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Evaluating a novel approach to reliability decision support for offshore

wind turbine installation

T. Gintautas & J.D. Serensen

Department of Civil Engineering, Aalborg University, Aalborg, Denmark

ABSTRACT: This paper briefly describes a novel approach of estimating weather windows for decision
support in offshore wind turbine installation projects. The proposed methodology is based on statistical
analysis of extreme physical responses of the installation equipment (such as lifting cable loads, motions
of lifted objects, etc.), subjected to offshore met-ocean environment and limited by maximum allowable
responses of the equipment used. An important aspect of any novel methodology is evaluating how well
it performs compared to the standard methods given the same input. Hence, the main focus of this paper
is on benchmarking the new methodology against the standard method for weather window estimation—
the Alpha-factor method proposed by (DNV, 2011). The evaluation is done in a form of synthetic case
study—an offshore wind turbine rotor lift operation at the FINO3 met-mast location. Performance of
both methods is measured in terms of number and length of predicted weather windows.

1 INTRODUCTION

Offshore wind industry is continuing to grow with
new developments being pushed further offshore
with expectations of greater power generation and
already heavily developed near shore locations. The
move further offshore implies increased expendi-
tures related to transportation and installation of
offshore wind turbine and their foundations, which
already contribute 10-15% of the total capital
expenditure of a wind farm (Brown, et al., 2015).
In addition to that, Operation and Maintenance
(O&M) activities typically contribute 25-30% to
the total Levelized Cost of Energy (LCOE) of an
offshore wind farm (Nielsen & Serensen, 2011).
Knowing that transportation costs are a major
contributor—up to 73%, according to (Dalgic,
et al., 2015)—to installation and O&M expendi-
tures on a wind farm, it is important to estimate
these costs accurately and reduce them as much as
possible.

Majority of installation and O&M operations
offshore are typically carried out by specialized
ships and equipment that have to be hired for the
duration of the operation. Ship lease costs are
directly connected to the operation duration, which
in turn is comprised of the time it takes to actually
perform the required activities offshore and wait-
ing time for suitable weather conditions (weather
windows). Usually, the duration of offshore activi-
ties is clearly defined but changing met-ocean
conditions limit the possibility to predict weather
windows and waiting times. Predicting weather
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windows with higher accuracy would improve the
estimates of transportation, installation and O&M
costs of a wind farm and in turn could possibly
reduce the LCOE of offshore wind energy.

1.1 State of the art of weather window estimation

and its drawbacks

The state of the art for weather window estimation
under uncertain met-ocean conditions offshore is
application of the alpha-factor method in (DNV,
2011). The standard method is limited to use of
simple met-ocean parameters such as wind speed
and wave height, as indicators of whether the oper-
ation is safe to attempt, see section 3.4 and (DNYV,
2011) for more details. However, the operational
limiting factors are inherently physical-—closely
linked to physical properties and responses of the
installation equipment and vessels, such as strength
of liting cables, maximum alowable accelerations,
motions and velocities of vessels and lifted com-
ponents, etc.

Since weather forecasts used to predict the acces-
sibility at an offshore location are not precise, the
uncertainties related to weather forecasting have an
impact on the quality of accessibility predictions.
The alpha-factor methodology aims to account
for these uncertainties and provide guidance on
how to take them into consideration. However,
the aforementioned uncertainties can be quanti-
fied quite well by multi-ensemble weather fore-
casts. Multi-ensemble weather forecasts are now
available for industry use but cannot be taken into



consideration when using the standard alpha-fac-
tor methodology. Nonetheless, it should be noted
that (DNYV, 2011) mentions that ensemble fore-
casts can be used as an alternative to tabulated
alpha-factors, but the procedure is not explicitly
defined.

1.2 Proposed improvements to state of the art

Computer software can be used to simulate instal-
lation equipment responses under given met-ocean
conditions and statistical methods can be applied
to assess the probabilities of occurrence of extreme
responses. This would allow to move on from using
simple met-ocean condition parameters to actual
physical limitations of installation equipment/ves-
sels as indicators of whether the operation should
be attempted. Furthermore, since the proposed
methodology uses statistical methods to predict
weather windows, it is possible and desirable to use
multi-ensemble weather forecasts instead of deter-
ministic ones.

In addition to that, marine operations can be
highly sensitive to the incoming wave period, but
the current practice does not have explicit ways of
taking wave periods into consideration. However,
due to nature of the proposed approach, wave
period is always used as an essential part of input
for the simulation model, therefore it is always
implicitly included in the analysis.

This paper briefly presents the novel methodol-
ogy, see (Gintautas, et al., 2016) but the main focus
is on assessing whether the new approach can be
used in decision support for offshore wind turbine
installation in place of (or as an addition to) the
standard alpha-factor methodology. The evalua-
tion is done in a form of synthetic case study of a
floating offshore wind turbine rotor lift operation
at the FINO3 met-mast location (research mete-
orological measurement mast located in the North
Sea). Performance of both methods is measured in
terms of number and lengths of predicted weather
windows.

2 PROPOSED METHODOLOGY

A full description of the novel approach for weather
window estimation can be found in (Gintautas,
et al., 2016). This section gives a brief overview of
the proposed methodology with Figure 1 showing
the general workflow chart.

Generally, the procedure follows these steps:

. Developing a simulation model for the offshore
operation using hydrodynamic simulation soft-
ware of choice (Abaqus/Aqua, SIMO, etc.).

. Retrieving multi-ensemble weather forecasts for
the period in question.
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Figure 1. Flowchart of the proposed methodology,
adopted from (Gintautas, et al., 2016).

. Simulating the installation equipment response
using forecasted met-ocean conditions as
input and retrieving the time series of relevant
responses.

. Extracting extremes of relevant responses from
simulated time series and estimating parameters
for extreme response distributions.

. Estimating the probabilities of relevant
responses exceeding their respective acceptance
criteria.

. Estimating the total probability of opera-
tion failure by combining the probabilities
of individual acceptance criterion exceedance
events.

. Obtaining weather windows suitable for suc-
cessful operation by comparing the total prob-
ability of operation failure with the maximum
allowable probability of operation failure rec-
ommended by (DNV, 2011) — 10

. Comparing alternative weather windows based
on their individual risk (a combination of prob-
ability of failure and monetary consequences),
given that consequences in monetary terms are
available.

It should be mentioned that the probability of
failure and the resulting weather window predic-
tions are directly linked to weather forecasts used
for the analysis. This implies that the quality of
said predictions depends on the quality and accu-
racy of initial weather forecasts.

3 EVALUATION OF THE NOVEL
APPROACH

Due to limited availability of real data related to
accessibility of offshore installation locations, the
evaluation of the proposed methodology is done
in a form of a synthetic case study. A description
of the case study, forecasted met-ocean condi-
tions and the evaluation procedure is given in this
section.



3.1

Offshore rotor lift operation of the Hywind demo
wind turbine was chosen as a test case. The model
was developed in SIMO software and provided by
MARINTEK (Vatne & Helian, 2014). It consists
of a floating barge with a heavy lift crane, wind
turbine rotor positioned on the barge and a float-
ing wind turbine foundation-tower. The rotor
is lifted off the barge, positioned in front of the
nacelle and bolted to it, see Figure 2. When the
barge is positioned at the installation location, the
whole operation takes 1 hour to complete.

Although this particular rotor lift operation is
more complex and weather sensitive than typical
wind turbine installation operations using jack-up
vessels to install onto fixed wind turbine founda-
tion-towers, it was chosen as a reasonable repre-
sentation of operations wind turbine industry will
be performing in the near future.

Since the proposed methodology for weather
window estimation focuses on analysis of physi-
cal responses of the installation equipment,
Table 1 shows a summary of the critical responses
and limits related to them.

Test case and it’s physical limitations

3.2 Test location and weather forecasts

The location for the test case had to satisfy a few
conditions to be feasible, namely:

It has to be covered by ECMWEF (European
Centre for Medium-Range Weather Forecasts)
weather forecasts.

Measurements of met-ocean conditions should
be available at the location.

The location should be close to actual operating
or planned wind farms.

FINO3 meteorological mast location in the
North Sea (55° 11,7° N - 007° 09,5’ E) satisfied the
requirements—multiple planned and operating off-
shore wind farms in close proximity (see Figure 3),
a ECMWEF grid point nearby (55° 15’ N - 007° E)
and met-ocean condition measurements on site—
thus it was selected for the test case.

Figure 2.
lifted of the barge and ready to be bolted to the nacelle.

Hywind demo rotor lift test case. Rotor is
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Having forecasts and measurements at the same
location allows for a more comprehensive evalua-
tion of the proposed methodology. Measurements
at the test site could be interpreted as a “perfect
forecast” implying exact predictions of weather
windows with no uncertainty. Comparison of the
number and length of weather windows obtained
using uncertain ECMWF weather forecasts as input
for simulations with the ones obtained using meas-
urements gives insight on how weather forecast
uncertainties affect weather window predictions.

The summer of 2014 was selected for the test
period, more specifically May 1st to August Ist,
2014. Weather forecasts were retrieved and updated
daily (at 00:00 hour) as it would be done during

Table 1. Physical limitations of Hywind rotor lift
operation.
Acceptance
Critical response criteria
Airgap between blades and wave crests >3m
Crane loads <6375 kN
Lift wire tension >0
Acceleration of rotor <4.8 m/s?
Rotational acceleration of rotor < 6 rad/s’
Rotor sway and surge motions of <2m
lifted rotor
Airgap between blade 3 and tower >0m
Yaw and tilt angle of lifted rotor < 5 degrees
Relative angle between rotor and < 5 degrees
special tool
Relative radial velocity < 0.4 m/s
Relative axial velocity <0.1 m/s
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Figure 3. FINO3 and wind farm locations at North
Sea, adopted from (4C Offshore, 2016).
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Figure 4. Weather conditions for the test period @
Fino3 location. Green lines—measurements from
FINO3 met-mast, scatter—51 ensemble members of
ECMWEF forecasts.

day-to-day planning of offshore installation opera-
tions, see Figure 4.

Using all 51 ensemble members of the ECMWF
weather forecasts to simulate installation equip-
ment response gives a good grasp on the expected
variability (uncertainty) of the responses under
given weather forecast. Consequently it is assumed
that 51 ensemble members are sufficient to cover
the weather forecasting uncertainties and translate
them into uncertainties of installation equipment
responses.

3.3 Weather restrictions of Hywind rotor
lift operation

In order to transparently evaluate the perform-
ance of the novel methodology of weather window
estimation, all analyzed test cases have to be based
on identical input—same location, weather condi-
tions and operation limiting factors. Same loca-
tion and input weather condition requirements
are covered by using data from FINO3 location.
However, leveling the operation limiting factors
is more complicated—it is necessary to link mul-
titude of physical limitations of Hywind rotor lift
operation (Table 1) to limits on maximum allow-
able weather conditions for successful operation.
This was done by simulating the operation with
SIMO software with an array of possible weather
conditions as input and analyzing the output time
series. By comparing the simulated responses with
their respective acceptance criteria from Table 1, it
is possible to identify the weather conditions suit-
able for successful operation—e.g. looking into
Crane Load time series and identifying whether
the response is below (safe state) or above (failed
state) the limit of 6375 kN. Weather conditions
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Table 2. Weather restrictions of Hywind rotor lift
operation.

‘Wave height Wave peak period Wind speed W,
H,, [m] Ty, [s] [m/s]
1.5 5 7

under which a/l relevant responses from Tuable 1
are below their respective acceptance criteria were
considered safe. Table 2 shows the weather restric-
tions of Hywind rotor lift operation.

It should be kept in mind that typically when
multiple environmental limits are present a con-
tour surface plot could be used to describe all
possible combinations of weather limits. However
due to multitude of different acceptance criteria in
Table 1 and complex interactions between them,
only the marginal case where all acceptance criteria
are satisfied is presented in Table 2.

3.4 Alpha-factor methodology and site specific
alpha-factors

The standard method to estimate weather win-
dows for offshore operations is the alpha-factor
method in (DNV, 2011). The essence of the stand-
ard methodology is using an alpha-factor to reduce
the weather restrictions of the operation thus mak-
ing them more conservative. The reduction is done
to account for uncertainties in weather forecasting.
(DNYV, 2011) gives sets of tabulated alpha-factors
dependent on the duration, weather limits of the
operation and the quality of weather forecasts.
In practice eq. (1) is used to define operational
weather restrictions for a given operation and
weather forecast:

P

OP, e = %op,,, 0P, (D
where OP,,, + = operational environmental
limiting criteria (e.g. wave height or period);
OP_,,;wr = forecasted operation limiting criteria;
Oyp = factor accounting for uncertainties in
weather forecasting (¢, < 1).

Alpha-factors for wave height and wind speed
are explicitly given in the standard, however, no
alpha-factors for wave period are given. Since the
test case operation is highly sensitive to incoming
wave period it is imperative to take uncertainties of
wave period forecasting into consideration. Fur-
thermore, (DNV, 2011) clearly states in note B 703
that “<...> if the operation is particularly sensitive
to some wave periods, uncertainty in the forecasted
wave periods shall be considered”. This can be
done by estimating a site specific alpha-factor for
wave periods using measurements and wave period
forecasts at FINO3 location.



The typical procedure of using tabulated alpha-
factors can be substituted by statistical analysis of
weather forecasts and measurements. The meth-
odology used to define tabulated alpha-factors in
(DNYV, 2011) can be found in (DNV JIP, 2007) and
(Wilcken, 2012) and will be further used as basis to
estimate site specific alpha-factors. Knowing that
alpha-factor is a measure of uncertainty related
to weather forecasting, measurement and weather
forecast data, if properly analyzed, can be used to
define specific alpha-factors for any given location.
Generally, the alpha-factor is defined as follows:

P
Lim, Ma>
o — im, Max (2)
Lim OP
Lim, Max ,Wf

where o, = alpha-factor for a given weather
restriction (eg. wave height or period) of the
operation; OP,,, .. = maximum met-ocean condi-
tion (e.g. wave height or period) with a probabil-
ity of exceedance of 10~ during a certain period;
OP, ;. viax,wy = Maximum met-ocean condition with
a probability of exceedance of 10 during a certain
period, taking into account the bias and variance
of the weather forecast.

Maximum expected met-ocean conditions,
OP ;11 ©T OP 1w caN D estimated from their
respective distributions, assuming that maximum
values have 10* probability of exceedance. For
wave height and wave peak period, respectively:

1 - P(H < HAMax/A/[a,\‘,W/) = 104 (3)

1-P(z<T )

— -4
Maxt Ma,\‘,W]) - ] 0

where Hy,omaoews @04 Tyonwe correspond  to
OPLim.Max and OPLinLMax.Wf il’l eq(l)

Here it should be noted that in principle it is
possible to use a joint distribution function of
wave heights and periods instead of the marginal
ones. However, alpha-factor methodology uses
individual factors for different met-ocean criteria
(wind speed and wave height) thus, for the sake of
consistency, definition of separate alpha-factors for
wave period and wave height was necessary. Know-
ing that (DNV, 2011) does not provide explicit
guidance on how wave periods should be incorpo-
rated in the analysis and following the methodol-
ogy from (DNV JIP, 2007) and (Wilcken, 2012),
marginal distributions were used.

H,,  and T, can be estimated from their short
term distributions—Rayleigh and Bretschneider
distributions respectively. Rayleigh is typically
used as distribution of the heights of successive
individual waves, conditioned on significant wave
height of a certain sea state, and is defined as fol-
lows, see e.g. (Liu & Burcharth, 1998):
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P(H<H,, )= [1 - e( ®)

where H, = significant wave height of a given
sea state; 7, = wave peak period of a given sea
state; 7, = duration of the sea state, in this case
I = 3h = 3600s; H,,, = expected maximum wave
height.

Based on (Wist, 2003) and (Clauss, et al., 1994)
the Bretschneider distribution can be used as a
good descriptor of successive wave periods during
a given sea state. The Bretschneider distribution is
defined by the following equation:

max

'

[—0.675%] "
P(r<T,,)=[1-¢ T (6)
T,
To=—"2 7
mOl1 ]2 ( )
where 7,,, = mean wave period; H, . = expected

maximum wave height; 7= wave period of succes-
sive waves.

Obtaining H,,.,, and T, , 1is more
complicated—it is necessary to take full weather
forecasting uncertainty into account. This can be
done by integrating the joint probability density
functions for wave heights and wave periods:

®)
©)

PH.Hg)=p(H|H) p(Hy ;)
p(Z',TP) =p(7| 7—;7).p(TP‘F)

where p(H, H ) = joint probability density func-
tion of wave height H and significant wave height
H; p(t, T,)=joint probability density function of
wave period 7and wave peak period 7,; p(H|H,) =
conditional probability density function of wave
height H—Rayleigh distribution, eq. (4); p(t
|T,) = conditional probability density function
of wave period 7—Bretschneider distribution,
eq. (5); p(Hj,) = probability density function of
forecasted significant wave height H,, assumed
to be normal distributed with mean value of H .
adjusted for bias and standard deviation of H,
forecasting, eq. (10); p(T,;) = probability den-
sity function of forecasted wave peak period T,
assumed to be normal distributed with mean value
of T, adjusted for bias and standard deviation of
T, forecasting, eq. (14).

p(Hg;) and p(T,,) are assumed to be Normal
distributed as defined in eq. (10) and eq. (14) with
parameters estimated from weather forecasts:



Table 3. Site specific alpha-factors for FINO3  Table4. Evaluation cases.
location.
Operation restrictions
Wave height Wave peak period
(H,y;,=1.5m) (Torm=755) Method Hg<oy, - 1.5m T, <oy, - 5s Wy< o, - 7m/s
Alpha-factor 0.81 0.78 1 o-factor oq;;=0.78 o, =1 oy, =0.8
2 orfactor o4, =0.78 04, =0.78 04y =0.8
p(Hs,F)zN(/UH” +bHSF’0-HSF) (10) 3 orfactor oy, =0.81 0, =0.78 0, =0.8
’ ’ 4 Novel P, <10*with physical limits from Table 1
H S.F.eror — H S, forecasted H  sred (11) 5 Novel Pp, < 10* with physical limits from Table 1
] n
E [HS'F "’""""] =g, = n ; Hs.rnn (12) Alpha-factor method with tabulated factors from
(DNYV, 2011) for wind speed, wave height. In this
Z(H sroror —E [H s F‘m_w,])z case o, = 1, knowing that (DNV, 2011) does not
Cerror Hg p = 1—n (13) provide alpha-factors for wave period and assum-
ing that wave peak period can be forecasted with
T, ) =Ny,  +bT, 10,1, ) (14) " no uncertainty (highly unlikely situation).
T b amvor = T jorecastea = Tp measured (15) 1. Alpha-factor method with tabulated factors
| from (DNV, 2011) for wind speed and wave
r _ _1g height. In this case site specific = (.78 for
ElTrs ~“""“"] =br, = ;;TP Foerror (16) wave period is used%stimated%&sing meas-
urements and historical forecasts for FINO3
2 (TP‘F.ermr - E |'TI’,l"<e/-rar J)Z IOCatiOn.
ernortpp = o (17) 2. Alpha-factor method with site specific alpha-fac-

where p(Hgp) and p(T,;:) = probability density
functions of the forecasted parameter in question
(significant wave height or peak period); f5, and
Urpr = mean value of the significant wave height
and peak period, estimated from weather forecasts;
Opponiisy a0 O, 1p - =standard deviation of theerror
terms; by and by = forecasting biases; Hy 4, uyea
and Ty, ... = forecasted significant wave height
and peak period; Hy, .. A0 Ty, meq = Measured
significant wave heigh and peak period.

Hyowy and Ty, are estimated from eq.

(18-19):

ernx,Wr (= . r1 o » -4

=], J, P Hy)- p(Hg)dH dH =107 (18)
|'Tmax,wy [P -4

- J | (I p(T,)dT,d7=10 (19)

Applying eq. (2—-19) to measured and forecasted
met-ocean condition data for FINO3 location
gives site specific alpha-factors, see Table 3.

3.5 List of analyzed cases

In order to properly evaluate the feasibility of the
proposed new methodology, a comparison against
the standard Alpha-factor method is done. Per-
formance of both methods is measured in terms
of number and length of predicted weather win-
dows. Three cases from (DNV, 2011) are used as
reference together with two cases where the novel
approach is used, namely:

738

tors for wave height and wave peak period and
factor for wind speed taken from (DNYV, 2011).
In this case site specific o, =0.78 and oy, =0.81
are used—estimated using measurements and
historical forecasts for FINO3 location.

3. Novel approach using measurement data from
FINO3 met-mast as input for the simulation
model. This can be interpreted as a synthetic
“perfect weather forecast” and allows evaluation
of the effect of weather forecast uncertainty on
weather window predictions.

4. Novel approach using ECMWF multi-ensemble
weather forecasts as input for the simulation
model. It is a good representation of a real-life
situation when readily available weather fore-
casts would be used to predict future weather
window opportunities.

Multiple reference cases (1-3) based on current
standard practice gives a wider overview of the capa-
bilities and limitations of the current methodology.
In turn, comparison of those reference cases with
the novel approach also provides insight on extended
capabilities of the novel approach e.g. implicit and
consistent inclusion of wave periods and wave period
forecasting uncertainties into the analysis. All evalua-
tion cases are summarized in the following Table 4.

4 RESULTS AND DISCUSSION

This section presents evaluation results of the pro-
posed new methodology. Following Figures 5-6 show
the predicted number and total length of weather



windows for the test period (I May-1 August,
2014 ). First 3 bars in the Figures represent first 3
test cases—different uses of alpha-factor methodol-
ogy from (DNV, 2011). Bars 4-7 represent different
uses of the proposed new methodology.

It is seen from the Figures 5 and 6, that there is
a large influence of wave peak period uncertainty
on the predicted weather windows. By comparing
(1—"perfect wave period forecast”) and (2— “wave
period forecast with forecasting uncertainty”) bars it
can be stated with confidence that, at least for this
specific operation, including uncertain wave peak
period forecasts reduces the total number and length
of predicted weather windows. Furthermore, since
the 2nd and 3rd bars have the same heights in both
Figures 5 and 6, this indicates that wave period is the
leading limiting factor for this particular operation.
This in turn indicates that it is necessary to include
wave periods and wave period forecasting uncer-
tainties when estimating weather windows, even
though (DNYV, 2011) does not provide tabulated
alpha-factors for wave periods or explicitly explain
how to include them into weather window analysis.

T
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(3) DNV a-tactors, Site spacific

(4) New method - Measuremants
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Figure 5. Evaluation results. Estimated number
of weather windows for all 5 test cases. Test period
1 May-1 August, 2014.
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Figure 6. Evaluation results. Estimated total length
of weather windows for all 5 test cases. Test period
1 May-1 August, 2014.
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When it comes to evaluating the perform-
ance of the new methodology, it is important
to note that the proposed methodology is based
on probabilistic analysis of uncertain equipment
responses, and consequently the resulting weather
window estimates are also uncertain. The last 3
bars in the figures above show weather window
estimation results using 5%, 50% and 95% quan-
tiles of the total probability of operation failure
(Pg,) distributions as basis. Moving from lower
to higher quantiles results in less and shorter pre-
dicted weather windows but in turn implies more
reliable results. For further comparisons, results
obtained using 95% quantile of total probability
of operation failure will be used, mainly because
a high degree of confidence is necessary.

Comparing the total length of estimated weather
windows for case “3” and the proposed methodol-
ogy (with 95% quantile of P, ) reveals that there
is ~11% relative difference in favor of the novel
approach (84 against 93 hours suitable for opera-
tion during the test period). When comparing the
same cases in terms of number of predicted weather
windows, there is even higher relative difference of
~80%—the proposed methodology predicts more
weather windows. However, this difference can be
attributed to the fact that the proposed methodology
predicts larger number of shorter weather windows.

Another important investigated aspect was the
impact that weather forecast uncertainty has on
weather window predictions. As it was mentioned
in previous sections, on-site measurements from
FINO3 meteorological mast can be interpreted as a
perfect weather forecast with negligible uncertainty.
Using these measurements as input to operation
simulation model and estimating weather windows
based on simulation results gives an upper limit of
the best-case performance of the proposed method-
ology. For this particular operation the theoretical
upper limit would be 204 operational hours during
the test period, or ~143% more operational hours
when compared to case “3” of alpha-factor method.
Even though it is impossible to have perfect fore-
casts of met-ocean conditions and reach the theo-
retical upper limit of performance, it can be stated
that there is room for improvement. Numerous
research activities are directed towards reduction
of weather forecasting uncertainties—this would
reduce the uncertainties of predicted total probabil-
ity of operation failure and in turn the methodology
would produce more and longer weather windows.

One more positive aspect of the proposed meth-
odology is that it allows direct and transparent
inclusion of weather forecasting uncertainty into
weather window analysis—the uncertainties of
weather forecasts are directly translated into uncer-
tainty of total probability of operation failure and
further into uncertainties of length and number of
predicted weather windows.



5 CONCLUSIONS

This paper briefly presented a novel Reliability
based decision support methodology for weather
window estimation, with the main focus of the
paper being on evaluation of the proposed meth-
odology. The evaluation was done in a form of
a synthetic case study—a floating offshore wind
turbine rotor installation at FINO3 met-mast
location. Even though the presented methodol-
ogy is Reliability based, it can be easily extended
to Risk based decision support by including
consequences of operation failure in monetary
terms and combining them with the total prob-
ability of operation failure. Also it is possible to
use the proposed methodology for other offshore
operation since the applicability is only limited
by definition of equipment response limits and
possibility to simulate those responses in terms
of time series.

As a general conclusion it can be stated that
the proposed methodology is performing better
(with ~11% improvement in terms of total length
of predicted weather windows for the test period
in the example) than the standard alpha-factor
method, described in (DNYV, 2011). Even though
an 11% improvement in predicted total length of
weather windows is a significant improvement on
its own, it should be kept in mind that the qual-
ity of decisions based on the novel approach
is higher. This is simply due to use of multi-
ensemble weather forecasts, covering the full range
of expected weather conditions and including fore-
casting uncertainties, wave periods being an inte-
gral part of the analysis and simulating the actual
behavior of installation equipment and vessels.

Furthermore, it can be stated that weather
forecast uncertainty plays a central role in the
number and duration of estimated weather win-
dows. This claim is based on a comparison of
“perfect” and “uncertain” weather forecasts for
the same test period. More and longer weather
window were obtained when using a “perfect
weather forecast” case. This implies that that
there is potential for even better performance of
the proposed methodology if weather forecast
quality is improved.

It should be noted that only one case study
was performed in the evaluation phase. Therefore
broad general conclusions have to be drawn with
caution, simply because differences between A/pha-
factor and the proposed new approach could partly
be linked to this specific test case. Keeping this in
mind it is still obvious that the proposed approach
shows good promise and with further development
could be used as decision support for offshore
operations.

ACKNOWLEDGEMENTS

The research was funded by The Research Coun-
cil of Norway, project No. 225231/070—Decision
support for offshore wind turbine installation
(DECOFF). The financial support is gratelly appre-
ciated. The authors also acknowledge Christian
Michelsen Research, Meteorologisk Institut (Nor-
way), MARINTEK, Uni Research, University
of Bergen (UiB) and STATOIL for their valuable
inputs and support. Furthermore, met-ocean condi-
tion measurements for FINO3 location used in this
study were provided by the BMWi (Bundesministe-
rium fuer Wirtschaft und Energie, Federal Minis-
try for Economic Affairs and Energy) and the PTJ
(Projekttraeger Juelich, project executing organiza-
tion), for which the authors are very grateful.

REFERENCES

4C Offshore, L., 2016. Global Offshore Wind Farm Data-
base. [Online] Available at: http://www.4coffshore.
com/offshorewind/

Brown, C., Poudineh, R. & Foley, B., 2015. Achieving a
cost-competitive offshore wind power industry: What is
the most effective policy framework?, Oxford: Oxford
Institute for Energy Studies.

Clauss, G., Lehman, E. & Ostergaard, C., 1994. Offshore
Structures. Volume I1. Strength and Safety for Struc-
tural Design. 1 ed. London: Springer-Verlag.

Dalgic, Y. et al., 2015. Advanced logistics planning for
offshore wind farm operation and maintenance activ-
ities. Ocean Engineering, Volume 101, pp. 211-226.

Dinwoodie, I. et al., 2015. Reference Cases for Verifi-
cation of Operation and Maintenance Simulation
Models for Offshore Wind Farms. Wind Engineering,
Volume 39, pp. 1-14.

DNV JIP, 2007. Technical Report, Marine Operation
Rules, Revised Alpha Factor—Joint Industry Project,
Oslo: DNV.

DNV, 2011. DNV-OS-H101. Marine Operations, General,
s.l.. DNV.

Gintautas, T., Serensen, J. D. & Vatne, S. R., 2016.
Towards a risk-based decision support for offshore
wind turbine installation and operation & maintenance.
Trondheim, s.n.

Liu, Z. & Burcharth, H. F., 1998. Encounter Probability of
Individual Wave Height. Copenhagen, Proceedings of
26th Conference on Coastal Engineering, ICCE 1998.

Nielsen, J. & Serensen, J., 2011. On risk-based operation
and maintenance of offshore wind turbine compo-
nents. Reliability Engineering & System Safety, 96(1),
pp. 218-229.

Vatne, S. R. & Helian, @., 2014. DECOFF rotor lift test
case. Project memo, Trondheim: MARINTEK.

Wilcken, S., 2012. Alpha factors for the calculation of
forecasted operational limits for marine operations in
the Barents sea, Stavanger: University of Stavanger.

Wist, H. T., 2003. Statistical properties of successive ocean
wave perameters, Trondheim: NTNU.

740



