i iNREL

RGY LABORATOR

Interconnections Seam Study

Aaron Bloom
TransGrid-X Symposium
Ames, lowa



NREL is
Objective,
Integrated,

Scientific Analysis

Renewable o
Generation Buildings
Wind Residential
Solar Commercial
Geothermal
Hydro Devices
Biomass
Hydrogen

Vehicles

Electrification
Light duty
Heavy duty
Fuel Cell

Data

Foundational
Datasets

Visualization

High Performance
Computing

People

1,700 employees

$872M annual
economic impact

750 Partnerships

NREL | 2



We’ ve been imagining a

modern grld for 40 years.




Now is the time to
| VY T sl

I\/Iake |t Happen




The Interconnections
Seam Study




. VANCOUVER g
> i

Y [ [FAY A7 RS | 11 TR

Power Systems

TOPEKA

', KEY 3
| EXISTING STEAM GENERATING STATION-&32
EXISTING HYDRO GENERATING STATION-Gigas

L7YDRO GENERATING STATION-S3ay~ OF
2y ¢

EXISTING TRANSMISSION LINES:

26,000 ro 44,000 VOLTS
PSR T W s o LY 6, By



Continental

Trans

e\
-

Chicago Tribune

1923

Tying the Seasons
to Industry

l , 7 '-\:-- A@E: it
R (WP

mission

Y il A

.

S

Bureau of
Reclamation

1952

Super
Transmission
System

Bonneville Power Western Area Power

Administration Administration
1979 1994
Interconnection of East/West AC Intertie
the Eastern and Feasibility Study
Western

Interconnections

Department of
Energy

2002

National
Transmission
Study

NREL | 7



ransmission Principles

* Long distance transmission
enables diversity, diversity lowers
the cost of maintaining planning
reserves.

e Optimal use of generating
resources lowers costs for rate
payers.

e Lower costs and shared risk make
it easier to maintain reliability.

Prevention of power failures—
The FPC report of 1967

Power demand in the U.S. is increasing at

the rate of a geometric progression. Interconnections now cover
vast geographic regional areas; hence, reliability of the

bulk power supply system is the key criterion for

the uninterrupted flow of electric energy

Gordon D. Friedlander — Stafr writer

Twenty months after the Northeast blackout of

November 9-10, 1965, the Federal Power Commis-
n issued its three-volume report calling for the co-
ated planning and operation of bulk power supply
s to ensure maximum possible reliab)
ation of future cascading tripouts and
er failures. These and related guidelines
» 34 recommendations. As would be
<r industry, after evaluating this
may have some disparate reac-
»f these reactions by three
a federal system—is

" Dower

https://ieeexplore.ieee.org/document/5214771/

various Task Groups on the Northeast power interrup-
tion of 1965 and subsequent outages that affected inter-
connected systems.
Significantly, the Advisory Committee and the T:
Groups were composed of prominent electrical engin
systems engineers, drawn from public and private
i y, a state commission, and the manu-
facturers. Thus a cross section of power engince
practitioners and educators participated in the car
£ wistive legwork that went
into the drafting of this important treatise.

Many improvements made—more needed
ing the past two years, federal, state, and
and private industry—have respos
‘minating a number of the shor

NREL
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Great Engineering
Schools

“The industry should make young
people cognizant of the full
challenge of modern power systems
engineering. Utilities should work

more closely with educational
institutions to develop and sponsor
appropriate research...” FPC, 1967




Early
Computer

Models

“Digital computers and
sophisticated computer
programs now make
practicable the study of large
interconnections, and permit
extensive analyses that were
impossible only a few years
ago.” FPC, 1967

1960

GENERAL %o ELECTRIC

COMPUTER DEPARTMENT

.. employing magnetic ink character reading to bring
automation to business data processing routines

NREL
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Regional Coordination

“Strong regional organizations
should be established for the
coordination of planning,
construction, operation, and
maintenance of individual bulk

power supply systems.” FPC,
1967
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The US and
Canadian Power
Systems are
Massive

100

United States
HVDC Ties

Data source:Ventyx, 2016  |f,.
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If the value looked that good back
then

What about today?



US Hydro Generation Resources
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It’s Different

This Time
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Daily patterns drive

demand and supply

T
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https://www.youtube.com/watch?v=hVymyJ9q5a0


https://www.youtube.com/watch?v=hVymyJ9q5a0

Energy Needs and Supply .

Change with the Seasons

https://svs.gsfc.nasa.gov/4452


https://svs.gsfc.nasa.gov/4452

Unimaginable Computation

* Parallel computing
environments,
complex algorithms,
and artificial
intelligence offer new
capabilities.

* 100,000 node
transmission models
can be simulated for
an entire year, in a
single day.

* The dawn of Exa-
scale computing



Wind Solar PV HVDC

The single largest The fastest growing
source of renewable renewable energy
energy capacity in resource

Controllable, directional,
electricity transmission,
with large scale
the US deployment worldwide

f

« /‘« i"‘

HVAC

The backbone of
existing American
Transmission
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US Transmission System and B2B HVDC Ties
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What could
be done
with aging
assets?
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How much
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— What if an
HVDC
network
was built

instead?
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i

- —

|||||

vl | YAl

o B i | ‘g,,

| AN 4 NP~ 2 S AN Is there any

What could ‘-guee_—mwa =y [ & 3@t oy 7 potential
be done % I T value in N
with aging making them =
assets? bigger? e




What if an
HVDC
network
was built
instead?

What could
be done
with aging
assets?
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rest of the
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UNITED STATES GOVERNMENT om‘*”"w

Memorandum

“The results to date indicate

that if there are substantial benefits

to east West reclosure...

mid Western North American Power

Bonnewlle Power Admmlstratlon 1979

nougn auitomatic
generatlon control performance is briefly dlscussed the study basically
is limited to transient stability performance with 500 MW power transfer
across the ties (both east to west and west to east).
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“The systems as they exist today...

are more robust than...

the late 1960s and 1970s”
(WELEWCER] o T/WEST AC INTERTIE

FEASIBILITY STUDY




Discussion Time

What is the biggest opportunity today?

What challenges do you see to continental
planning?

What was the biggest obstacle to these visions?
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Design Concepts
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WI-El Seam
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Existing B2B facilities are
replaced at their current
(2017) capacity level and new
AC transmission and
generation are co-optimized
to minimize system wide
costs.
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Design
23

Existing B2B facilities are
replaced at a capacity rating
that is co-optimized along
with other investments in AC
transmission and generation.
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A national scale HVDC
transmission network, Macro
Grid, is built and other
investments in AC
transmission and generation.
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Spatial and Temporal Scales of Reliability

Nation

State

Metro

Zip Code

Feeder

Devices

Seconds Minutes Hours Years Decades
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Scale Separation Problems and Solutions

Nation

State

Metro

Zip Code

Feeder

Devices

R Dynamic/Steady State

Production Cost

Planning

Seconds

Minutes

Hours

Years

Decades
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Bulk Power Focus

Nation

State

Metro

Zip Code

Feeder

Devices

Dynamic/Steady State

Production Cost

Planning

Seconds

Minutes

Hours

Years

Decades

B scenarios

" Data
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Nation

State

Metro

Zip Code

Feeder

Devices

Scenarios, Data, Uncertainty

Dynamic/Steady State

Production Cost

Planning

Seconds

Minutes
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Decades

. Scenarios
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Unprecedented Resolution

Nation

State

Metro

Zip Code

Feeder

Devices

Production Cost

. Scenarios

" Data

Seconds

Minutes
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Comprehensive Economic and

Reliability Analysis

CGT-Plan
— lowa State University

- Ca p|ta| and Operat|ng COStS 2024' A Dynamic/Steady State Production Cost Planning
2038

— Generation and transmission system
for 2038 e

PLEXOS Metro
— NREL
— Operating costs 2038

Nation

Zip Code

— Hourly unit commitment and Feeder
economic dispatch

Devices

v

PSS E Seconds Minutes Hours Years Decades
— PNNL
— Develop a capability for future work

— Preliminary analysis of AC power flow

impacts NREL | 52



Integrated Data

 Consistent data between modeling

domains
Solar resource —  Wind
Thermal generation e 2012 WIND Toolkit
Wind resource e https://www.nrel.gov/grid/wind-
toolkit.html
Load
— Solar
Hydro

e 2012 NSRDB
* https://nsrdb.nrel.gov/

— Transmission and Generation

e WECC TEPPC 2024*-Western
Interconnection

 MMWG 2026-Eastern Interconnection
— Load
e 2012 FERC Form 714 and RTO websites

NREL | 53
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https://www.nrel.gov/grid/wind-toolkit.html
https://nsrdb.nrel.gov/
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e Given a defined resource adequacy constraint, how does the cost of meeting
that constraint change as a function of the HVDC scenarios?

 We setup a framework for security and stability analysis, but do not conduct
comprehensive contingency and stability analysis.

e @Goal: Determine if there is sighificant economic value associated with these
transmission futures. If there is significant value, then do economic, reliability
and resiliency analysis.




Modeling Approach

Current Updated Scenarios PCM

Models Data —
Design 1 Design 1
No upgrades No upgrades
SEAMs West ‘ m—
2024 ISU Design 2A Design 2A
an

Transmission
Capacity

: Design 2B Design 2B
SEAMs East Expansion :-’ Reconfigure Seam Reconfigure Seam

2024 2038 |
I

: Design 3

Macro Grid Macro Grid

PCM Updates (NREL & PNNL) | : Overtay Overiay
B2B Data (ORNL & NREL) - 'f -
Seams/HVDC Costs
(ORNL)
Initial conditions for capacity expansion

&
test model for PCM



Planning

What is an Expansion

Planning Tool?

 Conducted by ISU
* Many names, similar general purpose

 Used to determine the optimal build of generation and
transmission to meet a defined objective function

* Informs some Resource Adequacy questions
e Sometimes used in concert with other tools

* Creates expansion scenarios that are designed to meet the same
Reliability/Resource Adequacy Metrics

* C(Calculates investments and retirements for generation and
transmission

Zip Code

Feeder

Devices

NREL | 58



CGT-Plan

Linear Program

Zonal Representation created using two reduction methods

High computational requirements require approximations

Simulates every two years of investments and retirements

from 2026-2038
It is not a crystal

Assumes central
optimal goal

oall

olanning, this is a shortcoming, and an

NREL | 59



Objective Function

Identify investment & — ~

G ¢ decisi G&T Investment Costs
retirement decisions NET + Fixed O&M Costs

to MINIMIZE s} present ] + Var O&M Costs

VALUE + Fuel Costs
+ Reserve Costs

+ Environmental Costs

—

SUBJECT TO:
Investment constraints

Operational, planning, environmental constraints

o0 o0
Year 1 Year 2 Year 15

NREL | 60



Consumer level

understanding of DERs

1. Numer of Sample Points

e e
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e
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e

e e e

o o

Geospatial Analysis National Data Trends

2. Geographic Scale
County State National
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i
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o1y
1 §
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- Semg) v
W ¥ ity o
cy Y
Wear T

‘=’ Results Agent Profile

A i < o £
17 Sample No. Sotar Resoss Turbine HI_ Becric Rate incentives |
2 03 ©m 012 I1C

3
a

1
2 0.25 30m 012 ITC
3 09 som 012 ImC
= 1 03 30m 013 ITC
- 6 s 024 30m 013 T |
7 s 026 40m 018 ITC
u 7 019 0m 042 ITC
a s 018 m 016 ITC
10 ) 033 50m 015 ITC
11 10

027 50m 012 Imc

https://www.nrel.gov/analysis/dgen/



https://www.nrel.gov/analysis/dgen/

Distributed

Generation

]

BEd=n

Installed Capacity
(2024, MW)
> 250
50 to 250
10to 50
1to10
0.1to1
0.01to 0.1
010 0.01




Policy

Environments The four conceptual transmission designs were
studied under two different policy environments

Current Policy Carbon Pollcy

NREL | 63



TRC Requested Policy

Assumptions

* Current Policy scenarios assume existing renewable portfolio
standards as of 2017

e Carbon Policy scenarios assume a carbon tax that grows at a
rate of S3/metric ton (CO2) per year to a price of S40/metric
ton by 2038

NREL | 64



Other Assumptions

*  North American Eastern and Western Interconnections

* Retire generation based on economic performance

 Run for 15 years, with 7 investment periods

*  Fuel cost forecasts according to AEO 2017 (med-gas)

* Geninvestment base costs & maturation rates from NREL ATB 2016

Transmission base costs according to EIPC/B&V

 Gen & trans regional cost multipliers from EIPC/WECC

e Use of 169 bus model (68 EI, 101 WI)

 4regions: West, Northwest, Midwest, East

e  Wind uses 100-m tower CFs ~ 0.45-0.50

 Gen capacity investment limited to 40GW/yr

e Demand growth per NEEM & WI (E3) per state

e DG growth per AEO 2016, 3% per yr

 New nuclear, offshore wind, geothermal, concentrating solar power, and carbon capture
technologies were not studied

NREL | 65



Modeling Approach

Current Updated Scenarios

Models Data pom————
Design 1 Design 1
No upgrades No upgrades
SEAMs West - m—
2024 Isu Design 2A Design 2A
Genet:tion Reconfigure Seam Reconfigure Seam
an

Transmission

I
I
I
I
' Capacity ~ :
SEAMs East | Expansion Design 2B h De:lgn sz
2024 ] 2038 Reconfigure Seam econfigure Seam
I
| Design 3 Design 3
' Macro Grid Macro Grid
PCM Updates (NREL & PNNL) : i acro G
B2B Data (ORNL & NREL) - —*- - -
Seams/HVDC C¢
(ORNL)
Initial conditions for capacity expansion

&
test model for PCM



Modeling Approach

Current Updated
Models Data P

Scenarios

Design 1 Design 1
No upgrades No upgrades

SEAMs West P _—
2024 ISU Design 2A Design 2A
Generation Reconfigure Seam Reconfigure Seam
and

Transmission

I
I
I
I
: Capacity ~ ' ,
SEAMsEast [TUETNMEL | Design2B Design 28
I | Reconfigure Seam Reconfigure Seam
2024 : 2038 |
I
: : Design 3 Design 3
| Macro Grid Macro Grid
PCM Updates (NREL & PNNL) : : ety iy
B2B Data (ORNL & NREL) - ‘*' -
Seams/HVDC Costs
(ORNL)
Initial conditions for capacity expansion

&
test model for PCM



WECC (high_solar) + ERGIS (RTx30)
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Production
Cost

Production Cost Models

Nation

ttttt

 Conducted by NREL

e Simulate the unit commitment and economic
dispatch of a power system =

Devices

 Approximate the daily operations of an I0OU or

RTO/ISO (Day ahead and Real Time)
 Used to simulate an entire year of hourly operations
e Calculates the cost of producing electricity
* Linearized DC Power flow

NREL | 69



Geographic
Decomposition

e Respects regional operating
borders

* Advanced computation
methods solve in days, not
years

* Represents information
asymmetries between
operators

e
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The Interconnections Seam Study (d1)
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Steady State

Steady State Analysis

Nation

ttttt

 Conducted by PNNL

e Steady state analysis of 2038 cases was not studied =«

eeeeee

 Used to simulate probable contingencies

e CGT-Plan and PLEXOS modeling were conducted
with an eye towards enabling future work

Devices

e |f significant value is identified, subsequent analysis
may be merited
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Discussion Time

1) Is it clear how we are using the modeling tools in this study?

2) Do you have any questions about the benefits and drawbacks of
these tools?

3) What are other ways we could use these tools (HPC) to answer
transmission planning questions?

4) What other value streams should we investigate? Resiliency?
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Scenario D1 - Wind 4 Scenario D1 - PV Scenario D1 - Transmission Expansion

Design 1
Current Policy
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Scenario D2a - PV

Scenario D2a - Wind

Scenario D2a - Transmission Expansion
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Design 2a
Current Policy

NREC T 7



Scenario D2b - PV

Scenario D2b - Wind

Scenario D2b - Transmission Expansion
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Scenario D3 - Wind 4 Scenario D3 - PV Scenario D3 - Transmission Expansion
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Design 3
Current Policy
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Scenario D1 -Wind ; Scenario D1-PV Scenario D1 - Transmission Expansion

Total MW

Design 1
Carbon Policy

NREC T 3



Scenario D2a - Wind p Scenario D2a - PV

Scenario D2a - Transmission Expansion

Design 2a
Carbon Policy
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Scenario D2b - Wind p Scenario D2b - PV

Scenario D2b - Transmission Expansion
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Design 2b
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Scenario D3 - Wind p Scenario D3 - PV

Scenario D3 - Transmission Expansion

Total MW
- Total MW

Design 3
Carbon Policy
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Installed Capacity (GW)

2024| Current Policy Carbon Policy

DI D2a D2b D3 | D1 | D2a  D2b D3
Coal 266 | 120 | 113 | 111 | 115 | 65 | 37 | 29 | 32
Hydro 198 | 198 | 198 198 | 198 | 198 | 198 | 198 | 198
Natural Gas| 443 | 437 | 431 | 418 | 421 | 467 | 453 | 450 @ 448
Nuclear 132 | 132 | 132 | 132 | 132 | 132 | 132 | 132 | 132
Solar 64 | 281 | 277 | 271 | 278 | 246 | 241 | 241 | 239
Wind 94 | 320 | 324 | 326 | 324 | 450 | 487 | 488 | 487
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Expansion Overview

* All cases imagine a future where it is feasible to build multi-region
transmission

 Design 1is the only case without new HVDC and without new
transmission across the Seam

* The generation mix changes substantially in all cases
e Results are known to be imperfect, yet informative
e Substantial AC transmission is added in all cases

e All cases meet the same Resource Adequacy target (15% planning
reserve margin). Details here: nttps://lib.dr.iastate.edu/etd/16128/
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This is how those

Designs Operated
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Percent of Total
Generation

Current Policy  Carbon Policy

D1 D2a D2b D3 | D1 D2a D2b D3

Fossil Fuel 36% 36% 36% 36%|26% 25% 25% 25%

R 28% 29% 29% 29% |38% 39% 39% 39%

B0y e 63% 63% 63% 64%|73% 74% 74% 73%

NREL | 88




Generation Difference

e Current Policy e Carbon Policy
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* Note smaller scale of the Current Policy plot
* Nuclear changes under Current Policy are an artifact of outage schedules. NREL | 89



Regional Generation Current Policy
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Regional Generation Carbon Policy
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Variable Generation Curtailment

- Current Policy | Carbon Policy

D1 15.6%
D2a 15.0%
D2b 15.0%
D3 13.9%

13.6%
12.2%
12.2%
13.5%

» Curtailment is high and largely driven by congestion in both cases

» AC transmission is similar across Current Policy scenario
» D3 AC transmission expanded ~40% more than other scenarios
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Current
Policy
High VG

Low levels of carbon
dioxide emissions

High curtailment
Low levels of CT use

Gw)
3
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Carbon
Policy
High VG

Very low levels of carbon
dioxide emissions

Very high curtailment
Modest levels of CT use

neration (GW)
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The Interconnections Seam Study (D3)
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IELGENENR

Each design is Reliable from a Resource Adequacy perspective for the single year we studied.

All load is met while respecting reserve and transmission constraints that approximate N-1.

Increase transmission results in opportunities for expanded and more efficient capacity and energy markets.

Increased cross seam transmission enables efficient energy sharing.
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TOta I COStS 2024—2038 BCR = Change in Total non-Transmission Costs
( N PV S B) Change in Transmission Investment Costs

Example, D1 vs D2a Current Policy: 4.01/3.19=1.26

Current Policy Carbon Policy
ECONOMICS, NPV $B D1 D2a Delta D2b Delta D3 Delta] D1 D2a Delta D2b Delta D3 Delta
Line Investment Cost 23.5 26.69 3.19 315 8 37.7 1421 61.21 73.89 [12.68 74.88 [13.67 &80.1 18.89
Generation Investment
Cost 493.6 4947 1.1 4925 -1.1 4942 0.6 | 704.03 703.32 -0.71 696.99 -7.04 700.51 -3.52
Fuel Cost 855.1 8527 -24 8512 -39 8456 -95 | 753.8 73898 -14.82 7373 -16.5 736.12 -17.68
Fixed O&M Cost 4164 4156 -0.8 413.7 -2.7 4138 -2.6| 4556 4502 -54 44895 -6.65 450.23 -5.37
Variable O&M Cost 81 81.1 0.1 81.2 02 81.2 0.2 64.5 63.9 -0.6 6427 -023 6439 -0.11
Carbon Cost 0 0 0 0 0 0 0 171.1 1642 -69 1626 -85 1625 -8.6
Regulation-Up Cost 31.6 3097 -0.63 31.13 -047 30.02 -1.58] 33.29 31.63 -1.66 2996 -3.33 26.63 -6.66
Regulation-Down Cost 45.1 442 -09 4442 -0.68 4285 -2.26| 4.76 452 -024 429 -047 381 -0.95
Contingency Cost 23.9 2342 -048 23.54 -036 2271 -12] 2441 2319 -122 2197 -244 1952 -4.89
Total Non-transmission
Cost (Orange) 1,947.00 1,943.00 -4.01 1,937.70 -9.01 1,930.00 -16.34]2,211.49 2,179.94 -31.55 2,166.33 -45.16 2,163.71 -47.78
15-yr B/C Ratio
(Orange/Green) 1.26 1.13 1.15 2.48 3.3 2.52
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2038 Production Costs (SB)

Current Policy

Type D1 D2a D2b D3
Emissions 0 0 0) 0

Fuel 70.3 69.7 69.5 68.1
Start & Shutdown 2.8 2.7 2.7 25
VO&M 6.5 64 64 64
Total 79.6 78.8 785 77

Annual Savings - -0.8 -1.1 -25

Carbon Policy
D1 D2a D2b D3
25.1 23.6 23.5 23.9
61.5 59.9 59.8 61.3
27 23 22 22
49 48 48 4.8
94.1 90.7 903 92.2
- 35 -38 -19
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- Benefit-to-Cost Ratio 2024-2038

Benefits Current Policy  Carbon Policy
D1 - -
e All designs produce benefits that exceed D23 1.26 2.48
costs. D2b 1.13 3.3
 Results should be viewed directionally, not D3 1.15 2.52

definitively.

e Comparisons are made to D1, which includes

significant AC expansion, but no cross seam Prod uction Cost Savings 2038 (SB)

expansion. . .
P Current Policy  Carbon Policy
e Full asset life is assumed to be 35 years, over

the long run, the benefit may be significantly D1

higher. D2a -0.8 -3.5
* Not appropriate to assume 2038 savings will  D2b -1.1 -3.8

stay the same until retirement, they may

increase or decrease depending on the rest D3 -2.5 -1.9

of the system.
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Areas for Improvement

Refine multi-model integration to remove modeling seams, e.g.
capacity and network translation, and retirements.

Study more designs: no new transmission, synchronize systems, all of
North America

Analyze multiple weather years of simulation to inform resilience to
weather.

Conduct comprehensive stability and contingency analysis
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Findings

 There is substantial value to increasing the transfer capability between the
interconnections, status quo on the existing B2Bs is the least desirable.

 Cross seam transmission has a substantial impact on the location, size, and
type of wind and solar.

— The “best” wind (Eastern Interconnection) and “best” solar (Western
Interconnection).

* Cross-seam transmission enables substantial energy & operating reserve
sharing on diurnal and seasonal basis.

e Additional benefits (and costs) may exist, i.e. frequency response and
resilience to extreme events.
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Discussion Time

* Next Steps:
 Download the slide deck
* Send your comments to: aaron.bloom@nrel.gov

e Submit to Peer-reviewed Journal in 3 months or less.



