.gov/oe/energy-storage
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Thank You

Di Wu
di.wu@pnnl.gov
(509) 375-3975

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