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1. Overview

This report deals with the cost reduction potential of coupling fabrication and installation-logistics related costs for the optimal
sizing of semi-submersible substructures for floating wind farms, with respect to the adoption of a sequential design methodology,
where the semi-submersible is optimised to minimise only materials and fabrication costs. The results were presented at the
Torque conference in Delft in June 2022. An accompanying paper has also been published in the Journal of Physics: conference
series and is attached to this document. This short report provides a general overview of the publication and its conclusions. The
reader is directed to the journal publication for further details.

2. Abstract

The cost reduction potential of adopting an integrated approach to optimally size semi-submersibles substructures for floating
wind farms while simultaneously accounting for materials, fabrication and installation-logistics related costs was explored in this
study. A trade-off between manufacturing and installation costs was identified. This trade-off is driven by the growth of shipyard
costs when the size of the structure increases, counteracting the reduction of fabrication costs achieved with a larger semi-
submersible footprint. Accounting for this trade-off yielded an optimal design with a considerably smaller footprint than when
fabrication costs were minimised in insulation. The sensitivity of this trade-off to different installation strategies affecting the
required storage area at the shipyard was assessed. When fabrication costs are dominant, the advantage of accounting for
installation costs in the design process is negligible. Instead, larger storage area requirements increase the cost reduction
achieved by optimising the semi-submersible while simultaneously accounting for fabrication and installation costs. The coupling
effect remained significant for all the cases considered in a further sensitivity analysis of key parameters affecting the cost-optimal
design. Furthermore, we identified several different designs that provide enough hydrostatic restoring moment in pitch to
counteract the thrust induced overturning moment within a small cost range from the most cost-effective one. This result suggests
that additional criteria than minimising manufacturing and installation costs could drive the final design choice.

3. Objectives

Floating wind energy is a promising technology, as it opens the door to the exploitation of wind resource in deep waters. However,
floating wind’s Levelised Cost of Energy (LCoE) is still much higher than that of conventional offshore wind, and significant cost
reductions are necessary to make floating wind a competitive technology. Different works have dealt with the optimal sizing and
design of floating substructures for wind turbines, targeting materials or manufacturing costs minimisation. However, logistics,
assembly and installation costs also contribute significantly to the project CapEx. Avoiding specialised, expensive vessels and
minimising time and space required at the shipyard or port can have a substantial cost reduction impact for floating wind farms.
As these costs may depend on the floater size, they may also influence the optimal sizing of the floating substructure. Not
accounting for this coupling could lead to sub-optimal designs.

Therefore, in this study we explored the cost-reduction potential of adopting a more holistic approach to the design of semi-
submersibles substructures for floating wind turbines, accounting simultaneously for materials, fabrication, and installation costs.
The semi-submersible was sized while ensuring that hydrostatic stability constraints were fulfilled, while installation costs were
computed by mean of a deterministic cost model, representative of the current installation methodology for semi-submersibles.
The semi-submersible was first optimised to minimise only manufacturing costs, as a case representative of a sequential design
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approach. Then, installation costs were included in the objective function. A base case consisting of a wind farm with 60 5 MW
wind turbines located 30 km from shore was defined. A sensitivity analysis of key input parameters affecting the most cost-effective
design was performed to verify the impact of the coupling effect on the cost-optimal design and on the resulting cost reduction for
different conditions than the base case.
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Figure 1: Cost of the 150 best semi-submersible designs obtained from the multi-start optimisation of the floating semi-
submersible. a) objective limited to fabrication costs and b) also including installation costs

4. Conclusions

A trade-off between the fabrication costs and installation costs was identified, driven by the reduction of manufacturing costs
obtained by increasing the structure’s footprint and decreasing the outer columns’ radius, which is counterbalanced by the increase
in storage costs at the shipyard. For the base case, accounting for this trade-off yielded semi-submersible design with a footprint
9.3% smaller than for the sequential approach, where the materials and manufacturing costs were minimised in insulation,
resulting in an overall cost reduction of the 0.23%. The installation strategy has a significant impact on the trade-off. If the number
of floaters to be stored simultaneously decreases, manufacturing costs outweigh storage costs. In this case, optimal designs are
close to the manufacturing-only case and coupling fabrication and installation costs yields negligible cost reductions. Instead,
larger storage space requirements result in higher costs savings from a coupled approach. This coupling effect remained
significant for all the cases considered in a sensitivity study of key parameters affecting the most cost-effective design.
Furthermore, several significantly different designs within a small cost range were identified. This suggests that further criteria
could drive the best design choice, such as maximising the local contribution to the supply chain or minimising the operations and
maintenance (O&M) costs.
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Abstract. In this research, we explored the potential to reduce the cost of floating wind
farms by adopting an integrated approach to optimally size semi-submersible substructures
accounting for materials, fabrication and installation-logistics-related costs. A trade-off between
manufacturing and installation costs was identified. This trade-off is driven by the growth of
shipyard costs when the size of the structure increases, counteracting the reduction of fabrication
costs achieved with a larger semi-submersible footprint. For the reference scenario, accounting
for this trade-off yields a design that is a few tenths of a percent cheaper than when minimising
only fabrication costs. However, the obtained design has a considerably smaller footprint than
the fabrication-only case. The sensitivity of this trade-off to different installation strategies
affecting the required storage area at the shipyard was assessed. When fabrication costs are
dominant, the advantage of accounting for installation costs in the design process is negligible.
Instead, larger storage area requirements increase the cost reduction achieved by optimising the
semi-submersible while simultaneously accounting for fabrication and installation costs. The
coupling effect remained significant for all the cases considered in a further sensitivity analysis
of key parameters affecting the cost-optimal design. Furthermore, we identified several different
designs that provide enough hydrostatic restoring moment in pitch to counteract the thrust-
induced overturning moment within a small cost range from the most cost-effective one. This
result suggests that additional criteria than minimising manufacturing and installation costs
could drive the final design choice.

1. Introduction

Floating wind energy is a promising technology, as it opens the door to the exploitation of wind
resource in waters deeper than 60 meters, which opens up new markets [1]. Moving to deeper
waters is made possible by adopting floating substructures, whose typology often falls into the
categories of spar buoy, semi-submersible, barge or tension-leg platform (TLP). However, hybrid
concepts that aim to combine the strength of different substructure typologies are currently
under test [2]. Among the various concepts, semi-submersibles are particularly interesting due
to their relatively simple installation procedures, and the potential for offsite maintenance.
However, floating wind’s Levelised Cost of Energy (LCoE) is still much higher than that of
conventional offshore wind, and significant cost reductions are necessary to make floating wind
a competitive technology. Different works have dealt with the optimal sizing and design of
floating substructures for wind turbines, targeting materials or manufacturing costs minimisation
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
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3, 4, 5, 6, 7, 8]. However, logistics, transportation, assembly, and installation costs constitute
about 9% of the overall CapEx for a floating wind farm [9]. Avoiding specialised, expensive
vessels and minimising time and space required at the shipyard or port can have a substantial
cost reduction impact for floating wind farms [10, 11]. As installation costs may depend on
floater size, they may also influence the optimal sizing of the floating substructure.

This study aims to gain insight into the potential of adopting an integrated approach to the
design of floating semi-submersibles for wind turbines. To this end, this research investigates
the interactions between manufacturing and installation costs, focusing on the significance of
the couplings and highlighting main trends and drivers for cost reduction, rather than on
the detailed design of semi-submersible support structures for floating wind turbines. With
respect to previous research in this field, we optimised the sizing of a floating semi-submersible
substructure for wind turbines while simultaneously considering materials, manufacturing and
installation logistics-related costs. In doing so, this research steps toward reducing floating wind
farms’ LCoE by adopting a more comprehensive approach, from a full wind farm perspective.

2. Methodology

2.1. Semi-submersible sizing

The geometry of the semi-submersible is parametrised similarly to what was proposed in [3] and
[4]. Six design variables are defined, which are represented in Figure 1 and reported together
with their boundaries in Table 1. The remaining geometrical and structural design parameters

a) Rautﬂi B ROff ___RTr b)

Sea surface

Fr

Figure 1. a) Design variables for semi-submersible sizing and b) rotation angles determining
the submersion or emersion of a semi-submersible element, and cross-bracing angle, 0.4

Table 1. Semi-submersible design variables

Design variable Adopted symbol  Boundaries
Radius of the outer columns Rout 3m-8m
Radial distance between the central and outer columns R, 25m-50m
Draft between the sea surface and the keel Dr 10m-50m
Freeboard height between the sea surface and the deck  Fr 5m-co
Radius of the central column at the keel R, 3m-8m

Taper ratio between R. at the interface with the tower

and R. at the keel Tr 0.5-0.95
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for the semi-submersible are defined as constants or fully determined by combinations of other
parameters and design variables and reported in Table 2. The structure is manufactured with
steel, whose density ps = 8500% is set higher than the typical value to account for the added
weight of welds, paint, caps, and the deck platform. The wind turbine supported by the floater
is the NREL 5 MW [12] The three outer columns and the central column are filled with ballast

Table 2. Semi-submersible geometrical and structural parameters

Parameter Adopted symbol  Parameter value

Taper angle of the tapered section of the 10.3°, from the OC3 spar buoy tapered

central column Ouir section [13]
"
Thickness of the central and outer column theim 0.05m [3, 4]
Comertion it of e s e A0 ot v i
Connection depth of the cross braces with Lowasy. 80% of draft [14]

the lower section of the outer column

As in [3, 4], considering only displaced
Deror mass of water of one outer column in
the definition of the critical buckling load

Diameter of cross braces, upper and lower
pontoons

Cross braces and pontoons wall

thickness to radius ratio Tth 0.022 [14]

material, which is concrete with density p. = 2400%. The amount of ballast is computed to
ensure the neutral buoyancy of the turbine and substructure assembly. The impact of mooring
lines is not considered for this preliminary study. Furthermore, it is assumed that there is no
restriction on the size of the semi-submersible due to fabrication or installation requirements,
further than the design variables’ boundaries reported in Table 1.

2.2. Problem formulation
When only fabrication costs are considered, the optimisation problem is formulated as:
Minimise

MsCs+McCc+MSCSMCF (1)
Subject to

pw 9 Lsms + Vspg (KB — KG)] sinbp, — Trq (HH + Fr+OB) >0 (2)
(Rop + Rout) tan g (3a)

D
Dr Z max (1 — LO'lUcrbr) Dr + ﬁrgzﬂw + (Roﬁ — Rout) tan 061 (3b)

D

Loweryr Dr + _abr + Derpr (3C)

2 oS Ocppr
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(2 H, (4a)
(Roﬁc + Rout) tan 0, (4b)

D
Fr>mazs (1 = Uperpy) Fr — =2 4+ (Ryg — Rout) tan O (4¢)

2 cos Oy
DCTbT‘

Upcrbr Fr+ 27 + Dcrbr (4d)

Ccos ecrbr
2R.Tr > Dy (5)

The objective function accounts for the materials cost of the structure and the ballast and
fabrication costs. M and M, are the mass of the steel substructure and concrete ballast. Steel
cost Cs and concrete cost C,. are set at 604% and 86.6% respectively [5]. Manufacturing costs
are computed by means of a Manufacturing Complexity Factor, MCF, equal to 1.9 [5, 15].
The semi-submersible is sized so that the hydrostatic restoring moment in pitch is equal to
or greater than the overturning moment resulting from the maximum thrust force acting on
the turbine at rated wind speed, T,;q = 820 kN. This constraint is expressed by Equation
(2). Igms is the area moment of inertia of the semi-submersible at the warplane. KG and KB
are, respectively, the vertical distance between the keel of the floater and the centre of gravity,
and between the keel and the centre of buoyancy. OB is the vertical distance between the sea
surface and the centre of buoyancy of the semi-submersible. Vg, is the displaced volume of
the substructure. HH = 90m is the hub height from the turbine-substructure interface. py,
is the water density, 1025%, and g = 9.8177 is the gravitational acceleration. The maximum
pitch angle allowed during power production, 6,,, is set to 6° [6]. The metacentric height is
computed for the undisturbed conditions, and it is not recalculated in the heeled configuration.
It is assumed that the heel angles are small and that enough freeboard and draft are provided
so that the metacentric height can be considered constant [6, 16]. To further support this
assumption, it is ensured that the smallest angles that would determine the submersion or
emersion of an element of the semi-submersible is larger than the maximum allowable heel
angle, i.e. that no element emerges or is submerged at the maximum allowed heeling angle, so
that the geometry remains similar within the allowable pitch range [17]. These constraints are
expressed by Equations (3a) and (3b) for the minimum draft, (4b) and (4c) for the minimum
freeboard. The maximum heel angle that is allowed for the extreme load case is set at 0,;=12° [6].
Critical angles are illustrated together with the cross bracing angle ..., in Figure 1. Further
constraints are set to provide enough draft, (3c), and freeboard, (4d), for the connection of the
lower and upper pontoon to the outer and central column. Furthermore, it is enforced that the
minimum freeboard height is higher than or equal to 2H, to keep the semi-submersible platform
away from the waves’ splash zone, Equation (4a). Hj is set to 2m. Finally, it is enforced that
the diameter of the central column of the semi-submersible at the interface with the tower is at
least equal to the NREL 5MW tower base diameter, Dy, = 6m.
When installation costs are taken into account, the objective of the optimisation becomes:
Minimise

Cz'nst

MSCS+MCCC+MSCSMCF+NFU (6)

with Cj,s: total installation cost computed as described in Sections 2.3 and 2.4, and NFU the
number of floating units for the reference farm. The constraints implemented are the same as
in the case where only manufacturing costs are considered.

The optimisation workflow is set in OpenMDAO [18], adopting the Sequential Least SQuares
Programming algorithm (SLSQP) with an absolute tolerance of 1078.

To verify the semi-submersible sizing approach, this methodology was applied to replicate the
OC4 semi-submersible geometry [14]. The lower bound of R,,; was set to 6m, to obtain the same
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size of the outer columns of the OC4 floater. The tower properties and thickness of the vertical
columns were modified to match the OC4 design. The obtained geometry matched the OC4
design relatively well. The main difference was found in the steel mass and displaced water mass.
These amount to 2437t and 7278t for the current design and to 3852t and 14267 for the OC4
design, respectively. This discrepancy is due to the large base columns of the OC4 structure, not
considered in this work. Neglecting the base columns, the steel mass and displaced water mass
of the OC4 design become 2463t and 8118t, respectively, much closer to the obtained design.

2.8. Installation procedure

To estimate the installation costs, an installation procedure reflecting the current installation
methodology for semi-submersibles was defined [19, 20]. The operations are carried out around
the clock. Phases (i) to (v) are assumed to be sequential, i.e. no parallelisation is considered:

(i) The floaters are transported from the fabrication shipyard to the port. There, the turbines
are assembled on the semi-submersibles. This phase involves the following sub-phases:

(a) Float-out from the shipyard
(b) Prepare the semi-submersible for towing to port
(¢) Tow the semi-submersible to port

The installation procedure is expected to begin after fabricating the semi-submersibles at
the shipyard. Semi-submersibles are anticipated to be floated out and towed to port one by
one. Having secured the floater at quayside, the towing vessels are instructed to return to
the shipyard to tow the subsequent structure to port.

(ii) The assembly of the wind turbines on the semi-submersibles takes place at the quayside.

(iii) Mechanical completion and verification of the turbine-substructure assemblies are carried
out at the quayside.

(iv) After pre-commissioning at the quayside, the turbine-substructure floating assemblies are
towed to the site and installed at their pre-defined positions. This phase is composed of the
following sub-phases:

(a) Prepare the semi-submersible for towing to site
(b) Tow the semi-submersible to site
(c) Install the floating assembly at site

The turbine-substructure assemblies are towed to the site one by one. The mooring lines
and the dynamic cable are connected to the substructure at the site. Having installed one
floating assembly at the site, the towing vessels are instructed to return to the port to tow
the subsequent floating assembly to the installation site.

(v) A final installation check is performed, and the floating assembly is commissioned.

2.4. Installation cost model

Installation logistics-related costs were computed by means of a deterministic cost model, based
on the methodology presented in [15] and [21]. The costs incurred in the first phase of the
procedure include the daily rates of one large and two small tugboats that are chartered to
assist the float-out operations and tow the semi-submersible to the port, and the cost of the
slipway used to float out the semi-submersibles. The float out cost is assumed to equal the cost of
one quayside crane lift [15, 21]. A mobile crane is deployed at the quayside to assemble the wind
turbine components for the second phase. Seven lifts are necessary to install the turbine on the
substructure: three lifts for three tower sections, one lift for the pre-assembled nacelle and hub,
and three lifts for the blades. The pre-commissioning phase is carried out with the aid of a small
tugboat. Two anchor handling tug supply vessels (AHTS) and two small tugboats are chartered
to tow the turbine-substructure assemblies to the site and assist the hook-up of the mooring
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lines to the substructure. A cable laying vessel performs the connection of the dynamic cable.
Commissioning at the site is aided by a small tugboat. The length of the different installation
phases and costs of the vessels and port equipment are reported in Table 3.

Table 3. Logistics and vessel rates assumptions

Description Value Reference  Notes
1me to float-out the semi-submersible

Ti fl h i-submersible  3h [21]
Time t(.) prepare t.he semi-submersible 2h [22] Same time assumed as for the spar
for towing operations
Time to lift and assemble a turbine’s 3h [21]
component on the semi-submersible
Mechanical completion and verification

. . . 24h [23]
of one floating unit at quayside
Time to install one floating 14h [15],[21], Average of the different references.
unit at the site [22],[23] [22]: same time assumed as for the spar
Check installation of one floating
unit at the site 12h [23]
Daily rate of a small tugboat 4135 df—y [2], [24] Average of the different references

. € [21],[24], .
Daily rate of a large tugboat 28321 7 [25] Average of the different references
Daily rate of an AHTS 39891(1% [24],[25] Average of the different references
Daily rate of a cable laying vessel 101232% [25]
Hourly rate of a quayside crane 833% [21]
Daily rate of storage space at € .-
A8 ——

shipyard or port 0.18 =5~ [26] Converted from original weekly rate

. . . Dail i- ible 1 h

Daily rate for a semi-submersible e ary semt submersible lay up anchorage

resting at quavside 3007 [27] tariff assumed as representative for the
& at quay cost of one floater resting at quayside

The cost incurred to store the substructures at the shipyard is computed as:
Cshp = NFU Amf Lsms Wems tshp CA,dl (7)

It is proportional to the rectangular footprint area identified by the length, Lg,s, and width,
Wms of the semi-submersible. A, is a multiplication factor that is applied to account for extra
storage space required for internal movements. The extra space is initially assumed to be equal
to 10% of the storage area. The period during which the storage space is rented, tgp,, starts
at the beginning of the installation operations and ends when the last substructure is towed
from the shipyard to the port. C4 4 is the daily rate for storage space at the shipyard or port,
reported in Table 3. The cost incurred to store the turbines’ components at port,

2

T D
Cprt = NFU Apyt [3 Lig Crig + 3%%] tort Cadl (8)

is proportional to the area required to store the turbine components, three blades and three
tower sections. Lyg = 61.5m is the blade length and Cy;y = 4.65m is the maximum blade chord.
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An area multiplication factor is applied also in this case. The period throughout which the
storage space at the port is rented, ¢,,¢, starts at the beginning of the installation activities and
ends when the last turbine is assembled on the semi-submersible.

Finally, the cost incurred to berth the semi-submersibles at quayside,

Cqsd =NFU tqsd Cqsd (9)

depends on the daily rate for one floating turbine-substructure assembly resting at the quayside,
Cysd, that is reported in Table 3. The period during which the quayside space is rented, #44,
starts at the beginning of the installation procedure until the last floating turbine substructure
assembly is installed at the site. It is assumed that enough space is available at the shipyard and
port to store the semi-submersibles and turbines’ components, respectively, as well as quayside
space for quayside operations. A workability factor of 50% is adopted to take into account delays
due to bad weather for those operations that are carried out at sea, as a surrogate of complex
installation dynamics related to the weather window [15, 21].

The installation cost model was compared with the one presented in [15, 28]. The two cost
models were applied to the same scenario: installing a floating wind farm of 100 5MW units
located at 200km from shore. Neglecting cost items considered only in one of the two cost
models and assuming the same vessels rates, the two models yielded a very close estimation of
the installation costs for the floating wind farm. The reference model estimated installation costs
of 213 tuflﬁne’ while the current cost model estimate amounted to 216 tufb€ine' Despite this good
likeness, the absolute values of these results have to be considered with care, as the neglected
cost items can be relevant and significant.

3. Results

3.1. Case study

A case study based on a 300MW reference wind farm was defined. The farm is located 30km
from the port used as the base for the installation. The distance between the port and the
manufacturing shipyard is 150km. A multi-start approach was adopted to investigate the design
space. The optimisation was initialised with different combinations of Ry, and Rz, to cover the
entire design space up to the bounds defined in Section 2.1. In particular, R,,; varied between
3m and 8m, with 0.5m steps, while R,g varied between 25m and 50m, with 1m steps.

The semi-submersible was first optimised to minimise only manufacturing costs. Then,
installation costs were included in the objective function. The 150 best results obtained for
both cases are presented in Figure 2. It can be noticed that several quite different designs fulfil
the stability constraint and are comprised within a small cost range. The 150 best designs
obtained considering only fabrication costs are within 0.34% from the most cost-effective design.
Instead, differences in terms of R, and R,z are up to the 13.8% and 14.7%, respectively. For
the case including installation costs, the maximum cost difference is 0.21%. The differences in
Rout and R,g reach 11%, and 11.8%, respectively. These results show a nearly flat region of the
objective function around the identified optimum. In this region, other criteria than minimising
the fabrication and installation costs could be chosen to pick one design over the other.
Further, including installation costs into the objective function of the optimisation results in an
optimum design with a lower R,y and a higher R,,; than for the manufacturing-only case. This
is due to a trade-off between fabrication costs and the floater’s storage costs at the shipyard.
Manufacturing costs are significantly reduced by lowering the amount of steel in the substructure,
which is achieved by decreasing the radius of the outer columns. Concurrently, the offset between
the outer and central columns is increased to fulfil the stability constraint. Instead, installation
costs increase with larger R,z due to the increase of storage space required at the shipyard. This
trade-off is illustrated in Figure 3. In this case, pairs of R,y and R,,; were defined, and the
remaining design variables were optimised for each identified combination. R,z varies between
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Figure 2. Cost of the 150 best semi-submersible designs obtained from the multi-start
optimisations. a) objective limited to fabrication costs and b) including also installation costs

41m and 50m, with a step size of 30cm. R,,; varies between 3.5m and 4.2m, with a step size of
7cm. Installation costs increase with larger I, g, penalising designs with larger footprints. Thus,
the optimal design obtained while considering both fabrication and installation costs has a lower
footprint area than the design that minimises only the fabrication costs. Note that designs that
do not achieve sufficient hydrostatic restoring moment due to too small combinations of R,
and R,,: have to compensate with a deeper draft or larger central column’s radius, which causes
a severe increase in fabrication costs. This is the cause of the steep cost increase shown in the
bottom left corner of Figure 3 a) and c). Overall, optimising the design of the semi-submersible
accounting for both fabrication and installation costs yields a total cost of 3.659M<€ per floating
unit, against 3.667M<€ obtained when optimising the floater only to minimise manufacturing
costs. Note that the number of significant digits in the cost figures is representative of the
magnitude of the exchange between fabrication and installation costs, and not of the accuracy
of the absolute cost figure. For this case study, accounting for this trade-off results in a cost
reduction of only 0.23%, which can be regarded as small when compared with the uncertainty of
the models involved in this analysis. However, this cost reduction is achieved with a substantial
decrease of 9.3% of the footprint area of the semi-submersible.

A sensitivity analysis is performed on the area required to store the semi-submersibles at the
shipyard. Two key parameters are varied: the number of floaters to be stored at the same time
and the amount of area required for internal movements. In fact, the first substructures could be
transported from the shipyard to the port before the conclusion of the fabrication process for all
the floaters of the farm, or even manufactured and installed in different instances. This approach
would reduce the number of substructures to be stored simultaneously. The determination of
the optimal moment to start the transportation procedure is beyond the scope of this work. It is
expected that this would require capturing delays due to mismatches between the manufacturing
and installation pipelines that counteract the decrease in storage costs when the manufacturing
and installation processes are executed in parallel. In this work, we assumed a perfect match
between the manufacturing and installation pipelines. The choice of the 10% extra storage
space to allow for internal movements was also arbitrary, and could vary depending on project
requirements. The cases considered for the sensitivity analysis are reported in Table 4, together
with the results obtained considering only manufacturing costs (BCMO) and those achieved
with the initial assumption on space requirements at the shipyard (BCI). When the number of
substructures to be stored decreases, the cost-saving yielded by reducing the storage space at
the shipyard is outweighed by the increase in manufacturing costs due to the larger columns
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Figure 3. a) fabrication costs, b) installation costs and c) total costs obtained optimising the
semi-submersible for different combinations of R,z and R,,t, to minimise manufacturing costs.
The most cost-effective designs individuated via multi-start optimisation are represented in a)
as white triangles for the optimisation targeting only manufacturing costs, and in c) as grey
triangles for the optimisation targeting both fabrication and installation costs

Table 4. Cases considered for sensitivity analysis on the area required to store the semi-
submersibles at shipyard, resulting optimal R,z and R,., and cost reduction obtained
optimising the semi-submersible for both fabrication and installation costs

Case study BCMO S1 S2 S3 S4 BCI S5 S6 S7

Units to be stored

at the same time none 6 10 15 30 all all all all
itgi;rfsoizlzgzzz for none none none none none 10% 40% 70%  100%
Offset radius [m)] 46.04 45.73 45.72 45.39 44.75  43.34 42779 4226 41.74
Radius outer columns [m]  3.82 3.84 3.84 387 392 4.04 4.09 414 418
Cost reduction % none <0.01 <0.01 0.01 0.05 0.23 0.36 0.51 0.67

necessary to achieve stability with a lower footprint. In this case, the most cost-effective design
approaches the optimum obtained by considering only fabrication costs, and the advantage of
considering both manufacturing and installation costs in the design process becomes negligible.
Contrarily, when the requirement for the storage area increases, the cost reduction achieved by
coupling fabrication and installation costs grows up to 0.67% for the cases considered in this
study. This is achieved with a 14.6% smaller footprint than for the fabrication-only case.

3.2. Sensitivity study

A further sensitivity study was carried out on key input parameters that were considered constant
in the analysis performed in Section 3.1. Chiefly, this additional sensitivity was undertaken
to understand the significance of the coupling between manufacturing costs and storage costs
for different conditions than those considered in the initial case study and following sensitivity
analysis on storage space. Secondarily, this further sensitivity analysis indicates how varying key
input parameters affects the most cost-effective design individuated. The parameters considered
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for the sensitivity analysis are the,,, MCF, and the workability factor. The sensitivity was
carried out for all the different storage space requirements reported in Table 4, adopting the
same multi-start approach. For the sensitivity to the, and MCF, the semi-submersible was
also optimised for fabrication costs only. th, and MCF were varied of +20% with respect to
the case study reported in Section 3.1, while the workability factor was modified of +10%.
Overall, the coupling effect remains important for all the cases considered, despite the variability
in the resulting most cost-effective design driven by the variation of the key parameters object of
the sensitivity study. As it is shown in Figures 4, 5, and 6 - b), ¢) and d) - when the requirement
for storage space is small, the cost-optimal design approaches the one obtained by minimising
fabrication costs only. Contrarily, larger storage area requirements make smaller footprints more
cost-effective than in the fabrication-only case. In the latter case, higher cost savings can be
achieved by optimising the structure while considering both installation and fabrication costs.
This can be noticed in Figures 4, 5, and 6 - a).

a) b) o) d)
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Figure 4. Sensitivity analysis on wall thickness. a) cost reduction and b) footprint reduction
with respect to designs obtained minimising only fabrication costs. c¢) optimal R, and d)
optimal R,p obtained for all the cases reported in Table 4, considering both manufacturing and
installation costs (solid lines), and for the manufacturing-only case (dashed lines)
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Figure 5. Sensitivity analysis on MCF. a) cost reduction and b) footprint reduction
with respect to designs obtained minimising only fabrication costs. c¢) optimal Ry, and d)
optimal R,z obtained for all the cases reported in Table 4 considering both manufacturing and
installation costs (solid lines), and for the manufacturing-only case (dashed lines)

Varying the wall thickness had a significant impact on the most cost-effective design obtained
by minimising only manufacturing costs, as can be noticed in Figure 4 - ¢) and d). When wall
thickness is decreased with respect to the initial case study, higher outer column and ballast
costs are traded for lower costs of pontoons and cross braces. Reducing the wall thickness makes
designs with larger R,,; and lower R,z relatively more convenient, as increasing Ry, leads to
a lower increment in outer columns cost. Thus, a decrease of the wall thickness of 20% with
respect to the case study introduced in Section 3.1 yielded a cost-optimal design with a 9.2%
lower footprint for the fabrication-only case. The opposite occurs when wall thickness increases.
Varying the MCF did not alter significantly the most cost-effective design obtained by
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Figure 6. Sensitivity analysis on workability. a) cost reduction and b) footprint reduction
with respect to designs obtained minimising only fabrication costs. c¢) optimal R, and d)
optimal R,p obtained for all the cases reported in Table 4 considering both manufacturing and
installation costs (solid lines), and for the manufacturing-only case (dashed lines)

minimising fabrication costs only, as it is shown in Figure 5 - ¢) and d). Minimising the amount
of steel in the structure remains the main driver for cost reductions in both the low and high
MCF scenarios, yielding very similar designs to the initial case study. Lowering the M CF
yielded a slightly larger R,z and slightly lower R, for the fabrication-only case than the one
obtained in the case study in Section 3.1. In this case, increased pontoons and cross braces
costs are traded for lower outer columns and ballast costs, as cost-saving from ballast reduction
becomes slightly more relevant. The opposite was observed with higher M CF'.

The sensitivity to the workability is illustrated in Figure 6. When workability decreases with
respect to the initial case study assumption, higher manufacturing costs are traded for lower
storage costs to achieve a cheaper design. The contrary occurs when workability increases. The
highest cost reduction with respect to the fabrication-only case, 0.93%, was achieved in the low
workability scenario, corresponding to a footprint reduction of 16.8%.

4. Conclusions

We coupled an approach to size a semi-submersible while considering hydrostatic stability and
a deterministic installation cost model inheriting from previous research works. This allowed
to investigate the cost reduction potential of integrating fabrication and installation costs to
design floating semi-submersibles for wind turbines. A trade-off between the fabrication costs
and installation costs was identified, driven by the reduction of manufacturing costs obtained
by increasing the structure’s footprint and decreasing the outer columns’ radius, which is
counterbalanced by the increase in storage costs at the shipyard. For the case study, accounting
for this trade-off yielded a design that is only 0.23% cheaper than optimising only the floater’s
fabrication costs, although the obtained design is significantly different from the fabrication-only
case, having a 9.3% smaller footprint. The installation strategy has a significant impact on the
trade-off. If the number of floaters to be stored simultaneously decreases, manufacturing costs
outweigh storage costs. In this case, optimal designs are close to the manufacturing-only case,
and coupling fabrication and installation costs yields negligible cost reductions. Instead, larger
storage space requirements result in higher costs savings from a coupled approach. The trade-off
remained important for all the cases considered in a further sensitivity study of key parameters
affecting the most cost-effective design: wall thickness, manufacturing complexity factor and
workability. Independently from the parameters’ variation, the same trend highlighted in the
initial sensitivity analysis on storage space was observed.

Several significantly different designs within a small cost range were identified. This suggests
that further criteria could drive the best design choice, such as maximising the local contribution
to the supply chain or minimising the operations and maintenance (O&M) costs.

Future work should point in two main directions. The first path should extend the scope of the
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current workflow to account for missing wind farm elements, including moorings, electrical cable
topology, layout definition and O&M. This extension would allow accounting for more couplings
and ultimately identify the most important trades that can be exploited to reduce the LCoE of
the whole wind farm. The second direction for future work should increase the models’ fidelity
to enable the use of the workflow in an engineering design environment. To this end, the next
steps should be including a more detailed stability analysis and structural integrity verification.
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