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PIannmg the future grld and mterconnected energy
system requires balancing generation (G), transmission
(T), distribution (D), and customer (C) resources while
also increasingly capturing engineering details in planning
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Conventional Storage Electric
Vehicles
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But today, there are few methods,
MOARA processes, or tools that can effectively
o capture the G-T-D-C spectrum, let alone

codesign across it
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opportun|t|es to create new
approaches for holistic G-T-D-C planning of
reliable and affordable electric grid-connected
future energy systems
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Silos of Excellence

Least cost generation,
Resource Adequac

Generation
(Resources)

Includes larger, i
transmission-connected IPPs

Stability, congestion,
5 interconnection

Transmission
(Bulk Grid)

Minimize my bill, Distributed Energy
Resources (DER), interconnection,
24/7, Community Choice Aggregator

Customer and
Independent Power
Producer (IPP)-DER

Connections

Circuit/sub. capacity, voltage,
reliability, rate of return

Q o o,

Distribution (Local
Grid)
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(Partly) Integrated Planning Within Spatial Scales

Customer & IPP-DER
Connections O

Generation
(Resources)

Integrated Distribution
Plans, Hosting Capacit
IEEE-1547

Integrated Resource Plans (IRPs),
Interconnection queue, Fir
Transmission Rights (FTR), siting

Transmission
(Bulk Grid)

Distribution (Local
Grid)
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The T-D wall
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Grid)

Transmission
(Bulk Grid)
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The T-D wall

Customer and IPP-DER
Connections

Generation
(Resources)

Distribution (Local
Grid)

Transmission
(Bulk Grid)
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The T-D wall

ow can |l include DERs?

You gonna pay
me for that?

nclude DERs in IRF

Customer and IPP-DER
Connections

Generation
(Resources)

Distribution (Local
Grid)

Transmission
(Bulk Grid)
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G-T-D-C Planning

What values can my
resources provide?

Customer and IPP-DER
Connections

Generation
(Resources)

Distribution (Local

Grid
Can controls/DERs offset
distribution upgrade needs-
NREL | 10

Transmission
Bulk Grid)

How can we expand fast
enough and stay stable:



G-T-D-C Planning

By working together across
G-T-D-C, we can plan

a better future
grid with lower costs and
O enhanced customer
© reliability,
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Considerations for T&D (scale)
Interactions in Planning




T&D interactions cross a range of time scales, with

different tools and considerations

A / Engineering Simulated Investment
Analysis Operations Planning
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Considerations for fast (<1sec) dynamics

* Dynamic DER models (e.g., DER_A) and composite load models
— How many, what parameters

* DER impacts on stability

* Reactive Power Support (both directions)

— EPRI study shows much lower Grid-Forming (GFM) capacity
required if also located on distribution

* Contingencies
* Intentional Islanding

North American Electric Reliability Corporation (NERC). “Reliability Guideline — Parameterization of the DER_A Model.” September 2019. URL:
https://www.nerc.com/comm/RSTC Reliability Guidelines/Reliability Guideline DER A Parameterization.pdf

Venkataramanan, Ashwin, Wenzong Wang, Deepak Ramasubramanian, Aminul Huque, and Ali Mehrizi-Sani. 2025. “Stability Analysis of Distribution Networks With High

Penetration of Distributed Energy Resources.” IEEE Access 13:83867-80. https://doi.orq/10.1109/ACCESS.2025.3566476. NREL | 14



https://www.nerc.com/comm/RSTC_Reliability_Guidelines/Reliability_Guideline_DER_A_Parameterization.pdf
https://doi.org/10.1109/ACCESS.2025.3566476

Puerto Rico example:

Important to model high DER well for transmission stability

» PSS/e with multiple feeders in OpenDSS using HELICS
* Real System Data from Puerto Rico

Detailed Distributed Energy Resource Generator Response to Transmission and T&D Cosimulation
“Fault Induced Delayed Voltage Recovery” using T&D Cosimulation 130 “Fault Induced Delayed Voltage Recovery” Response 20 Ohm Fault
0.0
|l 120

=051 DER enter momentary recession following the fault. 110 4 The transmission simulator does not predict a “fault

é -1.0 A 3 106 induced delayed voltage recovery” for a 20-ohm -
o p—

S -1.51 @
® o DER continue S 901
% ) ) | generating power at @ 80
o - 3
5 —2.5 1 first but trip off after 2 0]
£ | | the low voltages =
8 -3.0 S . t g 60 -

-35 persist. 504 = \/oltage at Transmission Bus

—— Random Sample of Distribution Voltages
_4'0 ] T T T T T T T T
0 5 10 15 20 25 30 35 0 > 10 13 20 2 30 35
Time (s)
Time (s)

Elizondo, Marcelo, et al. 2024. “Section 10: Bulk System Power Flow, Dynamic, and Resilience Impact Analysis.” In Puerto Rico Grid Resilience and Transitions to

100% Renewable Energy Study (PR100): Final Report. Golden, CO: National Renewable Energy Laboratory. https://www.nrel.qgov/docs/fy240sti/88384.pdf. NREL | 15



https://www.nrel.gov/docs/fy24osti/88384.pdf

HELICS ™: Hierarchical Engine for Large-
scale Infrastructure Co-Simulation

High-performance co-simulation to combine best-in-
class tools for breakthrough integrated energy analysis &

Capabilities:
e Scalable: 2-10,000,000+ Federates

* Cross-platform: HPC (Linux), Cloud, Workstations,

Laptops (Windows/OSX)
*  Modular: mix and match tools

* Minimally invasive: easy to use lab/commercial/open tools
e APIs: Python, C++, C, Julia, C#, MATLAB, Java, FMI, etc.

* Open Source: BSD 3-clause

* Many Simulation Types: Timeseries, Dynamics, Events

* (Some) Other Features:

* Co-iteration enabled: “tight coupling”
Web-based simulation monitoring
Built-in Units Management

//==,_

HELICS

1
Semulations Are Batber Togethw:
MODERNIZATION
LABORATORY
. . COMNSORTIUM
Lists not exhaustive O Ferman of Eneray

RegEx name matching

Real-time mode

o /3
O ce®™ PSSEl | cyvpisy ‘9’/;-
\‘7 o LR Windmil 6
& InterPSS PFLOW Q{
& MATPOWER FESTIV PyDSS/OpenDSS /o‘
> /. PowerWorld PCAT [ GridLAB-D >
/\k /Sienna Synergi
| eTerra/RTOps '
| PSLF PLEXOS Essence
' GridPACK TEsp OMF |
. cPps | 'samt &
BEAM 7
8 ns-3 AHA NGTransientC;g
. SCEPTRE NGFast
E \_ GridAPPS-D HELICS Data Plggrs Y
v3.5.x and details at %\_ ADMS Testbed GasPowerModels.jl . $
https://helics.org/introduction/ % VOLTTRON ';“E;ng:nglaris @9
https://github.com/GMLC- "1‘,. HE'i':,cgolz:,‘:f; gakogaE RS Eu“clliggs
e N _ s _ e PR TA atural Gas
TDC/HELICS/releases or via “pip install helics 4 e

* Dynamic Federations
Hardy, Trevor, Bryan Palmintier, Phillip Top, Dheepak Krishnamurthy, and Jason
Fuller. 2024. “HELICS: A Co-Simulation Framework for Scalable Multi-Domain
Modeling and Analysis.” IEEE Access 12: 24325-24347. DOI:
10.1109/ACCESS.2024.3363615.

Transportation
Optimization / Solvers

0
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Laboratories *M

Existing Ongoing Waiting
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https://helics.org/introduction/
https://github.com/GMLC-TDC/HELICS/releases
https://github.com/GMLC-TDC/HELICS/releases
https://github.com/GMLC-TDC/HELICS/releases

T&D interactions cross a range of time scales, with

different tools and considerations

A Engineering ( Simulated \ Investment

Analysis Operations Planning

Bulk System
(Transmission)

Local Grid
(Distribution)
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Types of questions for T&D operational simulations

 System-wide energy impacts from DERs
* Dispatch and visibility for DERs

* Market Interactions?

* Services from DER

e Distribution limits on DER use

* Distributed Energy Resource Management System?
Aggregators?

* Resource Adequacy?

NREL | 18
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Co-simulation enables simulating arbitrary combinations of - ”{'(gii:
physical/engineering and control/market tools tH 2GRID

LABORATORY
COMSQRTIUM
of Energy

*  Physical Data (Values)

— Voltage, Frequency, Current

*  Market Data (Messages)

— Measured Load, Locational Marginal Prices

(LMPs)
*  Controller Data (Messages)

— Sensor Readings, Control Signals

Actual
Generation

1 &
W Dispatcg

Pri
Measured

Load

Control Sig@ls

Signals

\ <&

Distribution

Sensor Data

Novel T&D Control Architecture
Design: Predictive State Estimation and Machine
Learning Control
Grid Sim: Entire Island of Oahu, Hawaii with >1M
electric nodes.

R. Yang et al., “Grid optimization with solar (GO-Solar),” presented at the ADMS
Test Bed Webinar, Feb. 16, 2022. https://www.nrel.gov/docs/fy220sti/82026.pdf

Project: GO-Solar /

19


https://www.nrel.gov/docs/fy22osti/82026.pdf

Example: Distribution + Market Operations

Large-scale DER-Market Interactions . &)
=100 FREY
T = 1 4
* Distribution: 35k feeders = 80
. 25M homes % 601 gl
*  Transmission: 240-bus (simplified) WECC L 4o —~No retail market
Simplified California Independent System Q- ™|~ Prices to devices .
.~ — Wholesale-retail integration
Operator-style Market. 20 \oon 3pm aom 2pm
Take aways: 5
* Price responsive loads can lower prices, but may R
introduce oscillations if not done well 57 }
* T&D co-simulation required to fully capture @ 2
19 L~

Hansen, Jacob, Trevor Hardy, and Laurentiu Marinovici. 2019. “Transactive Energy: Stabilizing
Oscillations in Integrated Wholesale-Retail Energy Markets.” Presented at: 2019 IEEE PES Innovative
Smart Grid Technologies Conference (ISGT). https://doi.orq/10.1109/ISGT.2019.8791658. NREL | 20



https://doi.org/10.1109/ISGT.2019.8791658

Note: multi-model frameworks enable simulation

without full data exchange

» Run a combined

Every.timestep
< T
r/CIoud - N

s ~Co-simulation ~!~

MODERNIZATION
LABORATORY
CONSORTIUM

-

simulation across
multiple
sites/organizations

» Only exchange
interface data

" Avoid detailed/sensitive Do
mOdel eXChange Simulations (e.g. CYME, Illl

Synergi Digsient,etc ), |

-—————/

(
|
|
|
|

Bulk System Production

Cost or Dynamic Stability

(e.g. Plexos, PSS/E,

\, PowerWorld, etc.)

/

Detailed DER, plant, or II:I
\_aggregator/bid models/

——

DSO: Distribution System Operator, ISO: Independent System Operator, TSO: Transmission System Operator

S

Palmintier, Bryan, Trevor Hardy, Phillip Top, Aadil Latif, and Jeremy Keen.
2024. “Keep Your Grid Model to Yourself: Co-simulation for Multi-entity

Planning and Simulation Without Needing Detailed Model Exchange.” 2024 L
Grid of the Future Symposium, Raleigh, NC: CIGRE US National Committee. I

o
|

fre Battec Togather

* Broker hierarchy: simplifies configuration and

high local performance

* (optional) message exchange encryption with

OpenSSL




T&D interactions cross a range of time scales, with

different tools and considerations

A Engineering Simulated f Investment

Analysis Operations Planning

Bulk System
(Transmission)

-9 S L {ip‘ {Q
=] ¢ " ¥ .l. " . : .'. " . :
23 e A P
8 = -."{‘ -.‘4{,..,_' sy .

) . Y v § \- -
3 -ﬂ b 17 .“.‘ 1} b

9 | pe B A | e I A Ew, A

<1 Second - Minutes - Seasons \ Years - DecadeJ
Minutes Time frame of model/interest

NREL | 22



Example integrated planning questions

* To what extent can DER and distribution
offset bulk system investments? (e.g.
generation, transmission)

— How much controllability of DERs is
needed?

* Where do bulk constraints drive additional
front-of-meter (FTM) distribution-sited
resources?

— Are distribution upgrades needed?
Which?

* Storage siting: transmission or distribution?
— What if resilience is considered?

NREL | 23



Evolving Workflows for
Integrated T&D Planning




How might we get there? (and challenges/needs)

Co-optimize

I[terate across
G-T-D-C

Expand
Existing
Efforts

Coordinated
Data

NREL | 25



How might we get there? (and challenges/needs)

Co-optimize

I[terate across
G-T-D-C

Expand
Existing
Efforts

Coordinated
Data o

NREL | 26



National Transmission

Planning Stud

MATESNAL LABSRATCHY  LAToRk R S SR L ARG

Better understand the role, value, and
opportunities for transmission across the United
States.

Identify interregional and national strategies to
accelerate energy growth while maintaining
system reliability

Inform regional and interregional transmission
planning processes, particularly by engaging
stakeholders in dialogue

Develop methods for national-scale transmission
planning that are applicable for industry




Multimodel analysis for a low-cost, reliable transmission system of the future

Zonal Resolution Nodal Resolution
Long-Term Scenarios through 2050 2035 Transmission Portfolios

Capacity Economic Resource Production Stress
Expansion Analysis Adequacy Cost Analysis




Nodal transmission expansion for the AC

Process for zonal-to-nodal translation .
scenario for the model year 2035

Nodal Nodal
- (Industry Planning Cases)------+ (Future)
: % = = !
! A e | > " @ .ﬁ ™.
R B | ok Tl
| o . & //; g .... )
H _— ! Nl . -
! @ | v D X

: 3 T L 2 2N o
CEM Scenario (Zonal) Qo g7 o
. (Future) N ° ' \ R
»w NN
i % @ » e i @@ @ Inter-anal Transfer Capacity ﬁ i) @  Online Capacity
i B Nodal Network (Disting) Deactivated Capacity
i - i
4 ;o e Nodal Network (New) sensnssssseas |fer-Z0nal Network (New)
| NOTE: Only new transmissian instailed ofter 20204 highlighted. o - |

Zonal to nodal translations of future transmission portfolios
allows detailed operational analysis

AC— Alternating Current NREL | 29



Economeiric Models

* Load Growth
* DER Growth

Advancing
integrated

distribution
planning

Distribution Planning 1
[ cicus |
Partners: Duquesne Light
Company, PEPCO
Holdings, Xcel Energy,
PGE, Hawaiian Electric

+ Deterministic Model

+ Historical Load & DER Trends
Drive Future Forecasts

ONGOING PLANNING STREAMS

System-level / Corporate Forecast

I . Territory
Single figure Load and DER
disaggregated to circuits

Disaggregated Growih

Future

G PLANNING STREAMS COORDINATED SOLUTIONS &

STRATEGIES & BUDGETS

SOLUTIONS &
STRATEGIES ASSESSM,
Shared view of capacity needs
Shared decision making
Shared understanding of budget allocation
Topology Cha

* Load Transfers ¢

Evaluate Cost
Outlay Soluticn:

DER Allocation

Planning Horizon

nfrastructus

Disaggregated Growth +
Existing Peak Load

L: Feeder/Substation Projected
Peak Load by Year

-2yrs
Existing Peak Lond

Feeder / Substation Peak Load
+ Mew Service Requests

Data / Past Performance

(U

Scenarios

KEY CHARACTERISTICS

+ Single / Limited
Seenarios

+ Manual Spreadsheat
Piocess

Do

ermirratic approacs

OBJECTIVES & METRICS

83892, Nov. 2022. https://www.nrel.gov/docs

J. Keen et al., “Distribution Capacity Expansion Planning: Current Practice, Opportunities, and Decision
Support,” National Renewable Energy Laboratory (NREL), Golden, CO (United States), NREL/TP-6A40-

230sti/83892.pdf.

« N-1 Reliabifity KEY BENEFITS OBJ
« Capital Expense
*+ Probabilistic / Scenario  + Captures Uncertainty  + Alignment with Long-Term « N-1 Reliability = Equity
- Budget Constraints Planning N—— Palicy Geals + Capitsl Expense -~ Energy EMiciency
* Cost-Allocation / Cost- Engagement + Avoided Costs - Carban Emisssan 3
_——— R Pskisc
NREL | 30
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https://www.nrel.gov/docs/fy23osti/83892.pdf

Interoperable data can enable expanded integrated

i planning workflows

" GLOBALPST o
= CONSORTIUM o

Model instance

(] /}7&;
), O@S

Storage

value Adequacy B

Data pipeline 2
Sienna

Interoperable
data .
specification & ED

-

Data pipeline

il

Data pipeline

Tool E

Stability and distribution grid .
analysis require multiple distinct "'5
modelling approaches Tool F

SCUC: Security Constrained Unit Commitment
ED — Economic Dispatch

Global Power System Transformation Consortium | 31

Credit/Contact: Gord Stevens (NREL), Juha Kiviluoma (formerly VTT — Technical Research Center of Finland)




Harmonized data format is a key enabler

Data Model

Data Specification

Data Format

Dataset

Potentially irreconcilable,

No better!
unconvertable

Global Power System Transformation Consortium | 32

Credit/Contact: Gord Stevens (NREL), Juha Kiviluoma (formerly VTT — Technical Research Center of Finland)



Integrated
T&D can
require lots of
data exchange

Thankfully,
there are
efforts to

coordinate/

standardize

NREL | 33



How might we get there? (and challenges/needs)

Co-optimize

I[terate across
G-T-D-C

Expand
Existing
Efforts

Coordinate
Data

Common Scenarios, Data and Workflow Processes, Data Integrity Checks

NREL | 34



How might we get there? (and challenges/needs)

Co-optimize

I[terate across
G-T-D-C

Expand
Existing
Efforts

Coordinate
Data

Common Scenarios, Data and Workflow Processes, Data Integrity Checks

NREL | 35



Expanding already complex workflows

Producton
e, sinets Distribution A
. ' Los
H SILVER Emwons | | BRSSO UV oo Rl e
E froccton s o Angeles
] R
fmp:; m =~ StUdy dsgrid
capaci benetts.
comonra oxpanaan van (Fa Workflow

: — Resourcn : :
: — i Other Loads .
H e Iresource m— Capacity Expansion || |~ o
| == < — ) 5 5
& oean.. Unocoaplathe relistibty standurde kor syt _________ i benedts n_ e = A s :

il Frigger pevised capacily expansion s B : :

SESIT Group, University of Victoria - v
Puerto Rico Study _ - ) o - .
DOE National Transmission Planning Study —
Workflow
Baseline ransmission .
mr-wwmnprqm
-
(zonal)

Identified high-priority
transmission
nsion concepls

Task 1:
Stakeholder upat

S And lots of Integrated
1 Resource Planning
CEM - Capacty axpansion model, MM frocucton cont model FFD - powerfiow and tynamc. FUA - escurce sdeguac (l RP) prOCeSSeS

Global Power System Transformation Consortium | 36

Credit/Contact: Gord Stevens (NREL), Juha Kiviluoma (formerly VTT — Technical Research Center of Finland)



LADWP by the Numbers

Case study - ey
Comprehensive '

integrated grid _
planning modeling -

and analysis for - ... I

Vlley @ CUSTOMER ENERGY CONSUMPTION
Generating Station

‘OREGON

CALIFORMNIA

Los Angeles - - o
8 el -
Barrpeln R_if!g! Og Y —
Casr;cm \__Iﬁ&'“’““ Marketplace
 Victonville- '\ Mohave
2019 GENERATION MIX
Transmission .\, Palo Verde
AC © Nuclear Generating Station
oc
14% 13% solar
Map by Billy Roberts, NREL AEED
10% wind

7,880 megawatts (MW) 2%
generation capacity coal

>3,600 miles of transmission lines to move 27% 9% geothermal

electricity in natural g
gas 7% hydropower

>1 0,400‘ miles of distribution lines to 2% storage
deliver power to customers

More at https.//maps.nrel.gov/la100 LADWP — Los Angeles Department of Water and Power NREL | 37


https://maps.nrel.gov/la100

Examining future Today | | sB100 | | Ne. | [ramsmission | TR

Biofuels Focus Transmission

LA e n e rgy sce n a rios i i - Peak Demand + Charging
| — Peak Demand

H,-CT assumes self-

]
20 . Demand Response
prOdUCtlon Of fuel NG-Combustion Turbine
NG-Steam/Combined Cycle
Fuel Cells
\ | H2-Combustion Turbine

Assumes a RE-Combustion Turbine

Coal
market supply =—=== Geothermal
of fuel

Capacity (GW)

—_
[=]
1

Hydro
Customer Storage

Utility Battery Storage
| Pumped Hydro Storage
Utility PV + Battery
Utility PV
Customer PV
. - wind
5
&

EENEEEE

Significant distribution-
connected resources to
support in-basin
adequacy

Nuclear

¥

T T T
2 < 5
% > K

Capacity Mix in 2045 — High Load Scenarios, Compared to 2020

NREL | 38




System operation: what resources are

operating in every hour?

Winter Low Load High Demand Fall

12.0-
Curtailment
H2-Combustion Turbine
RE-Combustion Turbine
Geothermal

Hydro

Customer Storage
Utility Battery Storage
Pumped Hydro Storage
Utility PV + Battery

9.0

Generation (GW)
D
o

Utility PV
Customer PV
Wind
3.0 Nuclear
— Load
0.0 -— Load + DR
Jan 18 Jan 18 AprI 20 Aprl 20 Aug[ 10 Aué 10 Nov 01 Nov 01 = Load + DR + Storage
00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00

NREL | 39



Across all scenarios

P

fll Il.‘u

Electrification Customer Renewable Storage Distribution, Combustion
Efficiency Rooftop Solar Energy (inclvt;?tir?g slc;tri)pled Transmission Turbines
Flexible Load Solar: + >5,700 MW +>2,700 MW +52,600 MW
l Wind: + >4,300 MW I I (in basin) I

Much More ew | ST

Today: Future:
Daily Infrequently

NREL | 40



Managing extended transmission outages—Importance in LA of

having storable fuel and not just short-duration batteries

Unserved energy at each time point for all long-duration transmission outage simulations

]
o
o

Hourly Unserved Energy (M\Wh)

o
1

()]

o

o
1

400 +

RN

il

Ea

[V
%

Each dot represents the unserved energy of a specific
combination of transmission outages

Early/No-Bio—H
Simulation
-~ 2020

- 2045

NREL | 41



= ;_E | | ] \ .Q}_
1 i : 4
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Integrated
planning data

and simulation
workflow

Building Loads

Commercial
Buildings

Residential
Buildings

Other Loads

Ind ustrial and
Large Commercial

Transportation

REPRESENTED IN
THIS DIAGRAM

Baseline Data

RE Rescurce
Analysis

Visualization

Over 100 million simulations for Los Angeles NREL | 43




Scenario and data management

Often the simulation itself is the “easy” part, compared with set-
up, output processing, and analysis.

Questions

>
Raw Usable Output

Data Input Visualize Answers

Data

NREL | 44



Pipeline for Integrated Projects in Energy Systems

emns Projects | Overview Schedule Pipaling - | Legout I:!NEEL
PIPES is a Tswilne
n" Weak =

prOjECt management + -

data management + it s 7 \

WO r kfl OW m a n a ge m e nt Project Runc 1 Tue. 27 Septermber 2022 Sal, 15 Ottober 2022 '\(:;\'
layer for integrated modeling teams U —————
T wssoal PIPES API e ‘ ‘
Backend: DocumentDB, GraphDB (Amazon Pei i S_— | !
Neptune), and REST API - o | @ I
Front End: Web User Interface (U|) and sage: pipes [OPTIONS] COMMAND [ARGS]... . p ..,... = ; -'- i
Command Line Interface (CLI) PIPES CLT client g - ' o

Options: 0 2pisping Prg
PIPES Documentation -=help Show this message and exit.
projects

B /opi/projects Cros Froec

. dataset datase ation commands il /opi/projacts oo Proect Oun from pipes import PIPES
ipes.nrel.gov handoff commands BT R ipes = PIPES ()
login L o d s pip

mode L L er N commands projectruns
project j ommands
mmands

NREL | 45
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https://nrel-pipes.github.io/pipes-core/index.html
https://pipes.nrel.gov/

How might we get there? (and challenges/needs)

Co-optimize

I[terate across
G-T-D-C

Expand

Existinv
Effort

Coordinate Data Up and Down scaling

Standardized Data Formats? Data Sharing?
DataJ

Common Scenarios, Data and Workflow Processes, Data Integrity Checks

NREL | 46



How might we get there? (and challenges/needs)

I[terate across
G-T-D-C

Co-optimize

Expand

Existinv
Effort

Coordinate Data Up and Down scaling

Standardized Data Formats? Data Sharing?
DataJ

Common Scenarios, Data and Workflow Processes, Data Integrity Checks
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—w v _ =
Hawaiian
& & Electric

Data
Collection

Engage working groups
Work with specialists (ener
industry leaders, eaconomists and

engineers) to learn best practices
and find energy soluticns that can
work well for Hawa

Maodel inputs and
assumptions

Develop scenarios ta learn how
energy nesd: change based
on the number of electric vehicles,
energy efficiency measures,
reoftop solar projects, avallable
land and future technology costs.

Procure renewable
resources and support
customer-sited energy
generation

Begin ko procure clean energy
resources across the islands and
developing programs to support
private and community-5cale
energy generation.

Engagement:

Public engagement on Maui,

Oahu Hawai'i lsland.
hegrd.

Support the Climate Change o
@ Action Plan

Credit/Thanks: Marc Asano and Ken
The Integrated Grid Planning Process Aramaki, Hawaiian Electric Company

Plan ' Growing a Clean
Definition Energy Marketplace

Draft a plan

Hawaiian Electric will draft an action
plan outlining steps and commitments
to deliver clean energy projects that
will meet state goals and timelines.

% —— WE ARE HERE

Align our clean energy work with the recently
announced goal to reduce carbon emissions by 70%
n 2030 and to reach net zero carben emissions by
2045, Moving to 100% local, clean energy is key

to meeting bold carbon-reduction goals.

Identify utility-scale projects
Select potential projects

Renewable energy zone and E‘%
transmission planning | deliy ign with our goals,

Gather technical and community i Limeline Ané corimitments o
communities.

Advance customer-sited
energy programs

Develop programs to encourage
customer-led clean energy projects,
such as EV charging incentives, bonus
& and community-
based renewable energy projects.

and substations, r‘-‘n o

Analyze models

Use data and models to learn how
energy cutput is needed and from
technologies bo meet expected demands over time.

I Plan
Refinement

Update plan

o
Hawailan Electric will

update plan with the
= actual projects and
programs acquired
through the
marketplace.

Regulators
review

- Hawaiian Electric

o will submit
selected solutions
For review by

Commission,

Engagement:
Keep the commun

Seek input From stakeholders and

communities on selecting utility-scale
urvey projects and developi
| customer-led ing v
opportunities about what's inw
selecting projects.

Engagement:

= Webpage with information, maps and
= Community arganization briefings

« Community talk stories (smaller, informal gatherings)

informed about the
content and status
| of the action plan,
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Modeling to Determine Grid Needs

The Preferred Plans for each island were developed as a result of the resource, transmission, and

distribution analyses.

Capacity

Expansion

Resource

Planning

1. Develop initial resource
(RESOLVE)

plans for Base and Land
Constrained scenarios

Inputs,
Assumptions,
Constraints &
Scenarios
Distribution
Analysis
(LoadSEER,
Synergi)

Meet distribution
planning criteria?

Adequacy
Analysis
(PLEXOS)

2. Add or remove resources based
on resource adequacy analysis to
meet 0.1 LOLE standard

Production
Cost

(PLEXOS)

Simulations

Credit/Thanks: Marc Asano
and Ken Aramaki, HECO

3. and 4. Incorporate community

and TAP feedback on specific

resource types / specific resource
haracteristics

Final Grid Needs
Portfolio

(Preferred Plan)

System
Security

1a. Identify distribution hosting capacity and
location-based needs and qualified NWA
procurement opportunities

—w v _ =
Hawaiian
& & Electric

5. and 6. Reduce REZ buildout to avoli
additional transmission expansion and
incorporate dispatch constraints for

GFM headroom

Analysis
(PSSE/PSCAD)

Meet trapsmission
ing criteria?
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How might we get there? (and challenges/needs)

Ilterate acros
G-T-D-

Co-optimize

Expand Tool interoperability, Lots of data,
Existin Who runs what?
Effort

Coordinate Data Up and Down scaling

Standardized Data Formats? Data Sharing?
DataJ

Common Scenarios, Data and Workflow Processes, Data Integrity Checks
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How might we get there? (and challenges/needs)

Ilterate acros
G-T-D-

Expand Tool interoperability, Lots of data,
Existin Who runs what?
Effort

Coordinate Data Up and Down scaling

Standardized Data Formats? Data Sharing?
DataJ

Common Scenarios, Data and Workflow Processes, Data Integrity Checks
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Imagine if you could integrate

existing tools into a co-optimization

This is exactly what NREL is doing in collaboration with the
New York State Energy Research and Development Authority

M D O 4 G ri d Automated co-optimization through MDO

* Adapt aerospace-developed multi- Transmission . Distribution
disciplinary design and analysis Ivestment
optimization (MDO/MDAO) for the grid

— Integration at Conceptual Design
Phase

— Automated supervisory optimization

— Modular: mix-and-match existing & BetterGrid Design
. 4 4 th h syst

trusted analysis tools Engnearing 3 FreE B thinkingand

©  integrated planning

software

— Technical, economic, and social
considerations in one framework

Holistically aware of all dimensions of the problem

MDO: Multidisciplinary Design Optimization, MDAO: Multidisciplinary Design Analysis and Optimization NREL | 52



MDO4Grid

L Expansion
Planning++

Scenarios, Policy, Exam
T ------- 71 Hard Parts:
1
t Capacity Expansion 4 Automated
it & (e.g. ReEDs) e Handoffs

Feedbacks

». Zonal-to-Nodal
‘& (MIDAOA4Grid)

N

% Disaggregation
‘s> (MDAOA4Grid)

Co|-OPTIMIZATION:

e Supervisory Optimization with

Distribution Sim.
(DISCO, PyDSS)

Automated conceptual design phase
framework to endogenously capture
multi-domain interactions and feedbacks

* Combine existing design tools
— Investment, Policy
— Operations, Markets
— Engineering Assessments
* Reconfigure for different analyses:

— Transmission-Distribution

* Investment, markets, services
* DER Adoption

— High-IBR investment
—Grid+X (transport, buildings, gas)
* Mix and match tools & Flow

Palmintier, Bryan, Rodrigo Henriquez-Auba, Nadia Panossian, Patrick Brown,

Iy \ N N N S S S
Ioo—-'r—opmmmo rdAdOpthﬂ, Natural I Jose Daniel Lara, and Aadil Latif. 2025. “Toward Multidisciplinary Design,

. Adﬁﬁted from Aerospace

Gas, Transportation |

\--------

Analysis, and Optimization (MDO) for Co-Designed Transmission &
Distribution Electric Grid Planning.” (In Review) NREL | 53



How might we get there? (and challenges/needs)

Co-optimize \/

Iterate ac

G-T-D-
Expand Tool interoperability, Lots of data,
Existin Who runs what?
Effort
_ Standardized Data Formats? Data Sharing?
Coolr)dl?aty Data Up and Down scaling
ata

Common Scenarios, Data and Workflow Processes, Data Integrity Checks
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Putting It All Together

Using an example from the on-going Pacific
Northwest Regional Energy Planning
Project’s Distribution/T&D effort at NREL.
Showecases all levels of the “stair steps” just
described



Options for modeling T&D (scales) together

_ ]

Gen. Transmission

@ Conceptual

DistributiW

-
Distribution

< D
) Once-through Co-model
workflow (mini-D)

-
\ Distribution Tool(s)

@ Iteration (semi-manual)

(1 )
' —
Bulk Grid Tool(s) E
nterface wrapper

-

€ 1)
L] - - ‘
Distribution Tool(s) [
nterrace wrapperj

N

@ Co-optimize, Co-simulate

)
o 9
2o 2
v 3 £
m S 8
o 3
~ =]
mO(D
@ S o
@ Qo
-/
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The Pacific Northwest Regional Energy Planning Project (PREPP) T&D example

results and simpler
pen-

Approaches in Pilot
(using initial bulk
0

source bulk tools)

O,

o

Once-through

£
fooun)

While also laying
the groundwork for
using more
advanced joint
analysis in future

workflow J

whases

@ Iteration (semi-manual)

Bulk Grid Tool(s) X
Distribution Tom

_/

@ Co-optimize, Co-simulate

T ~ l A )
. ) (@)
Bulk Grid Tool(s) — % g_ >
9 Interface wrapper ) e
5 3 3
(I ) g o 'Q__)r
. . S o
Distribution Tocm 20% > 8
Y Interface wrapper ® g_
-/
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An example for T&D integrated planning

Lpad and customer Load and customer DER levels,

CADET: Sweep increasing FTM DER
: . [
Ml= DER Scenarios | Load/DER controllability

N

Bulk System
i W EVILEINEY  |initial results for
T congestion,

:, Map to Nodes dispatch
Py (Scripts)‘ Q

Note: Additional FTM DER
may be built if marginal cost
of T congestion high enough

FTM installs Cost curves

of value to (new) Hosting above Hosting
distribution Capacity Capacity .

FTM DER

Distribution Upgrade Cost
Load and DER growth P

TI_ Distribution Plan 00\0’

(CADET)

H%ﬂ
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How might the T&D pilot work? (Part 1)

CADET: Sweep increasing FTM DER
[

Lpad and customer Load and customer DER levels,
o Load/DER controllability

>

. 4

ﬂ,:l--- DER Scenarios

-

Bulk System

VI |Initial results for

Distribution Upgrade Cost
Load and DER growth P

g 5, Wi Neess dispatch FTM installs Cost curves
i (Scripts) of value to (new) Hosting above Hosting
| BaSe o/ distribution Capacity Capacity .
5}
Simple open capacity ! ; Modeling in an Linear Programming-based Capacity Expansion: FTM DER

Joa Expansion
1 le.g., Sienna\invest)

.

-, Aggregate and Map Outcome: Identify changes to
(Scripts) bulk capacity plan as result of
including distribution

Simple open capacity
oo Expansion
(e.q., Sienna\lnvest)

| ]
47 NREL | 59



We'll also lay future analysis foundations (Framework)

Lpad and cus"comer Load and customer DER levels,
Load/DER controllability

Bulk System
VIR |Initial results for
T congestion,

. Map to Nodes | s

"5 (Scripts)

.E Distribution Plan

(CADET)
¢ O<“
O’L B
- -, Aggregate and Map
P (Scripts)
DS
Simple 6pen capacity
.=5‘= Expansion

1 l(e g., Sienna\lnvest)

To enable more advanced workflows, the
T&D effort will work toward standardizing
the interfaces for the various domains.

(7 D Y A ™\
i (@)
Bulk Grid Tool(s) —)E g 8 %
Q Q
L Interface wrapper ) m S a
552
Distribution Tool(s) [lrssad=0=0
e s =
L nterface wrapper ) o

This allows the use of standardized
coordination and data exchange
frameworks like PIPES.
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And (if time allows) try to close the iteration loop

Lpad and customer Load and customer DER levels, To enable more advanced workflows, the
il Load/DER controllability T&D effort will work toward standardizing
Sitmple open capacity the interfaces for the various domains.
'-=- Expansion
l l(e g., Sienna\lnvest) _ T ) 0
T congestion, Bulk Grid Tool(s) _>E 98 v
% Map to Nodes dispatch Interface wrapper g 2 3
A : - / mSS o
. o (Scripts) 599
Distribution Tool(s) e =00
<€ 0(% L o
L nterface wrapper ) 2

e Distribution Plan This allows the use of standardized
Tj (CADET) coordination and data exchange
frameworks like PIPES or

%, Aggregate and Map MDOAGrid for iteration. And it
2 (Scripts) _ o _
simplifies changing out tools.

D-driven DERs,
D cost curves
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And (if time allows) try to close the iteration loop

Lpad and customer Load and customer DER IeveIs

Slmple Open capacity
'-=- Expansion

l l(e g., Sienna\lnvest)

&

D cost curves

-3 Map to Nodes
X (Scripts)

D-driven DERs,

Simplified Open
Production Cost
(e.g. Sienna\Ops)

.. Distribution Plan
I (CADET)

-, Aggregate and Map
P (Scripts)

Outcome: Semi-automated
iteration. Experiments to
consider additional value
streams, manage convergence,
and optimize data exchange

This allows the use of standardized
coordination and data exchange
frameworks like PIPES or
MDOA4Grid for iteration. And
simplifies changing out tools
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This also enables more integrated analysis for Phase 2+

Lpad and customer Load and customer DER IeveIs

iviap to Nodes
(Scripts) ™

D cost curves

P
L d

PN
wis/1do-0)

®
(o]

| 2 Full Production
‘ ¥ Cost (e.g., GridView)

stribution Plan

(CADET)

-, Aggregate and Map

(Scripts)

Phase 2 possibilities:

* Integrating bulk PREPP tools

e Expanding analysis (without

changing other pieces):

 Adequacy
* Multi-Energy
* Endogenous Adoption

e Co-simulation for T&D §H

ops & engineering with ¥

Serudatorn Are Better Togethes

This allows the use of standardized
coordination and data exchange
frameworks like PIPES or
MDOAGrid for iteration. And
simplifies changing out tools
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Recap, benefits, and looking ahead

* Increasingly important to combine bulk and local scales for the grid
— Reduce overall costs, e.g. by avoiding over/double building

— Increase system reliability/resilience, e.g. DERs can support local
power during storms, etc.

* Across multiple time-scales: Engineering, Operations, Planning

e Range of increasingly sophisticated approaches (examples in slides):
— Walk: awareness, Harmonize data and scenarios
— Jog: Expand existing approaches, e.g. data exchange
— Run: Iteration, automation, co-optimization

* Multi-model frameworks can support Jog & especially Run levels
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Thank You

‘ ‘ www.nrel.gov

Bryan.Palmintier@nrel.gov
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