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Variable renewable energy generation poses unique capacity challenges, which increasingly depend on weather
events at varying timescales. Facilitated by transmission planning, geographic and technological diversity of the
generation fleet may provide a mitigation to capacity shortfalls. In this work, offshore wind (OSW) energy is sited
in the areas off the West Coast between Coos Bay, Oregon, and Crescent City, California. Three generation and
transmission scenarios are modeled within the Western Interconnection: (i) 3.4 gigawatts (GW) of installed OSW
capacity connected to Southern Oregon through a High Voltage Alternating Current (HVAC) Radial Topology in
2030; (ii) 12.9 GW of installed OSW capacity connected to Washington, Oregon, and California through a High
Voltage Direct Current (HVDC) Radial Topology post-2030, and (iii) the same 12.9 GW connected to the same lo-
cations through a Multi-terminal DC (MTDC) Backbone Topology post-2030. Zonal dispatch simulations assum-
ing coincident wind, solar, and hydropower production and loads over 18 meteorological years, accounting for
temperature-dependent equipment derating and forced outages, serve as inputs to the Associated System Capac-
ity Contribution (ASCC) methodology. The capacity credit is 33%, 25% and 34% for the 2030 HVAC Radial
Topology, 2030+ HVDC Radial Topology, and 2030+ MTDC Backbone Topology, respectively. Transmission
design is shown to mitigate the typical erosion of marginal capacity contribution as more OSW is developed, un-
derscoring the opportunity for grid modernization while decarbonizing the generation mix.

1. Introduction tion (WI), which may be less dispatchable than those today, may be

found in capacity contributions accrued through bulk transmission sys-

Offshore wind (OSW) energy on the U.S. West Coast is a resource
that poses system value today through diversification of renewable en-
ergy resource portfolios, rather than on a leading cost of energy basis
(Younes et al., 2020; Musial et al., 2023). Inherent timing and consis-
tency of power supply from OSW underlie this value, resulting from sea
surface boundary conditions and, at times, differing regional weather
systems from loads or other generation sources. Interconnection and
transmission designs are fundamental to the capture, potential en-
hancement, and delivery of this system value (Brinkman et al., 2024).

A critical value of resources in future generation mixes in the Pacific
Northwest (NW), California (CA), and across the Western Interconnec-
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tems. Several recent studies have explored capacity contribution poten-
tial of offshore wind on the West Coast. Jorgenson et al. (2021) quanti-
fied Equivalent Firm Capacity of wind energy across the Western Inter-
connection and found that OSW offered more than double the capacity
of land-based wind. Douville and Bhatnagar (2021) concluded comple-
mentarity of Oregon (OR) OSW with NW loads and with other variable
renewable energy (VRE) resources in the winter, spring, and summer
seasons. Novacheck and Schwartz (2021) quantified OR OSW produc-
tion during the top 100 load hours across seven meteorological years
and concluded capacity credit, or capacity contributions as a fraction of
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Fig. 1. ASCC example calculation shows top hourly unserved load organized in
descending order for an example base case and project case. Figure adapted
from NWPCC (2016).

Weather year 1

Top 1 Unserved
Load Hours

Weather year 2

Top 1 Unserved
Load Hours

Weather year 18

Fig. 2. The relationship between weather years, trials, and unserved load hours
which were queried to resolve ASCC.

Table 1
Load scaling for the 2030 HVAC Radial case and the 2030+ HVDC Radial
and MTDC Backbone cases.

Load Scaling
Topology CA (%) NW (%)
2030 HVAC Radial 100 120
2030+ HVDC/MTDC 104 126

nameplate power ratings, averaging 33-62% and increasing from the
northern to the southern OR coast.

Despite these investigations of capacity contribution, questions re-
main around the effects of temperature-dependent technology de-rating
factors, forced outages of equipment, coincident supply and demand
profiles, and the impact of transmission design on capacity contribu-
tion. In this work, siting optimization, intentional transmission design,
and novel tool development and deployment in the context of an OSW
transmission planning effort were undertaken to further understand the
potential OSW capacity contribution on the U.S. West Coast.
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Conventional planning practices to ensure sufficient power genera-
tion and transmission assets, referred to as resource adequacy (RA), rely
upon simulations of hourly power system operation under many differ-
ent futures, with each future comprised of a set of unknown variables
such as temperature, thermal generator performance (including proba-
bility of failure), water, wind, and solar power resources, and demand
profiles. Typically, these simulations are run stochastically to capture
many potential combinations of these variables, and shortfalls in re-
sources to meet loads are tracked within an established reliability crite-
rion, such as a Loss of Load Probability (LOLP) of 0.1 days per year
(NERC, 2011). No single definition of capacity has been universally
adopted by utilities or regulators (Stenclik et al., 2021; Schlag et al.,
2020). The most common RA metric, Effective Load Carrying Capacity
(ELCQ) (Garver, 1966), compares the marginal load that can be sup-
ported by a resource to that of a resource that is always available to
serve load without transmission limitations. Other approaches include
Equivalent Firm Capacity (EFC) (Soder and Amelin, 2008) and the aver-
age power production over top net load (load less wind and solar) hours
as a proxy for capacity valuation.

However, conventional applications of these RA methods are inade-
quate for assessing energy supply sufficiency because they (i) do not ac-
curately model supply and demand variability with weather, (ii) do not
model all hours of the year, (iii) do not model annual variability, (iv)
oversimplify transmission constraints, and (v) do not account for com-
pounding shortfalls of generation due to equipment reliability, fuel sup-
ply, and weather.

2. Methodology

In this work, we employ the Associated System Capacity Contribu-
tion (ASCC) metric to account for weather variability on equipment de-
rates and forced outage rates, regional transmission limitations, and re-
alistic system dispatch conditions of three different representations of
OSW in the WL

2.1. Zonal dispatch model

GridView simulations of dispatch across the WI were utilized in this
study at a zonal resolution to allow the faster solution times necessary
to achieve adequate sampling across weather years. The regional break-
down of the WI into zones matched the California Public Utility Com-
mission Unified Resource Adequacy and Integrated Resource Plan in-
puts and assumptions (CPUC, 2019). Across the WI, 24 regions were
represented, with eight inside CA.

2.2. Temperature-dependent power production

As power generation fleets shift from dispatchable plants to variable
renewable energy assets, resource adequacy becomes more reliant upon
weather. Models to estimate the performance of any generator need to
incorporate ambient weather conditions that affect the forced outage
rate and thermal derating factors of the plants. There are three major ef-
fects which must be captured in generator adequacy assessments of
emerging systems.

First, forced outage rates of generators of all types vary by weather
conditions. Hotter conditions result in greater rates of component fail-
ure due to component overheating and resulting material stresses. Ex-
treme cold weather may also drive increased failures by freezing cool-
ing or hydraulic lines.

Secondly, and particularly acute for renewable energy generators
and battery assets, equipment must de-rate under weather conditions
outside of designed operating profiles. Technology options may expand
these operating profiles somewhat, but extreme events such as Winter
Storm Uri or Polar Vortex conditions in 2019 have been shown to drive
equipment de-rates and even equipment shutoff. Across Balancing Ar-
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Fig. 3. Weather year and hours resulting in unserved load in California with load scaling of 96% and 111% in California and the Northwest, respectively. Hours per

year are sorted chronologically.

eas, even partial equipment de-rates may force widespread adequacy
shortfalls. For example in the 2019 Polar Vortex, wind generation fell
below expected levels and the Mid-Atlantic Independent System Opera-
tor (MISO) declared an emergency load reduction request because the
wind power forecast did not account for equipment derating in cold
conditions (MISO, 2019). Third, renewable energy generation intro-
duces a direct dependence on natural resources, such as solar irradiance
and wind speed, and their variations in time. Demand will also become
more weather dependent as heating, cooling, and transportation loads
are electrified. The natural variability of resource must be inspected
across transmission systems and compared with load patterns. Ade-
quacy reviews should incorporate as many coincident wind, solar, and
hydropower energy supply and load profiles as possible to consider the
impacts of supply and demand side variability.

These three factors were applied to the production cost model with
the following methods:

e Forced outage rate
- Hydropower - 2.5% outage rate between 0 and 30°C and
increasing outside that range, using data from Murphy et al.
(2019)
- Wind - Same values as hydropower from Murphy et al. (2019)
- Solar - 0% forced outage rate across all temperatures
e Thermal derating
- Hydropower - No thermal derating
- Wind - Can operate at full capacity from —20°C to 30°C; derates
by 1%/°C from 30°C to 40°C; operates at 0% capacity below
—20°C or above 40 °C, based on industry experience.
- Solar - Solar output decreases linearly with module
temperature as

Pautput = Lrated * 1+ Tcoejf(Tmodule - 25°C))

Using an assumption of

Ty = —0.4%C

and estimating the module temperature as 28°C higher than
ambient temperature in normal operating conditions (1 m/s
wind and 800 W/s2 solar irradiance) (Ross and Smokler, 1986),
the resulting function is

Poutput = Prated *(1 - O'OOMC(Tambient +3°0))

Battery storage - Lithium-ion batteries are derated for
charging and discharging in low and high temperatures using
de-rating strategy described by Sowe et al. (2022).
e Supply and demand-side variability

- Eighteen coincident hydropower, wind (onshore and
offshore), solar, and load profiles of resources across the
Western Interconnection spanning all hours from 2000 to 2017,
at zonal resolution (CPUC, 2021).

2.3. Associated System Capacity Contribution

The ASCC metric was employed to evaluate the capacity contribu-
tions from a resource portfolio at a system level. First described by
Northwest Power and Conservation Council (NWPCC), ASCC measures
the change in the peak hourly load curtailment between a base portfolio
and a project scenario to determine how a resource portfolio may im-
prove system reliability (NWPCC, 2016). ASCC allows efficient compar-
ison of multiple scenarios because it evaluates the system-wide change
to loss of load probability using one additional series of dispatch simu-
lations instead of the several iterative simulation series required to cal-
culate ELCC.

To calculate the ASCC, the top hourly unserved load hours are ex-
tracted from an annual production cost model run for the base case and
a project case. This model may be run numerous times with variable,
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Fig. 4. Weather year and hours resulting in unserved load in California with load scaling of 100% and 120% in California and the Northwest, respectively. Hours per

year are sorted chronologically.
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Fig. 5. Sample load curtailment curves for the base case (in blue) and project case (with the OSW increment, in orange) constructed from N = 1 (a), N = 5 (b), and

N = 10 (c) top unserved load hours from each trial.

random forced outage rates of generation and transmission assets. From
all simulations, the hourly unserved load is then sorted in descending
order on a load curtailment duration curve (Fig. 1). One load curtail-
ment curve is generated for each of two cases, the base case and the pro-
ject case, and the curves are compared. ASCC is found as the difference
in lost load between the first point where the project case has zero un-
served load and the equivalent location on the base case duration curve.
This difference indicates the reduction in unserved load after imple-

menting the changes represented in the project case. In the example
shown in Fig. 1, adding 500 megawatts (MW) of wind in the project
case drops peak hour curtailment by 100 MW, relative to the base case,
for a capacity contribution of 100 MW and capacity credit of 20%.
Several important changes were made in the application of ASCC.
First, 18 coincident weather years of wind, solar, hydropower, and load
profiles were provided to the zonal dispatch model at hourly resolution.
To introduce supply variability and maintain efficient computational
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Fig. 6. Various ASCC reduction metrics as a function of overlap interval between the load curtailment curves.

performance, 30 trials, each an 8760-hour annual dispatch simulation
with random generator forced outage rates, were executed (Fig. 2).
Weather variability across all 18 years drove impactful changes in
wind, solar, and hydro supply, including equipment de-rates for wind,
solar and energy storage assets.

Second, loads were scaled to generate sufficient unserved load in the
base case as indicated in Table 1. Load scale factors and hydropower
dispatch were retained from these base cases when the OSW project
cases were assembled. Care was taken to ensure even sampling of
weather years and hours of the year to compose the load curtailment
curve, and iteration between scale factors and the resulting weather
sampling was undertaken. Without proper scaling, disproportionate
samples are taken from a subset of weather years and hours, as shown
in Fig. 3. Alternatively, once scaled, a more robust sampling is observed
(Fig. 4).

Third, and in coordination with load scaling, to leverage the power
of multiple years and multiple weather conditions, convergence was ex-
plored by considering the top N unserved load hours from each trial
(Fig. 2). The net effect was a smoothing and paralleling of the load cur-
tailment curves, as shown in Fig. 5.

Lastly, averages of the differences at each hour between the two
curves were computed for different sets—namely the last 25%, 50%, and
100% of the overlapping hours of unserved load from both cases—and
compared with the single hour ASCC metric, as depicted in Fig. 6. The
goal of averaging differences between the curves over multiple hours
was to avoid spurious conclusions driven by a localized difference be-
tween the two curves arising from only two operating states or weather
conditions.

2.4. OSW topologies

2.4.1. Optimized power production footprint

The OSW generation footprint was identified by co-optimizing the
energy generation and approximate capacity contribution within geo-
graphic boundaries of Florence, OR, to the north, Eureka, CA, to the

south, the state seaward boundary to the east, and the 1300 m bathy-
metric depth contour to the west. Power generation profiles for these
offshore locations on a 2 km x 2 km grid were calculated using hourly
modeled wind speed profiles between 2000 and 2019 at 140 m height
from Optis et al. (2020) passed through a 15 MW wind turbine power
curve with 22% loss factors applied, based on experience with industry
resource assessments. Approximate capacity contribution for each loca-
tion was estimated by finding the unserved load during the top 175 h of
peak net load throughout the year for the balancing authorities on the
West Coast in the 2030 Western Electricity Coordination Council
(WECC) Anchor Data Set (ADS). The optimal footprint was then found
by co-optimizing for the maximum annual energy production and the
minimum unserved load during peak hours. The optimal footprint,
named Opt20 for this analysis, was then split between eight points of in-
terconnection (POIs), by minimizing distance to the POI and constrain-
ing power output to POI interconnection capacity (Fig. 7). The opti-
mum footprint was located in federal waters adjacent to OR.

2.4.2. Deployment Scenarios

In this work, OSW energy is primarily sited in the areas off the West
Coast between Coos Bay, OR and Eureka, CA. Three generation and
transmission scenarios across two future representations of the WI are
modeled, including 3.4 gigawatts (GW) of installed OSW capacity con-
nected through a 2030 high voltage alternating current (HVAC) Radial
Topology, 12.9 GW of installed OSW capacity connected through a
2030+ high voltage direct current (HVDC) Radial Topology, and 12.9
GW of installed OSW capacity connected through a 2030+ multi-
terminal high voltage direct current (MTDC) Radial Topology (Fig. 8).

A base case for comparison is developed for each topology, as sum-
marized in Table 2. The base case for the 2030 HVAC scenario is built
from WECC’s 2030 Anchor Data Set (ADS), which constitutes utility
projections of generation and transmission fleets by the year 2030. For
the 2030 + topologies, the base case was updated to account for an ad-
ditional 15 GW of land-based wind, 20 GW of solar energy, and 3.8 GW
of offshore wind interconnected through Diablo Canyon. These incre-
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Fig. 7. Opt20 footprint split among eight wind power plants (WPPs) associated
with specific onshore POIs to minimize transmission cost.

ments are realistic changes to the generation portfolio in WECC beyond
2030 that are likely to emerge simultaneously with further OSW plant
development in Northern CA and Southern OR. Generator capacity
growth was limited to the bounds of existing transmission networks,
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such that individual plants did not surpass an uneconomic curtailment
threshold, which was assumed at 15%. In addition, the base case was
modified to add a new Collinsville substation in accordance with Cali-
fornia Independent System Operator (CAISO) studies (CAISO, 2022).
Lastly, OSW generation from the 2030 HVAC Radial Topology scenario
was included in the 2030+ base case. Total WECC generator capacity
additions in the 2030 + base case are 38.4 GW, 7.2 GW of which corre-
spond to OSW generation. Including the base cases, the 2030+ topolo-
gies include a total of 20.1 GW of West Coast OSW. These scenarios
were constructed as reasonable representation of OSW generation and
transmission designs for the West Coast from 2030 and beyond. Though
the marginal capacity contribution of each scenario can be compared as
the base case changes, only the two 2030+ scenarios, with the same
base case, can be directly compared. After constructing the nodal mod-
els, a zonal aggregation was completed. Then, loads, wind, solar, and
hydropower profiles were replaced with coincident data from CPUC
(2021) to represent many weather years.

3. Results

ASCC trends for the OSW additions in the 2030 HVAC Radial Topol-
ogy, 2030+ HVDC Radial Topology, and the 2030 + MTDC Backbone
Topology are indicated in Tables 3, 4, and 5, respectively. Convergence
in ASCC was found when using the top 10 unserved load hours from the
30 trials to generate the load curtailment curves. Load curtailment
curves for N = 10 with ASCC25% statistics are provided in Fig. 9.

After reviewing these results along with the load curtailment curves,
the Average ASCC of the final 25% of hours (ASCC25%) was chosen to
capture a more statistically robust measure of capacity by drawing from
many more samples. ASCC taken as the offset of the two load curtail-
ment curves in a single hour was subject to variability due to slope devi-
ation observed in some curves near the zero unserved load crossing.
However, proximity of the ASCC25% metric to the zero crossing was
also more closely aligned than ASCC50% or ASCC100% with near-zero
LOLP planning targets of electricity systems today.

Capacity contributions were tracked separately in CA and the NW
regions as capacity plans are currently made separately for these re-
gions. Though the same OSW generation was shown to provide a capac-
ity contribution to CA and the NW (based on transmission capacity and
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Fig. 8. Generation and transmission topologies. (a) 2030 Radial HVAC Topology, (b) 2030+ Radial HVDC Topology, (c) 2030+ MTDC Backbone.
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Table 2
Overview of study topologies.

Topology Base Case Base Case OSW New OSW  Total West Coast
(GW) (GW) OSW (GW)

2030 HVAC Radial 2030 ADS 0 3.4 3.4

2030+ HVDC 2030 7.2 12.9 20.1
Radial ADS+

2030+ MTDC
Backbone

Table 3

ASCC Trends 2030 HVAC Radial Topology (+3.4 GW OSW). Bolded values
selected as representative.

Top N Unserved ASCC Average ASCC Average ASCC Average ASCC
Load Hours Mw) 25% (MW) 50% (MW) 100% (MW)
CA
1 1074 1072 1046 1137
3 1054 990 942 1159
5 1062 997 946 1238
10 1152 1119 1132 1391
20 1213 1196 1200 1426
NwW
1 954 850 819 865
3 1061 936 913 865
5 1096 971 924 841
10 1081 964 886 801
20 999 918 844 776
Table 4

ASCC Trends 2030+ HVDC Radial Topology (+12.9 GW OSW). Bolded val-
ues selected as representative.

Top N Unserved ASCC Average ASCC Average ASCC Average ASCC

Load Hours (MW) 25% (MW) 50% (MW) 100% (MW)
CA
1 2251 2169 2153 2711
2576 2560 2604 2915
5 3063 3001 3039 3227
10 3180 3162 3171 3303
20 3203 3181 3181 3308
NW
1 676 856 640 527
870 902 733 535
5 915 875 709 525
10 938 751 694 540
20 891 797 768 613
Table 5

ASCC Trends 2030+ MTDC Backbone Topology (+12.9 GW OSW). Bolded
values selected as representative.

Top N Unserved ASCC Average ASCC Average ASCC Average ASCC

Load Hours Mw) 25% (MW) 50% (MW) 100% (MW)

CA

1 2251 2169 2153 2711
3 2576 2560 2604 2915
5 3063 3001 3039 3227
10 3180 3162 3171 3303
20 3203 3181 3181 3308
NW

1 4190 4238 4385 4469
3 4306 4361 4448 4509
5 4373 4392 4473 4521
10 4373 4393 4474 4521
20 4373 4393 4474 4521

differences in hours of net load peaks between the two regions, CA net
load peaks in summer evenings, NW net load peaks in winter mornings
and evenings), only the contributions to one region would be available
to the system. In an accompanying technoeconomic valuation, which
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estimated avoided costs of combustion turbine procurement and opera-
tion, assuming such a turbine would be used for capacity only, the max-
imum contribution between the two regions was utilized (Douville et
al.,, 2023). It was assumed that this capacity resource could serve
whichever regional need was higher. Both assumptions differ from how
capacity is procured within regions today. However, the assumptions
were consistent with the system-wide valuation approach and are not
unlike assumptions of perfect capacity resources in other methods.

4. Discussion

As with the addition of any new variable resource to the generation
mix with a unique temporal profile, the system capacity contribution of
the initial 3.4 GW of OSW associated with the 2030 HVAC Radial
Topology is substantial. The capacity credit of 33% or 28% to CA or the
NW, respectively, is similar to previous findings in the literature
(Jorgenson et al., 2021; Novacheck and Schwartz, 2021).

Typically, an erosion of marginal capacity credit accompanies the
growth of the new resource type by technology and location, as every
additional MW added to the generation mix reduces the value associ-
ated with increased diversity of the resources over all hours of the year.
This effect is also seen in the ASCC results as the capacity credit drops in
the 2030+ HVDC Radial Topology findings to 25% or 6% to CA or the
NW, respectively,.

However, the MTDC Backbone acts as a hedge against the capacity
credit erosion, without any change to the OSW generation footprint or
the Points of Interconnection onshore. Instead, the transmission change
from HVDC radial to MTDC backbone enables greater flexibility to de-
liver OSW and other generation to CA or the NW as needed. In this
sense, the recovery of capacity credit is not attributed to OSW alone but
to the supporting transmission which further enhances the sharing of all
surplus resources during moments of system stress.The production pro-
file of radially-connected 2030 + OSW offers a better match to CA sum-
mer net load peaks than NW winter net load peaks. With the addition of
the backbone, the NW sees the rise in capacity contributions as non-
OSW generation flows north during winter net load peaks.

As a key assumption of this work, the dispatch of west coast hy-
dropower resources from the base cases (with less OSW) was retained in
the project cases. This was to avoid the masking of the capacity contri-
bution by hydropower, which was modeled as a zero-cost resource and
may be dispatched during time periods associated with potential supply
shortfalls. Due to this assumption, capacity contributions to CA with the
backbone are likely underestimated. Future work could investigate sen-
sitivity to this assumption by incorporating more detailed economic dis-
patch linked to the hydropower resource in the base and project cases
separately, considering reservoir levels and flood control. The decreas-
ing flexibility of hydropower due to precipitation shifts and operating
requirements may be important considerations in this effort.

5. Conclusions

In the near-term, OSW on the West Coast will not be justified in the
generation mix based on cost of energy alone, but it offers a compelling
capacity contribution in a time of need. In this work, 18 years of coinci-
dent wind (onshore and offshore), solar, and hydropower generation
and load profiles, including temperature-dependent generator forced
outage rates and de-rates, were included in the calculation of ASCC of
Southern OR OSW to transmission grids in CA and the NW. Modifica-
tions to the ASCC method were proposed and demonstrated, including
alternate calculations of offsets between two load curtailment curves,
which significantly alter the capacity conclusions. Initial OSW develop-
ment will capitalize on the uniqueness of the temporal profile and the
inherent timing of production and 3.4 GW of radially-connected OSW
provides a 1.12 GW capacity contribution, equivalent to a capacity
credit of 33%. Eventually, marginal capacity contribution from OSW
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Fig. 9. Load curtailment curves and ASCC25% findings for CA (top row) and the NW (bottom row). Maximum capacity credits are 33%, 25% and 34% for the 2030
HVAC Radial Topology (left column), 2030 + HVDC Radial Topology (middle column), and 2030 + MTDC Backbone Topology (right column), respectively. The base

case is shown in blue and project case (with the OSW increment) in orange.

alone will decay as shown in a maximum capacity credit of 25%. How-
ever, intentional design of transmission, which enables coordination of
OSW delivery to shore and bolsters the connectivity of other resources
across the West, is shown to recover the initial capacity credit,provid-
ing significant system benefit of an additional 28% capacity credit to
the NW over radial interconnections. In this way, OSW generation and
transmission is demonstrated to offer a compelling opportunity to both
decarbonize and modernize the West Coast grid toward clean and reli-
able operation.
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