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Executive Summary

As electricitygeneration portfolios transition tenewablesnergy resources, planning to ensure adequate,
reliable, and resilient supply of electricity must also atlapteet system demarnthe pursuit of lowest

cost of energwt the plant levelthough helpful in the initial maturation biilk-scalerenewable energy
technologieshasalsoresuledin plarts whichrequire significant compensating reserves, often fossil
fueled, at the system levehtérmittent renewable energy generation poses unique capacity challenges
whichincreasinglydepend on weather everiisvarying timescales, from siiourly ramping to decadal
droughts. Geographic and technological diversity may provide a solution to many of these challenges,
facilitated by transmission plannitigat considers operational elements such as frequency response,
regulation, ramping, and contingency reservesquahtifiesothersystemwide benefits and costshis

work extend a valuation apprazn of these elements to thinningof electricity transmission systems
within the context obffshore wind QSW) emergence in Northern California and Southern Oregon.

OSWon the U.S. West Coasta resource that posggstenvalue todaythroughdiversification of a
renewable energy resource portfoliather tharona leading cosdf energybasis Inherent timing and
consistencyf power supply underlie this value along with locations of onshore power injectitims
work, OSW energyis sitedin the areas off thé&/est ast betwere Coos Bay, OregoandEureka,
California. Three generation and transmission scenarios acrodsituve representations of the Western
Interconnectior{WI) are modeled, includin@l) 3.4 gigawatts (GW) ahstalledOSW capacity connected
through a 2030 high voltage alternating current (HV/&Raylial Topology; (i) 16.3GW of installedOSW
capacity conectedthrough a 2030+ high voltage direct current (HVOR2dial Topology, and(iii) 16.3
GW of installedOSW capacity connectetthrough a 2030+ mukltierminal high voltage direct current
(MTDC) Backbone ®pology(Figure ESL). The final two scenariostainedhe first scenario (3.4 GW
of OSW) andoptimizedthe siting of theremainingl2.9 GW unrestricted t@xisting planning areas

Figure ES.1. Three generation and transmission topologies spanning two representations of the
Western Interconnection

From left to right, 2030 HVAC Radial Topology (3.4 GW OSW), 2030+ HVDC Radial Topology (16.3 GW OSW),
2030+ MTDC Backbone Topology (16.3 GW OSW).

Detailed production cost and power systems models of each topology were constructed. Hourly dispatch
simulations were run at nodal scale to assess energy, emissions, and transmission infrastructure impacts
under standardonditionsand resiliencevents such as heat waweawildfires. Zonal dispatch over 18

ES1



meteorological years of wind, solar, and hydropower production informed capacity value through the
Associated System Capacity Contribut{@CC) metric. Key hours from the dispatch simulations were
then carried talternating currentAC) power flow analysis where-il steady state contingency, voltage
stability, and transient stability simulations were condutidddentify necessary system reinforcements.
A novel MTDC transienstability modelwasdevelopedandutilized.

Table ES.1. Benefit-cost ratios (BCRs) for each scenario for different combinations of critical
assumptions

Annual Floating Benefit-Cost Ratio
CO2 cost | probability of 3- OSW HVDC
(8/tonne) | day heat wave | Transmission | 2030 HVAC Radial | 2030+ HVDC Radial 2030+ MTDC
occurring in SW | Cost Factor Backbone

$105 50% 2.00 1.355 0.835 0.879
$105 400% 2.00 1.703 0.870 0.923
$105 50% 1.25 1.355 1.017 1.088
$105 400% 1.25 1.703 1.060 1.142
$270 50% 2.00 1.902 1.289 1.355
$270 400% 2.00 2.249 1.325 1.399
$270 50% 1.25 1.902 1.571 1.678
$270 400% 1.25 2.249 1.615 1.731

Baseline assumptions are shown in bold. BCRs above 1 in green, below 1 in red.

Cost associated wittonstruction and operation of OSW generation and new transmission investments
were evaluated for each scenario. At system scale, all benefits and costs were discounted and annualized
in 2022 dollarsand net value was assessed under the variation of three critical parameters: (i) the cost of
carbon, (ii) the annual probability of aday heat wave in the southwest and California, and (iii) a scaling
factor of floating OSW HVDC transmission costs olard-based HVDC. Benefitosts ratios, shown in

Table ES1, and detailed waterfall plots, such as showRigure ES2, were compiled for each scenario.

$700
$600 $323 85 210200
$500
$400
$300 $231 %0 %0 $394
$200 ($1)

$1gg ﬁ M Increase

B Decrease

Annual Value ($2022

($200) (5409)  ($1) Total

Energy

Capacity

Frequency response
Regulating reserves
Voltage support
Transmission expansion
Transmission reliability
Transmission peak load
Transmission congestion
Hedge value

Criteria air pollution
CO2 emissions
Resilience (case 1)
Resilience (case 2)
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Figure ES.2. Relative valuation of 2030+ MTDC Backbone Topology compared to the 2030+ HVDC
Radial Topology under baseline assumptions

Blue bars indicate a positive value for the MTDC Backbone, red indicates negative value, and green shows the
cumulative total of all components. Cost of carbon: $105/tonne; heat wave probability: 50%; HVDC cost factor: 1.25.
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The following themes were observed in the results:

Annual net benefitsof $127M to $6Band net costs of $1.6B to $795M are found for OSW topologies
depending on key assumptiongor carbon costs, heat wave probabilities and HVDC cost factors.

Net value over the base case is largest for the 2030 HR&al Topology, where systemwide benefits
exceed costs in every case, including without a systeta cost on carbon dioxide emissioNgt value

is most negative fa2030+ HVDC Radial Topologwith low carbon cost and high HVDC cost factatl.
scenarios provide enefitcost ratio BCR) of at leastL.289 under the high carbon costs assumption
(Table ES1). The MTDC Backbone increases annual value over the HVDC radial case in all cases, with
improvements ranging fro®362M to $1.26B, or BCRs by 0.045 to 023 The MTDC Backbone
Topologyprovides the greatest upside potential of all topologies in terms of annual net bElueftiag

HVDC costs are important value drivers. Assuming moderate heat wave probability and high costs of
carbon, BCRs of 1.0 were reached for the 2030+ HVDC Radial Topology and MTDC Backbone
Topology at HVDC scale factors of 3.22 and 3.41, respectively.

Capacity is a key value of west coast OSW, aritican be significantly enhanced through
interregional transmission design.

For all topologies in the baseline assumptions, capacity contributions are the third most valuable offering
from OSW, behind the avoided emissions and energy value. As assessed through the ASCC metric,
capacity is worth as much as 42%, 43% and 60% of the energy value for the 2030 HVAC Radial
Topology, 2030+ HVDC Radial Topology, and 2030+ MTDC Backbone Topology, resggcAs with

any intermittent resource, the value of OSW capacity degrades as more OSW is developed, but
transmission design can serveadsedge against the erosion of capacity value. Without changing the
OSWgeneration or POls, the MTDBackboneallowsfor interregional transmission aimtreases the

ASCC by 28% and 9% to the Northwest &t respectively, over the 2030+ HVDC Radiapology

(Figure ES3).
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Figure ES.3. Capacity shifts posed by MTDC transmission in the Northwest
2030+ HVDC Radial (left) and 2030+ MTDC Backbone (right). Blue curves correspond to base cases, and orange
curves to an additional 12.9 GW of OSW in Southern Oregon and Northern California.
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OSW yields diminishing marginal value with installed capacity, but reductions can be mitigated
through transmission design.

As installed capacity of OSW increases, sgsterawide marginal value (omcrementalalue of the next
megawatt MW]) decreases between the two radial topologies. Howtheemarginal value improves
whenthe transmission systeimdesigned as a bawsneto share power across a region rather than to
individual POls This is observed even though transmission expansionarestise highest fahe MTDC
backboneas seen iffigure ES4. The benefitof the MTDC Ba&bone over the HVDC Radi@bpologyis
provided by increase¢hlue incapacity, regulating reserves, energy, hedge value, and transmission
congestion.
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Figure ES.4. Marginal annual total and transmission expansion value for all topologies
Cost of carbon: $270/ton; probability of 3-day heat wave: 50%; HVDC cost factor: 1.25.

These results suggest that the impact of transmission design on the overall systepsuliing froma
change irgeneration portfolio should be considered on multiple time horizons by planners and
policymakersproactivelyto identify development pathways to lottgrm and wideanging net benefits.

Application of thevaluation approach developed in this study revieaifurtherunderstanding of system
valueis possibleghrough additional resilience scenarios and more accurate cost estimates of floating
OSW transmission equipment, as technology mattitesapproactcould also be applied at greater scale
and in other contexts, for OSW or other portfolio changes to the generation mix, to aid policymakers and
transmission planners seeking clean electricity and clean energy futures.
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1 Overview

As the electricity sector transitionsdageneration miwith much moraenewable energy, treearch for
thoserenewable energsesources and the planning for transmission to support themconsstler
broadersystem impacts than the prsion of energyFor example,@me of the most energetic labdsed
wind energy sitef the U.S, though offering a compelling cost of energy based on current technology,
may also rely significantly on dispatchaléservedo balance supplwhen windspeed suddenigrops.
Reliance orfossil fuel-fired reservewill be reducedh the future in accordance with puldlipolicy. One
way to do so ishroughsiting renewable energy resources with lebgrentvolatility or greatematural
complementarity with loadGeographiand technologicaliversity of renewable energy generatorl
also helpreduce fluctuations ienergy supply, whiclinderscores theelianceof the energyransitionon
robusttransmissionTransmissiomperformance must be assessed under typical but also contiragahcy
fault conditionsso that leastost expansion strategies can be identified accurdteithese reasonan
opportunityarisesto bring forwardiransmissiorand generatiooperationalconsiderationso better
inform theplanningof newrenewable energyesourcesnd the transmission to support them

Valuation of these operational elements is incomplete within the context of emerging asynchronous grids.
Review of the literature indicates avoided costs approachesNE5Q016; Collier et al., 2019;

Jorgensen et ak021, Novacheck & Schwartz, 2021) and market valuations (Beiter et al., 2017; Mills et
al., 2018; Beiter et al., 2020; Younes et 2020) primarily ofenergy and capacity provisiday OSW.

Beiter et al. (2020) quantified impacts to ramping and contingency reserves. Douville & Bhatfagar (2

and Novacheck & Schwartz (2024lsoquantifiedOSWimpacts to transmission congestiarOregon

Mongird & Barrows (2021) composed a valuation framework for distributed wind resources in various
off-grid and interconnected contexts. This work seeks to esigctd avaluationapproacho transmission

scale focusmore deeplyon grid support services impacts, and apply it within the conte@SWW

emergence in Northern California and Southern Oregon.

1.1 Research Questions

In contrasto valuations restricted tproject revenue develized cost of energgalculations,
comprehensive accounting feystenvalueprovides a better perspective for evaluatiifferent
transmissiorandgeneration scenarios theffect the grid beyond the projdmbundary A systemwide
valuation strategywould enableidentification oftransmission desigrhatfully unlockthe potential value
of newenergy resource&ey questions to be addresskobugh the stratedghall into two major groups:

1. Evaluation of system benefits
Whatis the netvalueof OSWenergyto theoperation offegional and interregionalectricity
transmissiorsystems™ow donetbenefits change wittheamount ofOSW developmerk How
do net benefits change as thr@adergeneration and transmissiportfolios evolve to meet
changing public policy, reliability, or economic objectives

2. System planning
How canOSWgeneratiorand transmissiohe designedo maximize net benefitdVhat role can
transmission planning coordination pliayinfluencing net benefitsklow can an offshore
transmission asset serthe system when not being used to tran€hgww?

Thisreportdocumentghe strategyndits implementatiorthroughthree offshore generation and
transmissioniopologiesoff the coast oSouthern Oregon andorthern California.



1.2 Major Assumptions

To enable the focus on the valuation methodologyth@ananydispatch and power systems anabte
exercise it, significant assumptions were made in this vizekailed cable routing, considering sea floor
conditions and conflicts with ocean-age, was neglecte8imilarly, the siting of Balance of Plant
equipment, including export cables, substations, and converter stations, was not pursued as part of this
effort. Future dispatch of generators across the WI assumed a large market construct rather than
representing the contracts in place todégally, some limitations were placed on the power system
analysis. Though contingency analysis was undertaken, it was limited to single contingencies. System
reinforcements were considered for transmission lines of kilovolt rating of 230 kV or highexdiabm

action schemes were not considered.

1.3 OSW Resource

Within theapproximategeographic boundamyffshore ofCoos Bay, Oregqrio Eureka, Californiathe
Bureau of Ocean Energy Management (BOHM3$ designated the Coos Bagll Area,Brookings Call
Areas andwo lease area®CSP0561 and OCGP0562 in Northern CaliforniaThese areas have the
technical potential fomore tharl0.5, 3.50.77, and 0.835W of OSW generation potential
respectively These areamay be characterizday dominant NortiSouth wind directiongobust net
capacity factorshigh average wind speeahd consistergower production potential in thevenings and
mornings as shown idrigure 1.

1.4 Southern Oregon and Northern California Transmission

Transmission networks reaching the coast have some capacity for interconne€®Woéar Coos

Bay, butinterconnectiortapacity issignificantly lowerin the more remote coastal regions such as near
the OregorCalifornia border and further south extending to Eureka. North of San Francisco, the load
centers and the HVAC transmission lines are locaterk than 10nilesinland of the coast. Outside of
transCoast Range 23lovolt (kV) transmission lines into and north of Coos Bay, the major links from
the coast to the higher capacity inland transmission corridors are limiégptoximately 120 miles of

115 kVtransmissiorfrom Grants Past Crescent City on the Padlforp system andpproximately 145

miles of115 KV interties into Humboldt Bagn the Pacific Gas and Electric (PG&E) systémgeneral,
the115kV lines have limited capacity to transmit significant quantities of power today. These locations
coincidewith world-class wind energy resources both in terms of energy and inherent time of production
(Figurel). In the Northwest, major load centers like Seattle and Portland are powered primarily by the
regionds abundant hydropower andnonhandtotheast.| ar , and
Excess hydropower is also sent to Southern California on the Pacific DC I(f&y@), a 500 kV(per
pole)direct currentDC) line running approximately 850 miles from the John Day Daithia Dalles,

Oregon, south to the Neva@aegon Border, and then continuing to Los Angeles. The Calit@regon
Intertie (COlI) is a collection of AC lines which transfer additional hydropower to Califarnda

increasingly surplus solar power from California to the Pacific Northvast Franciso is powered
predominantly by inland wind, solar, nuclear, hydro, and natural gas resources.

! Assuminggreater thar3 MW perkilometer squaretkm?) (Musial et al, 2019. In thisstudy 5.5 MV/ kn?was
assumedseeAppendixC).
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Figure 1. Coos Bay Call Area, Brookings Call Area, and Humboldt Wind Energy Area (WEA) wind

rose and potential net capacity factor characteristics
Assumptions used to produce net capacity factors are provided in Appendix C. Time in local (Pacific) time zone.



2 Methods

Given the complexities akversing power flow at the coastdthe accelerating chang¢o the
generation mixit is imperative thaa systerwide developmergtrategy considestOSW generation and
transmission concepts that are fully informedolegt available datacross multiple time horizons.

2.1 Approach

Three future scenarios oégeration and transmissisgstems were designéat OSW development
using aseries of electric system modeling to@fgure?2). Importantly, in this strategyhe onshore
electrical transmissiooapacity was consultdist, and theroffshore generation and transmission
concepts werenvisioned which wouldupport power flow$o the onshorgoaints of interconnection
(POI9 where the power could be receiv&gistemwide economic value of each scenario walswated
by comparison to a baseline witssOSW generatioror with alternate transmissiaesign

2
Wind Siting Generation
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- C and AC
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Figure 2. Abbreviated flow diagram of modeling approach for generation optimization,
transmission design, and valuation

Thedevelopment strategyas implemented using the following steps:

1. Basecaseproduction cost modeling Build the base case production cost m@@€M)in
GridView? for the WI using theWestern Electricity Coordinating Council (WECC) 208Achor
DataSet (ADS)and identify buses for potential interconnectidthen applied to years beyond
2030, aljust the ADSfor futuregeneration portfolios based energy policy

2. Generatiorand transmissiofootprinti Collect nodeled wind speed dag hub heightor 20
yearsfor the entireNorthern California an@outhern Oregon regiofrom Optiset al.(2020).
Convert vind speedinto a power generatigorofile using a referenceirbine power curveand
applyingloss factorsFor neasterm scenariodpcategeneration withirexisting BOEMLease
Areas, Whd EnergyAreas and Call Aread-or longtermfuture scenariosselectthe optimal
OSWfootprintfor eachdevelopment scenartmased orthe timing of OSWenergy and capacity
delivery(seeAppendixC). Then,consideringime horizonand quantity of the resouragevelop
a viable transmission stgystem foreachOSW generation footprinMinimize theoverall
transmission cost p&iW, using distance as a firstder proxy for transmission cost.

2 GridView is a securityconstrained, economic dispatch simulation software supported by Hitachi Energy.



3. Production cost modelinigRun thePCM forthe base&ase and eadhSW scenariawith the

optimized generation footprint and power praffRefinePCM and rerun as needetb address

majorline overloadsissuesor looping.

AC power flowi Converge the AC power flow using representative hours from the PCM putput

matching the dispatch from tfRCM in the power flow model

Steadystate contingenciy RunDC and AC steadgtate contingencgN-1) analysis.

Transient stability Run transient stability analysis

Voltage stabilityi Run voltage stability analysis

Identify upgrade$ Identify necessary upgrades to the transmission system basedtorgency

and stability analysis then build the upgrades in the PCM andhre

9. Resilience Definethe set oextreme eventthat will be used to test the resiliencetlod future
scenariosResiliencetestevents includedi) a 3-dayheat wavéin Southern California and the
Southwest U.Swith variableannual probability of occurrence that increases systata load
(using data fronthe Environmental Protection AgendyRA) 2023b) (ii) a wildfire occurring
along the path of the Californi@regon IntertigPath 66with an 8% annual probability of
occurrence that shuts dowath 66using data from Caldapt, 2023) and (iii) a longterm
drougtt that limits hydropowegeneration irthe Pacific Northwedtased on the hydropower
dispatch from 2001 with 44% annual probabilitgf occurrencéTurner et al., 2022)

10. System valuatioi Apply a systerrwide valuatiorfor each scenario with OSW compared to the
base case without OSW (s@ppendixA).

H
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2.2 Scenario Definitions

ThreeOSW generation scenarios and associated transmission topologieanadyeel using the
modeling approach described aboVe.expand the transmission systéhe followingtechnology
capacitiesbased upon current and pending technology maturitgssmedcross all scenarios

1 Overland230kV HVAC transmits400megavoltampere MMVA) per circuit
1 Overland500kV HVAC transmitsl,500 MVA per circuit

1 Subse@30kV HVDC transmits375 MVA per circuit

1 Subse®00kV HVDC bipolar circuitstransmit2,600 MVA*

The scenarios include one ng¢arm scenario with OSW development in 2030 using existing
interconnection capacity and two longer term OSW development scenarios using radial HYDC and multi
terminal HYDC(MTDC) offshore transmission topologieBable1). The results from each of the three

OSW scenarioarecompared to a relevant base case.

Table 1. Overview of study scenarios

. Base Case OSW New OSW
SEEEND et Caee Installations (GW) | Installations (GW)
2030 HVAC Radial 2030 ADS + BC Hydro dispatch updates 0 34
2030+ HVDC Radial 2030 ADS + 32 GW land-based wind 7.2 12.9
and solar energy, 7.2 GW OSW, CAISO
2030+ MTDC Backbone transmission changes 7.2 12.9

3 Average heat wave durations across the \Westaged 2.5 daysom 19612021. Accounting for decadal rates of
change of heatwave durati@Habeeb et al 2015) the averagheat wave duratn became 3.t projectmidpoint.

4 SeePrysmian NKT, or ABB press releaseggarding emerging 500 kV HVDC cable capacities.



https://www.prysmiangroup.com/en/media/press-releases/prysmian-reaches-key-milestone-in-the-field-of-power-grids-for-the-energy-tansition#:~:text=The%20new%20technology%20allows%20doubling,and%20cost%2Deffective%20power%20transmission&text=Prysmian%20Group%20has%20reached%20a,to%20support%20the%20energy%20transition
https://urlisolation.com/browser?clickId=2B26743A-251A-4FD8-8C93-C7C995D23FD9&traceToken=1686688654%3Bcaiso_production2%3Bhttps%3A%2Fwww.nkt.com%2Fproducts-solu&url=https%3A%2F%2Fwww.nkt.com%2Fproducts-solutions%2Fhigh-voltage-cable-solutions%2Finnovation%2F525-kv-extruded-hvdc-cable-systems
https://urlisolation.com/browser?clickId=9C2875D5-117D-4C54-A142-996ABEA2D658&traceToken=1686688655%3Bcaiso_production2%3Bhttps%3A%2Fnew.abb.com%2Fnews%2Fdetail%2F1&url=https%3A%2F%2Fnew.abb.com%2Fnews%2Fdetail%2F12792%2Fabb-launches-worlds-most-powerful-underground-and-subsea-power-transmission-cable-system

2.2.1 2030 Base Case

The base case is buiiomWE CC 6 s 2 Qvhigh inklDd8s existing transmission paths, load profiles,
and generation dispatcichedules. Th2030 ADSis modified to account fioa refined monthlyispatch
scheduleof British Columbiahydropower to serve load within the province

2.2.2 2030 HVAC Radial Topology

The 20300SW casaises radial HVAC interconnectishetween the offshore generation resource and
Southern Oregonnshore POIlsExisting capacity at these POls is readily extended through 230 kV
upgradesFor this scenario, 3.4 GW of OSW capacity iastalledoff the coast oSouthern OregonThe
OSW powergeneration profiles based on the average profileeitherthe BOEMCoos Bay(for
Dixonville, Lane, and Wendson POIs) Brookings(for the Rogue POICall Areas Generatioris sited

at the centroid ofach areaAfter modeling theslectricallossesnherent toOSW generatiorsystem and
export cables, thpeak power flowinjectioninto the onshor@Olsis 2.7 GWcombined across all four
POls AppendixC provides further information regarding power production and loss assessments

In this topology, power from the Oregon Call Areas is delivered to four POIs: Wendson, Lane,
Dixonville, and Rogue substatioasinjection limits enabled b230 kV onshore upgradd€&igure3,
Table2Error! Reference source not found). Radial HVAC interconnections are modeled in a
hypothetical straight line between the centroid of the Coos Bay and Brookings Call Areas to an onshore
cable landing point withouwtonsideringany marinecable routingconflicts (Figure4Error! Reference

source not found). Onshore routes araappedo existing cable corridoréane and Dixonville POls

require double circuit 230 kV runs land 800 MWs of power eacAdditional double circuit230 kV
linesbetween Rogue and Fairvieawe assumed

WA
550 MW Wendson
| (230 kV export cables assumed in OSW CAPEX)
Coos Bay 800 MW 2 % 230 kV HVAC, 95 miles Lane
Dixonville

800 MW 2 x 230 kV HVAC, 108 miles

Fairview

‘ ‘ 2 x 230 kV HVAC, 65 miles
550 MW

. —— ——— Rogue
Brookings (230 KV export cables assumed in OSW CAPEX)
OR
CA

Figure 3. Transmission expansion to support interconnections of 2030 HVAC Radial Topology
Graphic not to scale.



Table 2. 2030 HVAC Radial Topology OSW generation and interconnection detail

Interli:%l::lgétion InstaII%(\jAV(\:/?pacny Powe(rlvllr\xgctlon Number of Plants Pletll:xz\)rea
Wendson 700 550 1 127
Lane 1,000 800 1 182
Rogue 700 550 1 127
Dixonville 1,000 800 1 182
Total 3,400 2,700 4 618

) POIs (with labels)
=== 230 kV AC Intertie (Modeled)
Onshore Transmission
115 KV AC
— 230 kV AC
345 KV AC
= 500 KV AC
= 500 kV DC
Substations
115 kv
® 230 kV
@ 345 kV
+ 500 KV
Sea Depth
= -1300m
[ 1BOEM OSW Areas

Figure 4. 2030 HVAC Radial Topology injecting 2,700 MW at four POIs through 230 kV
transmission

230 kV interconnections to POI substations and new 230 kV circuits onshore into Rogue substation indicated.
Additional onshore upgrades not shown.



Onshoretransmission systempgrades requiret allow for interconnection of 3.4 GW of install@5W
capacityare detailed iMable3. As indicated irFigure2, these onshore upgrades watentified based
on DC contingency analysis, D@roduction cost modelingAC contingency analysignd through
consultation wittregionalbalancing authoritie8y eitherfixing impairments orthe existing systerar
expanding the systeat 230 kV @ lowerto enable four POJghe upgrades identified in thispology
yield an upper limit of 230 kV interconnection capacity (2.7 GW).

Table 3. Onshore transmission upgrade buildup for 2030 HVAC Radial Topology

Cumulative
. Total
Cumulative power Power
Onshore Infrastructure Description flow capacity by POI Flow
(GW) :
Capacity
(GW)
Existing Existing system capacity at POIs using 0.37 at Wendson 0.85
WECC 2030 ADS heavy summer case 0.48 at Fairview )
Fairview-Alvey Fix impairments
Wendson-Toledo Fix impairments 0.55 at Wendson 11

Fairview-Reedsport 0.55 at Fairview

Reedsport-Tahkenitch

Fix impairments
Fix impairments

New 230 kV line fron
Coos Bay Call Area to Whetstone 0.55 at Wgndson
. 8 . . 0.55 at Fairview 1.9
Dixonville New 230 kV line Canyonville to Days - .
Creek 0.80 at Dixonville

. 0.55 at Wendson
Fix transformer from Lane S1 to Lane 0.55 at Fairview

Fix Alvey N to Lane S1 line 2.7

S 4 § 0.80 at Dixonville
Fix impairments Lane to Willow 0.80 at Lane

0.55 at Wendson

0.55 at Rogue

0.80 at Dixonville

0.80 at Lane
Approximate cumulative power flow capacity (two far right columns) indicates the capacity that can be
accommodated at the POls after implementing the upgrades.

Coos Bay Call Area to
Lane

Rogue to Fairview New 230 kV line Rogue to Fairview 2.7

2.2.3 2030+ Base Case

For higher capacities ddSW to beanstalled, a time horizobheyond 203@vill need to be consideretlie
to the engthy siting, permitting, and construction procesfor large OSW plantand therequired
transmissiorenhancementd hus a base case beyond 2088screated to account foealisticchanges to
the generation portfolio in WECC that would happen simultaneously with further @&\

developmentNew capacity additions were modeled based on existing interconnection queues in WECC

primarily composed ofew landbased wind and sal&@nergy projectdHowever, capacity growth was

targeted within the bounds of the existing transmission system, such that individual plants do not see

uneconomic curtailment (i.e., curtailment greater thporoximatelyl5%).1n the 2030+ base case, 35
GW of new solar and wind generators werstalledon top of the 270 GW of existing capacity in WECC
including 3GW of OSWinstalled capacity connected@iablo Canyon, in proximity to the existing
BOEM Morro BayLeaseAreas (Figureb).
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Figure 5. Wind and solar installed capacity by state added to the 2030 ADS to create the 2030+
base case

In addition, and in accordance wi@talifornia Independent System Operat8A(SO) transmission
studiesin Californig a new Collinsville substation and 230 kV link to the existing Pittsburg substation
were added to CAIl S rgure6t)for then2030+ e icaganallys @ SMgenenatign
from the 2030 HVAC Radial Topology also included in the 2030+ future base céséotal,38.4 GW

of new wind and solar generation is added to the ADS &03bis base cas&.2 GW corresponithg to
OSW.
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Figure 6. Collinsville substation and 230 kV link to Pittsburg incorporated into 2030+ base case
(CAISO, 2022)

2.2.4 2030+ HVDC Radial Topology

For the first 2030+ scenario, a radial HYDC topology is usedtésconnect OSW tonshorein
California, Oregon, and Washingtdn addition to the base cafetincludes7.2GW of OSW, an
additionalOSW installed capacitygf 12.9 GW is addeih this scenaripwhich is equivalent t6¢0.1 GW



peak power flow at the POI after applying loss factdtal OSWinstalled capacityor this scenario

comes t®20.1GW. The OSW power generation profile is modeled using the optimized OSW siting based

on delivery of energy and capac{gee AppendixC). This optimal location of OSW developmeherein
referred to a§Opt2Q0is locatedhearthe borde between California and Oregobhis areaprovides
superioraveragenet capacity factor (NGR7.4% to the Coos Bayall Area(43.0%) BrookingsCall
Area(47.0%) andtwo HumboldtLeaseAreas(45.3%) and has peakverage dailgeneratiorat 5:00 pm
based on 20 years of modeled wind spd&ijure7). The Opt20 footprintvas developed fdhe
purposes of this study am&lnot tied to development plans of any existing or futatbarea

0.50
----- Coos Bay (20-year mean)
----- Opt20 (20-year mean) ’
----- Brookings (20-year mean)
0484 " Humboldt (20-year mean)
0464 e it
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Figure 7. 20-year means of daily hourly net capacity factors
Optimized footprint (red line) compared to existing OSW areas in California (black line) and Oregon (green and blue
lines). Time in local (Pacific) time zone.

ThenewOSW generation capacity distributed tsevenPOls(Figure8, Table4) that were selected
based orheir potential to absorb OSW without forcing curtailment akapy@roximately 1%. This
potential was assessed througiurly dispatch simulationsf the WECCthroughout the yeaindicating
demand andapacity of onshore POls to absorb OSW powéth a focus orsignificantOSW power
supply and interregioh@ower system needa,wide geographic range of P@ismergegrom Satsop
(near Grays Harbokashingtoh, to Moss Landing, California. Radial interconnections are rttadeigh
500 kV HVDC cablego the POlssized to the power flows (rather than installed capacities) thhemew
OSW plantswithin Opt20(Figure9). Similar to the2030HVAC Radial Topology, hypothetical cables
are routed in a straight line from the centroid ofulired plarts to the POI without taking cable routing
into account.
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Table 4. 2030+ HVDC topologies OSW generation and interconnection detail

Interljc?JIrT;gcf:tion Installtat\jmf\:l?pacny Powe(rlvllr\x;)ectlon Number of Plants PIa(E:nAz\)rea
Satsop 1,900 1,500 2 173
Allston 3,000 2,350 4 230
Tesla 2,300 1,800 2 209
Potrero 600 480 1 109
Martin C 1,700 1,330 2 155
San Mateo 1,400 1,110 2 127
Moss Landing 2,000 1,530 2 182
Total 12,900 10,100 15 618

[ 1BOEM OSW Areas

Moss Landing WPP
Martin WPP

San Mateo WPP
Potrero WPP

Tesla WPP

Trojan WPP

Aliston WPP
SATSOP WPP

D Plant Boundaries

Plant Centroids

Figure 8. Wind power plants associated with seven POls between Coos Bay and Brookings Call

Areas

Approximate plant sizes from the Opt20 footprint with centroids marked in green at right. The Trojan Wind Power
Plant (WPP) combines output with Allston WPP and delivers all power through the Allston 230 kV substation.
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A simplified diagram of transmission expansion and cable ratings faoffotogyis shown inFigure9

and ascaled diagram is included ffigure10. To develop this topology, londistance radial runs to the

large load centers of San Francisco and Portland were envisioned, and then shorter route extensions
considered to substations within those areas. This resulted in the savings of three HVDt@rconver
stations which would otherwise be required by individual radial lines from OSW plants to their
destination POls at Trojan in Portland, and Martin and San Mateo in San Francisco. Further, in the
Portland load center, the topology lands the power fdr Btston and the Trojan substations first at

Allston and then leverages existing 230 kV AC transmission to provide power to Trojan. This was
possible because the OSW injection intended for Trojan totaled only 300 MW. OSW generation intended
for Trojan iscombined under the Allston POl irable4.

WA

Allston
23>

Coos Bay T~ )
(o ;;';HonrOJan
”79)

Opt20 Portland Hub

Brookings

T A San Mateo

* Sog A_m

Voo A Martin

A HVDC Converter Station
A Moss Landing

Figure 9. Transmission expansion as part of 2030+ HVDC Radial Topology
Graphic not to scale. Cable carrying capacities corresponding to maximum output from OSW plants.

In San Francisco where more power is delivered across three substations, the existing AC transmission
could not be similarly leveraged without significantly departing from the radial HYDC design concept
and the pointo-point HVDC strategy of thitopology. In San Francisco, the main feed from offshore

was planned into the Potrero substation,88@ MW, with extensions into Martin and San Mateo
substations on the San Francisco Peninsula to deliver an addit@@@MW and 1120 MW,

respectively. This D@Qub concept yielded directional flows between the San Francisco POls, which
meant less power flowing into Potrero and more power flowing south to Martin than was originally
assumed in the initial radial design. However, curtailment of power flows mtdivedual POIs and into

the DC hub was checked to ensure potential economic viability of OSW projects supporting the power
flows, and curtailment did not exceed 10%. As 500 kV HVDC infrastructure is typically not economically
justified at distancegessthan 50 milegTimmers et al., 2023¥urther economic refinement of this
topologywould likely entail the design of an AC hub in this area. Nevertheless, the HVDC radial
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topology presents a useful scenario for purposes of evaluating the power system tradeoffs of interest in
this study.

) POIs (with labels)
== 230 kW AC Intertie (Modeled)
== 500 kY DC Intertie (Modeled)
*  0OSW Generation (Modeled)
OSW Pant Centroids
Onshore Transmission
115 KV AC

—— 230KV AC “ o

345 KV AC
— 500 kV AC =
=== 500 kv DC 2
Substations 3 )
115 KV Martin C | 2% 0' '
* 230 KV San Mateo ’

o 345 kv Y tioss Land.ng L
¢ 500 kV

Sea Depth

—— -1300m

[ 1BOEM OSW Areas

Figure 10. 2030+ HVDC Radial Topology injecting 10,100 MW at seven points of interconnection
through 500 kV transmission

Generation and 230 kV interties from the 2030 HVAC Radial Topology, injecting 2,700 MW in Southern Oregon, are
included in the 2030+ base case Generation and POls are identical to the 2030+ MTDC Backbone Topology. The
eighth POI at Trojan is not highlighted on this graphic because it is connected to Allston with existing 230 kV HVAC.

Pahem
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2.2.5 2030+ MTDC Backbone Topology

A secondopology using the san@pt20generation footprint is evaluatedng an MTDC backbondo

link all the offshore substations into a single netw(¥lgure11) instead of usingndividual radial
interconnectiondetween one offshore substation and one Pte backbonallows power from OSW
generators to flow tonultiple POlsand provides aalternative offshore interregional transmission
pathway(Figurel4). The same POls are considered, based on system needs and capabilities as dictated
by hourly production cost simulatiodgscribed ir2.2.4

MTDC backbone

—————————————————— ay

A Portland Hub {Allston & Trojan OSW)

2600 MW, 500 kv HVDC

| |

I I

I |

| |

| SATSOP |

1 5200 MW, 2 x 500 kV HVDC 1 :
1 SF Hub (Potrero, Martin, San Mateo OSW) |

| | \
1 5200 MW, 2 x 500 kV HVDC 1

I I

I |

| |

| |

| I

Moss Landing

2600 MW, 500 KV HVDC

Figure 11. 2030+ MTDC Backbone Topology injecting 10,100 MW at seven points of
interconnection through 500 kV transmission
The base case includes the 2030 HVAC Radial Topology.

The approach to designing the backbone is indicatétjiure12. Starting with the 2030+ HVYDC Radial
Topology, connections were made between the esilnconverters and a dispatch simulation was
conducted without constraining power flows on the backbone.

u12.9 GW uDo not wlarget U90
2030+ HYDE OSswW bAddd ’ restrict Reduce link of 10%
+ unbounae: eauce lin
Radial uConnect backbone flows capacity WAPPly
parks links wDbserve technology
offshore load flows limits

Figure 12. Approach to MTDC sizing

Once the system use of the backbone was characterized from tfisgune 13), the absolute value of

load duration curves was plotted and then technology limitations were considered such that approximately
10% of the hours would be limited by cable power transfer capacity. This limitation mitigates the

potential for oversizing congments and corresponds with utilization statistics for DEIRWECC,

n.d).
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® Unbounded @ ALSTN-STSP 10% of hours curtailed

Figure 13. Example of the unbounded load duration curve on the MTDC backbone and how the
system was designed without oversizing with respect to system need

The final result of the sizing effordetailedin Figure14 andshowncompletely inFigure15, resulted in
reinforcement of the M links south ofSatsopon the backbon&Vith the introduction of biirectional

flows, looping was observeamongthe San Francisco links. For this reassubseaAC extensions from
Potrero to Martin and to San Mateo were selertdde San Francisco Balflows to Tesla were also
particularly utilized in the dispatch simulations, and the links from the backbone to the Tesla POl were
accordingly reinforced.

SATSOP

WA

Allston

OSW Plants 230,
E—— -——— (ekgl{;;;cTrojan
Trojan + Allston lng)

SATSOP

Portland Hub

Potrero + Martin
+ San Mateo

Moss Landing

Tesla

San Mateo
Martin

A HVDC Converter Station -
San Francisco Hub

Moss Landing

Figure 14. Transmission expansion incurred by 2030+ MTDC Backbone Topology
Graphic not to scale. Cable carrying capacities corresponding to maximum assumed technology limits.
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Turbine location
shown for graphical
purposes only

2030+ Offshore Wind
Plants

DC Converter Station
=" 500 kV DC (Modeled)
{0 2030 HVAC Radial POIs
Onshore Transmission
115 kV AC
- 230 kV AC
345 kV AC
== 500 kV AC
== 500 kV DC
Substations
115 kV
® 230 kV
©  345kV
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Figure 15. 2030+ MTDC Backbone Topology injecting 10,100 MW at seven points of
interconnection through 500 kV transmission
Generation and 230 kV interties from the 2030 HVAC Radial Topology, injecting 2,700 MW in Southern Oregon, are
included in the 2030+ base case and their POls are indicated in green. Generation is identical to the 2030+ HVDC
Radial Topology, but an AC hub is introduced in San Francisco. Detailed view of the MTDC backbone, shown
through a single line diagram over the ocean, is not to geographic scale.
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2.3 Valuation Assumptions

The following assumptions were of critical importance to the valuation exercise:

1
1

A financialdiscount rateof 7.25%
Operating lifetime®f awind power plant (30 yeargnhdtransmission assets (40 years)

Capacity valuavasassociated with the avoided cost of combustion turbines, which would only
deliver capacity and not energy, and only in either CA or the NW, vdagracity credits
highest.

Transmission costseretaken from thelobs and Economic Development Imp@&DI) model

with conservative build assumptio(Goldberg & Keyser, 2013B5ubsea transmission costs were
not explicitly modeledinstead, &shore HVDC costsverescaled from overland cosis account

for additional technolagal componentsieeded in the offshore environment and the potential for
additionalroutingincurred by marine spatial conflicts, which were not directly modeled

Constant revenues, generation, and emission reductions through project lifetime

Social cost of carbowas$105tonnefrom Biden Administratior{White House2021)or
$270tonnefrom the EPA(2022), seeAppendixB.2.

Criteria air pollution costvasNOy: $160,000bnneg SG: $830,000bnne data from EPA
BenMAP (EPA 2023), weighted average for electricity generation in WEE€2 AppendiB.2

Carbon and criterial air pollutant emissions rates for thermal generaticgta@ireedat the values
specified in the 2030 ADS.

Extreme evenprobabilitiesfor resilience cases:
0 Heat wave: 100% annual reoccurrence, éfatam EPA Climate Indicator€EPA 2023)
o Wildfire: 6% annual probability of wildfire along Path 66 (COI), data from&dépt(2023)

0 Drought: 3in-21-year occurrence using 200%dropower generation conditiofiBurneret
al., 2022)

Value of lost load during resilience events wakulated fronthe Interruption Cost Estimator
Calculator (LBNL, 2023)which provideshe cost per unserved MWh of load by state and by
sector (residential, commerciahdindustrial). The unservetbad calculated during resilience
eventsby the PCMwassplit between sectors based onftibtal sector load in eachility (see

Table 10 fromEIA, 2022) then multiplied by the appropriate cost of unserved load for the state
and sector combination.

3 Valuation Results

Quantification of system benefits and costs over project lifetimesavengalizedhendiscountecand
adjustedo 2022 dollarsThe BCR for each scenarioompared to the base cassh®wn inTable5. A
sensitivity analysis is presentedTiable5 to show how esultschangeas a function of different
assumptionsThe benefit cost ratio for each scenario is shown fange of cost of carboannual
probability of 3day heatwaves, and floating OSW HVDC transmission cost fa¢hoifse subsections
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below, the valuation results agetailed for each scenario using fleameter assumptiohghlighted in

grey, which ares105tonne CQ, 50% annual probability of-8ay heat wave, 1.25 HVDEst factor The
HVDC cost factor is applied in attempt to capture higher costs associated with offshore trangha@ssion
may be incurred through designing viable cables routes, mitigations around subsea canyons, and other
technical and engineering challengesesigning feasibleableroutesis outside the scope ofishstudy.

Ranges of annual value under all asptioms are also provided.

Table 5. Benefit-cost ratios for each scenario across arange of assumptions

CO, cost Annual probability of HVDC _ T Beneﬂ;ocsgit Ratio T
($/tonne) 3-day heat_ wave Transmission

occurring in SW Cost Factor HVAC HVDC MTDC

Radial Radial Backbone

$105 50% 2.00 1.355 0.835 0.879
$105 400% 2.00 1.703 0.870 0.923
$105 50% 1.25 1.355 1.017 1.088
$105 400% 1.25 1.703 1.060 1.142
$270 50% 2.00 1.902 1.289 1.355
$270 400% 2.00 2.249 1.325 1.399
$270 50% 1.25 1.902 1.571 1.678
$270 400% 1.25 2.249 1.615 1.731

The bold, italicized row is used as the standard case for the graphics in the following subsections.
*Annual probability of 50% indicates one occurrence every other year and 400% indicates 4 heat
waves per year.

3.1 2030 HVAC Radial Topology vs. 2030 Base Case

Using HVAC radial interconnections, 3.4 GW©EWgeneration are connected to POISauthern
Oregon Valuation for this scenario is performed by comparing systéae metrics in the 2030 HVAC
Radial scenario compared to the 2030 base €agere16) using thebaselineassumptions of B05tonne
CO,, 50% annual probability of-8ay heat wave occurrence, and 1.25 escalating cost factor for HYDC
componentsas highlighted imable5.

Benefits accrue from a reduction in systeude production cost (energy valu&hich are equivalent to
an annual504 million reduction from the 2030 HVARadial Topologyto the base cas®ith this
transmission topologgnd generation profil@OSW provide83% capacity credib the systenwhichis
valued as $210 million per yeasing the avoided cost of a new combustion turbinel19 MW

capacity The largesportion ofvaluationbenefits accrue due to reductions in criteria air pollution and
CO; emission which provide a societal valulie toreducedmpacts to public health (criteria air
pollutants see EPA2023) andclimate change (C§)seeWhite House 202)). Since less natural gas is
used across the WECC if OSW is develop#dnt operators wilhave to hedg&98million less per year
to account for future volatility dfuel costgthe methodology for calculating hedge value is described in
Severy et a).2022) The last significant benefit fsom an improvement in resilience, where there is a
reduction in unserved load Northern OregonCalifornia, Arizona, and New Mexicduring the modeled
extreme evenn the OSW scenarioLastly, frequency response, rdgting reseves, transmission peak
load, and transmission congestion all provide a small benefit to the electrical system.

Amortizedcapital expenses (CapE@nnual operating expenses (OpEb)the OSW planimake upmost

of the costsn this scenario. Other costs are due to transmission expansion to allow for OSW
interconnection and transmission reliability upgrades to address faults on the system that appear after
installation of OSW(see cost details in

Table6).
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If all valuation components are summed together, the 2030 HR&dtal Topologyshows an annual net
benefitbetweers708 million per yearto $.4billion per year with a value of/8million per yearusing
the baselineassumptions.
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Figure 16. Waterfall plot showing cumulative valuation in million dollars per year of the 2030
HVAC Radial Topology compared to the base case

Blue bars indicate a positive value, red indicates negative value, and green shows the cumulative total of all
components. Numbers in parentheses correspond to negative values.

Table 6. Transmission expansion and reliability costs for 2030 HVAC Radial Topology

Capital | Operating

Location Description Distance Cost Cost
Interconnection Links
Fairview to Alvey Fix 230 kV overload 95 mi $80M
Wendson to Toledo Fix 230 kV overload 60 mi $50M
Fairview to Reedsport Rebuild 115 kv 39 mi $18M
Reedsport to Tahkenitch Rebuild 115 kV 4.4 mi | $4M
Coos Bay Call Area to Dixonville | New 230 kV line 95 mi $276M $36M/yr
Coos Bay Call Area to Lane New 230 kV line 108 mi $311M $41Mlyr
Rogue to Fairview New 230 kV line 65 mi $121M $16M/yr
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Capital | Operating
Location Description Distance Cost Cost
Transmission Expansion Total | $860M $93M/yr
Annualized Total’ $177Mlyr
Reliability / Contingency Upgrades
Whetstone to Meridian Upgrade conductors to fix 230 kV overload 12 mi $41M
Ponderosa GIS-Ponderosa AlS Upgrade conductors to fix 230 kV overload 0.2mi | $19M
La Paloma to Tex_Sun Upgrade conductors to fix 230 kV overload 1.0mi | $10M
La Paloma to Tex_Sun Upgrade conductors to fix 230 kV overload 1.0mi | $10M
Bid Eddy to Quenett Creek Upgrade conductors to fix 230 kV overload 6.4mi | $24M
Midway to La Paloma Upgrade conductors to fix 230 kV overload 11 mi $28M
Midway to La Paloma Upgrade conductors to fix 230 kV overload 11 mi $28M
SKA 287 to Min 287 Upgrade conductors to fix 230 kV overload 59 mi $60M
Transmission Reliability Total | $222M
Annualized Total" $17Mlyr

*40-year lifetime for transmission with 7.25% discount rate. Includes 1.25 cost factor for HYDC converters.

3.2 2030+ HVDC Radial Topology vs. 2030+ Base Case

The 2030+ HVDCRadial Topologyincludes12.9GW moreOSW generation than the 2030+ base case.
This amount ofyeneratiorprovides a $1.4Beduction in annual production costs across the WECC
(Figurel7). Using the2030+HVDC Radial Topologythe OSW generation provides 3.2 GW of capacity
credit (evaluated using ASCC), which is a 25% capacity credit valuigEbdtmillion per year.

Significant societal benefits are seen from reductions ina@@ criteria air pollutant§.he HVDCradial
topologyprovidesless resilience benefit than the HVA@pology, because the 2030+ bas#se used in

the HVDCtopologieshas more generation capacity than the 2030 base case to meet demand during
emergency eventd.o isolate the resilience value of OSW transmission, a new case (Case 2) was created
which removed droughttonditions and increased probability of occurrefteduction in lost load is seen

in California and the desesbuthwest$W), as summed in Appendi 1.
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Figure 17. Waterfall plot showing cumulative valuation in million dollar per year of the 2030+

HVDC Radial Topology compared to the base case
Blue bars indicate a positive value, red indicates negative value, and green shows the cumulative total of all
components. Numbers in parentheses correspond to negative values.

Building transmission to support the 2030+ HVDC Radial interconnedsarsortizedo $29B per

year, whichis significantly more costly than the 2030 HVAR&dial Topologyon an absolute and per

MW basis. Additional transmission expansion costs stem from new 500 kV transmission lines needed to
interconnecOSWto capable substatioif$able7). In addition, several transmission reliabilitpgrades
weremadeto fix impairments on the existing transmission system
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Table 7. Transmission expansion and reliability costs for 2030+ HVYDC Radial Topology

Location | Description | Distance | Capital Cost | Operating Cost
HVDC Interconnection Links and Converter Stations”
Satsop 500kV DC interconnect 310 mi $2.2B $175M/yr
Allston 500kV DC interconnect 274 mi $2.1B $166M/yr
Trojan 500kV DC interconnect 16 mi Use existing 230 kV
Potrero 500kV DC interconnect 402 mi $3.8B $198M/yr
Martin 500kV DC interconnect 8 mi $0.9B $101M/yr
San Mateo 500kV DC interconnect 26 mi $0.9B $105M/yr
Moss Landing 500kV DC interconnect 444 mi $2.6B $209M/yr
Tesla 500kV DC interconnect 405 mi $2.5B $199M/yr
Transmission Expansion Total $15B $1.2Blyr
Transmission Expansion Total after applying 1.25 HVDC Cost Factor $19B $1.4Blyr
Annualized Total” $2.9B/yr

Reliability / Contingency Upgrades

Storey to Borden (PG&E) ;Jggrket;ii\(l:é)rrrg:gtors to fix 5mi $16M
Warnerville to Wilson (PG&E) ;Jgg:(a\;ji\?gr?g:gtors to fix 50 mi $50M
Storey to Borden (PG&E) ggg:(a\?i\f;ﬁ‘g:gtors to fix 10 mi $21M
Embarcadero to Potrero (PG&E) ;Jggi(zi?i\(lzgngggtors to fix 15 mi $16M
Embarcadero to Potrero (PG&E) ;Jgg:(a\(/ji\fgrrlwg:gtors to fix 15 mi $16M
Embarcadero to Potrero (PG&E) ;Jggrkacji&gﬁg:gtors to fix 15 mi $16M
Big Eddy to Quenett Creek (BPA) ;Japg:(a\t/ji\?:ﬁg:gtors to fix 6 mi $25M

Transmission Reliability Total $160M

Annualized Total” $12Mlyr

*HVDC costs including converters from JEDI (Goldberg & Keyser, 2013)
™ 40-year lifetime for transmission with 7.25% discount rate. Includes 1.25 cost factor for HYDC converters.

After taking into account the capital and operating expenses of th®@8&Wplant, the net valuation for
the 2030+ HVDQadialtopologyis $134 millionper yeawusing thebaselineassumptions of B)5tonne
C0O,, 50% annuaprobability of 3day heat wave occurrence, and 1.25 escalating cost factor for HYDC
componentsUsing the range of assumptions, tiet valuevaries froma cost of$1.6 billion per year to
value of$4.9billion per year.

3.3 2030+ MTDC Backbone vs. 2030+ Base Case

The 2030MTDC BackboneTopologyshows an annual nealueranging froma cost of$1 2 billion per
year toa benefit of$6.1 billion per yearanda value of$734million per year(Figure18) using the
baselineassumptionsAs with the other twaopologies energy, capacity, hedge valuesilienceand
emissions reductionsrovide the main benefits; whiteansmission expansiptransmission congestion,
OSWplant capital and operating expenaes the primary systemide costsTransmission expansions
costs for he MTDC backboneopologyare shown irTable8. Resilience benefits from case 2 are
enhanced by the ability of the backbone to sdahwest NW) hydropower to reduced unserved load in
California and the desesbuthwest$W).
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Figure 18. Waterfall plot showing cumulative valuation in million dollar per year of the 2030+
MTDC Backbone Topology compared to the base case
Blue bars indicate a positive value, red indicates negative value, and green shows the cumulative total of all
components. Numbers in parentheses correspond to negative values.

Table 8. Transmission expansion and reliability costs for 2030+ MTDC Backbone Topology

Location | Description | Distance | Capital Cost | Operating Cost
HVDC Interconnection Links to Shore and Converter Stations”
Satsop 500 kV bipole 310 mi $2.2B $175M/yr
Allston 500 kV bipole 274 mi $2.1B $166M/yr
Trojan 500 kV bipole 16 mi Use existing Use existing
Potrero 2x 500 kV bipole 402 mi $3.8B $198M/yr
Martin 230 kV AC connection 9 mi $0.05B $4M/yr
San Mateo 230 kV AC connection 15 mi $0.3B $21M/yr
Moss Landing 500 kV bipole 444 mi $2.6B $209M/yr
Tesla 2x 500 kV bipole 405 mi $2.5B $199M/yr
HVDC Links along Backbone, where OLocatcommect@d i ndi cat es
Allston to Satsop 500 kV bipole 7 mi $15M $100M/yr
Satsop to Potrero 2x 500 kV bipole 14 mi $50M $203M/yr
Potrero to Moss Landing 500 kV bipole 24 mi $66M $206M/yr
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Location Description Distance | Capital Cost | Operating Cost
Moss Landing to Tesla 500 kV bipole 10 mi $20M $101Ml/yr
Transmission Expansion Total $14B $1.6B/yr
Transmission Expansion Total after applying 1.25 HVDC Cost Factor $17B $2.0B/yr
Annualized Total™ $3.3B/yr
Reliability / Contingency Upgrades
Upgrade conductors to fix .
Storey to Borden (PG&E) 230 KV overload 5 mi $16M
Snow Goose to Klamath Falls Upgrade conductors to fix .
(PacifiCorp) 230 kV overload 50 mi $50M
Upgrade conductors to fix .
Storey to Borden (PG&E) 230 kV overload 10 mi $21M
Upgrade conductors to fix .
Embarcadero to Potrero (PG&E) 530 kV overload 15 mi $16M
Upgrade conductors to fix .
EmbarcaderoTR11 to TR12 (PG&E) 230 kV overload 15 mi $16M
Embarcadero to Embarcadero TR11 Upgrade conductors to fix 15 mi $16M
(PG&E) 230 kV overload
. Upgrade conductors to fix .
Big Eddy to Quenett Creek (BPA) 230 kV overload 6 mi $25M
Transmission Reliability Total $137M
Annualized Total™ $11M/yr

"HVDC costs including converters from JEDI (Goldberg & Keyser, 2013)
™ 40-year lifetime for transmission with 7.25% discount rate. Includes 1.25 cost factor for HYDC converters.

3.4 2030+ MTDC Backbone Topology vs. 2030+ HVDC Radial Topology

Comparing the valuation between the 2080FDC BackboneTopologyand HVYDCRadial Topology
shows that th/TDC backboneprovides benefitsto thesystem despite having largeterconnection
costs to build the backbonEigure19).
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Figure 19. Waterfall plot showing valuation of 2030+ MTDC Backbone Topology compared to the
2030+ HVDC Radial Topology

Blue bars indicate a positive value for 2030+ MTDC backbone, red indicates negative value, and green shows the
cumulative total of all components. Numbers in parentheses correspond to negative values.

In particular, the backbone has greater capacity credit to the system in the noffiyuee®(). Based
on the ASCC calculations, the capacity credit increases from 6% with Hg@alto 24% withMTDC
Backbone in the northwest because the backpbomédes a pathway for excess solar generation from
Californiato serve load in the northwest during critical hours of the yeaelthezdudng theunserved
loadin the northwest.

Systemwide emissions are also reduced because the backbone opens a new path for interregional
transmission flows and allows a cleaner generation dispatch by delivering OSW and other variable
renewables to loads across a wider geographic area based andoahewable generation with less
reliance on thermal generation.
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Figure 20. Associated System Capacity Contribution (ASCC) calculation for all three topologies
for both California and Northwest region
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4 Discussion

Following the valuation, additional sensitivity analysis with the technoeconomic model reveals the
following themes:

Annual net benefitsof $127M to $6B andnet costs of $1.6B to $795M are found for OSW topologies
depending on key assumptiongor carbon costs, heat wave probabilitiesand HVDC cost factors.

Net value over the base case is largest for the 2030 HR&dial Topology, wheresystemwide benefits
exceed costs in every case, including without a system cost of catbecenarios provide a BCR
exceeding 289 under the high carbon costs assumpti€r.the beyond®030 scenarios, net value is
positivefor the baselinesetof assumptiondut negative for low carbon costs combined with high HYDC
cost factorsThe MTDCbackbonéas more coseffective andincreases annual value over the HVDC case
in all casesImprovementsangefrom an increase in net benefit $862M to $126B, and thus
improvemerts of BCRs by 0.08 to 0.123. This is true despite the higher dependence of the backbone on
floating OSW HVDC transmission expansi$2.6Bfor the MTDC backboevs. $2.3Bfor the HVDC
radials unscaled)The MTDC Backbone Topologgisoprovides the greatest upside potential of all
topologies in terms of annual net benef#§B/year) Further maturation of thelVDC Radial Topology
would likely result in an AC huteliminating converter stations at Martin and San Maiew

implementing AC instead of Dithe expansionghus yielding an additionannual cost savings of

$370M, unscaledEven in this caseassuming similar dispatch and systexmforcements for reliability

for the HVDC radial casghe MTDC Backbone woulmnprove the neannual value.

Capacity is a key value of west coast OSW, and in can bignificantly enhanced through
interregional transmission design.

For all topologies in the baseline assumptions, capacity contributions are the third most valuable offering
from OSW, behind the avoided emissions and energy vauny for the 2030 HVAQRadial Topology;

more frequent heatwaves (400% probability) grow the resilience value enough to surpass capacity.
Capacity value was considered for the Northwest and California, separately, and the maximum
contribution was valuedis assessed througine ASCC metric, capacity is words much ad2%, 43%

and 60%of the enegy value (including the avoided costs of energy production, spinning reserves, and
ramping reserves) for the 2030 HVARadial Topology2030+ HVDCRadial Topologyand 2030+

MTDC Backbone Topology, respectiveis with any intermittent resource, the value of OSW capacity
degrades as more OSW is developed, but transmission design can serve as a hedge against the erosion of
capacity valueWithout changing th€©SW generation or POls, the MTDC backbone increases the ASCC
by 28%and 9% to the Northwest aidl, respectively, over the 2030+ HVLCRadial TopologyAlso,

the generatiothentransmission optimization showed thggeneration footprints can be shaped for

capacity value witbutsignificantly sacrificing energy potential.

OSW yields diminishing marginal value with installed capacity, but reductions can be mitigated
through transmission design.

As is well understood for nomlispatchable generatioasinstalled capacity of OSW increases, the value
of the next MW decreaséar the two radial topologies. However, once the transmission system benefits
from topologiesoutside of the ability to interconnect OSW, the marginal value imprdves is observed
even though transmission expansion costs continue tb elgseen inFigure21.
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Figure 21. Marginal annual total and transmission expansion value for all topologies

The source of this effectan be inferred frorrigure22. Only the marginal valueof emissiongontinues

to increase through all topologies. Energy, hedge, and capacity marginal value decrease by 27%, 48%,
and 50%, respectivelyetween th030 HVACRadial Topologyand the2030+ HVDCRadial

Topology.Key reversals in thdegradation, whichre enabled through the MTDC backborm@respond

to capacity, regulating reserves, energy, hedge value, and transmission congestion. The MTDC backbone
plays a key role in restoring each of these value elements.

- ® =Energy =——ir— Capacity Hedge value
—@— Regulating reserves = <= - \/0ltage support == Transmission reliability
= & =Transmission peak load= B = Transmission congestica=e= Criteria air pollution

= «@=-CO2 emissions

§ < $300
E % $250 \ ----- :-:
S 5 $200 SR ——
3 = $150 —
Sq -
~ S 5100 ——— .
2 & %50 Se—
($50) = c I ¢+ = s == o mm o = ]

2030 HVAC Radial 2030+ HVDC Radial 2030+ MTDC Backbone

Figure 22. Marginal annual value detail for all topologies

Even though the MTDC backbone can mitigate diminishing returns, outside of emissions reductions, the
highest marginal value of OSW is found in the 2030 H\iR&tlial Topology This effect is largely due to

the ability to usere-existingsystemtransmissiorcapacity These early gains could be targeted in a
strategy that delivers value to those communities most impacted by project development first while
securing the longerm opportunity to provide interregional benefits through complex transmission
conceptsuch as the MTDC backbone.
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Annualized resiliencevalue of OSW is a function of the deterministic scenarios considered and
their likely probabilities of occurrence.

Multiple resilience events were considered in this analysis, spanning heatneawerresponding
thermal generation detes due to reduced cooling capacity, wildfires resulting 1arsgization of

major transmission corridors, and droughts reducing hydropower availabilige events were inspired
by recent occurrences in the Weddmeeventsindicated the value of OSW capacity while others
occurred in a time when OSW net capacity factors were low. Other gsecitsas a prolonged heat
wave,showedarge resilience value but were highly unlikely to oc€are was also taken not to double
count probabilities of certain probability types when combining eveasstive correlations of resilience
eventsfor example heat waves and wildfirégformed annual probabilitieResilience benefit arose
from two sourcs, First,generator diversitprovided a directapacity benefit when needed, even though
heatwaves were chosen at times of low OSW capacity f&680 HVACRadial Topologyindicated that
23% o the total benefits were associated with resilience during the heatwave, wildfidroagtit event,
assuming a 400% probability ofday heat wavand low carbon cosEecondly, resilience benefitgere
associated with additional transmission capadibhe MTDC backbone enhanced resilience if additional
generation capacity was available to utilizeaig seen when the drought conditions were removed from
the simulated event and more nestiuth flow was observed on the backhdneageneralthe additional
capacity added to the 2030+ base cases resulted in less unserved load duringetieeessints and thus
limited relative value of the OSW increments. These observations underscore the importance of many
resilience eventwith accurate probabilitie® assess resilience value comprehensively

Floating OSW HVDC transmission costs could significantly impact net value.

Technical maturity of key HVDC transmission components to support floating OSW energy conversion
and transmission is low and the costs are largely unknown at the present time. To consider this potential
variability in costs, sensitivity studies scaled daad HVDC transmission costs for siting, land control,
materials, construction activities, and operational costs by200%. However, costs could be even

higher, due tofuturetechnologgal, environmentalor permitting challengeg\ssumingmoderateheat

wave probability {00%) and high costs of carbon#tonng, BCRs of 1.0 were reached for the 2030+
HVDC Radial Topologyand MTDCBackboneTopologyat OSW HVDC scale factors 8f22and3.41,
respectivelyBeyond thes&lVDC costfactorsand at the high heat wave probability and high costs of
carbon these topologies are no longer cost effedB€Rs are less than 1.0)

5 Summary

Robust system dispatch and power systems simulations have been conducted to identify the incurred or
avoided system costs posed by three OSW generation and transmission topology incremeitsda the
near (2030) and migterm (2030+) time horizon¥.alue elements within focus span energy, capacity,

grid support servicerequency response, regulation, contingency reserves, ramping re¢seoltage

support transmission expansion and reliabilitggrades, emissions, andtural gagrice hedges. Study
scenarios included,300MW of OSW under a 2030 HVARadial Topology 12900 MW of OSW under

a 2030+ HVDCRadial Topologyand 12900 MW of OSW under a 2030+ MTDC Backbone Topology.

New production cosandpower flowsteadystate and dynamimodels wereonstructedand simulations
conducted. The outputs of these simulations were relayed to the technoeconomic valuation approach, and
finally cost effectiveness was assessed at the scale Vbflttwhile varying key parameters of the cost of
carbon, probability bheat waves, andfibating OSWHVDC transmission cost multiplier.

Under all parameters and when compared to a base case with no OSW, benefits exceeded costs for the
2030 HVACRadial TopologyIt was the only topology where a cost of carbon was not necessary to show
economic viabilityover the base caséwo topologies based on a more heavily decarboMzedlso
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showed BCRs greater than 1, though not for the more conservative parameter values. This was primarily
due to the significant amount of renewable energy in the base case and the degree of expense incurred to
expand the system and land much more power tlm@0@3Qtopology. However, erosion of marginal

value, though still positivéor most parameter valugsas observed in terms of capacity but also

resilience, hedge value, and even energy for the 2030+ HY&uIal Topology The introduction of a

MTDC Backbae topology improved BCRs and restored marginal value by enabling significant benefits
outside of the flow of OSW poweFhese results suggest that the impact of transmission design on the
overall system value of a generation portfolio change should be considered on multiple time horizons by
planners and policymakers in advance to yield development pathways tetongndvide-ranging net

benefits.

5.1 Future Work

The valuation approach developed in this study and its implementation has resolved an approach which
could beutilized more broadlyto further optimize the value of OSW in the region of interest, across the
West Coastand in other contextSome suggested next steps to further refine and exercise the method
are as follows:

9 Establishrobust geographicallyspecifig crediblescenarioghat indicate the resulting effects and
probabilities of occurrend®er extreme events to include in thesilience valuationin particular,
probabilistic scenarios should be developed for heat waves, earthquakes, aitdfistorms
droughts, hurricanes, and other events that impact system generation capacity, transmission
operation, and system load

1 Compare ASCC trends shown against other capacity metrics stcjui@slent Firm Capacitgr
Effective Load Carrying Capacignd investigate the hydropower modeling assumptions and
their alternatives

1 Sharperestimates of floatin@ SWtransmission costéncluding floating AC substations or
AC/DC converter stations and dynamic export caldes update costs as technology matures

1 Expand the regions of consideratioeyond Coos Bay and Eureleand then condu@ robust
generation and transmission-aptimization

9 Consider alternate plant and transmission degigiuding overland HVDGnstead of subsea
HVDC infrastructureand conduct detailed electrical loss modeling

1 Develop dynamic modelgpresenting future heavily asynchronous generation portfolios

MTDC stability evaluatiopwith the goal osimulatng full Palo Verde2 generation trips and

faults on the DC systems of the MTDC topology

Complete detailed N-1 studies with contingency lists informed by system operators

Mature theMTDC concept of this study by designiadgRemedial Action Schemewith fully

redundant and independdmngh-speeccommunications betweanultiple points in the WI

= =4

5.2 Areas of Replicability

Though the valuation approach was developed with OSW in mind and calibrated for the West Coast
context, the bttomup and systemwide strategy should be employed in other contsuth as wst coast
wide, Gulf Coastthe Atlantic Coastand theGreat LakesThe valuation ould be employed at regional
scales as well and for other types of generation or for portfolio changes consideration by planners
and policymakerdn this way, policies may be drafted that are more targeted to the strengths and
weakresses of existing infrastructure and the potential of new generatios. asset
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In the next stg, converged power flow casegereobtainedfor differenthours of interest-rom thePCM
results three key cases were identifieigure27):

1. High Load, Hgh Wind Case
2. High Load,Low Wind Case
3. Medium Load, Medium Wind Case
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Figure 27. 2030 HVAC Radial Topology, hours targeted for AC power systems analysis

Finally, steadystatereliability wasassessed@ince theOSW power was added to Southern Oregon
(Northwest) a total of 7134 i contingencies in the Northweshd Northern CalifornigPG&E) were
considered, above the 99kV leve@lut of thesethere were 30KV levelviolations exceeding 125% of
the line ratingswhichwere fixed to rerun thePCMs. The costs for tloseupgrades are shown Trable

17. As only existing corridors were reinforced, incremental operational costs of the upgrades were
considered negligible.

Table 17. 2030 HVAC Radial Topology, transmission reliability upgrades

Component units WE%CDSZO3O 2030Tlg\é§|((:)§yad|al
Transmission Reliability Conductor Upgrades
Steady state reliability transmission upgrades,
CAPEX $, 2022 $0.00 ($221,692,639)
Steady state reliability transmission upgrades,
Annualized CAPEX $lyear, 2022 $0.00 ($17,113,720)
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Path 5: Monthly average flow Path 5: Hourly average flow
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Figure 28. Monthly flow and hourly flow on Path 5 (Southwestern Washington to Northwestern
Oregon)

As shown inFigure28, on Path Jhere is durtherreduction on power flow from Washington to Oregon
compared wittthe 2030 HVAC Radial Topologyhere are also sonteverse poweflows in the 2030+
HVDC Radial Topologyindicating OSW generatiosends powefrom Oregonto WashingtonOSW
generation in Oregon footprintduces imports from Southwestern Washington to Oregon.
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Figure 29. Monthly and hourly flow on Path 65 (PDCI)
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Path 66: Monthly average flow Path 66: Hourly average flow
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Figure 30. Monthly flow and hourly flow on Path 66 (COIl)
Path 65+66: Monthly average flow Path 65+66: Hourly average flow
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Figure 31. Monthly flow and hourly flow on Path 65+66 (Pacific DC Intertie (PDCI) and California
Oregon Intertie (COI) connect Northwest with California)

More OSW increases imports from PDCI during springpafik hourgFigure29), while reduces imports
from COI(Figure30). As a conclusion, with more OSW availability in CA, there is a slight reduction in
energy imports from Northwest vismmbinedpaths PDChndCOI (Figure31).

43


















Path 5: Monthly average flow Path 5: Hourly average flow
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Figure 35. Monthly flow and hourly flow on Path 5 (Southwestern Washington to Northwestern
Oregon)

As shown inFigure 35, with MTDC configurationthere is a increasan power flow from Washington to
Oregon indicatingthe system is trying to push eneifggm Washingtorio Oregon

Path 65+66: Monthly average flow Path 65+66: Hourly average flow
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Figure 36. Monthly flow and hourly flow on Path 65+66 (Pacific DC Intertie (PDCI) and California
Oregon Intertie (COI) connecting the Northwest with California)

There isalsoa reduction in theouthboungower flowon Paths 65+6@Figure36), indicatingthatthe
MTDC backboneeducesC a | i f energyimaaddtsrom Oregorfrom PDCICOI.
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Figure 39. Power generation value (in per unit) of the Bridger generator when it is tripped at 5 secs
simulation time
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Figure 40. Frequency at Bridger (Bus 74) for the generator trip event at Bridger
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Figure 41. Frequency at Palo Verde (Bus 60) for the generator trip event at Palo Verde

In addition to the earlier described frequency trip events, another fault event at Palo Verde has been tested
in this work and the results are presenteBigure42 andFigure43below.Figure42 shows that the

system voltage response is stable (recovers to-@saatory smooth response in the {faelt steady

state value) for the considered thi®ase fault at Palo Verde and the corresponding responses of the

field winding voltages of the RaVerde generators has been presentddguare43. The presented

responses of the field winding are to be expected as the rise in the field winding voltages in the generators
correspond to the synchronous power compensation provided by these generators when the fault is
applied at their terminals at Pal@rde.
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Figure 46. Indication of ASCC calculation (NPWCC, 2023)

To fully apply this method, a new version of GridView was produced which permitted more weather
years of input data. Modifications also allowed these data to drive:

1. Temperaturaependent Forced Outage Rates (FORs) for natural gas, steam turbine, nuclear, and
hydropower generators (Murphy et al., 2019). Equivalent FOR curves were assumed for wind
turbine generators.

2. Temperature deates for windandsolarenergyresources under the following assumptions:

Wind Turbine Generators

Wind turbines operate betwee20 C to 40C.

Outside this range, they operate at 0% capacity

Between-20 C to 30C, they operate at 100% capacity
Between 30C and 40C, the power output decreases by 1% g@er
To calculate the rated power output, use equdtion 0"®@ 0
Table39.

, whereDF is defined in

Table 39. Definitions of derating factors for wind turbines

Temperature Range De-rating Factor (DF)
Tamb < -20°C 00
-20°C <= Tamp < 30°C 00 p
~n m8ip .,
30°C <= Tamb < 40°C 00 p& T z"Y
Tamb >=40°C 00 mn

Solar Photovoltaic Generators
Solar output decreases linearly with module temperature.

The generic formula js

O sopBon Ak A Adec A N 3,
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wherethe general temperature coefficient@s4%/ C.

Module temperature can be estimated a£28gher than ambient temperature in normal
operating conditions (1 m/s wind and 800 Wswolar irradiance).

The resulting derating function is,

T8 T
O 606 p 6ooh BA RS 3

T
A1 AEADB

Leveraging these modifications, Monte Carlo dispatch simulations were conducted at zonal spatial
resolution while allowing for variance of FQidenergy derates Multiple weather years captured
rangesf wind, solar, and hydropower variable renewable energy produtawls were scaled to show
unserved load probabilities in the bas®lO S W ( projeed) casesEighteenmeteorological years
(2000-2017) were used. For each of these years, 30 different trialsueend the topgN hours ofpeak
netload(i.e.,load minus generatigpositive values corresponding to unserved Joasteextracted from
each trial angblotted on aggregateetload duration curv&for CA and theNW. Figure47 provides an
example of tfs standard approachvith N set to 1.

CA Unserved Load NW Unserved Load

—— Base Case —— Base Case
Project Case 2500 Project Case
5000 -

2000
4000 4

1500
3000 4

2000 4 1000

Unserved Load (MW)
Unserved Load (MW)

1000 500

T r T T T v r T T T T v T
0 2 4 6 8 10 0 2 4 6 8 10 12 14 16
Unserved Load Ratio (%) Unserved Load Ratio (%)

Figure 47. Standard ASCC method (N=1), 2030 HVAC Radial Topology, CA (left) and the NW (right)

At this point,two important modificationsrere madeo the ASCCmethod, both with the goal of

leveraging thevariability in theunderlying meteorological datgirst, hough the standard method uses an
N of 1, convergence of the curves was seen by taking thEOtbpurs of unserved loadrigure50).

Efforts were taken to limit N to represent critical system conditions while ensuring consistent shapes of
base and project (OSW) curves.

The effect of increasini was in smoothing the load duration curves as more hours are added. This
eliminates the potential for relatively few hours to skew the restfjare48 indicates the smoothing of
the curves abl is increased.
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Figure 48. NW net load curves, 2030+ HVDC Radial Topology
N=1 (left), N=5 (middle), and N=10 (right)

Though this approach was effective in smoothing the cuavesd
occasionallyobservechear the zero crossimj the project casand thus would inflate ASCCare

needed to be taken to ensure the certain years or hours were not oversénipleifiect was observed
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natin
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the 2030 HVAC Radial Topology ASCC sweeps @atls were scaled up émsure unserved load arose

across multiple weather yegfsgure49).

After ensuring that the variation in weather years was properly sampled, convergecoasidered as
the value oN was varied. In general, given the 30 trials per weathergfemen in the process,

convergence was seen at a valudlefqual to 10. As the number of tsgder weather year varies, this

convergence may be seen at a different nurabtp net load hoursCare should be taken émsure
statistical diversity in the net load curfagr any value o chosen. This diversity is shown for N=10 in
Figure49. ASCC convergenceith N is shown inFigure50.
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CA ASCC Calculations, 2030 HVAC Radial, N=10
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Figure 49. Net load curve compositions by weather years, trials, and hours of year, 2030 HVAC
Radial Topology; initial load scaling (top) and final load scaling (bottom)

Initial scaling led to oversampling of the 2006 weather year and very few summer hours for the project case.
Increased load scaling improved diversity of years and hours informing the ASCC calculation.
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Figure 50. ASCC Convergence using top N unserved load hours.

25% Average ASCC values (left column), 100% ASCC standard deviation (right column). Top row: 2030 HVAC
Radial Topology; middle row: 2030+ HVDC Radial Topology; bottom row: 2030+ MTDC Backbone Topology.
California ASCC values in blue, Northwest ASCC values in red. Convergence generally seen at for the top 10 net
load hours given 30 trials per weather year.

The second major modification to the standard ASCC appr@sterned the point of offset chosen

between the base and project cur&aspacity contribution was alsinserved to vary as a function of

where the offsebetween the two curves was takan seen ifable40, Table4l, andTable42. ASCC
wasassessed as an average of the #8686, 50%, and 100%f overlapping hours of unserved load

(between base and project cases) rather than the final hour (or zero crégsinggviewing these

resultsalong with the net load curvethe Average ASCC of the final 25% of hours was chés@&apture

a more statistically robust measure of capacity and to also align with voluntary load shedding capabilities
which exist on the systems today.

Capacity contributions were tracked separately in California (CA) and the Northwest (NW) regions as
capacity plans are made separately for these redgibosighthe same OSW generation was shown to
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provide a capacity valule CA and the NWbased on transmission capadityddifferences in hours of

net load peaks between the two regjdd& net load peaks in summer evenings, NW net load peaks in

winter mornings and evening®nly the maximum value was usedthe valuation. This decision was

based on the valuation through avoided costs of combustion turbine procurement and operation, assuming
such a turbine would be used for capacity only. Given that this turbine could also wapététy value

to both regions, it was assumed that the avoided cost was only the maximum capacity value between CA
and the NWAIso, it was assumed that this capacity resource could serve whichever regional need was
higher.Both assumptions differ from how capacity is procured within regionsytodowever, the

assumptions were consistent with the systade valuation approach.

Table 40. CA and NW ASCC statistics, 2030 HVAC Radial Topology (selected values italicized)

Top N Base Case FTaEE
P Unserved Average ASCC Average ASCC Average ASCC
Unserved | Unserved ASCC 2 7 3
Load Load Ratio Loa_d 2o B Lo
Ratio
CA
1 56.1% 34.4% 1074 1072 1046 1137
3 44.3% 25.2% 1054 990 942 1159
5 35.8% 19.2% 1062 997 946 1238
10 24.0% 11.9% 1152 1119 1132 1391
20 13.5% 6.2% 1213 1196 1200 1426
NW
1 79.6% 63.7% 954 850 819 865
3 72.7% 54.4% 1061 936 913 865
5 66.6% 48.1% 1096 971 924 841
10 56.3% 35.8% 1081 964 886 801
20 40.2% 23.0% 999 918 844 776

Table 41. CA and NW ASCC statistics, 2030+ HVDC Radial Topology (selected values italicized)

Ugs?gr\’/\:e d Bl?r?see%/aeséie Project Unse_rved ASCC Average Average Average
Load Load Ratio Load Ratio ASCC 25% ASCC 50% ASCC 100%
CA
1 48.0% 16.9% 2251 2169 2153 2711
3 36.4% 10.4% 2576 2560 2604 2915
5 27.9% 6.5% 3063 3001 3039 3227
10 17.3% 3.3% 3180 3162 3171 3303
20 8.9% 1.6% 3203 3181 3181 3308
NW
1 33.0% 25.2% 676 856 640 527
3 27.8% 22.9% 870 902 733 535
5 25.8% 21.3% 915 875 709 525
10 21.8% 17.1% 938 751 694 540
20 16.0% 11.7% 891 797 768 613
Table 42. CA and NW ASCC statistics, 2030+ MTDC Backbone Topology (selected values
italicized)
Top N Base Case Project
Unserved Unserved Unserved ASCC Aé\(l%ag;) % Averaf?;()/?scc Aggﬁ%&
Load Load Ratio Load Ratio
CA
1 48.0% 16.9% 2251 2169 2153 2711
3 36.4% 10.4% 2576 2560 2604 2915
5 27.9% 6.5% 3063 3001 3039 3227
10 17.3% 3.3% 3180 3162 3171 3303
20 8.9% 1.6% 3203 3181 3181 3308
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Table 43. Social cost of carbon calculations

White House (2021) EPA (2022)
Discount Rate Discount Rate
Year 5% 3% 2.5% Year 2.5% 2.0% 1.5%
2020 $14 $51 $76 2020 $120 $190 $340
2025 $17 $56 $83 2030 $140 $230 $380
2030 $19 $62 $89 2040 $170 $270 $430
2035 $22 $67 $96 2050 $200 $310 | $480
2040 $25 $73 | $103 2060 $230 $350 | $530
2045 $8 $9 $110 2070 $260 $380 $570
2050 $32 $85 $116 2080 $280 $410 $600
Average for years Average for years
2030-2059" $26 $75 $105 2030-2059 $170 $270 $430

Costs from White House (2021) used as baseline value, and EPA (2022) used as high estimate.
Cells highlighted in grey indicate the values that were averaged for this analysis, with the final
value shown in bold text.

*To calculate the average through 2059, the value from 2050 was applied through 2059.

Emissions of NQand SQare PM2.5 precursoend NQ is also an ozone precurdgbathaspublic

health impactswhich are quantified by EPA2023a, 2023c)The public health impacts vary by state due
to differences in population density and other demographic factors. EPA (2023c) px@tidgesfor the
benefit petonneof emissions reductions by sector and statefiteria air pollutantgor theyears

between 2025 and 2040Ualues are taken from this data sourcetlfierbenefit per tonne of emissions
reductions of NQand SQ from electricity generating units for all states in the WEEGQX. years between
2040 and 2059 when the OSW plant is operatimigthee is no available dat#éhe emission value is used
from 2040 rather than extrapolating the valis future years as a conservative appro&afice NQ is

a precursor to ozone and PM2.5, values are calculated separately firezastmmed as a total benefit
value.A weighted average of tHeenefit per tonngalues are taken across all states based on the fraction
of electricity generation in each statéh generation attributes fro2021 takedfromEP A6 s e GRI D
(EPA, 2021d)Thus, the benefit per tonaeross the WECC is calculatedsh®wn inTable44.

Table 44. Values for emissions reductions of criteria pollutants

Pollutant Value Note
NOx $151,229/tonne Benefit per tonne NOx reduced as an ozone precursor
NOx $7,069/tonne Benefit per tonne NOx reduced as a PM2.5 precursor
NOy total $158,297/tonne Benefit per tonne NOx reduced, total
SO2 $828,631/tonne Benefit per tonne SO2 reduced as a PM2.5 precursor
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Figure 52. PNNL 15 MW reference power curve

After gross power conversion, losses of 22%%e assumed based on adtetion with industry. Loss
factors were composed approxmately 7% wake losses and 1%8dditional lossesorresponding to
turbine availability, hysteresis, blade degradation, electrical losses, curtailments, etc. Asstesse
would typically be assessed on a site specific basis, constant loss factors are an assumption of this work.

Table 45. PNNL 15 MW reference power curve

Wind Speed (m/s) P (kw)
0 0
1 0
2 0
3 100
4 499
5 1424
6 2732
7 4469
8 6643
9 9459

10 12975
11 14500
12 15000
13 15000
14 15000
15 15000
16 15000
17 15000
18 15000
19 15000
20 15000
21 15000
22 15000
23 15000
24 14000
25 11000
26 5000
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