This paper describes objective technical results and analysis. Any subjective views or opinions that might be expressed in the paper do
not necessarily represent the views of the U.S. Department of Energy or the United States Government.
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| Energy Generation in US: Unsubsidized LCOE Comparison m

Levelized Cost of Energy Comparison—Unsubsidized Analysis

Selected renewable energy generation technologies are cost-com petitive with conventional generation technologies under certain circumstances
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Source: Lazard estimetes.

Note:  Here and throughout this presentation, unless othervise indicated, the analysis assumes 80% debit at 8% interest rate and 40% equity at 12% cost. Please sse page titled “Lewlizad Cost of Enargy Comparison—Sensitivty to Cost of Capital” for cost of capital
sensitivities. These results are not intendad to represent any particular geography. Please see page titled “Solar P\ versus Gas Peaking and Wind versus CCGT—Global Markets” for regicnal sensitivities to selected technologies.

Unless otherwise indicated herein, the low case represents a single-axds tracking system and the high case represents a fixed-tilt system

Represents the estimated implied midpoint of the LCOE of offshore wind, assuming a capital cost range of approximately $2,500 — 53 600K,

The fuel cost assumption for Lazard's global, unsubsidized analysis for gas-fired generation resources is $3.45MMETLL.

Urless olherwise indicated, the analysis herein does not reflect decommissioning costs, ongaing maintenance-related capital expenditures or the potential economic impacts of federal loan guarantees or other subsidies.

Represents the midpoint of the marginal cost of oparating fully depreciated gas combined cycle, coal and nuclear facilities, inclusive of decommissioning costs for nuclear faciliies. Analysis assumes that the salage value for a decommissioned gas combined
cycle or coal aszet is equivalent to its decommissicning and site restoration costs. Inputs are derived from a benchmark of operating gas combined cycle, coal and nuclear assets across the U.S. Capacity factors, fuel, variable and fixed operating expenses are
based on upper- and lower-quartile estimates derived from Lazard's research. Please see page titled “Levelized Cost of Energy Comparison—Renewable Energy versus Marginal Cost of Selected Exsting Comentional Generation” for additional details

Conventional

{8) High end incorporates 80% carbon capiure and storage. Does not include cost of transportation and storage.

{7} Represents the LCOE of the observed high case gas combined cycle inputs using a 20% blend of *Blue” hydrogen, {i.e., hydrogen produced from a steam-methane reformer, using natural gas as a feedstock and sequestering the resulting CO; in a nearby saline
aquifer). No plant modifications are assumed beyond a 2% adjustment to the plant's heat rate. The corresponding fuel costis $5.20MMBTU, assuming $1.38%g for Blue hydrogen

{8) Represents the LCOE of the observed high case gas combined cycle inputs using a 20% blend of *Green” wdrogen. (i.e., wdrogen produced from an electrolyzer powered by a mix of wind and solar generation and stored in a nearby salt cavern). No plant

medifications are assumed beyond a 2% adjustment to the plant's heat rate. The corresponding fuel cost is $10.05/MMBTU, assuming $4.15%g for Green hydrogen

Lazard, Lazard’s Levelized Cost of Energy Analysis - Version 14.0

Floating Offshore
LCOE_Estimates




3 | Global development of offshore wind energy

= To meet the IEA and IRENA 1.5°C global warming scenario, forecasts predict more
than 2,000 GW of installed offshore wind capacity by 2050 (compared to ~56 GW
installed to date)

= This will require floating offshore sites to be developed

c|°sin9 the offshore wind gap by 2050 Where could 2,000 GW of offshore wind by 2050 be built?
Unit: GW 2,000 GW 640
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Source: GWEC Market Intelligence; IRENA World Energy Transitions Outlock 2021.




4 | The advent of the offshore wind industry in the US

BOEM

Bureau of Ocean Enesgy
Management

Offshore Wind Leasing Path Forward 2021-2025
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Our path forward will help achieve the first ever national offshore wind goal .Imw
to deploy 30 gigawatts of offshore wind by 2030, which would create N ¢
= nearly 80,000 jobs.
v
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s KEY
p { @ Lease sale Wl Esiroeseness
If
Gkt of Men @ (©) Wind emergy ees Designation 773 Panring an Avalysis
. 3
}—| Estimated Time Range B tessing process
Present 2022 2023 2024 2025

US State-level offshore wind development targets

Maryland 1.2GW (2030) e--mmmmms

New York 9GW (2035) =

North Carolina -
8GW (2040)

New Jersey 7.5GW [2035) o~
*Announced plan, not yet siqned by law

Connecticut
2GW (2030}

Oregon
3GW™ (2030)

California
3GW* (2030)

Louisiana
5GW (2030}
Virginia
5.2GW (2034)

Massachusetts
5.6GW (2027)



5 | Could VAWTSs be a solution for floating offshore wind?

= For floating offshore wind, the platform

costs are the single largest contributor to the
LCOE

= Turbine costs represent 65% of wind plant
costs for land-based sites compared to
around 20% for floating offshore sites

= VAWTSs are being studied as a lower cost
solution for floating offshore wind energy
which have several benefits, including:

(1) Lower center of gravity, which reduces P
topside moment of inertia and resulting 2 Yaw System

platform costs D i

(2) Reduced O&M costs through removal of
active components and platform-level
placement of drivetrain

(3) Improved energy capture over HAWTSs at
multi-MW scales

(4) Insensitive to wind shear, wind veer, and
gravitational load cycles

VAWT simplicity and
accessible drivetrain

\ High HAWT \ reduce O&M costs
. C.G. increases /
\ substructure \
\ VAWT Components
\ costs /
1 Gearbox

2 Genera tor



6 | A VAWT designed for floating offshore sites

) ARCVS

= The ARCUS rotoris a
towerless VAWT that
replaces the traditional

rigid tower with
prestressed blades and
tensioned center supports

( )

(] (i 4
= |n previous Sandia studies, - |
the tower represented -
~80% of the rotor mass . . . .

The ARCUS Darrieus VAW'T has been designed by Sandia to address the
high costs of floating offshore wind.




7 1 ARCUS Turbine Design Optimization

, o @® ARCVS
= The towerless ARCUS design enables an efficient use

of materials, shifting away from compressive strains
= Rotor area control to reduce loads in high winds

= Project has been funded by ARPA-e within the U.S.

Department of Energy for concurrent design of the
floating VAWT system

5 MW Rotor Mass Reduction: 52.1%

Design Load Case Comparison
1000 T

DLC 1.3, 20 mis (shortaned haight)
800 _ VAWT HAWT

-E 700 Topside mass 1.45
§ oo estimate (-)
: Center of gravity 23 m 75m I
5 400
v Thrust overturning 3.2 1.0

0 50 100 150 200 250 300

moment, tow-out (-)
1 81 ’888 kg 87,030 kg Simulation Time [sec| |



s | Platform ldentification and Design Optimization

= A three-column tension-leg platform (TLP) has been
identified to optimally reduce mass and cost

= Quayside integration of turbine
= Self-stable during tow-out for ease of installation

=  Optimization of platform hull and global performance
reduces costs by >25% relative to baseline platform

= Detailed scantling design to produce cost models

TLP Concepts currently in Operation for
Oil and Gas Production
'\‘ '“ A

L

TLP Concepts

developed for HAWT designs
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o | Reference ARCUS Design Definition - Scaling Trends

= Performed a turbine scaling studyto | 0N Blade Length = 330m
. f b . h : h th Blade Length = 220m
identify a turbine size that achieves the | Blade Length - 150m
most optimal system LCOE 0 L Radius = 110m
= Turbine sizes with 1x, 2x, and 4x swept ‘ X
areas 150 |
= Balance of system, installation, and
operations & maintenance costs
dominate for smaller power capacity 100 7

turbines

= Platform designs were developed for ¢,
the three reference VAWT sizes to
understand capital cost trends N Z

.
.
.
.
nnnn
e




10 I VAWT Scaling Trends - Energy Production

= The annual energy production is the
numerator of the LCOE equation,
scales annual costs

~
o

| I | |
SP=1000 W/m?, CF=36%
SP=900 W/m?, CF=38%
SP=800 W/m?, CF=41%
SP=700 W/m?, CF=44%
SP=600 W/m?, CF=47%
SP=500 W/m?, CF=51%
SP=400 W/m?, CF=55%
SP=300 W/m?, CF=60%

D
o

= The rated power per rotor swept area
is a design variable (specific power, SP)
that affects energy production and
capacity factor (CF)

S
o

I
o

= Modern offshore wind turbines have a
SP = 300-350 W/m?

Energy Captured per Area [kWh/m2]

= For the |IEC Class 1 wind speed
distribution, there is a meaningful 0, : - - -
amount of energy at high wind speeds Wind Speed [m/s]




11 1 VAWT Scaling Trends - Energy Production

= For high wind resource sites, typical of . x10*
offshore sites in the US, there is value
to designing with a larger generator

= Going from 300 W/m? to 600 W/m?
increases energy capture by ~50%

Blade Length = 330m
Blade Length = 220m
Blade Length = 150m

10

= VAWTSs enable this design approach
due to their low placement of the
drivetrain
= The additional generator mass for a

P g= 11 MW
VAWT is less meaningful to associated /

turbine and platform costs ol

Annual Energy Production [MW-h]
D

300 400 500 600 700 800 900 1000
Specific Power [W/m?] I



12 | VAWT Scaling Trends - Optimal Generator Design

= Generator optimization using NREL tool GeneratorSE to minimize LCOE relative
to a reference baseline value where cost (CG) and efficiency affect LCOE,
assuming LCOEB = $70/MWh in the analysis: (( v —CB). FCR
AEP, .. 1B

b
LCOE =&

yle

+ LC»*OEB)

4.5 T T T T T T 98

Blade Length = 330m Blade Length = 330m
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- _—__——_'—‘ |
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Optimal Generator Efficiency [%)]
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i3 1 VAWT Scaling Trends - Turbine Loads on Platform

However, for turbines with a larger
swept area there is also a higher
center of pressure, so the increased
thrust force is also at a higher
elevation

Thrust overturning moment is
substantially higher for larger
turbines, which must be resisted by
the floating platform

Maximum Thrust Overturning Moment [MN-m]

900

800

———

Blade Length = 330m
Blade Length = 220m
Blade Length = 150m

300 400 500 600 700 800 900 1000
Specific Power [W/m2]




14 ‘ VAWT Scaling Trends - Platform Capital Costs

VAWT TLP Cost Estimate Comparison - Cycle 1
VAWT TLP Cost Summary V1 (10-25-2021)

Platforms were designed by partner
FPS Engineering & Technology for the
three reference VAWT sizes based on
weight and wind loads

Cycle 1 design mass estimates are
higher than the final system, and the
designs are not fully optimized

However, the trends are considered
representative and favor larger
systems within the bounds of the
study

330 m Blade | 220 m Blade | 150 m Blade
Principal Dimensions Unit |TLP211004_33|TLP210601_22 | TLP211005_15
Draft [m] 20.0 20.0 18.0
Displacement [mT] 11,251 9,037 6,381
Turbine + Generator [mT] 980 475 235
Flexible Riser Vertical loads [mT] 50 50 50
Total System Payload| [mT] 1,030 525 285
Hull Primary Steel Wt (UCF+Tower Base+Hull) [mT] 2,972 2,434 1,830
Other Steel Weight (Outfitting, Anodes, etc) [mT) 673 544 396
Total Steel weight| [mT] 3,644 2,978 2,225
Marine System + Marine Growth [mT] 135 109 77
Ballast Weight| [mT] 1,341 1,526 794
Total Platform Weight| [mT] 5,966 4,979 3,254
Tendon Pretension/Tendon [mT] 850 650 500
Tendon Pretension [mT] 5,100 3,900 3,000
Number of Tendons 6 6 6
Tendon Outer Diameter x Wall Thickness [inxin] | 30" x1.150" 26" x 0.900" 22" x0.850"
Dry Weight / Tendon [mT] 47.0 32.0 25.5
Estimated Hull Unit Cost S/ mT 10,000 10,000 10,000
Estimated Tendon Unit Cost mT 5,750 5,750 5,750

36,442,639
1,622,660

29,778,568
1,104,842

22,254,469
879,251

Fabrication Cost Summary

38,065,299

30,883,410

23,133,721

Installation Cost

Operation and Maintenance Cost

4,191,500
1,123,200

4,191,500
1,123,200

4,191,500
1,123,200

Total Cost
Electrical Power Generation

43,379,999
223

36,198,110
10.4

28,448,421
51

Estimated MW Cost

1.95

3.48

5.58




s | VAWT Scaling Trends - 0&M, Platform Installation Costs

Some balance of system costs are
independent of the physical design for
utility-scale systems

= Platform tow-out and installation is
considered equivalent

= Direct Operations and Maintenance
costs are primarily vessel charters and
crew labor

The only way to reduce the impact of
these fixed-type costs on LCOE is
through increased energy production

= Costs become very meaningful for
lower energy production designs

B (o2l [o2] ~l (03] ©
o o (=] o o (=]

Direct O&M (dashed line) plus Installation Cost [$/MWh]
w
o

20 &

10

Blade Length = 330m
Blade Length = 220m |
Blade Length = 150m

300 400 500 600 700 800 900 1000

Specific Power [W/m 2]

&



16 | VAWT Scaling Trends - System Design Summary

= The largest reference blade length was chosen (swept area of R = ~110m) due to
the impact on decreasing balance of system costs and platform capital costs

= Balances cost reductions with blade manufacturing considerations

(SPyesign = 600 W/m?) 150m Blade
Length (5.1 MW)

220m Blade 330m Blade
Length (10.4 MW) Length (22.3 MW)

Annual energy production [-] 1.0 2.0
Maximum thrust overturning 10 29
moment [-]

Combined direct O&M and

platform installation LCOE 53.0 26.2
contribution [$/MWh]

Cycle 1 platform and tendon cost 78 & 49.4

estimate [$/MWh]



17 1 ARCUS-TLP Optimized System Design

. 250 T | | T T |
ARCUS compared with a ORE Catapult - 8GW
. . = DNV Floating - Mid
reference HAWT' § - ~ - == == NREL (2019) - Oregon Mean
) S 200 - s Expert Survey (2021) - Low .
= 30% lower turbine mass S > w= == Expert Survey (2021) - High
§ == == DNV Floating - High
. — S 2021) - Medi
= 70% lower center of gravity & NREL 2000y Mg
= 150 - ARCUS VAWT-TLP ($55/MWh) | |
= 45% increase in energy = I
capture ”.i P
E 100 - - N
w — -
= $55/MWh levelized cost of S
. . = ==
ener rediction 4 — i
gy P S sof j ]
. i}
= Effectively enables a -
Tension-Leg Platform -

0 | | | | | | | |
2018 2020 2022 2024 2026 2028 2030 2032 2034 2036

Commercial Operation Date



18 I Remaining Uncertainties for VAWTs

= Validated design tools appropriate for certification

= Large blade length, logistics for transportation and quayside installation

= Emergency shutdown control

= Predominant bearing loads are carried radially, not axially

= |ndustrialization and pilot-scale demonstration to de-risk and iterate on the
design
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| Development of Floating VAWT Desi
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= Sandia’s Offshore Wind Energy Simulator (OWENS)
developed for design and optimization of floating VAWTSs

= Required for certification of floating VAWTs and resulting

commercialization

—— QOWENS Predictions
P = VAWT Test Data

1] 5 10 15 20 25
Wind Speed (m/s)

« Experimental
—— OWENS Timoshenko Beam
—— OWENS GX Beam

T T T T T T
—30 —20 —10 0 10 20
Flatwise Stress (MPa)

Flatwise Stress (MPa)

= QOWENS Blade 1

Experimental
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Aerodynamics for Curved Deforming Blades
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Research Article 1
Enabling Offshore Floating VAWT Design by Coupling 2
OWENS and OpenFAST s

Michael C. Devin 2", Nicole R. Mendoza ?, Andrew Platt 1, Kevin Moore  Jason Jonkman %, and Brandon L. Ennis 2 4

* Nafional Renewable Energy Laboratery, Golden, €O, USA
2 Sandia National Laboratories, Albuquerque, NM, USA
* Corsspondence: mcdevin@sandiagov

Abstract: Vertical-axis wind furbines (VAWTs) have 2 long history with a wide variety of turbine
archetypes, of which the Darrieus type is the most common. While few utility-scale VAWTs 9

currently exist, VAWTs offer some often-stated advantages over traditional honzental-axis wind 10
turbines, such as being agnostic to the dizection of the wind (no yaw eror), reduced tower strike 11
potential, and lower placement of the generator, which could provide particular benefit for floating 12
offshore wind turbines. Presently, thers are very few mumerical design and analysis tools available 13
for VAWTs. The Offshore Wind ENergy Simulator (OWENS) tool is an aero-servo-elastic solver for 14
stmulating VAWTs and has limited functionality to sumulate floating VAWTs. This article, aczoss- 15
collaboration between Sandia National Laboratories and the National Renewable Ensrgy 16
Labozatory, describes how OWENS has been coupled to several OpenFAST modules tosupportthe 17
coupled asro-hydro-servo-slastic modsling of a floating offshore VAWT and discusses the 18
werification of these new capabilities and festures. This of 19
OWENS for floating VAWT applications by coupling spectfic OpenFAST modules to emable 20
additional modeling and simulation capabilities . OWENS, thus enabling the design and 21
optimization of floating offshore VAWT:. 2

Keywords: vertical axis wind turbine (VAWT); floating ofishore wind turbine (FOWT); OWENS; 23
OpenFAST, hydrodynamics En

Catation: Mendeza, K. el Tite
Erergies 2022155 1. Introduction
bitpedoi org/10. 3390 pmocx . s
Floating offshore wind turbines are a relatively young and growing technology
Academic Editor Fisiname dammnmatcanphyaslpuhmtmkmd«a:bcmnrg energy sector, particularly in
where a d wind . However, additional research
and development is needed to reduce the levelized cost of energy (LCOE) of floating
offshore wind energy farms. This creates the need for verified and validated design tools
o optimize floating offshore wind turbines and reduce their cost. One open-source,
commonly used floating offshore wind turbine design and analysis tool is OpenFAST,
which is an aero-hyd lastic solver and ined by the National
Renewable Energy Laboratory (NREL). O’Pen.FAH is continuously being expanded to
support many types of mooring systems, floating platform archetypes, and floating
m dynamics and controls. OpenFAST has been extensively verified and validated for
three-bladed, horizontal-axis, upwind turbines (HAWTs), but supports limited capability
for vertical-axis wind turbimes (VAWTS).
- cor pocsiie open ccmce Vertical-axis wind turbines have a long history with a wide variety of turbme
prbication sder the o ma | Chetypes, of whidh the Darrieus type is the most common (though not necessarily
comditions of the Crestive ComamonelOMINaNt). VAWTs are more common in small wind or distributed wind applications.
Atmiwton ©C BY) eme  While few utlityscale VAWTs aurently exist, VAWTs offer some often-stated
(ttpejreativecomman. orgience  advantages over HAWTS, such as being agnostic to the direction of the wind (no yaw
=y

Copyright: © 2022 by e authors
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20 | Demonstration is necessary to realize the system benefits




