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PROJECT OVERVIEW

- Goal: Develop models and novel frameworks to accurately evaluate energy storage technologies
in open-source grid planning tools

« Current Practice: Existing capacity expansion planning models and grid planning frameworks
lack large load modeling and enhanced ESS models. Furthermore, they are not well coordinated
with other tools such as production cost modeling and resource adequacy.

- Why Sandia: Sandia has SMEs in power systems, energy storage, optimization, and software
development to produce reproducible and impactful studies.

- Innovation: Developing an open-source capacity expansion planning model to better represent
ESS and co-optimize grid investments to meet reliability and affordability targets.

- Duration: FY24 - FY26

- Impact: The open-source tools benefit utilities, researchers, and grid planners to evaluate ESS
technologies and make reliable and affordable investments

 Vertical/Investment Area: Analytics

- Alignment/Strategic Pathway: Optimize grid investments to expand the U.S. energy
infrastructure to ensure grid security, reliability, and affordability.



MOTIVATION

* Problem: Rapid load growth from Al data centers
pose significant economic and reliability risks to the
U.S. power system.

« Must ensure that the U.S. power system is reliable,
affordable, and secure.

* ESS are deployed for multiple services that enhance
the reliability, stability, resilience, and security of the
grid
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NORTH A N ELECTRIC
RELIABILIT PORATION

Characteristics and

Risks of Emerging  Assessment of Gaps in
Existing Practices,

La rge Loads Requirements, and
Large Loads Task Force White Paper Reliability Standards for
July 2025 Emerging Large Loads

NERC Large Loads Working Group White Paper

STREN GTHEN ING THE
RELIABILITY AND SECURITY
OF THE UNITED STATES ELECTRIC GRID

Data Center Infrastructure in the United States, November 2025

https://docs.nlr.gov/docs/gen/fy26/98553.ipg

Requires coordinated planning tools to
capture detailed operations, address

long-term uncertainties, and ensure
grid reliability to make well-informed
ESS investment decisions
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CAPACITY EXPANSION PLANNING WITH LARGE LOADS: KEY GAPS

« With large loads, expansion planning complexity spans system to module levels;

key gaps exist in today’s grid planning tools:

GRID SCALE FACILITY SCALE WITHIN FACILITY

it

Long-term siting &
transmission
expansion

Workload variability
& operational
flexibility

Interconnection
constraints &
flexible demand

Data routing &
compute allocation

Co-located gen
& storage

*BOE 5 .

Large loads treated as
static demand

Storage not co-optimized
with large loads

No co-optimization of
load, storage, generation
& transmission

Inability to compare
integration pathways

Reliability & operational
impacts not assessed
within CEP

LARGE LOAD COMPLEXITY KEY GAPS IN TODAY’S
ACROSS MULTIPLE SCALES CEP TOOLS THE RESULT: CRITICAL GAP

N\

Critical gaps in modeling
large loads and associated
uncertainties increase
planning risks.
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\~.._ o \_ __// \_// \_,
Suboptimal  Transmission  Reliability — Missed flexibility
investments risks exposure & value

B

Failure to improve grid planning tools will result in sub-optimal
grid investments and pose reliability risks to the grid




FLEXIBLE LARGE LOAD AND STORAGE CO-OPTIMIZATION IN CEP

Large electric loads are modeled as flexible, grid interactive resources with co-

optimized generation, storage, and transmission

arge Load Characteristics

Peak demand

Load type (Al data center,
crypto, etc.)

Deployment year

Flexible vs. critical workloads

Temporal variability

Synthetic Load Profile & Workload Shifting
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Enhanced CEP Objective

Minimize total system cost

. gen trans ESS ops flex
man(Cy +Cy -I—CJ, +Cy +Cy)

I EN A EE R

Generation Transmission Energy Storage Operations Bt
Investment Investment Investment a g
Cost Cost & Replacement ost enalties
Cost
gen trans ops —
G EBPY e 6 Gl

Incorporate flexibility and reliability costs in
objective

Co-optimize storage, generation, transmission,
large load operations, and co-located

generation/storage

.
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FLEXIBLE LARGE LOAD OPERATIONS

1. WORKLOAD SHIFTING -
(Energy Neutrality) ; e vt

2. RAMP RATE LIMITS —R¥Wm <[ [, <R vt
(Flexible Load)
3. MINIMUM UPTIME

U,z o™ vt
(Critical Workloads) 5

4. CURTAILMENT/INTERRUPTIBILITY

D= Cunt; S @™ XL, vt

5. FLEXIBLE LOAD BALANCE
(Net Load Composition)

= Ly =L L Gure, — S, vt

Total large load rt, : Curtailed / interrupted load

KEY

All constraints apply
for every time period t.

“: Critical (inflexible) workload
'**;Flexible (shiftable) workload
Net shifted load (positive = shifted out, negative = shifted in)

Uptime (1= on, 0 = off)

R3Ee

, R%"" . Ramp up / ramp down limits

" 1 Maximum curtailment fraction

\_

Modeling flexibility allows for
optimal sizing and siting of ESS

J

Key Research Contributions

Endogenously model large loads in CEP with
representation of flexibility and reliability

Captures multi-timescale coupling long-term
investments and hourly operations

Co-optimization of large loads, co-located
storage, generation, and transmission
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LARGE LOAD CONFIGURATIONS AND TRADEOFF ANALYSIS IN THE CEP

Mesquitt A. GRID-SUPPLIED B. CO-LOCATED STORAGE C. CO-LOCATED GENERATION

LARGE LOAD (with Grid Power) + STORAGE (on-site)
(No Storage)
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Role of Energy Storage Tradeoff Analyses

« When co-located, storage can provide flexibility needed to shift, shape, + Costsvs. Reliability (Load Curtailment)

and meet large load demands « Transmission expansion vs. Operational

o flexibility
« Supports the bulk power system and enables transmission deferment

+ Implementation configuration vs.
» Co-located generation and storage enhances energy independence Economic Benefit

_and provides highest reliability for critical large loads




LARGE LOAD CASE STUDY . Nl

=—— DC1 = DC2 == DC3

Model Parameters Assumption i ’ L. Large Joads are deterministica”y
et T ol oce ot R o'l sited onto the RTS GMLC grid
Large Load Size 500MW & 1000MW - i |
Flexible Portion 30% /M

Ehe Winter

ESS Duration 4-hour

P 250mw

Glemente o | » ‘J Spring
ESS Candidate Size 0-1 GW i ) \Ci"if,; —H - S
Planning Horizon 3 investment years (15 years) ' ﬂ J—\_\
‘ ‘ ‘ ‘ ‘ Fall ‘ ‘

3-linked representative days
Temporal Resolution per season & peak day

(hourly) Seasonal daily large load shapes .
Capital Costs Assumed from NLR ATB[1] —scaled deterministica//y ﬂ

Normalized Load
e °

System-wide annual load 3%
growth

“ SR R SRS B DR  Large load flexibility: able to curtail up to 25%
ommissionin onti rations exipili .
& St = and account for curtailment costs ($200/MWh)
Base (1.5 GW) A v
c Co-Located Generation &
Storage

Baseline + Flex (year 1 &5) A

Grid-Supplied Large Load
Aggr (3.5 GW)

Aggressive Growth + ESS (year 1, 8, 15) A B 4 fers s B R

1 - 1 H 1 — — H

: Aggr (3.5 GW) % =" ‘ : % ! % n -:
Aggressive Growth + No Flex (year 1, 8, 15) A B C X : et B . $ |
: (Data Center) : i : : » e :

Aggressive Growth + Flex RISk G A B, C v (N e ; ; 'l________ ___________ i

(year 1, 8, 15)

Large load configuration options



LARGE LOAD CASE STUDY: EXPANSION RESULTS

Key takeaways:

« ESSinvestments are impacted when implementing
flexibility constraints

« Siting and sizing of ESS and generation are impacted
when implementing different configurations and
flexibility options

Installed Capacity by Scenario
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LARGE LOAD CASE STUDY: RESULTS

Key takeaways:

« Capital and operating costs vary across planning assumptions - fuel costs impacted
with large load flexibility

« Accounting for flexibility and various configurations unlocks more implementation
pathways for large loads

Annual System Cost Breakdown
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DEVELOPMENT OF LARGE LOAD INTEGRATION FEATURE IN QUEST
PLANNING

- Allow users to specify size and location of planned large loads with custom load profiles,
flexible operations options, and co-located generation options

* Goal: Develop a large load integration feature into QUESt Planning such that users can

evaluate economic tradeoffs and assess the reliability and operations of future power
systems with rapid integration of large loads via the QUESt Planning toolbox

QUESt Planning CEP Optimizer

Option A: Graphical User Interface

Large Loads Integration Tool

ad - First We

QuESt Planning Backend

........
,,,,,

explan_data_handler.py

vvvvvvvvv

Bakersfielo

preseott
caeee S S

\ -------------
Construct yaml ' )
1 configuration file to . Select buses OIt‘l
| specify large load r aj"’:ﬂllwstselgo:"'a?i/:nem
parameters

AN B S
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RELIABILITY-BASED CEP

& QUEST GRID
PLANNING TOOLBOX
UPDATES




RELIABILITY-BASED CEP

= Problem:

— Load growth poses significant challenges

for syste m reliabil ity Qu p St ANALYTICAL RELIABILITY MODEL

Planning & M 23 KG_NE; LOAD BEFORE ESS B | 9 ESS OPTIMIZATION MODEL I| ‘( o NET LOAD AFTER ESS \\I ‘I o RELIABILITY EVALUATION
. . Subtract VG from Load ‘ Compute ESS Schedule to ‘| | Apply ESS Schedule ‘| ‘| Run Reliability Framework
- E nsurin g | 0] ng'te rma d eq ua Cy ami d | Oa d INCUMBENT PLANNING at investment year I ‘ Minimize Net Load Peaks || ‘I \I (COPT-Based Method)
i ili i DECISIONS alll || + LOLLP/ EENS
growth calls for reliability-aware capacity — | |4

VG | ‘ Optimization Model | :‘:ﬂ LED::] I l.l“
e = ) re- il
Load (Existing + Investments) | [ i Z wy (L — plish 4 pehiny I
heH

il H
\ x IRV ||
ll - = M || si. || || [ cOPT-Based Reliability Evaluation
e i Charge/Discharge | SOC, = SOC, , + 7™ p™t - ]— ot ‘| I, Net Load i |
=
Net Load | |+ State of Charge 0 < 50, < SOC™™ [ + > (Post-ESS)

| ESSh
|| Discharge ||| + NetLoad after ESS Lret&SS
(Pre-ESS) | | .« powerlimits ; [ | :
I D < pihit < pehomaz [ } \/\/A || + COPT Table F(i)
Lner,.'a s Ll: L VGexi.ref,b -VG invh | ‘ + Energy limits [

| 0 < pist < pismaz [ . ‘ | | = Total Thermal Generation G

expansion models
| eneration

= Goal: Develop a reliability-constrained
capacity expansion planning approach

Inputs:

- P r d th d 1 . VheH [ ‘l SOC, = SOCyy WteT |‘ \I Ch;rge \l |‘ g S
o pose me (o) [ ] . Transmission | | : (L !
. . ;'Ee OE;: -~ I l | ERESSA TR R g |‘ Reliability Indices
— Quest Planning generates incumbent | ESS Schadule | vhen || - Loup, Lovr, ovr,
. o e | chx  odis,d GOy | . 3 o
investment decisions Opertor| s Rainaiious | | 15 eoimrassiter
+ Regulation 4 ~ J
. . - - Spinnin Y ¥
— Analytical reliability framework performs a oy - .
quick adequacy assessment for all - e T e Viation]
. . . Generation Retirements K ‘j Update planning decisions
incumbent generation mixes el g il Yes

. . . . ) Planning Reserve Margin : TR
— For any year with reliability violations, Relisbity uts S og' Generate and o cts o
p rese nt are | i a b i | ity C ut ba C k i nto Q u eSt Power Balance (Year(s) with Violations) After repeited iterations violated years
¥

(e.g., LOLP/EENS constraints)
- vy

Planning using persistent solver interface
g using p L @ it

All reliability criteria satisfied

— Repeat the process until no violations are

p re S e nt [ Dats Dedteions Hiow —® lterative Feedback (Cuts) —  Success / Completion Flow }

Fig: Overview of the proposed approach

[1] Pandit, D., Newlun, C.J., Bera, A., Cuello-Polo, G., Nguyen, T., & Byrne, R. (2026). A Reliability-Constrained Generation and Storage

Capacity Expansion Planning Framework. Paper accepted for presentation at IEEE PMAPS 2026. 14



RELIABILITY-BASED CEP CASE STUDY

 Case studies performed on the RTS-GMLC system

Case I: No reliability limit = Case] mCasell mCase Il
° Key pa rameters: = ol _ o
B Gas_CT 5 3
[ Gas_CC ) g
= Investment years: {2024, 2028, 2032, 2036, 2040} o = il CT # =
= = Oil_ST e
= Temporal scope: Seasonal load blocks < oo = Voo =
= Candidates: Gas CT (20 candidates), VG-1 (73 candidates), VG- | &uw =:" 8 .. ... a5 WMi BE.
2 (73 candidates), 2h Li-ion (71 candidates), each rated 400 MW | © - LEEEEN T EN | BN | B
= Retirements: Coal (2032), Qil (2032), Existing Gas CT (2036) =voe T lvestment Year
0 i-lon Battery (New.
- Case studies show that: R RR t
= Reliability Drives Storage: Increasing LOLE limits Case II: LOLE limit of 50iazi:year Case llI: LOLE limit ofSiazii}/ear
directly accelerate storage investments = =
=3 Gas_CC 35000 == Gas_cC
. . . 25000 = OilCT = 20000 = Oil CT
= Approach is robust: Solutions remain tight to the 2 o =i 2 o =i
prescribed probability or energy indices 2 om0 SR 2 200 = vor
8 =] 8 3 ES
G 10000 —iiey g -
5000 [ — Gas:(Ne\;v\L 10000 | Gas- (Ne\;vv)v
On g0| ng Work = V02 ey 000 = Vo2 (New)
0 - " - o o [ Li-lon Battery (New) 0 - - o - o [ Li-lon Battery (New)
Integrated System Planning & Reliability Optimization Framework g g Yeérs - g 8 Y§ 2 g
‘ears
[Og{mgt Hﬁ ;E . Analytical e . .
—— | gl 'Reliability Model Year 2040 reliability indices and investment profile
o Violations Testing robustness of the approach Reliability Indices Candidates invested
(23| (@ GuroBI|[@ ‘ to different reliability criteria Case | LOLE LOLH LOLF  nEUE | Gas VG ESS
| CPLEX ‘L ormmzanion || F~PYOMO| e Test 1: LOLE limit of 5 days/year. (days/yr) (hours/yr) (events/yr) (%) | GW GW GW
Persistent Solver Interface ) "y tion : . Base | 286.2 2749 39242 9419 | 0 152 08
e, Test 2: Normalized EUE (nEUE) limit of 1%.—» Tes; | 24,08 4757 0'0153 %0 15'2 12‘4
el ; . _ . . . . . . .
Lrgu'fﬁoﬁ | r_\ﬂ oy Test 3: LOLH limit of 1000 hours/year. Test2 | 1005 4734 1005 76 152 04
[SEZ';‘] Progress@reﬁ;ﬁhw‘ 10 Test3| 1863 [9952] 1915 25643 | 56 168 0.4
i indices |l S
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QUEST GRID PLANNING TOOLBOX

Model Inputs &

Planning Uncertainties

Economic Data System & Policy Data

Weather Data

Planning
Scenarios

Capital Costs.
i 1]
Wi Time Series
B Aggregation
Fuel Costs
Synthetic
VER Profiles — Weathel"
Scenarios
Extreme
Weather Ever

QuESt Grid Planning Toolbox

Long-term Capacity
Expansion Planning Model

Resource Adequacy Model / Operations
pr@gress

Model Outputs
—

Optimal Resource,
Energy Storage, &

NPV of Investment &
Operational Costs

eeeeeeeee

Optmals g&st ng
of Inve
—

Detailed Production
Costs

Energy Storage
Operational

EUE, LOLH)

Additional System
Needs (e.g. energy
storage)

Risk Analysis & Outage
Distributions

QUuESt Workspace and QUESt Al agent

facilitate effective integration of these tools

Transmission Expansion

OptmalE gyS( age

Reliability Metrics (LOLE,

QuESt Grid Planning Toolbox:

« QUuESt Planning: optimal generation, ESS,
and transmission investments

* ProGRESS: assess system reliability under
evolving grid conditions

 QUuESt Production Cost Model (PCM):

evaluate detailed system operations and role
of ESS - released to GitHub January 2026

E)_

h h . e Node I i o
m Node Type:
@ Q u %t & Node name: [ e Q U &q’t
o S e oo et
o EE @ QUESt Workspace © N
QU %t prégress
——
® @ il ® @
Quest Quest Q.
o] - ko o] . [ o] .. Jo
@ o] - Q) 16



QUEST GRID PLANNING TOOLBOX COORDINATION

Efficient coordination of grid planning tools is required to optimize the grid and ensure reliability

Model Inputs &

Planning Uncertainties

Economic Data System & Policy Data

Weather Data

\

Candidate
Technologies

Load Forecasts e

Future
Investment
Strategies

Planning
Scenarios

Thermal
Generation
Retirements

A\

Capital Costs

Operational
Costs

Time Series
Aggregation

Fuel Costs

Tax Incentives

|\

Synthetic
Weather
Scenarios

VER Profiles —

Extreme
Weather Events

Cost-Optimal
Resource
Portfolios

QuESt Grid Planning Toolbox

(" Long-term Capacity N

| =
Expansion Planning Model
Enhanced Dispatch &
: Plannlng @ B il % Energy Storage
Operations
t \ \
Cost-Optimal
Resource Production Cost Model
Portfolios
ES _—
4
)
Reliability Metrics, Reserve P CM
Margins, Worst-case
Scenarios & Outage
Distributions
| I Enhanced Dispatch &
Energy Storage
Resource Adequacy Model Operations
= —

pr@gress

Model Outputs

—

Optimal Resource,
Energy Storage, &
Transmission Expansion

NPV of Investment &
Operational Costs

Optimal Energy Storage
Power & Energy
Capacities

Optimal Sizing & Siting

of Investments

Detailed Production
Costs

Energy Storage
Operational
Characteristics

Ancillary Services &
Generation Shortfalls

—

-

Reliability Metrics (LOLE,
EUE, LOLH)

Additional System
Needs (e.g. energy
storage)

Risk Analysis & Outage

Distributions
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QUEST WORKSPACE FOR GRID PLANNING

Teciodes \ \

TextNode2

ttings for solver and the input
pyomo optimization problem to

QuESt Grid Planning Toolbox

T e 1 1 " - =T . — \‘ o i detil ™
stem \ ‘ S i
L ong- term Capac: ty ' o 1 This/module bmk{:‘e :m: handler object that e aul
Expansion Planning Model s et s o e —
O configuration and csv fil Ll ® cono
t I + | =
u 5 Enhanced Dispatch & - -
: Planning @b % il E Energy Storage a

Operations
o uam TextNoded
X RestitManager uses the the obtput
- jexiiiode] from the and
c";:sgﬁ’::'“’ Prod - Vodel :Jhsers vﬂ'l" nE:_d to l;wvizle dir:f::ﬁes for D) develops output csv, JSON, and plots, and
e yam| configuration file and the B
Portfolios roduction Cost Mode d;,ezm,y Gtk input files TextNode2 MarketManager conducts sequential day-ahead plints them in the provided outpist directory
Cost-Optimal DataManager takes in the config unit-commitment and real-time economic dispatch \‘ |
Resource E S
Portfolios

_ and data files, and form input leveraging EGRET as the optimization engine.
yam_path JSON files for the EGRET tool Returns day-ahead and real-time result dictionaries.
€3 .}
ity Motri ' PCM &= e
Reliability Metrics, Reserve = | DaaPath y jomi_path -~ m,
Margins, Worst-case data_path am,.m
Scenarios & Outage / @ logger level

Distributions

1 I Enhanced Dis L L1 L ‘ 2 :
patch & | Egretverbose | # 2>
Energy Storage ‘ suppress eqret op @ — %ﬂ;
Resource Adequacy Model Operations ‘ M ‘
| Ttz

dEm ToxtNodes AR
= This module fns the required soher leaodes
- . i o TatNode?
N at ool provided inthe yam fle. Tren. vithin each  Finaly. this modules compies all reslts
8 , i ia bl

. soedto orage.

S o dpatch et
IFthe user chocse to downicad data tis funciion T

v
uses the NLR api ks to download and process data, f ARt the wind and solar data are processed, this
downlost, o

Tool Integration Challenges Why QUESt Workspace & Agent

* Tools run in different environments * Integration of different Python environments
« Simulation fidelity varies: decades for planning, yearly « Visual representation of modules, processes

for adequacy, and sub-hourly for PCM * Enhanced workflow development, runtime debugging, and
» Different data requirements for each tool result interpretation using QUESt Agent

18



EXAMPLE LEVERAGING QUEST AGENT FOR CO-PLANNING

1. QUESt Agent responds to
user prompt and matches
closest skill

4. Agent
provides
deeper
insights
into
results

is still missing.

()

Build path: Reuse Skill Workflow JSON

Reason: Matched skill template ‘IRP master flow for planning plus
resource adequacy assessment’ is an exact-enough fit, the canvas is ol
empty, and no explicit differences were requested, so direct workflow @?'ﬁ et
reuse is the easiest path.

Proposed canvas plan:

1. Load the matched workflow template from skill
‘irp-master-flow-for-planning-plus-resource-adequacy-assessment’.

2. Validate current flow and prepare the next fix-up plan if anything

Next step (1/2): Load the matched workflow template from skill
‘irp-master-flow-for-planning-plus-resource-adequacy-assessment’.
Use the actions below to execute, review, or cancel this plan. You can
still send a revised request to change it.

O sowPlan | | Cancel 2. QuESt Agent loads workflow

create workflow to do a

power system capacity QUEST PLANNING WORKFLOW
expansion and use it's
outputs to perform reliability
assessment on all investment
years

) SIS yaml_path planning_result_diractary
| g planning_yzar: DroGRESS_dirsctories @

10:12AM (@ ) (D

data_path
‘ T planning_raserve_margin

[2024,2032,2040] years

QUEST PROGRESS WORKFLOW

b AR S .‘-. ¥

@ samples

i Y 4 | © sim_hours
) G L

‘nlrjpi,deta'l\s

10 cxisitng_vg_data_path

() WHAT THE RESULTS SAY NOW

@ HOW TO INTERPRET THE INVESTMENT-RELIABILITY LINK

2024: Planning keeps a broad
conventional fleet online;
Progress shows no

adequacy issues.

- 2032: Planning has retired much
coal and oil and adds more
variable generation.

2040: Planning builds a very large
variable generation system

with some storage;

conventional thermal is almost gone.

In the exported 2040 Progress system,
only 6 thermal generators remain
plus storage.

LOLP 0.2, LOLH 20, EUE ~27172,
LOLF 3, LOLE 3.

e Planning finds a least-cost expansion under its own assumptions:

Year 2024 Outage Heat Map

12 3 4 5 6 7 B 9 10111213 14 15 16 17 18 19 20 21 22 23 24
Hour

Year 2032 Outage Heat Map

102 3 4 5 6 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23 24
Hour

seasonal blocks, reserve constraints, transmission-style representation, Installed capacit -
. uclear
and no annual load shedding cost. 40000 = Coal
o The least-cost solution is dominated by variable generation by 2040, 35000 ; g::—g
with very little firm thermal left. < 30000 = ol CT
e Progress stress-tests the exported system hour by hour with outages S o000 i
and variable generation variability. > — VG2
; et ‘g 20000 1 VG-3
e Result: The 2040 least-cost Planning portfolio is likely not firm enough S 15000 — s
under the current Progress setup, once outages and variability are 8 = Hydro
considered. 10000 o C?;’G 1 new
== -1 (new
5000 3 VG-2(new)
WHY THE 2040 RESULT IS SUSPICIOUS BUT INFORMATIVE . B Liclon Battery (New)
< o (=}
o~ m <
It is informative because it indicates a real risk: the 2040 plan may be 8 Yeirs 8
over-dependent on variable generation and too light on firm capacity.
It is also suspicious because the two tools use different system models:
e Planning uses tx_model = Transportation with reserves enabled. H
e Progress is forced to model = Copper Sheet. 3‘ Uses makes dESI red Changes
e Planning solves on seasonal representative structure; Progress simulates a nd runs the wo rkfl ow

chronological stochastic conditions.
@ The exported Progress system is simplified CSVs, not the full Planning formulation.

Year 2040 Outage Heat Map

123 45 6 7 8 9 1011121318 1516 17 18 19 20 21 22 23 24
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SUMMARY, IMPACTS, & NEXT STEPS

Project contributions in FY26:

v Large load integration feature implemented into QUESt Planning to enable robust analysis
for immediate risks on the US power system

v"Incorporated flexibility constraints to evaluate evolving large load impacts on the grid Unique Clones of QuESt Planning
Mon - [ |
v Co-optimizing large loads, storage, generation, and transmission "¥§§f =
Fri - u
Sat -
v Enabled tradeoff analysis of large load configurations Sun—‘q:‘qI SRBSSRERe e SN SRoases o SNREREES aNLELEseses s RRetacs butiss SN casats e
’b(\%i&?"v@/ ’&’LQ/L vq‘w& o\\w& 00'19% Q\m& QQ’L@/ b)@Qm@/ Oéﬁ/& om& Oé:»& ’b(\m& & s ’z}w@' '5\’»& \QQ’\,@/ o\w&
v" Developed and implemented reliability-based CEP framework Tl <o ) ) v )
v QUESt Grid Planning Toolbox: b ; io 35 20 2
v .
QuESt PCM released January 2026 ~500 total unique clones
v Al-enabled workflow developed in QUESt Workspace via QUESt Agent
Accomplishments & Impact:
IEEE PES
= QUuESt Planning update with large load modeling features u ENERGY
[=]
= Papers presented at IEEE EESAT 2026, IEEE PES General Meeting and PMAPS (accepted) m Elt:l:(,)oRLl.I]%/T

= Presented posters at IEEE PES Energy and Policy Forum - Washington D.C.

= Moderated panel at IEEE PES T&D (Chicago): “The Role of Energy Storage Systems in Grid
Planning & Operations to Support Large Electric Load Growth” with panelists from El Paso ]
Electric, Michigan State University, Columbia University, and Elevate Energy Consulting @E

= Presented at the 2026 FERC Software Conference on the QUESt Grid Planning Toolbox

Power & Energy Society®

. . ENERAL MEETIN
= Presented in panel at IEEE PES GM (Montreal) on energy storage and large load impacts © 2026 ©

= Integration with other grid planning tools like ProGRESS and QuUESt PCM using QUESt

Workspace allows users comprehensive grid planning options 20



THANK YOU!

Cody Newlun
cjnewlu@sandia.gov

- prégress;
This material is based upon work supported by

the U.S. Department of Energy, Office of Electricity
(OE), Energy Storage Division.
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Al DATA CENTER LOAD MODEL

+ Stochastic data-center reliability model
developed using semi-Markov process

* Proposed model:

= Qverall load for data-center i is:
Pi(t) = PP*¢(h) + P{T(t)
= Base Load = HVAC + Chiller + Auxiliaries
(Driven by ambient Temperature)
Pibase (h) = [acl(Tamb (h) + aaux)]Pirated

= |IT Load = Fast Stochastic Al Workload
(5 State Semi-Markov Model)
Shaped by diurnal envelope of Al usage,
Potential correlation between facilities

— Nominal hourly IT load is:
W(h) = aITPimted.UD (h)

— IT load after semi-Markov process is:

PiIT (t) = PiIT (h)(l i Sstate + O-state)
Indices:

a.; = Cooling fraction = 1T load fraction

T.ms» = Ambient temperature up (h) = Diurnal utilization envelope
@ gux = Auxiliary fraction Sstate = Power fraction from Markov state
preted= Rated data-center power Ostare = NOiSe corresponding to the state

© 17 Lo componenT NON-IT LOAD COMPONENT
@) serverRated @) Semi-Markov Process €) Stochastic  €) High-Resolution () HVAC Systems & Infrastructure
Demand (SMP) Engine Power Traces Chillers, pumps, fans, lights, UPS losses
@ Peak-Surge (PS) = T @ =
—> | (L9 Light-Compute (L) | > _ @ ) 039 I f
@ Base (BA) ' Sub-second, 50 ms n l i
@ chespointide c)
@ wreacetper)| @ Load Aggregatlon @ Seasonal Trends
—— & Conversion
=ull I * =
Converts sub-second Winter Summer
traces to hourly
load points
v 0 Hourly IT Load ‘l’ 9 Hourly Infrastructure Load

Sojourn: U(3,12)s

Ol O oA

{ Total Data-Center ]

Load Summatlon (%)

PS
——— Peak-Surge }7
| SOJourn U(5,25)s
LC AR

Light Compute ‘—| l—‘ All Reduce Dip

Sojourn: U(2, 15)s
"{ Checkpomt Idle <—
Sojourn: U(30, 180)s

]

Composite Hourly
Data-Center Load Profile

Base
\ Sojourn: U(2, 8)s

Base: 654, =0

* Short inter-iteration baseline gap
Peak Surge: 5p5~U(0.25,0.40)  Nominal Load

« High power surge, Peak tensor-compute burst Checkpoint Idle: 5,3~U(0.15,0.25)

. +25 to +40% above nominal load * Low Power Idle point

Light Compute: §,5~U(0.25,0.40) * -15% to -25% of Nominal Load

« Moderate compute AllReduce Dlp' 5p5~U(0.35,0.50)

« +5to0 +15% above nominal IT load « Communication synchronization dip
* -35% to -50% of Nominal Load

Five State Semi Markov IT Load Model
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Al DATA CENTER LOAD MODEL

Sub-second Power Traces — Demo Hour

- IT load obtained using P/ (t) generates . Fcity 0 (200 W

subrsecond power traces L

‘ 30-Second Zoom — All Facilities

« Converted to hourly demand for

reliability assessment using the peak | | | mian. T B e e == = i
. 250 EEISO-
state encountered during that hour: _ mw”.w

PiIT,peak (h) — max Pl]T(t) Vt = h o ] Facility 1 (225 MW)

state o EEzou— w

+ Correlation among data center Facilty 2 (250 1| ‘ ‘ | ‘ ‘ |
Facility 2 (250 MW)

facilities: | A -
o Shared orchestration or synchronized |

Al 1 b 100 A : : : 1000 1005 1010 1015 1020 1025 1030
J o S 500 1000 1500 Time [s]

Time [s]

Fac 1
MW

o

Annual 8760-Hour Load Profiles — 3-Year Ensemble

O Sa m e- regi o n O p e rati O n a | S i m i I a rity a n d Representative 24-Hour Summer Profile — Hourly RA Aggregation
common environment drivers T e T = < [

220

200

+ Modeling correlation: o

140

Fac 0
Mw

Facility 1 — 225 MW rated
275

v" Modeled as a likelihood of two or more
facilities operating in same state o

175

v" Embedded via and workload o [ T
synchronization (hourly states)

Facl

Facility 2 — 250 MW rated

P95 - Paed

Fac2

250

225

200

175

0 12 14
Hour of day 0 2000 4000
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