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Background




Growth in data centers in the US

* Past ? . 3 ° -
— Demand: 90 TWh (2020) SR : R L2 5 i f o %
*  Present (2023) , = . el @ o 28
— Number: =5381 data centers (~50% of world) vigea T DU ik~ ° i & oo@‘P
— Demand: 160 TWh (~4% total U.S. demand) @ o ‘o Tl %y =4 =
— Growth: =78% growth (2020-2023) _ : _ ' o % ° 6 ° ¥
— CAGR: =15.5% (2020-2023) FOR, -
*  Future (2024-2030) '
— Demand: 196 - 404 TWh Number of data centers (by state); Source: Data Center Map
— Growth: 22.5-152% 500 e—"
— CAGR 3.7-15% Wl o
— %ofU.S.demand: 4.6-9.1% 400 - odsexs growh (S S0%
High growth 10% 68%
Higher growth 15% =k

Electricity Consumption (TWhy)
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Average historical data
NOTES: CAGR — Compound Annual Growth Rate 100 L __/
Sources: VEDP; EPRI; Data Center Map of—""*___
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https://www.vedp.org/industry/data-centers
https://www.epri.com/research/products/3002028905
https://www.datacentermap.com/
https://www.datacentermap.com/

Growth in data centers in Virginia

. Past
— Demand: =13 TWh (~1.7 GW) S—
*  Present(2023) “

— Number: =17% of U.S. data centers (Loudoun county =80%)
—  Demand: 33.8 TWh (22.8 GW) : . Dk Conkar Aoy
— Growth: =115% growth (2020-2023) ?w“ e e
— CAGR: =29.1% CAGR (2020-2023)
— % of VA demand: =25.6% Virginia electrical demand ég
S
«  Future (2024-2030, EPRI) o . .
2, »
— Demand (EPRI): 43.7 - 89.9 TWh o®
@ Puticiy Disclosed Data Center Location
— Demand (DOM): 47.3 TWh (2023), 114 TWh (2024)
— Growth: 29.3-166% growth _ _ —— _
2025 Load Lcw-gn(::x :}:enarln M::i:rl.::ie;g[rst;:;'ﬂi ngh-gro{:ltu;,scenarm ngher-gr(t;::; scenario
- CAG R : 3 * 7- 1 5% % of Total % of Total % of Total % of Total % of Total
State State State State State
— %ofVAdemand:  29.3-46.0% e B S, s o
MWh/y (%EC) MWh/y (%EC) MWh/y (%EC) MWh/y (%EC) MWh/y (%EC)

Sources: VEDP; EPRI
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https://www.vedp.org/industry/data-centers
https://www.epri.com/research/products/3002028905

PJM Dominion Load Forecast

—— PJM2019 (DOM) 300 - —— 2023 (DOM)
—+— PJM2022 (DOM) —e— 2024 (DOM) . .
e 2023 (DOM) Hist. (est. DOM, Data C.) 1. Little growth projected 4 years ago
—e— 2024 (DOM) mem 2024 (est. DOM, Data C.) (2019 PJM forecasts)
401 Hist. (DOM, Data C.) 250 :
W 2024 (DOM, DataC.) £ ! ) .
, = ; 2. Large changes since 2022 and uptick
3 ! < 200 1 | in 2023 PJM forecasts (notably
© 30 - | o | . .
3 ; E | higher in 2024)
g | o i
: & 150 - | -
a g : 3. Almost all growth is data center
= 2 . c : 113.8
E 0 ! e : (525%) growth (=300% data center growth
: wy; M@ :
! wion 3100 A ! between 2023-2030 expected, 21.8%
: < :
| . II < H (a1 5561 CAG R)
10 - : 13;).'$%|.. : .
: 50 - | -
! i 4. Data centers could compose half of
Virginia electrical energy demand by
20|18 20I20 2(}'22 2024 2026 2028 2030 2018 2020 2022 2024 2026 2028 2030 2030
Year Year

NOTE: DOM — Dominion; Data center energy demand estimated based on typical load factor
Sources: NREL (generated based on PJM |load forecast data)
U. S. DEPARTMENT OF ENERGY | OFFICE OF STATE AND COMMUNITY ENERGY PROGRAMS 5



https://www.pjm.com/planning/resource-adequacy-planning/load-forecast-dev-process

Data center demand characterization

Data Center Utility o
* Small-scale data centers. 0.5-2.0 MW each (~10% of data center i— I e e B -
demand) Electrical | |
. I Space x| MVLY |
* Large-scale commercial data centers | 7 vanstomner |
— Enterprise data centers (20-30% of data center demand) [ _ " Low-voltage swichgear e Wasicngear | |
— Co-location and Hyperscale data centers (60-70% data center ([ Paneiboerd | || Panmoard | v v |
| for cooling for lighting uPs uPs
demand) | o | B 7 ¥ |
Cooling Lighting UF_.S output UP.S output
- . . . . | switchboard switchboard |
* Recently - efficiency gains being outstripped by growing compute | p—
. » Cooling |
demand (especially co-located and hyperscale data centers) | Mechanicai | | Ups advion Ups anbuion| ¥ oo v |
Space | || switchboard switchboard STS ]
o U.S. data center historical trend (2000-2023) Average annual PUE in data centers (2007-2023) - _—
" paneora  fE P
=30 | Fl,orcg:)lin::
= ¥
E = Average Annual PUE | Cooling Unit i ]
2 T = S eou ] Dy
%10(} | - :R : | ¥ | ¥ Rack : ]
4 Space | i v y v ingle- i
el | T I~
2 B S————. - S —— I— S 2l
] =" e e e e e e o — — —— — — t—
‘;'J = /,/’/'_ Data center electrical distribution system block diagram
i i G . . 1.58 LV/MV Low-voltage / medium-voltage
o NOTE: Compacted years ) ) ) uPs Uninterrupted Power Supply
2000 2004 2008 22 W6 2020 22y o o4 oz 2o 2020 20m 02 2028 PDU Power Distribution Unit
RPP Remote Power Panel
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https://www.epri.com/research/products/3002028905
https://www.lorisweb.com/CMGT235/DIS21/VAVR-8W4MEX_R1_EN.pdf

Current planning for growth




Dominion (Virginia) T&D Networks

* PJM transmission (Virginia)
— Mostly 500 kV
— Some 345 kV and 765 kV

-—-jm m “ﬁ_.-
- oy i ﬁ_
ﬁ c::m'::/hﬁwiew Energy Cenler : g‘
Eoli Conemaugh 9 Juniata B ¢
. Yukon 9 Rhodes Lané \I o R ]

Tenaska Westmoreland T

feen Energy Resource

* Transmission (DOM)
— 6800 miles
— 69-500kV

* Distribution (DOM)
— 54 000 miles
— 400 substations
— 4-46kV

Sources: PJM RTEP 2023; Dominion IRP 2023
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https://www.pjm.com/library/reports-notices/rtep-documents
https://www.scc.virginia.gov/DocketSearch#caseDocs/144078

Dominion (Virginia) IRP 2023 expansion plans

(5 options) requires substantial transmission investment

($B) Plan A Plan B Plan C Plan D Plan E

* C;:Irrerét pl'?l’?illn the [igg’/lnllon Vlrbglr'.zlglll.glzpzlost Total System Costs $88.5 $100.2 $99.7 $108.8 $105.8
alighed wi Irginia Clean an ; ;
g g 0 Yy Grid Transformation Plan S(1.6) S(1.6) S(1.6) S(1.6) $(1.6)

and Plan E) relative to other plans (Plan A, Plan B [ (Net of Benefits)
Strategic Underground

and Plan C) Progeen $0.7 $0.7 $0.7 50.7 50.7
transmiSSion system to meet ¢ Stomersl Total Plan NPV $109.7 $127.7 $127.2 $140.9 $138.0
. . Iz . " u Plan Delta vs. Plan A $ - $18.0 $17.5 $31.2 $283
re I a b ] / ) ty ex p ec ta tI ons Notes: As previously ordered by the SCC, this figure includes incremental cost estimates associated with transmission and
distribution investments. All costs are estimates and will vary based on the actual generation, transmission, and distribution
- 7 h h infrastructure developed to meet customer needs. (1) Total system costs include the results from Figures 2.2.1 through 2.2.5
o WOU/d reqUIre an InveStment Ie Ve, that approved, proposed, future, and generic DSM, as applicable; costs related to environmental laws and regulations; renewable
iccl energy integration costs; and REC banking as discussed in Section 4.7.4, REC-Related Assumptions. (2) All NPVs are
eXCEEdS Current transm IS.S:IO” /e‘/EI calculated with a 6.52% discount rate. (3) Numbers may not add due to rounding.
expenditures and would likely exceed the
future transmission level costs initially Plan A Plan B Plan C Plan D Plan E
: . re . n NPV Total (SB) $109.70 $127.70 $127.20 $140.90 $138.00
identified in the 2023 Plan Approximate CO»
. i i i i i Emissions from
NQTE. Further details not available in the public domain at Company in 2048 438 M 359M 36M oM oM
this stage {Metric Tons)
10,800 15-yr | 10,875 15-yr | 10,800 15-yr 10,875 15-yr 11,094 15-yr
e Current plans expand mostly 115 kV and 230 kV Solar (MW) 19,800 25-yr | 19,875 25-yr | 19,800 25-yr | 23,955 25-yr | 24,294 25-yr
(some 500 kV) - further analysis forthcoming from Wind (MW) 3040 15yr [ 3.04015.yr| 3,0401S.yr| 3,040 1S:yr| 3,040 15:yr
D .. in Vireini 3,22025-yr | 3,220 25-yr | 3,220 25-yr 3,220 25-yr 3,220 25-yr
ominion In vVirginia St MW 1,050 15-yr | 2,370 15-yr | 2,22015-yr | 2,370 15-yr | 2,910 15-yr
orage (MW) 3,96025yr | 5,19025-yr | 5,22025yr | 9,780 25-yr | 10,350 25-yr
== 15-yr 804 15-yr 804 15-yr 1,608 15-yr 1,072 15-yr
Nuclear (MW) ~25yr| 1,60825.yr| 1,60825yr| 4,82425yr | 4,288 25.yr
Sources: Dominion IRP 2023 Natural Gas 5,905 15-yr 2,910 15-yr 2,910 15-yr 970 15-yr 970 15-yr
Fired (MW) 9,30025-yr | 2,91025-yr | 2,910 25-yr 970 25-yr 970 25-yr
U. S. DEPARTMENT OF ENERGY | OFFICE OF STATE AND COMMUNITY ENERGY PROGRAMS Retirements - 15yr - 1Syr - 15-yr - 15-yr =15y g
(MW) -= 25-yr == 25-yr -- 25yt 11,399 25-yr 11,399 25-yr



https://www.scc.virginia.gov/DocketSearch#caseDocs/144078
https://www.scc.virginia.gov/DocketSearch#caseDocs/144078

PJIM RTEP 2023 concentrated transmission expansion in Loudoun
County

Sources: PJM RTEP 2023

U. S. DEPARTMENT OF ENERGY | OFFICE OF STATE AND COMMUNITY ENERGY PROGRAMS 10


https://www.pjm.com/library/reports-notices/rtep-documents

PJM RTEP 2023 on transmission expansion

and Loudoun County growth specitically

Many Baseline expansions in RTEP 2023
— Most at 115 kV and 230 kV
— Some at 500 kV

* More specifically, PJM continues to address "Data Center
Alley" (Loudoun County, VA) demand growth

* But growth is now higher in 2024 forecasts than expected in
RTEP 2023 (as seen in 2024 demand forecasts)

* PIM further soliciting transmission expansion solutions to
meet this growth (amongst other areas)

Sources: PJM RTEP 2023

U. S. DEPARTMENT OF ENERGY | OFFICE OF STATE AND COMMUNITY ENERGY PROGRAMS

Northern Virginia RTEP 2023 Baseline projects (Dec. 2023)
. N

] . ——
s =T SANCEE

Reconductor Mew line construction
of Pra %) No of Projects - 14 (8%)

PIM RTEP 2024
Virginia Baseline Projects
Total projects - 181
Total cost - 28,209.13 (SM)

Rebuild
No of Projects - 86 (25%)

Graphic by NREL
(based on PJM RTEP 2023)

Other Projects


https://www.pjm.com/library/reports-notices/rtep-documents
https://www.pjm.com/library/reports-notices/rtep-documents

Summary of options
GETs and Reconductoring




Summary of potential interventions

GETs (DLR)

GETs (TTO)

GETs (APFC)

Reconductoring

Description

Technical impact

Dynamic Line Rating (DLR)
enables increased thermal rating
based on real-time temp/wind
conditions

High;
10-40% increased thermal rating

Cost / value Low / Med
Timeline (total) 3-12 months
Regulatory/permitting .

Design
Construction .

Transmission Topology
optimization (TTO) are software
based operational interventions
that adjust power-flow to avoid
congestion (re-route power-flow)?!

Medium;

Effective congestion management
(reducing binding operating
periods)

Low / Med

<6 months

Typically, power electronics based
(FACTs) that are located at
substations to control power flow
(+address reliability), similar role
to PSTs/PARs

Medium;

Improved distribution of power
flow in radial/meshed networks
(potential transfer capability
improvement 10-25%)

Med / Med

6-18 months

Increases thermal rating by
replacing conductors with
advanced conductors (higher
ampacity ratings)

Highest;
50-100% increased thermal rating
(effective on short-distance lines)

Med / High

12-36 months

Relative timeline (qualitative;

. Low Mid High N/A

1 Assuming the switching hardware is already in place (almost always the case);
APFC — Advanced Power Flow Controller; FACTs — Flexible AC Transmission Technologies; PAR — Phase Angle Regulator; PST — Phase-Shifting Transformer

U. S. DEPARTMENT OF ENERGY | OFFICE OF STATE AND COMMUNITY ENERGY PROGRAMS
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GETs and Reconductoring

GETs: DLR




GETs (DLR)

*  Dynamic Line Rating (DLR) is a dynamic transmission line rating based on
local conditions or estimates thereof (temperature, wind speed/direction,

solar irradiance)
Types of line capacity rating

*  DLR s the most advanced manner for transmission line ratings to be
established and used. Othersinclude: Considers

worst case

— Static Line Rat_ing (SLR) " default least cooling ' Static Line Rating (SLR)
— Seasonally Adjusted Rating (SAR)

; : ; Ti
— Ambient Adjusted Rating (AAR) ) me
Considers
*  DLR can provide for additional ampacity of a transmission line seasonalworst | | Seasonally Adjusted Rating (SAR)
c=
g2 .
* In principle, DLR uses the same heat-balance equations as SLR but includes N 85,
more-sophisticated time-varying approaches based on real-time data or Considersair | €8]
forecasts. ‘emp‘?lfat””e ' ' Ambient Adjusted Rating (AAR)
coeing 5-10% gains

*  Where AAR uses temperature-only, DLR also uses temperature, wind
speed/direction and solar irradiance

e A

+ Considers
wind cooling

Dynamic Line Rating (DLR)
10-40% gains

*  Field data collected along with engineering design criteria is used

to calculate the maximum allowable conductor current.
Source: B. Berry (2023) ESIG Fall Workshop

FERC Order 881 mandates transmission service providers, transmission owners, and
ISOs/RTOs to establish and implement AAR for all transmission lines (at least hourly).

Compliance Deadline: July 12,2025

U. S. DEPARTMENT OF ENERGY | OFFICE OF STATE AND COMMUNITY ENERGY PROGRAMS 15


https://www.esig.energy/download/dynamic-line-rating-brian-berry/?wpdmdl=10750&refresh=653fcefcdc8ca1698680572
https://www.ferc.gov/media/e-1-rm20-16-000

Most ISOs/RTOs use Static Line Ratings (SLRs) or Seasonally Adjusted Ratings

(SARSs)

MISO:
Primarily uses static

seasonal line ratings.
Capable of using AAR
and DLR.

ISO-NE:

Primarily uses static
seasonal line ratings.
Capable of accepting
AAR.

NYISO:
Primarily uses static
seasonal line ratings.

CAISO: Capable of accepting DLR
Uses static seasonal line and AAR.
ratings and AAR.
PIM:
Primarily uses AARs.
SPP: e i ; Capable of accepting DLR.

Primarily uses static
seasonal line ratings.
Began incorporating
real-time ratings in ERCOT:

March 2019. Uses both AAR and DLR.

Sources: DoE, Next-Generation Grid Technologies

U. S. DEPARTMENT OF ENERGY | OFFICE OF STATE AND COMMUNITY ENERGY PROGRAMS 16


https://www.energy.gov/oe/articles/next-generation-grid-technologies-report-download

Conductor Solar Wind Ambient

Line

Thermal

GETs (DLR)

temperature

speed

x
=
-
£
F
-3

-2
pi-s
=
H
=
o
a
o

Low wind in the valey

l
1 1 5
| 1
| 1
e 7 1
P I |
= [ 1
3 - :
= 1
@ Temperature pluflle of D"e m the high solar
] the conductor and low wind
B the conductor reaches
E ‘ highest temperature
e I
- T T
| Line current | : : | |
- L ! T 1
g 1 I \ |
E T T T T
S
1 I [ 1
T I 1 I 92% 1
! ' 64%
Bl am L5 o ‘ | —8
EE ! Weakest span with lowest thermal capacity available '

Mote: Thermal current limit is the maximum current permitted to ensure no conductor material is damage and no maximum

Sources: Dynamic Line Rating -

line sag is exceeded.

Innovation Landscape Brief, IRENA

U. S. DEPARTMENT OF ENERGY

OFFICE OF STATE AND COMMUNITY ENERGY PROGRAMS

: PHYSICAL AND ELECTRICAL FACTORS

* Line current
i+ Sag/tension

* Physical and electrical properties of the material :

and construction of the conductor | :

* Insulation : :
—> AMPACITY

WEATHER FACTORS

+ Wind speed

* Wind direction

+ Solar radiation

* Ambient temperature

Demonstration of DLR, AAR and SLR for a 345 kV line

DLR is in blue, AAR is in brown, and static ratings are in black.

=== DLR
m— AAR
—

Static ratings

\ Sources: Lessons from first deployment of Dynamic Line Ratings: AES Corporation (2024)

17



https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Jul/IRENA_Dynamic_line_rating_2020.pdf
https://www.aes.com/sites/aes.com/files/2024-04/AES-LineVision-Case-Study-2024.pdf

GETs (DLR)

DLR Tools
|
1

I |_I

Physics
Direct- Model with

Direct Conductor Monitoring

Numerical Conductor

& Statistical
Methods

|
[ | | 1
Clearance Tension Temperature

Measured Direct- Replica

Measured

Sources: Based on DOE (2019) — Dynamic Line Rating

U. S. DEPARTMENT OF ENERGY | OFFICE OF STATE AND COMMUNITY ENERGY PROGRAMS 18


https://www.energy.gov/oe/articles/dynamic-line-rating-report-congress-june-2019

GETs (DLR) — Barriers

Complex process to
share dynamic
ratings within 1SOs

Data Accuracy & Volatile ratings
Reliability complicate dispatch

Accelerated Increased utility Familiarity with the
equipment aging investments technology

Lack of broadly

Cyber-security risk shared technical

results from pilot
projects

U. S. DEPARTMENT OF ENERGY | OFFICE OF STATE AND COMMUNITY ENERGY PROGRAMS 19



GETs (DLR) — Case Studies

Oncor Eleotric Deliv y 'z::';cz'?;?ncrease 345 kV lines - 6-14%(above AAR); 138 KV lines
Company/ERCOT i ' : S s Raiia ’ nes =
8-12%(above AAR)

*Year: 2018
» Capacity increase: Unknown

A\

INL/NOAA/Altalink/Ildaho Power  |[Baaiiadis L S
C ompany + Capacity Increase: 72% (specific regions with sufficient winds)

: g‘;?)l;czi?yz ?ncrease: Unknown

: ZZ:';cziSyz i1ncrease: 13%

: g::';czi?yz :ncrease: 9-33%(Winter), 26-36%(Summer)
: gz:I;czigyz i1ncrease: 25-29%

* Year: 2023-2024

+ Capacity increase:

AES Corporation o 345 kV: 27% (Summer), 81% (Winter)
o 138 kV: 19% (Summer), 55% (Winter)
o 69 kV: 23% (Summer), 9% (Winter)

Sources: INL (2022), A Guide to Case Studies of Grid Enhancing Technologies
U. S. DEPARTMENT OF ENERGY | OFFICE OF STATE AND COMMUNITY ENERGY PROGRAMS

Sources: Lessons from first deployment of
Dynamic Line Ratings: AES Corporation — April 2024



https://inl.gov/content/uploads/2023/03/A-Guide-to-Case-Studies-for-Grid-Enhancing-Technologies.pdf

GETs (DLR)

GDD

GRID DEPLOYMENT OFFICE

DoE Grid Resilience & Innovation Partnerships (GRIP) Program:

FACT SHEET

— Total DOE funding: $3.5 billion GRID RESILIENCE AND INNOVATION PARTNERSHIPS PROGRAM

Establichedt by the Gipartisan infiastruture Law, the LS Enesgy’s Gri e i o histeric $10.5 billion
imvertment s {GRIR flzushility, L A of the power s; tem

— Total projects: 58 across 44 states g rowlg st f s e e ot

eleetrl ne, b and ey m.; needit

MODERNIZING INFRASTRUCTURE TO SUPPORT
GRID MANAGEMENT AND DECARBONIZATION

Ad clean and distributed energy resounces |DERS) are deployed, grid operators will need new tools for plinning, marsging and
controling them. The Analytics and Control for Driving Cagital Eficiency (ACDC) project will expand the eritical grid management

Analytics & Control for Driving Capital Efficiency Project: oo i g e ) A0

coordinated interconnection,

— This project with Dominion: $67.3 million Ao cpasd Otcomessd Bnet

¥ Virginia anticipates

mnmoniw on infrastructurs, inclisd ng an approximately $10 hifkon PROJECT DETAILS
— @Grid capacity and renewable integration snioitiashriiperimss ity gl ...

real-tirme grid visualization and sdvanced grid manegemsent whike Analytics and Control for Driving Capital
. _f_ d d b f_ ensuring a variety of community berefits, inchading: Efficlency Project
— Diynamic performance monitoring wil reduce approvimately 500
Nine (9) specific outcomes and expected benefits F Oy e St e gl SRR
communities (DACS), and enable up 10 $70 milkon of dlean :‘iﬁnh:lxul‘ﬂt] and Power Co. [Dominion
. 1 H H H H n generstion 1o resch the grid that would otherwise be curtailed and nergy Virginia
— One of these: “The world's Largest dynamic line rating project etured it e costy g enarton Sl
Dpploying the workd's langest dynamic lne ratings propct 1o alow Smikrt Grid Grants (Bipartisan
Darminion Energy Wirginia’s operators to more effectively manage it richine L. SEEHeT 40167)

— Intended to address 200-500% load growth on specific transmission et M pedg TG o/ SRR ot

certain circuits in bess than three years) 533,654,005

circuits in under 3 years gy e i S AT R . 5o o e
i will Ly the & for similar 3 the §33,654,095
—  Further coordination with Dominion (Virginia) to get status & further i i oxnic senteas "”;:‘ s vt Crln

Inunu\g ok capaci account for Increases in + Project type:

details (specifically — DLR components) ncnclonds Grid Capaity and Renewsbiesinegration

Controlling and preparing for voltage and fracuency fuctisations
caused by rerewable energy rescurces being added to the

ehectrical griel
+ Deploying devices and control capebifities to the remaining
three-phass 345 KV dist , enabling the i

of renewabile erergy sources at fural eustomer sites in Virgieia and
North Caroiina while equipping cperators with inteligent
grid devices.

+ Engaging communities in the earfiest stages of project

uwxgmm:rmlg local muricipaltios, and local residents.
. + Committii owith academic institutions to L
Sources: DoE GDO Gl energy o ipane ind picvide o ranig o mdigins, N
inchuding a deeper focus on military talent » wmn:;!w at -weered Sval
U. S. DEPARTMENT OF ENERGY | OFFICE OF STATE AND COMMUNITY ENERGY PROGRAMS 21



https://www.energy.gov/sites/default/files/2023-11/DOE_GRIP_2038_Virginia%20Electric%20and%20Power%20Co.%20%28Dominion%20Energy%20Virginia%29_v4_RELEASE_508.pdf

GETs and Reconductoring

GETs: Transmission Topology Optimization (TTO)




GETs (TTO)

* Transmission Topology optimization (TTO) implements software that finds optimized reconfigurations of the
network topology to reroute power around congestion (analogy — "Waze for the transmission grid")

The alternative being classical congestion management (network topology fixed and generation redispatched)

*  Ensuring reliable reconfiguration is core to
TO operations e.g. contingency

«— Curtailed
Wind
performance, transient/voltage stability o ... 4\ P
*  Typically implemented by System Operator

*  Typically <1 year for implementation

Sources: J. Selker (2023 ESIG Fall Workshop)

U. S. DEPARTMENT OF ENERGY | OFFICE OF STATE AND COMMUNITY ENERGY PROGRAMS 23


https://www.esig.energy/download/grid-enhancing-technologies-julia-selker/?wpdmdl=10751&refresh=653fcefcb38241698680572

GETs (TTO)

* Has the potential to unlock substantial value relative to -y

cost (software) EMS or Planning
Tools

NewGrid Router

e Can be implemented on a continuum of sophistication Flow Violation /

. . Congestion
and resulting time-scales — Reconfiguration

. . . 3 Solution Opti
— Day-ahead, intra-day, real-time: Speed of operational Reconfiguration g "oEchienons
interventions to be effective in these timeframes

— Weeks-ahead (operations planning): Planned outage

. . . . . — System .
m pa Ct minimi Zat| on Process Technology User Application Integration Timeframe
F Y
_ . . . . - Step 1 Market Participants mitigation of major days / weeks /
Planning: Identify topologies for future systems, 3 Reconfguration (<108 s ansTostave ™95, 0L0 o
. . I f . t t t b I . h E Request Process e elna it eeie] constraints
maximize value ot new investments, establis 3
. t t h t Step 2 o:;eratﬂngfmiljglaﬁon la:lan ——
Planni d evelopment, outage L i
Important shapshots Spoatoms. RTO,RC,TOP  scnaduing suppot,opumize inimal (offine 925/ wesis
Planning Support transmission expansion  advisory tool)
Step 3 reconfiguration
@ Real-Time RTO, RC, TOP options tailored to R S e
"é Operations Support real-time conditions o2 e
[
£
= continuous
B Step 4
@ optimization of EMS and days ahead to
) Lo itis) topology as MMS real time
Ty conditions evolve

Sources: P. Ruiz (2023) ESIG Fall Workshop

U. S. DEPARTMENT OF ENERGY | OFFICE OF STATE AND COMMUNITY ENERGY PROGRAMS 24



https://www.esig.energy/download/transmission-topology-optimization-for-reliable-and-efficient-congestion-management-pablo-ruiz/?wpdmdl=10754&refresh=653fcefce858f1698680572

GETs (TTO) - Barriers

Unfamiliarity with the
technology

Market rules
(congestion
management -
redispatch)

Impacts on
transmission elements
(switching operations)

Lower returns with less
capital investments

Classically only applied
seasonally orin
emergency conditions
(SPS/RPS schemes)
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Integration with
existing operations and
tools

Computational
complexity at scale
(magnified at real-

time)

System impacts
(switching

disturbances,
cascading failures)
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GETs (TTO) — Case Studies

PIM

MISO

Alliant

Utility (in
SPP)

Sources: P. Ruiz (2023) ESIG Fall Workshop; DoE (2020) Advance Transmission Technologies

eYear: 2014
eImpact: Simulated TO reduced RT congestion
costs by 50%

eYear: 2021

eImpact: Increased throughput by 25-60% at
known 161 kV constraints (at known market
seams)

eYear: 2021
eImpact: Pilot demonstrated potential cost
savings of 39%

eYear: 2023

eImpact: Pilot estimates potential for 85%
reduction in congestion costs (with consistent
use of TO)

Alliant
$10 Energy.

Allant Congestion Costs [$ milllon)
5 B

B

Savings

(Solutions implemented) 8
Solution not implemented” 13
Residual
: congestion™ 14
“ 59%
X I I
Oet-21 Now-21 Doc-11 Jan-11 Fab-22 Mar-22 Ape-22 May-22 el

Reconfiguration impact across Alliant (pilot)
Sources:

NewGrid

W oapestion on Rochester-Wabaco 1616V

—Raoclester-Wabaco 161KV - Flew

I Congestion in the region (exl. Rochester-Wabaco)| 300

— Rochestcr-Wabaco 161KV - Lindt

Reconfiguration

T e——

Congestion on Rochester- Wabaco

5 5125000 Congestion in the '

2 5100,000 region excl.

£ $75.000 Rochester-Wabaco
E 850,000

2 s25000

W

0

MW

Reconfiguration impact of a known 161 kV constraint in MISO

Sources:

Potomac Economics
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GETs and Reconductoring

GETs: Advanced Powerflow Control (APFC)




GETs (APFC)

* Advanced Power Flow Controllers (APFCs) are hardware devices that enable the shifting of power-flow in
parallel or meshed networks by adjusting the effective reactance of the network

* APFCs are more compact, can be faster in response and more efficient than Phase-Shifting Transformers
(PSTs) / Phase-Angle Regulators (PARs)

*  Typically located at existing substations

*  Ability to reduce regional RE curtailment,
reduce congestion (100s of hours per year)
and/or improve overall transfer capability (10-
25%), defer transmission investment

*  Typically <1 year for construction (1-2 years for
implementation)

Before

Sources: J. Selker (2023 ESIG Fall Workshop)
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https://www.esig.energy/download/grid-enhancing-technologies-julia-selker/?wpdmdl=10751&refresh=653fcefcb38241698680572

GETs (APFC) - Barriers

More familiarity with
PARs/PSTs and costs
relative to APFC

Control integration with
operations

Need for improved
planning and investment
case development
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Substation expansion (in
constrained geographies)

Operator and
maintenance

staff familiarity (limited
deployments)

Permitting (for new
substation expansions)

Valuation of
innovative/unique
technology and incentive
alignment (cost-recovery)

Integration into planning

and operations tools

(security assessment,
powerflow, fault,
dynamics)
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GETs (APFCs) — Case Studies

eYear: 1998

eImpact: Added 770 MW of capacity (reduced power
losses)

eYear: 2019

N G ET (U K) eImpact: Resolve network congestion at 275 kV and
400 kV (3 substations, 2 GW of RE unlocked)

eYear: 2020
eImpact: Capacity increase at 345 kV (185 MW)

Central Hudson

(US)

eYear: 2022

1 eImpact: Increased transfer capability of 170 MW at
TranSGrId (AUS) 330 kV (2 circuits)

ISA Transelca [N

eImpact: Unlock 200 MW and resolve congestion at

(COIOm b|a) 220 kV for RE integration

Sources: SmartWires (various case studies); DoE (2020) Advance Transmission Technologies
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SSSC APFC (3 substations) (UK)

Sources: SmartWires
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GETs and Reconductoring

Reconductoring




Reconductoring

* Reconductoring involves upgrading the existing What is an *advanced conductor'?
transmission system’s transfer capacity by
conductor [can increase capacity 2-3x)

reconductoring selected network lines with conductors
capable of transmitting greater electrical capacity.

* Almost always cost-effective compared to new-build if
feasibility constraints are met

* Can enable up to double the line capacity within an
existing ROW with advanced reconductoring (ACCR,
ACCS, ACCC, AECC)

Advanced conductor renderings courtesy of idaho National Loboratory:®
. . _ . . o
Helps provide near-term interregional capacity, - Summary descrintion o
prOVIdIng tlme for new Ilnes to be developed for Iong- ACCR — Aluminium Conductor * Multi-strand Al core with Al-zirconium 3m
term needs - Composite Reinforced outer strands
. . . . . 'g % ACCS - Aluminium Conductor * Multi-strand carbon core and trapezoidal SouthWire
® DIStI’Ibutes new tra NnsSMission Ca paC|ty over more 13} {r?; Composite Supported (a.k.a. C7) Al outer-strands
o o
transmission Corr|d0rS/|nterfaces & § ACCC — Aluminium Conductor + Composite carbon & glass fiber core with CTC Global
82 Composite Core annealed Al or Al-zirconium outer strands
o2
g AECC — Aluminium Encapsulated * Carbon-core (mono) with Al sheath and TS Conductor
Carbon Core (a.k.a. TS) annealed AL trapezoidal outer strands

Sources: GridLab (2023), 2035 Reconductoring Technical Report; GridLab (2024) Supporting Advanced Conductor Deployment: Barriers and Policy Solutions Companion
Report; EPRI Fact sheet: Advanced Conductors
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https://www.2035report.com/wp-content/uploads/2024/04/GridLab_2035-Reconductoring-Technical-Report.pdf
https://www.2035report.com/wp-content/uploads/2024/04/Supporting-Advanced-Conductor-Deployment-Barriers-and-Policy-Solutions.pdf
https://www.2035report.com/wp-content/uploads/2024/04/Supporting-Advanced-Conductor-Deployment-Barriers-and-Policy-Solutions.pdf
https://www.epri.com/research/products/000000003002030547

Reconductoring — Barriers

Planning Institutional Coordination Permitting Up-front Technical
Barriers Barriers barriers Barriers cost barriers Barriers
Workforce Slow adoptlon'of Siloing between Limited space for Increased Age & health of
=4 new technologies : 2
shortage . TOs construction conductor cost existing structures
by utilities
. . Long lines less
Increasing Lack of proper No hOIIStIC. long- New perm|t.s fo.r Existing upward conducive to
= s = term regional = reconductoring in .
load/gen growth training & tools > rate pressure reconductoring
planning future X
(>50 mi)
Non-standard Less institutional Lack of clarity for .
X . . o Outages during
=4 planning forecast =4 resistance to in- — permitting )
- . > reconductoring
window kind replacements reconductoring
Less visibility on N . Other network
— =4 Historical failures
system health upgrades
Many alternative
solutions

U. S. DEPARTMENT OF ENERGY

OFFICE OF STATE AND COMMUNITY ENERGY PROGRAMS

Sources: GridLab (2023), 2035 Reconductoring Technical Report
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Reconductoring — Successful Deployments

Lower Rio Grande
Valley Reconductoring
Project

Big Creek 230kV
Corridor

380 kV
Reconductoring
(Belgium)

TenneT Beter
Benutten Bestaande
380 kV Project

e Location: Texas, United States

¢ Re-Conductor: ACCC

eVoltage: 345 kV

* Project status: Completed (+100% capacity increase)

e Location: Southern California, United States
*Re-Conductor: ACCC

*Voltage: 230 kV

*Project status: Completed

e Location: Belgium

¢ Re-conductor: ACCC

*Voltage: 380 kV

*Project status: On-going (+100-150% capacity increase)

¢ Location: Netherlands

*Re-conductor: HTLS

*Voltage: 380 kV

e Project status: On-going (+60% capacity increase

Sources: GridLab (2023), 2035 Reconductoring Technical Report
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Hot-line reconductoring with PR
temporary support poles

g
Corpus
Chrish

Nelson Sharpe

Re-conductor Station

5KV line —p
-

s
AJO
Station

Padrg b

‘ Rio Hondo
Station

Wi ABen Harlingen
Merondes

;-Reynosa e
’ Rio Brave

Lower Rio Grande Valley Reconductoring Project
Sources: IEEE PES ESMO Conference Presentation, Glueck 2016
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Conclusions and potential next steps




Summary of potential interventions

GETs (DLR)

GETs (TTO)

GETs (APFC)

Reconductoring

Description

Technical impact

Dynamic Line Rating (DLR)
enables increased thermal rating
based on real-time temp/wind
conditions

High;
10-40% increased thermal rating

Cost / value Low / Med
Timeline (total) 3-12 months
Regulatory/permitting .

Design
Construction .

Transmission Topology
optimization (TTO) are software
based operational interventions
that adjust power-flow to avoid
congestion (re-route power-flow)?!

Medium;

Effective congestion management
(reducing binding operating
periods)

Low / Med

<6 months

Typically, power electronics based
(FACTs) that are located at
substations to control power flow
(+address reliability), similar role
to PSTs/PARs

Medium;

Improved distribution of power
flow in radial/meshed networks
(potential transfer capability
improvement 10-25%)

Med / Med

6-18 months

Increases thermal rating by
replacing conductors with
advanced conductors (higher
ampacity ratings)

Highest;
50-100% increased thermal rating
(effective on short-distance lines)

Med / High

12-36 months

Relative timeline (qualitative;

. Low Mid High N/A

1 Assuming the switching hardware is already in place (almost always the case);
APFC — Advanced Power Flow Controller; FACTs — Flexible AC Transmission Technologies; PAR — Phase Angle Regulator; PST — Phase-Shifting Transformer
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Conclusions

* Data center demand growth in Virginia will need
to be met with many options — GETs and/or
reconductoring have the potential to be part of the
solution suite in the short-term and medium-term

* Almost all GETs and reconductoring technologies
have more favorable economics than transmission
wires investments considering relatively low levels
of existing wide-scale deployment

* Deployment of GETs and/or reconductoring is not
a one size fits all — requires detailed analysis
(rigorous technical assessments in reliability
models and associated cost-benefit analysis)

* Complementary nature of GETs and/or
reconductoring impacts have the potential to be
synergistic when implemented together (more
congestion relief, more transfer capability, more
cost savings)
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What is an “advanced conductor™?

El

Sources: Lessons from fir of ic line Ratings: AFS C: ion —April 2024

Sourens: 1. Selker {20073 B516 Fall Workshop}

Before After ‘ l\' \

Sources: L. Selker {2073 ESIG Fall Workshop)



Potential next steps

* In addition to GETs and reconductoring, consider the timing of all interventions and ordering by the most
impactful based on pre-defined criteria

— Consider a complete taxonomy of options (in addition to GETs and/or reconductoring)
* Demand-side management (DSM)
* Expanded local supply options (augmented back-up power)
* Generation expansion (within and beyond the Dominion and PJM territory)
* Transmission expansion (localized strengthening and interregional expansion)

— Pre-defined criteria:
* Scale of technical impact
e Value/cost
* Time for implementation

» Establish the responsible stakeholder best positioned to address barriers e.g. regulator (State/Federal), utility,
transmission owner, RTO, customer

* Address barriers in order of priority (considering broader scope than GETs and/or reconductoring)

* Disseminate operational know-how and learnings widely from pilots and commercial implementations of
GETs and reconductoring
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Thank you

NREL/PR-6A40-90734
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