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Executive Summary

This study describes an assessment of the site-specific variation of levelized cost of energy
(LCOE) and levelized avoided cost of energy (LACE) to understand the economic potential of
fixed-bottom and floating offshore wind technologies in major U.S. coastal areas' between 2015
and 2030. The detailed methodology, assumptions, and context of this study are documented in A4
Spatial-Economic Cost Reduction Pathway Analysis for U.S. Offshore Wind Energy
Development from 2015-2030 (Beiter et al. 2016).% This earlier report focused on the
development of a geospatial cost model of the offshore wind technical resource area in the
United States and the relationship of geospatial and temporal parameters on the cost of energy up
to 2030. The present study builds on the Beiter et al. (2016) analysis to document in detail the
variation in economic potential across more than 7,000 U.S. coastal locations by comparing site-
specific LCOE and LACE. In particular, this study offers insights into the available U.S. offshore
wind resource by region at different levels of LCOE and an assessment of the present and future
economic potential of that resource capacity out to 2030. The Crown Estate (2012) cost
reductions assumed for this study should be considered in context of recent cost declines
indicated by European offshore wind winning tenders. However, determining if and to what
extent these recent European cost reductions will continue and how they can be translated to a
U.S. market context is beyond the scope of this study.

LCOE is the total cost of generating a unit of electricity and is commonly expressed in dollars
per megawatt-hour (MWh) over the expected lifetime of the offshore wind electricity-generating
plant. It varies by location because of spatial differences in energy production (e.g., average wind
speed variations) and capital expenditures (e.g., varying sea states’, distance from shore, water
depth, soil and substructure suitability, and availability of critical infrastructure). However,
LCOE alone is not sufficient to assess economic viability because it does not capture the electric
system value that can be attributed to a generation source. Therefore, this analysis draws on a
“simplified” version* of LACE as a metric to capture the system value of a generation
technology. LACE is a metric to approximate the electric system value of a generation
technology over its expected lifetime and commonly expressed in dollars per-MWh as well.
LACE varies by location because of differences in the system value of new electricity, which is
determined by a range of factors, including the cost of competing generation technologies, the

! This analysis excludes Alaska. For Hawaii, estimates of LACE, net value, and economic potential were not
calculated because of data limitations.

? Additional studies that this conceptual approach and methodology is based on include Brown et al. (2015), U.S.
Department of Energy (2013), and Lopez et al. (2012).

3 Sea state has been defined as the “overall condition of the surface of a large area of open ocean or sea resulting
from the combined effects of wind-generated waves, swells, and surface currents. It is described in terms of how
rough the waters are based on wave height.” (Canada Department of Environment and Climate Change 2017)

* The concept of avoided costs has long been used in utility and regulatory economics (see e.g., Public Utility
Regulatory Act of 1978, Sec. 210, defining avoided costs as “the incremental cost to an electric utility of electric
energy or capacity or both which [...] such utility would generate itself or purchase from another source”). This
analysis applies a specification that does not necessarily reflect the same complexity that is used for other purposes.
Limitations and caveats are discussed in Section 3.
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resource mix, demand patterns, and transmission constraints. The difference between LCOE and
LACE at a given location (denoted in this report by “net value) can help inform an initial
understanding of the economic potential of a new offshore wind project at a high geospatial
resolution. For this analysis, policy-related factors that may influence LACE or LCOE (and
hence, the “net value” of a renewable energy project) were not considered explicitly. For
instance, renewable energy support mechanisms (e.g., the production tax credit, Renewable
Portfolio Standards), energy sector and environmental regulations (e.g., carbon pricing), or
benefits from portfolio diversification (Energy Information Administration [EIA] 2015) may
increase the “net value” and economic potential. Conversely, regulatory uncertainty and market
barriers (see e.g., DOE 2016) may decrease the “net value” and economic potential.’

A series of data sources and reports were used to derive the assumptions and data for the
underlying analysis documented in Beiter et al. (2016), including market reports (e.g., Moné et
al. [2015]; Smith, Stehly, and Musial [2015]), U.S. electricity cost benchmark reports (e.g., EIA
Annual Energy Outlook [AEO] 2014), offshore wind cost-reduction pathway studies (e.g., Beiter
et al. (2016); Valpy et al. [2014]; Catapult [2015]; E.C. Harris [2012]; The Crown Estate [2012];
The Crown Estate [2015]), geospatial data layers, and expert elicitation.

Estimates of offshore wind costs were calculated for three focus years corresponding to
commercial operation dates (CODs)6 of 2015, 2022, and 2027. In 2015, a baseline turbine rating
of 3.4 megawatts (MW) was assumed as it reflects the average turbine size of installed offshore
wind power projects globally in 2014 (Smith, Stehly and Musial 2015). Informed by recent
industry trends, turbine ratings of 6 MW and 10 MW were assumed as representative
technologies for years 2022 and 2027, respectively.” Corresponding to this assumed growth
trajectory in turbine size, a set of cost reductions and associated technology improvements were
projected for 2015, 2022, and 2027 based on a recent assessment conducted by The Crown
Estate, BVG Associates, and KIC InnoEnergy (The Crown Estate 2012; Valpy et al. 2014).
Various assumptions were made to account for the nascent stage of the U.S. offshore wind
industry and to project cost and technology parameters into the future. The first U.S. offshore
wind power project came online for commercial operation in late 2016. As in this project, U.S.
developers are expected to leverage European offshore wind technology, industry experience,
and industrial capacity in early projects. Beiter et al. (2016) defined a scenario assuming that the
U.S. offshore wind industry can leverage the recent European offshore wind technology and
industry experience while addressing important physical, regulatory, and economic differences
influencing U.S. projects. The cost-reduction pathway under this scenario applies projected cost
reductions developed for European projects within the time frame from 2015 to 2027 and

> All data presented are assumed to be unsubsidized but consider accelerated depreciation (Modified Accelerated
Cost Recovery [MACRS])).

® All years reported in commercial operation date (COD), unless indicated otherwise.

7 The turbine size trajectory of 6 megawatts (MW) by 2022 and 10 MW by 2027 was informed by announced
turbine supply agreements in 2015, indicating that by 2019/2020 a turbine size average of between 6 and 8 MW and
by 2027 turbine sizes of 10-12 MW will be available in Europe. Because of current limitations associated with the
Jones Act, the lower end of those ranges was chosen (Beiter et al. 2016). The same turbine sizes were assumed for
the Great Lakes area without any consideration or adjustment for ship limitations because of locks in that area.
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assumes sufficient domestic deployment and supply chain maturity to support these cost
reductions in the United States during the analysis period.

Based on the methodology and assumptions from Beiter et al. (2016), this analysis provides
detailed outputs of the following:

e Maps showing spatial distribution of LCOE, LACE, and net value for five U.S. coastal
regions including the Atlantic Coast, Pacific Coast, Gulf of Mexico, Great Lakes, and Hawaii
for each of the focus years (2015, 2022, and 2027)

e National and regional supply curves of offshore capacity ranked by LCOE for fixed-bottom
and floating technology types

e Estimated LCOE plotted by different water depths and distance from shore for fixed-bottom
and floating offshore wind technology.

The results presented in this study are intended to inform a broad set of stakeholders to enable an
initial assessment of offshore wind as part of energy development and energy portfolio planning.
It provides information that federal and state agencies and planning commissions may use to
inform initial strategic decisions about offshore wind development in the United States.
Although this analysis is the first of its kind to provide a comprehensive assessment of the
economic potential for offshore wind at a high geospatial resolution across major U.S. coastal
regions, more detailed site-specific assessments are needed to inform actual offshore wind
project planning.

This study finds that estimated reductions in LCOE over the next decade coincide with relatively
high levels of LACE in some U.S. regions. By 2027, a considerable amount of economic
potential was estimated for the Northeast and the eastern shore of Virginia (see Table ES-1).

Table ES-1. Available Capacity with Economic Potential by State in 2027

State Economic Potential
(in gigawatts [GW])

Maine 65
Massachusetts 55
Rhode Island 16
Virginia

New York

4
New Hampshire 2
1
Connecticut 1

Note: Values rounded to integers
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It is also observed that the supply and net value curves were relatively flat, indicating that even a
small change in LCOE or LACE has the potential to trigger significant changes in the amount of
economic potential calculated. This effect resulting from relatively flat supply curves would be
most relevant in regions that have a net value close to zero, such as the Northeast, mid-Atlantic,
Great Lakes, and Gulf Coast in 2027, or in regions where policies are in place to incentivize
renewable energy, such as California. The relatively high degree of sensitivity to changes in
LCOE and LACE also indicates a moderate amount of uncertainty in the quantity of actual
resource found to have “economic potential.” As a result, the conclusions of this assessment
should be re-evaluated as market conditions or costs change.

Some general observations include:

e Offshore wind sites with economic potential are located predominantly in the Northeast
and eastern shore of Virginia

e Across all regions, the number of sites with a positive net value (or a value close to a
positive net value) increase over the time period considered

e State policies have driven offshore wind development recently (e.g., in New York and
Massachusetts); these policies may play a key role when assessing the economic viability
of offshore wind but are not considered in this analysis

e Further technology improvements are needed to achieve the cost reductions of this
assessment

e Some regions will likely require unique technology solutions (e.g., to address low wind
speeds in the Gulf, icing in Great Lakes, and deep-water floating solutions in the Pacific
and Hawaii)

e The value of offshore wind to the electric grid system under some high-penetration
renewable energy scenarios may not be fully represented by net value as calculated in this
study.

A number of limitations and opportunities for further work are indicated throughout this report.
The results from the Beiter et al. (2016) assessment utilized in this study were produced with
innovative models and assumptions, which may be refined as new tools and validation data
become available. For this national-scale assessment, a number of simplifications and
uncertainties exist that may affect the accuracy from reported results at any individual location.
These simplifications and uncertainties range from the development of first-order tools that do
not capture the entire set of parameters taken into account for a detailed site assessment, the
suitability and availability of technology during the time period considered, and general
uncertainty related to the formation of a domestic supply chain and macroeconomic factors.
Limitations and corresponding caveats are discussed in Beiter et al. (2016). Some of the most
important caveats from Beiter et al. (2016) include the following:

X
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e To achieve the modeled cost reductions in the United States, a key assumption is that there
will be continued investments in technology innovation, developments, and the market
visibility of a robust domestic supply chain commensurate with the established European
offshore wind supply chains during the analysis period from 2015 to 2027 and sustained
domestic offshore wind development (U.S. Department of Energy [DOE] 2015; Navigant
2012; European Commission 2016).

e The Crown Estate (2012) cost reductions assumed for this study should be considered in
context of recent cost declines indicated by European offshore wind winning tenders.
However, determining to what extent these recent reductions in European winning bids will
continue in the future and how they translate to a U.S. context is beyond the scope of this
study.

e This analysis includes a preliminary assessment of LACE limited by available data and a set
of simplifying assumptions. It does not consider competition among technologies, dynamic
feedback from increasing renewable deployment on wholesale electricity prices, export or
import situations, or the alleviation of electricity system constraints (e.g., transmission
constraints) over time. Further refinement and additional data could improve this indicator.

e In this study, LACE was estimated based on annual averages of marginal generation prices
and a constant capacity value. This specification does not take into account the subhourly,
hourly, or seasonal coincidence of offshore wind generation profiles with marginal
generation prices or capacity value. For instance, if an offshore wind site produced electricity
during times when it is in high demand (e.g., during peak load events in the late afternoon),
the revenue opportunities (as represented by marginal generation prices or capacity value)
would likely be higher. Such an assessment was not within the scope of this study.

e The validity of LACE varies by region because of spatial differences in data availability. As
described in Section 2.2, a hierarchy of data sources was compiled to proxy marginal
generation prices. This may be a particular concern in the Pacific Northwest coastal regions
where neither locational margin price, market marginal cost, or partial locational margin
price data were available and marginal generation prices were derived from neighboring
regions in California and Nevada and regions in the Pacific Northwest with partial locational
margin price data only.

e Asapplied here, policy-related factors that may influence LACE or LCOE (and hence, the
“net value” of a renewable energy project) were not considered explicitly. For instance,
renewable energy support mechanisms (e.g., the production tax credit, renewable portfolio
standards), energy sector and environmental regulations (e.g., carbon pricing, loan guarantee
programs), or benefits from portfolio diversification (Energy Information Administration
[EIA] 2015) may increase the “net value” and economic potential. Conversely, regulatory
uncertainty and market barriers (see e.g., DOE 2016) may decrease the “net value” and
economic potential.

e As aresult of how competing use areas were applied in Beiter et al. (2016) and Musial et al.
(2016) (as a share of competing use and environmentally sensitive areas), some of the least-
cost LCOE sites identified in this study may not be available in practice for offshore wind
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development because of human use trade-offs (e.g., conflicting use related to viewshed
concerns, shipping lines, marine protected areas and fishing [see e.g., DOE 2016]).

e The calculation of economic potential should not be used as a prediction for actual project
deployment. Economic potential indicates that the revenue at a given site may exceed its
costs in the local energy market, but it does not guarantee that the technology will be
selected. Conversely, a negative net value indicating the lack of economic potential at a given
site does not necessarily imply that economic viability is not achievable because of general
modeling uncertainty related to the development of future costs, electricity prices, policy, and
renewable targets (see Section 2.3).

e This study only assesses the economic potential of offshore wind and is not a metric of
profitability. For a full sectorwide assessment of economic competitiveness, the economic
potential from all competing technologies would have to be taken into consideration (see e.g.,
EIA 2014). For instance, another generation technology may exhibit a net value that is
greater than the estimates for offshore wind at any of the assessed sites.

x1
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1 Introduction

This study describes an assessment of the site-specific variation of levelized cost of energy
(LCOE) and levelized avoided cost of energy (LACE) to understand the economic potential of
fixed-bottom and floating offshore wind technologies in major U.S. coastal areas® between 2015
and 2030. The detailed methodology, assumptions, and context of this study are documented in A4
Spatial-Economic Cost Reduction Pathway Analysis for U.S. Offshore Wind Energy
Development from 2015-2030 (Beiter et al. 2016).° This earlier report focused on the
development of a geospatial cost model of the offshore wind technical resource area in the
United States and the relationship of geospatial and temporal parameters on the cost of energy up
to 2030. The present study builds on the Beiter et al. (2016) analysis to document in detail the
variation in economic potential across the U.S. offshore wind resource by comparing site-
specific LCOE and LACE. In particular, this study offers insights into the available U.S. offshore
wind resource by region at different levels of LCOE and an assessment of the present and future
economic potential of that resource capacity up to 2030.

Beiter et al. (2016) compared LCOE and LACE, the two cost metrics used to assess economic
potential, at more than 7,000 potential U.S. offshore wind sites. The offshore wind capacity
associated with different LCOE and LACE levels was not reported in Beiter et al. (2016). 10
LCOE is the total cost of generating a unit of electricity and is commonly expressed in dollars-
per-megawatt-hour (MWh) over the expected lifetime of the offshore wind electricity-generating
plant. It varies by location because of spatial differences in energy production (e.g., average wind
speed variations) and capital expenditures (e.g., varying sea states, distance from shore, water
depth, soil and substructure suitability, and availability of critical infrastructure). For example,
sites that are closer to shore may benefit from lower electric transmission, construction, and
operation and maintenance (O&M) costs, whereas sites farther from shore may realize lower
LCOE as a result of higher energy production. The lower the LCOE at a given offshore wind
site, the more likely it is for the site to be economically viable. However, LCOE alone is not
sufficient to assess economic viability because it does not capture the electric system value that
can be attributed to a generation source.

Electric system value is defined in this analysis as the revenue that an offshore wind generator
can earn (reflecting its marginal economic value) without considering subsidies. The system
value of offshore wind is affected by its location (i.e., coincidence with load patterns and
available transmission), uncertainty (i.e., forecasting errors), and variability (i.e., generation
profile) (Hirth 2013). The focus of this study is on the locational aspects of system value. This

¥ This analysis excludes Alaska. For Hawaii, estimates of levelized avoided cost of energy (LACE), net value, and
economic potential were not calculated because wholesale electric price data and LACE were not readily available.
® Additional studies that this conceptual approach and methodology is based on include Brown et al. (2015), U.S.
Department of Energy (DOE) (2013), and Lopez et al. (2012).

1 The identification of potential U.S. offshore wind sites and associated resource assessment is documented in
Musial et al. (2016).

1

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.



analysis draws on a “simplified” version'' of LACE as a metric to capture the system value of a
generation technology. LACE is a metric to approximate the electric system value of a
generation technology over its expected lifetime and commonly expressed in dollars per MWh,
similar to LCOE. It estimates the cost to generate the electricity that is displaced by a new
generation project (Energy Information Administration [EIA] 2015; Namovicz 2013; EIA 2013)
and can be thought of as the potential revenue available to procure new generation. LACE varies
by location because of differences in the system value of new electricity, which is determined by
a range of factors, including the cost of competing generation technologies, the resource mix,
demand patterns, and transmission constraints. Higher LACE values are indicative of higher
local electricity prices or higher compensation for providing (firm) capacity. The higher LACE is
at a given offshore wind site, the more likely it is for this site to be economically viable, all else
equal. The difference between LCOE and LACE at a given location (denoted in this report by
“net value”) can help inform an initial understanding of the economic potential of a new offshore
wind project at a high geospatial resolution. For this analysis, policy-related factors that may
influence LACE or LCOE (and hence, the “net value” of a renewable energy project) were not
considered explicitly. For instance, renewable energy support mechanisms (e.g., the production
tax credit, Renewable Portfolio Standards), energy sector and environmental regulations (e.g.,
carbon pricing), or benefits from portfolio diversification (Energy Information Administration
[EIA] 2015) may increase the “net value” and economic potential. Conversely, regulatory
uncertainty and market barriers (see e.g., DOE 2016) may decrease the “net value” and economic
potential.'

A series of data sources and reports were used to derive the assumptions and data for this
analysis, including market reports (e.g., Mon¢ et al. [2015] and Smith, Stehly, and Musial
[2015]), U.S. electricity cost benchmark reports (e.g., EIA Annual Energy Outlook [AEO] 2014),
offshore wind cost-reduction pathway studies (e.g., Beiter et al. (2016); Valpy et al. [2014];
Catapult [2015]; E.C. Harris [2012]; The Crown Estate [2012]; The Crown Estate [2015]),
geospatial data layers, and expert elicitation.

This report builds on the Beiter et al. (2016) study, which considered the impact on LCOE and
LACE from a variety of spatial and temporal parameters for fixed-bottom and floating offshore
wind technologies. Estimates of offshore wind costs were calculated for three focus years
corresponding to commercial operation dates (CODs)"? of 2015, 2022, and 2027. In 2015, a
baseline turbine rating of 3.4 megawatts (MW) was assumed as it reflects the average turbine
size of installed offshore wind power projects globally in 2014 (Smith, Stehly and Musial 2015).
Informed by recent industry trends, turbine ratings of 6 MW and 10 MW were assumed as

" The concept of avoided costs has long been used in utility and regulatory economics (see e.g., Public Utility
Regulatory Act of 1978, Sec. 210, defining avoided costs as “the incremental cost to an electric utility of electric
energy or capacity or both which [...] such utility would generate itself or purchase from another source”). This
analysis applies a specification that does not necessarily reflect the same complexity that is used for other purposes.
Limitations and caveats are discussed in Section 3.

12 All data presented are assumed to be unsubsidized but consider accelerated depreciation (Modified Accelerated
Cost Recovery [MACRS])).

1 All years reported in commercial operation date (COD), unless indicated otherwise.
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representative technologies for years 2022 and 2027, respectively.'* Corresponding to this
assumed growth trajectory in turbine size, a set of cost reductions and associated technology
improvements were projected for 2015, 2022, and 2027 based on a recent assessment conducted
by The Crown Estate, BVG Associates, and KIC InnoEnergy (The Crown Estate 2012; Valpy et
al. 2014). Various assumptions were made to account for the nascent stage of the U.S. offshore
wind industry and to project cost and technology parameters into the future. The first U.S.
offshore wind power project came online for commercial operation in late 2016. As in this
project, U.S. developers of the first few domestic projects are expected to leverage existing
European offshore wind technology, industry experience, and industrial capacity. Beiter et al.
(2016) defined a scenario assuming that the U.S. offshore wind industry can leverage the recent
European offshore wind technology and industry experience while addressing important
physical, regulatory, and economic differences influencing U.S. projects. The cost-reduction
pathway under this scenario applies projected cost reductions developed for European projects
within the time frame from 2015 to 2027 and assumes sufficient domestic deployment and
supply chain maturity to support these cost reductions in the United States during the analysis
period. However, these deployment levels have not yet been quantified. As shown in Figure 1,
the Crown Estate (2012) cost reductions assumed for this study should be considered in context
of recent cost declines indicated by European offshore wind winning tenders. However,
determining if and to what extent these recent European offshore wind cost reductions will
continue and how they might translate to a U.S. market context is beyond the scope of this study.

' The turbine size trajectory of 6 megawatts (MW) by 2022 and 10 MW by 2027 was informed by announced
turbine supply agreements in 2015, indicating that by 2019/2020 a turbine size average of between 6 and 8§ MW and
by 2027 turbine sizes of 10-12 MW will be available in Europe. Because of current limitations associated with the
Jones Act, the lower end of those ranges was chosen (Beiter et al. 2016). The same turbine sizes were assumed for
the Great Lakes area without any consideration or adjustment for ship limitations because of locks in that area.
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Figure 1. Recent strike prices of European offshore wind winning tenders adjusted to U.S. dollars,
with grid cost, development cost, and contract length adders

Notes: *Grid and development costs added; **Grid costs and contract length adjusted;
Source: Data derived from 4C Offshore (2017)

Estimates of offshore wind LACE were intended to reflect the electric system value and
calculated using prevailing electricity prices and capacity value. The corresponding data were
collected for 2014, averaged by region,'® and projected for the years between 2015 and 2027
based on EIA’s 2014 AEO electricity generation prices.

Based on the methodology and assumptions from Beiter et al. (2016), this analysis provides
detailed outputs of the following:

e Maps showing spatial distribution of LCOE, LACE, and net value for five U.S. coastal
regions including the Atlantic Coast, Pacific Coast, Gulf of Mexico, Great Lakes, and
Hawaii for each of the focus years (2015, 2022, and 2027)

" The regions used correspond to those applied in the National Renewable Energy Laboratory’s Regional Energy
Deployment System (ReEDS).
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e National and regional supply curves of offshore capacity ranked by LCOE for fixed-
bottom and floating technology types

e Estimated LCOE plotted by different water depths and distance from shore for fixed-
bottom and floating offshore wind technology.

The results presented in this study are intended to inform a broad set of stakeholders to enable an
initial assessment of offshore wind as part of energy development and energy portfolio planning.
It provides information that federal and state agencies and planning commissions may use to
inform initial strategic decisions about offshore wind developments in the United States.
Although this analysis is the first of its kind to provide a comprehensive assessment of the
economic potential for offshore wind at a high geospatial resolution across major U.S. coastal
regions, more detailed site-specific assessments are needed to inform actual offshore wind
project planning.

This report is organized as follows:

e Section 2: Methodology
e Section 3: Limitations and Caveats
e Section 4: Results and Discussion

e Section 5: Conclusions and Next Steps.
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2 Methodology

This section provides an overview of the core analytical methodology applied in Beiter et al.
(2016), which is identical to the approach used in this report. Further details on the methodology,
data, and limitations may be found in Beiter et al. (2016). This report focuses on the additional
analysis, data sources, and documentation for LACE used in this investigation.

2.1 Cost of Energy
2.1.1 Levelized Cost of Energy Across U.S. Coastal Areas

LCOE is the total cost of generating a unit of electricity commonly expressed on a dollars-per-
kWh basis over the expected lifetime of the project.'® The discounted cash flow of future project
expenditures and the discounted energy production is approximated through the use of
annualized values and calculated at the point of interconnection with the existing electricity grid.
Following Short et al. (1995), LCOE in general form, was calculated as shown below (Eq. 1):

LCOE _ (FCR*CapEx) + OpEx 1)
AEPre

where:

LCOE = levelized cost of energy ($/kWh)

FCR = fixed charge rate (%)

CapEx = capital expenditures ($/kW)

AEP s = net annual energy production (kWh/kW/yr)
OpEx = annual operational expenditures ($/kW/yr)

LCOE varies by location because of differences in site conditions (e.g., average wind speed,
varying sea states, distance from shore, water depth, substructure suitability, and availability of
critical infrastructure) that influence turbine technology requirements. For example, sites that are
closer to shore may benefit from lower electric transmission, construction, O&M costs; sites farther
from shore may benefit from lower costs as a result of higher wind speeds resulting in increased
energy production. A number of parameters related to modeling energy performance, capital cost,
operating cost, and finance cost as well as numerous spatial characteristics were considered to
estimate the LCOE components from Eq. 1 at more than 7,000 U.S. coastal sites. The set of
spatial parameters considered include:

e Water depth

e Average wind speed
e Sea state severity

e Seabed conditions

e Location and characteristics of prospective staging ports

' In this analysis, 20 years were assumed for an offshore wind project lifetime. Extending the lifetime of offshore
wind projects can considerably lower the levelized cost of energy (LCOE).
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e Location and characteristics of possible inshore assembly areas
e Existing grid features and proximity to potential connection points
e Environmentally sensitive areas

e Competitive-use areas.

Detailed information on the parameter studies that were conducted to inform the spatial-cost
relationships and assumptions applied in this analysis are discussed in Beiter et al. (2016). For
instance, Beiter et al. (2016) includes information on the relationship between primary
substructure components and water depth, installation costs scaling and distance from project site
to staging port, and O&M costs and the distance between the project and maintenance facilities.
Various substructure types were assessed in this analysis, including monopile and jacket
foundations for fixed-bottom offshore wind technology, and semisubmersible and spar buoy
substructures for floating offshore wind technology. Depending on the spatial parameters listed
above, the least-cost substructure type was chosen for each of the U.S. coastal sites.

A cost-reduction pathway related to technology advancement and market development was
assumed for this study. The cost reduction trajectory is closely linked to the assumed turbine-size
growth scenario that is shown in Table 1. The turbine technology indicated in Table 1 was
assigned in the beginning of each focus year and held constant at all sites until the next focus
year. Among the drivers of these time-dependent cost reductions are technology advancements
that lower the cost for capital expenditures (CapEXx) (e.g., turbine, substructures, electrical
infrastructure), operational expenditures (OpEx), financing, and factors that increase the annual
energy output of the turbines. For this study, all technology advancements are assumed to be
equally available to all regions in the United States; however, some regions may require unique
technology solutions that are beyond the scope of this work (e.g., hurricane turbine design).

Table 1. Summary of Key Assumptions for the Spatial-Economic Assessment

Financial Close 2013 2020 2025
Commercial Operation Date 2015 2022 2027
Turbine Rated Power (MW) 3.4 6 10

Plant Size (MW) 600 600 600
Turbine Hub Height (m) 85 100 125
Turbine Rotor Diameter (m) 115 155 205
Turbine Specific Power® (W/m2) 327 318 303

® A wind turbine’s specific power is the ratio of its nameplate capacity rating to its rotor-swept
area. All else equal, a decline in specific power should lead to an increase in capacity factor.

2.1.2 Data Sources

A variety of input data sources were used in this study, including, but not limited to, market

reports (e.g., Moné et al. [2015] and Smith, Stehly, and Musial [2015]), cost-reduction pathway
studies (e.g., Valpy et al. [2014]; Catapult [2015]; E.C. Harris [2012]; The Crown Estate [2012,
2015]), spatial data layers, and industry collaboration. These data are combined with a resource
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assessment (Musial et al. 2016),'” performance modeling, and spatial cost relationships
documented in Beiter et al. (2016) to estimate LCOE at more than 7,000 sites across U.S. coastal
regions (excluding Alaska).

The cost reductions assumed for years 2015-2027 were based on a cost model assessment
conducted by The Crown Estate, BVG Associates, and KIC InnoEnergy (The Crown Estate
2012; Valpy et al. 2014) for fixed-bottom technology and an initial assessment of floating
offshore wind technology following a similar methodology as applied in Valpy et al. (2014).'®

2.2 Avoided Cost of Energy
2.2.1 Levelized Avoided Cost of Energy in U.S. Coastal Areas

LACE, as a metric to determine the value of new generation projects, was developed to
complement the well-established LCOE metric (e.g., EIA 2015; Namovicz 2013; EIA 2013).
According to EIA (2013), “LCOE is not a useful tool to compare the cost of different generation
options, unless the options being compared have substantially similar operational profiles and
system values.” LACE can be particularly useful when assessing the economic competitiveness
of “unconventional” resources like wind and solar (EIA 2013). LACE and LCOE are
complementary in the sense that LCOE comprises a measure for revenue requirements (based on
the cost required to generate electricity), whereas LACE captures the revenues available to that
generating source. The two metrics can be compared to provide an indicator of economic
attractiveness (EIA 2013). LACE is a metric to approximate the electric system value of a
generation technology over its expected lifetime and commonly expressed on a per-MWh basis.
Electric system value is defined in this analysis as the revenue that an offshore wind generator
can earn (reflecting its marginal economic value) without consideration for subsidies. The
system value of offshore wind is affected by its location (i.e., coincidence with load patterns and
available transmission), uncertainty (i.e., forecasting errors), and variability (i.e., generation
profile) (Hirth 2013). Because of these technological properties, LACE may vary by technology
and location (see e.g., EIA 2016 for a comparison of LACE by technology). The metric can be
interpreted as the amount a generation project, such as an offshore wind project at a U.S. coastal
location, would be paid for the electrical energy and capacity it could potentially provide, or
alternatively, what a utility or other entity would not have to purchase from other sources.

In this study, LACE is calculated based on prevailing regional marginal generation prices and
capacity values. Marginal generation price and capacity are presented in terms of average
(avoided) costs per MWh of generation. The discounted revenues from regional marginal
generation prices and capacity value are approximated through the use of levelized values.
Marginal generation price is the cost of serving load to meet the demand in a specified time
period, which is determined by the variable cost of the most expensive generating unit that is

7 The Musial et al. (2016) resource assessment takes into account conflicting use areas.

'8 As shown in Figure 1, the Crown Estate (2012) cost reductions assumed for this study should be considered in
context of recent cost declines indicated by European offshore wind winning tenders. However, determining to what
extent these recent reductions in European winning bids will continue in the future and how they translate to a U.S.
context is beyond the scope of this study.

8

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.



needed to be dispatched to meet energy demand (EIA 2013). Capacity value can be defined as “a
generator’s ability to help reliably serve load [...] — the firm capacity that a generating unit is
able to provide during reliability-critical periods™ (Sigrin et al. 2014).

The following general formula (Eq. 2) was used to estimate LACE (see Appendix B for a more
detailed version):

MPx AEPyop+CP*CC
LACE = (2)
AEPnpet
where:
MP = Average marginal generation price ($/kWh)
AEP,¢ = Net annual energy production (kWh/kW/yr)
CP = Capacity payment ($/kW/yr)

CC = Capacity credit (%)

In estimating marginal generation prices for sites across the continental United States, this
analysis relies on a range of 2014 market prices (see Section 2.2.2) that were adopted for
Regional Energy Deployment System (ReEDS) price regions (see Figure 1) (Short et al. 1995).
Capacity values were calculated based on a technology-specific capacity credit and the overnight
capital cost'’ of an advanced, natural-gas-fired combustion turbine plant as proxy for capacity
payment.

19 Overnight capital costs represent capital expenditures, excluding construction period financing.
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Figure 2. Regions in the ReEDS model

Source: Reprinted from Eurek et al. (2016); only coastal regions are relevant for this analysis

LACE was estimated for each ReEDS region and for each year between 2015 (COD) and 2030
(COD) using the generation price projection from EIA (2014) described earlier. The LACE metric
can vary by location because of differences in prevailing electricity prices. These differences may
exist for various reasons, including, but not limited to, the number of load congestion events, load
fluctuation, available electricity generation types and profiles, and weather events. Spatial and
temporal differences in capacity value are not considered in this analysis. LACE is generally
predicted to increase gradually among U.S. coastal areas over time as a result of increasing power
generation and delivery costs (EIA 2015). The magnitudes of these LACE increases vary by region.
Although EIA (2015) and other sources generally predict an increase in power generation and
electricity delivery costs, a range of factors may influence future electricity costs, some of which are
challenging to predict. These factors may include, but are not limited to, future developments in the
energy efficiency, transportation, and storage sectors; changes in fuel prices and generation
technologies; market structures; and macroeconomic factors. For this study, Hawaii and Alaska
were excluded in the calculation of LACE because the underlying wholesale electricity price
data for these states were not available.

2.2.2 LACE Components and Data Sources

This initial assessment of LACE is based on a combination of regional marginal generation price and
capacity value (see Eq. 2). Following the methodology from Namovicz (2014) and Brown et al.
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(2015), this analysis uses prevailing locational marginal prices (LMP) and market marginal cost
(MMC) to proxy marginal generation prices. A technology-specific capacity credit and generic
capacity value® are applied to approximate the value of firm capacity from offshore wind. Net
annual energy production was derived from U.S. site-specific capacity factors published in a
recent offshore wind resource assessment (Musial et al. 2016).

Marginal Generation Prices

Because of limitations related to the availability of regional data, various data sources were used
to estimate marginal generation prices across all major U.S. coastal regions. These prices are
depicted by region in Figure 3 and summarized in Table 2. The selection of data sources follow a
hierarchy that is depicted in Table 2 (from top to bottom).

Data Source
[ we
| Alternative ReEDS region LMP
Partial LMP
I MMC (lambda)

Figure 3. Data sources used for marginal generation price estimates across all U.S. regions

Source: Reprinted from Brown et al. (2015); only coastal regions are relevant for this analysis

% Capacity markets are implemented in the PJM, MISO, Independent System Operator-New England, New York
Independent System Operator, and California Independent System Operator market regions but do not encompass
the Electric Reliability Council of Texas (ERCOT) and the Southwest Power Pool (SPP). An approximation of
capacity value is included in this analysis to capture the revenue plant owners receive for being ready to supply
power when needed (Jenkin, Beiter, and Margolis 2016).
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Table 2. Description of Types of Marginal Generation Price Data Used for Calculating LACE

Source: Reprinted from Brown et al. (2015)

Available Data

Locational Marginal Prices
(LMP)

Market Marginal Costs
(Lambda) (MMC)

Partial Locational Marginal
Prices

Alternative ReEDS Region
Locational Marginal Prices

Definition

LMP reflects the value of
generation at different locations,
accounting for load patterns,
generation, and the physical limits
of the transmission system. For
this analysis, LMPs have been
curtailed at the highest generation
cost from regional bid stack
curves. Hourly LMPs below zero
were also excluded from this
analysis.

System lambda is the incremental
cost of energy of the marginal unit
assuming no system constraints
exist.

Some regions, particularly those
covered by Energy Imbalance
Market, have no LMP data series
that cover the entire year. Partial
LMP is based on the reported
subset of LMPs.

For some regions, neither LMP
nor MMC is reported. Alternative
ReEDS region LMP is based on
LMP price data from nodes that
are located closest to the missing
regions.

Source

Independent system operator
real-time day-ahead LMP pricing
from New York Independent
System Operator, PJM,
Independent System Operator-
New England, Independent
Electricity System Operator
(Ontario), California Independent
System Operator, Electric
Reliability Council of Texas,
Alberta Electric System Operator,
MISO, Southwest Power Pool,
New Brunswick System Operator
(ABB/Ventyx)

Federal Energy Regulatory
Commission Form 714 Hourly
System Lambda by Balancing
Authority Area (ABB/Ventyx)

Same as LMP

Same as LMP

Locational Marginal Prices

Consistent with the Brown et al. (2015) study, this analysis follows the methodology from
Namovicz (2013) in using LMPs as the best available proxy for marginal generation prices,
whenever available. LMPs reflect “the value of generation at different locations, accounting for
load patterns, generation, and the physical limits of the transmission system” (Independent
System Operator (ISO)-New England 2013). They are reported by independent system operators
on an hourly basis. For the purpose of this analysis, real-time, day-ahead LMPs were curtailed at
the highest generation cost within a North American Electric Reliability Corporation (NERC)
region in 2014, as determined by NERC region bid stack curves (Ventyx 2015). Hourly LMPs
below zero were also excluded from this analysis. These adjustments serve the purpose of
excluding price outliers reflected in the hourly LMPs that would reduce the validity of LMPs to
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serve as a proxy for marginal generation costs.”’ These “adjusted” LMPs were averaged by
ReEDS region (Balancing Authority level).

Market Marginal Costs

Because LMP data are not available for every coastal region of the country, market marginal cost
data (MMC:s or system lambdas) were used whenever LMP was not available. In choosing
between LMP and MMC prices there is a trade-off: MMC presumably has closer alignment with
marginal generation prices, whereas LMP has better geographic price resolution. Though
conceptually MMC prices may be considered to align closer with marginal generation prices,
these prices were only available at the Balancing Authority level. On the other hand, ISO-
reported LMPs can be identified at several hundred price nodes across the continental United
States. Preference was given to the higher geographic price resolution provided by LMPs
because of the spatial focus of this analysis (>7,000 offshore wind sites were analyzed).

System lambda is the incremental cost of energy of the marginal unit assuming no system
constraint exists (Federal Energy Regulatory Commission [FERC] 2010). MMC price data are
reported hourly at the Balancing Authority level. For the purpose of this analysis, MMC
(lambda) data were weighted by the number of hours in each ReEDS time slice and averaged by
ReEDS region.

Partial Locational Marginal Prices

In some regions, including parts of the recently established Energy Imbalance Market, an LMP
data series was not available for the entire year. Partial LMP is based on the reported subset of
wholesale generation prices for a portion of a given year. Whenever neither (full series) LMP nor
MMC (lambda) were available, these partial LMP data were assigned to a ReEDS region.

Alternative ReEDS Region Locational Marginal Prices

In some regions, neither LMP, MMC (lambda), or partial LMP were reported for 2014,
particularly in the Pacific Northwest and the Southeast. For these regions, price estimates were
derived based on ReEDS regions with price data that were located closest to the region with
missing price data.

As shown in Figure 3, LMPs are predominant in ISO market regions; MMC price estimates were
used as proxies of marginal generation price mainly in the Southeast and Southwest/Mountain
regions. Neither LMPs nor MMC estimates were available in large parts of the Pacific Northwest
and Mountain regions, therefore, this analysis relies on LMP price data from nodes that are
located closest to these regions. Future revisions of this analysis for the entire continental United
States could yield more accurate price estimates, particularly for the Pacific Northwest and
Mountain regions.

2! Upper and lower thresholds were implemented to exclude effects due to bidding behavior, transmission
constraints, and so on, so that they better meet the proxy objective (and to distinguish from the value reflected in
capacity payments).
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Figure 4 features marginal generation price estimates for 2014 from the various sources listed in
Table 2. New England, Nevada, and parts of Texas and South Carolina comprise regions with
relatively high prices. Large parts of the Midwest, Southeast, and Arizona are generally among
zones with lower prices. For this analysis, only marginal generation prices from coastal ReEDS
regions are considered.

Marginal Generation
Price

Figure 4. Marginal generation price estimates

Source: Reprinted from Brown et al. (2015); only coastal regions are relevant for this analysis

The marginal generation prices estimated for this analysis take into account projected generation
price changes that occur between 2014 and the focus year by means of an annual escalation factor.
These price changes were based on regional projections from the EIA AEO (2014) Reference Case in
EIA (2014) (Figure 5).
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Note: For visualization purposes, data shown represent the NERC region level; the
analysis used subregion NERC data available from EIA AEO 2014

Capacity Value

The second LACE component comprises a capacity payment and a technology-specific capacity
credit. The product of these two components approximates the capacity value of a generation
project. The capacity payment captures the value a generation project can offer to the system in
meeting reliability reserve margins, and can be determined by estimating the payment necessary
to “incentivize the last unit of capacity needed to satisfy a regional reliability reserve
requirement” (EIA 2013). The capacity credit captures “the ability of a unit to provide system
reliability reserves” (EIA 2013) and depends upon the dispatchability of a generation project. For
the purpose of this analysis and consistent with Brown et al. (2015), the overnight capital cost of
a new advanced natural-gas combustion turbine plant (AEO 2015 Table 8.2) of $682/kilowatt
(kW) serves as a proxy of capacity payment. A capacity credit of 25% was assumed for offshore
wind in this assessment based on land-based wind capacity credit estimates from Milligan and
Porter (2008) because of the limited regional data for offshore wind.** Spatial and temporal
differences in capacity value are not considered in this analysis. The LACE estimation was based
on annual averages and did not consider the coincidence of the offshore wind energy production

2 A full assessment is necessary to estimate a capacity credit for U.S. offshore wind.
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profile with temporal patterns of marginal generation prices. The calculation of annual energy
production for LCOE and LACE is identical (see Eq. 1 and 2).

This preliminary approach to quantifying capacity value has some caveats and limitations that
are listed in Section 3. Among these caveats and limitations are the exclusion of any spatial and
temporal variation in capacity payment and capacity credit, which may vary significantly based
on factors such as the local generation mix and load patterns. The capacity credit of 25% assumed
for this study is intended to reflect the average capacity credit across U.S. offshore wind sites. This
value was informed by estimates derived for land-based wind because offshore wind specific
estimates were not available for the entire set of regions assessed in this study. Future spatial studies
will need to assess the local coincidence of offshore wind generation and load patterns across U.S.
coastal sites and over time to derive a more accurate estimate for an offshore wind capacity credit.
There is some evidence that the capacity credit for offshore wind may be significantly higher than the
25% assumed for this study (see, e.g., Ensslin et al. 2008, Stoutenburg et al. 2010, and GE Power
2010 for some site-specific assessments). Some factors that contribute to a higher capacity credit
include (but are not limited to) typically more energetic and less turbulent winds offshore and
production characteristics of offshore wind that tend to be less variable and better coincide with local
load peaks (e.g., sea breeze effects) (see e.g., DOE 2016).

2.3 Economic Potential

There are many ways to estimate the economic potential of renewable energy projects (e.g.,
Massachusetts Institute of Technology 2015; Hirth 2013). Economic potential, expressed in terms
of MWh or MW, as defined for this analysis can be understood by comparing it to other forms of
resource potential. Musial et al. (2016) used the framework depicted in Figure 6 to classify types
of offshore wind resources based on specific criteria. Technical resource potential (green ellipse)
comprises the subset of gross recoverable resource potential that can be considered recoverable
under available technological and turbine performance conditions while considering reductions
for land-use and environmental siting constraints. It takes into account technical limits of
offshore wind, including system performance and losses, real-world geographic conflicting use
and environmental constraints, and turbine spacing criteria.

3 The technical resource potential is a resource class that is quantified in Musial et al. (2016) by considering any
available offshore wind resource at a water depth less than 1,000 meters (m) and wind speeds greater than 7 meters
per second (m/s). It also excludes ice regions of the Great Lakes where depths are greater than 60 m, because
floating wind technology has not yet been developed to survive freshwater ice floes (Musial et al. 2016).
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Figure 6. U.S. offshore wind resource terminology framework indicating estimated resource
potential and classification criteria

Source: Image adapted from Musial et al. (2016)

For the purpose of this analysis, economic potential is defined as the subset of sites within the
technical resource potential (in MWh or MW) (Musial et al. 2016), in which net value is greater
than zero. Net value at a given site, 1, is defined as follows:

Net value ($/MWh); = LACE; - LCOE; 3)

In other words, for an offshore wind site to be economic under the definitions of this analysis,
LACE will need to be greater than the LCOE. LCOE is calculated at more than 7,000 coastal
sites and is compared to a LACE value that is estimated for each coastal ReEDS region. The
assignment of potential offshore wind site LCOE with LACE values is determined by the point
of cable landfall that minimizes the direct distance to the centroid of the site.

For the purpose of this analysis, economic potential for a region, ;, with the number of sites, n, is
defined as:

Economic potential (MWh or MW); =} ; Technical Resouce Potential;;
where Net value; > 0 4)

Economic potential, as defined in Eq. 4, can be helpful as a high-level indicator of economic

viability to inform energy planners about new generation at a relatively high geospatial
resolution.
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In the specification of economic potential as applied in this report, policy-related factors that
may influence LACE or LCOE were not considered explicitly. For instance, renewable energy
support mechanisms (e.g., the production tax credit), energy sector and environmental
regulations (e.g., carbon pricing), or benefits from portfolio diversification (EIA 2015) may
increase the “net value” and economic potential. It also does not include any considerations
related to local economic development (see e.g., Tegen et al. 2015) or the attainment of state
renewables portfolio standards and offshore wind targets (e.g., a requirement to procure 1,600
MW of offshore wind in Massachusetts, [The General Court of the Commonwealth of
Massachusetts (2017)] a 50% renewables portfolio standard by 2030 in New York [New York
State Governor’s Office (2016)] and California [California Energy Commission (2017)]).
Conversely, regulatory uncertainty and market barriers (see e.g., DOE 2016) may decrease the
“net value” and economic potential.
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3 Limitations and Caveats

The results from the Beiter et al. (2016) assessment utilized in this study were produced with
first-of-its kind models and assumptions, which may be further refined as new tools, data, and
validation become available. For this national-scale assessment, a number of simplifications and
uncertainties exist that may affect the accuracy from reported results at any individual location.
These simplifications and uncertainties range from the development of first-order tools that do
not capture the entire set of parameters taken into account for a detailed site assessment, the
suitability and availability of technology during the time period considered, and general
uncertainty related to the formation of a domestic supply chain and macroeconomic factors.
Limitations and corresponding caveats are discussed in detail in Beiter et al. (2016). Some of the
most important caveats from Beiter et al. (2016) are listed here.

Levelized Cost of Energy

e To achieve the modeled cost reductions in the United States, a key assumption is that there
will be continued investments in technology innovation, developments, and the market
visibility of a robust domestic supply chain commensurate with the established European
offshore wind supply chains during the analysis period from 2015 to 2027 and sustained
domestic offshore wind development (DOE 2015; Navigant 2012; European Commission
2016).

e This analysis defines cost reduction scenarios that assume that the U.S. offshore wind
industry can leverage the recent European offshore wind technology and industry
experiences while accounting for some significant physical, regulatory, and economic
differences (e.g., hurricanes, deeper water, Jones Act requirements), including the
development of U.S.-based labor skills and ocean-based infrastructure (e.g., assembly ports
or vessels) (Navigant 2012; Valpy et al. 2014; McClellan et al. 2015; Moné et al. 2015).

e Asshown in Figure 1, the Crown Estate (2012) cost reductions assumed for this study should
be considered in context of recent cost declines indicated by European offshore wind
winning tenders. However, determining if and to what extent these recent European cost
reductions will continue and how they might be translated to a U.S. context is beyond the
scope of this study.

Levelized Avoided Cost of Energy

e This analysis includes a preliminary assessment of LACE limited by available data and a set
of simplifying assumptions. It does not consider competition among technologies, dynamic
feedback from increasing renewable deployment on wholesale electricity prices, export or
import situations, or the alleviation of electricity system constraints (e.g., transmission
constraints) over time. Further refinement and additional data could improve this indicator.

e In this study, LACE was estimated based on annual averages of marginal generation prices
and a constant capacity value. This specification does not take into account the subhourly,
hourly, or seasonal coincidence of offshore wind generation profiles with marginal
generation prices or capacity value. For instance, if an offshore wind site produced electricity
during times when it is in high demand (e.g., during peak load events in the late afternoon),
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the revenue opportunities (as represented by marginal generation prices or capacity value)
would likely be higher. Such an assessment was not within the scope of this study.

e The validity of LACE varies by region because of spatial differences in data availability. As
described in Section 2.2, a hierarchy of data sources was compiled to proxy marginal
generation prices. This method of approximation may be of particular concern in the Pacific
Northwest coastal regions where neither LMP, MMC, or partial LMP data were available and
marginal generation prices were derived from neighboring regions in California and Nevada
and regions in the Pacific Northwest with partial LMP data only.

e There is inherent uncertainty about the escalation factors that were applied by region from
the AEO 2014 (EIA 2014) to project marginal generation prices for the 20-year lifetime of
projects. Generation prices are determined by a range of factors, including, but not limited to,
economic growth, load, energy efficiency, availability of competing generation technologies,
congestion events, and weather. These factors are hard to predict and inherently uncertain.

e Asapplied here, LACE does not consider policy-related factors or subsidies, either nationally
or in individual states, such as renewable energy support mechanisms (e.g., the production
tax credit, carbon pollution and other greenhouse gas regulations, state renewable portfolio
standards, and loan guarantee programs), energy sector and environmental regulations,
regulatory uncertainty, or benefits from portfolio diversification (EIA 2015).

e Integration costs of offshore wind (see, e.g., Bird et al. 2013 for general discussion) are not
considered in this study.

e A decline in LACE as a result of higher penetration from offshore wind (see, e.g., Mills and
Wiser 2012) is not implemented in the model developed for this analysis.

e The capacity credit of 25% assumed for this study is intended to reflect the average capacity
credit across U.S. offshore wind sites. This value was informed by estimates derived for
land-based wind because offshore wind specific estimates were not available for the entire
set of regions assessed in this study. Future spatial studies will need to assess the local
coincidence of offshore wind generation and load patterns across U.S. coastal sites and over
time to derive a more accurate estimate for an offshore wind capacity credit. There is some
evidence that the capacity credit for offshore wind may be significantly higher than the 25%
assumed for this study (see, e.g., Ensslin et al. 2008, Stoutenburg et al. 2010, and GE Power
2010 for some site-specific assessments). Some factors that contribute to a higher capacity
credit include (but are not limited to) typically more energetic and less turbulent winds
offshore and production characteristics of offshore wind that tend to be less variable and
better coincide with local load peaks (e.g., sea breeze effects) (see e.g., DOE 2016).

Economic Potential

e The calculation of economic potential should not be used as a prediction for actual project
deployment. Economic potential indicates that the revenue at a given site may exceed its
costs in the local energy market, but it does not guarantee that the technology will be
selected. Conversely, a negative net value indicating the lack of economic potential at a given
site does not necessarily indicate that economic viability is not achievable because of general
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modeling uncertainty related to the development of future costs, electricity prices, policy, and
renewable targets (see Section 2.3).

e This study only assesses the economic potential of offshore wind and is not a metric of
profitability. For a full sectorwide assessment of economic competitiveness, the economic
potential from all competing technologies would have to be taken into consideration (see e.g.,
EIA 2014). For instance, another generation technology may exhibit a net value that is
greater than the estimates for offshore wind at any of the assessed sites.
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4 Results and Discussion

In this section, results are presented in various formats:

e Maps showing spatial distribution of LCOE, LACE, and net value of offshore wind for
five U.S. coastal regions, including the Atlantic Coast, Pacific Coast, Gulf of Mexico,
Great Lakes, and Hawaii for each of the focus years (2015, 2022, and 2027)

e National and regional supply curves of offshore wind capacity ranked by LCOE for
fixed-bottom and floating technology types

e Scatterplots of LCOE and LACE for fixed-bottom and floating offshore wind technology
nationally, and for individual U.S. coastal regions.

Results are shown at the national level in Section 4.1, and for U.S. coastal regions, including the
Atlantic (Section 4.2), Pacific (Section 4.3), Gulf of Mexico (Section 4.4), Great Lakes (Section
4.5), and Hawaii** (Section 4.6).

4.1 National
4.1.1 Levelized Cost of Energy

Figure 7 depicts the variance of LCOE estimated across all U.S. coastal sites (indicated by the
vertical blue two-way arrow) and over time (along the horizontal time axis). The lower range of
LCOE estimates among all U.S. offshore wind sites indicates a decline from $130/MWh in 2015
to $95/MWh in 2022, to $80/MWh in 2027 and $60/MWh in 2030. The upper range of LCOE®
estimates among U.S. offshore wind sites shows a decline from $450/MWh in 2015 to
approximately $300/MWh in 2022, $220/MWh in 2027, and $190/MWh in 2030. Figure 7 also
includes two offshore wind cost-reduction reference scenario sites for fixed-bottom and floating
technologies, respectively. The characteristics of these generic reference scenarios are specified
in Beiter et al. (2016)*® to represent typical spatial conditions of existing Bureau of Ocean
Energy Management lease areas. However, these generic reference scenario sites represent
averages but not any specific Bureau of Ocean Energy Management lease area or site. The two
reference scenarios follow the same general cost-reduction trend that is reflected in the upper and
lower boundary of LCOE. Based on this analysis, although the LCOE for floating technology is
significantly higher in 2015, fixed-bottom and floating technologies are expected to converge
over time.

Some of the drivers that lead to lower LCOE at certain sites include:

e Strong wind resources, ranging from 8.5 to 10 m/s, which result in net capacity factors
between 40% and 60%

** Only LCOE reported for Hawaii.

» LCOE was calculated for all sites, regardless of whether they are likely to attain economic potential in a near-term
timeframe.

26 The fixed-bottom cost-reduction scenario site assumes a water depth of 30 m and a distance from shore of 30 km.
The floating cost-reduction scenario site assumes a water depth of 100 m and a distance from shore of 30 km.
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¢ Close proximity to the onshore grid interconnect, which minimizes the electrical
infrastructure and maintenance costs

e Proximity to an inshore assembly area

e Close to shore-based port facilities, which minimizes installation, maintenance, and
export system costs

e Shallower water depths, which minimize substructure costs.
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Figure 7. Levelized cost of electricity for potential offshore wind projects from 2015 to 2030 over
technical resource area

Source: Beiter et al. (2016)

Note: Data plotted are an exponential curve fit through the modeled LCOE values (2015, 2022, and
2027 COD)

4.1.1.1 Supply Curves

Supply curves depict the relationship between LCOE levels and available capacity. A total of
approximately 2,060 gigawatts (GW) of offshore wind technical resource potential were
estimated by Musial et al. (2016) for all major U.S. coastal regions (excluding Alaska). In
comparison, a total of 82 GW of land-based wind was installed in the United States by the end of
2016 (American Wind Energy Association [AWEA] 2017). Figures 8 through 10 are a set of
national offshore wind supply curves for years 2015, 2022, and 2027, respectively.”’ The

27 See Beiter et al. (2016) for more details on methodology and limitations.
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adjacent tables indicate the available capacity at different levels of LCOE by increments of
$25/MWh.

The inverse S-shape form of these supply curves indicate that any global reduction in LCOE (or
conversely, increase in LCOE) can trigger a relatively smaller amount of available capacity at
low (e.g., between 0 and 100 GW of cumulative capacity in 2015) and high (>1,700 GW of
cumulative capacity in 2015) levels of LCOE than at moderate LCOE intervals (e.g., between
100 and 1,700 GW of cumulative capacity in 2015).

In 2015, approximately 40 GW of offshore wind technical resource capacity was estimated to be
available below $150/MWh, 620 GW below $200/MWh, and 1,720 GW below $300/MWh. The
lowest cost sites (< $150/MWh) are entirely comprised of offshore wind plants with fixed-
bottom substructure technology. Floating technology is still in a nascent stage and has arguably
not yet realized a significant portion of its cost-reduction potential. The least-cost fixed-bottom
location was estimated at just above $125/MWh. Total capacity within the lowest-cost bin of
$125/MWh—-$135/MWh amounts to approximately 4 GW. The least-cost floating technology
substructure site in 2015 is estimated at cost levels of approximately $160/MWh. The share of
capacity supply using floating technology increases with higher LCOE levels and reaches 50%
of cumulative national offshore wind energy capacity at all sites where cost levels are
approximately $280/MWh or less.*® The average net capacity factors for locations with LCOE of
< $150/MWh ranged from 43% to 47%.

2% Note that the fraction of resource where floating technology was deployed as the least-cost option was
approximately 58%, if only the sites with LCOE < $300/MWh were considered.
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Figure 8. 2015 National offshore wind energy supply curve

Note: Cumulative capacity supply in the table is rounded to the nearest 10; includes Hawaii

By 2022, technology innovation and cost savings have led to a downward shift of the supply
curve. In 2022, approximately 4 GW is estimated to be available below $100/MWh, 290 GW
below $125/MWh, 870 GW below $150/MWh, and 1,700 GW below $200/MWh. The lowest-
cost fixed-bottom technology sites are estimated to be less than $95/MWh, and the least-cost
floating sites are estimated at nearly $105/MWh. Compared to 2015, a greater fraction of floating
offshore wind capacity is expected to be present among low LCOE sites by 2022. The share of
cumulative capacity comprised of floating technology increases from approximately 10% at
LCOE levels below $110/MWh to 50% at LCOE levels below $170/MWh. The average net
capacity factors for locations with LCOE if < $120/MWh ranged from 46% to 50%.

25

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.




400 -
Fixed-Bottom

50 -

0~

) Cumulative Capacity
350 - B Floating LCOE (Gw)
(3/MWR) B::tzt:n Floating Total
- <300 620 1,440 2,060
=) | <275 | 620 1,430 2,050
= 20 | <250 620 1,410 2,030
§ - | <225 | 620 1,260 1,880
o g <200 | 620 1,080 1,700
S .. N 5 | 0 %0 1350
9 <150 | 480 390 870
<125 210 80 290
- W ) | | |
p .

750 1000 1250 1500 1750 2000

Capacity (Gigawatts)

250 500

Figure 9. 2022 National offshore wind energy supply curve

Note: Cumulative capacity in the table is rounded to the nearest 10 (LCOE<$300/MWh) and one
(LCOE<100$/MWh); includes Hawaii

Consistent with the declining cost trend shown in Figure 7, the supply curve shifts further
downward by 2027 (Figure 10). Approximately 450 GW of cumulative offshore wind capacity
was estimated to be available below $100/MWh, 1,280 GW below $125/MWh, and 1,790 GW
below $150/MWh. The lowest LCOE among both fixed-bottom and floating locations in 2027 is
just above $75/MWh. A total capacity of 6 GW is available at LCOE levels of <$80/MWh. The
share of cumulative capacity comprised of floating technology among locations with an LCOE <
$80/MWh is approximately 43% and increases to more than 50% at LCOE levels greater than
$110/MWh. The average net capacity factor ranges from 53% to 58% among sites with LCOE
levels of < $100/MWh.
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Figure 10. 2027 National offshore wind energy supply curve

Note: Cumulative capacity in table is rounded to the nearest 10; includes Hawaii

Note that by 2027, floating technology has matured substantially, and the total fraction of
offshore wind capacity (1,460 GW) that the model calculates for floating technology is 70% of
the total offshore wind resource capacity (2,060 GW) in the U.S. technical resource area.

4.1.1.2 Substructure Types

The distribution of LCOE varies by the two principal offshore wind substructure types
considered in this analysis: fixed-bottom and floating. These technologies were estimated to have
different baseline costs in 2015 and cost-reduction trajectories, subject to their respective
technological and commercial maturity. As shown in Figure 11, among the entire set of locations
considered, fixed-bottom substructure technology generally has a lower median and smaller
spread than floating technology. This is a result of various factors, including the spatial
conditions they are suitable for and the associated baseline costs and cost-reduction scenarios, as
well as the number of locations. Floating technology is suitable at a greater variety of spatial
conditions, such as at a water depth ranging from 60 m to 1,000 m (with a minimum water depth
of 38 m in 2027) (Figure 12) and distance from shore between 30 km to 370 km. Whereas in
2015, the minimum cost of fixed-bottom technology is lower than floating technology; by 2027,
these costs are nearly the same at just below $100/MWh.
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Figure 11. LCOE by substructure type (2015-2027)

Note: the box plot spans the first quartile (bottom) to the third quartile (top); the segment
inside the rectangle shows the median (in green); the “whiskers” above and below the
box indicate the minimum and maximum LCOE.

In this analysis, the cost-optimal choice between fixed-bottom and floating technology depends
on geospatial variables, such as water depth or distance from shore. The range of these variables
wherein the cost-optimal choice transcends from one technology to the other is denoted as the
economic “break point.” Figure 12 shows the LCOE of the two substructure types by water depth
(Figure 12). The model results indicate that the “break point” for the least-cost choice between
fixed-bottom and floating technology ranges between 50 and 70 m deep.

2015 2022 2027

1 I
N Fixed Substructure
W Floating Substructure

450

400

350

=]
=]

LCOE ($/MWh)
0
o

200
150

100

0 500 1000 0 500 1000 0 500 1000
Water Depth (m)

Figure 12. LCOE by substructure type and water depth (2015-2030)

4.1.2 Economic Potential

Economic potential was defined in this report as the subset of sites from the technical resource
potential for which net value (LACE/LCOE) is greater than zero. In other words, the generation
or capacity associated with a potential offshore wind location is considered economic when its
available revenue (LACE) exceeds its costs (LCOE). Economic potential is expressed in terms of
energy generation (MWh) or installed capacity (MW).
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Figure 14 shows the LCOE costs from Figure 7 with the corresponding LACE estimates added
for U.S. coastal sites. The figure indicates that as LCOE decreases and LACE grows gradually,
the possibility for economic potential at some U.S. offshore wind sites grows over time. It should
be noted that the overlap between LCOE and LACE shown in Figure 14 does not satisfy the
conditions for economic potential (net value > 0) because LACE must exceed LCOE at a specific
site. To illustrate this point, Figure 14 shows an assessment of economic viability for two
contrasting offshore wind locations in Massachusetts using floating technology. A set of markers
(stars and dots) included for focus year 2027 (COD) show site-specific LCOE and LACE
estimates. The first site, indicated by dots, has a water depth of 926 m and a distance to cable
landfall of 264 km. Its LACE of $93/MWh (green dot) compares to an LCOE of $122/MWh
(blue dot) in 2027 (COD); therefore, this location lacks economic potential. On the other hand,
the second site, indicated by stars, has a water depth of 221 m and a distance of 72 km from site
to cable landfall. Its LACE of $103/MWh (green star) compares to an LCOE of $92/MWh (blue
star) by 2027 (COD); because LACE is greater than LCOE, this location is considered to have
economic potential by 2027 (COD). This site-independent data is shown again in Appendix A-1
in terms of frequency distributions.
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¢ ¢ Stars illustrate an economically viable location in Massachusetts where LACE (green) is greater than LCOE (blue) in 2027 (COD)
. | Dots illustrate an economically unviable location in Massachusetts where LACE (green) is less than LCOE (blue) in 2027 (COD)

Figure 14. Comparison of LCOE and LACE estimates from 2015 to 2030

Note: Reprinted from Beiter et al. (2016); Data plotted are an exponential curve fit through the modeled
LCOE values (2015, 2022, and 2027 COD); the overlap between LCOE and LACE shown in Figure 14
does not satisfy the conditions for economic potential (net value > 0) because LACE must exceed LCOE
at a specific site.
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Figure 15 depicts the relationship between the site-specific net value (LACE/LCOE) and
available capacity. The subset of capacity with a net value > 0 is considered economic potential.
Corresponding to the trend of declining LCOE and increasing LACE, the net value curves are
shifted upwards between 2015, 2022, and 2027. Although the net value curves for years 2015
and 2022 fall below zero (indicated by the dashed line in black), a total of 144 GW of capacity
has economic potential by 2027 as the associated sites have a net value > 0. Figure 15 also
illustrates that even a relatively small difference in either LCOE or LACE can have a
considerable effect in terms of the available economic potential because of a relatively shallow
slope of the net value curve. Therefore, it is important to interpret these results carefully because
modeling uncertainties coupled with regulatory, technological, market, and policy factors can
induce large impacts on the quantity of economic potential estimated.
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Figure 15. Comparison of LCOE and LACE estimates for 2015, 2022, and 2027

Note: Net value is defined as the difference between LACE and LCOE. Capacity associated with positive
net value indicates economic potential.
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4.2 Atlantic Coast

4.2.1 Levelized Cost of Energy
4.2.1.1 Spatial Distribution

In 2015, along the Atlantic Coast, the LCOE was estimated to range from approximately $125—
270/MWh in the Northeast,*’ $145-315/MWh in the mid-Atlantic regions,*® and $150-385/MWh in
the Southeast,”' respectively (Figure 16). These ranges decrease to $95—-180/MWh (Northeast),
$110-210/MWh (mid-Atlantic), and $115-260/MWh (Southeast) by 2022, respectively. By 2027,
the LCOE range in the Northeast was estimated to decline to $80—130/MWh (Northeast), $85—
150/MWh (mid-Atlantic), and $90—185/MWh (Southeast).

The Atlantic Coast has some of the lowest LCOE sites across U.S coastal areas. These sites are
generally near shore and in relatively shallow waters. Some of the lowest-cost sites are located in
Massachusetts, Maine, Rhode Island, and New York. As shown in Figure 16, areas of relatively low
LCOE extend far from shore in Massachusetts, New Hampshire, Maine, and Rhode Island because of
shallow waters. Along the coast of Florida, LCOE tends to be significantly higher as a result of
relatively low wind speeds (see Musial et al. 2016).
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Figure 16. Atlantic Coast spatial LCOE distribution (2015-2027)

* The Northeast region includes Maine, New Hampshire, Massachusetts, Rhode Island, Connecticut, and New

York.
3% The mid-Atlantic region includes Delaware, Maryland, Virginia, North Carolina, and South Carolina.
3! The Southeast region includes Georgia and Florida.
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4.2.1.2 Supply Curves

As depicted in Figures 17 through 19, the Atlantic Coast possesses a total offshore wind
technical resource of approximately 1,100 GW. This is the largest resource potential among all
U.S. coastal areas.” Yet, in 2015, there is no offshore wind capacity below LCOE levels of
$100/MWh. By 2022, nearly 4 GW of capacity is available below $100/MWh, and by 2027
approximately 340 GW of capacity reaches costs below $100/MWh. In the same timeframe, the
share of floating offshore wind sites increases from 0% at LCOE levels of <§150/MWh in 2015
to nearly 60% at LCOE levels of <$100/MWh in 2027. By 2027, the Northeast region alone
comprises more than 260 GW of the 340 GW of capacity at LCOE levels below $100/MWh in
2027. Approximately 200 GW of this amount are located off the coast of Maine, Massachusetts,
and Rhode Island. Note that in the Atlantic Coast region, approximately 74% of the sites favor
floating wind technology as the least-cost solution by 2027.
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Figure 17. 2015 Atlantic Coast offshore wind energy supply curve

Note: Cumulative capacity in table rounded to the nearest 10.

32 As indicated above, Alaska is excluded from this analysis.
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Figure 18. 2022 Atlantic Coast offshore wind energy supply curve

Note: Cumulative capacity in table rounded to the nearest 10 (LCOE<$300/MWh) and
one (LCOE<100$/MWh).
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Figure 19. 2027 Atlantic Coast offshore wind energy supply curve

Note: Cumulative capacity in table rounded to the nearest 10.
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4.2.2 Levelized Avoided Cost of Energy

The variance in LACE is relatively high in the Atlantic Coast region when compared to the other
coastal regions. The highest levels of LACE are generally found off the coast of Virginia,
Connecticut, Rhode Island, Massachusetts, and Maine, largely because of comparatively high
electricity price levels. Comparatively low levels of LACE were estimated on the Southeast coast
along Florida, North Carolina, and South Carolina where electricity price levels are generally
lower than in the coastal population centers in the Northeast. LACE increases incrementally from
2015 to 2027 as shown by the increasingly dark color scheme and estimated by the AEO
generation price forecasts (EIA 2014).
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Figure 20. Atlantic Coast spatial LACE distribution (2015-2027)

4.2.3 Net Value and Economic Potential

As depicted in Figure 21, net value along the Atlantic Coast is below zero in years 2015 and
2022. By 2027, coastal areas in the Northeast and the Eastern shore of Virginia (southern part of
the Delmarva Peninsula) show a net value greater than zero, indicating there is economic
potential for offshore wind. The model indicates economic potential in the following states
(listed in descending order by the amount of economic potential): Maine, Massachusetts, Rhode
Island, Virginia, New Hampshire, New York, and Connecticut (Table 3). In these areas, a
relatively low LCOE coincides with a relatively high level of LACE by 2027. There is also a
subset of sites (approximately 9 GW of economic potential) in Massachusetts and Rhode Island
where the net value was found to be greater than $15/MWh. Although 9 GW comprises less than
1% of the total resource estimated for the Atlantic Coast region, it exceeds the combined
installed capacity of land-based wind and photovoltaics in the Northeast in 2015 (Beiter and
Tian 2016). These sites are predicted to have the highest net value in the United States. A
considerable band of coastal areas with a net value between -$50/MWh and $0/MWh in 2027
spans from far distance locations off the coast of the New England states down to the coast of

34

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.



Virginia. Because of higher LCOE and lower LACE, offshore locations in the Southeast show a
net value in the range of -$50/MWh to -$140/MWh.

Table 3. Available Capacity with Unsubsidized Economic Potential by State in 2027

State

Economic Potential
(in GW)

Maine
Massachusetts
Rhode Island
Virginia

New Hampshire
New York
Connecticut

4
2
1
1

Note: Values rounded to integers

2022

2027

Figure 21. Atlantic Coast spatial net value distribution (2015-2027)

Note: Sites with economic potential (net value > 0) are depicted in shades of green
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4.3 Pacific Coast
4.3.1 Levelized Cost of Energy
4.3.1.1 Spatial Distribution

LCOE in the Pacific Coast region is generally higher than along the Atlantic Coast. In 2015, LCOE
in this region ranges from approximately $180/MWh to $450/MWh (Figure 22). By 2022, the LCOE
range along the Pacific Coast declines from $130 to 310/MWh by 2022, and to $95-220/MWh by
2027. The lowest LCOEs in 2027 are found predominately along the southern coast of Oregon
(nearly 3 GW below $100/MWh). Although Oregon and Washington were estimated to have a
relatively larger share of low LCOE sites in 2015 and 2022, the LCOE along California’s baseline is
reduced significantly by 2027 as floating technology is estimated to make considerable cost
improvements. The Pacific Coast is generally characterized by strong winds*® and deep water that is
close to the shore—attributes that are favorable for floating offshore wind technology. The
prevalence of floating technology is shown in Figures 23-25. The wave climate in the Pacific Coast
region is, however, much more challenging than the climate experienced by the offshore wind
industry in the North and Baltic Seas in Europe. These conditions, in which the 1-year significant
wave heights average 2.5 m, suggest that a high percentage of weather downtime™* happens during
marine operations. This weather downtime has implications for installation CapEx, OpEx, and
availability losses, and can lead to higher costs for Pacific Coast sites relative to similar sites in the
Atlantic Coast or Great Lakes regions. Although it is beyond the scope of this study, technical
advancements in vessel design may be able to address the challenges associated with severe
meteorological ocean conditions and reduce the LCOE premium for Pacific Coast sites.

%3 Note that sites that are south and east of the Channel Islands generally exhibit wind speeds of less than 7.0 m/s,
therefore they have been excluded from the offshore wind technical potential underpinning this analysis as this is
generally unsuitable for offshore development.

** Weather downtime relates to costs incurred that are associated with “unsafe installation conditions caused by
weather” (Maness, Maples, and Smith 2017) and wave conditions.
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Figure 22. Pacific Coast spatial LCOE distribution (2015-2027)

4.3.1.2 Supply Curves

Despite its vast coastline, the technical resource potential of the Pacific Coast region was
estimated at 220 GW, which is considerably smaller than the potential calculated for the Atlantic
and Gulf Coast regions. This outcome is a result of a rapid increase in water depth in this area
(Musial et al. 2016) with respect to distance from shore. The maximum water depth of 1,000 m,
assumed for the technical offshore wind resource assessment, is reached at a relatively close
distance from shore, thereby limiting the number of sites to a relatively narrow strip in deeper
water that is 20 km to 60 km from shore (Musial et al. 2016). Note that 210 GW out of 220 GW
of this resource capacity in 2015 is in water depths where floating technology was selected by
the model applied for this study.

A total of 10 GW of capacity was estimated to be available by 2015 at an LCOE below
$225/MWh and 40 GW below $250/MWh. Although these LCOE levels are high compared to
the Atlantic Coast, they represent the initial baseline costs for nascent floating technology
derived from European prototypes. The model shows that floating technology is the least-cost
option for a vast majority of viable sites along the Pacific Coast. The decline in cost for floating
technology is calculated to be steeper than fixed-bottom technology over the same period
because of greater opportunities for innovation, supply chain, risk reduction, and infrastructure
development that will spur decreases for floating technology. By 2022, approximately 10 GW of
capacity is estimated to be available below $150/MWh, and in 2027, nearly 3 GW of capacity
was calculated to be available below $100/MWh with 70 GW below $125/MWh. By 2027,
California’s available capacity between $100 and $115/MWh is estimated to be more than 4
GW. In Oregon, a total of 15 GW is expected to become available by 2027 at an LCOE between
$95 and $115/MWh, whereas the state of Washington only has one site that reaches $115/MWh
by 2027.
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Figure 23. 2015 Pacific Coast supply curve

Note: Cumulative capacity in table rounded to the nearest 10 (LCOE<$300/MWh) and
one (LCOE<200$/MWh).
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Figure 24. 2022 Pacific Coast supply curve

Note: Cumulative capacity in table rounded to the nearest 10 (LCOE<$300/MWh) and
one (LCOE<150$/MWHh).
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Figure 25. 2027 Pacific Coast supply curve

Note: Cumulative capacity in table rounded to the nearest 10 (LCOE<$300/MWh) and

one (LCOE<100$/MWh).

4.3.2 Levelized Avoided Cost of Energy

As indicated in Section 3, the variation in estimated LACE among the Pacific Coast sites is

relatively small, ranging from $45-54/MWh in 2015, $49—-52/MWh in 2022, and $45-60$/MWh
in 2027. This is likely the result of limited availability of wholesale electricity data in the Pacific

Northwest (see Section 3 for more details) and relatively flat generation price projections by EIA

(2014) (e.g., a compound annual growth rate of -0.2% in the Western Electricity Coordinating
Council California region and 2.1% compound annual growth rate for the Western Electricity

Coordinating Council Northwest region between 2015 and 2027).
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Figure 26. Pacific Coast spatial LACE distribution (2015-2027)

4.3.3 Net Value and Economic Potential

In 2015, the Pacific Coast has a large difference between LACE and LCOE (a net value below
zero), and this gap narrows through 2027. By that year, without considering any additional state
or federal policy incentives, large areas along the Pacific Coast are estimated to have a net value
between -$50 and -$100/MWh. The highest net value is calculated for an area in southern
Oregon (off the coast of Port Orford) with a net value range of -40$ to -50$/MWh in 2027.
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Figure 27. Pacific Coast spatial net value distribution (2015-2027)

Note: Sites with economic potential (net value > 0) are depicted in shades of green.

4.4 Gulf Coast

4.4.1 Levelized Cost of Energy
4.4.1.1 Spatial Distribution

Offshore wind resource studies conducted by NREL in 2016 calculated the technical offshore
wind resources for each state and found that the Gulf states had among the highest quantity of
offshore wind resource in the United States. However, the quality of that resource was found to
be lower as most of the sites are below a 8-m/s average wind speed (Musial et al. 2016a).
Nevertheless, the resource assessment shows that Florida, Louisiana, and Texas rank second,
third, and fourth nationally in terms of total offshore wind resource, with significant area in
shallow water. Shallow water may be an advantage to help sites in some of these areas achieve
competitive LCOE levels.

Figure 28 depicts the spatial distribution of LCOE in the Gulf Coast region between 2015 and
2027.In 2015, LCOE ranges from $140 to $385/MWh, led by locations in Texas and Louisiana.
By 2022, this range declines to $105-260/MWh. By 2027, this range declines further to $90—
185/MWh. The influence of water depth and distance from shore seems clearly distinguishable in
the Gulf Coast with the highest-cost sites farther from shore. The Gulf states all have areas where
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LCOE drops below $125/MWh. In particular, Louisiana and Texas both have significant
resources below $100/MWh by 2027.
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Figure 28. Gulf Coast spatial LCOE distribution (2015-2027)
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4.4.1.2 Supply Curves

With nearly 600 GW of technical offshore wind energy resource potential, the Gulf Coast is the
second largest coastal region after the Atlantic Coast region. In 2015, nearly 3 GW of capacity
are estimated to be available at LCOE levels less than $150/MWh and approximately 50 GW are
available at LCOE less than $175/MWh. Fixed-bottom technology is predominant among least-
cost sites. In 2015, Figure 29 shows that fixed-bottom technology comprises nearly all of the
capacity at LCOE levels below $200/MWh. Over time, as floating technology costs decrease, the
share of floating technology increases. In 2027, Figure 30 shows that in 2027, 75% of the sites
that are below an LCOE of $100/MWh are still fixed-bottom sites.
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Figure 29. 2015 Gulf Coast supply curve

Note: Cumulative capacity in table rounded to the nearest 10 (LCOE<$300/MWh) and
one (LCOE<150$/MWh).

43

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.



400 -

Fixed-Bottom Cumulative Capacity
350 - EEE Floating LCOE (GW)
i ol Floating  Total
300 Bottom
<300 210 390 600
"_g - <275 | 210 390 600
= <250 210 380 590
oo <225 | 210 340 550
- <00 | 210 250 460
8 _— el <175 | 190 100 290
o _ <150 120 30 150
5 | <125 40 0 40
<100 0 0 0
50 -
0 100 200 300 400 500 600
Capacity (Gigawatts)
Figure 30. 2022 Gulf Coast supply curve
Note: Cumulative capacity in table rounded to the nearest 10.
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Figure 31. 2027 Gulf Coast supply curve

Note: Cumulative capacity in table rounded to the nearest 10.
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4.4.2 Levelized Avoided Cost of Energy

In 2015, LACE in the Gulf Coast is lowest around Florida ($39-43/MWh) and Texas ($44—
62/MWh) with Alabama, Louisiana, and Mississippi ranging between $39 and $50/MWh. These
ranges generally increase, although some EIA estimates suggest that some areas might decrease
in marginal generation prices through 2027 (EIA 2016). By 2027, the LACE range for the Gulf
states is estimated to be between $36 and $71/MWh.
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Figure 32. Gulf Coast spatial LACE distribution (2015-2027)

4.4.3 Net Value and Economic Potential

Figure 33 shows the net value of offshore wind sites in the Gulf of Mexico from 2015 through
2027. The maps show that regions far from shore, which also have deeper water, have a lower
net value. In 2015, the figure shows a wide region with a net value less than -300$/MWh (in dark
brown), whereas those sites closest to shore range between -$90/MWh and -$110/MWh. By
2027, the net value of the region increases with some sites reaching -$19/MWh. These sites are
located over wide areas of Texas and western Louisiana near the shore. Although none of the
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sites in the Gulf Coast exceed a net value of zero (i.e., no economic potential was estimated
within the time frame considered) many sites are close to the zero-net-value threshold, which
should be evaluated in context of the general uncertainties related to the assumptions and data
used in this assessment.
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Figure 33. Gulf Coast spatial net value distribution (2015-2027)

Note: Sites with economic potential (net value > 0) are depicted in shades of green.
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4.5 Great Lakes
4.5.1 Levelized Cost of Energy
4.5.1.1 Spatial Distribution

The 2016 Offshore Wind Energy Resource Assessment for the United States report (Musial et al.
2016) found that the Great Lakes had about 136 GW of technical resource capacity; a low
quantity because of a conservative assumption that none of the water above 60 m in depth would
be feasible for development due to formation of lake ice.> The quality of the offshore wind
resource for the Great Lakes region was found to be very good and the general absence of
extreme meteorological ocean events (wind and waves) helps keep costs low. The unique design
concern is with the presence of lake ice, which can add structural load burdens and hence cost.
However, because of their engineering design, fixed-bottom structures are considered to be
managed well in this environment. States such as Michigan, Ohio, and Wisconsin have the top
resource capacity in this region.

Figure 34 shows modeled data with LCOE variations between $130/MWh and $270/MWh in
2015 across locations in the Great Lakes. In 2022, the figure shows that this range reduces to
$95/MWh and $180/MWh and, by 2027, from $75/MWh to $135/MWh. The Great Lakes are
relatively homogenous with respect to the physical variables considered in this assessment that
might influence cost. The variability of the wind resource within the region seems to explain the
majority of the variations in LCOE. The least-cost locations found are in Lake Erie, Lake
Michigan, and Saginaw Bay in Lake Huron, which have multiple sites with strong wind
resources that are close to shore. Note that the cost model has not yet been upgraded to include
cost adders that may be needed to account for the impacts of ice exposure to the substructure,
increased operating costs that may be required for accessibility in the winter, or technical
availability impacts. If these cold weather variables are included, it is likely that the LCOEs for
the region may increase.

3 If the deep water exclusion were removed for the Great Lakes region, 519 GW of technical resource capacity
would be available (Musial et al. 2016).
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Figure 34. Great Lakes spatial LCOE distribution (2015-2027)
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4.5.1.2 Supply Curves

Approximately 100 GW of offshore wind energy capacity was estimated for the Great Lakes area
as shown in Figures 3537. Because of the uncertainty of floating offshore wind technology’s
ability to survive freshwater ice floes, ice regions of the Great Lakes where depths are greater
than 60 m were excluded. As a result, fixed-bottom technology comprises all of the available
resource in the Great Lakes shown in these figures. Figure 35 shows that in 2015, approximately
20 GW are available below an LCOE of $150/MWh. By 2027, Figure 37 shows that areas in the
Great Lakes are among those in the United States with the lowest LCOE, with 60 GW (over half)
below $100/MWh and all of the resource area below $125/MWh.
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Figure 35. 2015 Great Lakes supply curve

Note: Cumulative capacity in table rounded to the nearest 10.
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Figure 36. 2022 Great Lakes supply curve
Note: Cumulative capacity in table rounded to the nearest 10.
400 -
Fixed-Bottom Cumulative Capacity
350 . EEm Floating LCOE (GW)
(S/MWh) Fixed .
ckom Floating  Total
300
<300 100 0 100
r=) <275 100 0 100
= 250-
= <250 100 0 100
Uoon <25 | 100 0 100
“L: <200 | 100 0 100
o <75 | 100 0 100
O 150-
et <150 100 0 100
100 <125 100 0 100
<100 60 0 60
50 -
0 : : ] . ]
0 20 40 60 80 100

Capacity (Gigawatts)

Figure 37. 2027 Great Lakes supply curve

Note: Cumulative capacity in table rounded to the nearest 10.
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4.5.2 Levelized Avoided Cost of Energy

The range of LACE increases from $42—65/MWh in 2015 to $42—72/MWh by 2027. Areas with
higher levels of LACE are located in the northern parts of Lake Michigan and Lake Erie. The
western parts of Lake Superior and Lake Huron are among those with relatively low LACE
estimates.
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Figure 38. Great Lakes spatial LACE distribution (2015-2027)
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4.5.3 Net Value and Economic Potential

Although the Great Lakes region has some of the least-cost offshore wind locations estimated in
this assessment as a result of relatively high wind speeds close to shore, in the time frame
considered it does not show any sites with a net value greater than zero (i.e., lack of economic
potential). However, by 2027, 75 GW, or three-quarters of the available 100 GW in the Great
Lakes, has a net value between -$50/MWh and -$19/MWh, which is nearing the threshold of
economic viability for some sites without considering policy incentives.
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Figure 39. Great Lakes spatial net value distribution (2015-2027)

Note: Sites with economic potential (net value > 0) are depicted in shades of green.
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4.6 Hawaii

4.6.1 Levelized Cost of Energy

4.6.1.1 Spatial Distribution

The Hawaiian Islands are surrounded by 1,001,486 km? (386,676 miz) of gross offshore wind
resource area, but most of that resource is unsuitable for offshore wind development because of
excessive water depths, low wind speeds, or inaccessibility to load. NREL’s 2016 resource study
(Musial et al. 2016) estimates that the technical resource area that could actually be developed
for offshore wind is 15,225 km? (5,878 mi?). According to that study, Hawaii has a technical
resource of about 29 GW, or nearly 100 terawatt-hours per year.

Figure 39 shows the LCOE’s modeled for Hawaii from 2015 through 2027. In Hawaii, the
LCOE range lies between $200/MWh and $265/MWh in 2015. By 2022, this range falls in
between $130/MWh and $175/MWh. Additional technology improvements and cost reduction
strategies lead to an LCOE range of $100/MWh and $125/MWh by 2027.
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Figure 40. Hawaii spatial LCOE distribution (2015-2027)

4.6.1.2 Supply Curves

The smallest among the coastal regions considered in this analysis, Hawaii has an offshore wind
technical resource of approximately 27 GW. Because 80% of the electricity in Hawaii is
consumed on the island of Oahu, offshore wind may only be practical in locations that can access
that load, which is about 6,782 gigawatt-hours/year (Hawaii 2016). For reference, NREL
estimates that the output of a 1-GW wind plant offshore Oahu would be over 3,000 gigawatt-
hours/yr.

Figures 41-43 show the offshore wind energy supply curves for Hawaii from 2015 to 2027. In
this area, LCOE decreases significantly between 2015 and 2027. In 2015, only a few selected
sites are available at LCOE levels below $200/MWh. By 2027, approximately 0.5 GW are
estimated to be below $100/MWh, and nearly all of the other Hawaiian sites have LCOE values
below $125/MWh. As seen in the Pacific Coast region, almost all of the viable sites for offshore
wind in Hawaii are in deeper waters where floating technology is selected by the model. The
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quantity of fixed-bottom sites that are represented in the supply curves in Figures 4143 is
negligible with respect to the total resource available.
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Figure 41. 2015 Hawaii supply curve
Note: Cumulative capacity in table rounded to the nearest 10 (LCOE<$300) and one

(LCOE<$225).
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Figure 42. 2022 Hawaii supply curve

Note: Cumulative capacity in table rounded to the nearest 10 (LCOE<$300/MWh) and
one (LCOE<$150/MWh).
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Figure 43. 2027 Hawaii supply curve

Note: Cumulative capacity in table rounded to the nearest 10.

Hawaii has the highest retail electricity prices in the United States (EIA 2017; Musial and Ram
2010), but achieving a good translation from those prices to wholesale electricity was beyond the
scope of this study.
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5 Conclusions and Next Steps

In this analysis, the economic potential of offshore wind was assessed for more than 7,000 U.S.
coastal sites between 2015 and 2027. The assessment includes the use of high-resolution heat
maps of LCOE, LACE, and net value, and a set of associated descriptive statistics.

It was observed that the estimated reductions in LCOE over the next decade coincide with
relatively high levels of LACE in some U.S. regions. By 2027, a considerable amount of
economic potential was estimated for the Northeast and the Eastern shore of Virginia. It was also
revealed that the supply and net value curves were relatively flat, indicating that even a small
change in LCOE or LACE has the potential to trigger significant changes in the amount of
economic potential calculated. This effect would be most relevant in regions that have significant
quantities of net value sites close to zero, such as in the Northeast, mid-Atlantic, Great Lakes,
and Gulf Coast in 2027. The flat shape of the supply curve also cautions to re-evaluate this
assessment as market conditions or costs change.

Some general observations from this work include:

e The offshore wind sites with economic potential are located predominantly in the
Northeast and Eastern shore of Virginia

e Across regions, the number of sites with a positive net value (or a value close to a
positive net value) increase over the time period considered in this analysis

e State policies have driven offshore wind development recently (e.g., in New York and
Massachusetts); these policies may play a key role in increasing the economic viability of
offshore wind but are not considered in this analysis

e Further technology improvements are likely needed to achieve cost reductions

e Offshore wind development in different regions will likely require varying technology
solutions (e.g., to address low wind speeds in the Gulf, icing in the Great Lakes, deep-
water floating solutions in the Pacific and Hawaii).

A number of limitations and opportunities for further work were indicated throughout this report.
Because Beiter et al. (2016) discusses improvements with regards to the LCOE assessment and
cost-reduction pathways in detail, this section will focus on further work to improve LACE.
Additional research could improve this metric in the following areas:

e Consider the competition among available technologies by comparing the net value of
offshore wind to other technologies at a high geospatial resolution

e Estimate LACE by taking into account the coincidence of hourly marginal generation price
data and hourly offshore wind production profiles
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e Investigate the availability of additional generation and wholesale price electricity data,
particularly for the Pacific Northwest, Mountain region, and Southeast

e Conduct an analysis that takes into account the distribution of LCOE and LACE, and
perform an analysis that would redefine economic potential based on thresholds of LCOE
and LACE distributions (e.g., compare 50" percentiles of LCOE and LACE for assessing
economic potential)

e An additional metric that may be considered to further validate the findings from this assessment
is a comparison of offshore wind LCOE with the least-cost option from other new build
generation (e.g., natural gas, land-based wind, solar photovoltaic) as part of a merit order analysis

e Assess capacity credit and capacity payment specific to different U.S. coastal regions to more
accurately represent the amount of firm capacity offshore wind can provide in various
regions and at different times

e Perform additional studies that further develop the metrics from this report to explore their
use in evaluating appropriate subsidy levels and site development prioritization

e Conduct an assessment of economic resource potential for Hawaii*® and Alaska (Draxl et al.
[forthcoming]).

36 This study only assessed the LCOE in Hawaii but not LACE and economic potential because of data limitations.
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Appendix A. Descriptive Statistics
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Figure A-1. National LCOE and LACE distribution (2015-2027)
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Appendix B. Detailed Formulas

The calculation of a location-specific LACE value follows this general form:

LACE

_ Average Marginal Generation Price x Escalation Factor * Capacity Factor * 8760h + Capacity Payment * Capacity Credit

Capacity Factor * 8760h

Where:

Variable Description Assumption under
Primary Cases

Average Marginal For each Regional Energy Deployment System (ReEDS) j =16 (number of

Generation Price

region, the weighted average marginal generation price is
estimated by:

where:

j =ReEDS time slice

Price; = either 2014 average locational margin price or 2014
average market marginal cost lambda value in ReEDS time
slice j

n = number of hours in ReEDS time slice j

ReEDS time slices)

Escalation Factor

For each Energy Information Administration (EIA) Annual

t =20 (project

Energy Outlook (2015) market region, the escalation factor is lifetime)
estimated by: i=7%
T=20 Y 1
1_[ 1+ Yt;
Nt
a1+
where:
t = year
Y = generation price (from EIA 2015 Annual Energy Outlook,
EIA 2015)
i = discount rate
Capacity Payment Capacity payments capture the value a generation project can
offer to the system in meeting reliability reserve margins (EIA
2013).
The Overnight capital cost of an advanced natural gas-fired
combustion turbine (NGCT) plant, $682/kW (consistent with
AEO 2015 in EIA 2015), is used as proxy for capacity
payment.
Capacity Credit Capacity credit captures “the ability of a unit to provide system | 25%

reliability reserves” (EIA 2013, p. 3)

Source: Brown et al. (2015)
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