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Abstract. Large-scale exploitation of offshore wind energy is deemed essential to provide its expected share to electricity
needs of the future. To achieve the same, turbine and farm-level optimizations play a significant role. Over the past few years,
the growth in the size of turbines has massively contributed to the reduction in costs. However, growing turbine sizes come
with challenges in rotor design, turbine installation, supply chain, etc. It is, therefore, important to understand how to size
wind turbines when minimizing the Levelized Cost of Electricity (LCoE) of an offshore wind farm. Hence, this study looks at
how the rated power and rotor diameter of a turbine affect various turbine and farm-level metrics and uses this information in
order to identify the key design drivers and how their impact changes with setup. A Multi-disciplinary Design Optimization
and Analysis (MDAO) framework is used to capture the trade-offs between various disciplines of the offshore wind farm.
A baseline case, for a typical setup in the North Sea, is defined where LCoE is minimized for a given farm power and area
constraint with the IEA 15 MW reference turbine as a starting point. It is found that the global optimum design, for this baseline
case, is a turbine with a rated power of 15-16 MW and a rotor diameter of 222-236 m. This is already close to the state-of-the-art
designs observed in the industry and close enough to the starting design to justify the applied scaling. A sensitivity study is also
performed that identifies the design drivers and quantifies the impact of model uncertainties, technology/cost developments,
varying farm design conditions, and different farm constraints on the optimum turbine design. To give an example, certain
scenarios, like a change in the wind regime or the removal of farm power constraint, result in a significant shift in the scale of
the optimum design and/or the specific power of the optimum design. Redesigning the turbine for these scenarios is found to
result in an LCoE benefit of the order of 1-2% over the already optimized baseline. The work presented here gives insights to
designers, project developers, and policy makers as to how their decision may impact the optimum turbine scale.

Keywords: Offshore wind, Wind turbine design, Wind farm design, Multi-disciplinary design optimization and analysis

(MDAO), Levelized Cost of Electricity (LCoE).

1 Introduction

The role of electrification of sectors is essential for tackling climate change where most electricity has to come from low-cost
renewables, mainly wind and solar. Wind energy is expected to provide a third of the expected electricity needs by 2050 with
an installed capacity of about 6000 GW (International Renewable Energy Agency (IRENA), 2019). The expected share of

wind can only be achieved by exploiting the ocean area offshore with relatively steadier and higher wind speeds. This scale
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also demands continuous innovation and cost-reduction strategies. The Levelized Cost of Electricity (LCoE) of offshore wind
for some upcoming farms in the Dutch waters, without the grid connection, is already close to 50 €/ MWh (Lensink and Pisca,
2019; Wind & water works, 2022). These cost reductions in offshore wind can be largely attributed to upscaling of turbines, and
declining Operations and Maintenance (O&M) costs (Lantz et al., 2012; International Renewable Energy Agency (IRENA),
2019; Veers et al., 2019). Optimization of turbines and wind farms to achieve further cost reductions is crucial in achieving the
intended scale of deployment.

Over the years, optimization methods and metrics have evolved and gotten better. Andrew Ning et al. (2014) and Chehouri
et al. (2015) discuss how various objective functions and constraints lead to different rotor designs. Initially, the focus was
on the aerodynamic performance of the blade in order to maximize the power coefficient (Cp) of the rotor. However, this
metric would ignore the mass of the rotor involved, which was solved by minimizing the ratio of mass to the Annual Energy
Production (AEP). Although promising, this metric would not take into account the costs of various components. The Cost of
Energy (CoE) solved this issue as it involved both the costs and the AEP. However, in an offshore wind farm, there are various
disciplines interacting with each other, and the CoE of the turbine alone would not be a comprehensive metric anymore. Later
on, LCoE became the most widely adopted metric for optimization studies (Dykes, 2020). LCoE is a metric that is easy to
calculate, covers all the aspects of a wind farm, and is hence universal in nature. Various wind farms across different sites or
even different technologies could be compared simply by looking at the LCoE values.

To achieve further cost reductions, the benefits of systems engineering by using Multi-disciplinary Design Analysis and
Optimization (MDAO) have also been explored by Ashuri et al. (2016), Perez-Moreno et al. (2018), Dykes et al. (2018), and
Bortolotti et al. (2022). An MDAO-based approach captures the trade-offs between various disciplines of a system and results
in a better design, compared to traditional sequential optimization. The studies also point out the importance of using the overall
LCoE of the wind farm as the global objective function. Bortolotti et al. (2019) developed reference wind turbines for onshore
and offshore applications using such an MDAO-based framework. Dykes et al. (2018) and Serafeim et al. (2022) explored the
optimization of the rotor for a turbine with a fixed rated power using the LCoE of the farm as the objective function. Most
studies related to turbine optimization in a farm setting keep the rated power fixed and/or rotor diameter fixed, and the effect
of upscaling the turbine itself is often not the focus. Ashuri et al. (2016) optimized a 5 MW reference turbine and scaled it up
to 10 MW and 20 MW to evaluate the effect on LCoE and find an increasing LCoE trend with upscaling. However, the costs
for Balance of System (BoS) and O&M are assumed to scale with the rated power, with a fixed value for the exponent. In
reality, the interactions of the turbine with the other elements of the farm are much more complex and require modeling of all
the disciplines of the wind farm. Sieros et al. (2012) performed an upscaling study for turbines in the range of 5-20 MW, with
constant specific power, using classical similarity rules. The results showed an increase in the levelized production cost with
turbine scale, for the same technology level. However, the focus of the study was on a simplified upscaling method, especially
for the turbine, while the models for the rest of the wind farm were expressed simply as a percentage of turbine costs. Shields
et al. (2021) studied the impact of turbine upscaling and plant upsizing on various farm-level parameters providing several

valuable insights. They find a reduction in LCoE by up to 20% when upscaling turbines from 6 to 20 MW and upsizing the
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farm from a 500 MW capacity to a 2500 MW capacity. However, the study assumes a fixed cost per kW for the turbines and
also limits the specific power of the turbines when upscaling.

The limitations in previous work w.r.t. the turbine design space and turbine costs are expected to have a significant impact
on the generalization of the results and conclusions. Both the numerical findings and the insights into drivers for turbine
scaling will be affected. The work presented in this paper aims to capture, more comprehensively, the variations in the turbine
design and costs when scaling turbines, while also including the interactions and trade-offs occurring at a farm level. The main
research question this study tries to answer is as follows:

How to size wind turbines when minimizing the LCoE of an offshore wind farm?

The question can be further broken down into four sub-questions:

1. For a typical case, how does the turbine scale drive various trade-offs at a farm level, and what is the optimum turbine

size?
2. How do uncertainties, technology changes, and economic conditions drive the optimum turbine design?
3. How do various farm design conditions drive the optimum turbine design?

4. How do farm-level constraints drive the optimum turbine design?

The turbine size refers to the two main defining variables of the turbine, rated power and the rotor diameter. The two variables
are optimized w.r.t. the LCOE of a hypothetical wind farm, using an MDAO framework that includes low-fidelity models for
every discipline of an offshore wind farm. The findings of this work may inform policy-makers and wind farm developers with
useful insights. However, the implementation is simplified and the chosen set of design variables is limited, Thus, this study
aims to be exploratory work that provides the potential possibilities of application of MDAQ in large-scale wind farm design
problems.

2 Methodology and setup

This section discusses the generic modeling approach along with the problem formulation, models for various farm disciplines,

model inputs, and the case study being explored in this research.
2.1 Modelling and optimization framework

For this research, the MDAO-based framework developed by Tanmay (2018) and Sanchez Perez Moreno (2019) is expanded
and updated. This framework is shown in Fig. 1, where all the disciplines of a wind farm are modeled and coupled via coupling
variables. The software is open source and can be accessed via the repository of Mehta (2023). The framework uses certain user
and modeling inputs, highlighted by the green blocks. For the optimization process, the design variables are assigned values

by the optimizer in each function evaluation, in which the objective function and the constraints are evaluated.
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Figure 1. eXtended Design Structure Matrix (XDSM) of the MDAO framework.

2.2 Problem formulation

This section discusses the formulation of the optimization problem. The baseline problem is formulated as given in Eq. (1)
where the objective function is the LCoE of the offshore wind farm which is to be minimized w.r.t the rated povesrdthe

rotor diameterD) of the turbine.

min LCoE
P;D

s.t. Pqam =1GW 1)
s.t. Afarm =150km?

An equality constraint is implemented which keeps the farm power constant. This is usually the case for a tendered wind
farm, where the grid connection is a given. The constraint implies that with an increase in the rated power of the turbine, the
number of turbines reduces to keep the farm power constant. An area equality constraint is also implemented, which represent:
a xed plot of ocean area allocated to the developer to build the wind farm. As a result, the absolute spacing between the
turbines depends on the number of turbines that are placed within the given area. These constraints are used for the baselin
case as it is assumed to be the most representative of how current commercial wind farms in recent years have been tendere
(Rijkswaterstaat, 2021). It should be noted that a sensitivity study to these constraints is also carried out and is presented in
Section 4.3.

The LCoE of the wind farm is given by Eq. (2) whekteis the operating lifetime of the wind farm, is the year number,
andr is the real discount rate. The numerator contains the Capital Expendi@¢gsek ) that are paid off initiallgne,
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actualized AEP values.

P

Ccapex + . Copex_ 4 Coecom
n=1 (1+r)n 1+ r)t
LCOE = P - (AE;) ( r) (2)
n=1 (1+ r)"

the rated power of the turbine increases. To evaluate a property of interest for any given combination of rated power and rotor
diameter, a polynomial surface is then tted to the data at these discrete paintsamplest-thisisshownin-22-

2.3 Models

This section provides a brief overview of all the models in the framework, highlighting the independent input parameters for
each model.

2.3.1 Rotor Nacelle Assembly (RNA)

The rotor aerodynamic performance is evaluated using the classic Blade Element Momentum (BEM) theory. The properties of a
reference turbine are used as an input to determine the aerodynamic and structural performance and other RNA properties. Th
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thrustcoef cient arethe samefor all thedesignsThe rated wind speeebf theturbinecanthenbe determinedollowed by the

3 2
D Vrated

Miyotor = M et e —
Dref Vrated ;ref

©)

The geometric scaling approach provides a comparison of designs that are conceptually equal. When using scaling coef -
cients derived from empirical relations, effects from changes in technology, materials, speci ¢ power, etc. would be included.
This is considered undesirable for this study since it is unknown whether these effects may be extrapolated to a larger scale ant
what the underlying conceptual changes would be. The downside of geometric scaling is that it typically leads to sub-optimal
designs.

To determine the cost of the upscaled rotGr{ ), a simpli ed approach as shown in Eq. (4) is used. A weight is given
to the scaling of costs with blade masg{ss) and to the non-mass related costs (}ass), where the non-mass component

includes tooling, labor, equipment, etc.

M rotor D
- (1 mass) Crotor ref Di
ref

(4)

Crotor =  mass Crotor ;ref M
rotor ;ref

For the baseline case, aass Of 0.6 is used, while a scaling exponent,of 2 for non-mass related aspects is used. These
numbers are partially derived from the studies performed by NREL and SANDIA National Laboratories (Bortolotti et al., 2019;
Todd Grif th and Johanns, 2013; Grif th and Johanns, 2013).

The components of the nacelle include the bedplate, shafts, yaw system, electrical system, generator, etc. The cost of mos
components scales with the mass, where the component mass is derived using the DrivetrainSE model (NREL, 2015). The cos
of the generatorGgen) also scales up with the madd g.n), where the mass is proportional to the rated torque of the turbine
( rated ), @s shown in Eq. (5).
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Cgen /M gen / rated (5)

2.3.2 Layout

The layout module generates the wind farm layout by arranging the individual turbines based on a pre-de ned arrangement.
The dependencies of the layout are shown in Eq. (6), where the turbine coordinayesare determined by the farm area
constraint A¢), number of turbines in the farnNg ), and the orientation of the entire layout § governed by the dominant

wind directions.

Xi;¥i = f(Ac; Nt L) (6)

In this study, for a given number of turbines, a layout closest to the nearest possible square arrangement is used, with residua
turbines added in an incomplete row. Such a setup avoids boundary effects due to irregular layouts and ensures a fair evaluatiol
of wake losses when comparing different turbine designs.

2.3.3 Annual Energy Production (AEP)

The overall AEP of the farm depends on several factors, as shown in Eq. (7wdleede-cit—and-superpesitiormodels

areusedis usedasis in the framework.

AEP = f (Xi; ¥i; Ws; Wg; Hnub 3 Drotor ; Cr LUT; Puyrbine LUT) (7

The wind speed and wind direction vectors are represented asdwy, respectively. The thrust table of the turbirme (UT )

along with the wind speed, wind direction, and turbine coordinates is used to determine the wind speed de cit at each turbine.
The power tableRy,mine LUT ) is then used to calculate the power at each turbine, summing up to give the instantaneous farm
power. The summation of these instantaneous farm power values over one year results in the overall AEP of the farm.

2.3.4 Support structure

.H..hu.b. I Drotor (8)
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geometry for the tower and foundation is then determined by a root- nding algorithm that equates the calculated stresses to the
permissible values. ThewerHengthdependonthehubheight(Hmm - which aledwith therotor diameterasshownin

Eg—8)-

Hhub/ Drotor

Fherocks for scour protection are also sized by the model. The cost model uses empirical cost factors along with the obtained
volume and mass values of the structure. Some of the dependencies of the model are shown in Eq. (9). The mass of the towe
and foundation of a given turbin®(support ;i) depends on the local turbulence intensity;§, the rotor diameter, the maximum
thrust on the rotorTotor ), the mass of the RNAM rna ), yaw bearing diameter that sets the tower top diametgs(), nacelle
frontal areafnacelle ) and its coef cient of drag@s -nacelle ) t0 calculate the drag forces, and various site parametgs)( The
site parameters include 50-year and 1-year extreme signi cant wave heights, storm surge, soil sieve size, wave friction angle,
etc.

Msupport 0= f (Tl i D; Trotor ; MRNa ; Dyaw; CD;nacelle ; Anacelle ; site) (9)

2.3.5 Electrical system

The model for the electrical system returns the cost of cabling and substations. The length of the export cable is given by the
distance between the substation and the grid, taken as an input from th®ygg). (The in eld cable length is calculated

using the Esau-Williams heuristic module, which results in a branched topology, as implemented by Sanchez Perez Moreno
(2019). For the cost of the export cable, a reference mass per unit length (for a 220 kV cable delivering 1 GW) and a reference
cost for the same are used as a variable model parameter. For the in eld cable, the rated current of thégwikineand the

length of each string, along with the different cable types (as mentioned in Section 2.4) are used. The substation costs are scale
linearly with farm power w.r.t. the reference costs of a 1 GW offshore farm (BVG Associates, 2019). The cost dependencies of

the different components are shown in Eq. (10).

Cexport = f (Ptarm ; Dgria ) (10a)
Cineld = T (Lineld ; lturbine ) (10b)
Csubstation = f (Ptarm) (10c)
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2.3.6 Installation

The installation cost model takes the vessel data, presented in Table 1, as an input to calculate the installation costs of the
foundations, turbines, and electrical system. The dependencies are shown in Eq. (11). The cost of installation for the foundation
(Cinstallation :foundation ) @nd the turbine Ginstanation :wrbine ) @re functions of the rotor diameter, as the vessel day rates are
assumed to scale linearly with the diameter. This is an approximation made to account for the growing vessel sizes with larger
turbines and foundations. The costs largely depend on the number of tufdipgsr( equivalently, the number of foundations

to be installed. The installation time for the foundation is assumed to be constant whereas, for the turbine, it depends on the
installation strategy used. The turbine installation strategy modeled is the one in which the tower is installed rst. This is
followed by the nacelle, in a bunny-ear con guration of two blades before installing the third blade (Kaiser and Snyder, 2012).
Although this method is not used for current-day turbine sizes, the model for this method captures the main dependencies of
installation costs on turbine scale parameters. The absolute values of the model should be interpreted With,cateng

with the number of lifts decides the total lifting time, which is then added to a xed installation time for each turbine. The
distance of the site from the nearest hardor .- ) determines the travel time for the installation vessel. The electrical
installation costs@instaliation :electrical ) iINClude the costs incurred to install the in eld cables, export cables, and substations.
The time taken to install the cables depends on the laying and burial rate and the length of thelgakdesf¢r the array

cables and_ ot for the export cable). The time taken to install one substation is xed, while the number of substations

depends on the farm powBf,,

Cinstallation :foundation = T (D; NT) (11a)
Cinstaliation :turbine = T (D; Hhuo; NT; Dharbor ) (11b)
Cinstallation ;electrical = f (Lin eld ; Lexport ; Pfarm) (110)

2.3.7 Operations & Maintenance (O&M)

The operational costs include insurance, logistics, training, etc., and maintenance costs include preventive and corrective main:
tenance for the turbine and BoS. The overall O&M costs are a function of several variables, as shown in Eq. (12). The vessel
day-rates are scaled linearly with. The failure rates per turbin€& {j and the number of turbinesl{ ) determine the number
of maintenance tripSNyips ) to be made, while the cost of the in eld cabléS{cq ) and RNA Crna ) are used to determine

the costs of major replacemenBs.amor IS Used to calculate the travel time of the vessels.

Copex = T (D; Crna s Cineld ; Dharbor ; N1; F) (12)

The total O&M costs are given by a summation of the operational cGgfgrhtions ), Vessel costIqyessel), SpPare part costs

(Csp), and salaries paid to the technicia@etnnicians ), @s shown in Eq. (13).



COPEX = Coperations + C:vessel + Csp + Ctechnicians (13)

The operational costs are xed costs incurred by the developer every year. The type of maintenance (preventive or corrective),
235 the failure rates and the number of turbines decide the type of vessel to be deployed, the number of maintenance trips per vesse
type, and spare part costs. The total time spent by the vessel for performing repairs (including the transit time), multiplied by
the day-rate of the respective vessel type, determines the total vessel costs. As shown later in Table 2, the spare part cost fc
RNA-related repairs is expressed as a fraction of the RNA costs while the in eld cable replacement costs are expressed as &
fraction of the total in eld cable costs.

240 2.3.8 Other costs

Other costs include “other turbine costs', “other costs for installation and commissioning', “project development and man-
agement costs', and "decommissioning costs'. The other costs related to the t@hiRe(vine ) iNclude, among others,
turbine pro t margins and warranty, and take up roughly 30% of the overall turbine CAPEX. The other costs related to the
farm installation and commissionin@{iner :tarm ) iNclude insurance, contingency, etc., and take up about 10% of the overall

245 farm CAPEX. Costs related to project development and manager@gat) (include various surveys, resource assessments,
and engineering consultancy, to name a few, and take up 5% of the overall farm CAPEX (BVG Associates, 2019). The de-
commissioning costpecom ) involve the removal and disposal of the turbine, foundation, cables, etc. A summary of all the
“other costs' is shown in Eq. (14).

Cother ;turbine = 0:3 Ccapex ;turbine (14a)
250 Cother starm =0:1 CcaPEX :farm (14b)
Cdev =0:05 Ccapex ;farm (14c)
Coecom = f (Lcavles; NT; Mrna 3 Hhub) (14d)

255 2.4 Model parameters

To run the MDAO framework as an analysis block, several model parameters are required, as listed below.

1. Turbine parameters: The International Energy Agency (IEA) 15 MW turbine (Gaertner et al., 2020) is used as a
reference for scaling various properties of the turbine being designed. To scale the aerodynamic properties and scale the
structural properties of a given turbine design, the airfoil properties, hub heéighy ), tip speed ratio (), chord €:),

260 twist ( ), and mass distributiom;) of the reference turbine are used. Also, the mass of several components in the
nacelle, like bedplateM pedpiate ) @and generatorM gen), are scaled from the reference-turbine values, while designing
the new turbine.

10



2. Cable types:A list of different cables, each de ned by their cross-sectional afeanf ), current carrying capacity
(I cable ), and cost per meteCtapie ), is Used as an input while making a selection for the array cables. The cable type
265 selected depends on the rated current of the turbine and the number of turbines in a string.

3. Vessel data:The vessel dataas shown in Table 1, is used to calculate the installation and O&M costs of the wind
farm. The cost data used is based on Dinwoodie et al. (2015), Smatrt et al. (2016), BVG Associates (2019), Shields et al.
(2021), and Mangat et al. (2022).

Table 1. Vessel data used for installation and O&M cost modelling.

Vessel type  Purpose Day-rae)( Transit speed (kmhr')  Mobilization costs é )
WTIV Installation foundation, 200000 10 500000
turbine, O&M
HLV Installation: Substation 500000 7 500000
CLv Installation: Cable lay 110000 6 550000
CBV Installation: Cable burrial 140000 6 550000
CTV Crew transfer 3000 40 -
DSV O&M: Scour repair 75000 6 225000

The cable laying rate of the CLV and the burial rate of CBV are also used as inputs.

270 4. Failure rates: The O&M cost model uses the expected number of minor and major failures for the turbine and BoS as
inputs to determine the number of trips required by the respective vessel. The failure rates and spare part costs are derivel
from Dinwoodie et al. (2015), Shields et al. (2021), Smart et al. (2016) and Mangat et al. (2022), as shown in Table 2,
whereCgrna represents the cost of a single RNA represents the total number of failure events in a yeaiN+ ), and
Cinelg represents the total cost of in eld cables.

Table 2. Failure types and their respective failure rates, repair times, vessel type required, and spare part costs.

Failure type F (Expected no. of failures/turbine) Repairtime (h) Vesseltype Spare part cost
Minor repair 3 7.5 CTV 0.00Cgrna E
Major repair 0.3 22 CTV 0.00BrNna E
Major replacement  0.08 34 WTIV 0Qrna E

Scour repair 0.023 8 DSV -

Cable replacement  0.0004 32 CLv 0.0025 ¢ig

IWTIV - Wind Turbine Installation Vessel, HLV - Heavy Lift Vessel, CLV - Cable Laying vessel, CBV - Cable Burial Vessel, CTV - Crew Transfer Vessel,
DSV - Diving Support Vessel
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