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Features of a high fidelity
cost/revenue model

& A high-fidelity model should predict the different
costs of a typical OW farm in a lifecycle -phase-
sequence pattern, by:

&

&

&

adopting the most up-to-date parametric
equations found in the literature;

developing new parametric equations where
latest data are available;

accurately predicting operation and
maintenance costs in conjunction with latest
reliability data through appropriate
engineering models;

Considering the real time of money through
accounting for the time that expenses and
revenues have occurred,;

considering uncertainty of key variables in a
systematic way and assigning confidence
levels on the expressions of estimated KPlIs.

Vodel Institution/Owner Year Commercial Software Model output Ref
s etal CENTEC, Univ. of 2018 No GRIF (Petri Costs, Availability [38]
Lisbon (Portugal) Net)
&M ECN 2017  Yes Not specified Accessibility [39], [40]
5S
dietal Univ. of Exeter (UK) 2017  No Not specified Costs, [41]
Availability
ihl and Alborg Univ. 2017 No Not specified Cost, [42)
1sen (Denmark) Availability
RCM
al Universities of 2016  No Xpress IVE Costs, [43]
Playmouth, Stirling, Optimal maintenance
Liverpool (UK), and
Le Havre (France)
ko et al Univ. of Hamburg, 2015 No BPMN 2.0, Costs [44], [45]
Bremen Univ. of DESMO-J
Applied Sciences (Java)
(Germany)
srud et al Univ. of Stavanger 2014 No AnyLogic Costs [46]
(Norway) (Java) Availability
Icob NOWITECH 2013 Not specified Costs [36]
Availability
sodie etal Univ. of Strathclyde 2013 No MATLAB Costs [47]
(UK) Availability
etal Univ. of Michigan 2010 No DESJAVA Costs [48]
(USA) Availability
H DNV 2010  Yes Not specified Net present value [49]
oX Systecon 2010 Yes Not specified Costs [50]
Optimal maintenance
rola tool Iberdrola 2010  Yes Not specified CAPEX/OPEX [51]
Power
OST BMT 2009  Yes Not specified Net present value [51]
H ECN 2009  Yes MATLAB Costs [52], [53]
ard et al KTH Chalmers 2009 No GAMS, Costs [54], [55]
(Sweden) MATLAB
el- Alborg Univ. 2008  No Not specified Costs [56], [57]
rez and (Denmark)
1sen
GL Garrad Hassan 2007  Yes Not specified Costs [37]
(DNV) Lost production
&M ECN 2007  Yes Excel @Risk Costs [35], [58],
[59]
adwaj et al  Loughborough Univ. 2007  No Excel @Risk Net present value [60]
TWI Ltd (UK)
awus etal  Robert Gordon 2006  No Excel, Cristal Net present value [61]
Univ. (UK) Ball
JFF-model ECN 2004 No Excel @Risk Costs [62]
ens et al Universite Libre de 2004  No GRIF (Petri Costs [63]
Bruxelles (Belgium) Net) Availability
TOFAX TU Delft 1997  No Excel Costs [35]
(Netherlands) Availability
Power
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Integrated cost revenue

model

Total D&C, P&C, P&A, I1&C, D&D cost

* Annual O&M cost

o || CAPEX Module OPEX Module '
= i Input data during: » Latest reliability data i
g | + \esselweather limits }'
€~ : * Development and Consenting (D&C) + Vesseland personnel cost |
[T 1| = Production and acquisition (P&A) + Cost and duration of repairs !
E ﬁ % o '/ + Installation and commissioning (I&C) -
o 3 g 5L “: » Decommissioning and disposal (D&D) i
@ % s EE ! stages of the offshore wind farm O&M tool 1:
© =9 ©® | 1
—_ g L C | 1
BSEES| :
SGg A i :
% EEEQ !| = Temporal capital costs + Availability, annual repair costs .

Site characteristics Module

Weather distribution, distance from port,
water depth, etc.

$

Revenue Model

+ Net power generation

FinEX Module

Weighted Average Cost of Capital, Inflation
rate, Equity/debt, Corporate tax

$

Life cycle costirevenue Output

NPV, IRR
+ Cumulative costs/revenues, Break-even point

» Levelised cost of electricity

+ Strike price — + Netrevenues

* Market electricity price
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Avallability basics

Mean time between failures (MTBF)

Downtime

Active
: ) : Maintenance
Passive Maintenance Time (MTW) Time (MTTR)
Running I I !
1 | |
Mobilization & ! Waiting for weather ! Transport time ! Repair time
Logistics ! window ! [
<= . -+ . - l -
Availability of || |Specification of vessel, | Distance to | Capability of
spare parts, ! regulations for safe ! shore / offshore | technicians,
resources, I laccess ! 'base, vessel I ease of
equipment ! ' specifications ! maintenance
Down
Time Source: Ramboll

University of

Strathclyde




O&M module

Create Markov
Read historic ] > probability
wind speed and Discretise desired matrix (U31) Forecast future wind Simulate future.v.vind
wave height = values speed and wave and wave conditions
data \»g) (U3)— | Create wind and height ;55 (U34)
wave correlation T -
Random weighted Calculate probab.ility ‘
Insert input data sampling of probability of matrix (U32)
Failure rates, subsystem that failure per
subsystems, failed and failure subsystem and Recreaanand [ =
failure modes, mode for turbine, failure mode cquredmainand ... . Required es [stherea no
ik o o ) ‘ » supportvessel Yo Requied crew  ¥<Zs spare parts o weather T
: = available < i N
crew, etc. 1) Register required (U14) ( e (U15) WIndow? 120) Wantfor weather !
Labs,trelves s Lerews | tabser = tabser Calculate resources for ’___!'I_O _________ e no | ______ R _‘__'_‘9 _______ yes C— window, tyeatner |
Lspares: bweatner: | TMTTH: — (ug) MTTF,; of popannec i [ — N e Y| ([ Waitfor spare | : (u21)
SR turbine, tr (U5) = maintenance of ! Waittime for main | ! Waitfor crew, | | | I i " Dowlieitor |
=0 ‘ turbine, tr (U13)| ! and support o wm pans, topares P st L A “ w::lhe':;l n‘:,ow ]
X !l vessel, tyes  (U18) | ! o W19 i | | Initiate mission | !*~¥eather window.
HH ' " 1 ! . .
Iqmate MT]'F P T s oot S T E Downtime for vessel | 1 Downtime for crew | Downtime for organisation, E
tsl::rg:]rﬁtsmn for all o _»t‘:een simulated? 4 w12 \ unavallabllny _;' | unavallabllny ) ) I‘:,;pares unavallabllny:; E torg (u22) !
(U2)*" = B (7 i Downtime for :
1 y - no ', mission organisation /
e s Lt r
v ‘abs,tr - e e .1. ...... %
e Have all = labser + byes T i Are more Y
Initiat _ Ny 2 ransit back L \
urll;alaa:n od tr=20 turbines been - +lerew z:pans < and demob., ‘no work Shlf;s i :i?glgra:lon and E
? i ? + +t ired? ' i
maintenance (U9) sun;z:a;)ed. B ;‘:’:;":” org Gt (U25) rec::::)d b 023 ;
$ yes (U26) | Downtime for crew !
E rest, travel and '
no Has end of \, repair time !
: : Calculate ~ ‘
i es o ey  Ncalcllatelmml = | 32— 0 02~e .
lifetimeof all ;). o5,/ Eetimatouptime __, 41 ogm yes f
turbines been and downtime :
reached? (war) cost 0z
Calculation of MTTF Weather modelling Calculation of unplanned maintenance
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O&M module

Unplanned maintenance data

Failure rate data

. Fail d
(turbine, BOP) Reliability module ailure mode

Power output

WF data b—————————»  Power module
Power data (power curve)
wind speed, hub height)

Weather forecast module
Historical weather data Weather forecast data

(wave height, wind speed)

Planned maintenance data

8|NPOLU 82UBUBIUIEN

) T otal Energy produced

Total downtime
& availability

— Energy produced by
each turbine

O&M cost module framework

Random weight sampling

Calculate probability of

of subsystem that failed | fa!lures!subsystem &
and failure mode failure model
Calculate power o/p Calculate MTTF for
power for WTs all WTs
module

Initiate MTTF i=0

i ) ) Have all WT —i
Failure rate data » simulation forall —————¢ —> k=i+1

simulated ?

l yes

Calculate MTTF for
all WTs

(turbine, BOP) turbine

Maintenance module

Initiate maintenance
operations for all WTs

Reliability module framework

Year=0

Start
T Year = Year +1
Is it time for
Reliabllity Module . scheduled Scheduled
o Maintenance
maintenance? Yes
No
Pfintervals and
downtime
calculation
Is there a
turbine failure?
Yes
. No
Is it minor or .
major failure?
Minor ‘ Major
Weather Module ‘
Maintenance Data
Power Module CTV Campaign JUV Campaign
Cost Module
ELCA Module - J J
Pfintervals and Pf intervals and
downtime downtime
calculation calculation
L
!
WT Uptime
No
End of lifetime?
Yes I
KPIs
University or

Strathclyde

Maintenance module framework

&) ROMEO



Inputs for the individual
modules

Site Total wind farm capacity FinEX Weight Average Cost of Capital
character|g=— . . . module
tics module Projected operational life of the wind farm

- Inflation rate
Construction years

Number of turbines Equity to debt ratio

Distance to port

Water depth

EIA module Greenhouse gas emissions of materials

Rotor diameter Masses of materials

Hub height Vessel consumption

Pile diameter Vessel speed

Rated power

Cutin speed

Cutout speed

Vessel information

Personnel costs
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Inputs for the individual

modules

LCC module

Legal costs

Environmental survey costs

Engineering costs

Contingency costs

Project management cost

Unit cost of cables

Tonnage of scour protection per unit

Rockdumping vessel capacity

Number of trips required to the installation of scour protection

Total transportation time of scour protectiordbgnpicg vessel

Dumping time per trip

Loading time per trip and Mobilisation costwfgioky vessel

Installation rates of export and array cables

Number of piles per substation foundation

Rate of piling the piles of the substructure

Depth of pile under the sail

Reposition time of the vessel

Il nstall ation time of the substationtc '
Umversntyof

O&M moduleFailure rates

Subsystem breakdown

Failure categories

Wind speed

Wave height

Energy price

Interest rates

Material costs

\Vessel costs

Crew costs

Maintenance times

Subsystem grouping

Required crew

Required main vessel type

Required support vessel type

Repair times

Reguired crew number

Required main vessel type

Required support vessel type

Spare stock initial

Spare stock minimum

Spare wait time

Mission organization time
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Uncertainty in cost data
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