Mapping O&M Strategy for

US offshore wind farms

Ashish Dewan (ECN)
Tyler Stehly (NREL)

New York, May 9t 2017
2"d-US Offshore Wind Conference & Expo

Your energy. Our passion.



\
A
z

Overview

Reference O&M Concepts for Near
and Far Offshore Wind Farms

conditions on O&M costs

g E C N A Understand impacts of metocean

Mapping O&M Strategy for

Your energy. Our passion. A O&M study of 5 offshore wind plants in the
North Sea U.S. Offshore Wind Farms
A Tool: ECN O&M Access Tool A Collaboration between ECN and
A December 2016 NREL

O&M study of 6 offshore wind

A
1 . . plants in the U.S.
A Spatlal Economic Cost A Tool: ECN O&M Calculator
A

Reduction Pathway AnalySiS for Anticipated joint publication

U.S. Offshore Wind Energy ’ 2017

:Ll::’:: N R E L » Development from 2015-2030

TIONAL RENEWABLE ENERGY LABORATORY A Quantlfy the |mpaCt Of Spat|a|
characteristics of the U.S. offshore wind
resource area on LCOE

A O&M specific tool: ECN O&M Tool 2
A September 2016
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NREL O0Os -Sqoromic Anhlysis
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Turbine/Substructure Balance of System G : Annual Energy
Unit CAPEX CAPEX . JPE Production (AEP)

The analysis considers:

A Spatial-Economic Cost-
Reduction Pathway Analysis for
U.S. Offshore Wind Energy
Development from 2015-2030

Philipp Bejter, Wa!ter_Mu;iaI.Aaron Smith, Levi A 4 access Strategles

S toss, Tyor Sty Vet Cormian, o Close to shore '

o oo iy . i o Advanced close to shore JNGCYAZEEL] 5K
o0 Medium distance 1. Distance from O&M port
o Farshore 2. Metocean conditions

A 3 types of large maintenance
strategies

Office of Energy Efficiency & Renewable E H
Opareted by th Atance tor Sustainatie Energy, LLC o Insitu

This report is available at no cost from the National Renewable Energy

Laboratory (NREL) at www.nvel gov/publications. O TOW tO port
e e er o Tow to assembly area

Contract No. DE-AC36-08G028308




Distance from O&M Port

Metocean Conditions

Distance to O&M Port “Mild” Site “Moderate” Site “Severe” Site

(km) Mean Hs = 0.88 m Mean Hs =1.39m Mean Hs = 2.50 m
Mean Wind Speed = Mean Wind Speed = Mean Wind Speed =
6.12 m/s? 7.32 ml/s? 6.61 m/s?

10 Ccsa CS+d

30 CS CS+

50 CS CS+

70 Cs CS+

QU dededk dedek

1 1D dededk dedek

150 ek dedek

200 dkdk dkk

300 gk dedek

400 dededk dedek

500 gk dedek

aMean wind speed at 10 m above mean sea level
a Close to shore

b Medium distance

¢ Far shore

9 Advanced close to shore

*** Distance exceeds the 2-hour limit for transporting technicians between the O&M port
and the project

Source http://www.esvagt.com

Image copyright © Mercator Media 2017



Representative Metocean Conditions

A Severe
A Hs~25m

/

resentative

Rep
0 Buoy Location

Metocean
Condition
e Mild

Moderate
e Severe

CANADA

; \\ A Moderate

aaaaaa

A Hs~1.39m

A Mild

Data Source:
NREL Analysis

Estimated using WIS station data and
the ave it

Wi

TIONAL RENEWABLE ENERGY LABORATORY

LiNREL -z

May, 2016

A Hs~0.88 m




Total O&M Costs for Moderate Site with
Turbine on Fixed-Bottom Substructure
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Least O&M cost
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Total O&M Cost (SMillion/yr)
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Close to Shore (+) OPEX Close to Shore (+) OPEX + Revenue Loss

* Medium Distance OPEX smme Medium Distance OPEX + Revenue Loss
40 Far Shore OPEX e Far Shore OPEX + Revenue Loss

Repair cost Repair cost + turbine
20 downtime cost
<25 25 to 150 >150
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Distance to O&M Port (km)

|dentifies least cost choice among the 4 access strategieq
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345 MW (100 x 3.45 MW)

Mono-bucket (ice breaker) foundations

k-
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Fixed bottom foundations
Kitty/Hawk

(NornthiGarolina)
X 35°N

600 MW (100 x 6MW)
Fixed bottom foundations

-

600 MW (75 x 8MW)
Floating foundations
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e
‘x ‘M 150°W
400 MW (50 x 8MW)

Floating foundations
2099°W. High, T

600 MW (100 x 6MW)

160°W

Fixed bottom foundations




Ashtabula
30 km

Kitty Hawk
143 km

“ ©ahu South
‘x‘m 150°W
. Honolulu [~ Corpus Christi

~ t
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2099°W.




Water Depth e 7R L Mono-bucket (ice breaker)

Sub-Structure

| & (Newxork),
207 40 m
Fixed-bottom
7
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= 700 m
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Avg. Wind Speed: 10.49m/s
Avg. Wave Height: 2.01 m
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A (Hawaii)
- Avg. Wind Speed: 8.30m/s

= Avg. Wave Height: 1.34 m

Y

-~ 423

Avg. Wind Speed: 7.05 m/s

Avg. Wave Height: 0.52 m

.

Avg. Wind Speed: 8.89m/s
Avg. Wave Height: 1.27 m
P ]

Avg. Wind Speed: 8.84m/s
Avg. Wave Height: 1.08 m
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35°N

>500 m deep

BT

160°W

@[EMTD ATy Hurricanes

June 1st7 Nov 30th




Atlantic & Gulf of
Mexico;
Gemini (North Sea)




Gemini
(North Sea)

600 MW (150 x 4AMW)
Eemshaven 85 km

~ 30 m deep, Fixed Bottom
W, & W,:9.49 m/s & 1.55m

Far-offshore wind farm site (North Sea standards)




600 MW (150 x 4AMW)

85 km

~ 30 m deep, Fixed Bottom
W& W1 9.49 m/s & 1.55m

600 MW (100 x 6MW )
Between 70 km & 143km

~ 30 m deep, Fixed Bottom
W, & W,: ~8.68 m/s, ~1.25m

Atlantic & Gulf of
Mexico;
Gemini (North Sea)




CTV
12m/s,1.5m

CTV+
15m/s,2.0m

SOV
20m/s, 3.0 m

Daughter craft
10m/s, 1.0 m
Helicopter
20m/s, 4.0 m

Vesselsfor replacement

Jack -up barge
10 m/s, 2.0 m

SES
17 m/s, 2.5 m

16



O&M Strategy: Selection of the logistic
solution for Gemini

SOV Primary access Vessel
20m/s, 3.0 m
“ Secondary access Vessel
Daughter craft
10m/s, 1.0 m
Helicopter
/ 20m/s, 4.0 m

Vessel for Replacement

Jack -up barge
10 m/s, 2.0 m 17



Gemini
(North Sea)

Validated with ECN O&M Calculator:
SOV & Helicopter combined strategy

Availability (Time & Yield): 95 -96%
Repair Costs (M$/year): 40




Atlantic & Gulf of

Mexico;
Gemini (North Sea)

7 Repair Costs

L Y ~20 %differenc
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Difference in O&M

United States of America
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Costs US & Europe

Atlantic & Gulf of
Mexico:;

Gemini (North Sea) |

\i ///~‘- .....
New York 21%
/a [ Kltty Hawk 0%
Gulf of Mexmo 89% ' . Algeria
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How to reduce the difference in repair

costs?

Atlantic & Gulf of
Mexico:;
Gemini (North Sea)

Optimisation and Selection of the fimost suitable O&M Strategyowith ECN
O&M Calculator

A Criterion of min 95% availability (time and yield)

A Highest availability with a cost -effective solution

21
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' 7 Wind Farm Site
| & Ports

O Port Used
| ———- EEZ Boundaries

i State Boundary Lines
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Pennsylvania "".., New Jersey

Outcomes

A SOV, SOV & Heli, SES give the best solutions in terms of availability (95%)
A SESis the most suitable O&M strategy B
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Legend R ¢ W
- wind Farm Site 7
Jd» Ports =7
(O Port Used Outcomes
--—= EEZ Boundaries A SOVor SOV & Heli provide the highest availability
State Boundary Lines pewportNews A~ SOVis the most cost-efficient strategy
Bathymetry/Topography (m) Norfolk
Il -1000 2
Bl -750 Virginia J}Portsmouth
Il -500
-200 Chesapeake
-100 3

Mid - Atlantic

-~ Ki&y Hawk
»" _/«(North Carolina)
Ve 4

\ \
< 1) yr
\.7

Costs per kWh (c$/kwh)
2.4 c$/kWh 2.33 c$/kWh

0 10 20 30 40 50km

0
SES sov SOV & Heli 23
O&M Strategy implemented

Costsper kWh (c$/kwh)



Legend % 7

F oo . , Gulf of Mexico
}  Wind Farm Site /L?g/

Jd» Ports

O Port Used

--—- EEZ Boundaries
State Boundary Lines

Bathymetry/Topography (m)
Il -1000
Il -750
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-200 S
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-50 Texas
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Outcomes
A SOV, SOV & Heli, SES give the best solutions in terms of availability

A SESis the most suitable strategy 24
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Atlantic & Gulf of
Mexico:;
Gemini (North Sea

Tl

\ B -\

Y
|
¢

o <

United States of America

_Kitty Haw

- 'Gulf of Mexico

PN




—’

~
Choiceo f

Strategy

United States of America

t h esuitablieo s O& M

Gemini (Nor

Atlantic & Gulfof g
3

MexXico;

th Sea)

Colombia

2o \ T o
e —— ;
4 = \\*\\‘
o A s

Algeria

Mauritania

Nigeria



| | _ Mid - Atlantic
How to reduce the difference in repair Gemini (North Sea)

costs?

In -house manufacturing of vessels

A Alternative to current strategy of chartering vessels from Europe
A No additional support vessel requirement to comply with Jones Act

A Overall lower vessel price and less mobilization time

27



Mid - Atlantic
Gemini (North Sea)

Repair Costs _

i _ """ 5 > | = | ~19 % diffel'ellc i



Mid - Atlantic;
Gemini (North Sea)




Atlantic & Gulf of

Mexico;
Gemini (North Sea)

7 Repair Costs

e \ Comparative 155
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US offshore wind
Challenges
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Legend Gulf of Mexico

<> Wind Farm Site S
---- EEZ Boundaries
~ State Boundary Lines Components mainly affected by the hurricanes:
WWAtEh Dicpthi(in) wind Turbine:
e E -4000 - rotor blade
"""" I -3200 Lo L - blade adjustment e
B 2400 € ad)
I -1600 - turbine structure (tower)
~ 1 -800 Balance Of Plant:
: 0 - foundations
~ 800 :
Corpus Christi
b Texas
. o> ( )

Assumption: Hurricanes increase the failure rates of 20 % of the
most sensitive components
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ited States of America

Gulf of Mexico:

Gemini (North Sea)
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US offshore wind
Challenges

5°N

_. Atlantic &
: Gulf of Mexmo

¥ ©ahu/South
3




Impact of the Ice (in terms of availability)
Without ice : ~ 95%

With ice :~90%
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Legend

“{ Wind Farm Site

Jd» Ports
Port Used

---- EEZ Boundaries
—— State Boundary Lines

Bathymetry/Topography (m)

Primary access vessel accessibilityonly possible under 10 %

ice coverage

Il -1000
Il -750
I -500
&t o -184
Lake Erie.
'~ L7

Logistic solutions:

A Ice Breaker limitation on ice coverage 50%

A Helicopter as secondary access vessel

Great Lakes 36




A T R e o TS \ Legend

Outcomes +{ Wind Farm Site

A\Y |
A Ice Breaking Vessel Availability : ~ +0 % Wl Do : P‘i’rt Ecs’:j
A Helicopter Availability 1~ +3.2% ‘  ——

A CTV & Heli is the most suitable strategy State Boundary Lines
Bathymetry/Topography (m)
Il -1000

Il -750

B -500

| -184
| -100
Lake Erie -50
’<\ (Ohio) 0
S L7 100
B 500
750

/@Asht‘ajbﬁla"

Costs per kWh (c$/kwWh)

I I 4 27IC$/k\NhI I I

CTV & Heli CTV+ & Hell SES+HeI|
O&M Strategy implemented

| ==
Costsper kWh (c$/kWh)
N

CTVv CTv+ SES SOV &Heli IB&FE 37




US offshore wind
Challenges
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{  Wind Farm Site

J» Ports

(O Port Used
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{ Wind Farm Site

Jd» Ports
O Port Used
---- EEZ Boundaries
State Boundary Lines
california  Bathymetry/Topography (m)
Il -1000
[l -750
B -500
Bl -200
-100
-50

Costs per kWh (c$/kWh)

g 15 1.31 c$7kWh = goo
=

6\3 1 Hueneme B 500
< - :-!»

E 0.5 ’

2

‘g 0

®) SOV & Heli

O&M Strategy implemented
Outcomes
A O&M Strategy with only SES and SOVpossible

A SES gives lower availability (~ 93%)
A SOVis the most suitable strategy

-
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North Pacific




Costs per kWh (c$/kWh)

= 2

2 1.35 c$/kWh
&+

=1

20.5
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3 CTV+

o&M Strategy |mplemented

Pacific Hawalii

CTV & Heli CTV+ & Heli SOV & Heli

Outcomes

A CTV+, SES, SO\provide the highest availability

A CTV+is the most suitable solution
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