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ABSTRACT

The offshore wind energy development is highlyctdteby the condition of the weather at sea. Hett@emands a well-organized
planning of the overall process starting from tlequcers’ sites until the offshore site where timbines will finally be installed. The
planning phase can be supported with the help stiBte Event Simulation (DES) where weather rdgtris, distance matrix, vessel
characteristics and assembly scenarios are takemaacount. The purpose of this paper is to sineulaé overall transport, assembly
and installation of the wind turbine componentse&. The analysis is carried out through DES caréig) both the real historical

weather data (wind speed and wave height) and itisic approach. Results of the study, appliedh® real Offshore Wind Farm
(OWF) configuration, are showing a good agreemestivieen the two proposed models. The results painthat the probabilistic

approach is highly affected by the semi-random remnlised to model the stochastic behavior of tpatinariable so that several
iterations (200 to 400) are required to reach tleneergence of the simulation outputs. We suggesistasonality of the outputs of
both models are preserved, i.e. the variation ef tdsults depending on the variation of the weatlieng the year. These findings

provide a new framework to address risks and uadsies in OWF installations.
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INTRODUCTION

The offshore wind energy industry is still undeogess where
most of the experiences are obtained from the oeshdind
industry and oil & gas industry. Offshore wind egelis one
form of clean energy in which the electricity isngeated from
wind and connected to the grid system so thatlitbei used for
different purposes. According to the European Wiktkrgy
Association, 20% of the energy mix should come from
renewable energy by 2020 (EWEA, 2007). It is eviddrat
there is high potential of generating electricityrh wind energy
on European waters for it does not pose any viandl noise
disturbance as it is far from the coast and atstme time there
exists sufficient amount of wind required for elamty
generation.

The average size of a grid connected offshore féand in 2014
was 368 MW, average water depth of wind farms ceiepl or
partially completed was 22.4 meters and the avedagance to
shore was 32.9 km (EWEA 2015).

The fact that there is tremendous amount of winergyh does
not mean that it can be accessed and convertedaintseful
form of energy since it also has several problakeshigh cost
of transporting and installing wind turbines, inktg

foundations, connecting to the grid systems, whdoh highly
affected by weather, wind, and sea state. It wasodered
(Lange,Rinne & Haasis ,2012) that disturbancestdugeather
restrictions during the process of installing therbine
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components at sea can lead to an explosion ofticgisosts.
Green and Vasilakos (2011) noted that most of thetsc
associated with offshore wind energy developmemt still
much higher compared to onshore counterparts. Tlaplesents
the typical cost break down of both onshore and GWF
compiled and adapted from (Henderson et al, 2008gidgen

et al, 2004; UK government Tech. Rep, 2010; Davewnlg
2012; IRENA ,2012)

Kovacs, Erdos, Viharos and Monostori (2011) devetbm
model MILP, in order to treat the problem of offséo
maintenance scheduling, which includes a module aof
integrated framework for condition monitoring, dagis and
maintenance.

Table 1: Typical initial-cost breakdown of a wiretiin in %,

Description Onshore | Offshore
Wind turbines 65-75 30-50
Electrical infrastructure 1-10 15-30
Civil work 0-5 15-25
Installation & transport 0-2 5-30
Others 5 8




The objective of this paper is to apply the Diserdivent
Simulation (DES) for the transport and installatimhoffshore
wind turbines. The analysis is carried out throuBiES
considering both the real historical weather datand speed
and wave height) and the probabilistic approactsuRe of the

study, applied to the real Offshore Wind Farm (OWF)

configuration, are presented in the paper. Theraliy of this
study is the fact that it considers both the histdrdata and the
probabilistic approach in the analysis of the lbgsschains in
the offshore wind industry.

MODEL DEVELOPMENT
PARAMETERS

AND INPUT

The model maps out the activities carried out istgrfrom the
transportation of the turbine components, piles fmohdation
from the onshore to the offshore site where théites are
finally erected for generating electricity. The oale operations
are sub-divided into four distinct phases namelpsport & pre-
pilling, transport & Jacket installation, transpo& rotor
assembly and transport & turbine installation.

OffshoreWind Farm

A typical offshore wind turbine usually consists sée Fig. 1:
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Fig. 1 Offshore wind turbine components

A. Foundation- it could be of several types, see Zighe
type of foundation will
equipment required for installation. For instanee,

mono pile foundation will require heavy hydraulic

hammer works to drive steel pipes with diameterd of
meters up to 20 meters in to the seabed.

determine the type of

a. Mono pile foundations: they can be either
concrete or pre-stressed, used in shallow
water, and having an advantage of low levels
of noise emission during operation, low
maintenance, material availability with large-
scale production.

b. Tripod foundations: designs tend to rely on
technology used by the oil and gas industry.
The piles on each end are typically driven into
the seabed, used for deeper depths and have
not been used on many projects until now.

c. Jacket foundations: these foundations can be
made of a steel framework with pile
foundation, used mainly for deep water and
have the advantages of lightweight and high
rigidity.

d. Gravity foundations: these foundations can be
made of restrained steel pile, used mainly for
shallower water and have the advantage of
being simple and cost efficient construction
for small depths.

Fig 2: Types of offshore wind turbine foundationErem left to
right: mono pile, tripod, jacket and gravity

B.

m

Piles: The piles are used to fix the foundationsh®
seabed. During this process, a template is used whe
hammering or vibrating piles into the seabed.
Afterwards the jacket could be lowered to the butto
of the sea where the spikes fixed at the end ofehe

of the jacket fit into the piles.

Tower sections: have the structural role of cagytime

top loads to the foundation. They are made frorel ste
sheet rings and stiffeners (longitudinal or circulssed

for rigidity purposes) protected against the strong
corrosion due to seawater.

Nacelle: results from a combination between a steel
lattice structure and fiber glass housing. The aytic,
electrical, and electro-mechanical internal comptsie
of the nacelle (gearbox, transformers, cooling esyst
etc.) are integrated progressively during the
construction of the nacelle. It is important to sioler
that the nacelle is very heavy (125 tons for a 4MW
turbine). Together with the rotor, the weight ofeth
nacelle represents a big problem in terms of liftin
Rotor-hub: it corresponds to the mechanical paat th
joins the three blades together with the nacelle.

Three blades: offshore wind turbine blades are neéde
composite materials. At present, wind blades are



mainly made of reinforced fiber glass. For verygkar

The rotor, tower section and nacelle will finallg taken to the

blades, carbon fibers have been introduced by many offshore site from this intermediate harbor.

manufacturers in order to reduce the weight of the

structure. For a 3 MW wind turbine, the rotor has a Weather Condition

weight of around 100 tons and 100 meters of diamete

There are basically two options in terms of tramspg and
installing the turbine components. The first optisrio take all
the components directly to the offshore site arsdailhthem as
indicated in Fig. 3. The second option is to havenéermediate
storage and assembly area where parts will be dstangl if
necessary pre-assembled depending on the insiallstiategy
to be implemented so that the transportation veélicarried out
by another ship as indicated in Fig. 4.

G

Fig. 3: First strategy to install OWF where “WF” ams Wind
Farm and “M” means Manufacturing
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Fig. 4: Second strategy to install OWF where “WFéans
Wind Farm, “C” means Center for storage and premasty and
“M” means Manufacturing

The number of lifts at the offshore site depends tha
installation strategy selected. There are maintgdtinstallation
strategies currently used in the offshore wind gidu

1. Rotor Star: It is an installation strategy whereeth

blades and hub will be assembled in the staging, are

forming a rotor.

2. Single Blade: All the wind turbine parts will be

transported to the offshore site and installed bge
one.
3. Bunny Ears: This type of turbine installation regsi

The weather at sea plays a significant role whigamgporting

and installing wind turbine components. There a®idally two

factors to be fulfilled in order to carry out thperation at sea,
namely:

Workability: The values (example: wind speed or wave height)

above which operations will be interrupted compiete

Time Window: The range of time for which operation is
possible without interruption. In general, the vieatshould be
good enough for a certain period to accomplish ecifip
activity.

Table 2: Sample data sets for wind speed and waight

Wave
height(m)

Minute| Speed Speed
Vi V2

(m/s) (m/s)

Year | Month | Day| Hour

200( 04 01 01 5C 4.0¢ 4.2¢ 0.3¢

200( 04 01 03 0C 3.4¢ 3.2¢ 0.4C

2000 04 01 05 40 4.2 4 0.38

Table 3 Probability of good weather for a speaiiod speed
and wave height restrictions

Month Wind speed| Wave height Probability (%)

January 13.63
Februar 20.27
March 30.09
April 39.9¢
May 34.16
j‘l‘fye <=10m/s | <=0.75m 31'054
August 37.84
Septembe 31.7¢

October 24.3

Novembe 14.0¢
Decembe 20.1¢

Weather predictions and numerical weather forecaats be
calculated with different models. However, (Hinrfeait 2007)
noted that the reliable weather predictions aretimgsovided
for a period of approximately a maximum of 14 dayhe

having two blades pre-assembled forming bunny ears model presented in this paper considers both takhistorical

in the staging area and the last blade will beaifexd
independently at the offshore site.

In this paper, the piles and jacket foundations directly

transported to the offshore site without any intediate harbor.
But the turbine parts (blades, hubs, tower sectirsnacelles)
are transported to the intermediate harbor wherts pae stored
and the assembly of the rotor is carried out (rstar strategy).

data and probabilistic approach. The real offsiveeather data
is measured every 10 minutes and the wave heighty 30

minutes for the period of April 1994 to Decembe020The

dataset for the wave height has been convertedlibitminutes
interval to have coherence with the wind speed sddafor
analysis. The table 2 presents a sample of the sjieetd and
wave height datasets.



Table 4 weather restriction for different activitie

Activity Resource Wind speed (m/s) Wave height (m) Time Window (h)
Pile transport Transport ship N/A N/A N/A
Pile transfer Transport /Jack up vessel 12 1.25 6
Pile driving Jack up Vessel 12 15 6
Jacket transport Transport ship 10 15 N/A
Jacket installation Jack up Vessel 12 0.75 12
Jacket grouting Jack up Vessel N/A 15 18
Turbine parts transport Transport ship 17 2 N/A
Turbine parts transport Jack up Vessel 17 1.25 N/A
Lower tower installation Jack up Vessel 10 N/A 25
Upper tower and nacelle installation Jack up Vessel 11 N/A 6
Rotor installation Jack up Vessel 8 N/A 5

Since it is not possible to have the weather faefar more
than a couple of days with high accuracy, probstidliapproach
would be the best way to predict the probable deta
completion for a specific project. The historicaather data of
wind speed and wave height have been taken indouat in

order to generate the probability of working andwamrking

period for a specific time window. The percentagiprobability

is computed by considering workability and time domw

parameters in a specific period (for each monthie Table 3
depicts an example of having a good weather peagenper
month considering a time window of 2 hours for wheat
restriction of wind speed 10 m/s and wave heighb@n. Fig. 5
shows the percentage distribution of the favorablaking

condition of each month over the year.

Probablity(%)
RPERERNNWWDS
cvonowouio

Months of the Year

Fig. 5 Probability distributions (%) over the yefar a time
window of two hours with wind speed <=10 m/s andveva
height <=0.75 m

The Discrete Event Simulation (DES)

DES only takes points in time (events) in to coasidion. Such
events may for example, be an element enteringatostor
leaving it, or moving on to another machine. Anyverment in

between is of little interest for the simulatioself. What is
important is that the entrance and the exit evanésassessed
correctly. When the element enters a material fiject, the
software calculates the time until it exits thajeai.

DES programs allow the mobilization of virtual pisior supply
chain such as OWFs installation where product datdains all
geometrical and methodical information about thedaurbines
while the simulation model includes all parameteescribing
the production facilities, resources (machines, &snetc.) and
processes. One of the major advantages of the BESi it is
possible to integrate the operating rules of eachkshop or
transportation activity and simulate the complexegnation
between the different actors (human and materisburces,
transportation, machinery and tools, etc.). The DES
particularly effective to tackle problems relatedthe surface
management, transport management, flow management
(identification of bottlenecks), management of Jfe#ls and
hazards that a simple analytic workload simulaticamnot
integrate.

METHODOLOGY

The development of the tool aims to comply with the
requirement of the offshore turbine transport amlallation at
sea. It gives an insight about the planning of tbgistics
activities before starting the actual constructowacedures and
assesses the influences of different parameteng) alee logistic
chains (starting date, distance matrix, vessel adtaristics
weather restrictions etc.) on the overall projezd-time and
costs of OWF's installations. A validation case Hhasen
developed in partnership with an industry that ped all the
data coming from a real offshore wind farm.

The logistics flow for the “Rotor Star” installatiohas been
presented in the Fig. 6 showing the activities usedhe
development of the simulation model.
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It is evident that the objective of any companytafisng OWFs
is to reduce as much as possible the constructioe tnd
associated costs. The vessels, harbor facilitresies andabor
have to be used for a specific period and any diance during
the project execution could have a significant inbparc overall
cost of the project. The simulation model in théger takes int
account all the logistic disturbances along thepsugphainin
order to support the decision making process at the phar
phase. The Fig. 7describes the workflow of the moc
developed based on DR&luding transport, assembly, store
and installation.

Since it is not possible to exactly complete alsiragtivity with
constant process time (example: assembly of rota), an
average process time and standard deviation of ranat
distribution are considered for each process idstdaconstan
values. Moreover, each process can also be affdayethe
production constraints and use of different resesir¢ships
crane, storage areas, etc.). The Tabpeesents the summary
the input parameters used for analyzing the resfiise model

‘ Nacelles storage ‘

Wind turbine

components
transport

Wind turbine
components
Installation

Wind turbine
installed

Discrete Event Simulation

g E -
riving / \
N\
- N
X\ ol 0N
’ 1f th ber of\
N No /1f the number of\  yeq
\ (" installed — { 1
/ : &
/ AN \_foundations -/
\ N buffer / | Blades unloading | | Hubs unloading | omEriere Upper tower
No /If the number cf\ Yes R d section unloading cer e T
. installed piles = N S/ 1 i
\\ buffer / b | Blades storage | Hubs storage | Lower tower Upper tower
\ Y . section storage section storage
\~ 7 o Rotor assembly
" A
o Vi N Rotor (3 blades + 1
/ : hub)
/ /
7\ / \
ol /1f the number of
/ No / installed N i i
, Wind turbine
— s/
/ N Teundations components loading

Y

ey Start

l

Input
Stochastic
Variables

Production
Constraints

Iterations:

}

Output
Stochastic
KPIs

End

iterations

New development

= Processes <= Resources €= Workability .. Weather

//l ')
4%

Fig. 7 Workflow of the simulation mod




Table 5 summary of input parameters

Description Name Qty Capacity(Item) Speed (km/hr)
Product Wind turbine 60

Product Jacket foundatic 60

Product Piles 240

Product Tower sectio 120

Product Rotor Hub 60

Product Rotor Blade 180

Product Nacelle 60

Resource Transpaship for pile: 1 8 12
Resource Transport ship for foundatio 1 2 12
Resource Transport ship for turbine compone 1 21 12
Resource Jack up vessel for pile drivi 1 - 12
Resource Jack up vessel for Jacket installa 1 - 12
Resource Jack up vess for turbine installation 1 4 12
Resource Crane 1 1 15

While considering the historical weather data, dkeeision for ¢
specific activity (for example to leave the porteafthe ship i
loaded) is taken by referring to the weather datebaread:
stored but in case of the probabilistic approd¢he decision is
made based on the probability of having a good e
window for a specific activity. The probabilistip@roach is
highly affected by the random seed number usedsavera
iterations are required to check the convergence thaf
simulation results (200 to 400 iterationdhe staing date of
the project also affects the lead-tirtee complete installing
given number of wind turbines, several differematrtstiates hav
been considered for both approaches and finallyrekalts ar:
compared.

If there are two activities to be carried out one dfterother, i
requires the application of conditional probabilit means the
weather condition for the second activity can dmdychecked i
there is agood weather condition for the firactivity. In other
words, the two activities must be completed without i
interruption.

RESULT AND DISCUSSION

This section presents the results obtaibhgdimulation fo the
installation of wind turbines in OWEonsidering both the re
data and stochastic approach.

Using Real Weather data

A weather data with wind speed and wave height ried®
minutes) for the period of 19908 has been implemented
the model in order to assess the project -time for the
installation of 60 wind turbines. The start dats baen fixed t
the first day of each month for each year (Exami™ April
1995, £ April 1996, etc) and finally the average le-time has
been taken into account. Accordingly, Figdépicts the average
lead times (in daysdbtained after running several simulati
together with standard deviation §+and -6).

The average times for all the activities considenethe logistic
chains have been presented in tablin order to accommodate
the sbchastic nature of the activities in the offshomdustry
where the time to complete a specific activity garia 10% o
the average time has been utilized as a standaratida.

Table 6 Averagéime for different activitie

Activity and proces Average timehotrs)
Pile loading 1

Pile transfer 6 for 4 piles
Pile driving 6 per pile
Jacket loading 1

Jacket installatic 12

Jacket grouting 18

Turbine component loading/unload 1

Lower tower installatior 2.5

Upper tower and naceliestallatior
Rotor installatiol 5
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The Fig. 8 indicates that there is high variabilityerms of lead
times considering the same start date and montidifferent

year. The minimum and maximum standard deviatioass.2
and 94.4 days that give an insight how the weatilay a
significant role in the offshore wind turbine inition

operations. The Fig. 9 also shows how the montrdgmvalue
differs from the annual mean lead-time. It was fbont that the
maximum and minimum percentage differences are%8.48d

0.51%.
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Fig. 9 Percentage difference between the monthlgrnmead
times to the annual mean lead time (using histbdata)

Using Probabilistic Approach

An example has already been depicted in the Figbéut
probability of working for a specific time windownd this
section presents the results obtained after impi¢ing the
percentage values in the model. For instance, aadewill be
triggered and based dhe weather restriction , time window
and associated probability, it gives a value ofrOldyes/no)
which is considered as a deciding factor whetheprareed to
the next activity or to wait until good weather #%i The loop
iterates until the result is 1 (yes) which givegraen light to
carry out a certain activity (sailing, installingansferring piles,
etc.). The time elapsed until the iteration givegsult of “1” is
considered as a waiting time. Changing the randtmeas
number will change the sequence of the binary sl it will
result in having different waiting times until kaches a green
light, thereby making the output lead time stodlcagefer Fig.
10). The Fig. 11 presents a convergence test fmreaific start
date of the project Nov®1 and it is clear from the Fig. 11 that
the mean values tend to converge roughly afteritgdftions.
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Fig. 11 Convergence test for a probabilistic apghoa
considering 1 of Nov as a starting date.

The Fig. 12 indicates that the minimum and maxinmatamdard
deviations are 18.2 and 35.4 days which give aiglhfiow the
weather plays a significant role in the offshorendviturbine
installation operations. The Fig. 13 also shows kimevmonthly
mean value differs from the annual mean lead-time ia was
found out that the maximum and minimum percentage
differences are 6.64% and 0.39%. The maximum |ead-is
observed when the project start data is in August this
reflects the reality since there is high weathergdme during
the winter season.
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The fig. 14 shows the correlation between the twpreaches
considered in the analysis taking the average nhyplghd times
over a year. The correlation coefficient found éo7.
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Fig. 14 Correlation between the probabilistic andtdmical
approaches (correlation coefficient of 0.7)
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Fig. 15 Monthly average lead-time comparisons betwthe
two approaches

The two approaches (historical data and probaicilegtproach)
for the transport and installation of 60 wind tuds show a
good agreement considering the average mean Ieedfor
each month over a year (Fig. 15).

Each activity will be recorded in real time anddily shown at
the end of the simulation indicating all the sulbivéties with
their durations (loading, transporting, waitingstalation etc.).
These results can be exported to the MS projetfopta and are
very helpful in planning the overall activities fdhe entire
project. The Fig. 16 displays a sample showingatttevities and
their durations.



) Task _ [Task Name . |Duration  _ Start , Finish
Mode

Predecessors

|01 Dec'14 08 Dec '14 |15 Dec'14 |22 Dec'14 |29 Dec'14

[
TIFIS[SIM[TIW]TTF]STSMTIW[TTF[STs[M[TIW]TTF[STS[M[TIW]T[F]s[S[M[TW[T[F]S]

1 * Pile_loading 488mins  Mon 01-12-14 Mon 01-12-14
2 o Waiting_at_Port 2400mins  Mon 01-12-14 Sun07-12-14 1
3 + Pile_Transporting 690 mins Mon 08-12-14 Tue09-12-14 2
4 o+ Pile_Transfer 360 mins Tue09-12-14 Wed 10-12-14 3
5/ o+ Waiting_Driving 1920mins ~ Wed 10-12-14 Tue16-12-14 4
6 * Pile_Driving 360mins  Tue16-12-14 Tue16-12-14 5
7 * Waiting_Driving 0mins Tue16-12-14 Tue16-12-14 6
8 + Pile_Driving 300mins  Tue16-12-14 Wed 17-12-14 7
9 o+ Waiting_Driving 960 mins Wed 17-12-14 Fri19-12-14 8
10 * Pile_Driving 360 mins Fri19-12-14  Mon 22-12-14 9
) 1 o+ Waiting_Driving 900 mins Mon 22-12-14 Wed 24-12-14 10
g 12 + Pile_Driving 360mins  Wed 24-12-14 Wed 24-12-14 11
i 13 | + | Waiting Transfer 2880 mins  Wed 24-12-14 Thu01-01-15 12
8 14 o Pile_Transfer 360mins  Thu01-01-15 Fri02-01-15 13
15 + Waiting_Driving 0 mins Fri02-01-15  Fi02-01-15 14
16 + Pile_Driving 300 mins Fri02-01-15  Mon 05-01-15 15
17 + Waiting_Driving 480 mins Mon 05-01-15 Tue06-01-15 16
18 * Pile_Driving 360 mins Tue 06-01-15 Wed 07-01-15 17

Fig. 16 Activities with their durations

In the offshore wind energy development, it is afeportant tc
see the effect of each phase (piling, jacket foundation
turbine transportand installations) on the overall logist
operations. Depending on the number of turbindsetinstallec
and the annual weather condition at sea, the epitiase coul
be carried out in a single project phasecould be split int
different project phases. The Fig. displays the percentage
each phase for the entire project lead ticonsidering T of
February as a start date (refer to Fig. I2)e phase analys
carried out revealed that the jacket phase higfilgces the
overall logistics chain.
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23%

Fig. 17 Percentage of workload

CONCLUSIONS andFUTURE RESEARCI

The development of offshore wind farms is very geresto any
disturbances along the logistics chain that cotgdnsfrom nof
having a proper plan in advance considering thetlveeaime
window. The efficiency of the wind farm installatiocan be
improved by making use of the DES.

& 1612
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The two approaches presented in this pahistorical data and
probabilistic approach) for the transport and ittestian of
turbines show a good agreement considering theageemeal
leadtime for each month over a yeFuture wind farm projects
can be supported with the help of simulation usithg
probabilistic approach in order to improve the plag and
contolling of the logistics chair there by reducing the cost.
Reducing the project leailne also helps to get extbenefit
from generating the electricity which otherwise \Wbbe usec
for the installation of the turbine

It was also shown in this paper that the results easily be
exported to the MS project for further analysis #md helps tc
carry out the assesient of possible disturbances eproject
risks taking activities angdub activities into account in each
phase of the projecThe correlation coefficient could also
improved if more weather data (several decades)dnoe usec
as aninput in the model analys

Future research wifocus on optimization considering the ty,
number, capacity of vessels, installation strategied cost ¢
utilizing the resources within the logistics chalt.will also
address the risk on schedulelysis.
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