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Day 2 — November 20, 2024 (1:00 pm — 5:00 pm ET)

Item Leader Times

10. Opening Remarks 1:00 —1:10

Session 3 — Planning with Power Electronics

11. Planning with HWDC
a. Grain Belt Express Matt Holtz - Invenergy 1:10—1:50
b. Planning Criteria and Applications Mike Spector — Grid United 1:50—2:30

Break (5 mins, 2:30 — 2:35)

Session 4 — Inverter-Based Resource Modeling

12. EMT Model Quality John Schmall - ERCOT 2:35—3:15

13. Dynamic MﬂHEIing recommendations Jack Gibfried - NERC 3:15— 3:45
Break (5 mins, 3:45 — 3:50)

Session 5 — Large Loads

14. Large Digital Loads Le Xie - Harvard University 3:50 —4:20

Challenges and Learnings

15. WECC Large Load Risk Assessment WG | Kyle Thomas — Elevate Energy 4:20 — 5:00
Katie Rogers — WECC

16. Closing Remarks 5:00
Adjourn (17:00)
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CD Grain Belt Express

An INVENERGY TRANSMISSION Project

Grain Belt Express Project

Matt Holtz
VP Transmission Operations, Invenergy

November 20, 2024
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World's Leading Privately Held
Clean Energy Company

2N

Wind
118 projects
19,274 megawatts

7

Transmission
4 projects
4,100+ miles of transmission
& collection lines developed

Invenergy

Solar
53 projects
6,989 megawatts

Clean Hydrogen
1 pilot project in construction
40 metric tons will be
produced annually

sy

Storage
21 projects
1,817 megawatt hours
556 megawatts

Clean Water

9 water treatment facilities

used at our project sites

18 million gallons per day of

raw water capacity

ot
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Offshore Wind

2 projects
4,000+ megawatts in
development

Natural Gas
13 projects
6,071 megawatts

Invenergy

Services

We use our 20 years of
operations and maintenance
experience to help you
make the most of your
energy center. Whether it’s
day one or years later, we
use our owner’s mindset to
manage our energy centers
and on behalf of our
customers.



% Chicago HQ M Corporate Offices
) @ Wind Projects @ Storage Projects
f' @ Solar Projects @ Nat. Gas Projects

: %-d Grand Ridge Energy Center

263 MW energy center; lllinois

= Co-located wind, solar & energy
storage facility

= Home to Invenergy’s research center
for new solar technologies

ENERGY®
STORAGE

2015 Innovation Award by ESNA

= Storage facility awarded NORTH AMERICA

Invenergy In Japan
270 MW of wind and solar under long term

contracts SB Energy

= Solar partnership fS—
with SoftBank Energy

= Pursuing offshore wind development

o

Leading Light Offshore Wind Farm
83,976-acre seabed lease; New York Bight

= Awarded by U.S. Bureau of Ocean
Management (BOEM)

= Co-sponsor: energyRe | Investors:
Blackstone Infrastructure Partners, CDPQ,
FirstLight Power, & Ullico Infrastructure Fund

Lackawanna Energy Center
1,485 MW natural gas; Pennsylvania

- 2 Jargest power plant to go
online in the US in 2018

= GE’s highly efficient gas turbines
7 HA. 02. Kiewit Constructors as EPC

- Equity partners: InfraBridge  INFraBRIDGE
& BlackRock Real Assets BlackRock

North Central Energy Facilities
1,486 MW wind at 3 sites across Oklahoma
= 999 MW Traverse wind farm, one of the
largest constructed in a single phase in
North America, reached commercial
operations in March 2022
AMERICAN

= Build-transfer partnership ELECTRIC
with AEP C”“’“

Energia del Pacifico
380 MW LNG-to-power; El Salvador
- First natural gas access for El Salvador
. cFj’rovideas 30% of country’s energy
eman @ IFc

- IFC, DFC & IDB DFC
Group financing =

\IDB
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Projects

Developed
Invenergy

32 GW

Capacity
Developed

Samson Solar Energy Center
1,310 MW solar; Texas
= One of the largest solar projects in U.S.

- Offtakers incl.: AT&T, McDonalds,
Google, Home Depot, Verizon, Honda & a
Texas municipality

Invenergy In Uruguay

= 70 MW Campo Palomas wind; Acquired
from Abengoa in ‘16; Investment-grade

project bonds from IDB Group
= 65 MW La Jacinta solar ‘9 IDB
= Cardal transmission project including 55-
km, 500kV transmission line and substation

$64B

Completed
Transactions

12.5M

Homes
Powered

¢ g United Kingdom

QPoland

14.6M

Cars off the Road
Equivalent



Invenergy Transmission Portfolio Overview

$40 billion

in combined investment in new electric I
transmission and enabled generation S,

. . I
1,765 linear miles , i Ay
of new transmission right of way, using ,' ‘ : 7 aT— \
13,100+ miles of conductor lines \ o8 Grain Belt Express e

{ , Invenergy Project
(12,800 overhead; 370 buried) l o
|
1

12 gigawatts | N AT 2

oo ; ; =) Clmarron Link
of transmission capacity enabling 5] North Patly e oo
equivalent or more new-build wind e i |
and solar generation
Existing AC Substation Y .
@ Invenergy HVDC Converter Station P 5 Yo TSy \\

O converter stations S veros TpanhslonBiobas

to convert pOWer between AC and Existing AC Transmission Line
DC for 4 new-build HVDC lines

— — Western/Eastern Interconnection Boundary

Invenergy
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GrainBeltExpress.com

Project Profile ~ (::) GrainBelt Express

An Invenergy Project

PROJECT SPECIFIC: PHASE 1 PROJECT SPECIFIC: PHASE 2
=  Approximately 542 miles =  Approximately 278 miles
= + 600KV High Voltage Direct Current (HVDC) = Phase 2 size = 2,500 MW
=  Size 5000 MW = COD Phase 2 - 2030
= Bi-pole = |ndiana - Interconnected with PIJIM/AEP

=  Bi-directional

= Phasel-> 2,500 MW

= COD Phase 1 - 2029

= Kansas - Interconnected with SPP/ITC Great
Plains

=  Missouri — Interconnected with AECI and
MISO/Ameren in Missouri

Invenergy



Grain Belt Express — Phase 1

T - (0|~ =/ ()— 1018 MW
7
2518 MW + losses | | /A
POI |
— 32: 1500 MW
~0 MW, OMVAr :Zg: = Line Length ~598miles P
SPP/ SPERVIL MONTGOMRY MCCREDIE
e I MISO /
Midwest I e U AECH
| Ameren =
CLARKCOUNTY IRONWOOD 0.5 miles
ch; Grain Belt Express Invenergy Transmission Invener
w'"/ AnINVENERGY TRANSMISSION Project 7 Transmission
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Grain Belt Express — Phase 2

BR | "l o o, A
ﬁ — — = ~ POI

5018MW + losses || ) 2500 MW .
| Sullivan

? ~1018 MW
S PI'?C/ SPERVIL :E:
I
Midwest | ! R -
I MONTGOMRY i MCCREDIE
CLARKCOUNTY IRONWOOD POI
MISO / AECI
Ameren
Grain Belt Express Invenergy Transmission | Invenergy
An INVENERGY TRANSMISSION Project 8 Transmission
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U.S. Electric System and Renewable Resource

Energy Consumption Existing Transmission Lines

N

Origins as a regional
network of thermal
generation and nearby load

* Limited transmission
across broader regions

« Bottleneck limiting access
to best renewable
resource

! kWh/m?/Day
<4.00

Invenergy
14



U.S. Electric System Energy Transition

* Aging coal replaced by natural gas, wind, and solar

« Wind and solar concentrated in areas with highest resource
efficiency

U.S. Generation Mix Over Time
80%

e C 0l — Gas

e N LiCl @G e Other
50% + = Renewables

40% +

30% T

20% A

Percent of Total Generation

B Coal
B Gas
B Hydro 0%
B Nuclear
" Solar
Wind

10% +

Circle Size Corresponds to
Annual Production (MWh)

Invenergy



The U.S. Power System — Generation Mix

WESTERN INTERCONNECTION

CAISO 278 TWthr

Hyd ro

\\_ D
--H‘”‘_t't- L
{ e .
La
I_ a
spPp | f_MIS
T~— ERCOTRR
SPP: 257 TWhiyr TEXAS

|. Nuclear

Invenergy

ERCOT: 429 TWh/yr

Solar

Nuclear

INTERCONNECTION

EASTERN
INTERCONNECTION

YISO

ISO-NE: 104 TWhiyr

'\&

PJM

NYISO: 127 TWhiyr

‘

Coa

MISO: 628 TWhiyr

PJM: 830 TWh/yr

\

Greatest Renewable
Penetration:

ERCOT
CAISO
SPP
MISO

All areas with access to
high resource efficiency
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The Need for HVYDC — Access to Renewable Resource

Energy Consumption

Merchant transmission developers ST 7
providing transmission between RTOs B ol ks T
TR B |
_ L F‘{ Y
Preferred solution: VSC-HVDC e L

Greater electrical efficiency

Smaller rights of way

Improved system stability and control
Less conductor cross section

Avoids AC compensation

Connections between weak AC systems

Connections between asynchronous
Interconnections

Invenergy

17



Value of Interregional Transfer Capability

* Regional storms drive significant locational marginal price (LMP)

discrepancies

« +1GW interregional capacity would have saved $1B (Uri) and $100M

(Elliott)

Winter Storm Uri

—MISO

—spP

LMP ($/MWh)

Invenergy

Winter Storm Elliott

LMP ($/MWh)
N [\V]
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Grain Belt Interconnection Status

« SPP/ITC Great Plains: executed interconnection agreement for with a POl at ITC’'s Saddle 345kV
substation. In the process of performing more detailed studies with SPP through their Transmission
Working Group (TWG)

Steady State

Short Circuit

Dynamic

Electro Magnetic Transient - SSTI and SSR studies

« AECI: executed interconnection agreement for 1,018 MW with a POI at the McCredie 345kV substation

« MISO / Ameren: Interconnection agreement for 1,500 MW with a POI at the future Burns 345kV
substation

« PJIJM/AEP: 2,500 MW to be studied in the PJM transitional cluster. Interconnection agreement
execution expected in the 2025/2026 timeframe, with a POI at the Sullivan 345kV substation

Invenergy

19



Grain Belt Challenges

« Magnitude of transfers

» Contingencies associated to the project could drive Remedial Action Schemes and/or other solutions (e.g.,
chopper)

« System upgrades to support project
« Interregional operation

« Spanning three different RTOs with different interconnection, planning, and operations (incl. markets)

* New or modified interconnection planning processes and Interconnection Agreements
* Open Access Transmission Tariff integration
«  Multiple state jurisdictions
« Vendor constraints

« Worldwide demand for HVDC with limited vendors (GE, Siemens Energy, Hitachi)

Invenergy

20



Innovators building a sustainable world.

English

Innovadores construyendo un mundo sustentable.
Spanish

Pt A BB R EYZ BT E=HE.

Japanese

Innowatorzy budujacy zrownowazony swiat.
Polish

Des innovateurs construisant un monde durable.

French

Inovadores na construcao de um mundo sustentavel.

Portuguese

Invenergy Joinus. @ K1 B3

Transmission

21



Invenergy

Appendix
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World's Leading Privately Held
Clean Energy Company

2N

Wind
118 projects
19,274 megawatts

7

Transmission
4 projects
4,100+ miles of transmission
& collection lines developed

Invenergy

Solar
53 projects
6,989 megawatts

Clean Hydrogen
1 pilot project in construction
40 metric tons will be
produced annually

sy

Storage
21 projects
1,817 megawatt hours
556 megawatts

Clean Water

9 water treatment facilities

used at our project sites

18 million gallons per day of

raw water capacity
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Offshore Wind

2 projects
4,000+ megawatts in
development

Natural Gas
13 projects
6,071 megawatts

Invenergy

Services

We use our 20 years of
operations and maintenance
experience to help you
make the most of your
energy center. Whether it’s
day one or years later, we
use our owner’s mindset to
manage our energy centers
and on behalf of our
customers.
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% Chicago HQ M Corporate Offices
) @ Wind Projects @ Storage Projects
f' @ Solar Projects @ Nat. Gas Projects

: %-d Grand Ridge Energy Center

263 MW energy center; lllinois

= Co-located wind, solar & energy
storage facility

= Home to Invenergy’s research center
for new solar technologies

ENERGY®
STORAGE

2015 Innovation Award by ESNA

= Storage facility awarded NORTH AMERICA

Invenergy In Japan
270 MW of wind and solar under long term

contracts SB Energy

= Solar partnership fS—
with SoftBank Energy

= Pursuing offshore wind development

o

Leading Light Offshore Wind Farm
83,976-acre seabed lease; New York Bight

= Awarded by U.S. Bureau of Ocean
Management (BOEM)

= Co-sponsor: energyRe | Investors:
Blackstone Infrastructure Partners, CDPQ,
FirstLight Power, & Ullico Infrastructure Fund

Lackawanna Energy Center
1,485 MW natural gas; Pennsylvania

- 2 Jargest power plant to go
online in the US in 2018

= GE’s highly efficient gas turbines
7 HA. 02. Kiewit Constructors as EPC

- Equity partners: InfraBridge  INFraBRIDGE
& BlackRock Real Assets BlackRock

North Central Energy Facilities
1,486 MW wind at 3 sites across Oklahoma
= 999 MW Traverse wind farm, one of the
largest constructed in a single phase in
North America, reached commercial
operations in March 2022
AMERICAN

= Build-transfer partnership ELECTRIC
with AEP C”“’“

Energia del Pacifico
380 MW LNG-to-power; El Salvador
- First natural gas access for El Salvador
. cFj’rovideas 30% of country’s energy
eman @ IFc

- IFC, DFC & IDB DFC
Group financing =

\IDB
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Projects

Developed
Invenergy

32 GW

Capacity
Developed

Samson Solar Energy Center
1,310 MW solar; Texas
= One of the largest solar projects in U.S.

- Offtakers incl.: AT&T, McDonalds,
Google, Home Depot, Verizon, Honda & a
Texas municipality

Invenergy In Uruguay

= 70 MW Campo Palomas wind; Acquired
from Abengoa in ‘16; Investment-grade

project bonds from IDB Group
= 65 MW La Jacinta solar ‘9 IDB
= Cardal transmission project including 55-
km, 500kV transmission line and substation

$64B

Completed
Transactions

12.5M

Homes
Powered

¢ g United Kingdom

QPoland

14.6M

Cars off the Road
Equivalent
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Disciplined Approach. -

1st project in the
S UK: Bettyhill,
Scotland

1%t solar project !
begins operating:
: Grand Ridge, IL |

1stinternational 1st storage project i
O project: | begins operating: | |
Tymien, Poland ! ! Grand Ridge, IL !
Opened 1% regional ! ; 1,000t wind | f i
i office: Denver, CO ! } /2N turbine erected } !
e | 1 L R 1 1 :
1st wind farm begins 1t project ! ! !
! O\, operating: Buffalo | ! 1 3 in Canada: : ; }
} Mountain, TN } ! ! St. Clair, Ontario } ; }
pllznrla;g(rqﬂizs 1% Invenergy Control
i Hardee, FL | | i IR kil | |
LR ELEL R 3 : k } i 5,640
! ! 3 3 1 4,680
5 i : 3 : 4,260 4450
5 i 3,380
i 3 ! 1,570
Invenergy ‘ ; !
Founded ‘ ‘ a0 8%
ounde 370 390 214 324 349 407 424 442
19 58 87 115
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Invenergy

501

2013

32,890

Megawatts
| i Opened office in Spain as ! Developed
| part of Europe expansion 1,847 MW
‘ Contracted
Launched
| - Invenergy | : 25,489
; ! Clean Water Invenergy | 1 25,639 MW
| Clean Water ‘ 1099
| L | 24,984 Operating
: 3 Expanded operation | i
! i gnVenergY business to service ! | 20.870
f , Services 3d-party customers | ; '
Invenergy’s largest project 17,460
goes online: Lackawanna |
P Energy Center, PA (1,485 MW) | |
a Launched ! 14,064
P _ Energize |
o LTNETRET ventwres | |
| 11,830
3 ? 10,460
1 10,000
8,850
6,810
2,500
1100 Laoo B
617 707 830 892 93g 1,000
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

As of November 14, 2024. Megawatt totals include Invenergy-developed wind, solar,
and natural gas power generation and battery storage facilities.
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Full-Lifecycle Capabllities and Service

The know-how and experience to get the job done.

Invenergy has the end-to-end expertise from development to operations to bring clean energy projects

where they're needed.

DEVELOPMENT DESIGN & BUILD FINANCE OPERATIONS ENVIRONMENTAL
« Community and landowner < Layout and design » Project financing * Operations and * Natural resource
engagement » Engineering, procurement * Mergers and acquisitions maintenance management
» Engineering studies and construction services » Power purchase * Field services * Vegetation management
* Project siting * Project management agreements (PPAs, VPPAs, <« Asset management * Federal land
* Interconnection Retail and utility sleeved » Balance of plant management and
PPA) * Energy management permitting
+ Joint development * Engineering and » Tribal engagement
agreements analysis » Federal and state policy
strategy and
engagement
Invenergy

26



Expertise & Flexibility

Across Markets & Project Structures

MARKETS
SERC:
NYISO: 2%
<pp- 2% L MISO:
16% ‘ ,30%

Megawatts
Developed

32,890

14% .
A\

Global:
9% ~°°°

"ERCOT:

PJIM: 14%

WECC:
13%

Invenergy

PROJECT OWNERSHIP

Invenergy-Owned
Capacity:
32%

Megawatts
Developed

32,890

Equity Build- & Develop-
Sales: Transfers & EPC:

24% 44%

Breakdowns by megawatt totals

Invenergy Majority-
Owned Capacity:

30%

Invenergy Minority-
Owned Capacity:

30%

OPERATIONS

Megawatts
We Manage

23,414

Third Party
Capacity:
40%

27



Success Built on Strong Relationships

UTILITY & CO-OP

AMERICAN
ELECTRIC
POWER

BOUNDLESS ENERGY

BerksHIRE HaTtHAwAY
ENERGY

* 4 GW+ of wind, solar and
storage developed for BHE
companies including PacifiCorp,
MidAmerican & NV Energy

* Partner in building industry-
leading renewables platform

« 2,700 MW+ of wind and
solar projects completed

+ Partner in achieving net-zero
CO, by 2045

A Southemn

]} WEC
/Zam Energy Group i Company

€2 XcelEnergy ’-% DTE Energy’

cans@

M OGE Raps Kb

’ Dominion &\~

Counton Us®

= Enery “iAmeren @ e = UbetyUtiies  NIPSCO!
] comzd. @ epm creeycoui's
giemindeFleetric Wl e NUTE (& SUEL..

e we s electric cooperative

COMMERCIAL & INDUSTRIAL

00 Meta

+ 590 MW+ helping power Meta’s
100% renewable energy
matching goals

Walmart

SAINT-GOBAIN

HONDA

d—

-
m GRUPOMEXICO
GRUPO
BIMBO OR

iy

EQUINIX

!> NOVARTIS @ €% MERCK

verizon’

+ 890 MW+ across multiple
technologies and markets

* Project sizes and CODs to
support Verizon’s
renewable energy goals

ms  Google

Microsoft

’\, MGM RESORTS

INTERNATIONAL

gm] €39

Kimberly-Clark

IMcDonala's
(e

ultium =
cells

PUBLIC POWER

f NEW YORK
STATE OF
OPPORTUNITY.

* 900 MW+ across 6 projects
with NYSERDA

» Supporting New York’s
ambitious 70% by 2030
Renewable Energy Target

NYSERDA

@ WPPIcnergy @
oot NPYPA
Omaha Public Power District oy Pubiis.

Los Angeles Hydr o
@ Department of Québec
Water & Power
CITY OF
J-E% GRAI\D“'-ISLAND
oNTARIO?  TW.j CENACE
POWER AUTHORITY | } ‘4& o NeciowL be

PLATTE RIVER
POWER AUTHORITY
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J.PMorgan

NORD/LB

Success Built on Strong Relationships

@) CDPQ

* Invested in discrete portfolio
of wind farms in 2013

» Equity investor in
Invenergy’s renewables
business as part of low-
carbon investment strategy

BLACKROCK &% Santander (¢°) MUFG J‘ ARMSTRONG

Bankof America %%
Merrill Lynch

SOCIETE
GENERALE

Y  CREDIT SUISSE

 PNC ,'?.,'.‘lmli O Desjardins

%Mﬂf«i @ Prudential '\;\;ﬁé Liberty

FINANCIAL

» Entered into one of the largest
renewable investments in North
American history in 2021

* Equity investment provides

capital to accelerate renewables

development activities

Rabobank

NATIONAL
BANK

% 4P Hsse

BBVA ING 4 E“E Allianz () [5s

RBC

INFRABRIDGE

» Entered into equity
partnership in 2018

* Investor in portfolio of natural
gas facilities in operation and
development in North America

Morgan
Stanley

*£DC

CIBCO 4 natixis weosank Mizwo @) citj

DB Invest KeyBank &= ((DIEA

WELLS

M&I'Bank

§ Scotiabank %@ NOMURA Metlife

OEM

&

+ Partnership dates to
Invenergy’s 2001 founding

+ Strategic partner for wind and
natural gas equipment

+ 1,400 MW+ financed through
tax equity

SFLFY  vestas
LONGISolar TMEiC
9 nextracker  JinikKO

Pr smnan
JI ( lLIj )

p POWIN
@ Hitachi T&D Solutions, Inc. g
RUNERGY JASOLAR

Power Systems, Inc.

HUBBELL g

TECHNOLOGIES

ENGINEERING &
CONSTRUCTION

) Kiewit

» Construction partner: 1,400 MW+
Lackawanna Energy Center in PA;
600 MW+ Los Ramones Energy
Center in Mexico; Samson and
Delilah solar projects in TX

» Engineer of Record: 600 MW
Nelson Energy Center in IL

(eci FOR
[BS ©CEA RRC

BLATTNER
ENERGY

WESSON
(,R()me

— CUPERTIND"
— ELECTRIC INC.

> REPCOM “i

POWER- Mortenson
Barl:nn q)O\Dl('IOR
BOLDT ¥ OWER
E NEI

29
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Our Invenergy Impact

$573M

Total 2023 local economic investment in
project-generated wages & benefits, land
costs & lease payments, and state & local
taxes

$4.1M

Given to different cause-based
organizations in 2023, focusing on
veterans, education, emergency
services & environmental stewardship

8% veterans

Percent of Invenergy’s U.S.-based
workforce who are military veterans
or reservists

Invenergy

2

D

o=

Net Zero

Invenergy has committed to
achieve net-zero greenhouse
gas emissions by 2050.

6/M

Tons of CO, emissions
avoided by Invenergy
annually

14.6M

Gasoline powered
cars off the road
CO, equivalent

. % ".'..jli ’;lmmuuz:,u

“Invenergy came in like a lot of big folks do and we
didn’t know what to expect of them. But it’s all been a
plus. It's refreshing, to tell you the truth, what they’ve
done for us. And we look forward to the future.”

Mike Elkins,
Former County Judge and Director, Irion County,
Texas Volunteer Fire Department

30



Deep Transmission &
Distribution Experience

Bringing power to where it’s
needed most.

Invenergy's proven track record

Benefits of transmission

» Deliver billions of dollars in customer cost ﬁ 4, 100

savings miles of transmission and collection lines developed

Power economies for entire states and

regions through job creation and payments 12 OOO+
y

to local governments and landowners

%

landowner relationships across Invenergy generation and

+ Enhance America’s grid reliability and transmission projects

energy independence

* Unlock new renewables to support climate ,(s):l $4O B

and clean energy goals h
In new interconnection, wind and solar investments enabled by
Invenergy transmission projects

Invenergy
31



Invenergy Transmission Portfolio Overview

$40 billion

in combined investment in new electric
transmission and enabled generation

1,765 linear miles

of new transmission right of way, using
13,100+ miles of conductor lines
(12,800 overhead; 370 buried)

12 gigawatts

of transmission capacity enabling
equivalent or more new-build wind
and solar generation

O converter stations

to convert power between AC and
DC for 4 new-build HVDC lines

Invenergy

. Gram Belt Express
An Inv: nergy Project

N AT

| @ Clmarron Link
North Pat mengy i)

szJ

Existing AC Substation
@ Invenergy HVDC Converter Station
=== |nvenergy Transmission Projects
Existing AC Transmission Line

— — Western/Eastern Interconnection Boundary

alniNY |
g L., Aninvénergy Partnership @ JerSey Link
l g
| K
| -t
| £,

An Invenergy Project
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Invenergy’s transmission projects represent 35% of
proposed new U.S. HVDC transfer capacity

Megawatt-Miles

Line Capacity x Line Miles

Measures how much energy can
be carried over distance

150-200 million

Megawatt-miles of current U.S.
transmission system

16.5 million

Megawatt-miles of new
proposed HVDC lines in U.S.

5.9 million

Megawatt-miles of proposed
Invenergy transmission projects

Invenergy

Grain Belt Express

TransWest Express

New Mexico North Path

Sunzia

Three Corners Connector
Cimarron Link

SO0 Green

North Plains Connector

Pecos West

Champlain Hudson Power Express
Wyoming Intertie

Clean Path New York

New England Clean Power Link
High Plains

U.S. DC Transmission Projects

Megawatt-miles (Megawatt capacity x linear miles)

]
]
]
[ ]
1 2 3
Millions

Invenergy projects shown in green
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Achieving Responsible Development

In the Transmission Environment

MINIMIZE
ENVIRONMENTAL RISK

Collect and assess information on ocean
resources to design, build, and operate
projects in a way that avoids and minimizes
risks to species of concern, sensitive
habitats, and areas of cultural significance.

Invenergy

[5)

STAKEHOLDER &
TRIBAL ENGAGEMENT

Engage with regulatory agencies, Tribes, and
affected communities at every stage of
development to exchange information on
environmental risks and identify appropriate
strategies to manage those risks.

INDUSTRY
COLLABORATION

Engage in partnerships that enhance knowledge
of responsible transmission development,
advance innovative solutions, and promote
smart policy for responsible development.
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GrainBeltExpress.com

Project Profile (i) GrainBelt Express

An Invenergy Project

W 9

N\
Grain Belt Express is a $7 billion electric transmission infrastructure project
connecting four states—Kansas, Missouri, lllinois, and Indiana—across 800 miles.
An Invenergy Transmission project, Grain Belt Express will carry more affordable,
reliable power to millions of homes and businesses across the Midwest and other "

regions, delivering 100% domestic, clean electricity while powering economic
opportunity and energy security.

AN ENERGY SOLUTION FOR AMERICA’S HEARTLAND ' ‘ ‘
* $20B Total Investment: $7B transmission; $13B for new renewables enabled ~

* 5,000 Megawatts: Highest capacity U.S. transmission project

* 800 Miles: Second-longest U.S. transmission line ‘ ‘

* 436M Tons CO2 Reduced: Most for any U.S. power infrastructure project

e 22,300 Jobs: Direct construction jobs for transmission line and enabled renewables [Grain Belt Express] will also be capable of moving
electricity both directions, which could have helped
mitigate the electricity crisis that hit the United States
earlier this year. ‘Lines like Grain Belt Express could have
been the savior.” Kansas City Star, April 12, 2021

* $11B Energy Cost Savings: For route-state consumers in KS, MO and IL

Invenergy
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Project Profile Grain Belt Express

An Invenergy Project

COMMERCIAL & DEVELOPMENT

Major Supplier Agreements
» Executed HVDC technology Preferred Supplier Agreement with Siemens Energy
» Executed transmission conductor Preferred Supplier Agreement with Prysmian

Offtake Agreements In Place and In-Progress
» Transmission Service Agreement in place with group of 39 Missouri municipal utilities
» Anchor customer agreement currently in negotiation

Land Control Substantially Advanced
» Approximately 90% land control complete for Phase 1 HVDC route

Interconnection Positions Advancing
* Interconnection positions filed with SPP, MISO, AECI and PIM

Project Phasing to Deliver Benefits Sooner

» Grain Belt Express has proposed constructing the project in two phases, with Phase 1
(530 miles) running between the Kansas and Missouri points of interconnection, and
Phase 2 (240 miles) running from the Missouri converter station to the Indiana point of
interconnection. Phase 1 would begin construction as soon as the end of 2024 and
proceed approximately 18 months ahead of Phase 2

Missouri Public Utilities Alliance

Invenergy



Project Profile

An Invenergy Project

REGULATORY

FERC Negotiated Rate Authority Approved
The Federal Energy Regulatory Commission (FERC) has authorized Grain Belt
Express to sell transmission capacity to potential customers of the project, including
utilities and other load-serving entities or clean energy generators, and to negotiate
agreements for 100% of the project’s capacity.

U.S. DOE Loan Program Office Environmental Review Underway
» Grain Belt Express has applied for a loan guarantee from the U.S. Department of
Energy (DOE) Loan Programs Office (LPO) and is currently going through the
associated National Environmental Policy Act (NEPA) review, with a Record of

Decision expected in Q3 2024.

Initial State Siting Approvals in All Route States Secured

» As of Q1 2023, initial state siting approvals have been secured in all four project route
states (Kansas, Missouri, lllinois, Indiana); a state siting certificate amendment
is currently pending in Missouri, with a decision expected by Q4 2023.

Mark Denzler, President & CEO, lllinois Manufacturers’ Association

Invenergy

Grain Belt Express

PROJECT TIMELINE

Phase 1 Major Milestones

KS & MO Amendment Decisions
NEPA Record of Decision

Phase 1 Financial Close
Phase 1 Full Construction

Phase 1 Commercial Operations

2023

2024

2025

2026

2027

2028

2029
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Project Profile

Invenergy

Transmission

New Mexico Renewable Energy
Transmission Authority

North Path is being developed under a public-private partnership agreement
between Invenergy Transmission and the New Mexico Renewable Energy
Transmission Authority (RETA). It is a high-voltage direct-current (HVDC)
transmission line that will deliver up to 4,000 megawatts of clean energy from
northeastern New Mexico to the Four Corners region, helping power New Mexico
and other western states.

SEIZING RENEWABLE ENERGY OPPORTUNITY

$5 billion: Investment in in-state renewable generation unlocked by North Path
$10s of millions: Annual payments to Tribal, State & Local governments

2 million homes: Powered by renewable energy

3,500 jobs: Created during 2-year construction period; $500M in worker earnings

50% by 2030: Enables NM’s Energy Transition Act renewable energy goals

Invenergy

North Path

An Invenergy Project

NewMexicoNorthPath.com

— — = T, - NG __COLORADO 7 3 ? —
NEW MEXICO

--------

AAAAAAA

New Mexico has some of the best wind and solar energy
potential in the United States, and the New Mexico North
Path transmission line represents a critically needed
pathway for moving low-cost clean energy to consumers
across the state and region who are demanding it.

Bob Busch, Chairman, New Mexico Renewable Energy Transmission

Authority (RETA)

NEW MEXICO
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Project Profile (&) Cimarron Link

An Invenergy Project

Cimarron Link is an electric transmission project that will unlock access to one
of the lowest cost, steadiest-producing natural energy resources available
anywhere in America - the inexhaustible wind energy of the Oklahoma Panhandle.
Like pipelines that transport natural gas, transmission lines carry electricity from
where it is generated to where it is needed. Cimarron Link will support energy price
competitiveness and stability, bolster reliability, and strengthen long-term energy
security by reducing our reliance on foreign energy.

OKLAHOMA POWER FOR OKLAHOMA FAMILIES

* $5 billion: Combined transmission and generation investment enabled

+ 2,000 megawatts: Generated in the Panhandle, carried to the East

* $100+ million: In new local tax revenues and landowner payments

* ~390 miles: Transmission link connecting the Panhandle to Northeastern OK

* 1,000+ jobs: Constructing transmission and generation; $500 mil. worker earnings

Invenergy

CimarronLink.com

@ Oklahoma City

1

We are a huge oil and gas state, but what people
don't realize is we are also a huge wind state, and we
are a net-exporter, we produce more energy than we
consume and therefore it's led to a reliable, affordable
energy grid that's really the envy of the country and
the envy of the world right here in Oklahoma.

Oklahoma Governor Kevin Stitt, Feb 10, 2023
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*NATF

North American Transmission Forum

HVDC Criteria & Applications

Mike Spector — Grid United
Sid Parmar — Grid United

Open Distribution
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(@ GRIDUNITED

HVDC Criteria &
Applications

2024 NATF-EPRI-NERC Annual Transmission
Planning and Modeling Virtual Seminar

November 20, 2024




Agenda

Overview of Grid United

Need for Interregional transmission
Benefits & Applications of HVDC VSC
The New Planning Paradigm

HVDC Criteria
Example: Southwest Power Pool (SPP) HVDC Planning Manual

42



Grid United’s Mission

cY

GRID UNITED

To develop North America’s next-

generation energy infrastructure to
power our future

Our projects:
- Connect key areas of the electric grid

- Create a more resilient and efficient electric system

- Utilize North America’s abundant and
geographically dispersed natural resources

- Benefit all consumers
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Grid United’s Strengths

Flexible Business Model

Grid United recognizes that utilities are the natural owners and
operators of transmission infrastructure.

We welcome utility ownership and want to be a preferred utility
partner that can facilitate a development or build transfer and—
if necessary—ownership and operations.

Technical Experience

Our team has >250 years of collective experience developing
high-voltage and linear infrastructure projects.

Our experience includes:
Managing HVDC interconnection processes
Project management and development
Engineering, procurement, and construction
Financing

GRID UNITED

Risk Capital

Centaurus Capital, the investment vehicle of John Arnold, brings
experience from billions previously invested in traditional and
renewable energy projects.

Centaurus provides patient capital backing Grid United,
enabling innovative development strategies.

We spend millions in at-risk capital to develop challenging
projects.

Singular Focus

We focus on developing high-value, unconventional HVDC
transmission projects in North America.

By prioritizing stakeholders first, we foster positive relationships
with landowners and communities, building organic support for
our projects.

With an unconventional routing and acquisition strategy, Grid
United is developing transmission projects faster than the
traditional utility/RTO planning process.
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About Grid United

Grid United is an independent
transmission company aiming
to develop next-generation
energy infrastructure to
create a more resilient and
efficient electric system to
the benefit of all consumers.

We seek out projects that few
other developers are
equipped to take on and are
determined to develop
projects that have a historic
impact on America’s power
grid.
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GRID UNITED
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Limited existing transfer capacity

GRID UNITED

From N ERC % ﬁ BC Hydro ', AEso | saskPower | MBHydro “ 1ESO ‘ HQ / ﬁ;d‘ﬂ'n.‘e,‘
Interregional ,, | | | | =
Transfer ¢
Capability - '
Study (ITCS) ( =

L Wasatch Front

! LB
California-N 7 b

. \_california-S )

Total Import Capability Transfer Capability

01GW [: 0.1-19 GW e N - B i
[:I 2-3.9GW ‘ ) ; T he %
5GW [:l 4-59GW L —— B ' o N ;
N Wnter Transier Capabity ‘ e ‘ %fRC'F" ‘
10+ GW :| 8-9.9GW ‘ \;’ \ N
[ ] neraeorsuoy [ sovow . https://www.nerc.com/pa/RAPA/Documents/ITCS_CTC_Map.pdf
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https://www.nerc.com/pa/RAPA/Documents/ITCS_CTC_Map.pdf

Limited existing transfer capacity

GRID UNITED
States > US Transmission System and B2B HVDC Ties - /)
along the / | ¢ A\ ™ ° i

apocity
] 200 MW
N Commissioned

1985

constrained
import / f
export L
capabilities / [T}

"seam" face j Z
\

Rapid City, SD
Capocity
200 MW
Commussioned

2003

during _ /
extreme [ 271;
events. | A
K 1
i)
\

Transmission data provided by
Ventyx, 2016 and was acquired
from a wide varied of data sources
including original research.

a4/



Why HVDC?

HVDC is required to connect asynchronous grids and
is the preferred technology for moving large
amounts of power across long distances—with
higher efficiency and smaller footprint than
equivalent power AC.

Lower cost, due to higher efficiency than AC
Fast, precise bi-directional power flow control
Increases grid reliability and resiliency

“Black start” capability can jumpstart a grid
after a blackout

R

Provides many ancillary services for reliability

Dynamic voltage response to grid disturbances
in milliseconds
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Interregional transmission provides broad, meaningful benefits G

GRID UNITED

Transmission development yields a wide array of high-impact benefits—extending far beyond reduced
energy costs for consumers—as identified in a report by the Brattle Group and Grid Strategies.

Access to Reduced Reserve Margin ST Mitigated Impact
Reduced Loss of Geographically & Ancillary Services of Complying with
Load Probability Technologically y Future Policy,

_ Reduced Impact of Load & Costs
Diverse Resources SenaeE e Sarasesl B Market Changes

Reduced Cost and Impact
Improved Grid of Extreme Weather Insurance-like

Operations Value for Low
Utilizing HVDC Bidirectional Transfer of Probability
Capabilities Power Events

Grid United’s portfolio is built around maximizing as many of these attributes as possible to enhance our grid today,
& prepare it for future scenarios, such as climate change, natural gas price volatility, & legislative mandates.

Source: The Brattle Group & Grid Strategies / Pfeifenberger, J., Gramlich, R., et al. “Tra 3 g ) ) ) 1se Value and ju Sts.
(2021). 49


https://www.brattle.com/wp-content/uploads/2021/10/2021-10-12-Brattle-GridStrategies-Transmission-Planning-Report_v2.pdf

Interregional Transmission and Extreme Weather Resiliency

GRID UNITED

While extreme weather can occur over a large area, severe impacts are typically regional, leading to distinct price

volatility in SPP, MISO, and WECC.

September 2022 WECC Price Spikes Comparison

$1,000 4 Location
—— Mid-C
$800 —— MISO
—— SPP
$600
(V]
9
% 400
$200
$0
o © A @ & o ~
. . . . W . .
J Q) 9 a0 a a9 q
> o > 0% > > o
Time

While West prices spiked during the September 2022 heat wave,

SPP and MISO prices were unaffected.

2021 February Winter Storm Comparison

r Location
$3,000 —— Mid-C
— MISO
$2,500 Spp
$2,000 b‘
m V
=
a $1,500
$1,000
$500
WAL
$0 7
b3 “ © A > O Q
A% oy S e Y o v
‘\'& ‘\,’QIL ‘\/Q,L ‘\/Q,L ‘\"Qq, ‘\;Q,L ‘\o’Q,L
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0% % 0% 0% 0% 0% >
Time

When MISO and SPP prices spiked due to high gas prices and
demand during Winter Storm Uri, the West was largely unaffected.
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The value stack for interregional HVDC includes a wide range
of attributes with equally disparate ways to quantify them

& <3®
K &
52
JN

Market

Efficiencies ] Reliability & Resiliency [ Additional Benefits J

GRID UNITED
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HVDC Applications

GRID UNITED

These examples show that significant experience exists with advanced AC grid support capabilities:

NEMO link
Belgium - UK
NordLink
Norway - Germany

Maritime Link
Canada

Fenno-Skan
Sweden - Finland

FIL
France — Italy

INELFE
France - Spain

Skagerrak 4
Norway - Denmark

ULTRAnet
Germany

* Frequency support and emergency energy

e Auto-reclosure for overhead line fault clearing and automatic bi- to monopole change
e HVDC runback schemes for prevention of overloading of AC lines

* Mitigate AC stability constraints and improve system transfer capability

* “AC line emulation” and AC grid loss and congestion reduction

e Power Oscillation Damping

» Black-start and system-restoration services

e Converting existing AC overhead line circuits to HVDC

The Operational and Market Benefits of HVDC to System Operators PRESENTED BY Johannes P. Pfeifenberger (Brattle) Cornelis A. Plet (DNV)

PRESENTED AT ACORE Webinar SEPTEMBER 19, 2023
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Capacity Reservation Agreement - Hitachi

Press Release | Zurich, Switzerland | 20-03-2024 | 4 min read

Hitachi Energy to accelerate introduction of HVDC
technology with Grid United for transmission
projects to strengthen US power grid

In March 2024, Hitachi Energy and Grid United announced a collaboration to deliver high-voltage direct current
(HVDC) technology for Grid United transmission projects that will interconnect the eastern and western regional
power grids in the US. Under an innovative approach known as a capacity reservation agreement, Hitachi Energy
will provide HVDC technology to support the development of multiple Grid United HVDC interconnections.

GRID UNITED
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Shortfalls in Current Planning & Market Operations

GRID UNITED

Lack of multi-value planning processes to capture full range of
interregional benefits

Does not account for the high costs and risks of an inadequate and
Inflexible transmission infrastructure (i.e., Insurance Value)

Lack of robust interregional planning & cost allocation that benefits = 2
regions
Current markets do not optimize for maximizing existing interties

Collaboration:

Energy Systems Integration Group (ESIG) Integrating Transmission Siloes
Task Force
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Changing Planning Paradigm

Moving away from bulk dispatchable generation in few locations to
geographically diverse, weather-dependent, smaller-sized resources
further away from load centers.

Load growth is back!
Current paradigm:

Traditional RTO Transmission Planning Methodology mainly focuses on
transmission network constraints for delivering intra-RTO resources

Current HVDC VSC interconnection studies evaluate potential negative
Impacts and not alighed with VSC technology’s abilities.

Lack of HVDC planning standards:
Collaboration: Southwest Power Pool (SPP) HVDC Planning Manual

GRID UNITED
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SPP HVDC Collaboration

GRID UNITED

=~ial

@3 SI] P Southwest
Power Pool

SPP HIGH VOLTAGE

HVDC Recommendations for Southwest Power Pool

DIRECT CURRENT
Recommendations for planning criteria, grid code performance, models and
simulations tools (HVDC) PLANNING
1-117373 MANUAL

Over 200 comments on EPR] Four rounds of comments including
recommendations OEMs
On-site workshop in November Review of comments & Manual
2023 with stakeholders updates at TWG meetings

Four rounds of comments: last Revision Request #650 (RR650) SPP
round with OEMs HVDC Planning Criteria & Manual
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SPP HVDC Process

cY

GRID UNITED

*Certain design studies may need to be
defined before the Agreement is executed,
but those studies can be completed as
required in the Agreement milestones
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SPP Feasibility Studies GU

GRID UNITED

- Are there any fatal flaws / major system issues after adding the transmission line?
- Preliminary analysis - no actionable items

- Steady State / Load Flow analysis

- Full contingency analysis

- Full dynamic suite of studies

Thermal Voltage RMS
stability - dynamic
overload
study steady state performance
study study
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Feasibility Studies - SPP Example

GRID UNITED

Cases - 2032 (10-year) Steady state Summer Peak & Light Load
cases used

Summer Peak import and Light Load export cases studied (most
probable use of DC ties)

NERC TPL-001-5 standard

PO (N-O) system intact

P71 (N-O) single contingency analysis

P6 (N-1-1) two overlapping single contingencies (loss of one element
followed by System adjustments)

|dentify worst thermal and voltage constraints
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SPP Planning Studies

cY

GRID UNITED

Feasibility
studies may

be updated,
as necessary

EMT dynamic
performance
study

Sub- Converter-
driven
stability

synchronous
oscillation
studies —
Screening

Short circuit

study studies —

Screening

Figure 7.1: Planning studies stage.

Network
Model
Verification

HVDC Model

Verification

60



SPP Design Studies

cY

GRID UNITED

RMS dynamic
performance
study

EMT dynamic
performance
study

Active power and
reactive power
capability study

Emergency power
control study

Active power and
reactive power
controller study

Grid Forming
controller study

Sub-synchronous

Power quality oscillation —

= Fault ride-through studies

Detailed

Converter-driven
stability —
Detailed

Power system

restoration study

Network model HVDC model
verification verification

and FEED studies

Figure 8.1: Design Studies Stage

Note: This is different than the pre-FEED
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Revision Request #650 (RR650) SPP HVDC Planning Criteria & Manual

HVDC Manual includes:
HVDC Configurations
Contingencies & Faults
HVDC Planning Process
Project-specific studies
Network Model
requirements

HVDC Model

Requirements

Performance Criteria

RR650 includes:
Tariff revisions:
Part |, Section 1 Definitions
Attachment O, Addendum 5
Attachment O, Section |V
Planning Criteria revisions to
Sections b.b, 7.2.11, 8§, 14
Interconnection Request Form
Study Agreement
Interconnection Agreement
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GRID UNITED

GRID UNITED

www.gridunited.com

@ http://www.linkedin.com/company/grid-united

info@gridunited.com
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North American Transmission Forum

NERC

HMORTH AMERICANM ELECTRIC
FELIABILITY CORRORATION

BREAK - 5 Minutes

Open Distribution

=2l

67



B NATF NEIRC
Nor hA HNOoORTH AMEI:."I{.: EEEEEEEEEE

EEEEEEEEEEEEEEEEEEEEEE

Session 4
Inverter-Based Resource Modeling

Open Distribution

68



. HORTH AMERICAN ELECTRIC
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EMT Model Quality

John Schmall - ERCOT

Open Distribution
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ercot=

EMT Model Quality at ERCOT

John Schmall
ERCOT Grid Planning

NERC-NATF-EPRI Annual Transmission

Planning and Modeling Workshop
November 19-20, 2024
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I ERCOT Facts*

85,508 MW 39,450 MW 25,333 MW

of installed wind capacity as of of utility-scale installed solar

June 2024, the most of any capacity as of June 2024
state in the nation

Record peak demand
(August 10, 2023)

27,881 MW 21,667 MW

wind generation record ?gé?)rtsgnbegf;ioznorzegord
1 03 609+ MW (June 17,2024) '
of exp(-:cted capacity for summer . LYo i .
2024 peak demand 27 million customers in the 691 5% 4298%
ERCOT region wind penetration record solar penetration record
(April 10,2022) (March 28, 2024)
54,100+

miles of high-voltage transmission

$3.3 billion

transmission projects endorsed in

7,702 MW

of installed battery storage as of
2022 January 2024
2024 Generating Capacity 0.4% Hydro 2023 Energy Use
Reflects operational installed capacity based on 0-92" Other* *Other includes solar, hydro, petroleum coke (pet coke), biomass,
December 2023 CDR report for Summer 2024, 27 f Storage landfill gas, distillate fuel oil, net DC-tie and Block Load Transfer 7.6% Other*
3.5% Nuclear imports/exports and an adjustment for wholesale storage load. 9.2% Nuclear

Natural Gas Wind

14 20 " o "o Natural Gas Wind
44.3% 252.% b it
2] ki 451% 24.3%

The sum of the percentages may not equal 100% due to rounding.
*Other includes biomass and DC Tie capacity.

* As of October 2024

— ercot>
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| Evolution of ERCOT EMT Model Requirements

PUBLIC

~2009 — Subsynchronous Resonance (SSR) / Subsynchronous Control
Interaction (SSCI) event in ERCOT

~2013-2017 — SSR/SSCI evaluation requirements

~2016, 2018, 2020 — Panhandle Studies
» Large-scale application of EMT analysis beyond the SSR/SSCI realm

~2016 — EMT models required to be submitted

» All new Invertor-Based Resources (IBRs) interconnections
« EMT model guidelines/checklist

~2021 — Implemented more thorough review processes

* Planning Guide Revision Request (PGRR) 085
« Validation
* Benchmarking (PSCAD versus PSS/e)

ercot>



https://www.ercot.com/files/docs/2016/03/01/panhandle_system_strength_study_feb_23_2016__public_.pdf
https://www.ercot.com/files/docs/2018/04/19/Panhandle_and_South_Texas_Stability_and_System_Strength_Assessment_March....pdf
https://www.ercot.com/files/docs/2020/11/27/2020_PanhandleStudy_public_final__004_.pdf

| PGRR-075

PUBLIC

Effective May 1, 2020

Introduced model quality test (MQT) requirements for PSS/E dynamic
model

Performed/submitted by resource owner
Demonstrate basic reasonable model performance

— Flat Start Test (no disturbance test)

— Voltage Step Change Test

— Frequency Step Change Test

— Voltage Ride Through Test (HVRT & LVRT)

— Short Circuit Ratio Test

Performance guidance published in Dynamics Working Group (DWG)
Procedure Manual

These were not exclusive EMT model requirements but established a model quality
baseline as ERCOT emphasizes model consistency between PSS/e and PSCAD.

ercot>




| PGRR-085

« Effective March 1, 2021
* Introduced MQT requirements for PSCAD model

— Same reasonability tests as PSS/e MQT plus added phase angle
jump test

— Performance consistency across software platforms (PSS/e,
PSCAD)

* Introduced unit model validation (UMV) requirements (for PSCAD model)
— Intended to be a lab test model validation
— Technology specific rather than site specific

* Introduced parameter verification requirements

— Document that site specific tunable field settings to match model
parameters

« Performed/submitted by resource owner
— Required milestone in interconnection process

ercotS
v 74'
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IModeI Validation and Verification Concept

Unit Model Validation (e.g., Resource Interconnection)

Dynamic Device Accurate PSCAD

(Inverter) Lab Model '
Test Model Validation (Technology Model Quality Accurate PSS/e

Measurement Tests (Voltage Specific) Test (Voltage Model

Step Change, Step Change, (Technology

PSCAD VRT, etc.) VRT, etc.) Specific)
PSS/e Model

Simulation

Plant Model Verification (e.g., Commissioning and Operation)

Accurate Accurate PSCAD
PSCAD Model Model (Site

(Technology
Specific)

Model Quality
Test (Voltage
Step Change,

VRT, etc.)

Accurate PSS/e
Model (Site
Specific)

Specific)

PSS/e Model
(Technology
Specific)

Site-Specific
Settings

ercot>
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ERCOT’s Model Quality Process

Do the models match the
actual field
response/measurement
(includes ad-hoc
disturbance benchmarks)?

NERC
MOD-

026/027

Is the (PSCAD) model
structurally correct
(technology-specific lab
test benchmarks)?

MQT
Model
Quality
Tests

Model
Quality

UMV - Unit
Model

Validation

Parameter

Verification
Reports

Do the models have good
performance (demonstrate
ride-through capability,
frequency response,
voltage control, etc.)?
Do PSS/E, PSCAD and
TSAT responses match?

ﬁo facilitate model \

testing, ERCOT
engineers have
developed two publicly
available tools:
DMVIEW for PSS/E
and PMVIEW for

QSCAD j

Do the model

parameters match
the field settings?

ercot>
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https://sites.google.com/view/dmview/home
https://sites.google.com/view/pmview/home

| Maintaining High Quality Models: PGRR-109

PUBLIC

Effective May 1, 2024

Introduced model review process prior to implementation of any IBR
modifications that impact dynamic response

— Compares MQT performance before and after the proposed
modification (both PSS/e and PSCAD)

— Observation of significant differences or degradation in
performance may trigger more detailed studies

— ldentifies any adverse impacts prior to implementation of
modifications in the field

— Confirms appropriate model performance

Introduced a similar process to review and compare “as-built” models
with the models used for interconnection studies prior to final
commissioning

ercot>




EMT Model Process Challenges

PUBLIC

Timing and availability of EMT Model

— Resistance/barriers to providing EMT model early in the
interconnection process

Proprietary models (issues largely resolved: Black Box)

EMT model does not equal a good/accurate model

— Testing and review is needed

— Model functionality and usability (troubleshooting)

— Need for EMT model “template”

— Beneficial to use single plot axes for performance comparisons
across software platforms

— Cannot test everything: Need to strike an appropriate balance

ercot>




ERCOT’s PSCAD Model Template

» Resource owners submit PSCAD models in this template format
« Template doubles as an E-TRAN substitution library

« Resource models organized into a single block - facilitates
incorporation into a larger study case

------------------------------ Et__
| ] 2001
o s PLACE IBR
{ ETRAN Plus ]
: - HC
| Computer/Socket Mapping | PROJECT P = 1427
{ TStart (PSS/E com) = 1.0 | INSIDE HERE | ;- 150%
: ' HC E+| 10 \ V =345
' 3101 o =
| @—3
IBR_Name LC_ELD L
B =R
[
(]
I:lﬂ}ll [IBR_Mame] PlotSignals
Ppoi =
Qpoi POI Quantities -
- = Pnoj - i H=
VSET_;k; 150.00 7 2 Qoo
100.00
Ipoi 50.00
I
Vi 0.00
-50.00
-100.00
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EMT Study Challenges

 When is an EMT system study needed?

ERCOT does not routinely require an EMT system study during
interconnection process unless needed to assess a potential SSR
Vulnerability

Industry does not agree on a brightline criterion for when large-scale
system EMT studies are needed - based on engineering judgment
Incorporation of legacy units in the study area

Impact on interconnection timelines for new generation

More complex models > unexpected study challenges > more
uncertainty in study timelines

« Stability is primarily assessed with positive sequence tools in ERCOT

PUBLIC

ercot>

EMT studies are conducted when deemed necessary to benchmark
positive sequence study results




I Parallel Configuration of a EMT Study

Slave Case Slave Case Slave Case Slave Case Slave Case
5 4 3 2 1
TCP/IP TCP/IP TCP/IP TCP/IP TCP/IP

Master Case

Multiple Port
Equivalent Network

@ Sub-Region OR

Network Positive Sequence
Network Dynamic

Model for
SVCx 2 Hybrid Simulation

TCP/IP TCP/IP TCP/IP TCP/IP TCP/IP
Slave Case Slave Case Slave Case Slave Case Slave Case
38 39 40 41 42

—— ercot>
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I References

PUBLIC

Model Quality Guide, posted on the Resource Entity page at ercot.com

— Includes ERCOT PSCAD model guidelines/checklist
— Links to external PSCAD tools: PMVIEW
Dynamic Model Templates, posted on the Resource Entity page at ercot.com

— Includes PSCAD model template (and help video)
Planning Guide Revision Request PGRR-075 (approved & effective)

Planning Guide Revision Request PGRR-085 (approved & effective)

Planning Guide Revision Request PGRR-109 (approved & effective)

Planning Guide section 5.5 (in particular, paragraph (2) and (3))

Planning Guide section 6.2 (in particular, paragraph (5))

DWG Procedure Manual section 3.1

ERCOT model requirements are intended to complement
NERC MOD-026/027 model verification requirements.
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https://www.ercot.com/files/docs/2021/04/20/Model_Quality_Guide.zip
http://www.ercot.com/services/rq/re
https://sites.google.com/view/pmview
https://www.ercot.com/files/docs/2021/12/15/Dynamic_Model_Templates.zip
http://www.ercot.com/services/rq/re
http://www.ercot.com/mktrules/issues/PGRR075#keydocs
http://www.ercot.com/mktrules/issues/PGRR085#keydocs
http://www.ercot.com/mktrules/issues/PGRR109#keydocs
http://www.ercot.com/mktrules/guides/planning/current
http://www.ercot.com/mktrules/guides/planning/current
https://www.ercot.com/committees/ros/dwg

I Questions

ercot>
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Overview

Dynamic Modeling Recommendations
Recommended Modeling Practices and List of Unacceptable Mode

Primary Interest Groups " . . .

This document applies to Transmission Planners (TP), Planning Coordinators (PC), and MOD-D i 2 T h e I n te n t Of t h I S a e r I S to
The recommendations are also relevant to Generator Owners (G0), original equipment manifa p p

(OEM), consultants, and any other organization performing bulk power system (BPS) reliability studies:.

Scope and Intended Uss provide clear and more

This document replaces the NERC Acceptable Model List, which has historically been used to establish

requirements and criteria for the creation of Interconnection-wide base cases by MOD-032 designees. The ° .

intent of this paper is to provide clear and more comprehensive recommendations regarding the use of CO m p re h e n S Ive re C O m m e n d a t I O n S
dynamic models for different types of reliability studies. This paper particularly focuses on models used for

dynamic stability analyses but does incorporate recommendations for other types of studies as well. MOD- . .

032 designees shall incorporate the recommendations contained herein for their Interconnection-wide case re a rd I n t h e u S e Of d n a m I C

creation processes; TPs and PCs are strongly encouraged to review and incorporate these recommendations g g y

in their modeling and study processes.

Racommaned Dynarmic Moiaing Practces models for different types of

NERC strongly recommends the following framework for dynamic models used in BPS reliability studies:
. o .
# All models should be detailed and accurate representations of expected or as-built facilities on the r‘e I I a b I I I t St u d I e S ”
BPS, including during interconnection studies and throughout the lifecycle of a project. .
# |t Is the responsibility of each TP and PC to establish clear, consistent, sufficiently detailed, and

comprehensive modeling requirements. These requirements should include model quality checks
and updates when needed.

# |t is the responsibility of each project developer and GO to meet the modeling requirements
established by the TP and PC and to provide adequate proof of conformance to the requirements.
It is the responsibility of each GO to maintain an accurate model throughout the lifecycle of the
project. GOs shall notify the TP and PC of any expected changes or updates (per NERC FAC-002) for
in-service equipment and submit updated models accordingly.

« All TPs and PCs should require all of the following for each generator connected {or seeking
interconnection) to the BPS to ensure that sufficient models and supporting documentation are
provided:

= A positive sequence library model that is on the list of unacceptable models found in Appendix
A should not be provided. This model is often used by the MOD-032 designee for
Interconnection-wide base case creation, and it is often used in studies to represent facilities
outside of the TP/PC study area.

RELIABILITY | RESILIENCE | SECURITY

Dynamic Modeling Recommendations (nerc.com)
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https://www.nerc.com/pa/RAPA/ModelAssessment/Documents/Dynamic Modeling Recommendations.pdf
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Can the models recreate the cause of reduction?

Table 3.1: Solar PV Tripping and Modeling Capabilities and Practices

Cause of Reduction Can Be Accurately Modeled in Can Be Accurately Modeled in
Positive Sequence Simulations? | EMT Simulations?
Inverter Instantaneous AC Overcurrent No Yes
Passive Anti-Islanding (Phase Jump) Yes® Yes
Inverter Instantaneous AC Overvoltage No Yes
Inverter DC Bus Voltage Unbalance No Yes
Feeder Underfrequency No" No*
Incorrect Ride-Through Configuration Yes Yes
Plant Controller Interactions Yes® Yes®
Momentary Cessation Yes Yes
Inverter Overfrequency No" Yes
PLL Loss of Synchronism No Yes
Feeder AC Overvoltage Yes' Yes
Inverter Underfrequency No" Yes

2022 Odessa Disturbance Report (nerc.com)

Do the models recreate the cause of reduction?

RELIABILITY | RESILIENCE | SECURITY87
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Recommended Dynamic Modeling Practices
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Model Quality and Benchmarking

e All models should be: K
= Detailed and accurate representations of =
expected or as-built facilities 1o ]

e Positive sequence library models,
positive sequence user-defined N
models (UDMs), and s -

10.00 15.00 16.75 20.00 25.00 30.00

electromagnetic transient (EMT) L mew
models should be:

= Verified by the equipment manufacturer
to be accurately parameterized to
represent site-specific (or to-be installed)
controls, settings, and protections

= Validated against actual product
performance and benchmarked against S i E
each other e W =
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e Very detailed
el o Often include some/all of the equipment’s code and logic

Transient

¢ Less detailed than EMT
yrwesmpeay o \Vay include some/all of the equipment’s code and logic

User-Defined

e High level model structure with standardized control blocks

e Typically, parameters of standard library models and those of the UDM or
actual product don't have one to one correlation or mapping.

Positive Sequence
Standard Library

RELIABILITY | RESILIENCE | SECURITY90
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NERC Dynamic Model Recommended Use

Electromagnetic Transient

Should be used for any study where detailed
representations of plant controls and
protections are required

Needed to accurately identify possible reliability

risks when integrating inverter-based resources.

Typically feasible only for localized or small
regional studies due to computational demand
and today’s computing capability
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NERC

NERC Dynamic Model Recommended Use

NORTH AMERICAN ELECTRIC
RELIABILITY CORPORATION

Positive Sequence User-
Defined

When an EMT model is not needed, should be used
for detailed reliability studies as these models are
more likely to identify reliability risks (compared to

standard library models)

Should be used in the interconnection process

and local reliability studies (unless an EMT
model is needed)

Can be more feasibly utilized in large-scale studies
(compared to EMT models); can include manufacturer-
specific protections and controls not available in the
Standard Library
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Industry Approved Positive
Sequence Standard Library

Can be sufficient for interconnection-wide
model representations.

Should usually not be used in the
interconnection process or for local reliability
studies.

Typically don’t include detailed logic or
manufacturer-specific controls but are easy to
parameterize, curve fit, and run
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Geomagnetic Disturbance (GMD) Modeling
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GMD Models

e NERC TPL-007 establishes requirements during geomagnetic
disturbance (GMD) events.

= R2 requires TP to maintain models for GMD Vulnerability Assessments, yet
MOD-032 is the pathway to obtain information

= TPs and PCs should leverage MOD-032 Attachment 1 for collecting GMD
data and should require supporting information to conduct GMD
Vulnerability Assessments

e TPs and PCs should require information that includes (but is not
limited to):
= Winding and Phase configuration
= Terminal Voltages
= DC model equivalent
= Thermal and electrical limits of transformer windings
= Earth conductivity (known or supplemental) for grounded transformers
= Substation grounding
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Models for MOD-032
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Models for MOD-032

MOD-032-1

Data for Power System Modeling and Analysis
4 )
\3 >/

A

Modeling Data Requirements and Reporting Procedures
Steady-state, dynamics, and short circuit

Posting of requirements Modeling Data and
and procedures Information

DPs, RPs, Other Appropriate
Reporting Entities

Same process

can be used for
EMT and GMD
models!
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The MOD-032 desighees have an agreement with the ERO
to:

e Establish model requirements for the Interconnection-wide base
cases
" |Includes recommended or acceptable models

= Accounting for and incorporate the NERC Unacceptable Model List

e Determine (work with TP/PC) whether UDMs will be deemed
acceptable in the Interconnection-wide base cases
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e —— Models for MOD-032
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e GOs will be responsible for the changes of TP/PC/MOD-032 designee modeling
requirements

e MOD-032 designees should have a change management process in place for model
updates to reflect as-built facilities for these changes

e All applicable entities should adhere to local TP/PC modeling requirements and MOD-
032 desighee requirements

MOD-032-1 — Data for Power System Modeling and Analysis

A. Introduction
1. Title: Data for Power System Modeling and Analysis
2. Number: MOD-032-1

3. Purpose: To establish consistent modeling data requirements and reporting
procedures for development of planning horizon cases necessary to support analysis
of the reliability of the interconnected transmission system.
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NERC Unacceptable Model List
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NERC Unacceptable Model List

e Unacceptable due to proven modeling errors, numerical issues,
or those phased out of use for other reasons.

Update Process:
e NERC engages with industry experts to identify model issues

Table A.1: Unacceptable Model List

Known Unacceptable
Model Name

Renewable Energy Models

Model Description

Generic Type 3 WTG Generator/Converter Model - Doubly-fed induction
generator

Generic Type 4 WTG Generator/Converter Model - Variable speed generator with
full converter

\AMITIOC1 wardkD A M amawica Tismea D VNAIT Clackvicaal Cameeal RAAAA]

WT3G1,WT3G2, wt3g

WT4G1,WT4G2, wtdg
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Feel free to contact the NERC Advanced System Analytics
and Modeling department with any questions or to discuss
any dynamic modeling concerns:
AdvancedSystemAnalyticsModeling@nerc.net
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The Scale of the Issue

Global trends in digital and energy indicators, 2015-2022

Internet users

Internet traffic

Data centre workloads

Data centre energy use (excluding
crypto)

Crypto mining energy use

Data transmission network energy use

2015 2022

3 billion 5.3 billion

0.6 ZB 4.47B
180 800 million
million
'/ """" s\
200 TWh | 240-340 |
' TWh |
1 1
| |
4 TWh i 100-150 |
1 TWh :
\ J

e ——— -

220 TWh 260-360
TWh

© 2024 Le Xie, All Rights Reserved.

Change
+78%
+600%

+340%

+20-70%

+2300-

3500%

+18-64%

The State of Illinois
uses about 143TWh of
Electricity in 2020




Datacenters vs Electric Vehicle Electricity Demand

Global Datacenter, Al, cryptocurrency demand[tl Global EV Electricity demand!?
1200 .
< 300 z
1000 - o
_-" g 250 - o
800 . ae——- PRs
PPE A = 200- ,:’
600 _.=2°"7 3 &°
- £ 150 - «
400 // g !(’
2 -~
200 100 - /
0 - T T . ; 5 . ) T T T T T
2019 2020 2021 2022 2023 2024 2025 20: 2019 2020 2021 2022 2025
year
Low case — = Base case — = High case = Historical === Projection-APS === Projection-STEPS
STEPS - Stated policies Scenario
APS - Announced Pledges Scenario
3o Ey
[1]IEA (2024), Electricity 2024, IEA, Paris https://www.iea.org/reports/electricity-2024, Licence: CC BY 4.0

[2] IEA (2023), Global EV Outlook 2023, IEA, Paris https://www.iea.org/reports/global-ev-outlook-2023, Licence: CC BY 4.0
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Datacenters vs Electric Vehicle Demand in the U.S.

Datacenter, Al, cryptocurrency demand in the U.S.1 Electric Vehicle Electricity demand in the U.S. [2

450 - 60 - -
= z a"’r
= 400 - = 30~ P
= c O
5 240- -~
E 350 - £ e
> S 30- -~
G Z ”~
£ 300- 2 ”
© g 20- -~
z L

250 - 10- /

2019 2020 2021 2022 2023 2024 2025 2019 2020 2021 2022 2025

Year Year
= Historical == | Projection-APS === Projection-STEPS

STEPS - Stated Policies Scenario
APS - Announced Pledges Scenario

[1] Cambridge Blockchain Network Sustainability Index: CBECI (ccaf.io)
[2] IEA (2023), Global EV Outlook 2023, IEA, Paris https://www.iea.org/reports/global-ev-outlook-2023, Licence: CC BY 4.0
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Mining Energy Intensity and Hashrate

The estimated deployed rig energy intensity (the energy

needed for one unit of processing power KWh/TH(terahash))
decreased by around 85%

As a result, a total of 2000% rise in the
estimated network electricity usage

Network Hashrate increased by over 14000%

2016 2017 2018 2019 2020 2021 2022

I Hashrate B Energy Intensity essE|ectricity Consumption

Source: Climate and Energy Implications of Crypto-Assets. The White House, 2022.
© 2024 Le Xie, All Rights Reserved.
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Blockchain and Its Implication in Energy/Environment

Education Research
e e

Programming

Cyber- it
Energy Impact yber-security

Computer Architecutre

Blockchain

Public Perception Policy Making

Environmental Impact Demand Response
Energy Impact Integration Issues
Renewables Enabler Transmission Expansion
Social & Economic Impact Location

Figure 1 Proposed Areas of Activities
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Total Hash Rate (TH/s)

The estimated number of terahashes per second the bitcoin network is performing in the last
24 hours.

240m

220m
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Hash Rate TH/s

180m

160m July 8 J

~r Blockchain.con | [ [ [ | |
May22 May29 Jun05 Jun 12 Jun 19 Jun 26 Jul 03 Jul 10
Date
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Hash Rate TH/s

240m
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180m

160m

Total Hash Rate (TH/s)

The estimated number of terahashes per second the bitcoin network is performing in the last
24 hours.
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Hash Rate TH/s

Total Hash Rate (TH/s)

The estimated number of terahashes per second the bitcoin network is performing in the last

260m

240m

220m

200m

180m

160m

24 hours.
n 194 TH/s
|
: 59 TH/s
I
I I
|
| I
I I
| |
July 8
I
<» Blockchain o | | | | | July 12
May 22 May 29 Jun 05 Jun12 Jun19 Jun 26 Jul 03 Jul10
| 52 20 53 |
Date

© 2024 Le Xie, All Rights Reserved.



Need of Demand Flexibility for the Grid Resiliency

How Much Demand Flexibility Could Have Spared
Texas from the 2021 Outage?

Donggi Wu', Xiangtian Zheng', Ali Menati', Lane Smith®, Bainan Xia®, Yixing Xu®, Chan=
Singh', and Le Xje'4"

'Department of Electrical and Computer Engineering, Texas A&M University, College Station, Texas, USA
*Department of Electrical and Compuier Engineering, University of Washington, Seattle, Washington, USA
*Breakthrough Energy Sciences, Seattle, Washington, USA
Texas A&M Energy Institute, College Station, Texas, USA
"Comasponding author: le xie@tamu.edu

ABSTRACT

The Febmeary 2021 Texas winber power cutage has led to hundreds of deaths and billions of dollars in econos
largely due to the generation failure and record-bee aking electric damand. In this paper, we study the scaling-up
flexibility as a means to avoid load shedding during such an exireme weathar event. The three mechanisms

are intermuptible load, residential load rationing, and incentive-based demand response. By simulating on a sy
MWMTMWHMMWMWMHMMMEWMMMWM.
mixing mechanismes thal exactly avoid culages, which a single mechanism may fall due 1o decaying marginal effec!
reveal a complementary relationship between interruptible load and residential load rationing and find nonlinear
incentive-based demand response on the efficacy of other mechanisms.

Source of Images:

https://www.nytimes.com/live/2021/02/17 /us/winter-storm-weather-live
https://www.newsweek.com/pictures-videos-texas-snow-winter-storm-15692 84
https://www.npr.org/sections/live-updates-winter-storms-2021/2021/02/18/969130855 /white-house-adviser-says-te ag
https://www.npr.org/2021/02/16/968357 225 /te xas-governor-calls-for-investigation-into-group-that-mana ges-state-power-grid

Wu, Zheng, Menati, Smith, Xia, Xu, Singh, and Xie, Advances in Applied Energy, 2022
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Peak Demand Growth in TX

ERCOT Yearly Peak Demand Records with Trend Line  gs4¢4"
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Potential for Scalable Demand Flexibility

Table 1 Correlation between total mining load, system-wide average LMP,
and system-wide net load.

Correlation between Whole period! Summer peak?
Total mining load
and system-wide -0.042 -0.517
average LMP
rl-btal Tl gload :IIIIIIIIIIII:
and system-wide net 0.0667 ! -0.757 i
lDad Ssassssunnnan’

Non-mining load

and system-wide 0.009 0.378
average LMP

Noﬂ_mgload :IIIIIIIIIIII:

and system-wide net 0.922 ’ 0.971 i
lDad Ssamsssnnnnna’

! The whole ]ieriod refers to the period from January 1%, 2021 to

October 19, 2022.
2 The summer peak time refers to the period from July 71!, 2022

to July 215, 2022.

A. Menati, X. Zheng, K. Lee, R. Shi, P. Du, C. Singh, and L. Xie "High Resolution Modeling and Analysis of Cryptocurrency Mining's Impact on
Power Grids: Carbon Footprint, Reliability, and Electricity Price," Advances in Applied Energy, 2023

A. Menati, K. Lee, and L. Xie, “Modeling and Analysis of Utilizing Cryptocurrency Mining for Demand Flexibility in Electric Energy Systems: A
Synthetic Texas Grid Case Study.” IEEE Transactions on Energy Markets, Policy and Regulation, 2023.

20 g8
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Electricity Price and Demand of Cryptomining

2022-07-08 00:00:00
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An Example of a Large Mining Company

Comparison (%)
Metric August 2023 July 2023 August 2022 Month/Month Year/Year
Bitcoin Produced 333 410 374 -15% -11%
Average Bitcoin Producaed perDay 10.8 13.2 121 -15% -11%
Bitcoin Heldx 7,309 7,275 6,720 0% 9%
Bitcoin Sold 300 400 350 -25% -14%
Bitcoin Sales - Net Proceads $3.6 million $12.1 million $7.7 million -25% 12%
Average Net Price per Bitcoin Sold 528,617 $30,293 $21,926 -6% 31%
Deployed Hash Rate 10.7EH/s 107 EH/s" 4.8 EH/s 0% 123%
Deployed Miners ____95304" 953904 46,558 0% 105%
Power Credits [" $24.2 million’ \: $60milion  $3.0 million 303% 705%
Demzand Response Credits =‘ $7.4 million” ,: $1.8 million” $0.2 million 316% 2533%

3. Power curtailment credits received from the Company’s ability, under its long-term power contracts, to sell power back to the ERCOT grid at market-driven spot prices.
4. Credits received from participation in ERCOT demand response programs.
5. The Company discloses this figure in its monthly updates if it exceeds $1 million for the current month.

https://www.sec.gov/Archives/edgar/data/1167419/000155837023015517/riot-20230906xex99d1.htm
© 2024 Le Xie, All Rights Reserved.



High Resolution Spatial-temporal Analysis of Cryptocurrency
Mining on Synthetic Texas Grid: Carbon Footprint, Reliability,
and Price

Ali Menati, Xiangtian Zheng, Kiyeob Lee, Sienna Shi, Chanan Singh, Le Xie

Advances in Applied Energy, April 2023

© 2024 Le Xie, All Rights Reserved.



System Reliability

Inflexible Cryptocurrency Mining Demand Future Scenario 1: 10% additional firm load,
50% more renewable generation

—@— Current scenario
= 200 —+— Future scenario 1 Future Scenario 2: 20% additional firm load, 100%
5 —»— Future scenario 2 more renewable generation
o)
£ 150
=
3 In a renewable-rich future grid, reliability incidents
< 100 will become more frequent due to the intermittent
-c?u) nature of renewable energy generation
% 50
B
o A_*ﬁ’./ If the additional mining demands are inflexible and
— 0 T without careful location planning, its impact to

0 2,000 4,000 6,000 8,000 10,000 system reliability is significant

Capacity of Cryptocurrency Mining Load (MW)
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System Reliability

a. Current Synthetic Texas Grid b Future Scenario 2
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Capacity of cryptocurrency mining load (MW)
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Carbon Footprint
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Carbon Footprint

We studied the location of
cryptocurrency mining loads as a critical
factor impacting carbon emissions.

N @ Solar
R N R ® wi
T b : Wind :

o Talal Tt e T We show that the carbon footprint of

s LT 1 [N I e B Loc-A1 mining loads exhibits locational
VA manmm RS C 4T L disparity

5 mEREL S 400 B Loc-A2
N RBE S de? B LocB
9 ‘ Low-electricity-price locations can
o control carbon emission below 50% of

the system-wide average, while close-to-
renewable locations do not necessarily
lead to low carbon emission.
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System average
Constant mining
@ Loc-A1

Constant mining
@ Loc-A2

Constant mining
@ Loc-B

Price-responsive
mining @ Loc-B

Carbon Footprint
Carbon Emission (kgCO2e/MWh)

0 100 200 300 400 500 600

Location Matters

F

Grid-agnostic estimation by
existing studies are not accurate.

}

Close-to-renewable sites are not
necessarily low-carbon.

I

Low-electricity-price sites control
carbon footprint below 50% of the
system average.
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Market Price

[ Mining loads at Loc-B

>$4000/MW

$500 - 4000/MW

$300 - 500/MW

$100 - 300/MW

$50 - 100/MW

$20 - 50/MW

<§20/MW

Non-ERCOT

System with constant mining loads System with price-responsive mining loads
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First Bitcoin Mining Unit Installed on Campus for
Experiential Learning, Student Entrepreneurship, and Research

Sep 12, 2022

Wisenbaker 118

Y S-19 Pro Machine

(donated by Texas Blockchain Council)

20 g8
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Recent Examples of Disturbances in TX

b A @ (')
i * @ D 3

@® solar farms N ® ® B e @
@ wind farms

~ 100 miles ™

* fault at West Texas ~ 200 miles

* fault at Odessa

Chihuahua
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Example 1: West Texas | 10/12/2022 | 5:56AM

On10/12/22 at 5:56 am, four faults occurred
in the Westregion

* There was a load voltage ride-
through event

* Several loads totaling >400 MWs
tripped, including Mining Loads

* Frequency spiked to 60.09 Hz

Four frequency swings. Highest
frequency 60.09 Hz.

© 2024 Le Xie, All Rights Reserved.



Example 2 : Near Odessa | 12/7/2022 | 3:50AM

Largest load loss event to-date:
*Multiple faults on 138 kV lines including 3 phase fault due to breaker failure
*Reduction in load of ~1,600 MW

*Load reduction included mix of large mining loads, oil/gas load, and other
industrial loads

*Two thermal generators tripped during the event, totaling 112 MW
*System frequency spiked to 60.235 Hz

Key Takeaway : There is a need for improved interconnection process for large
loads and improved simulation models of new load types.

[1] ERCOT Public Presentation : LFLTF: Large Load Voltage Ride-Through Requirements, Jeff Billo, Operations Planning, May 31, 2023
[2] ERCOT Public Presentation : Item 7.2.1: Inverter-Based Resource and Large Load Ride Through Events: Background and Mitigation, Dan Woodfin, System
Operations, Reliability and Markets Committee Meeting, June 19, 2023
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BERC Lab —Low Voltage Ride Through Test Setup

"; . R B et e e \.
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Internal Circuit Topology of a Typical S19 Pro Miner

Low voltage DC
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9.5 milli seconds Zero Voltage DC Link voltage

File Edit
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Waveform View
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DC Link voltage oscillation and
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through the sag
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BERC Lab Voltage Ride-through Test Results — S19 Pro

Voltage (per unit)
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Bitcoin miner (S19 Pro) curve vs other curves

1.4
L @
1.2 I
BERC Lab

Ho Test Results _—
; 0.8 -
g 05 IEEE 1668 &
2 PRC

0.4

/
0.2 f ig /,..-"""'/
X
0.0 | .|//

T
-01 00 01 02 03 04 05 06 07 08 09 10 1.1 12 13 14 15 16 17 1.8 19 20 2.1
Time (s)

Samanta et al. "Electromagnetic Transient Model of Cryptocurrency Mining Loads for Low-Voltage Ride Through Assessmentin Transmission Grids." IEEE PES GM 2024
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Bitcoin miner curve vs other curves
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Helping ERCOT on Large scale Bitcoin Mining Facilities

g
- Power consumption 3.5 KW per miner g
*  100MW mining facility ~28,500 miners (é
 Ramifications of VRT issues in large-scale facilities § N
on the grid § ] g
i .l—a .
Grid 415/240 V 1 MW plant b
3-phase AC Total miners=285
la 95 miners per phase
ST9PRO
b Miner

\A\Q > ]

S19 PRO
Ic Miner

S19 PRO

Miner
N iN I
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Summary

Blockchain and cryptocurrency is still at its infancy
Increasing amount of energy will be needed for such applications

How to make it a “win-win” for the energy sector and the computing
industry remains a major challenge and opportunity

© 2024 Le Xie, All Rights Reserved.
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WECC Large Load Risk Assessment &
Industry Advisory Group

Katie Rogers — WECC
Kyle Thomas — Elevate Energy Consulting

Open Distribution
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WECC Large Load Risk Assessment &
Industry Advisory Group

Katie Rogers — WECC — Manager, Reliability Assessments
Kyle Thomas — Elevate Energy Consulting — VP of Engineering/Compliance Services

November 20, 2024



WECC Large Load Risk Assessment

Develop a better understanding of large loads and their potential impacts on BPS
reliability

Increase WECC regional knowledge and understanding of large loads and their developments, &
their potential risks and impacts to the western interconnection

Gather feedback and concerns from WECC members on this topic, which can help shape
the direction/strategy to address identified gaps and challenges

Obtain information through literature review regarding industry activities, best practices,
risks/challenges, actual system events, and more

Create closer collaboration and information sharing within the WECC region on large loads

Develop a technical report on the risk assessment of large loads in the Western
Interconnection

a' P
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WECC Large Load Industry Advisory Group

Informal industry group that has met monthly over 2024

Setup to collaborate and share information on:
Highlight the large load categories and growth in the WECC region
Discuss issues/concerns with large loads

Identify new and best practices for large load interconnections

Help shape direction and strategy for the assessment and for WECC as a whole

a' P
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WECC Large Load Risk Assessment Topic Areas

Best Practices,
Tools, and

Processes @

Reliability Standards & ﬁ

Compliance Obligations

Large Load Models,
Studies, & Monitoring

WECC Stakeholder
Engagement, Training,
and Education

E>['EVATE Large Load Interconnection
EEEEEEEEEEEEEEEE Processes & Requirements
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Collected Data from WECC IAG

Prioritization/Concern Ranking of Large Load Categories

Highest Priority
& Concern

Data Centers

Electrification of Transportation

Large Industrial Manufacturing

Heating/Cooling Electrification

Hydrogen Electrolysis

Cryptocurrency
Mining

Lowest Priority
& Concern

Other LL categories that were not included in initial
survey:

. Agricultural facilities
. Electric arc furnaces/smelters

a' P

L EVATE

ENERGY CONSULTING

Total Peak Load
10 WECC Utilties 43,927
Current Estimate of

Load Type Interconnection % of Total Peak Load

Requests (MW)
Data Centers 34,893 79 t
Large Industrial Manufacturing 5,211 12
Hydrogen Electrolysis 1,800 4
Dirt Mining Operations 908 2
Electrification of Transportation 955 2
Cryptocurrency Mining Operations 638 1
Electrification of Heating/Cooling 132 0

Total Queue MW 44 537

Electrification of

Transportation Electrification of

Heating/Cooling
0%

Dirt Mining Operations
2% 2%

Large Industrial
Manufacturing
12%

% of Total Queue

Hydrogen Electrolysis
4%

Cryptocurrency Mining
QOperations
2%

®

Data Centers
78%
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WECC Large Load Technical Challenges & Risks

* Interconnection processes & queues for LL
o Involves both Transmission & Distribution interconnection processes

* Interconnection requirements and standards for LL

* LL construction times compared to Transmission & Distribution
construction times
o Permitting, ROW, lead time of critical grid equipment, etc.

o Grid outage management a growing challenge in some areas with heavy LL
penetration

*  Transmission Planning for LL interconnections: Models & Studies

o  Steady state, Transient Stability, EMT, and Short circuit studies need to be
considered

o Lack of accurate dynamic model representations of LL

o Lack of contingency definitions and analysis of LL scenarios
What if hundreds or thousands of MW of LL suddenly trip offline, and then come back online?
An unexpected loss of large amounts of load could have significant reliability impacts to the BPS

o Transmission & Distribution expansions, upgrades, new builds
o  Cost allocation considerations

* New operating characteristics and risks

o  Fast Load Rampln% (“power jitter,” potential for subsynchronous oscillations, power
electronics control interactions, and resonances with known system modes)

o  System voltage and frequency impacts
o Voltage & Frequency Ride-through of LL for grid disturbances, such as faults
o  Power quality — potential for flicker, voltage and frequency swings, forced

Matlons

EVATE

ENERGY CONSULTING

Modeling

Commissioning

Interconnection requirements for entire lifecycle of LL
(from Interconnection Process to Operations)

Static Load Models

Load Bus

System Bus Low-side —@ Motor A
(230, 115, 69kV) Bus Feeder
Equiv.
Ridr +Xfdr Pnet _® Motor B
—
—
FoBrar Qnet _( : ) Motor C
| (1-Fb;BtdrI _@ Motor D

UVLS

UFLS

________

(2
gliz

Dynamic Composite Load Model [Source: NERC]

Operations
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WECC Large Load Technical Challenges & Risks

Data and Model sharing between LL and Grid Operators
Firm vs. Flexible transmission service requirements
Load factor (% uptime)

Production cost modeling and resource planning
Generation resource adequacy

Demand response impacts
Large load forecasting (Long-term and short-term)

Grid wio E-STATCOM

Coordination with grid operators on outages, [ (i m r
maintenance, grid events, LL events, and more m [ ERES (INHHIHHS
Backup generation resources BTM = (N, — U | =
Impacts to Automatic UFLS T = el o dedel
Market impacts and considerations s ol | \1 i
Restoration following blackouts (prioritization of LL, ] (LA | fl |
blackstart restoration, and more) EEEREEEEEREEEEEEEER

Study of Sub-second LL Ramping and mitigation by an
E-STATCOM [Source: Siemens Energy]
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Large Load Interconnection Requirements - Global Perspective

* EU established a Network Code on Demand Connections back in 201612

Official Journal of the European Union

COMMISSION REGULATION (EU) 2016/1388
of 17 August 2016

establishing a Network Code on Demand Connection

System security cannot be ensured independently from the technical capabilities of all users. Historically,
generation facilities have formed the backbone of providing technical capabilities. However, in this regard,
demand facilities are expected to play a more pivotal role in the future. Regular coordination at the level of the
transmission and distribution networks and adequate performance of the equipment connected to the
transmission and distribution networks with sufficient robustness to cope with disturbances and to help to
prevent any major disruption or to facilitate restoration of the system after a collapse are fundamental pre-
requisites.

Eﬁ:'EVATE 1. https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32016R1388
ENERGY CONSULTING 2. https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv:0J.L._.2016.223.01.0010.01.ENG#d1e307-10-1
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Large Load Interconnection Requirements - Global Perspective

* Interconnection Requirements in the EU Network Code on Demand Connections:

O 0O O o 0o 0O O O o©

Includes definitions of large loads and considers transmission-connected loads vs. distribution-connected loads
Information/Model/Monitoring Data requirements and sharing of data between grid operator & load owner
Loads must specify voltage & frequency ranges, ride-through for voltage and frequency disturbances, etc.
Demand response requirements

Automatic disconnection settings shall be agreed upon between the grid operator & load owner

Short circuit requirements

Reactive power requirements

Protection requirements

Control requirements (isolated operation; damping of oscillations; automatic reclosing; automatic switching to
backup generation and restoration to normal grid connection)

o Power quality requirements

o Model sharing requirements from the load owners

o Limited operational notifications

e

EEEEEEEEEEEE

a' P
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TiNg 2. https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv:0J.L._.2016.223.01.0010.01.ENG#d1e307-10-1
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Large Load Interconnection Improvements Are Needed

* Feedback received that the load interconnection

processes and queues need improvements

o Load interconnection processes vary widely as it isn’t always f @
driven by the Transmission Interconnection process @
. . . L. . . o .v."-. (."-.
o Rather, often is driven by Distribution Load Interconnection New S £ ustomer - 7 ity .
H 1 catesti® : indow . 901180 days) ©
processes due to voltage level of interconnections ; Dy oepous 190601 1

o Queue submittal processes can be as simple as an email to
the Load Interconnection teams

o How to ensure valid real projects move through the
interconnection process?

* Can we apply what we’ve learned and improved upon in

I— Cluster/Batch Study Process —‘

) I: o ; :f:.: sit E
¢ %= : :

Y0 w.” BN S

‘@ o Er
Cluster Request Cluster System
. . . . . Window Impact Study

Site control requirements, submittal fees for various milestones, etc. (45 days) (150 days) |
S 3

Affected Sytem Study . RO
(150 days) T ’

the Transmission Generation Interconnection process? Cusior RSty g+

(150 days)

o Can that be applied to load interconnections at state-level

distribution interconnection processes & transmission load
interconnection processes?

.gk“/)”‘
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« Commercial
. Operation

@.Construﬂion
- (Variable)

. .
‘ . " Withdrawal
Penaity
Interconnection (M1
Agreement

FERC Order 2023 Generation

Interconnection Process

Source: LBNL

https://emp.lbl.gov/sites/default/files/2024-04/Queued%20Up%202024%20Edition R2.pdf
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Next Steps

Final report targeted for publication in Q1 2025

Collaborate with NERC Large Load Task Force and other industry large load
working groups

WECC Stakeholder outreach and education

Continue further discussions with large load industry to learn and collaborate
on the challenges and opportunities together

Work towards mitigating the risk assessment findings and implementing
recommendations

a' P
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Wrap Up

Latrice Harkness - NERC
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