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Preface

This Master of Science Thesis is the concluding deliverable for the European Wind Energy Master’s
(EWEM) programme, Rotor Design track, academic year intake 2012.

It was executed over a period of approximately nine months out of which, five months were
in collaboration with Energieonderzoek Centrum Nederland (ECN) in the form of a graduation
project. The work was supervised by the respective wind energy research institutes of the partner
universities, Technical University of Denmark (DTU) and Delft University of Technology (TU
Delft). The graduation committee consisted of

Prof. Dr. G.J.W. van Bussel TU Delft
Dr. ir. C.S. Ferreira TU Delft
Dr. ir. U.S. Paulsen DTU
Dr. ir. J. Holierhoek ECN

This Master Thesis project is primarily focused on performing an engineering cost analysis on the
quantitative impacts of scaling floating vertical axis wind turbines in terms of Cost of Energy. The
financial practicality of the technology was assessed with a direct focus on the DeepWind Concept
developed by DTU Risø as a EU funded research under the FP7 framework - Future Deep Sea
Wind Turbine Technologies. The DeepWind project was intended as a step towards improving
the “technology readiness level” of floating vertical axis wind turbines.

For this project, the combination of load evaluations and existing formulations used to study the
novel concept are not based on standardised procedures or measured data. Purely because the
study is based on an unimplemented design and there were limited measured resources available on
Vawt technology at the time of this research. This somewhat limits the viability of the findings
and lead to certain presumptions where data for conventional wind turbines has been rescaled and
used.

The scope of this project involved understanding all the major engineering and socio-economic
aspects of wind energy. Where necessary, arguments have been presented on the system dynamics
and what implications those can have on the cost of energy. Hopefully, this project will serve to
provide a research directive to the growing interest in Vawt’s as the future of multi-megawatt
wind turbines.
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Abstract

In an effort to achieve economic sustainability, the major challenge for offshore wind remains to
bring down costs by approximately 35 % before 2020. With wind farm sites going into deeper
waters, further from shore, with more difficult bottom conditions and rougher wave climate, costs
are rising faster than the improvements in the technology are able to drive them down.

Despite these obstacles, wind farms further offshore offer better wind resource, less socio-economic
restrictions and diminished environmental impacts. To satiate this need, floating wind turbines
provide a feasible promise. In the wake of current Horizontal Axis Wind Turbine (Hawt) float-
ing projects such as HyWind, IDEOL etc, the perceived positive impact of the floating system,
especially for larger scale machines, is reduced due to large overturning moments and difficult
accessibility of the “moving” nacelle. A possible solution to these obstacles is presented by the
DeepWind project which focuses on implementing a Floating Offshore Vertical Axis Wind Turbine
(Fo-Vawt) on a spar structure.

In this report, the economic feasibility of a Fo-Vawt concept in far offshore wind farm is assessed
- from current to multi-megawatt rated power. The possible benefits of a Fo-Vawt are translated
into cost indicators for the main aspects of an offshore wind farm project. The difference in turbine
capex, perceived reductions in balance of plant costs and the impact on opex, is modelled into
an engineering framework to determine the Levelised Cost of Energy.

Considering mass and swept area as the base factors, the mass of the baseline DeepWind tur-
bine design [66] is approximated and broken down into material and manufacturing costs with
adjustments for inflation and other financial variables over the lifetime of the wind farm. Using
ECN’s omce package, a detailed operations and maintenance (O&M) strategy is devised and
implemented with respect to Vawt systems and a floating wind farm. The grid infrastructure,
installation and project development costs are estimated using TU Delft’s Offshore Wind Farm
Design Emulator tool developed by Zaaijer [75]. All these components are combined to deduce
the cost of energy for the DeepWind and the turbine capital costs for similar turbine designs.

To study the design space of the cost model, a sensitivity study of the main presumptions was
done along with an evaluation of LCoE impact from rotor, floater and generator design. Using
geometric up-scaling methods, the baseline Fo-Vawt design was sized for higher rated power
capacities and corresponding loads simulated using HAWC2. Considering a 245 MW wind farm, a
workspace was created to assess where the greatest potential in cost reductions exist and provide
impact trigger’s for future research .

It was seen that the turbine capital costs for a Vawt are not significantly higher than for a
comparable state-of-the-art 5MW Hawt. The reliability of a Vawt is better and subsequently

xi



xii Abstract

the wind farm has a higher availability, assuming the same technology maturity level as a present
day Hawt. Although, possible higher fixed capital costs originate for the specialised supply chain
to maintain floating turbines and the DeepWind subsystems. This on average pushes the annual
opex beyond e120/kW. The capex/kW extends between e2520 to e2780/ kW for the 5 to 15
MW Fo-Vawt’s respectively, leading to a Levelised Cost of Energy frome113.56 to 117.1 per
MWh.



Nomenclature

Latin Symbols

Cb Centre of Buoyancy [m]

Cd Coefficient of drag [−]

Cl Coefficient of lift [−]

Cp Coefficient of power [−]

Ct Coefficient of Thrust [−]

D Scaling Characteristic Dimension [m]

E Young’s Modulus [N.m−2]

Fω Centrifugal Force [N ]

G Shear Modulus [N.m−2]

Hfl,s Draught/height of submersed Floater [−]

ho Measurement height [m]

hs,max Maximum wave height [m]

hs Significant wave height [m]

Irated Current at rated wind speed [A]

kmat Cost of material per unit mass [e/kg $/kg]

ksys System Production Price [e/kg]

PI Power intensity [kW.m2]

PWF,max Maximum Power Capacity of Wind Farm [kW ]

r Discount rate [%]

rk Radius of curvature [−]

Tz Mean zero crossing period [s−1]

U(z) Wind speed profile [m.ss−1]

zo Roughness length [m]
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Greek Symbols

β Heel Angle from vertical [rad]

ρ Density [kg.m3]

φ Diameter [m]

ηelec Electrical Efficiency [−]

ε Eccentricity of an ellipse [−]

ν Kinematic Viscousity [N.s.m−2]

λ Tip Speed Ratio [−]

Λ Failure rate [yr−1]

ω Rotational Speed [rad.s−1]

υ Poisson’s Ratio [−]

Abbreviations

HAWC2 Horizontal Axis Wind Turbine Simulation Code - 2nd Edition

AEP Annual Energy Production

CAPEX Capital expenditure

CFRP Carbon Fibre Reinforced Polymer

CF Capacity Factor

DMST Double Disc Multi Stream-tube

DoE Department of Energy

DoF Degree of Freedom

ECN Energieonderzoek Centrum Nederland

EWII European Wind Industrial Initiative

FCF Fixed Cost Fraction

FLC Fatigue Load Capacity

FTC Fault Type Class

GDP Gross Domestic Product

GFRP Glass Fibre Reinforced Polymer

HAWT Horizontal Axis Wind Turbine

IRR Internal Rate of Return

LCF Labour Cost Fraction

LCoE Levelised Cost of Energy

LPC Levelized Production Costs

LSS Low Speed Shaft

MPL Mature Production Level

MTBF Mean Time Between Failure

MTTF Mean Time to Failure

O&M Operations and Maintenance

OMCE Operation and Maintenance Cost Estimator

OPEX Operational Expenditure
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OWFDE Offshore Wind Farm Design Emulator

PCC Point of Common Coupling

PPI Producer Price Index

RNA Rotor Nacelle Assembly

ROV Remotely Operated Vehicle

SCS Spare Control strategies

STT Surface Transition Tube

TCC Turbine Capital Costs
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ULC Ultimate Load Capacity



xvi Nomenclature



Contents

Acknowledgements vii

Preface ix

Abstract xi

Nomenclature xiii

List of Figures xxiii

List of Tables xxvi

1 Introduction 1

1.1 Project Goals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Research Question . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.3 Project Deliverables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.4 Project Report Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Theoretical Background 5

2.1 Offshore Wind Industry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 Vertical Axis Wind Turbines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.3 Vertical Axis Wind Turbine Aerodynamics . . . . . . . . . . . . . . . . . . . . . . . 10

2.4 Floating offshore structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.4.1 Spar Buoy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.4.2 Semi-Submersible . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.4.3 Tension Leg Platforms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.4.4 Concept Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.5 VAWT vs HAWT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.6 Scaling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.6.1 Linear Scaling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

xvii



xviii Contents

2.6.2 Empirical Data Regression . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.6.3 Comparison to other Scaling methods . . . . . . . . . . . . . . . . . . . . . 19

2.7 Cost of Wind Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.7.1 Offshore Wind Farm Cost structure . . . . . . . . . . . . . . . . . . . . . . 21

2.7.2 Life Cycle Costing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.8 State of the Art CoE Model analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3 Floating VAWT 27

3.1 DeepWind . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4 Engineering Model 33

4.1 Model Design Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.2 FO-VAWT Wind Farm Initialisation . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.2.1 Meteorological Inputs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.2.2 Material Inputs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.3 Up-Scaling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.3.1 Rotor Scaling Trends . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.3.2 Geometric Scaling with Power . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.3.3 Mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.3.4 Cost . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.4 Power estimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.5 DeepWind Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.6 Sizing - Static Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.6.1 Blade . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.6.2 Surface Transition Tube . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.6.3 Tower . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.6.4 Spar Buoy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.6.5 Mooring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5 Cost Formulations 65

5.1 Model Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.2 CAPEX - Turbine Capital Costs . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

5.2.1 Rotor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

5.2.2 Tower . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.2.3 Floater & Mooring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.2.4 Power-Train . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

5.2.5 Electronic Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5.2.6 Additional Hardware . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5.3 CAPEX - Balance of Plant Costs . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5.3.1 Electrical Infrastructure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5.3.2 Offshore Structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

5.3.3 Transport and Installation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

5.3.4 Project Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.3.5 Decommissioning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75



Contents xix

5.4 OPEX - Operations & Maintenance Costs . . . . . . . . . . . . . . . . . . . . . . . 76

5.4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.4.2 OMCE Concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.4.3 Operations and Maintenance Modelling . . . . . . . . . . . . . . . . . . . . 78

5.4.4 FOWT O&M Initialisation . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.4.5 Equipment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.4.6 Fault Type Class . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.4.7 Failure Rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.5 Annual Energy Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

6 Results and Analysis 91

6.1 Scaling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

6.2 CAPEX . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6.3 OPEX Parametrisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

6.4 Economic Assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

6.4.1 Sensitivity Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

7 Conclusions 109

7.1 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

7.2 Final thoughts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

References 113

A Existing Cost Models 119

A.1 Definitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

A.2 Review of CoE Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

A.2.1 UpWind . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

A.2.2 InnWind . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

A.2.3 NREL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

A.3 Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

B Model Estimations 125

B.1 Area Mapping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

B.2 Estimation of Production Price . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

B.2.1 Other Cost Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

B.2.2 Labour Percentage estimations . . . . . . . . . . . . . . . . . . . . . . . . . 130

B.3 Cost Driven Optimisation Framework . . . . . . . . . . . . . . . . . . . . . . . . . 131

C Balance of Plant Cost Simulations 135

D Operation and Maintenance 141

D.1 Repair Classes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

D.2 Failure Frequencies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145



xx Contents



List of Figures

2.1 Worldwide Installed Wind Capacity, [17] . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 State of the offshore wind energy sector as of 2013 . . . . . . . . . . . . . . . . . . 6

2.3 Scatter of Offshore capex against installed Wind Farm power capacity, [53] . . . 7

2.4 Parameter sensitivities for offshore and onshore wind Cost of Energy, [70] . . . . 7

2.5 Different Types of Wind Turbines . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.6 Earlier Darrieus shaped Vawt’s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.7 Schematic Top view of two blade Vawt showing different stage velocities U across
a stream-tube for azimuth position ψ of blade . . . . . . . . . . . . . . . . . . . . 10

2.8 Variation of Angle of attack(α) across azimuth position ψ for a Vawt operating at
λ = 4, Ferriera [36] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.9 Forces estimations on 2D Vawt NACA 0015 airfoil pitched at θ= +3, λ = 4.5 and
σ = 0.1 using various aerodynamic models, [35] . . . . . . . . . . . . . . . . . . . 12

2.10 Different types of floating foundations for offshore structures, [12] . . . . . . . . . 13

2.11 Floating Spar wind turbine concepts and prototypes . . . . . . . . . . . . . . . . . 14

2.12 Floating Semi-submersible design concepts and prototypes . . . . . . . . . . . . . . 14

2.13 Floating tension leg platform concepts and prototypes . . . . . . . . . . . . . . . . 15

2.14 Loading sources on offshore WT . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.15 Regressive mass scaling trends for (a) Tower, (b) Blade, (c)Rated power; as a func-
tion of characteristic dimension taken as diameter . . . . . . . . . . . . . . . . . . 20

2.16 Estimated Life-Cycle Cost Breakdown for an Offshore Wind Project, and prospec-
tive regions of improvement for Vawt’s, Griffith [39] . . . . . . . . . . . . . . . . . 21

2.17 Cost of energy overview for offshore wind, Jamieson [44] . . . . . . . . . . . . . . . 23

2.18 Installed capital costs for onshore and offshore wind turbines based on industry
averages normalised for NREL 5 MW reference turbine (source Tegen et al. [70] . . 24

3.1 Parameters influencing the outputs derived from the rotor . . . . . . . . . . . . . . 28

3.2 Parameters influencing the outputs derived from the tower . . . . . . . . . . . . . . 28

3.3 Parameters influencing the resultant outputs and size of the surface transition tube 29

xxi



xxii List of Figures

3.4 Parameters influencing the response and the resultant outputs from spar bouy floater 29

3.5 DeepWind mooring system input/output and design possibilities . . . . . . . . . . 30

3.6 DeepWind power-train system input/output and configuration possibilities . . . . 30

3.7 Schematic Representation of the DeepWind Turbine . . . . . . . . . . . . . . . . . 32

4.1 Work-flow for Vawt Engineering Cost model . . . . . . . . . . . . . . . . . . . . . 34

4.2 Setup of Fo-Vawt Wind Farm . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.3 Location of Wind Farm site close to the K13 measurement station . . . . . . . . . 37

4.4 Site conditions at K13 site. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.5 Non dimensional Cost and Power parameters related to height over diameter for
various Vawt designs, [58] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.6 Non linearity of normalised Reynold’s number over a Vawt operational regime . . 42

4.7 Vawt α airfoil through a revolution, (Source: Rene Bos) . . . . . . . . . . . . . . . 43

4.8 Power scaling relation with diameter φ, [44] . . . . . . . . . . . . . . . . . . . . . . 43

4.9 Representation of Catenary shape as a Vawt rotor blade, [56] . . . . . . . . . . . 44

4.10 Curve fit for Vawt height vs Swept area for H/D of 1.182 . . . . . . . . . . . . . . 45

4.11 Scaled and corrected rated aerodynamic torque represented by Shaft Mz for 10 MW
Vawt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.12 Power curves and rotor speed for 5 - 15 MW Vawt . . . . . . . . . . . . . . . . . . 47

4.13 Generator torque coupling with the rotational motion of the spar U0=16 m.s−1,
(Source: DeepWind) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.14 Ellipse Eccentricity scaling relation to map the leading edge of NACA 00XX airfoil’s 50

4.15 Mapping of contours of NACA 0030 airfoil using methods mentioned in table 4.6 . 51

4.16 Cubic spline interpolation of airfoil internal structure thickness and blade t/C along
blade span for TUD MSc Vawt, [62] . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.17 Cubic spline interpolation of blade cross sectional area along blade span of TUD
MSc Vawt, [62] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.18 Linear interpolation of blade cross sectional area along blade span of DeepWind
Vawt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.19 Input coordinates and 6th order polynomial fit onto DeepWind and TUD MSc Vawt 53

4.20 Axial Forces at tower top for 5,10,5 MW turbines at rated conditions . . . . . . . . 56

4.21 Thrust Force for 5, 10, 15 MW turbines for rated U∞= 14 [m/s] . . . . . . . . . . 56

4.22 Vector Schematic of DeepWind Vawt, where Zb= Cb and Zg = Cg [60] . . . . . . 62

4.23 Aerodynamic torque for 5, 10 and 15 MW Vawt’s . . . . . . . . . . . . . . . . . . 62

5.1 Active Mass scaling trends based on un optimised designs by Leban [49] . . . . . . 68

5.2 5 x 5 Wind Farm Electrical Infrastructure . . . . . . . . . . . . . . . . . . . . . . . 71

5.3 Cost of Export cable against installed wind farm capacity . . . . . . . . . . . . . . 72

5.4 Qualitative impact of accessibility on system availability, [45] . . . . . . . . . . . . 76

5.5 omce package depicting complete chain from data processing, event definition,
database update and cost prediction, [28] . . . . . . . . . . . . . . . . . . . . . . . 77

5.6 Schematic overview of the maintenance effort over the first operational years of a
wind farm and the expected maintenance effort in the near future period, [29] . . 79



List of Figures xxiii

5.7 (a)Bathtub curve modelling the failure intensity for a repairable system against
its age; (b) Impact of increased resolution in omce on computational effort and
accuracy [45] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.8 Fault type class definition based on type of maintenance . . . . . . . . . . . . . . . 84

5.9 Processes structure for a corrective maintenance Fault type class . . . . . . . . . . 85

6.1 Scaling of Turbine Capital Cost Fraction with rated power for Glass fibre and
Carbon Fibre Blades . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6.2 Scaling of Balance of Plant (a) cost fractions with rated power and (b) Costs per
kW with wind farm capacity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

6.3 Scaling of Fo-Vawt (a) capex with rated power and (b) Costs per kW with rated
power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

6.4 Cost fraction breakdown per GFRP rotor Vawt in a 49 * 5 MW installed capacity
farm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

6.5 O & M Results for base case with fowt strategy, Λwt = 4.33 and Λbop = 4.16, in
a 104*5 MW Fo-Vawt farm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

6.6 O & M Results for ECN Default model, WT fail rate of 4.07 and BoP fail rate of
4.53 in a 105 * 5MW Hawt farm. . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

6.7 Avg Cost Breakdown for bottom founded Vawt in a 49 * 5 MW farm with a
BH-WH fail rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

6.8 Life cycle cash flow for 49 * 5 MW wind farm with initial discount rate 7% and
IRR of 10.33% . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

6.9 Levelised Cost of energy breakdown for 5 MW Fo-Vawt . . . . . . . . . . . . . . 100

6.10 Levelised Cost of energy breakdown for 10 and 15 MW Fo-Vawt, Λ= 6.5/yr . . . 101

6.11 Sensitivity diagram of LCoE and IRR . . . . . . . . . . . . . . . . . . . . . . . . . 104

A.1 Levelised Cost of Energy Calculation for classical and innovation based up-scaling,( [23,
51]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

A.2 Turbine Size influence on LCoE and its main drivers,( [23, 51]) . . . . . . . . . . . 122

A.3 Mass breakdown and Cost elements for Optimised 5,10 and 20 MW Hawt derived
by Ashuri [8] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

B.1 Illustration of area estimation error using box beam for mid section . . . . . . . . . 126

B.2 historic average annual inflation rates for major wind turbine manufacturing coun-
tries , inf [2] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

B.3 System production costs for Floater and mooring system . . . . . . . . . . . . . . . 128

B.4 Vawt Cost Driven Design framework presented by Sarwar [63] . . . . . . . . . . . 131

C.1 Scaling fit for BoP cable costs vs increasing WF power capacity . . . . . . . . . . . 135

C.2 Power relations depicting the scaling of infield cable length with WF Power Intensity.136

C.3 Cost Results for BoP simulations for 5MW and 15 MW Vawt in a rectangular grid 139

C.4 Cost Results for owfdesimulations for 5MW bottom foundedHawt in a 7 x 7
rectangular grid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140



xxiv List of Figures



List of Tables

2.1 Approximate capex for European Offshore Wind projects, [17] . . . . . . . . . . . 6

2.2 Linear Scaling laws for turbines, [22, 44] . . . . . . . . . . . . . . . . . . . . . . . . 19

3.1 Gross Specifications of the DeepWind 5 MW Baseline Turbine [66] . . . . . . . . . 31

3.2 Detailed Geometric properties of final 5 MW DeepWind Turbine [66] . . . . . . . 31

4.1 Material properties and cost . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.2 Gross specifications of hypothetical Fo-Vawt farm . . . . . . . . . . . . . . . . . 40

4.3 Scaling factor of characteristic dimension, “turbine height” . . . . . . . . . . . . . 45

4.4 State-of-the art mass-diameter scaling exponents . . . . . . . . . . . . . . . . . . . 45

4.5 Torque for 10 MW and 15 MW Vawt at different rated rotational speeds . . . . . 47

4.6 Cross sectional Area estimation of airfoil section . . . . . . . . . . . . . . . . . . . 50

4.7 Blade Volume estimations and Mass estimation for Vawt . . . . . . . . . . . . . . 53

4.8 Tower Sizing results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.9 Mooring Sizing results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.1 System production price for the tower . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.2 Different WF sizes based on number of turbine and turbine capacity . . . . . . . . 73

5.3 Linear scaling constants for infield cable length with WF power with turbine spacing 74

5.4 General Specifications for the omce tool for a Fo-Vawt . . . . . . . . . . . . . . . 82

5.5 Specification of support vessels required for 5MW Fo-Vawt farm . . . . . . . . . . 83

5.6 Spare parts categorisation for 5 MW Fo-Vawt used in omce . . . . . . . . . . . . 85

5.7 Estimation factors contributing towards P50 Net AEP . . . . . . . . . . . . . . . . 89

5.8 Range of Net P50 AEP and Capacity factor per unit turbine for Fo-Vawt farm . . 89

6.1 Results from scaling of the DeepWind turbine . . . . . . . . . . . . . . . . . . . . . 91

6.2 Parametric legend for system failure rates . . . . . . . . . . . . . . . . . . . . . . . 95

6.3 Operation and Maintenance parametric results for Fo-Vawt farm with different
O&M strategies, rated power, installed capacity and location . . . . . . . . . . . . 96

xxv



xxvi List of Tables

6.4 Cost Results for 49 * 5 MW DeepWind Fo-Vawt farm located K13 site in the
North Sea . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

6.5 Influence of rated power on key economic parameters for similar installed capacity
Vawt farm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

6.6 Influence of installed capacity on key economic parameters for 10 MW Vawt farm 102

6.7 Influence of variation in capacity factor on key economic parameters for 49 * 5 MW
Vawt farm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

6.8 Influence of deviation in capex estimates on key economic parameters of a 49 * 5
MW Vawt farm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

6.9 Influence of wind turbine failure rates (Λ) on opex and key economic parameters
of a 49 * 5 MW Vawt farm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

6.10 Influence of discount rate on LCoE of a 49 * 5 MW Vawt farm . . . . . . . . . . . 104

6.11 Influence of electricity price on key economic parameters of a 49 * 5 MW Vawt farm104

6.12 Qualitative Analysis of system wise capex cost model to determine high impact
triggers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

B.1 Hawt Cost fraction distribution from win, Blonk [6, 16] . . . . . . . . . . . . . . . 128

B.2 Fixed cost and mature production process level fractions . . . . . . . . . . . . . . . 129

B.3 System production prices corrected for inflation based on location of study, EU or
USA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

D.1 Review of failure frequencies from three European reliability surveys, a turbine
manufacturer data and in-house knowledge at ECN . . . . . . . . . . . . . . . . . . 147



Chapter 1

Introduction

The chapter introduces the goal of this Master Thesis project followed by the governing research
question. Based on the derived sub-research questions, a list of deliverables are presented which
define the scope of this project. Finally an overview of the project through a chapter-wise summary
is provided to outline the report distribution.

1.1 Project Goals

This Master Thesis project is aimed at creating, designing and implementing a cost model to evalu-
ate the feasibility of optimized multi megawatt offshore Vertical axis wind turbine (Vawt) designs
in terms of Levelised Cost of Energy (LCoE). The focus is on evaluating the state of the art in
cost modelling and implementing them on defining Vawt subsystems in terms of Design costs,
Operation and Maintenance costs and Balance of Plant costs. The knowledge gained will be trans-
lated into setting up a framework model based on the detailed design of a Vawt rotor with the
aim of keeping it modular and flexible enough to be adapted for other Vawt designs. By varying
critical geometric/functional parameters that define the turbine and hypothetical wind farm, a
workspace will be created for the scaling of key turbine and wind farm costs. The model struc-
ture will include different analytical modules handling the initialisation, performance prediction
and mass estimation to determine the corresponding LCoE for a design. By studying the impact
on costs for defined Vawt designs, a comparison in the variation in LCoE between Vawt and
Hawt concepts will be used to supplement the feasibility and drive further research directives for
the Fo-Vawt concept.

1.2 Research Question

The main research question motivating this project arises due to the currently high cost of energy
for offshore wind.

“Is it possible for optimised multi megawatt vertical axis wind turbine designs to achieve
a cost/kWh less than e10 cents for far offshore implementation?”

1



2 Introduction

To answer this question, a few sub questions need to first addressed. Based on these questions,
the scope of this project was defined in the next section 1.3

What are the main cost drivers for far offshore wind energy?

How do the cost aspects for vertical axis wind turbine’s scale with increasing power capacity?

Which systems have the highest impact on the cost of energy?

1.3 Project Deliverables

In order to evaluate the cost applicability of a Vawt design and address the questions driving this
study, a list of deliverables were derived to determine the scope of this Master Thesis project.

1. Analyse the state-of-the-art in offshore wind energy and breakdown the cost structure.

2. Review existing cost models and analyse current cost drivers for conventional multi-megawatt
offshore wind turbines

3. Understand the relevance of the cost components and subsystem models for floating offshore
vertical axis wind turbines (Fo-Vawt). Analyse the design and cost drivers for the subsys-
tems to determine which models can be implemented in the cost modelling of Fo-Vawt’s.

4. Develop an engineering framework to determine the cost of major systems for the selected
Fo-Vawt design(s). Prescribe scaling criteria for design.

5. Design O&M strategy and implement combined LCoE model for a far offshore wind farm.

6. Perform sensitivity analysis of main assumptions to define cost workspace.

7. Analyse scaling impacts of rated power, installed capacity and other essential parameters on
the LCoE.

1.4 Project Report Outline

Based on the deliverables presented in the previous section 1.3, the outline of the chapters in this
Master Thesis project are drafted to address each of these points leading towards answering the
main research question. For each chapter, a small summary is presented to better identify the key
elements addressed and provide the reader with a clear overview of the report.

Chapter - 1: An introduction on the research question, process and deliverables for this Master
Thesis projectare presented. A chapter wise outline for the report is given.

Chapter - 2: A theoretical background on the relevant topics is provided. These include, current
status of offshore wind energy sector and the factors feeding towards its growth, a state-of-
the-art technological overview on Vawt’s, floating wind turbine technology, current turbine
mass and cost scaling techniques, a breakdown of the cost segments for offshore wind energy
and a review of cost of energy modelling through the existing variations of implemented
techniques.

Chapter - 3: The Fo-Vawt concept is introduced with an investigation of the key design and
cost drivers for the main subsystems. The design of the selected Fo-Vawt concept is pre-
sented: DeepWind.
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Chapter - 4: The design methodology for the cost model is developed. The framework of the
engineering model is reported, encompassing estimations of the main aspects required to
determine the loading and masses of the main turbine systems.

Chapter - 5: Utilising the inputs from the previous chapter, the capex formulations for the
Turbine Capital costs and Balance of Plant costs are explained. A parametric emulation of
the Balance of Plant costs for a Fo-Vawt wind farm is done using the owfde tool. Next
the opex aspect of LCoE is determined. The impact on opex, availability and AEP for a
systematic variation of base conditions is compiled.

Chapter - 6: The results from chapter 4 & 5 are illustrated. The impacts on LCoE & IRR for
varying critical assumptions and important factors is evaluated via a sensitivity analysis.
The results from the scaling on LCoE are also examined.

Chapter - 7: In the final chapter, the conclusions for this Master Thesis project are drafted
while highlighting key assumptions impacting the results. Concurrently, future recommen-
dations are provided towards the utilisation of the cost model and development paths for
Fo-Vawt ’s.
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Chapter 2

Theoretical Background

Through this chapter a review of the trends in the offshore wind sector and how it continues
to motivate efforts in cost reduction. Following that, a brief review on the working principle
of the HAWC2 aerodynamic module, an overview of state-of-the-art in floating wind turbine
concepts/prototypes and a comparison of vertical axis turbines with horizontal axis machines is
given. Prevalent scaling techniques for wind turbines are presented followed by an understanding
of cost of energy modelling for wind turbines is developed from analysing cost structures of existing
LCoE research. All these topics provide necessary elements required in the following chapters.

2.1 Offshore Wind Industry

Sustainability has been the catch phrase since the start of this century. Due to the growing
awareness of the impact of human practices on the ecosystem and the possibility of insufficient
resources to fuel future growth, there has been a strong surge in sustainable energy technologies
and practices. Currently, the technology leading this is paradigm shift is wind energy.

Figure 2.1: Worldwide Installed Wind Capacity, [17]

In the past years, an influx of technical developments in wind turbine technology, driven by strong
political support for clean energy, has led to exponential growth of the sector, figure 2.1. The EU
Member states have drawn objectives of installed wind capacity for 2020 within the context of the

5



6 Theoretical Background

EU Climate and Energy Policy. The 2013 state of installed wind capacity onshore in the EU is
≈ 120 GW while for offshore is ≈ 6.5 GW. With a 5 yr growth average of 21.4 % the goal of an
additional 60GW by 2020 for onshore is attainable. However a more significant deficit of 33.5GW
for the offshore targeted capacity by 2020, is developing concern towards the sustainability of the
offshore sector [7, 17].

(a) Global Offshore Wind Markets, [17] (b) Annual Wind installations (MW), [26]

Figure 2.2: State of the offshore wind energy sector as of 2013

It is important to note that this demonstrated progress is leveraged by the favourable state policies
in place till 2020, in the form of feed-in tariffs, trade-able green certificates or favourable tender-
ing. Nevertheless, despite current indicators and subsidies to promote the advent of wind energy
sustainability, certain physical boundaries, mainly socio-economic limit the growth possibilities
onshore. Thus in pursuit of better wind resource, less restrictions and more wind farm scalability
freedom, the EU wind market is keen towards expanding offshore, figure 2.2a. With the advent
of first offshore wind farms in 1992 at Vindeby (DK) as a modest 5 MW installation, figure 2.2b
shows the global installed capacity of offshore wind energy growing exponentially to about 6.82
GW as of 2013, [17]. The reasons for this can be derived from the inherent advantages of offshore
wind energy.

� Better Wind Resource: higher Capacity Factor (CF) and Annual Energy Production (AEP)

� Less problems relating to area and human interaction. Less socio-political resistance

� Steeper Wind profile (Uz) improves load distribution along the height of turbine

� Potentially unlimited wind farm scalability

� Offshore wind energy projects encouraged and strongly subsidized by EU states to deem
profitable for developers

� Power needed at coastal population or island inhabitation

Table 2.1: Approximate capex for European Offshore Wind projects, [17]

Online Date Project Features WT Rated Power capex

2000 - 2006 depth ≤ 20m, Monopiles PWT ≤ 2.5 MW e1.9 M / MW
dist ≤ 10 km from shore

2007 - 2011 depth 10 - 30 m, Monopiles 2.3 MW ≤ PWT ≤ 4 MW e3.3 M / MW
dist 10 - 35 km from shore

2009 - 2016 depth ≤ 35 m, Jacket/tripod 3.6 MW ≥ PWT ≤ 6 MW e4.35 M / MW
dist 20 - 55 km from shore
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Figure 2.3: Scatter of Offshore capex against installed Wind Farm power capacity, [53]

Coupling these advantages with the general understanding that development costs reduce due to
Economies of Scale, meaning for larger wind farm installations with larger wind turbines the cost
per kW/MW should be decrease, it seems straight forward to assume that the future of wind
energy exists in higher capacity offshore installations. However, this assumption is disputed by
observed data. According to a data compilation from EU offshore wind projects given in table
2.1 and depicted in figure 2.3, the approximate capex is increasing with installed power/size.
Although this rise in capex per power can be attributed to the coinciding economic instability
over the past few years, but the increase in commodity prices is not the lone responsible factor.
Although the high cost per power is not indicative of the relative immaturity of the offshore wind
sector, but of the level of impact variations in site specific parameters have on capex costs. These
include water depth, distance from shore, geographic supply chain maturity, severe weather, and
higher foundation wave loads. This can also be deduced from figure 2.4a where a high variance
in offshore Initial Capital Costs (ICC) dictate large fluctuations in the overall Cost of Energy;
whereas for onshore wind (figure 2.4a) this parameter is much more constraint. It is worth noting
that the relatively high baseline cost of energy is from values averaged from the limited offshore
wind capacity in the USA.

(a) Offshore (b) Onshore

Figure 2.4: Parameter sensitivities for offshore and onshore wind Cost of Energy, [70]

Despite the growing obstacles faced by offshore wind such as installation, expensive supply chain,
difficulties in operation and maintenance, the yearly installed offshore wind continues to increase
over the years, (figure 2.2b). In general the future of wind energy exists offshore. The advan-
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tages and possibilities outweigh the current financial drawbacks entailed with large offshore wind
turbines. As most of the good wind resource areas near the coast or in shallow waters are being
quickly assimilated, the resulting need for far offshore wind farms is inevitable. This although is
not the only reason that there is a need for offshore wind turbines which can function in deep wa-
ters. Certain environments have deep water coastlines such as Norway and Japan. Deeper water’s
result in higher capex for bottom-founded structures with the current technical setup, while in
some cases the large depth and hard sea-floor make the installation of a foundation impossible.

Therefore, cost reduction in the offshore wind sector is the challenge to face, with the aim to make
far offshore wind farms a profitable possibility. In this Master Thesis project, the question tackled
is whether floating structures, with a specific focus on Fo-Vawt technology, have more cost saving
potential in comparison to the conventional Hawt designs in a deep offshore environment. This
will be addressed by implementing a cost model for an optimised Fo-Vawt design.

2.2 Vertical Axis Wind Turbines

There are many theoretical Vawt designs which were conceptualised, specifically in the small wind
turbine category. In this report, only those designs which have been studied or prototyped on an
industrial scale are examined. There are numerous parameters differentiating the various concepts
of Vawt’s, but the main classification of the rotors is based on its effectiveness in extracting power.
Some designs are lift driven Turbines such as Troposkien/Darrieus and Giromill given in figure
2.5a and 2.5b respectively while other designs are Drag driven turbines such as the Savonius shape
shown in figure 2.5c. The difference between these two categories of turbines is in efficiency of the
rotor to capture power from the wind which is denoted as the power coefficient (CP ).

(a) Darrieus (b) Giromill (c) Savonius

Figure 2.5: Different Types of Wind Turbines

PRotor = 1/2 · ρSU3
∞︸ ︷︷ ︸

Power in wind

· Cp︸︷︷︸
Rotor Efficiency

(2.1)

The power coefficient is a function of the tip speed ratio (λ = ω.R
U∞

), solidity of the rotor (σ = B·c
R )

and the aerodynamic efficiency of the rotor blade(Cl/Cd). For an idealised rotor modelled as an
actuator disc with an area S, we assume for Cl/Cd and σ → ∞, the maximum power coefficient
is limited to 0.593 according to the Betz Limit, [44].

� Drag driven: Cl ≡ Cd which ≤ 1, λopt ≤1
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� Lift Driven: Cl/Cd >> 1, λopt > 1

This gives a power coefficient for a lift driven devices to be higher than that for drag based
machines, where Cl/Cd is a function of the optimum tip speed ratio.

Rotor Configuration: Darrieus

Known by the surname of its inventor, George Darrieus, is one of the most recognisable and
researched configurations of the vertical axis category. In the early 1970’s, and early 1980’s, the
National Research Council of Canada and the Sandia laboratories USA respectively launched
intensive research programmes into Vawt’s. Most of the actualised prototypes were based on this
configuration, such as the Sandia 17 and 34-m [10], Flowind turbines, 1981’s Fokker prototype
and the 1987’s EOLE project 4 MW wind turbines shown in figure 2.6. The troposkien shape
for the Darrieus concept was predominantly adopted which physically results when a perfectly
flexible, uniform cable is spun around a vertical axis at a constant speed. If gravity effects are
disregarded, the shape can be described with a hyperbolic cosine function, cosh like a catenary.
The curved blade shape mitigate bending loads on the blade due to centrifugal forces but add
longitudinal stiffness from internal tension being transmitted along the blade span.

(a) Fokker Schipol 15kW, [33] (b) Eole 4 MW, [4]

Figure 2.6: Earlier Darrieus shaped Vawt’s

The reduction in radius at the ends results a variation of tip speed ratio along the span, reducing
power generation near the base and top of the rotor. The Darrieus rotor is stall controlled as it is
difficult to incorporate a pitching mechanism to control the blade orientation. The configuration
permits housing the electrical power systems closer to the ground, consequently diminishing iner-
tial effects due to height on the support structure while allowing for easier access and in general
removing nacelle space constraints. This is especially important because a larger generator and
brake is needed in the absence of pitch braking. Although, the Darrieus rotor has a better torque
performance at lower smaller tip speed ratio’s, the start up characteristics remain as a design
drawback for Vawt’s and most turbines have an independent mechanism to restart the turbine.

Rotor Configuration: Giromill

The Giromill shape for Vawt’s (figure 2.5b) is a simplified version of the Darreius rotor with
straight blades. It has similar fundamental mechanism of operation however the straight blades
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and radial supporting struts introduce new dynamics. Straight blades maximize the area cap-
ture and allow the whole blade to operate at λopt normal to the plane of rotation, leading to an
increased power extraction. However there are added stresses on the blade and tower due to dis-
tributed span-wise normal load and bending moments. Tip vortices interaction and the parasitic
drag from supporting struts impart a loss in power conversion efficiency of the rotor. The H-rotor
shape has more prominent start up problem than the Darrieus but its simplicity of blade design
and effectiveness in power generation make it a more attractive option for small scale implemen-
tation, especially in urban environments. Helically twisting the blades, cambered airfoils and the
provision to add a blade pitching mechanism can be used address the start up problem, smoothen
the torque pulsation and add a back-up braking system. However the effectiveness of these modifi-
cations have not been thoroughly examined for larger rated Vawt’s. The aerodynamic advantages
of active/passive pitching mechanisms are possibly out-weighed by the technical complications,
increased mechanical friction and added mass(cost) of the pitching system according to Kirke and
Lazauskas [46]. The complexity in a helical geometric blade shape is perceived to require expensive
tooling to manufacture but the LCoE for this concept (figure 2.12b) can be soon evaluated with
the proposed completion of Nenuphar’s pilot wind farm in 2016, [1]

2.3 Vertical Axis Wind Turbine Aerodynamics

In this sections, a short explanation about the aerodynamics of Vawt ’s is presented. The working
methodology of an adapted momentum based model by Madsen [50] used in HAWC2 is presented.
The performance of the model is discussed in comparison to the more accurate Vortex models.
The basics of 2D momentum models for Vawt’s was derived from the work of Paraschivoiu [56].

Figure 2.7: Schematic Top view of two blade Vawt showing different stage velocities U across a
stream-tube for azimuth position ψ of blade

The aerodynamics of a Vawt are more complex to model than that of a Hawt . This is mainly
because almost 2/3 of the rotor is operating in the wake of the upstream section. The blade wake
interactions coupled with the unsteady aerodynamics including dynamic flow effects and trailing
vorticity make it difficult to estimate the induced velocities (U1, U2, U3, UE) along a stream tube,
especially for the azimuthal positions 180◦ < ψ < 360◦ as depicted in figure 2.7. The fluctuating
relative velocities along the azimuthal position result a coinciding variation in angle of attack
given in figure 2.8.
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Figure 2.8: Variation of Angle of attack(α) across azimuth position ψ for a Vawt operating at λ = 4,
Ferriera [36]

It is necessary for a tool simulating Vawt aerodynamics to capture these fluctuations accurately to
predict the loading to determine the effective torque generated. To study how HAWC2 simulates
Vawt aerodynamics, the actuator cylinder model used is compared with the results from various
Vawt vortex models.

Actuator Cylinder

The AC model implemented in the HAWC2 software to calculate the induction field for Vawt’s
was developed by Madsen [50]. Unlike the Double disc Multiple Stream-Tube momentum model
(DMST) by Paraschivoiu [56], the AC model uses a cylinder instead of a disc to emulate the swept
area of the turbine. The decelerations on the flow due to the forces reacting upon it from the
blade are approximated based on the following simplifications

� There is no interaction between the actuator discs, so inflow velocity is neglected

� The wake is assumed to be fixed

� Viscous effects are neglected as Euler estimations are used for the Navier Stokes Equations.

The AC model assumes the rotor as a H-type configuration but corrections have been applied so
that it does not underestimate the body forces, especially in the vertical directions for the darrieus
configuration. The turbines swept area is reduced into discs, divided into arc segments along the
azimuthal position δψ, discretised as a thin cylinders of height δh, for the length of the blade.
Geometric inputs along with freestream wind velocity and rpm are only needed to determine the
blade loading per height interval (δh). These blade forces are inverted to act as body forces.
The Actuator cylinder model provides a reasonable trade-off for accuracy with computational
requirements. It calculates the quasi steady induction velocities within a sufficient accuracy which
are coupled with a dynamic inflow model to estimate the dissipation in induction velocities due
to wake interactions. These both in combination are implemented in HAWC2 which is used for
the load calculations in the succeeding sections.

Vortex Models

Although momentum models are simpler to implement and more widely used to estimate the CP
curves, they fail to account for dynamic effects downstream and lateral expansion of the wake,
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Ferriera [36]. Vortex models can be used instead for better accuracy. They are potential flow
models based on the calculation of the velocity field about the turbine through the influence
of vorticity in the wake of the blades. By accurately determining the wake and its effects on
the velocities experienced by the blades, the loads exerted upon them can be calculated. The
Vawt blade element is replaced by a “bound” vortex filament assuming bound circulation is
conserved. A spanwise vortex is shed whose strength is equal to the change in the bound vortex
strength as dictated by Kelvins theorem. Here also the interaction of the downstream blade
with the vortex filament of the upstream section calls for a time based model where every vortex
element interacts and influences each other at each step of the revolution. This results in large
computational efforts but accurately captures the angle of attack oscillations and subsequently
the CP for the downstream region, giving the force coefficients shown in figure 2.9.

(a) Fnorm

(b) Ftan

Figure 2.9: Forces estimations on 2D Vawt NACA 0015 airfoil pitched at θ= +3, λ = 4.5 and σ =
0.1 using various aerodynamic models, [35]

The dynamic inflow model used in HAWC2 to add wake corrections to the induction factors is
based on weighted factors derived for Hawt cases. However, a recent study by Ferreira et al. [35]
provides a thorough comparison between DMST, AC and vortex models to demonstrate the sim-
ilarity of results for various blade pitch, rotor solidity σ and tip speed ratio λ. According to the
study, the AC implementation in HAWC2 (figure 2.9) code shows good agreement with the vortex
models while the DMST model proves to be inadequate from approximating Vawt performance.
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2.4 Floating offshore structures

The domain of offshore wind farms include regions with deep sea floors or difficult underwater soil
conditions/terrain. These situations prohibit bottom founded structures either due to financial
infeasibility or installation limitations, even if wind resource and energy demand is high. This has
promoted research on the concept of floating wind turbines as plausible solution. Currently there
are many pilot projects looking into various concepts for floating wind turbines, either for Hawt’s
or Vawt’s. From figure 2.10, the different concepts for floating structures are illustrated. These
concepts are explained in the following sections with reference to existing research projects.

Figure 2.10: Different types of floating foundations for offshore structures, [12]

2.4.1 Spar Buoy

The spar buoy concept is a ballast stabilised, freely floating platform. Using ballast weights below
the central buoyancy tank, a high inertial resistance to angular motion is achieved. This is one of
the most favoured concepts with the better dynamic performance. Currently a prototype is being
tested in a joint development project between StatOil-hydro and Siemens under the “HyWind”
project. The concept consists of a cylindrical draft submersed for approximately twice the length
of the tower height with a internal ballast and anchored lines holding it in place, figure 2.11. A
Siemens 2.3 MW turbine is nested on top of the 100m deep draft anchored with three flexible
mooring lines to the sea bed at a depth of 210 m, [64].

The Vawt variable with a spar-buoy Floater is the DeepWind concept shown in figure 2.11b.
It is also spar-buoy design which is gravity stabilised by a heavy ballast weight. However, the
structure is rotating with the rotor instead of having an internal low speed shaft (LSS), [12, 66].
The DeepWind concept differs from other spar-type concepts as the generator is placed at the
bottom of the structure which is held in position by a flexible wire mooring system. There is
possibility of reduced O&M costs with the exclusion of a LSS and related bearings while housing
the generator at the bottom can have stronger adverse impacts on O&M.

2.4.2 Semi-Submersible

Semi-submersibles are common concepts derived from the family of buoyancy barge platforms,
figure 2.10. The stability in the system is achieved through distributed buoyancy, taking advantage
of weighted water plane area to create a restoring moment. The semi submersed concept is widely
used in the oil and gas industry or for large offshore installations. They involve elevated platforms
resting on vertical half submersed platforms anchored to the bottom. These can be in a tri-floater
configuration as for the “Drijfwind” project for Hawt ’s, figure 2.12a or the “Nenuphar” concept
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(a) HyWind, [34, 64] (b) DeepWind, [59]

Figure 2.11: Floating Spar wind turbine concepts and prototypes

implemented for vertical axis machines, figure 2.12b. Other concepts which have actually gone
into pilot project production include “IDEOL” which has a taut mooring system holding a ring
shaped concrete Floater which has a unique damping pool stabilising mechanism , figure 2.12c

(a) Drijfwind, [54] (b) Nenuphar, [1] (c) IDEOL, [3]

Figure 2.12: Floating Semi-submersible design concepts and prototypes

2.4.3 Tension Leg Platforms

Tension leg platforms (TLP) are designed to eliminate vertical motions by maintaining high tension
through a highly buoyant Floater. TLP’s are mostly implemented for large oil rigs offshore as the
loads on oil rigs are mostly vertical with limited offsetting or over-turning moments. The simpler
classical 1 DoF TLP concept, as in figure 2.10, has been implemented with a downwind turbine
design by a Norwegian based company “Sway A/S” in collaboration with Areva and NREL. The
1 DoF TLP is a combination of a spar buoy design with tension rod connecting the base of the
floater to a gravity anchor on the sea floor figure 2.13b. Also the tower is stiffened using a patented
taut wire and spreader-beam system design while a passive yaw system for the entire turbine is
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nested at a universal joint at the bottom of the floating structure, [40]. As for 3 DoF TLP systems
applied to wind turbines, the work of Crozier [27] and Matha et al. [52] provide initial designs,
however further work on improved technology readiness level were not found.

(a) 3 DoF TLP, [27] (b) 1 DoF TLP: Sway,
[40]

Figure 2.13: Floating tension leg platform concepts and prototypes

2.4.4 Concept Analysis

The spar buoy is designed as a heavy deep structure which adds large inertial resistance to the
loads generated on the Floater and turbine from the wind and wave climate. This reduces sensitiv-
ity of wave loads on the system dynamics, keeping the motion frequencies low. Considering cases
for large wind turbines (>5MW), the required stiffer tower and spar buoy structure will give rise
to higher natural bending frequencies. Normally the natural frequency of a bottom founded struc-
ture is designed around 0.2 to 0.3 Hz. Designing in this space can result in coincidence with the
1P frequency of a turbine with a low rotor speed. However, the added freedom in motion results in
more pronounced aerodynamic and hydrodynamic damping influences. The heavier design, depth
dependence and ballast tank complexity can contribute to higher system costs and logistic diffi-
culty. Whereas independence from bottom founded conditions, less dynamic coupling of system
to wave motion [13], less stress-baring anchor assembly, good installation/decommissioning and
maintenance potential and overall simpler construction [19] are all positive performance indica-
tors for the spar-buoy system. Nevertheless the response of a Vawt turbine design space to the
increased DoF of the spar buoy requires detailed analysis.

The other two concepts, semi-submersible and TLP, have the advantage of being more indepen-
dent from depth restrictions as compared to spar-buoy concept. In static conditions the semi-
submersible design seems stable but the dynamic response of the system is sensitive to the wave
climate and resulting in possible dynamic coupling of the turbine design space to the wave load-
ing, [54]. The scalability of the semi submersible means a wider weight-water plan area is required
for larger turbines, [12]. The logistic viability of a semi-submersible can be better but larger area
percentage exposure to water and air might make the system more prone to corrosion. For the 3
DoF TLP, the results from Matha et al. [52] show high variance in loads and deflections on the
support structure due to tilting motion and strong yaw instability due to the inherent compliance
in horizontal motion and yaw. With respect to design, the high longitudinal stresses in tethers
make the mooring a critical system which would requiring careful design and maintenance [19].
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A strong pretension would be needed to prevent large slacks in the tethers during high sea state
which can result in high accelerations on the turbine systems, [12]. Thus structural design of the
anchor foundations would need to balance these high vertical loads and need consistent mainte-
nance. Both of these factors would result in added costs.

Based on the literature review, it was seen that the Vawt concept serves to achieve better results
when implemented with a Spar buoy platform. Although the capex for a spar buoy can be
higher than a semi-submersible, the dynamic influence on the turbine design is limited for the
high inertial spar-buoy. This can provide for more stable design solution for a Fo-Vawt’s. This
was in concurrence with the design used for the DeepWind project which was also a spar buoy.

2.5 VAWT vs HAWT

The lack of data to validate any cost estimations for Vawt designs makes it difficult to devise an
engineering cost model from the ground up. Thus based on analysing the key systems of Hawt’s
and a hypothetical Vawt, the loading profiles and the overall dynamics are cross examined to
create an exploratory model space for Vawt’s with similar systems to Hawt’s. Figure 2.14
illustrates the spectrum of forces incident on a floating turbine. The impact of the environmental
loads are evaluated for the respective turbine system through an enumerated explanation of the
load drivers.

Figure 2.14: Loading sources on offshore WT

.

1. Wind: Aerodynamic loads

Cases Turbulence, irregular wind shear effects, gusts, misalignment

Impact Size of rotor, tower, Floater, mooring system and power-train

2. Inertia: Gravitational, centrifugal loads

Cases Design specific, operational speed

Impact Size of blades and tower
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3. Waves: Hydrodynamic loads

Cases Regular waves, irregular sea state, extreme wave height

Impact Floater, mooring system, tower

4. Bouyancy: Hydrostatic loads

Cases Constant

Impact Floater, rotor, mooring system

5. Corrosion, marine growth

6. Lightning, Earthquake

7. Icing,

8. Scour

The first four load generating sources dictate the design of every turbine system. The remaining
load sources are ignored in this report due to their limited or inconsistent impact. The rotor
system encompasses both the blade and hub assembly for a conventional Hawt.

The Wind creates aerodynamic loads on the blades, which determine the combined axial shear
force and bending moment for sizing the tower. The combined weight and overturning moments
from both systems and other physical constraints determine the size of the Floater and conse-
quently that for the mooring system. For Vawt’s, the wind load propagation is quite similar,
only that there are less systems concentrated in a hub-nacelle assembly like in a Hawt.

The Inertial induced loading for bottom founded Hawt’s is primarily incident on the blades which
results in higher leading or trailing edge mass due to the higher edgewise moments. The cyclic
nature of the load induces a side to side motion in the tower and increased edgewise bending for
the blade, [74]. For the Vawt, gravitational forces are evenly distributed due to the centrifugal
stiffening during operation but result in large compressive stresses during parked conditions [62].
Centrifugal loads are more prominent rotor strucutral design drivers for h-type Vawt’s, [30].

Hydrodynamic loading is represented through modelling the sea surface and the relative motion of
the platform. It is a complex environment to simulate. Apart from the regular waves and current
shear layers, the remaining forces on the Floater and tower originate from irregular sea states and
surge waves. However, far offshore and for large inertial structures, these loads can be ignored,
[52, 64]. Overall hydrodynamic loads influence the dynamic response for all systems and is key
in determining the dynamic properties of the sub- sea systems. For a Vawt however an initial
statement on how these load environments impact the turbine is difficult to formulate. Especially
as the Floater is rotating in water which will also give rise to a Magnus force when interacting
with a current stream as modelled by Vita in his Phd.

The hydrostatic loads comprise of the buoyancy forces which rise from the submersed part of the
Floater, incident at the centre of buoyancy, Cb. This is optimised with the size of the systems
for both Vawt ’s and Hawt’s and induces a restoring moment to the turbine tilting displacement.

These design criteria feed into the design costs of the turbine and Floater but do not indicate the
impacts on external works and maintenance which are established from different parameters. It
is perceived that the operation and maintenance as well as the balance of plant cost potential for
a Fo-Vawt is better mainly in terms of smaller floater, power-train accessibility and no motors.
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2.6 Scaling

Scaling implies basing similarities between the properties of a set of objects so that their difference
is only dependant on size. To assess the possible future prospects of larger wind turbine size on the
reduction of Cost of Energy, many research projects have been carried out to predict the trends
of mass, loads and cost scaling effects, discussed in section 2.7 The classical scaling techniques
used are either based regression analysis of existing data or linear scaling relations (geometric
similarity) to study the effect of size on certain characteristics. A review of the predominantly
practised method for conventional wind turbines is given below.

2.6.1 Linear Scaling

Linear scaling implies formulating analytical relations between important parameters of system as
a function of a characteristic dimension D, such that for different sizes of the system, variations
in D are geometrically linear. For different sizes of wind tubrines, the important geometric and
functional parameters defining the wind turbine subsystems are modelled to vary as a function
of the characteristic dimension. The relations defining the dependant parameters can be reduced
to vary with, or as a combination of, the length (D), area (D2) or volume (D3). This method is
used frequently as a first approach to derive up-scaling effects on load and mass of the system sub
components. Linear up-scaling as a design tool for wind turbine can be distinguished by some
assumptions as described by Ashuri:

� The core design of the machine inherently stays the same such as number of blades, airfoil
type, drive-train and support structure

� All other geometric parameters vary linearly with the top design variable, usually selected
as rotor radius

� Aerodynamic similarity is controlled by keeping tip speed ratio constant

Using these linear scaling assumptions, basic physical relations between the characteristic di-
mension and the parameters of interest for the concerned component/subsystem can be used to
estimate the variations in components design and essentially performance/cost etc. These re-
lations are a function of the mathematical relation defining the parameter in question for that
subsystem. A very thorough linear scaling study was performed in the “UpWind” project by
Chaviaropoulos [22] and can be found in Jamieson [44]. The basic scaling relations for geometry,
system masses, loads and other properties as a function of characteristic dimension (radius = R)
are given in table 2.2.

The ‘Scale’ dependency in table 2.2 are derived by linking parameters to the radius by a simplifica-
tions of the respective mathematical formulations. This also forms the basis for the “square-cube”
law implemented to wind turbines, where the power of a turbine is proportional to the swept area,
thus scaling power with R2, while the mass of a system depends on the volume, thus mass scales
with R3. For the relations given in table 2.2, it can be defined that generator size/power rating
depends upon the torque driving the system [44]. As power of the WT scales with R2 while the
rotational speed scales with R−1 in order keep a constant tip speed ratio. The torque scales with
R3 for Q = P

ω . Conventional generators are independent of the rotor torque due to the presence
of a gear box, thus their mass scales with R2 while Direct drive generators do not have one thus
their mass scales with R3.
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Category Parameter Description Scale

Geometry C Blade Chord [R]
t Thickness, Internal Blade segments [R]
t/C Blade Airfoil thickness [−]
A Swept Area [R2]

Mass mb Blade Mass [R3]
mgen,DD Direct Drive Generator Mass [R3]
mgen Conventional Generator Mass [R2]
mb,sec Blade mass per cross section [R2]

Forces T Thrust [R2]
P Power [R2]
Q Torque [R3]
Fω Centrifugal Force [R2]
Fax Axial Force [R2]
M Moment [R3]

Other Ixx Area Moment of Inertia [R4]

ω Rotational speed [R−1]

Table 2.2: Linear Scaling laws for turbines, [22, 44]

2.6.2 Empirical Data Regression

The most adopted method for establishing scaling trends of technology, or in this case turbine
subsystems, is by regression analysis by fitting average trend-lines using existing data across a
spectrum of power ratings. These methods are possible if data sets of industrial designs are
available as under the framework of large collaborative state funded projects. In Jamieson [44],
a very comprehensive and detailed study is compiled on mass, loads and cost trends for wind
turbines over a range of rotor diameters. However, the variation of manufacturer-wise turbine
designs, limitations in extracting model properties, parameter dissimilarities(tip speed ratios)
and constraints from changes in technology learning curve, all add uncertainties in the ability to
extrapolate to larger scales from trend-lines derived from empirical regression, [8].

2.6.3 Comparison to other Scaling methods

Based on linear scaling, the mass of systems vary with cube of the characteristic dimension. This
however was found to be not valid when comparing to actual wind turbine data trends in fig-
ure 2.15a, b. Technological advances in airfoil design, materials engineering as well as better
manufacturing techniques have brought the scale dependency close to ≈ 2 for blade mass while
for ≈ 2.7 for tower mass. Additionally for the tower, the mass does not scale with the cube of the
characteristic dimension for two reasons. The non linearity in the scaling of the geometric dimen-
sions for optimised towers and because all towers are not the same height for the same turbine
power rating. Non linear interactions between the subcomponents for most subsystems reduce
the mass scaling exponents from cube closer to with the square of the characteristic dimension.
Nevertheless when comparing existing engineering practices with the concepts designed with linear
scaling, relative similarity in results do exist. Especially when considering the scaling of energy
with the swept area of turbine, a strong similarity with practical data and linear scaling predic-
tions was found in the results of Chaviaropoulos [22], Jamieson [44] and compiled values from
Ashuri [8] in figure 2.15c. Classical scaling methods have a limited direct use when calculating
representative large offshore wind turbine designs using linear laws. Mainly due the inability to
define the performance of a subsystem as a function of characteristic dimension in a linear closed
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(a) Hawt tower mass scaling by [44] (b) Hawt blade mass scaling [44]

(c) Rated power output scaling compiled by Ashuri [8]

Figure 2.15: Regressive mass scaling trends for (a) Tower, (b) Blade, (c)Rated power; as a function of
characteristic dimension taken as diameter

loop form. Especially in offshore conditions where site specific wind farm factors impact the size
and cost of the systems dramatically.

Thus “load-based” scaling methods are used to construct optimised designs which are techni-
cally plausible and possess feasible economic characteristics. This involves modelling of system
couplings and dynamic interactions using accurate engineering models to simulate the relative im-
pacts of scaling for the complete turbine. Generally load based scaling is a complicated and time
consuming process, but it is deemed a more accurate and commonly applied method to estimate
the progression of loads and inherently the structural mass on the basis of a multi disciplinary
optimisation. Recent mass/cost estimations have been performed in this method, such as for the
“InnWind” project, Chaviaropoulos et al. [23] and by Ashuri [8]

Linear scaling laws have a very limited application due to the inherent oversimplification and
assumptions it is based upon. However, it can be used for a conceptual estimation to understand
the scaling behaviour of the components. In application to this report, physical relations for the
scaling of Vawt systems are assumed to be based on scale dependency given in table 2.2.
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2.7 Cost of Wind Energy

Introduction

In the economic optimisation of wind energy, there are two aspects which can be improved to
increase the revenue from the electricity produced. One addresses the technical and financial vari-
ables while the other looks at the socio-economic and political aspects. The focus of this section
will be to provide a high level overview of existing and prospective turbine technology with the
aim to present a methodology to dimension for cost optimisation of large floating vertical axis
wind turbines.

2.7.1 Offshore Wind Farm Cost structure

Cost estimations for technology remain vulnerable to fluctuating external impacts which are diffi-
cult to predict and quantify. This makes it specifically more challenging to create an engineering
cost model as it forms a union between high fidelity load computations with relatively vague cost
relations. To better judge the cost drivers, figure 2.16 gives a breakdown of the elements in cost
of energy for offshore wind energy.

A VAWT in deep-water has several inherent 

advantages.   

Large reduction in offshore costs requires non-

incremental solutions. 

3 
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Figure 2.16: Estimated Life-Cycle Cost Breakdown for an Offshore Wind Project, and prospective
regions of improvement for Vawt’s, Griffith [39]

The respective contribution and source of this generic cost breakdown figure 2.16 is build upon,
focusing more on the specific cost during the life cycle of an offshore wind farm and the factors
contributing to it. These parameters will be later reflected upon in application to the vertical axis
concept.

1. Design Costs

� Costs of complete Rotor Nacelle assembly and related elements

� Geometry dependant
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� Extra factor depending on maturity of technology (testing, proving of concept, risk
factor)

� Manufacturing;

– Prices of constituting material’s fluctuate.

– Labour costs

2. Operation and Maintenance

� Repair and Maintenance of moving parts

� Site specific

– Turbine and sub structures design depends on location

– Site conditions: wave and wind forecasting

– Loading design cases built from site conditions

� Electrical up-keep

� Overhaul costs (based on condition monitoring or component design where fatigue or
extreme loads deteriorate system)

3. Balance of Plant/Station

� Supply chain

– for RNA, foundations, cables and installation services have large impact

– for installation supply chain, the installation vessels are the biggest constraint if
fixed structures used (M.J. Kaiser [53])

– lack of market transparency adds to high level of uncertainty in installation costs
(M.J. Kaiser [53])

– technology development leads to new supply chains for customised components,
incurring niche technology costs, (Berry [11])

� Foundation or Support Structure (for fowt’s implicates the Floater)

� Electrical infrastructure

� Installation, dependant on soil, depth and distance from shore

Wind farm layout optimisation can be implemented to improve array efficiency, in terms of
both grid layout and lesser wake effects,(Heath [41])

4. Economics

� Fixed charge rates, f(financing fees. return on debt/equity, depreciation etc)

� Commodity prices which effect installation, material costs etc , such as Oil,(M.J. Kaiser [53])

� Return on investment and parameters linked to that

� Risk, uncertainty of estimation

The difference in cost of energy estimations between Hawt ’s and Vawt’s result from a different
distributions of costs between the parameters listed above. The drivers for the design costs for
vertical axis machines are different as compared to horizontal machines. These are also dependant
on the type of configuration chosen and very closely coupled to site conditions, rather than just
a difference in concept. Thus based on design details, capex can vary significantly. Operation
and maintenance for the DeepWind concept depend mainly on the chosen design. An inherent
advantage of Vawt’s is the accessibility to the moving components. However, the anchor-type
generator design of DeepWind leaves this aspect as a source of concern and further research.
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Major differences in cost come from the manufacturing and Balance of Plant aspects. The technical
immaturity of Vawt’s, supply chain deficiencies for specialised components and being a niche
technology implicates large uncertainties in cost and risks hitting high costs of energy. However,
development of the technology will push the large advantage of the limited on-site infrastructure
needed to setup Fo-Vawt farms. Balance of Plant comprise of almost 30-45% of the costs incurred
by hypothetical multi megawatt wind farms based on the Hawt technology, [8, 23, 75].

2.7.2 Life Cycle Costing

Wind energy is a investment which returns revenue. In retrospect, all technical improvements
are measured by the effort put into them compared to the increase in efficiency they output.
For the case of wind energy, financial payback is a major factor of the industry’s sustainability.
The principles affecting the Cost of Wind energy can be derived from its formulation, outlining
the major factors contributing to lowering turbine costs and reducing the overall cost of energy.
The structure of the cost of energy is illustrated in figure 2.17. Three methods of evaluating the
economic profitability of wind energy: simple cost of energy, life cycle analysis(LCoE), and utility
based financial analysis. For this report, the model is based on a life cycle analysis focusing on
the levelised cost of energy
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Figure 2.17: Cost of energy overview for offshore wind, Jamieson [44]

Economic Analysis

The formulation of the simple cost of energy is given in equation (2.2)

sCoE =
(ICC) +O&M

AEP
(2.2)

Where ICC constitutes of the capital expenditure capexform the turbine capital costs and the
balance of plants while the O & M costs summate into the operational expenditure, opex. A
closer examination of the breakdown of capex is given in figure 2.18
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(a) Offshore (b) Onshore

Figure 2.18: Installed capital costs for onshore and offshore wind turbines based on industry averages
normalised for NREL 5 MW reference turbine (source Tegen et al. [70]

LCoE =

0∑
i=−2

capexi +
T∑
i=1

opex(1 + r)−i + Cend(1 + r)−T

T∑
i=1

AEP50(1 + r)−i
(2.3)

Where capex is the combined Turbine Capital costs (TCC) and Balance of plant (BoP) invest-
ment needed to establish the wind farm, opex represents the levelized sum of revenue losses and
total costs of repair per year, Cend are the decommissioning costs the wind farm incurred in the
last year of operation and AEP50 is the mean electricity production derived in section 5.5 . The
discount rate ’r ’ depends on the project stakeholders, terms of the project financiers and economic
constraints of the country. The factors influencing the cost of capital comprise include a) inflation
(disregarded in this study), b) Risk, c) Time Preference. Risks are project and country specific,
where variation comes from the reliability of the technology, maturity of the project supply chain,
stakeholder risk and economic support The time preference factor is determined from the stability
of the electricity market. For this study, the discount rate is taken at 7% for an offshore project
without considering GDP inflation. This is considered relatively reasonable as the general risks
associated with offshore wind are quite high with respect to onshore wind.

Based on the time value of money changing based on the inflation and perceived risks, Net Present
Value (NPV) is used as a measure of the economic value of an investment. NPV is the sum of
the initial investment and value of the revenue stream for the life cycle (T years) of the wind park
using a deprecating present value of money for an assessed discount rate, r. The formulation for
NPV is similar to the terms used in equation (2.3).

NPV =

T∑
i=1

(
CFi
1 + r

)i
+ CF0 (2.4)

The net cash flow CF stream is the annual levelised difference between the revenue generated and
the opex. The first cashflow symbolises the capex investment. The revenue is the product of
the electricity provided at the PCC and the electricity tariff provided.
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Another important parameter used to determine the economic performance of an energy system
is the Internal Rate of Return, (IRR). It is a strong indicator of the potential the profitability of
an investment. The discount rate for a project when the sum cash outflow is equal to the sum
cash inflow is called the IRR, or quite simply the discount rate when NPV → 0.

2.8 State of the Art CoE Model analysis

There have been many recent European projects over the years under the Research and Innovation
policy to collaborate academic and industrial resources to deliver technological reports on the
future in the Wind energy sector. The projects are focused on the current three bladed upwind
Hawt rotor. To name some of the major ones

UpWind: FP6, focused on the establishing the limits to up-scaling till 25 MW machines (Sieros
et al. [68])

InnWind: FP7, objective to provide an innovative offshore design performing in the 10 - 20
MW range (Chaviaropoulos et al. [23])

DOWEC : Evaluate the feasibility of offshore wind in the Netherlands (Bussel et al. [18])

NREL - WindPACT: A comprehensive study to define empirical cost scaling relations, (Fin-
gerish et al., Griffin [37, 38])

Phd Research

− M. Zaaijer: TU Delft, Offshore wind farm design Emulation, [75]

− T. Ashuri: TU Delft Cost Scaling optimisation of multi megawat Hawt’s, [8]

A more thorough review of these models is presented in the Appendix A.2. The understanding
gained related to the cost models under EU and DoE funded projects both stipulate the similar
methods and conclusions. The UpWind project paved the way to focus research for large horizontal
axis machines with a detailed aero-elastic analysis of the turbines components and a fatigue
loading induced cost optimisation of wind farms. The mass and cost were scaled using time
based technology factors extrapolated from existing data trends and linearised weight factored
cost models. The focus of the InnWind project was build upon the results of the UpWind project.
The design parameters which were focused upon to continue to drive the trend for innovation in
technology, especially for large deep offshore wind farms, were:

� Reduction of weight scaling of the turbine tower head mass

� Reduce gravity loads

� Reduce axial induction by having less specific thrust

� Improved manufacturing processes and materials used for rotor.

� Higher specific power drive train

� Adaptive smart pitch control to mitigate loads

� Design of wind turbine based on site specific conditions

The detailed optimisation model for up-scaling and the associated power specific cost includ-
ing probabilistic failure costs was performed only for the support structure. The resulting mass
and cost scaling conclusions state that up-scaling with the current technology level leads to un-
favourable mass increase. This assumption holds valid for with similar research conclusions from
Ashwill, Chaviaropoulos et al., M.J. Kaiser, Xudong et al. [9, 23, 53, 74].
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The InnWind project emphasized on LCoE optimisation of a 10 MW offshore light weight rotor
and the ad-joint BoP, scaling upto 20 MW, [23]. The model, like in UpWind, every reduction
in up-scaling coefficient for the turbine below the classical assumptions of (λc = 3) is related
to a technological improvement. The idea is that cost reductions occur as greater experience is
gained in the technology with respect to manufacturing, installation and operation. In a study
done by Ibenholt, experience curve studies revealed varied cost drop for doubling in cumulative
installed capacity in certain wind energy markets but not all. This makes this hypothetical as-
sumption weak. Secondly, the cost models were designed taking fixed sub sea structure height in
BoP(foundation) cost calculations allowing for a BoP capex scaling factor of 1.7.

Although economies of scale do seem to begin to positively effect as size of wind turbines exceed 15
MW; improvements such as more power output per area, less subsidies needed, larger return cash
flow (better IRR) and increased wind farm capacity factor begin to surface, [23]; the optimum
sizing of turbines still remains a trade-off between BoP and Turbine cost per MW for bottom
founded designs. No validated cost models for different turbine subcomponents hence cost/mass
proportionality is used for deriving the scaling components. Out of the main design drivers focused
upon, reduction in thrust yielded the highest impact on reducing cost of energy. Having a higher
rotational speed resulted in less gearbox cost and weight (smaller permanent magnet generator),
but this reduction in tower nacelle mass had a limited effect on overall cost. The major assump-
tions made included design limits based on ultimate deflection and not on fatigue loading as well
as the assumption that technological innovation will continue in an “increasing” trend to achieve
the EWII CoE goals. The capex scaling was also eventually favourable due to the assumption
that the foundation can be founded at the same depth as the reference turbines.



Chapter 3

Floating VAWT

This chapter introduces the DeepWind Fo-Vawt is more detail, building up from the understand-
ing of design and cost drivers from previous sections. Input-Output diagrams are determined for
the main systems to understand the system drivers and system cross dependencies. In the end,
the concept schematic and tabulated specifications are provided

3.1 DeepWind

The DeepWind project is a current research initiative spearheaded by DTU Risø under the EU FP7
programme, ‘Future emerging technologies’. It is focused on developing the troposkien Darrieus
concept on a floating structure. The project is intended as a pilot to establish a detail design for
a 5 MW concept that builds upon Vawt research from the 1980’s and 1990’s done by Sandia,
Flowind, EOLE project and many other similar endeavours. In the following sections, a system
wise description for the most optimised design, the 5 MW baseline, are given.

5 MW baseline

The core configuration definition for the project was set to a troposkien shaped, single tubular,
rotating spar floating turbine connected to the sea bed with drag/suction anchors and moor lines.
The rotor H/φ ratios and spar structures were optimised amongst different options for specific
driving options such as efficiency, loads, production, transportation and installation, Pedersen
et al. [60]. A preliminary cost and mass scaling analysis was done from 200 kW upto 25 MW and
a design optimisation for a 5 MW baseline model as the baseline to exponent trends for the current
technology level. The design optimisation was performed using HAWC2 with a actuator cylinder
(AC) model, gravity loads and a constraint subsea mooring model, [59]. However, a complex
model coupling hydrodynamic loading and mooring system was linked with the AC model to
investigate the coupling effects in the DeepWind design, Vita [72]. The key subsystems of the
DeepWind Rotor include

� Rotor

� Tower

� Surface Transition tube

27
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� Spar buoy Floater

� Mooring system

� Power train

Rotor

The shape of the rotor blade is chosen on the basis of load efficiency and design simplicity. The
constraints are generic for wind turbines; load mitigation, floating stability and less costs. The
rotor is also one of the primary drivers for the turbine, having downstream effects1 on all other
subsystems. Apart from operational conditions; other parameters effecting the rotor mass distri-
bution and loads generated include the blade design, wind turbine operational conditions, heave
angle of fowt and hydrodynamic influences. A schematic showing the inputs affecting the outputs
from the rotor subsystem are illustrated in figure 3.1

WIND CLIMATE

HEEL/TILT ANGLE, 

DYNAMIC LOADS
COUPLING

STATIC LOADS

DOWNSTREAM EFFECTS

BLADE DESIGN

AEROELASTIC EFFECTSHYDRODYANMIC LOADS

Figure 3.1: Parameters influencing the outputs derived from the rotor

To reduce the mass of the blades, rotor shape optimisation is necessary by varying solidity and the
thickness of the blade along with better material selection to mitigate dynamic loading and aero-
elastic effects on the blades as well as directly coupled structures like the tower and if applicable,
the struts. For the DeepWind rotor, a two blade troposkien inspired, Darrieus rotor shape was
designed, [66]

Tower

The pulsating loading due centrifugal and aerodynamic forces along with the hydrodynamic load-
ing from the Floater adds some complex aero-hydro elastic fluid structure interactions on the
tower. The entire tower is a rotating structure transferring power from the rotor to the genera-
tor and loads through the surface transition tube from the rotor to the Floater and subsequent
mooring/anchor systems. A schematic summarising the inputs and main functions of the tower
are illustrated in figure 3.2
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Figure 3.2: Parameters influencing the outputs derived from the tower

The tower functions to sustain the aerodynamic and hydrodynamic loading(environmental loads),
transferring loads in between subsystems, but primarily downstream from the rotor towards the
power-train. A modal analysis of the tower design after scaling is deemed important to examine
the impacts of aero-hydro-elastic effects.

1Downstream effects symbolise the impact of the loads generated by the Rotor as they propagate through all
the subsystems down till the mooring system
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Surface Transition Tube

The surface transition tube consists of a tapered continuation of the tower through the water
surface into the spar bouy foundation structure. The section functions as the pivot. It is a critical
component which is highly loaded, possibly with unsynchronised loading from aerodynamic and
hydrodynamic forces. This subsystems’ design is driven by having an appropriate wave transition
zone as splashing of water on a large area can have significant force impact on the structure. The
water displacement area of the tube should not result in heave resonance with the wave motion.
This could result in the water touching the rotating blades.
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Figure 3.3: Parameters influencing the resultant outputs and size of the surface transition tube

Spar buoy Floater

A spar buoy functions as a high inertia, free floating structure, anchored with a mooring system, to
counteract the weight and forces generated by the aerodynamic loading and the mass of the entire
turbine. Normally, Floater’s are compliant in on direction or more, allowing for the possibility of
dynamic wave induced loading or system resonance in one or more DoF. Such upstream effects
2 influence the sizing of the turbine and the Floater, [12]. The DeepWind Floater is a spar buoy
comprised of a hollow mono hull and ballast connected to the mooring system via a bottom
founded bearing and shaft. The monohull is a continuation of the tower and surface transition
tube, and similarly is rotating.
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Figure 3.4: Parameters influencing the response and the resultant outputs from spar bouy floater

The spar buoy Floater are mainly gravity stable from its deep draught and inertial mass from
the integral ballasts, designed to keep the centre of buoyancy above the centre of gravity of the
turbine. The other important aspect to address while scaling for Floater designs is to ensure that
the wave motion does not coincide with the motion of the floating turbine. The bearing and the
shaft connected to the mooring system are critical components which experience the culmination
of the Vawt’s thrust and torque loading, [72]. The rotating spar buoy induces a Magnus force
due to the current flow over it.

Mooring System

The motion of a floating structure has 6 degrees of freedom, making stability an important aspect.
To ensure the floating Vawt does not drift away or tilt over due to the forces, a mooring system

2Upstream effects symbolise the progression of hydrodynamic loads and other effects through the subsystems
upwards towards the tower
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is implemented to maintain the turbines position and provide a restoring force to counteract the
environmental loads. For floating structures, taut or catenary systems are either implemented.
For the DeepWind design, a catenary system with drag anchors is used, where the weight and
catenary shape of the long mooring wires add restoring stiffness and provide compliance to wave-
induced resonance, [13]. A critical requirement for the DeepWind mooring design is to counteract
the torque from the rotating turbine so as to prevent rapid accelerations on the power-train, [59].
The restoring forces have to be able to counteract the combined influence of the aerodynamic
and hydrodynamic loading, including the rotational friction and Magnus force on the Floater,
Vita [72].
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(a) Parameters influencing the response and the resultant outputs (b) Mooring configuration

Figure 3.5: DeepWind mooring system input/output and design possibilities

Power-train

A direct drive, permanent magnet setup is the preferred design as it reduces maintenance and
cost for incorporating a drive-train. The generator is situated at the base of the floating spar
buoy, functioning to lower the centre of gravity, adding to inertial stability and controlling the
rotor speed to maintain optimum power production The generator also functions as a start-up
motor to help with ‘self-start’ problems faced by Vawt’s, [56, 72]. The housing of the generator
remains to be optimised as access and maintenance are a key factor for deep seas installations.
This needs to be weighed in when finalising the placement of generator as either inside/outside
the rotating foundation or underneath the Floater in an isolated anchor type housing seen from
figure 3.6b. For the current baseline design, it is presumed the power-train is housed as the
last modular compartment at the base of the Floater, connected to the mooring via a shaft and
bearings marked in figure 3.7.
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(a) Parameters influencing the response and the resultant outputs (b) Possible power-train placements, [60]

Figure 3.6: DeepWind power-train system input/output and configuration possibilities
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Table 3.1: Gross Specifications of the DeepWind 5 MW Baseline Turbine [66]

Property Unit Specification

Rotor Type Vertical Axis Optimised Troposkien
Foundation Floating Spar-bouy
Mooring Tri-arm non-taut lines
Power Train Submersed Direct Drive
N◦ blades [-] 2
Rated power [MW] 5.0ltd (5.62)
Rotor radius [m] 60.5
Rotor height [m] 143
Chord [m] 5.0
Solidity σ [-] 0.1653
Swept Area [m2] 11996
Blade Mass [kg] 4.85e5
Rated rotational speed [rad.s−1] 0.62
Centre of Gravity, hcg [m] -67.7
Urated [m.s−1] 14
Ucut−in , Ucut−out [m.s−1] 4 to 25

Table 3.2: Detailed Geometric properties of final 5 MW DeepWind Turbine [66]

Geometric Specifications

Rotor Tower

hrotor [m] 143 φsec,1 [m] 4.62, ∆t: 0.015
Rb,max [m] 60.49 φsec,2 [m] 5.32, ∆t: 0.017
Chord [m] 5 φsec,3 [m] 5.84, ∆t: 0.018
Swept Area [m2] 11996 φsec,4 [m] 6.4, ∆t: 0.0219
Airfoil t/c [%] 18,25 hsec,i [m] 35.75
mblade [kg] 48030 mtower [kg] 3.54 ď5
Material [-] GFRP (Protrusion) Materialtower [-] Rolled Steel

Floater

φfl,top [m] 7.32, ∆t: 0.5 φballast [m] 8.3
φfl,botom [m] 8.3, ∆t: 0.5 hballast [m] 27
hfl,top [m] 15 MaterialFloater [-] Construction Steel
hfl,trans [m] 10 Materialballast [-] Olivineaq
hfl,main [m] 64.5 mtower [kg] 3.76 ď6
mfl [kg] 1.126 ď6

Mooring Generator

N◦ arms [-] 3 hGen [m] 2.608
marm [kg] 1.709 ď4 RGen [m] 6.5
mchain [kg] 1.089 ď6 mGen [m] 2.90 ď5
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Figure 3.7: Schematic Representation of the DeepWind Turbine



Chapter 4

Engineering Model

This chapter describe the process used in calculating the necessary inputs towards estimating the
mass of the Vawt. It involves using existing blade design information from DeepWind and the
research work of previous master’s thesis projects at TU Delft [62, 65], to calculate the loading on
a Vawt structure. The complexity arises from the increased degree of freedom of the DeepWind
concept. The engineering model presents the framework adopted to estimate the mass of the
rotor, tower, Floater and mooring lines based on certain load cases. The load simulations, model
processes and subsequent mass estimations are performed for the 10 and 15 MW scale versions of
the baseline 5 MW turbine as well. The results from the following sections are fed into the design
cost calculations of the succeeding chapter.

4.1 Model Design Methodology

The state-of-the-art and novel technology being considered for the cost model was studied in detail
in a Special Course project [63] and incorporated in chapters 2 and 3 respectively. The aim of the
Special Course project was to review existing design methodologies in order to develop an engi-
neering framework to perform a cost driven optimisation for a specific Vawt design, (figure B.4).
It provided a strong indication on the process required when performing an iterative cost of energy
optimisation.

However, that findings entailed efforts beyond the scope of this Master Thesis project and there-
fore was reduced to a more linear framework. The main limiting factor encountered was the
ability to accurate capture the downstream and upstream effects of load propagation. Capturing
the dynamic coupling effects of a freely floating system rotating about its axis requires a multi-
disciplinary analysis and optimisation (MDAO) where the piecewise results are captured in the
form of cost of energy. Due to the limitations in cost modelling for Vawt’s, as mentioned in the
preface, it was not possible to verify the results with industrial data on Vawt’s. In lieu of these
constraints, the DeepWind 5MW Baseline design would serve as an input as well as a datum of
verification for the engineering model. A framework is illustrated in figure 4.1

The engineering cost model is built upon calculations from three software packages to determine
the design costs, operations and maintenance costs and the balance of station costs for offshore
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Figure 4.1: Work-flow for Vawt Engineering Cost model

wind installation. The model is setup in a modular manner using Matlab where each step of the
design work flow is called into the model as a function. This provides the freedom for modification
and improvement at any step of the model. For the design costs, the aero-elastic wind turbine
simulation tool, Hawc2 is used. At this time it was the only commercially available tool that can
be used to simulate the performance of a Vawt. This adaptability is possible through the imple-
mentation of an actuator cylinder model that was developed and used to design the DeepWind
rotor. The operations and maintenance costs are estimated with a tool provided by ECN called
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Operation and Maintenance Cost Estimator”. For the final aspect of the Balance of Plant esti-
mates, a package developed by Zaaijer [75], Offshore Wind Farm Design Emulator is implemented
to estimate the grid connection and related infrastructure costs. For the other remaining aspects,
various formulations are adapted from literature and derived from the DeepWind work packages.
To determine the LCoE , a discounted cash flow for economic life cycle of a far offshore 245 MW
wind farm is calculated. Emphasis is given on using the Omce and Owfde tools to generate a
cost trends by varying key assumptions in a semi-limited workspace. Where possible, parametric
relations will be derived to describe the scaling of system costs to analyse the scalability of the
Fo-Vawt concept.

Implementation Process

The algorithm applied in reference to figure 4.1 is outlined here. To determine the necessary masses
for the cost model (chapter 5), certain geographic and design inputs are required. A detailed rotor
structure definition for the base turbine (5MW) serves as the top design variable which dictates
the sizing of the downstream subsystems. The inputs, criterion/load cases established to size the
systems, along with the simplifications made using presumptions, are given in detail through the
rest of the chapter

1. Inputs

(a) Specific Parameters

� Meteorological Inputs

� Material Properties (ρ, E, G,e/kg)

(b) Design Parameters

� Rotor Geometry

� Spanwise geometric distribution

� Support structure heights

� Turbine Operational spectrum

(c) Cost Parameters

� Manufacturing: Mature production process level(yrs),System Production Prices,
Fixed Cost Fraction

� Economic: Discount rate

2. Pre-processing of specific parameters: Outliers, clean data

3. Uz extrapolation

4. Hawc2 simulation (section 4.5)

B Bottom fixed rotor modelled

B Input files modified for scaled turbines (aerodynamic, structural)

I Results: Turbine power curve and loads

5. Wiebull distribution and wave scatter (section 4.2.1)

6. Annual Energy production is calculated (section 4.4)

7. Up-Scaling of geometry with swept area for higher turbine power rating(section 4.3)

Steps 3-7 are repeated for Up-Scaled 10 and 15 MW turbines
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8. Sizing of turbine systems (section 4.6)

(a) Blade: Volume and mass is estimated from input, (section 4.6.1)

(b) STT: Sized using linear scaling, height determined from wave climate, (section 4.6.2)

(c) Tower: Shell dimensioned to satisfy Euler buckling criteria, (section 4.6.3)

(d) Floater: Spar buoy sized to balance mass with buoyancy and maintain separation ratio
between turbine centre of gravity and Floater centre of buoyancy, (section 4.6.4)

(e) Mooring: elastic catenary wires satisfy maximum yaw moment, arms scaled as a linear
parametric function of aerodynamic torque, (section 4.6.5)

(f) Generator: derived from Direct Drive design presented by Leban [49], (figure 5.1)

9. Parametric models used for remaining systems such as bearings, brake and power electronics,
[16, 18, 37]

10. Capex - Turbine Capital Costs determined with mass estimations and other inputs form
preceding sections for 5, 10 and 15 MW, (section 5.2)

11. Wind Farm specifications [53, 75]

B Distance from Point of common coupling

B Wind Farm capacity and number of turbines

B Turbine Spacing

12. Capex - BoP Costs estimated: Owfde tool used to create workspace varying major wind
farm specifications, (section 5.3)

(a) Electrical infrastructure

(b) Transportation and Installation Cost

(c) Decommissioning

13. Opex - Operations and maintenance effort for wind farm life cycle using Omce, (section
5.4)

14. Geometric Scaling relations used for

(a) Variation in fixed costs: number of technicians based on number of wind turbine units

(b) Rising costs of spare parts with higher rated power turbines

(c) Higher equipment costs as larger vessels needed

15. Parametric study of modelling assumptions, (section 6.3)

16. Economic assessment of wind farm project using key parameters

B Net Present Value

B Internal Rate of Return

B Levelised Cost of Energy

17. Analyse influence of constituting elements and assumptions on LCoE

The algorithm provided summarises the working process of the cost model and adds more step
wise detail to the work-flow shown in figure 4.1. The three different models involved results in
the linking of different assumptions and conditions when translating data to get the final cost
of energy. The basic assumptions used in all the models to stream-line and simplify the cost
formulation process are given in Section 4.2.
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4.2 FO-VAWT Wind Farm Initialisation

As shown in figure 2.17, the levelised cost of energy comprises from investment and levelised yearly
costs as a ratio of the annual revenue for the life time of the wind farm. The formulation of each
aspect involves certain assumptions, while for some factors, the effect on LCoE does not seem
to differ much for Vawt’s from Hawt’s. For this reason, the wind farm, its layout and other
associated factors, which will be required in later chapters, are introduced together.
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Figure 4.2: Setup of Fo-Vawt Wind Farm

The base case of the wind farm is a 245 MW installation comprised of 498 turbines with a rated
power of 5 MW. The location of the wind farm site is chosen at a location over 70 km from the
closest shore the North sea, figure 4.3. Concurrently, a matured supply chain infrastructure and
location specific requirements such as deep seabed are assumed to be satisfied. A critical but
necessary assumption for far offshore wind farms is the provision of a grid coupling point 25 km
from the wind farm by the Transmission Service Operator (TSO). This will be probably as a large
floating HVDC substation platform, depicted in figure 4.2.
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Figure 4.3: Location of Wind Farm site close to the K13 measurement station

In similar context, the operations and maintenance control/deployment is from an offshore ship
stationed around 15 km from the wind farm. The vessel is customised with specialised equipment
specific to Fo-Vawt’s, explained in section 5.5. It is assumed that all the structural turbine sys-
tems are fabricated at the port staging facility for ease of deployment. The generator evaluated
is a direct drive design provided by Leban [49]. The wind farm capacity is scaled according to
a square grid layout for the specific wind turbine rating compiled in table 5.2. The electricity
feed-in tariff is taken at a fixed rate of e0.13/kWh, while the real discount rate is taken at 7%.
A summary of the input parameters based on these assumptions is given in table 4.2.
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The focus of the turbine capital costs are limited to Darrieus Vawt designs. The costs of the
systems are evaluated for constructing the turbine out of standard materials for the structural
masses sized from the load simulations or using parametric functions. For the O&M, the reliability
of the turbine systems is derived from existing Hawt technology (appendix D.2) and adapted for
Vawt’s. The System Production Price (SPP), ksys compiled in table B.3, include the contribution
of manufacturing complexity on top of the material costs, kmat given in table 4.1. A sensitivity
analysis of the critical inputs is performed in order to to quantify the respective impact of the
assumptions on the LCoE .

4.2.1 Meteorological Inputs

Site specific data influence the turbine design and energy production simultaneously. Reliable
wind and wave data is needed for AEP estimations, to determine the design criteria and in O&M
modelling. The fictitious site considered is located & 70 km offshore of the coast of the Nether-
lands, (N 53◦10′, E3◦10′) at the K13 measurement station of the Royal Dutch Meteorological
Institute. Data was acquired on a 3 hourly time series of wind and wave parameters from 1995 to
2004 at a reference height, z0 = 10 m. Wind data is provided by ECN.
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Figure 4.4: Site conditions at K13 site.

Although the mean water depth at this height is 27 m, in this study the sea floor is presumed to
be at-least 50 m below the Floater draft. The wind resource has to be transformed to the turbine
equator height before it can be processed to generate a Weibull distribution. Assuming neutral
atmosphere conditions, wind speed at equator height can be computed by means of;

U(H) [m/s] = u(h0) ·
(
H

h0

)α
(4.1)

Where the power law exponent, α = 0.1 . The equator height for the base 5 MW case is derived
from table 3.1 to be 88.1 m. This is based upon the understanding that the rotor is mounted on
a surface transition tube of a 17 m height. The mean wind speed measured in sustained hourly
periods during the measurement years can be approximated by a Weibull probability density
function (pdfW ) defined as follows;

pdfW (u) =
k

A

( u
A

)k−1

exp

(
−
( u
A

)k)
(4.2)
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The resource data from a specific site can be grouped in different bins of wind speed in order
to fit a Weibull distribution function and obtain the two parameters A and k. Once the density
function is fitted, several variables can be assessed such as the mean wind speed of the site, given
by;

U [m/s] =

ˆ ∞
0

pdfW (u)du (4.3)

Similarly, the wave data is sampled into pockets for the significant wave height (hs) and the
mean zero crossing period (Tz), to determine a scatter diagram of the wave climate as given in
figure 4.4b.

4.2.2 Material Inputs

The materials input to the model depend on what is primarily used in the turbine. For the cost
estimations, material density, production costs kmat and mechanical properties are needed. The
material composition used along with other associated properties are given in table 4.1

Table 4.1: Material properties and cost

System Material ρ [kg.m−3] kmat[e/kg]

Blade CFRP 1570 22
GFRP 1860 10.5

Polyurethane Foam 125 5.12
metal fasteners 8200 2.8

Floater Rolled Steel 7800 3.5
Tower Concrete 2450 0.10

Aluminium 2700 1.8
Steel Wire 7800 3.75

Construction Steel 7850 0.62

Power Train Copper 8900 5.2
Iron 7050 - 7450 3

For historic prices, commodity based inflation rates were acquired from Producer Price indexes
monitored in the United States1. The specifications of the relevant offshore turbine systems were
acquired from literature [8, 12, 37, 38, 48, 49] . The material prices, kmat were taken from the
CES software package [31] with related estimations of some system production costs given in the
appendix B.2. Where required, the average yearly GDP inflation rate of 2.5% per year was used if
the commodity price index could not be acquired. A summary of the input parameters and other
gross LCoE specific properties for the Fo-Vawt are given in table 4.2.

1http://www.bls.gov/data

http://www.bls.gov/data
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Table 4.2: Gross specifications of hypothetical Fo-Vawt farm

Specification Properties Details

Geographic Inputs [Site, Location] Site K13, N 53◦10′, E 3◦10′

Rotor Type [Darrieus] DeepWind Fo-Vawt

Material Properties [ρ , kmat] System Specific, table 4.1

System Reliability [Failure rate Λ] Adapted from Hawt’s, section D.2

Wind farm layout
[MW, # Turbines] 245 ± 5MW, f (PWT )

[Layout, Spacing] Square Grid, 5 & 7 φturb

Economic Factors

[SPP, ksys] Appendix B.2
[Price of Energy] e130/MWh

[GDP Inflation ] Avg 2.5% yr−1 (B.2)

[Real Discount Rate] 7 %

4.3 Up-Scaling

As mentioned in section 2.6, predicting how the loads and costs increase with larger sized WT’s
depends on the level of detail that needs to be captured. The common practice is to work back
from load simulations to size the structures for higher power ratings. However, this requires a
multi-disciplinary aero-elastic model to predict the dynamic interactions of the systems and the
subsequent influences of sizing the structures. As there is a lack of standardisation and empirical
data available on Vawt design, most of the scaling relations implemented are translated from
existing Hawt research or based on geometric similarity rules.

From the Square-Cube law introduced in section 2.6, the power of a scaled rotor can be correlated
to swept area, while the cost to the blade mass. Both depend on the blade shape which is a
function of material properties and blade length (s). The starting point for the scaling calculation
is the turbine rated power, with mass estimations as the necessary goal.

� A combination of geometric upscaling relations from Jamieson [44] are used along with load
based estimations to size the mass of the tower and mooring system

� The 5 MW rotor geometry is pre-defined, upscaled as per design while maintaining geometric
and aerodynamic similarity

� Static Load estimations on main systems are essential: aerodynamic loads on rotor, hydro-
static loads on spar- buoy and resultant operational loads on mooring system.

� Determine the critical load cases driving the system design

� For the power-train, a detailed design and upscaling study for the DeepWind rotor by Leban
[49] is utilised

Characteristic Dimension

In classical wind turbine up-scaling, the square-cube law based relations are employed based on
a characteristic dimension D. The Rotor swept area, S increases with the square of D which
correlates to the energy yield. While the mass of turbine increases with the cube of D correlating
to cost. In conventional Hawt scaling, D is taken as diameter of the rotor with which all systems
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are related based on a scale dependency, (refer to section 2.6). However for Vawt’s, the swept
area is not a exclusive function of radius R or diameter φ

φ = f(h) (4.4)

The radius of the blade varies along the height of the Vawt. Thus the swept area is also a function
of the height.

S =

ˆ H

h◦

(
δ

δh

)
φ (4.5)

Considering these aspects, the turbine height ‘H’ was selected as D while the Height-to-diameter
(H/ φ) ratio was kept constant at 1.182, value obtained from table 3.2. This simplified relations
connecting power to rotor area, where an increase in tower height was coupled with more down-
stream effects 2 on mass and cost scaling of other systems.

4.3.1 Rotor Scaling Trends

The rotor is one of the primary drivers for wind turbine design, having downstream effects on
all other subsystems. When designing, it is essential to reduce the mass of the blades, while
maintaining a high Cp efficiency. Rotor optimisation procedures involve varying rotor solidity,
blade dimensions and the segment wise shape, within certain constraints, to mitigate dynamic
loading and aero-elastic effects on the blades as well as directly coupled structures like the tower
and struts. The increased freedom of motion with a floating structure adds another layer off com-
plexity as the turbine stability is a function of aerodynamic and hydrodynamics loading, Paulsen
et al. [59], Pedersen et al. [60]

According to the work of Schelbergen [65] and Roscher [62], successive rotor optimisation were
performed on 5 MW Vawt’s and the design scaled up to 20 MW. The blade structure was
optimised but the height of the rotor was fixed at 180m for the 5 and 10 MW and increased to
260m for the 15 and 20 MW. This lead to a subsequent change in the rotors H/φ ratio. In figure 4.5,
a correlation presented by de Vries [30] is used to compare the area factor Bδ (equation (4.6)) and
the blade shape ratio Sδ (equation (4.7)) for various old Vawt designs,[30, 58].

Bδ =
Sref

s ·Rmax
(4.6)

Sδ =
Sref
R2
max

(4.7)

It is normally perceived by Paraschivoiu [56], that the optimum H/φ ratio lies around ≈ 1.2 -
1.4. However, analysing figure 4.5 for the blade shape Sδ and area factor ratio Bδ , shows that
a H/φ (where R0 = φ/2) ratio slightly above 1.1 proves to be optimum giving a Sδ close to π,
[58]. For the iterative rotors designed by Roscher, Schelbergen, the H/φ for the upscaled rotors
is not constant. Aerodynamic similarity is not maintained if the all geometric properties are not
scaled in parallel [68]. In conclusion, it was chosen to analyse scaling effects of Vawt’s with the
DeepWind 5 MW design as the base topology

2Downstream effects symbolise the impact of the rotor generated loads as they propagate through the turbine
systems
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Figure 4.5: Non dimensional Cost and Power parameters related to height over diameter for various
Vawt designs, [58]

System Similarities

It is necessary to maintain the performance envelope of the turbine by not altering the rotor
aerodynamic similarity, [22]. This means maintaining the same tip speed ratio ( λ = ωR

U∞
) by

reducing the rotational speed (ω) so that the Reynolds number (Re) is more or less constant
for the upscaled turbines. This however, is difficult to ensure for Vawt’s. Reason being that
the Reynolds number scales along the blade height for decreasing diameter while it also varies
along the operational envelope with wind speed. Considering the change in azimuthal angle as
an example. The extreme cases are for θ = 0◦ and 180◦ (figure 4.7), the free stream wind U∞ is
either added or subtracted from the local velocity on the airfoil, (ω.R − U∞ ≥ Urel ≤ U∞+ω.R).

Urel = U∞ ·
√

(λ− sin θ)2 + (cos θ)2 (4.8)

Re =
Urel · C

ν
(4.9)
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Figure 4.6: Non linearity of normalised Reynold’s number over a Vawt operational regime

As the Vawt radius scales with height, the local Reynold’s number on the blade scales propor-
tionally, Re ∝ Reref · H

Href
. Considering a fixed λ= 2.7 and Urated = 14m/s, Re variations with
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Figure 4.7: Vawt α airfoil through a revolution, (Source: Rene Bos)

the turbine power ratings Pwt = [5, 10, 15] MW are given in figure 4.6 for radii (Rmax) of [61,
84 and 103] respectively. With a operational envelope of 6e106 ≥ Re5MW ≤ 1.4e107 , the blade
performance, such that Cl

Cd
and stall properties of the airfoil vary with azimuthal position (θ),

rotor height and evidently rated power.

To maintain aerodynamic similarity across the power scale spectrum, the chord length and power
coefficient for the scaled rotors was kept constant to the base case. This meant assuming a very
stiff blade material for the HAWC2 simulations. Arguments with respect to this assumption will
be made in the conclusions, chapter 7.

4.3.2 Geometric Scaling with Power

The scaling factor for the characteristic dimension is determined by solving with the power of
a wind turbine to calculate the swept area of the turbine. As introduced in section 2.6.1 the
‘Square-Cube’ law adheres well in estimating the power of a turbine. From equation (2.1), the
power is proportional to the swept area, thus for Hawt’s the rated power increases with ≈ square
of the diameter as in figure 4.8.
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Figure 4.8: Power scaling relation with diameter φ, [44]

The equation of the curve in figure 4.8, can be related to the power equation equation (2.1), where
the constant 0.2531 represents the power intensity normalised with the cube of the velocity, and
the extra power exponent φ0.05 can be a correction factor to account for the variation in Urated
and Cp,max for different Hawt designs.
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However for Vawt’s this relation is not directly applicable as the area is not a lone function of
the diameter, equation (4.5). Evaluating figure 4.5, the power intensity (PI) and the rotor power
coefficient (CP ) can be considered to depend on H/φ, [30]. To scale the DeepWind design for
larger power ratings, the H/φ is fixed at 1.18, [66]. Maintaining the same PI as for the baseline
design, the swept area of the upscaled turbines is determined.

PI = Prated/S = 416.7W.m−2 (4.10)

To determine the area of a Darrieus Vawt, the rotor shape is modelled as a ‘catenary’. A catenary
shape is obtained by rotating a perfectly flexible cable of uniform density under the action of a
constant force, e.g. ‘gravity’. In this case, the equation of a catenary is modified to approximate
the area under the curve and thus the swept area of a Darrieus Vawt.

Figure 4.9: Representation of Catenary shape as a Vawt rotor blade, [56]

y = a cosh(z/a+ C1) + C2 (4.11)

Where a is the radius (φ/2) and z is turbine height from -h/2 → +h/2. The equation is modified
for a rotated vertical axis.

val =− φ/2 · cosh(H)

φ/2
(4.12)

C2 =|val|max + φ/2 (4.13)

Ycat =val + C2 (4.14)

With the coordinates of the blade known, the area is approximated using trapezoidal approxima-
tion. For H/φ ratios from 1→2, δH/φ = 0.05 , an array of swept areas is calculated. Using a
power regressive fits on the results, it was noticed that the size dependency remained constant at
0.5 but the constant was dependent on H/φ. The equation was re-formulated to correlate how the
height of the Vawt varies with area (S) for a certain H/φ ratios.

H = Const(f(H/φ)) · S1/2 (4.15)

H =
(
0.4576 · (H/φ)2 − 0.2(H/φ) + 0.858

)
· S1/2 (4.16)

With the swept area’s scaled using equation (4.10), for 10 and 15 MW and equation (4.16), for
a fixed H/φ, the respective heights are determined in table 4.3. This provides the scaling factor
for the characteristic dimension against which all other geometric relations are based for the size
dependencies given in table 2.2.
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Figure 4.10: Curve fit for Vawt height vs Swept area for H/D of 1.182

Table 4.3: Scaling factor of characteristic dimension, “turbine height”

Parameter Unit Values

Power Rating [MW ] 5 10 15
Area [m2] 12000 24000 36000
Height [m] 143 200 243
Scaling Factor [−] 1 1.4 1.7

4.3.3 Mass

The loading and mass of the blade increase with greater exponential relations than formulated by
Chaviaropoulos as part of the “UpWind” project. Designers work to beat the Square-Cube law
and with time as the technology matures, designs get better and more refined. A compilations of
relevant mass scaling studies for the rotor, tower top mass and tower are given in table 4.4.

Subsystem Linear UpWind [22] InnWind [23] Loads [8]

Blade 3 2.09 2.5 2.64
Tower Top ≈ 2.5 2.39 2.25 2.41
Tower 3 2.78 2.7 3.22

Table 4.4: State-of-the art mass-diameter scaling exponents

In this study, mass estimations are based upon geometric scaling dependency (sd) where the ratio
of parameters is scaled to the power of the size dependency, taken as 3 under the cube law. Mass
scaling is only needed in order to determine the cross sectional area of the blade for the HAWC2
structural file . In this case, in adherence to the geometric relations, the mass per blade length
(mb) is scaled with the size dependency for H of 2.

mb/l

mb,ref/l
=

(
H

Href

)2

(4.17)
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4.3.4 Cost

For the cost scaling, mass is taken as a direct correlation to cost of material, while other percentage
factors such as manufacturing complexity account for a portion in the total production cost aswell.
The initial cost analysis done in Paulsen et al. [57] is based on scaling the turbine with respect how
deep the floating spar should be to counteract the weight of the rotor of a certain power rating.
The cost functions developed in this report will be specific to each turbine system and wind farm
aspect, covering the following aspects.

� The material usage as a percentage of the internal composition of the subsystem. For eg:
blades are made of a combination of resin, composites, foam etc.

� The mass of the systems, determined from the relevant load cases given in section 4.6.

� Other factors such as manufacturing complexity taken as scalar multipliers to the final cost
estimation

� The operation and maintenance cost inputs are modelled for 5MW but scaled for higher
rated power turbines and wind farms

� Wind farm infrastructure costs are scaled for a fixed farm layout topology for all three
turbine rated powers.

Direct cost scaling is utilised in the O&M model, section 5.4. The costs for spare parts, labour
equipment are derived as a function of the main characteristic dimension/parameter which varies
for the higher rated turbines or larger wind farms.

4.4 Power estimation

The scaling factors determined intable 4.3 give the approximate geometric size of the 10 and 15
MW turbines. To verify the power output, HAWC2 is used to simulate the turbines. The Fo-
Vawt is implemented as a bottom fixed Vawt , with the rotor speed is reduced according to
linear scaling relations given in table 2.2, where the characteristic dimension D was the height of
the rotor.
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Figure 4.11: Scaled and corrected rated aerodynamic torque represented by Shaft Mz for 10 MW Vawt

For the 10 MW turbine, this results in a scaled rated rotational speed of 4.24 rpm or ω = 0.443

rad.s−1 for a fixed tip speed ratio, λ =
ωR

U∞
. It was however noticed that the product of the mean
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torque (Mz,mean) and ω did not scale proportionately with the geometry to the expected rated
power using the scaling factors derived in table 4.3. An adjustment (ewt) in the tip speed ratio or
ωrated was made for both up-scaled turbines given in table 4.5.

ω10mw = ewt · ω5mw ·
(
H10mw

H5mw

)−1

(4.18)

Table 4.5: Torque for 10 MW and 15 MW Vawt at different rated rotational speeds

Property Unit 10 MW 15 MW

ω5MW,rated [rad.s−1] 0.62

Scaling Factor [−] 1.4 1.7

ωscaled [rad.s−1] 0.443 0.365

Qmean [kNm] 17910 27000

Power [MW] 7.93 9.86

ewt [−] 1.116 1.2

ωcorr [rad.s−1] 0.494 0.438

Qmean,corr [kNm] 20300 34250

Power [MW] 10.0 15.0

These corrections will be discussed in the conclusions (7). Thus assuming the same operational
wind speed limits, the aerodynamic power curves for the up-scaled turbines came out to be
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Figure 4.12: Power curves and rotor speed for 5 - 15 MW Vawt

Annual Energy Production

Utilising a Weibull distribution as generated in figure 4.4(a), Weibull factors for the 10 and 15
MW turbines were also calculated at equator heights 126 and 153 respectively.

� Mean wind speed, (U )or Scale factor A
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5 MW = 10.52 m.s−1

10 MW = 10.85 m.s−1

15 MW = 11.09 m.s−1

� Shape factor k = 2.09

The overall annual electrical energy yield curve of the wind turbine is a product of the aerodynamic
power and cumulative probability of the Weibull distribution

AEP = 8760 ·
N∑
i=1

Pi · FW (U∞i) (4.19)

where, N is the number of velocity segments, Pi denotes the power in kW for each velocity segment
and FW (U∞i) is the cumulative probability difference. The Weibull cumulative distribution was
determined using the Matlab function wblcdf. The predicted annual energy production for three
scaled Vawt came out to be:

AEP 5MW = 19.574 [GWh/yr]
AEP10MW = 40.817 [GWh/yr]
AEP15MW = 62.962 [GWh/yr]

Nevertheless, the previous result does not consider many elements contributing to the uncertainty
in AEP estimations. In order to account for this, a value for availability of the wind turbine has
to estimated. The recalculated net AEP for an exceedance probability of 50 % can be found in
the section 5.5

4.5 DeepWind Simulations

As introduced in section 4.3.3, the mass scaling for the blade to input into the HAWC2 files was
done based on equation (4.17). However for the cost modelling mass estimation, the method used
to determine the volume of the blades internal structure is explained in the following section 4.6.1.
The blade geometric properties are varied with a linear geometric size dependency (sd = 1) in
equation (4.17) for the height scaling factors presented in table 4.3.

.

The first aspect in modelling the cost of energy is the calculation of the loads and do a model
analysis of the system. The DeepWind design involves a high level of dynamic substructure in-
teraction. According to Berthelsen [12], modelling the hydrodynamic behaviour linked with the
fluctuating loads generated from a Vawt rotor, some critical resonance problems can occur. Es-
pecially because of the added modelling of a rotating submersed spar. From the simulations of
the complete HAWC2 model, certain instabilities were noticed as shown figure 4.13

It can be seen from the figure there is a large fluctuation in the generator torque resulting in
negative rpm’s and oscillatory motion around the vertical axis to the factor of ± 200. This could
be due to coupling of the generator torque control with the motion of the rotating spar or this
could be attributed to either the torque ripple creating a lead lag with the generator rotation
resulting in resonance occurring at certain wind speeds. In either case, such divergent motion
means the controller is not optimised over the whole velocity profile of the turbines operation.
Thus using the complete DeepWind HAWC2 model to analyse and upscale the Vawt design loads
was abandoned as an option. The adopted approach was based on modelling the wind turbine as a
bottom fixed Vawt without a cylindrical tower. The loading resultant from the rotor simulations
fed to calculate the mass of the supporting structure.
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Figure 4.13: Generator torque coupling with the rotational motion of the spar U0=16 m.s−1, (Source:
DeepWind)

4.6 Sizing - Static Modelling

Using the relevant inputs from the preceding sections and HAWC2 simulations for a bottom fixed
Fo-Vawt, the required dimensions of the system downstream to the baseline and scaled rotors
will be determined in this section. For the baseline DeepWind case, these systems have already
been designed. However it is interesting to assess how the systems scale in terms of mass and
cost. These are determined based on the governing aerodynamic loads inflicted on the system.
The driving load case will primarily determine the standard mass required to fulfil the structural
requirements of the loadings induced. Fatigue driven load cases and other dynamic stability
modelling are not considered. Although these are presumed to have a strong impact on the mass
estimations and are important design criteria to consider, but currently are beyond the scope of
this project.

4.6.1 Blade

The aspects covering the structural design of the blade were beyond the scope of this thesis. To
predict the airfoil, chord distribution and curvature of a Vawt rotor, a multi-disciplinary optimi-
sation is needed in order to capture the aero-elastic behaviour of the rotor to refine the structural
distribution. The purpose of this is to achieve a low mass to area ratio while maintaining a high
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Cp. For Vawt’s, rotor design optimisation to improve the LCoE is strong topic of focus for many
research institutes including DTU Risø under the DeepWind Project [66], by Sandia National
Laboratories [39], as well through consecutive master project’s by Roscher [62], Schelbergen [65]
at TU Delft. For the purpose of this project, the optimised structure of the DeepWind rotor from
section 3.1, is utilised.

Volume Estimation

To estimate the mass distribution along the blade length accurately, the volume of the blade skin,
spar caps and shear webs is to be calculated. For this process, the cross section of the airfoil is
divided and modelled according the geometric approximations given in Table 4.6.

Airfoil Section Mapping Estimation Blade structure

Leading Edge Half Ellipse Skin
Mid Section Rectangle Shear web, Spar Cap
Trailing Edge Triangle Skin

Table 4.6: Cross sectional Area estimation of airfoil section
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Figure 4.14: Ellipse Eccentricity scaling relation to map the leading edge of NACA 00XX airfoil’s

The eccentricity of the ellipse ‘ε’ is scaled as a function of the airfoil thickness, t/c. The eccentricity
can also be interpreted as the fraction of the distance along the semi-major axis, denoted by ‘b’, at
which the focus (f =

√
a2 + b2) lies, where the semi-minor axis is taken as ‘a’. An eccentricity of 0

gives the shape of a circle. The equation of the curve fitted in figure 4.14 defines the curvature of
the leading edge with respect to the increasing thickness of symmetrical airfoil’s from the NACA
4 digit series. This airfoil cross section shape mapping is only valid for [0.05 ≥ t/C ≤ 0.5] with
the formulation illustrated in figure 4.15. More detail on the area estimation and possible errors
can be found in Appendix B.1.

For the blade internal structure, the inputs are at a discrete number of‘ n’ points along the blade
span, where there is a change in airfoil’s thickness, ‘t/C’. The internal thickness distribution
and airfoil thickness from Schelbergen and Roscher’s optimised rotor3 is shown in figure 4.16.
The DeepWind rotors’ blade distribution is more constant, sectioned for two airfoil’s with a fixed

3For future reference, Roscher, Schelbergen’s optimised rotor design will be referred to as the TUD Msc Vawt
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Figure 4.15: Mapping of contours of NACA 0030 airfoil using methods mentioned in table 4.6
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Figure 4.16: Cubic spline interpolation of airfoil internal structure thickness and blade t/C along blade
span for TUD MSc Vawt, [62]

thickness for the internal blade structure.

The cross sectional area of the blade is also determined at ‘n’ points along the blade length
using the relations given in the Appendix B.1. To define the blade area more precisely, a cubic
spline interpolation is implemented, figure 4.17. The interpolation is performed over the length
of the blade for a discrete number of fixed points, ‘N ’ along the height-wise axis. The points are
determined by fitting the rotor blade coordinates to a high order polynomial. Negligible errors
can be seen in the accuracy of the mapping from figure 4.19.
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Figure 4.17: Cubic spline interpolation of blade cross sectional area along blade span of TUD MSc
Vawt, [62]
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Figure 4.18: Linear interpolation of blade cross sectional area along blade span of DeepWind Vawt

However, for the volume of a tapered shell, a function defining the variation in shell thickness
and radius needs to be integrated along the height H for the variation in area to determine the
volume. If the difference between the points δhN ≤ 1, trapezoidal integration can be used to find
the volume at every ‘δhN ’. The method used is shown in equation (4.20) till equation (4.24).

V =

ˆ H

0

A(h) δh (4.20)

where :A = Ai + (Ai+1 −Ai) ·
h

H
(4.21)

Ai h+ (Ai+1 −Ai) ·
h2

2H

∣∣∣H
0

(4.22)

Vi+1 =
1

2
· (Ai +Ai+1) · hi (4.23)

Vtot =

N−1∑
i=1

(
Ai +Ai+)

2
· δhi

)
(4.24)

The results for the volume estimation in table 4.7 show a dependence on the accuracy based
on the method used and the defined blade structure. As for the DeepWind blade, the internal
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Figure 4.19: Input coordinates and 6th order polynomial fit onto DeepWind and TUD MSc Vawt

dimensions are fixed, the area scales with the thickness of the blade only. In this case a higher
order interpolation produces negative volumes for the constant mid section. However, for a tapered
internal and external blade structure, using polynomial piecewise interpolations increase area
mapping accuracy and consequently improve the volume estimated.

Volume Interpolation [m3]

Blade Length [m] Linear Spline
Skin Box Beam Skin Box Beam

DeepWind - 5 MW 200 15.219 8.712 10.2176 -3.3097
DeepWind - 10 MW 280 44.783 25.643 31.097 -7.123
DeepWind - 15 MW 341 83.902 48.036 56.435 -17.555
TUD MSc Vawt- 5 MW 225 16.217 15.702 15.5502 14.5376
TUD MSc Vawt- 10 MW 260 42.189 31.480 29.7294 40.1439
TUD MSc Vawt- 15 MW 290 42.134 62.678 40.2289 59.8830

Mass Estimates [kg]

GFRP CFRP
2000 [kg.m−3] 1650 [kg.m−3]

DeepWind - 5 MW 200 4.8020e+04 3.9617e+04
DeepWind - 10 MW 280 1.414e+05 1.166e+04
DeepWind - 15 MW 341 2.649e+05 2.185e+05

Table 4.7: Blade Volume estimations and Mass estimation for Vawt
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4.6.2 Surface Transition Tube

There is a high level of loading on this structure, for this reason a very conservative design was
done for the baseline DeepWind turbine. A shell thickness, tstt of 50 mm kept for a constant φ
of 7.63 m along the height of the surface transition tube (STT). These dimensions will be scaled
linearly with the turbine height. The height of the STT however is based on the sea state. From
figure 4.4(b), the maximum significant wave height came out to be 7.24 m. Based on this, the
maximum extreme wave height possible

Hwav,max = 1.86 · hsmax

Based on IEC 61400-3 standards ( [25]), a minimum height is 1.2 times Hwav,max = 16.157 m.
Thus the hstt was taken as 17 m. The mass of the structure was made from construction steel
with density ρcs of 7850 kg.m−3 from table 4.1

mSTT = ρcs · (Ashellhstt)

The thickness of the STT is taken to scale with a linearly size dependency on D.

tstt
tstt,ref

=
H

Href

4.6.3 Tower

The tower design module is based on determining the mass of the tower required to cope with the
loading incident on it. As explained in model methodology, (section 4.1), the aerodynamic load
simulations from the rotor are only considered while the hydrodynamic influences are disregarded.
However to verify the design, the mass estimated from the criteria/load cases considered will be
compared with the final mass of the tower from the baseline DeepWind design.

Design Load Cases

The design of the tower thickness distribution is normally based on the fatigue load capacity (FLC)
and ultimate load capacity (ULC) at the tower root as the determinant case. For conventional
turbine design, load cases for emergency shut-down, rated operational, parked, high turbulence
and extreme wind are chosen to investigate the thickness needed for the tower to safely operate
through its life cycle. In this study, only ultimate load cases are considered for rated operational
conditions. The limit states of the tower thickness will be based on the ultimate load capacity of
the material for the following criteria

I Operational Loads at rated wind speed at Heel angle β= 0◦

I Addition of Static blade mass effects at Heel angle β= 10◦ on bending moment

Criteria: Euler local Buckling strength

Based on these conditions and the formulations published by DNV and DTU Risø in [32] and
from the work of Zaaijer [75], the diameter and thickness distribution was determined along the
turbine height. A partial safety factor of 1.55 was chosen from the DNV-GL offshore standard for
the Design of Floating Wind turbines, Veritas [71].
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The load simulations are taken from modelling the turbine in HAWC2. The tower is modelled
as an infinitely stiff beam with a cross sectional area comparable to the DeepWind specifications
but with a negligible mass. This provides forces/moments along the tower due rotor and tower
wind loads and centrifugal effects but no gravity or dynamic coupling of the tower on the turbine.
Gravitational effects of the blades for the turbine tilting at a maximum static heel angle of 10◦

are incorporated as well. The limit state for the heel angle β was taken from the design criteria
established for DeepWind by Berthelsen et al. [13].

As the tower was modelled as a single body and wind shear effects were neglected, the axial forces
are constant over the structure. The forces from HAWC2 are evaluated at the tower base and top,
with the bending moment (BM) determined by measuring the sum of the resultant forces at the
tower top and multiplying it with the height (H).

At Time t→ BM =
(√

F 2
x,i + F 2

y,i

)
·H

where i signifies the time step ∆t. These loads are used to estimate the thickness and diameter.
A tapered distribution is assumed till the tower top. The axial forces Fx and Fy are resolved to
generate cumulative mean thrust force taken over a simulation time length as shown in figure 4.20.
The incident mean thrust = 380.85, 637.46, 867.15 kN for the scaled turbine with a standard
deviation of 130, 252 and 309.1 kN4.

4Generated with Pdap, HAWC2 post processor
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Figure 4.20: Axial Forces at tower top for 5,10,5 MW turbines at rated conditions
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Figure 4.21: Thrust Force for 5, 10, 15 MW turbines for rated U∞= 14 [m/s]

Mass Estimation

The tower mass is estimated by determining the tower base sectional area as a function of the
thickness and diameter necessary to sustain the loads. As an initial guess, a ratio factor of diameter
to thickness, ft/φout = 0.0067 is chosen, [16]. The design material considered is rolled steel with
a density ρrs = 7800 kg.m−3, Elastic modulus Ers = 220 GPa, Poisson’s ratio υrs = 0.287 and
Elastic stress limit σlim = 220 MPa. The stresses from axial force and bending moment are
calculated by

σF =
FRes
πφt

(4.25)

σBM =
4 ·MRes

πφ2t
(4.26)

Where FRes and MRes are the loads obtained from the HAWC2 simulations on the Vawt at a
heel angle β= 0. To establish the criteria for Euler buckling due to critical compressive stress σcr,
the theory of elasticity is implemented
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sigmaeu =
Ers

ft/φout
√

3 (1− υ2
rs)

(4.27)

srb =

√
σlim
σeuε

(4.28)

where εF =
0.83√

1 + 0.01
φout
t

(4.29)

εBM =0.1887 + 0.8113εF (4.30)

ε =
εFσF + σBMεBM

σF + σBM
(4.31)

Feu =
1/4 · π3Ers(φ/2)3t

H2
(4.32)

where if the slenderness ratio for local buckling srb ≤ 0.3, then σcr = σlim other wise

σcr = (1.5− 0.913
√
srb)σlim

Equating equation (4.27) and equation (4.32) for Ers and rearranging to make the thickness

subject of the function, where φ =
t

ft/φout
was estimated to be

tbase = ft/φout · 2
√

2 · 4

√
FeuH4

π3σeu
√

3(1− υ2)
(4.33)

The moment acting on the tower base due to the weight of the blades Mbld,g at a heel angle
β= 10◦, is added into the MRes, along with the impact of the bending moment due to the mass
of the Floater and generator. The centre of gravity location of the blades was calculated to be
6 m below the midpoint of the tower height along the z -axis due to the co-eccentricity of the
DeepWind blade. This is transferred into a fraction of H. The location of the centre of gravity
for the entire turbine other than the rotor is assumed to be at the actual location calculated in
the DeepWind project for the baseline model.

hCG,b =H/2− 0.042 ·H (4.34)

Mbld,g =mbld · g · hCG,b · sin(β) (4.35)

Mspr,g =(mflt +mgen) · g · |hCG| · sin(β) (4.36)

Once all these values have been evaluated, the initial assumption for ft/φout is iterated until the
following inequality is satisfied

FRes
πφtbase

+
Feu

Feu− FRes
· MRes +

∑
Mg

0.25 · πφtbase
≤ σcr (4.37)

Once equation (4.37) is satisfied, the diameter and thickness distribution is discretised as a taper
ratio of the property w.r.t the height of the turbine.

Diameter Taper Ratio = trφ =
φtop/φbase

H
= 0.72343

Thickness Taper Ratio = trt =
ttop/tbase

H
= 0.68493
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The mass of the tapered tower

mtower = ρrs

H∑
i=h◦

·Ai · δh (4.38)

The maximum critical stress σcrwas reduced by a factor of 1.55 to account for the lack of fatigue
analysis and as a conservative safety factor as taken from Veritas [71]

Table 4.8: Tower Sizing results

Property Unit Values

Power Rating [MW] 5 10 15
φbase [m] 6.54 8.63 9.83
φtop [m] 4.73 6.25 7.11
tbase [mm] 23.1 32.1 41.4
ttop [mm] 15.8 22.0 28.3
Mass [kg] 3.97e+5 10.20e+5 18.41e+5

The model over estimated the mass of the tower by ≈ 12%, compared to the DeepWind design.
This can be due to the higher aerodynamic thrust from the HAWC2 simulations as compared
to the DeepWind results and also the high safety factor used. This lead to thicker tower shells
beyond the expected initial guess range ft/φout of 0.0067.

4.6.4 Spar Buoy

The process of optimising the mass of the Floater for a static case with increasing turbine scale
in a high fidelity tool was deemed to be an inefficient approach. It brought about uncertainties in
the design with respect the spars stability during the operational state of the wind turbine. Thus
a review of the system dynamics and design considerations was done to reduce the problem to a
determinant load case.

System Dynamics

A wind turbine on a spar buoy Floater is a flexible multi-body system operating in a multi-fluid
environment. This can result in the structural deformation frequencies from the coupled hy-
drodynamic and aerodynamic loading to resonate with the free body motion of the structure.
Simultaneously, the higher density water induces hydrodynamic damping coefficient in the equa-
tion of motion making the problem non-linear. An example of the equation of motion for a fowt
is

(M + A) Ẍ + bẊ + KX =

n∑
i

Fi +mg (4.39)
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where
M + A : Mass matrix and Added mass matrix
b : Damping matrix
K : Stiffness matrix

Ẍ : Acceleration vector

Ẋ : Velocities vector
X : Displacement vector
Fi : ‘n’ Force/Moment vector contributions
mg : Gravitational component due to mass vector

The forcing inputs to the system include Wind, Current, Wave loads (inertial and viscous), hy-
drodynamic forces, along with restoring forces which include hydrostatic force. Even though the
problem was simplified by assuming a rigid system, hence disregarding structural damping, the hy-
drodynamic influences induce damping apart from the added mass and displacement(drift) term.
This leads to system behaving non-linearly and requires discretisation into linear sub problems
which are resolved through iterative frequency domain analysis to include the non-linear effects.
The time domain analysis of the loads involve direct numerical integration of the differential
equations, [12, 13]

Considerations for Design Load Case To solve equation (4.39), general design considerations
are reviewed to dimension the spar buoy. The deep structure and low centre of gravity adds a
high inertial resistance to wave motion along with a strong restoring moment to heeling/tilting.
However it is important to note that the frequency of wave motion does not coincide with the free
motion of the Floater to avoid resonance. Hence the shape/size of the Floater depends upon

1. The natural tilting motion period be above the energetic wave period range

2. STT diameter φstt optimisation:

I ULC: Narrow cross-sectional area to reduce wave loads

I FLC: Large wave plane intersection to reduce heave frequency below median wave period
Tz

3. Longitudinal stiffness to counter compressive stress from weight of turbine & tower

4. Centre of buoyancy, Cb well above mas centre of gravity, Cg to impart large restoring moment
to avoid heel angle β > 10◦ . Normally, calculating with this case also involves considering
the inertial resistance of the mooring system

5. Main spar shell diameter

I Bending stiffness compliant enough to avoid resonance with median wave, Tz

I Bending stiffness high enough to prevent buckling at rated U∞ for maximum, β

6. System motion should not induce damage to turbine/machinery

These are some of the important general design considerations for a spar buoy Floater. For the
DeepWind concept, an added specific requirement due its rotating structure was a significant yaw
stiffness, especially for the mooring system. The impacts of this design requirement were reflected
upon in section 4.5. Also the added effects of Magnus forces due to the spar rotating in current can
add a permanent operational tilt (and higher bending loads) based on the current. This entails
that the spar bouy sizing is very dependant on the turbine performance and site specific. Thus
when scaling the spar-buoy geometrically for larger rated power, then design would need to con-
sider stability and all the 6 consideration presented. For this a refined physical aero-hydro-elastic
model coupled with a optimisation loop is required.
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Case Selection

The results from the HAWC2 simulation for the complete system, shown in section 4.5, depict
a complex interaction between in the system dynamics and the machinery, a possible violation
of design consideration 6. The stability constraints in heave, pitch and roll motion of the floater
involve a frequency domain analysis, which are considered beyond the scope of this Master Thesis
project. Optimisation of the spar shell is not deliverable while the φstt is scaled from existing
design with the height of the turbine, section 4.6.2.

The original problem is to determine a realistic, determinant mass to maintain a high inertia
with a low Cg so that the hydrostatic force can counteract the weight. The design driver and
subsequent scaling criteria is kept as the mass of the rotor and tower. The size of the spar buoy
is determined to balance the weight of the turbine and itself, where the diameter and thickness
of the structure are initially constraint to scale with the height of the tower. The size of the spar
buoy sections are kept in equal proportion as initiated from the DeepWind design. The constraint
is to maintain the same proportional distance between Cb and Cg according to the 5MW design.

Mass Estimation

The Floater is sized based on only vertical equilibrium of forces for the immersed systems and the
total weight. To establish a vertical equilibrium, the weight forces should balance the buoyancy
force through an iterative parametrisation of a constant hull thickness and spar-buoy height. The
buoyancy force is based from Archimedes law using which the depth of the Floater is derived for
the scaled turbines.

∆Fz =B −W (4.40)

B =ρlg · O (4.41)

W =g ·
∑

msys (4.42)

where B is the buoyancy force acting at Cb, O is the displaced water volume, ρl is the density of
water and msys are the masses of the turbine systems. Initially, the diameter and thickness of the
Floater are scaled with the turbine height as a linear size dependency. This will give us the volume
of the spar in terms of Hfl. For the different sections: STT height is fixed while the hull and
ballast lengths are defined as a ratio to submersed floater Hfl,s from the original DeepWind design.

For Ki

i = 1 hstt = 17 m
i = 2 hhull,t = 0.096*Hfl,s

i = 3 hhull,c = 0.646*Hfl,s

i = 4 hballast = 0.258*Hfl,s

i = 5 hfoot = 0.025*Hfl,s
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Where hhull,t symbolises the region in spar-buoy with a variable diameter.

Vfl =

5∑
i=i

Vi (4.43)

for i = 1, 3→ 4 (4.44)

Vi =π
φ2
i

4
·KiHfl (4.45)

for i =2 (4.46)

Vi =
Ai,top +Ai,base

2
·KiHfl (4.47)

∴ O =

5∑
i=2

Ai ·KiHfl (4.48)

The mass of the immersed floater is also derived in the similar manner. The density considered
for the hull and STT is the same while the ballast is high density liquid, olivine with a density
ρol = 2600 kg.m−3 as taken from Berthelsen et al. [13]

mfl,i =

5∑
i=1

ρi · Vi (4.49)

mballast =ρo

(
π
φ2

4

4

)
·K4Hfl (4.50)

The area formulation for the hull shell is of a hollow cross sectional area

A =
π

4

(
φ2
i − (φi − ti)2

)
The mass is also determined in terms of the Hfl. Based on the understanding that 17 m of the spar
buoy or the hstt should be out of water. The draught of the Floater contributes to the buoyancy
only, Hft,s. Then using equation (4.40), the vertical equilibrium is achieved such that

Hfl,s =
∆Fz

ρig
5∑
i=2

Ai

(4.51)

Adding all terms for weights and water displacement in terms of Hfl will give us the depth of the
scaled Floater needed to balance the weight of complete turbine and the Floater itself. However
it is important to keep a constraint on the Floater so that the optimisation does not push the
Cg to high. Using a balance of forces at the maximum heel angle, the restoring moment can be
calculated and the location of Cg kept below the Cb position.

4.6.5 Mooring

The mooring system is an elastic catenary system. The weight of the wires adds stiffness while
compliance to system dynamics is provided by slack in the mooring lines. From figure 4.22, the
wire is connected with drag anchors at the seabed. The special design consideration for the Deep-
Wind concept due to its rotating structuring proved to be the driving case for the mooring design.
As the system is constrained at the base of the Floater, it is necessary for the mooring system to
have enough stiffness to resist the yaw moment without ensuing accelerations on the generator.
While the stiffness must not be result in resonance due to the periodic load from the turbine.
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Figure 4.22: Vector Schematic of DeepWind Vawt, where Zb= Cb and Zg = Cg [60]

It is assumed that the torque generated at rated wind speed at the rotor plane area is incident
on the mooring system without any damping or reduction. Using the results for the torque, the
weight of the mooring cables was determined by modelling the wires as a linear elastic catenary’s
following the schematic representation in figure 4.22 For the mean torque at rated power of 5
MW, the minimum break load(Nml) of 6500 kN is taken. As there is a high torque incident on
the mooring system, a initial pretension of 1000 kN is assumed from Berthelsen et al. [13] which
is scaled as a ratio of the yaw moment.

Tpre = Qmean/a = Mz

Tpre = Tpre ·
Mz
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Figure 4.23: Aerodynamic torque for 5, 10 and 15 MW Vawt’s

The mean ratio of the mean torques are used to scaled the dimensions of the mooring arms. For
the baseline case, the mass of one arm was approx 17 tonnes. The mass of the arm is scaled with
the ratio of the yaw moment Mz at the moor arm radius a. The radius of the arm is scaled with
the turbine height.
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a = aref ·
H

Href

Mz =
Qmean
Nlines · a

marm = mref ·
(

Mz

Mz,ref

)

Table 4.9: Mooring Sizing results

Property Unit Values

Power Rating [MW] 5 10 15
H/Href [−] 1.0 1.4 1.7
a [m] 9.0 12.6 15.3
Qmean [MNm] 8.83 20.30 34.25
Mz [MNm] 0.327 0.537 0.746
Mz/Mz,ref [−] 1.0 1.64 2.28
Mass [kg] 1.09e+05 1.79e+05 2.48e+05

The results show that a decreasing non linear behaviour for the mass scaling of the mooring
system.
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Chapter 5

Cost Formulations

This chapter discusses the realisation of the cost model while emphasizing on the relevant inputs
and limitations of its application. The prior chapters entail the necessary calculations and mod-
elling required to implement a cost model. Initially the structure of the cost model is introduced
in terms of its components. The assumptions used are presented leading into the capex section
which comprises of the turbine design capex (TCC) and wind farm infrastructure capex (BoP).
The cost modelling formulations used for the main turbine systems is presented along with para-
metric functions for the BoP costs against key wind farm factors. Next, for the opex section, an
introduction on the role of O&M, followed by explanations on the O&M strategy modelled in the
OMCE tool. Finally the power production from the wind farm is corrected for uncertainties and
errors to develop the mean exceedance probability of AEP.

5.1 Model Structure

To assess the potential economic viability of a wind turbine design, a Life Cycle Cost model
design is developed to determine the ‘Levelised Cost of Energy’. The components of the cost
model include estimation of the capex of key systems, opex and project revenue based on the
energy production through the farm lifetime.

� Capital Expenditure (capex)

– Turbine Capital costs
– Balance of Plant costs

� Operational Expenditure (opex)

� Annual Energy Production

The cost categories for offshore wind energy have a more equal distribution, as discussed in
section 2.1 and figure 2.16. However, the complex interactions between the all the environmental
and socio-economic factors with the wind turbine systems and wind farm supply chain makes
it essential to compile a complete package tool where all the inputs are read in and translated
downstream along the different components of the model. The primary interest was to see the
impact of the different systems on the overall cost of energy by dimensioning the system with the
loads to get the mass and translate the mass based on the manufacturing process/configuration
to cost numbers.

65
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Modelling Assumptions

The confidentiality encompassing cost modelling makes it difficult to access reliable information
necessary to validate the model. Cost estimations are complicated due to the number of unquan-
tifiable factors shaping the cost. Hence, data regression of industry data is the common practice
used. Parametric cost functions are calibrated to real data to determine the scaling patterns of
costs and also mass. These are used to derive system production prices (e/kg) and scaling con-
stants for exponential cost relations. A review of existing cost models is presented in Appendix
A.2. Due to the limited publicly available data, this cost model was formulated based upon NREL
reports, (Fingerish et al. [37], Griffin [38]) in combination with reports from the DOWEC project,
(Bussel et al. [18], B.H.Bulder et al. [15]). Due to the lack of industry data to calibrate estimations,
key factors are taken variable in a parameter study to evaluate the impact of any inaccuracies.
The turbine capital costs include the Floater and mooring system which in essence replaces the
bottom founded support structures counted in with the BoP costs. The following assumptions are
considered in establishing the cost estimations for the Fo-Vawt.

� A mature production process level (MPL) of 10 years

� System Production Prices (ksys) used are given in appendix B.2 and in the respective sections
for the system-wise cost formulations

� Fixed Cost Fraction (FCF) are taken in some cost formulations based on the rational pro-
vided in [38]

� The material specific prices are given in table 4.1, adjusted for inflation with average GDP
or producer price inflation index, PPI

5.2 CAPEX - Turbine Capital Costs

The turbine capital costs (TCC) are also known as the design costs. The impact of design varia-
tions are captured in the mass estimation which is fed in as the prime factor for the cost estimation.
The load simulations are explained in chapter 4 and the subsequent geometric estimations in sec-
tion 4.6

5.2.1 Rotor

For a Vawt, due to the absence of complicated hub assembly and associated machinery for
the pitch mechanism, it is unnecessary to model the blades independently. Although a mature
manufacturing process of 10 years is assumed for the blade production, it is necessary to take
into account the complication of manufacturing a curved blade which is over 200 metres long.
For a mature production process, the material and manufacturing are directly proportional to the
mass(Griffin [38]). Thus the cost structure can be decomposed into material, manufacturing costs
while financial costs are kept at a fixed at 28% (Fingerish et al. [37]).

Cblade =

[
n∑
i=1

(fmat,i(mi) · (1 + PPImat,i) + flab(mblade ·GDP )) · (1 + FCF )

]
·MPL (5.1)

fmat,i(mi) = kmat,i · (Vi · ρi) (5.2)

flab(mblade) = kblade ·mblade · LCF (5.3)
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The first element of the equation captures the cost of the material per section (i) of the blade
cross section. Based on the material composition taken, the mass of the section, mi = Vi · ρi,
is multiplied with kmat which is adjusted to present day value with PPI inflation,1. The type of
materials n comprising the blade include Fibre Reinforced polymer (either carbon or glass fibre)
and Resin (65%), LD Foam (25%) and metal fasteners (10 %), [37]. The The second element of
equation (5.1) is an adjustment made to the blade production price to segregate the impact of
manufacturing from the cost of the material. The labour cost fraction can be varied to account
for added complexity in fabrication for blades with a higher radius of curvature or lower height
to diameter ratio. FCF and MPL (table B.2) are percentages dependant number of blades, power
rating and year of production experience to account for effects of economies of scales and maturity
of the technology, Appendix B.2.

5.2.2 Tower

The load simulations and static modelling for the tower explicitly determine the size and mass of
the tower per section. Estimating the tower costs arise from an accurate prediction of the mass.
In essence the tower does not comprise of any moving parts or complicated assemblies and the
developing an engineering cost model simply arises from multiplying the mass of the structure
with a cost per kg. As for the other systems, this cost includes all aspects leading onto towards
the fabrication of the tower apart from just the material cost.

To estimate the cost of the tower different formulations for the system production prices of the
tower were consulted. As the labour costs for the tower construction were not clearly defined, a
direct formulation for cost with mass was used to estimate the cost of the tower. A compilation
of different cost per kg for the tower are given

Table 5.1: System production price for the tower

Source ksys (Cost/kg) Year Adjusted ksys (Cost/kg)

Zaaijer [75] $2.04 2002 e1.96
Fingerish et al. [37] $1.5 2002 e1.43
Bussel et al. [18] e1.8 2000 e2.34

Blonk [16] e3.5 2010 e3.81

Based on these results, a final aggregate value of e3/kg was selected for the tower.

5.2.3 Floater & Mooring

The Floater implemented in the DeepWind design is considered as the standard “spar buoy” con-
figuration. The spay buoy consists of sections comprised of different materials and functions. For
the cost estimations, three different data sources were found and the optimum is selected based
on heuristic knowledge. The details about the system production prices are given in Appendix B.2

From Blonk [16], the cost of a simple floating structure was taken as e1.2/kg while for complex
floaters, the cost is quoted as e11/kg in M.J.Wolf [54]. These seem adapted to tri-floaters and
un-realistic to implement for a floating spar. In the initial cost estimations done by Vita, linear
relations of mass were used to scale the cost of the spar similarly to the cost of the tower.

1Producer Price Index tracked via http://www.bls.gov/data

http://www.bls.gov/data
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Using the adjusted kspar for the spar tabulated in table B.3, [14], the cost of the spar was di-
vided over the substructures. A general cost for marinisation protection coating was taken from
Herman [42] at an adjusted kcoat of e3.63/m2

Cspar =

[
n∑
i=1

kspar,i · (Vi · ρmat,i)

]
·MPL (5.4)

Ccoat =

[
kcoat ·

n∑
i=1

(Ai)

]
·GDP (5.5)

Cmoor = kmoor ·
n∑
j=1

(mj) + Cfixed (5.6)

As there is limited data available on the system production cost for floating structures, the ksys for
the different components of the Floater is based on single estimates encompassing both material
and manufacturing costs. The MPL factor is kept to encompass the impact of technology produc-
tion knowledge and is set at 2% assuming similar production maturity as for semi-submersibles
in the Oil and Gas Sector. For the mooring system, the materials used is taken as general steel
anchored with steel cable wires, [13]. The fixed costs (Cfixed) for the mooring installation were
taken from the Drijfwind project [54] and are included separately as Misc costs in the results
(table 6.4) to segregate the more gross approximations as a percentage of the total capex.

5.2.4 Power-Train

The power train used for the DeepWind concept is generically a customised design presented by
Leban [49] in her Phd thesis. Several cost relations were found for the generator but as direct
drive permanent magnet generators are an emerging technology whose price is dictated by a very
volatile market of rare earth materials, the cost estimations given by Leban can be used for a
engineering model as the system production price for the active mass in the generator. Using
values from table 4.1 and table B.3 for a generic breakdown of the system masses taken to be ≈
60 % iron, 17 % PM material and 23% copper

Cgen =

[
n∑
i=1

(kgen,i · (mi,mat) · (GDP )

]
(5.7)

Figure 5.1: Active Mass scaling trends based on un optimised designs by Leban [49]
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Linear relations for cost and mass of the 6 MW and scaled 20 MW Direct Drive generator de-
sign by Leban were made. The costs and mass were scaled against the rotor power and on the
recommendation of the author, the optimised generator design and subsequent costs were chosen.

05 MW Total Mass: 56.6 tonnes, Cost = e750k

20 MW Total Mass: 190 tonnes, Cost = e2.8 M

However, many additional elements constituting as the inactive mass, cooling systems and hy-
draulics are not accounted for. From the comparative study done by Polinder et al. [61] on
various 3MW wind turbine generators, the overall generator system cost (apart from the con-
verter, controller and power electronics) was on average ≈ 1.5-2.5 time the active mass/generator
cost. Hence, based on this gross assumption, the cost of the remaining structural and support
elements were incorporated as miscellaneous costs.

Cmisc,gen = Cgen · 2 (5.8)

5.2.5 Electronic Systems

The direct drive generator unit is coupled with power electronic systems such as a converter
capable of carrying the full power output. The mass of the system is not estimated but the costs
of the power electronics and other systems apart from the transformer are taken via a direct
relation with the power rating by Fingerish et al. adjusted from 2006 value to present day.

Cpow,elec = (79 · PWT ) · (1 + PPIpow,elect) (5.9)

Where the average PPIpow,elect = 3.07% per year

5.2.6 Additional Hardware

For the selected turbine, the major components contributing into the design have been modelled.
The costs of some other remaining subsystems which are an essential component of Vawt’s have
not been determined and difficult to estimate for other than regression analysis from existing
designs.

Mechanical Brake A very important aspect of vertical axis machines is a robust mechanical
brake which can be deployed to save the generator in high wind speed occurrences. According to
a rough estimates, the mechanical brake on a Vawt is thrice as big as one in a Hawt , especially
because it is situated on the LSS. Hence base on the cost estimations done in Fingerish et al. [37]
in 2006

Cbrake = 5.968 · (PWT ) · (1 + PPIbrake) (5.10)

where the average PPIbrake = 1.71% per year
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Main bearing The main bearing is critical component of the DeepWind design and should be
estimated through load estimations. However due to the dynamic instabilities in the HAWC2
model, the bearing is also assumed to be thrice as heavy for a Fo-Vawt turbine.

mbearing = 0.03 · (0.0133 ·R− 0.033) ·R2.5 (5.11)

As the power rating of a Vawt does not necessarily scale with its radius like in the case for
a Hawt. It is better to estimate the mass of the bearing based on a loads formulation, [38],
involving its diameter and the maximum moment incident on it. The φbearing is known from
where it is housed below the ballast region of the Floater.

mbearing = 0.0152 ·
(
Mz,max

φbearing

)
· (φ/2)1.489 (5.12)

Cbearing = kbearing · (mbearing) · (1 + PPIbearing) (5.13)

where the average PPIbearing= 5.1% per year, and in 2001 kbearing =$17.6/kg. Thus the inflation
adjusted SPP of a bearingkbearing = e21.66/kg
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5.3 CAPEX - Balance of Plant Costs

The Balance of Plant costs comprise of all capex related to the Wind farm project and execu-
tion with respect to offshore support structures, infrastructure and development other than the
rotor-tower assembly costs. This also includes offshore transportation and installation, electrical
infrastructure, substation, grid connection, project engineering and decommissioning. However,
for this cost model, the cost of support structure such as the Floater and mooring system are not
included with BoP.

The offshore wind farm design emulator( owfde) tool from Zaaijer [75] (TU Delft) was used to
simulate theoretical wind farm scenarios for 5 MW, 10 MW and 15 MW Vawt’s. The selected
square wind farm configuration shown in figure 5.2 is kept geometrically similar by maintaining
the aspect ratio, as the wind farm capacity scales with the product of turbine number in the rows
and columns, a compilation is given in table 5.2. Two different turbine spacing are considered, 5
and 7 times the turbine diameter. It is important to note with the owfde simulations, no layout
optimisation was implemented to minimize LCoE. The reason being that the owfde tool works
to optimise both the array and electrical efficiency for the BoP capex. It can not be assumed that
the wake effects in a Vawt wind farm will be similar to a Hawt wind farm. Hence the calculation
method used in owfde to determine array efficiency of a wind farm was not applicable. The tool
is used to generate initial guesses for establishing scaling patterns while maintaining as much
similarity as possible to the operations and maintenance cost modelling assumptions.

Figure 5.2: 5 x 5 Wind Farm Electrical Infrastructure

As for most cases before, the lack of data on implemented floating wind farms means that in some
cases existing assumptions/formulations for bottom fixed Hawt’s are used. These along with the
initialisation of the different components of the tool are explained in the succeeding sections.

5.3.1 Electrical Infrastructure

Infield Cable infrastructure capex is taken as a function of conducting and insulating material
masses. This is dependant on the dimensions of the cables and the wind turbine spacing. A base
representation of the electrical infrastructure shown in figure 5.2. In a normal simulation of the
owfde tool, an optimisation of the infield gird cable dimensions with respect to the layout of the
wind farm and the rated power capacity between two nodes is implemented. As for this case, only
the initial guess results are used to estimate all subsequent BoP costs, thus the results from the
simulation are rather conservative. As the array layout is not optimised, a fixed turbine spacing
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was selected at either 5 or 7 times the turbine diameter (φ). With the length of the cable and
power rating of the cable fixed based upon the size and rated power of the turbine, this only
leaves the internal dimensions of the infield cable to be dependant upon the rated power capacity.
The rated power capacity of a cable prescribes how much current the cable can carry without
overheating. For the initial guess, a conservative infield voltage definition of 45 kV is used to
determine the rated current, Irated.

Upon accumulating the results for the simulations (table 5.2) under the stated assumptions, a
unified scaling expression was determined for the cost of infield cable infrastructure as a function
of wind farm power rating [kW]. The results can be found in appendix C

Ccab,5φ =
[
94.82 · (PWF,max)2.09 − 2.3e + 5

]
·GDP (5.14)

Ccab,7φ =
[
101.5 · (PWF,max)2.13

]
·GDP (5.15)

The average annual GDP inflation is taken from table 4.1 as the owfde result outputs are in
2012 Euro. The lack of case specific optimisation does add a higher than expected scaling value
to equation (5.14) for the overall cable costs. Having two or more voltage rating infield cable’s is
the common practice, [53].

Export cable length is distance from the wind farm substation to the offshore TSO grid HV
station/platform or the point of common coupling(PCC). For this case, the cable length is fixed
at 25 km with a voltage rating of 220 kV. The current at rated power, Irated determines the size
of the conducting core and insulation based upon heat dissipation, power losses and surrounding
environment constraints. However for the initial guess, the cross sectional area of the cable
conducting material is defined based upon a regression fit of different ABB cable ratings and
corresponding sizes done by Zaaijer [75]. The corresponding materials in the cable are determined
as a function of conductor cross sectional area and the infield voltage. By reducing the number
of variables and keeping the case definition streamlined by con straining turbine spacing and the
distance to the offshore TSO platform, the export cable costs becomes a function of the turbine
rated power and number of turbines in the wind farm.
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Figure 5.3: Cost of Export cable against installed wind farm capacity

Electrical Efficiency

The electrical efficiency of the infrastructure can be subdivided based on two types of losses.
Electrical losses due to the internal grid and transmission losses from the wind farm till the PCC.
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The electrical losses in the cable dependant. The initial guess for the electrical efficiency for each
of the wind farms varies per WF size. However an average value was derived by considering all
variations at ηelec = 0.982. The complete tabulation of the results is given in Appendix C.

5.3.2 Offshore Structures

Site Assessment Equipment such as a meteorological measurement tower is taken at a fixed
price2. Although it is deemed unnecessary at the location as the existence of an offshore grid
platform means that there are existing wind farm installations nearby with sufficient wind resource
data.

Operations Control as presumed for a far offshore wind farm during the model initialisation
in section 4.2, is from a “mother-ship”. It will serve as the point of base operations for the O &
M crews and day to day procedures. Any onshore premises are assumed to be located at the TSO
platform if necessary, otherwise the mother-ship serves as the base of operations. This effectively
removes BoP capex linked to operation control room and site assessment.

Floating Substation Similar to the wind turbine, the wind farm’s substation also needs to be
afloat in the deep water. Floating semi submersible platforms are an existing concept especially in
the Offshore Oil & Gas industry. Typical substations are have a topside payload from 500 - 2000
tonnes [53], however floating semi-submersibles are costly as compared to the average bottom
founder structures. This is mainly due to the large displacement needed to provide sufficient
vertical stability and due to the installation large complex mooring systems, Butterfield et al.
[19], Cermelli et al. [21]. As a conservative assumption, the costs for the offshore substation from
the OWFDE simulations was multiplied by a factor of 1.3 to account for the higher costs of a
semi-submersible platforms.

Table 5.2: Different WF sizes based on number of turbine and turbine capacity

Array Size
Power rating (MW)

5 10 15

2 x 2 20 40 60
3 x 3 45 90 135
4 x 4 80 160 240
5 x 5 125 250 375
6 x 6 180 360 540
7 x 7 245 490 735
8 x 8 320 640 960

5.3.3 Transport and Installation

For the BoP model, onshore transport is neglected. It is assumed that the port staging site serves
as the location for fabrication, assembly and offshore transport of the turbines’ subsystems. This
serves to eliminate the prediction of onshore transport costs and any affiliated constraints. In
summary the major subsystems connected to offshore installation costs include

(a) Electrical Infrastructure :- apart from the substation

2Zaaijer [75] takes Cmeteo = 2.12 Me, & Conshore = 1.59 Me
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(b) Foundation installation :- mainly involves anchoring the mooring system for fowt’s

(c) Meteorological equipment - neglected

(d) offshore works: transportation and installation of Turbine

(e) Harbour use :- Assume port staging site is at the coast.

The electrical infrastructure installation is dependant on the layout of the WF. As no optimisa-
tion is implemented and the WF shape is constraint by an equal aspect ratio while the size is
limited with the prescribed 5φ or 7φ. The electrical infrastructure installation can be kept linearly
proportional to the length of the cable, Zaaijer [75]. The formulation implemented in owfde tool
for the cable costs are

Ccab,ins = (acab,inf · Linf ) + (acab,exp · Lexp) + Cfixed (5.16)

Where:
acab,inf = Infield Cable cost per length 138.3[e/m]
acab,exp = Export Cable cost per length 145.4 [e/m]
Cfixed = fixed cable costs 1.232 M[e]

Li = Cable length of ‘i’ component [m]

The length of the transmission cable is fixed. For each turbine rating, the length of the internal
cable scales with varying linear gradient for different wind turbine power ratings PT , table 5.3.

Linf = M(PWF,max) +K (5.17)

Turbine spacing = 5φ

PT [MW] M K

5 153.5 -1162
10 105.3 -1683
15 84.3 -2069

Turbine spacing = 7φ

PT [MW] M K

5 214.2 -1716
10 147.1 -2441
15 117.8 -2980

Table 5.3: Linear scaling constants for infield cable length with WF power with turbine spacing

To install floating turbines far offshore, tugging a upright Floater is not conceived to be a pratical
solution in terms of time consumption. A proposed method would be use large vessels which can
carry the complete spar buoy on its deck or tug a platform carrying them. A tanker would be
needed with the ballast fluid to weigh down the spar buoy once it is offloaded. A possible problem
would be coordinating the extraction of ballast liquid once the rotor-tower is place on top while
engaging the anchoring vessels to harness the mooring system and the electrical umbilical cord.

In general it is perceived that the installation of floating strucures can be faster with less resource
intensive machinery needed per turbine, [19] as compared to normal bottom founded monopile
foundation installation. The lack scour protection and “hammer driving” cranes gives a presumed
financial advantage to fowt’s . The exact process and its cost is difficult to quantify. Hence as
an added compensation, the cost of installation is kept similar to how the owfde tool estimates
turbine installation.
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5.3.4 Project Development

The estimations for offshore project management and engineering costs are kept similar to existing
cost measurements based on existing WF’s. These estimations are taken from Fingerish et al. [37]
and Zaaijer [75]. Offshore project engineering costs comprise of permits, engineering plans and
site assessment. While project management costs sum towards the organisation of labour and
contractors for the project execution.

Cmgmt = 0.03 · (TCC + (BOP − Cdecom)) (5.18)

Cengg = [37 · (PWF,max)] (5.19)

Cengg has to be adjusted for currency exchange rate from USD to Euro and is a function to wind
farm capacity while Cmgmt is assumed to a fraction of total capex.

5.3.5 Decommissioning

Decommissioning of offshore installations is a low-tech routine as suggested by M.J. Kaiser [53],
however the higher number of structures encompasses a high level of activity and large overall cost.
There can be different methodologies used for the removal and transport of the wind turbines back
to shore. As the installation for a floating turbine does not encompass resource intensive processes
such as pile driving, similarly the removal should also not encompass any major operation other
than a high vessel activity. From the models proposed by M.J. Kaiser [53]

Self-Transport : Removal and transport vessel is the same

Barge Model : Removal and transport vessels are seperate

Felling : Turbine is cut off from foundation and transported back

According to Zaaijer [75], the cost of decommissioning a wind farm is estimated to be around
80-90 % of the cost incurred during installation. Thus, a reasonable estimation of the installation
costs for a floating WT will coincide with a linearly proportional decommissioning approximation.
Considering a Barge model removal method, a possible removal process for the mooring system
would be based on the depth of the ocean floor from where the wires are cut. The other heavy
sub-sea modules (power train, transformer) can be removed and lifted via a heavy lift vessel. The
Floater can be lifted by extracting the ballast fluid and let the hydrostatic force lift it out of the
water, mount it on floating platform and tow it back to port.

As the installation costs for the turbines are retained from the owfde tool, decommissioning costs
are taken to be 80 % of the installation costs for the turbines. The electrical removal costs are
linearly dependent on the length of the cables in owfde, while site clearance is dependent on the
number of turbines. The execution of the decommissioning project is presumed to cost 3 % of the
total decommissioning costs.

Cdecom,elect =53 · Linf,cab + 49 · Lexp,cab (5.20)

Cdecom,site =12500 ·Nwt (5.21)

Cdecom,mgmt =0.03
∑

Cdecom (5.22)

Where the infield cable length is given by equation (5.17)
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5.4 OPEX - Operations & Maintenance Costs

This section entails an Operation and Maintenance cost evaluation for a far offshore wind farm
with specific adaptations to Fo-Vawt. To model the operational and maintenance effort, ECN’s
O&M Cost Estimator (omce) tool was used to study the impact on opex from the variation of
key assumptions. The modelling methodology is explained along with key presumptions made
while defining the different types of maintenance, the repair strategies, fixed and running costs,
infrastructure required and approximations for the wind turbine systems reliability. A parametric
study of key assumptions is given in the results section 6.3

5.4.1 Introduction

Accessibility and reliability are two key words when discussing offshore wind farms from an op-
erators point of view. It is common understanding that far offshore wind farms give access to
better wind resource and more freedom in layout optimisation to maximise AEP. However, being
unable to maintain a smoothly operating wind farm, can significantly impact the profitability and
LCoE for offshore wind farm. The infrastructure requirements, specialised equipment and weather
related constraints scale the opex at approximately 20 - 30% of the LCoE [24, 70]. These key
words factor in to determine the availability of the turbines in the wind farm. As a strong in-
dication of the importance for a comprehensive O&M model, a qualitative assessment presented
in the Opti-OWECS report in figure 5.4 presents an example of how weather and a high systems
failure rate can cut availability down to approximately half.

Figure 5.4: Qualitative impact of accessibility on system availability, [45]

O&M costs affect the LCoE both through the direct expenditure from accessing and repairing
the wind turbine as well as energy costs incurred from the downtime of the turbine. This can be
explained if a situation is considered where poor weather conditions coupled with daily working
hours and consistent failures can lead to a simple manual restart operations from the turbine to be
delayed for days. Thus, in retrospect of operational data, an approximate yearly opex constituting
to be 1% of the total capex , can translate into an energy cost of 11 % over the course of a wind
farm’s life cycle, [24].

5.4.2 OMCE Concept

The omce package provided by ECN summarises a six year long development programme driven
to optimise offshore opex through monitoring the actual O&M effort and controlling future opex.
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It involves the processing of operational data for prediction of future costs and improved strategies.
To handle these aspects, the package can be divided into two parts,

� ‘omce Building Blocks’ processing specific raw data sets to obtain useful trends for either
cost prediction or monitoring

� ‘omce-Calculator’ which implements information from the building blocks towards the as-
sessment of the expected O&M effort and associated costs for the coming periods

Figure 5.5: omce package depicting complete chain from data processing, event definition, database
update and cost prediction, [28]

The work flow in figure 5.5 defines an iterative process where data from existing wind farms is fed
into the tool to better predict the maintenance requirements and costs of the future. The omce-
Calculator is based on a Monte-Carlo approach, where system failures are simulated in a time
domain analysis using the Poisson process, accounting for the random statistical behaviour of the
weather and systems failure probability to produce short term cost predictions3. The structure
of the tool is focused around a sound understanding of the behaviour of the wind turbine and its
systems. This allows for it to be used as an operational tool to predict future events or as a design
tool for hypothetical cases. A detailed input about the wind farm setup and its systems is required
to simulate the opex effectively. The O&M strategy for this report is ‘built-upon’ by adapting the
existing default wind farm model for conventional Hawts to the DeepWind concept representing
a Fo-Vawt wind farm. When establishing the maintenance model each of the following factors
had to be considered due to their impact on O&M costs.

1. Geographic Location

2. System reliability and failure rates

3. Availability and constraints of vessels required

4. Supply Chain maturity

For (1), geographic location is synonymous for the site conditions, distance from the shore and
distance to Grid/PCC. These shape the infrastructure necessary to access the wind farm for main-
tenance which impacts the accessibility for the support infrastructure and subsequent availability

3The functional details of the omce tool are confidential



78 Cost Formulations

of the turbines. The site data also feeds in to calculate the AEP of the WF and corresponding
revenue/energy losses for the time period when the turbine(s) is unavailable. As the omce tool
involves a time domain based analysis, it is difficult to create a model setup where distance can be
related directly to time. This is an assumption in the model where the access time is independent
of site conditions, it is fixed based on the average speed of the vessel and the opening of a minimum
repair window. For (2), this is a prevailing limitation in Vawt analysis. Design’s have not been
implemented to such a mature production level that any reliable information on failure rates can
be attained. Due to this limitation, knowledge based engineering and consultations were used to
develop a feasible reliability of the wind turbine and Balance of Plant system’s, especially with a
focus towards Floating concepts. Aspect (3) and (4) are assumed constant to a favourable site of
conventional wind turbines with good resources and reliable contractors.

5.4.3 Operations and Maintenance Modelling

Wind farm O&M strategy is designed to tackle the two main constitutes of the wind farm, the
wind turbine systems with its sub-assemblies and the Balance of Plant, consisting of all remaining
systems in the wind farm. Even though the O&M strategy for both systems is executed similarly,
the repair processes are different. The impacts on cost of energy of the downtime for a wind turbine
system failure is less and more localised, but a BoP related can affect a whole row or portion of the
wind farm, significantly reducing the availability of the wind farm and increasing the cost of energy.

The operational strategies are generalised based on the stimuli for the maintenance. This can
be either reactive: corrective maintenance or pre-emptive: preventive maintenance. Corrective
maintenance is necessary to repair or replace a component or system which has failed or is not
fulfilling its function properly. While preventive maintenance is performed in order to mitigate
the possibility of a component or system failing in the future. In a wind farm, the system is
operated under a combination of preventive and corrective maintenance procedures. Depending
on the detail of the model, each subsystem of the wind farm can be modelled to be maintained
both as prescribed by the manufacturer and as observed from monitoring. With respect to this,
the maintenance strategies can be divided into three distinct categories.

� Calendar based maintenance, based on a fixed yearly period where minor and semi major
work is done on the wind turbine or wind farm.

� Condition based maintenance, based on the observed condition of the system derived from
monitoring or the expected time to failure known from design

� Unplanned Corrective maintenance Necessary after an unexpected failure occurs. Each com-
ponent has a prescribed type of failure mode and an annual failure rate. Refer to appendix
D.2 for more information

For Calendar based maintenance, a yearly preventive procedure is defined or a more intensive
5/10 year major overhaul. It follows all the steps highlighted above but is focused towards pre-
ventive maintenance and keeping the turbine running smooth. However, for Unplanned Corrective
Maintenance, each system in the wind turbine, its components can suffer a random failure. The
annual failure rate of the system, denoted by Λsys (equation (5.24)) has to be specified. Based on
data processed through the omce Building Blocks, a detailed understanding exists on the types of
failures that each system can incur and the distribution of the types of failures as a percentage of
the total failure rate of the system. For each system, a Fault type Class (FTC) is specified for each
sub-assemblies. Within an FTC, the kind of maintenance or repair that has to be carried depends
on the subsystem which failed, the probability of the failure and the repair process needed to fix
it, all of which are defined. The following list represents a breakdown for a FTC:
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� Maintenance type:

1. Preventive Maintenance

– Calender based
– Condition based

2. Corrective Maintenance

� The Repair Class, (refer to Section 5.4.6)

– Phases of the Repair strategy: inspection, repair, replacement

– The Equipment needed, labour deployment and logistic constraints of each phase

� The Spare Control Strategy (refer to Section 5.4.6) adopted depends on the system and type
of Repair Class

Figure 5.6: Schematic overview of the maintenance effort over the first operational years of a wind
farm and the expected maintenance effort in the near future period, [29]

As the implementation of the omce Calculator is for a design case in this Master Thesis project,
it is safe to assume no differentiation between calendar based and condition based maintenance,
especially as no operational data is being used to monitor and predict the future O&M effort.
An example of a typical maintenance simulation for the initial three years of an operational wind
farm is given in figure 5.6. The number of FTC’s per system are variable. The annual failure rates
of components Λcomp the systems were derived from analysing wind turbine reliability studies
such as ReliaWind Project, [47, 73] and the heuristic knowledge gained through discussing with
de Pieterman et al. [28]. A reliability study can be found in Appendix D.2. Systems which were
not existent in a Vawt were excluded and the total failure rate of the wind turbine comprise
of the remainder. The total number of failure that the entire wind turbine ΛWT , including the
balance of plant, suffers for a year are between 4 and 6 [28]. These do not account for remote
resets due to operational conditions which are also modelled to capture the downtime. The failure
rate (Λcomp,x) of a component x is calculated as the sum of the number of failure types (nk )over
the lifetime of the wind farm (T ) minus the downtime durations per failure, Dk . These add up
to the combined system failure rate Λsys which add into the entire wind turbine failure rate ΛWT .
This determines is the reliability of the wind turbine.

Λcomp =

∑K
k nk

T −
∑K
k Dk

(5.23)

Λsys =

X∑
x

Λcomp,x (5.24)

ΛWT =
∑

(Λsys,i, ...Λsys,N ) (5.25)



80 Cost Formulations

5.4.4 FOWT O&M Initialisation

The strategy defined for the maintenance and operational control of Fo-Vawt’s is denoted by
fowt in the respective opex sections. The precision of the omce tool can be varied for differ-
ent time resolutions, allowing for the interaction of the site conditions and the time/cost of the
maintenance teams/vessels to be resolved till an accuracy of 1 min. However, such high precision
modelling is only useful if the site data used is also sampled at similar time intervals. It was
observed that the difference in the results for single digit resolutions was less than 5 % but it
led to much larger surge in computational effort as shown in figure 5.7b. Thus for this project a
resolution of 20 min was chosen to be an optimum trade-off between

(a) Age wise system failure intensity [73]
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(b) Computational expense vs accuracy

Figure 5.7: (a)Bathtub curve modelling the failure intensity for a repairable system against its age; (b)
Impact of increased resolution in omce on computational effort and accuracy [45]

The omce tool is setup to function with average failure rates and mean conditions. The reliability
of a systems do not account for the non linear behaviour in the early ‘burn-in’ and later ‘wear-
out’ stages of a mechanical system as depicted in figure 5.7a’s ‘Bathtub’ curve . Thus the O&M
simulations were modelled for failures from the 3rd year of the wind farm operation uptil the 8th
year. This 5 year simulation period is repetitively superimposed for the complete 20 yr life cycle
of the Fo-Vawt wind farm to determine the total opex.

Power Capacity The scaling of the Fo-Vawt’s was taken at discrete steps of 5 MW, 10 and
15 MW. To study the impact of increasing wind farm rated power on opex , the layout criteria
used in the BoP capex in section 5.3 was followed for the O&M setup as well. In table 5.2 no
common power capacity exists where an equidistant square WF layout for all rated power can be
formed. A relaxation is made and the closet wind farm capacities selected are 245 and 490 MW
for 5,10 and 15 MW Vawt’s

Logistics The “Minimum Repair Window” is the least time period required to perform the
simplest maintenance task or even a phase of the total maintenance job. Resources affecting this
window are wind speed and wave height being within the operational regime of the vessel/equip-
ment and vessel availability. Travel time to and from the turbine is included in this period. The
“work clock” for the technicians is a 12 hr day.

Geographic Inputs The explanation of the site location was introduced in section 4.2.1. The
K13 site in the North Sea is 120 km from the nearest port. In this model, the site of operation for
the maintenance teams is presumed to be from a “Mother Vessel” anchored 15 km from the wind
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farm. However, the wind farm site is still 120 km offshore to nearest port and staging harbour
from where large spare parts/specialised vessels can be deployed. The distance from shore in
essence is translated as the time taken for large equipment and spare parts to be transported to
the site.

Costs

To determine opex , it is essential to first have reliable information on the prices of the spare
parts, the charge for the equipment and vessels as well as good estimations for the labour. All
these aspects are addressed based on information from ECN from the omce default model or
through discussion. The scaling relations used are highlighted in the following text

Spare parts From section 5.2 the TCC came out to be e5.203 Million for GFRP blades without
considering marinisation costs, in-active structural generator mass and Floater related costs, apart
from the mooring system. The reason being as only the rotor-nacelle assembly, tower and mooring
undergo maintenance requiring need spare parts. The spare parts were broken into categories
defined from de Pieterman et al. [28] based on the mass and turbine cost structure. The turbine
cost structure for the 5MW Vawt were based on capex model in section 5.2 and correlated to
the decomposition of the turbine capital cost given in tableB.1. Insight about the spare parts
control strategy and cost structure is given in section 5.4.6 with the category definition for the
base 5MW in table 5.6.

Cspare
Cspare,ref

=

(
H1

Href

)1.57

(5.26)

Where Cspare is the cost of the specific spare parts of the scaled turbine. For the cost scaling
relations from Ashuri [8] are used. A size dependency of 1.57 is considered to the characteristic
dimension, ’D’ for the increase of capex for the turbine spares. D is taken as the rotor height,
H.

Fixed Costs The fixed costs in the O&M module comprise of mainly the labour costs to operate
and maintain the wind farm. The labour costs are based on the number of turbines in the wind
farm. The number of technicians per turbine is based on practical engineering knowledge. In the
default O&M model 36 technicians manage 130 machines, meaning approximately 3 turbines per
technician [28]. However working bi-weekly shifts, twice the number of technicians are needed.The
cost scaling is a function of the number of technicians required per turbine and the number of
turbines based on PWF,rated while adhering to the lower limit constraint. The ratio of technicians
needed per turbine is also scaled with turbine height.

techWT

techWT,ref
=

(
H

Href

)
(5.27)

Where the ratio of (combined) technicians needed per turbine from the reference case is techWT,ref=
0.55, while is Ctech are the cost per technician per year. The total number of turbines is
∝ PWF,rated/PWT,rated, however techWT,min ≥ 24 so that at least two workboats can be manned
at any given time.

Cfixed,1 = NWT · (techWT,1 · Ctech) (5.28)
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Equipment Costs Similarly, to account for larger equipment required for larger scaled wind
turbines and parts, the resources required were also scaled in terms of costs. However, the increase
in equipment rental/daily rates was also based on a linear size dependency with the turbine
height. The base equipment/vessel costs were from obtained from ECN and upscaling relations
were applied to the Operations Control and Installation vessels only.

Cequip
Cequip,ref

=

(
H

Href

)
(5.29)

A summary of the above factors and the general wind farm specifications taken in section 4.2 are
given in table 5.4. The factors are given as a range or discrete steps, indicate the variables for the
parametric study, which is discussed in section 6.3.

Table 5.4: General Specifications for the omce tool for a Fo-Vawt

Specification Unit Value

Wind Farm Capacity [MW] 245,490
Wind Turbine Rating [MW] 5, 10, 15
Wind Profile [-] Power, 0.1
Electricity Tariff [e/kWh] 0.13
Labour Costs [Me] 4.2 - 8.6
Minimum Repair Window [hr] 2
Work Clock [hrs] 0700 - 1900
Maintenance Periods [−] 01-04 till 01-09

The wind farm efficiency is the combination of the wake losses, technical losses and electrical losses
incurred by a wind farm other than the downtime due turbine non availability.

Assumptions

To reduce error of assumption, the model is adapted from existing ”Default” model taken from
ECN. The distance from shore denotes that all turbines are around 120 km from the closest port.

1. Vawt production and supply chain is at the same MPL as modern day Hawt’s

2. The operational strategies and expertise are cross applicable from Hawt to Vawt’s

3. The TSO “can” be responsible for maintaining the wind farm substation in terms of costs
as well.

4. The pitch and roll motion of the Fo-Vawt is minimal when off-line and allows for easy
access by boat

5. The underwater Power-train and mooring system are modular systems which can be removed
and replaced independently of each other

6. Most minor and medium underwater repairs can be performed via an underwater ROV

7. The top and bottom of the Fo-Vawt is accessible by elevators and parts (< 2 Metric Ton)
can be transported in these elevators which are loaded by a service crane in the surface
transition tube platform.
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5.4.5 Equipment

The vessel and equipment used to perform the maintenance are based on standard practice and
compiled in table 5.5. The basis for this assumption was made after consultation with the engi-
neers with the HyWind project, the current testing prototype for Fo-Hawt’s. It was attained
from Eugster [34] from StatOil4 that the maintenance protocol for floating structures is not too
different from bottom fixed offshore structures in terms of regular small maintenance Eugster [34].
However, there is a need for specialised vessels to operate around a deep sea wind farm. The
problems arise for “condition based” quarter life overhaul maintenance and for larger scale “un-
planned corrective maintenance”. However in this study, no hindrance to the execution of larger
maintenance procedure is assumed. The vessel resources utilised are based on standard O&M
fleets used offshore given in, [28, 53].

� Work Boat: Lease costs based from standard rates used by de Pieterman et al. for WindCat
workboats5. The cost is increased by 50% to account for specialised ROV equipment and
diving support. The range of crewmen is set from 6 -12, which also forms the lower limit
constraint for a minimum of 24 technician employed in bi-weekly shifts so that two boats (6
each) are always ready for deployment.

� Operation Controls - Mothership: Functions as the base of operations, accommodation
for max 36 technicians and a spare parts buffer storage. Lease costs for ‘SeaEnergy’ vessels6

with an ‘Ampelmann’ system taken from [28] . A 35% increase in annual costs is added for a
submarine unit or large load bearing ROV adaptation needed for external parts replacements.

Table 5.5: Specification of support vessels required for 5MW Fo-Vawt farm

Vessel Response time Availability Weather Limits Costs [e]

WorkBoat Unchanged 2 boats Unchanged 500000/boat
fuel = 200/hr

Helicopter Unchanged

Jack Up Removed

Diving Support Removed

Cable Laying Unchanged

Operation Controls unchanged 1 boat Unchanged 14000000/yr

Dynamic Position Similar to Jack Up Vessel 187500/day
Vessel 525000=mobilise

In table 5.5, the operational limitations of the equipment are assumed similar for all adapted
vessels. The major adaptation, and subsequently cost, are for the Workboat, the ‘Operations
Control Mother-ship and the Dynamic Position Vessel. As the water depth > 100 m, a Jack-up
vessel for major repairs is not applicable, thus a “ Dynamic Positioning Vessel” is needed which
is assumed to be 30% more expensive than a Jack-up.

5.4.6 Fault Type Class

This section basically addresses establishing the supply chain for the maintenance. Fault type
classes are defined for the corrective procedure for failed components or preventive measures for

4StatOil is the operating partner in the HyWind demonstration project
5http://www.windcatworkboats.com/
6http://www.seaenergy-plc.com/

http://www.windcatworkboats.com/
http://www.seaenergy-plc.com/
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a planned procedure as shown in figure 5.8. Depending on the system, many types of failures
can occur which are a percentage fcomp of the total failure rate, Λsys or the number of repairs
to be executed in the maintenance period .For both types of maintenance, the FTC is based on
the component that failed or needs to be replaced before failure. Each FTC points to a level of
failure/damage which correlates to a size of the component with a respective repair process along
with a spare control strategy. Both the repair process and spare strategy is based on the size, cost
and availability of the corresponding parts, supplementary resources and consumables needed to
perform the maintenance.

-1

(comp)

(comp)

Figure 5.8: Fault type class definition based on type of maintenance

FTC: Repair Class

Different failure/maintenance categories are modelled as Repair Classes. These denote for a spe-
cific type of failure or maintenance work, a sequence of phases with the corresponding amount
of work, required equipment and time needed to organise for each phase. For the larger parts,
the strategies are kept similar to the ones used in the default model by de Pieterman et al. [28]
but for the distinct Fo-Vawt systems, new repair classes were created. The changes and their
corresponding effects on the default repair classes are given in Appendix D.

FTC: Spare Control Strategies

Spare Control Strategies are the categorisation of the parts required with respect to a FTC. They
are grouped based upon the turbine capital cost and according to the mass distribution for a
typical wind turbine system. For each spare part class, there can be a corresponding cost, size
and stock delay for the part required. It is assumed that the supply chain is mature enough to
provide parts within the same time interval as for a Hawt farm located at the same location.

5.4.7 Failure Rates

Failure rate or the mean time between failures is the average number of times a component fails
in a year. However, the mean time between failure(MTBF) assumes that there is no downtime in
between. Adding a downtime which is the time taken to repair (TTR), the mean time between
failure (MTBF) becomes dependant on TTR. As this can not be known before the simulation, a
new parameter is defined, mean time to failure (MTTF). Initially the MTTF is assumed equal to
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REPAIR CLASS

Degree of Failure

FAULT TYPE 
CLASS

Component Size

Component Cost

Repair Process

Time to Organise

Duration

Equipment

Crew Size

Phase 1

Phase 2

SPARE CONTROL 
STRATEGY

Type of 
Component

In Stock

Stock Control

Time to 
Deliver

Figure 5.9: Processes structure for a corrective maintenance Fault type class

Table 5.6: Spare parts categorisation for 5 MW Fo-Vawt used in omce

Classification Logistic Time [days] Cost [e] Category

Consumables 0 < 500 1
WT small parts 0 5000 - 50000 8
WT large parts 7-14 100000 - 500000 3
BoP electrical - power 30 250000 1
BoP electrical - cable 10 350000 1

the failure rate per year(Λ) and input in to the omce tool which estimates the TTR and corrects
the MTBF.

MTBF =TTR+MTTF (5.30)

∴MTBF = f (TTR) (5.31)

Assume, TTR→ 0 (5.32)

MTBF ≈MTTF (5.33)

According to the VTT study cited in [28, 67], the average downtime for an onshore turbine is
estimated to be 170 hrs/year. As the downtime is dependant on all the factors affecting O&M, it
is difficult to estimate for a non-implemented technology based on regression of statistics. A com-
parison of different reliability studies was conducted by Sheng. The failure rates and associated
failure frequency distributions from this survey are provided in the Appendix D.2.

Based on values used in the omce default model and the trends understood from the survey
(Appendix D.2), heuristic engineering knowledge was used to define the failure percentage of the
different subsystems for a Fo-Vawt. The overall failure rate is varied through the simulations
such that the failure frequency vs distribution for the subsystems remains the same. The FTC are
kept similar to the default model for common systems. From the wind turbine reliability report,
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[73], it was noticed that there is a trend for downtime and number of failure to increase with larger
power rating turbines. Key failure and components contributing to the downtime include:

� Pitch and yaw system

� Drive train assembly

� Converter and power electronics

� Generator control

Wind Turbine Systems

The main aspect to address for establishing the omce model was presuming with reasonable un-
derstanding the differences between a Hawt and Vawt . The challenge posed were there can be
no verification of the presumptions as there is no operating commercial Vawt wind farm presently.
Thus utilising information from the ReliaWind reports by Lange et al. [47] and in house informa-
tion from ECN, the data from the default model is adapted [28] to develop failure percentages
for a Vawt. From Appendix D.2, a generic understanding of the failure distribution across the
subsystems is given. The failure rates of the WT subsystems are adapted to the Fo-Vawt design
based upon the existence of the system and the operational environment it has to function in. The
overall chosen failure rate was adapted to a failure distribution adapted to Vawt’s after removal
of certain elements such as Drive-train, Rotor Hydraulics and actuator motors. The wind turbine
system breakdown is based on the guideline from BV [20] on Reference Designation System for
Power Plants.

Considering an overall failure rate of the wind turbine system ΛWT = x[yr−1], the following
list provides the distribution of the subsystem wise failures a percentage to the combined ΛWT .
It should be noted that this annual fail rate does not incorporate BoP or remote resets due to
operational emergencies/requirements. In this model the base case for ΛWT= 3.302 [yr−1]. This
value was derived by removing systems from the framework which are unique to Hawt’s such
as drive-train, motors, hub assembly and yaw system. However, the MTTF for the common
subsystems was kept constant. Based on this, as the overall fail rate scaled for a Vawt, the
time taken for the subsystem to fail remained the same. This rearranged the subsystem’s failure
contribution to the overall wind turbine fail rate.

Λsubsys,HAWT

ΛWT,HAWT
6= Λsubsys,V AWT

ΛWT,V AWT
(5.34)

1. Rotor

Overall Failure percentage = 4.1 %

No pitch mechanism which accounts for 90 % of rotor failures [67]

MTTF = 65000 [hr]

Blade Adjustment subsystem for the Rotor is removed as there are no pitch motors.

2. Drive-Train

Overall Failure percentage = 1.1 %

The DeepWind rotor incorporates a Direct Drive Generator

Still modelled with negligible fail rate as part of brake system. As turbine is primarily
torque controlled, brakes are an essential and regularly used component of the turbine

3. Nacelle
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This system is not applicable to Vawt’s as no yaw motor’s/nacelle

4. Power-train

Overall Failure percentage = 30.8 %

Scales up as overall WT faire rate reduces

Transformer and Converter considered along with “Transmission” WT subsystems

Switch gear considered in “Control and protection”

Machine enclosure gives higher failure rate as it functions as a submerged nacelle enclosure.

5. Control and Protection System

Generator Overall Failure percentage = 27 %

The power train controller failure is kept high as the turbine’s rotational speed is torque
controlled. Direct drive machines are also attributed to higher electronic failures due to
the higher number of coils, difficulty to seal and less technology standardisation according
to Tavner et al. [69]

Turbine Overall Failure percentage = 24 %

6. Turbine Structure/tower

Overall Failure percentage = 7 %

As the DeepWind design involves a rotating tower spar structure, it will definitely experi-
ence wear and tear.

7. Mooring Bearing

Overall Failure percentage = 6 %

New Wind Turbine subsystem

Type of Failures include

– Repair Class 2, frequency 65%
– Repair Class 4/6, frequency 15%
– Repair Class 12, frequency 5%

Calendar based Maintenance for BoP Mooring system added as WT system to model for
each WT in wind farm. It is assumed that on average a turbine mooring system needs
operational repairs every 4 years.

– Repair Class 18, Regular Bi-annual Inspection
– Repair Class 19, Regular Bi-annual inspection and repair if inspection deems necessary.

8. Auxillary & Misc

Overall Failure percentage = 7 %

Ventilation subsystem failure = 2 %

Crane subsystem failure = 2 %

Hydraulic subsystem failure = 1 %

Miscellaneous failures = 2 %

Some critical elements such as the yaw and pitch systems are removed, which weighs towards the
advantage of Vawt’s. However, the overall complete turbine failure range is kept high to replicate
the immaturity of the technology. This is evident in the higher failure percentage attributed to
the Generator and Control modules. It was concluded from de Pieterman et al. [28] and it was
also stated in Tavner et al. [69] that direct drive power trains have more breakdowns and failures
than a conventional gearbox generator assembly as the technology is less matured.
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Balance of Plant

In the omce model, the Balance of Plant failures are kept very high to account for the damage to
the foundation primarily. As the turbine is floating, the scour protection failure class is replaced
by mooring line failure. The other failure is at the WF offshore substation where the main
transformers are housed. An initial assumptions was made that the transformers at the wind
farm substation were maintained by the TSO. The BoP transformer repair is modelled such that
no costs are induced during a transformer failure but half of the wind farm suffers downtime. This
results in a loss of energy captured but not costs to repair the failure. However in the parametric
study, section 6.3, this assumption is switched on and off to evaluate the impact on the O&M
effort.

1. Transformer 1 & 2

Overall Failure percentage = 32 %

Case 1: No costs or labour work required as work performed by TSO.

Case 2: Costs and labour work responsibility of wind farm operator.

Results in 50 % of wind farm non-operational.

2. Mooring System

Overall Failure percentage = 65 %

Regular maintenance and repair jobs to keep the mooring connectors, lines and sea floor
connections secure and strong.

Accounts for major maintenance related to the BoP system

– Repair Class 11, frequency 95%
– Repair Class 10, frequency 5%
– Repair Class 15, Condition Based maintenance

BoP Calendar based maintenance was modelled in WT system ”Mooring Bearing”.

3. Cable Replacement

Overall Failure percentage = 5 %

Specialised equipment and resources required

Results in 13 % of wind farm un-operational.

5.5 Annual Energy Production

The reference annual energy production for the 5 - 15 MW turbines was determined initially
in section 4.4. Now with more accurate estimations about the losses incurred due to technical,
operational, and site conditions, a worst case calculation of the net AEP can be estimated. As
the wind farm is offshore, so terrain losses are neglected. The main elements constituting to a
probability in the AEP are

� Wind farm array efficiency

� Electrical losses, infield and transmission

� Data/Instrumentation uncertainty

� Wind Variability

� Wind farm Availability
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Table 5.7: Estimation factors contributing towards P50 Net AEP

Type Difference[%] Sum Range Source

Wake Losses -5 -5 Mortensen [55]
Electrical Losses -1.8 -6.8 Section 5.3.1
Instrumentation Error ± 2.5 -4.3 → -9.3 Mortensen [55]
Vertical Spatial Variation ± 1.5 -2.8 → -10.8 Mortensen [55]
Mean WF Availability -5.15 -7.95 → -15.95 table 6.3

From table 5.7, availability from the O&M effort constitutes as a major contributor of the ex-
ceedance probability between predicted and actual AEP. The wind farm availability was averaged
for the all the cases from the downtime in table 6.3. The P50 net AEP could lie between -7.95
→ -15.95 of the reference AEP. This also provides a reference to the capacity factor (CF) of the
wind farm and subsequent full load hours for the wind farm can be determined based on the final
AEP approximation

CF =
AEPP50

8760 · P
(5.35)

Load Hours = CF · 8760 (5.36)

Based on this the limits of net AEP and capacity factors per rated turbine are given in table 5.8.
The lower values seem more indicative of realistic capacity factors of modern wind farms. However
both the value will be used to gauge the impact on LCoE.

Table 5.8: Range of Net P50 AEP and Capacity factor per unit turbine for Fo-Vawt farm

Rated Power Ref AEP [GWh/yr] Max AEP [GWh/yr] Min AEP [GWh/yr]

5 MW 19.574 18.018 15.144
10MW 40.817 37.572 31.579
15MW 62.962 57.957 48.712

Rated Power Full Load AEP [GWh/yr] Max CF[%] Min CF [%]

5 MW 43.8 41.14 34.58
10 MW 87.6 42.89 36.05
15 MW 131.4 44.11 37.07
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Chapter 6

Results and Analysis

The mass calculations and cost estimations are given in this chapter. The resulting capex and
opex for the Fo-Vawt concept is examined for a staple 240-250 MW wind farm depending on
the power rating. The scaling of the mass fractions and cost fraction of the different wind turbine
and balance of plant systems are assessed. To determine the viability of the design, the LCoE and
IRR is presented with a sensitivity analysis of certain key assumptions and contributing elements.

6.1 Scaling

The calculations methods used for the system wise masses are based on the engineering model
implemented or parametric approximations outlined in section 4.6. The geometry size of the
characteristic dimension was taken from correlating the area needed to operate at higher rated
powers for the same operational strategy. However, aerodynamic similarity was difficult to ensure
as seen from the incoherent downscaling of λ with (H/H◦)

−1 from table 6.1

Table 6.1: Results from scaling of the DeepWind turbine

Property Unit 5 MW 10 MW 15 MW

Tip Speed Ratio λopt [−] 2.7 2.99 3.21
Rotational Speed ωrated [rad.s−1] 0.621 0.495 0.437
Height H [m] 143 200 243
Swept Area A [m2] 12000 24000 36000
Mean Torque Qmean [MNm] 8.83 20.30 34.25
Rotor Mass (GFRP) mrotor [t] 48.02 141.35 264.86
Tower Mass mtower [t] 397 1019.6 1840.9
Floater Mass mflt [t] 1201.2 2460.4 3932.2
Ballast Mass mblt [t] 3707.3 7762.6 12516.2
PM DD Gen. Mass mgen [t] 56.6 123.3 156.7
Mooring & Arm Mass mmoor [t] 378 637.1 893.8

It can be seen that the torque decreases for the larger sized wind turbines. This is attributed to the
Reynolds number effects. As the turbine is scaled to operate at such high Re, data was correct to
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model the loads properly. Hence in order to maintain the power from the torque measurements,
the rotor speed was increased which decreased torque while increasing CP . this in essence re-
duces the aerodynamic similarity of the system. This is also based on the approximation that the
swept area doubles as the power doubles. An interesting trends is the reducing increase in tower
mass which is contrary to Hawt scaling, where the tower mass scales with exponent higher than 3.

The rotor mass increases with an exponent less than the cube of characteristic dimension scaling
factor (H/H◦) . The mass is however not based on the loading, as the thickness distribution of the
baseline blade is linearly increased with (H/H◦). This lack of structural optimisation can result
in much heavier blades than expected, especially when changing materials to CFRP. The mass of
the rotor and tower have downstream effects on floater sizing. The static vertical equilibrium is
based on the hydrostatic force from the water displacement pushing the weight of the Vawt out
of the water by at least 17m(height of STT) while maintaining the baseline designs static margin
between the centre of gravity and center of buoyancy at maximum heel. The hydrostatic force
scales faster than the mass of the structure and the ballast combined, leading to the draught
ratio(L/Lref ) being less than (H/H◦). It should be noted this optimum is not the global opti-
mum as it is constraint by the slenderness ratio φmax/L of the baseline model and the ratio of
section-wise heights tot he total draught.

6.2 CAPEX

In figure 6.1, the scaling of the cost fractions fro turbine capital costs while incorporating the
Floater are shown. The turbines design entails a mutual dependency between the rotor and
the Floater. Although in the LCoE analysis, the Floater is considered as a segment of the BoP
capex and not TCC. In this section the Floater capex is explicitly examined with respect to the
TCC. From 6.4, the TCC with the Floater are e10.3M, e22.4M and e34.7M for the 5, 10 and 15
MW Fo-Vawt respectively.
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Figure 6.1: Scaling of Turbine Capital Cost Fraction with rated power for Glass fibre and Carbon Fibre
Blades

It can be noted that the Floater does not scale in terms of mass or costs with increasing proportion
to the volume/mass. This is perceived to be based on the sizing criteria mentioned in the previous
section. This is an important trend as the large increase in foundation costs for higher rated
bottom founded Hawt’s is a key cost driver, [8]. The rotor cost fraction rises due to the non
optimised structural distribution for higher rated powers and length of the blade scaling much
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faster than that for Hawt’s. The tower costs fractions scales with the most favourable ratios.
The tower mass is another key cost driver for Hawt’s, [8] mainly due to the high tower top mass.
For Vawt’s however the tower cost driver is perceived to be the aerodynamic thrust. The low CG
and equator height prove to be intrinsic qualities of the Vawt which improve its scaling trends.
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Figure 6.2: Scaling of Balance of Plant (a) cost fractions with rated power and (b) Costs per kW with
wind farm capacity

The fixed grid structure used for the wind farm layout prevented a common wind farm capacity
for all rated powers, (refer to table 5.2). For the BoP capex analysis, the installed wind farm
capacity’s used when comparing the 5,10 and 15 MW are 240. 250 and 245 MW respectively. From
6.4, the BoP costs per turbine including decommissioning without the Floater and mooring are
e2.35M, e3.91M and e5M for the 5, 10 and 15 MW Fo-Vawt respectively. For the BoP capex in
figure 6.2a all cost fractions tend to increase apart from the installation and decommissioning
costs. It should be expected for the ratios to stay some what constant, but the installation costs
as mentioned earlier are difficult to estimate for Fo-Vawt’s. Thus if kept as for bottom founded
structures while removing the cost for foundation installation, the installation capex decrease by
more than > 50 %.

€ 0

€ 5

€ 10

€ 15

€ 20

€ 25

€ 30

€ 35

€ 40

4 6 8 10 12 14 16

C
a

p
it

a
l C

o
st

s 

M
il
li
o
n
s

Rated Power (MW)

TCC  - GFRP

TCC - CFRP

BoP - w/o Floater

(a) capex

€ 0

€ 200

€ 400

€ 600

€ 800

€ 1,000

€ 1,200

€ 1,400

€ 1,600

€ 1,800

4 6 8 10 12 14 16

C
o

st
s 

p
e

r 
kW

  

Rated Power (MW)

CAPEX - TCC w/o Flt

CAPEX - BoP w Flt

(b) capex per kW

Figure 6.3: Scaling of Fo-Vawt (a) capex with rated power and (b) Costs per kW with rated power

After a certain wind farm capacity, the BoP costs begin to rise rapidly in figure 6.2b. This was
seen to be due to a large increase in the electrical infrastructure costs. Mainly as a result of lack of
optimisation resulting in the export cable and infield cable costs scaling with the installed capacity
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and not the load between turbines. These results can be seen in appendix C. It should be noted,
there is a lower number of higher rating turbines in smaller installed capacity wind farms but the
cost per turbine is still rising with rated power. Despite this, the cost per kW for higher rated
turbines for similar installed capacities is less as seen in figure 6.2b.

In figure 6.3a, the costs are shown for GFRP and CFRP rotors for increasing rated power. Despite
the structurual thickness of CFRP is percieved to scale better than for GFRP, the overall cost
impact of CFRP rotors is not such a large cost driver as was anticipated. In figure 6.3b, the
convention of TCC and BoP is different as mentioned before. Here the capex for the turbine
excludes the Floaterand mooring costs, which are added into the BoP costs. This counter acts
the favourable scaling of BoP costs with rated power from figure 6.2b while improves the scaling
pattern for TCC.
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Figure 6.4: Cost fraction breakdown per GFRP rotor Vawt in a 49 * 5 MW installed capacity farm

The complete capex pie for the Fo-Vawt is given in figure 6.4. The BoP includes the Floater and
mooring costs which comprise to almost 31% of the total capex. This makes the Floater design
a key aspect. The Misc-Offshore costs comprise of a simple interpolation of the inactive mass
costs needed to house the generator which in itself is the interpolation of the DeepWind generator
design. The other elements in the Misc-Offshore costs are fixed costs for the installation of the
mooring system (e0.72M) as explained in the respective section and the marinisation costs of
protecting the Floater . These elements are also main contributors to the capex (≈ 22%) making
them key aspects to address and improve.
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6.3 OPEX Parametrisation

The purpose of the parametric study is to reduce any uncertainty in results arising from assump-
tion which might not hold in practice. For this reason, a sensitivity analysis is done for the
important parameters to generate a workspace of effects that major assumptions, statistics and
model implementations have on the cost spectrum of a Fo-Vawt wind farm. First of all, to create
simplicity in the understanding the overall failure rate parametric process, a legend is created to
refer from when reading through the table 6.3

Table 6.2: Parametric legend for system failure rates

Fail rating High Medium Low Para 1 Para 2

BoP 4.16 3.16 2.16 3.16 2.16
WTS 4.33 3.33 2.33 2.33 3.33

Legend BH-WH BM-WM BL-WL BM-WL BL-WM

The legend in the table will be refereed to in the main result tabulation. Apart for variation
in Overall failure rates, installed capacity and rated power, the other cases are studied to asses
the impact on O&M effort from tinkering with certain scenarios mentioned in section5.1 and 4.2.
For all the cases considered, geographic and site conditions are kept constant unless otherwise
indicated. The analogy used to indicate them are

� TSO The assumption that the TSO will have a fast response team to amend any wind farm
substation failures is switched ON and OFF

� Strategy The O&M strategy (repair classes, spare parts control, labour and vessel costs)
is changed from the one modelled specifically for fowt’s and to the one used by ECN (TSO
off) for normal bottom founded turbines

� Default The complete O&M model and strategy including failure rates for a 5MW Hawt is
used for the same location

� SSW Location of new site right at the mouth of the Rotterdam port, N 52◦0′, E3◦75′)
acquired on may 2012 for a times series from 1992 to 2010 1

� Variation of individual system failure rates Λmax/min, rotor and generator

The assumption that the substation failures are maintained by the TSO was taken as the wind
farm is 120 km offshore. With the TSO taking care of the wind farm substation repair costs, it
reduces a significant portion of the cost impact. In this case only a loss in energy production is
felt. The strategy variation was brought about to study the influence of the O&M model on the
overall opex. The one used for the majority of the study is fowt unless otherwise stated. For all
the cases presented in table 6.2, the maintainence strategy and failure system definition are the
kept as to the one modelled.

1www.waveclimate.com

www.waveclimate.com


Table 6.3: Operation and Maintenance parametric results for Fo-Vawt farm with different O&M strategies, rated power, installed capacity and location

DW 245 MW, Site K13, 5 MW Vawt

Fail Case Λ Case CoE Rev/MW.yr Downtime Prod loss[MWh] Repair Cost Rev loss/MW.yr

/Strategy [ecents/kWh] [e/(MW.yr)−1] [e/kW] [e/(MW.yr)−1]

BM-WL fowt 4.29 4.41 e+05 2.22E+04 5.33E+04 146.6 2.89E+04
BM-WM [-] 4.28 4.41E+05 2.23E+04 5.36E+04 145.2 2.90E+04
BL-WM [-] 3.69 4.49E+05 1.62E+04 3.82E+04 127.6 2.07E+04
BL-WL [-] 3.73 4.49E+05 1.63E+04 3.88E+04 128.9 2.10E+04
BH-WH [-] 4.68 4.35E+05 2.67E+04 6.45E+04 156.4 3.49E+04
B -WM λGen,min 3.69 4.49E+05 1.65E+04 3.88E+04 127.0 2.10E+04
BM-W λRotor,max 4.78 4.07E+05 2.82E+04 6.33E+04 149.4 3.43E+04
BM-WM fowt,TSO off 4.56 4.09E+05 2.59E+04 5.85E+04 143.0 3.17E+04
BLL-WM [-] 3.72 4.47E+05 1.83E+04 4.29E+04 127.6 2.33E+04

Scaled Vawt’s, Site K13

BM-WM 24*10MW, fowt 4.44 4.46E+05 1.12E+04 5.38E+04 152.2 2.91E+04
BM-WM 49*10MW, fowt 3.08 4.45E+05 2.34E+04 1.13E+05 105.2 2.99E+04

BM-WM 16*15MW, fowt 4.67 4.56E+05 7.66E+03 5.58E+04 163.7 3.02E+04

BM-WM 32*15MW, fowt 3.05 4.56E+05 1.53E+04 1.12E+05 107.2 3.04E+04

DW 520 MW, Site K13

BH-WH fowt,TSO off 3.35 2.17E+06 5.75E+04 1.41E+05 112.0 3.53E+04
BM-WM ECN Strategy 1.62 6.27E+05 5.57E+04 1.78E+05 78.0 4.46E+04
ECN Default ECN Strategy 2.94 4.67E+05 8.47E+04 1.70E+05 104.0 4.24E+04

DW 490, Site K13

BM-WM fowt,TSO off 2.70 4.46E+05 3.86E+04 9.08E+04 92.6 2.41E+04
BL-WL [-] 2.66 4.49E+05 3.37E+04 8.00E+04 91.8 2.12E+04

BL-WL fowt 3.10 4.40E+05 4.53E+04 1.11E+05 105.0 2.95E+04

DW 490 MW, Site SSW

BM-WM fowt 4.82 3.65E+05 3.81E+04 3.81E+04 135.4 2.06E+04
BM-WM [-] 4.88 3.62E+05 2.27E+04 4.42E+04 135.6 2.40E+04
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From table 6.3, the costs for 240 MW wind farm increase with same size wind farm capacity. This
is predictable as the number of machines installed against the cost of the effort is not justified by
the power production. It is better to install more larger machines for a higher capacity turbine as
the resources required till a certain installed capacity and turbine number does not scales in large
steps.

Then overall system break down for a Vawt wind farm involved the removal of many systems
which attributed towards major cost impact and downtimes towards the an offshore wind farm.
Although there were many assumptions held to push the overall O&M effort towards a feasible
solution for both types of wind turbines, a Vawt does remove major components of system failures
from the overall wind farm such as BoP and design inherent advantages. Less BoP failures are
intrinsic to any sort of spar Floater turbine.

(a) Failure Rate (b) Avg System Downtime

(c) Avg Cost Breakdown (d) Avg Downtime breakdown

Figure 6.5: O & M Results for base case with fowt strategy, Λwt = 4.33 and Λbop = 4.16, in a 104*5
MW Fo-Vawt farm

O & M results for a Fo-Vawt strategy in figure 6.5 refers to the Fail case BH-WH for a 520 MW
farm at K13 with the TSO relaxation off in table 6.3. For the ECN default case in figure 6.6can
be found in the table 6.3 as ECN Default. The figures show to compare the difference in cost
breakdown for a bottom founded Hawt and Vawt installation. The most major cost factor was
due to the high captial costs of the specialized equipment that presumably would be needed to
maintain the fowt’s. The difference in failure rates is attributed to Vawt’s having less critical
systems which fail more as can be seen in figure 6.5a in comparison to figure 6.6a. The large peak
in failure rates under the category “MD Wind Turbine” are attributed to remote resets due to
environmental events or grid unavailability.

In general it is a big assumption that the technicians have the same expertise in maintaining the
turbines as there as no existing Vawt wind farm in operation. Also how the repair will be actually
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(a) Failure Rate (b) Avg System Downtime

(c) Avg Cost Breakdown (d) Avg Downtime breakdown

Figure 6.6: O & M Results for ECN Default model, WT fail rate of 4.07 and BoP fail rate of 4.53 in a
105 * 5MW Hawt farm.

carried out is very difficult to estimate. So it is hard to deviate form the repair classes other than
default. The only adaptations are improvisations on accessing the areas of fault which are based
on self conceptualised ideas in reference to the design of the Deep wind rotor. The increase in
annual costs for the vessels contributes to a major portion of the overall annual cost if we compare
figure 6.7 to figure 6.5b especially for smaller wind farms. This is the reason why there is such a
high opex/kW as the resources used for the 245 and 490 MW are the same.

Figure 6.7: Avg Cost Breakdown for bottom founded Vawt in a 49 * 5 MW farm with a BH-WH fail
rate
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6.4 Economic Assessment

To address the economic factors, a discounted, cash flow for an economic project life cycle (T ) of
20 years is drafted. To assess the viability of a Fo-Vawt farm, the NPV and IRR are interesting
parameters to address as well. For the NPV, revenue stream is an essential components for which
the electricity price needs to be established. In the Netherlands, a flat rate is provided by the TSO
of ≈ e58/MWh, however the government has in place many load hour based subsidies, providing
a Feed in Premium starting e88/kWh uptil e153.4 /kWh, more information can be found on
sde [5]. For the initial economic evaluation, the favourable case scenario is chosen, resulting in
a constant average electricity tariff of e130/ MWh for the economic lifetime. These along with
other major assumptions are addressed in section 6.4.1.
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Figure 6.8: Life cycle cash flow for 49 * 5 MW wind farm with initial discount rate 7% and IRR of
10.33%

Energy rates escalation and general inflation is not considered in this economic analysis. Similarly
the real discount rate ‘r ’ considered removes the effects of inflation on the time value of money
and on the opex . Financing options, tax incentives and payback schemes are also not considered.
The capex or initial investments needed to setup the farm are distributed over three years before
the economic commencement.

If the IRR is higher than the discount rate, then the investment is profitable. According to
figure 6.8a, an IRR of 10.82%, the project provides a sufficient buffer in case of an unforeseen risk
to break even. However, the return on investment is not high with a discounted pay back time is
12.7 year with a r = 7%. The simple payback time for this project

PBT =
capex

Rev− opex
= 8.35 years

The complete table for the results from scaling with rated power are given in table 6.4, where the
miscellaneous costs comprise of the in active mass costs approximated in section 5.2.4, marinsation
costs and fixed mooring arm installation costs discussed in section 5.2.3.

6.4.1 Sensitivity Analysis

According to the equation (2.3), the main constituents describing the LCoE and other economic
factors of the Fo-Vawt wind farm are based on certain uncertainties. To assess the impact of the
model assumptions, the major elements influencing the LCoEare varied within a range defined
by the uncertainty of the presumptions made. The influence of the assumptions on the listed
elements is discussed through the sensitivity analysis.
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Table 6.4: Cost Results for 49 * 5 MW DeepWind Fo-Vawt farm located K13 site in the North Sea

245 MW Fo-Vawt, K13 Cost(e)

System Classification Unit 5 MW 10 MW 15 MW

Rotor CFRP e22.00/kg 1,829,706 5,386,080 10,091,858
GFRP e10.50/kg 1,287,493 3,789,818 7,101,318

Tower Steel e3.0/kg 1,066,674 3,175,458 5,522,824
Floater Hull e2.19/kg 2,668,782 5,466,568 8,736,613

Ballast e0.05/kg 185,364 388,132 625,812
Mooring Arms e4.06/kg 208,156 407,986 601,571

Chain e2.36/kg 771,224 1,266,450 1,759,672
Generator Direct Drive [49] 750,000 1,775,000 2,287,500
Power Electronics Refer 5.2.5 e 540,518 1,081,036 1,621,554
Bearing Refer 5.2.6 e 437,532 517,479 756,843
Brake Refer 5.2.6 e 141,856 283,712 425,568
Miscellaneous e 2,231,722 4,270,000 5,295,000

Turbine Capital Costs CFRP 10,831,535 24,017,902 37,724,815
GFRP 10,289,321 22,421,640 34,734,275

Balance of plant costs Me 95.9 85.9 79.1

Decommissioning costs Me 19.4 11.8 9.15

capex Me 619.5 658.2 644.0

opex Me/yr 41.8 45.6 47.8E

Electricity Tariff e/kWh 0.13

AEP P50,max GWh 18.02 37.57 57.96

AEP P50,min GWh 15.14 31.58 48.71

Capacity Factor % 34.57 36.06 37.07

LCoE e/MWh 113.57 114.69 117.10

30%

28%

42%

Turbine Capital Costs Balance of Plant O & M

(a) 5 MW, Λ = 6.5/yr

32%

30%

38%

Turbine Capital Costs Balance of Plant O & M

(b) 5 MW, Λ= 4.5/yr

Figure 6.9: Levelised Cost of energy breakdown for 5 MW Fo-Vawt

1. Wind turbine rated power

2. Wind farm installed capacity

3. Capacity Factor

4. capex
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33%
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42%

Turbine Capital Costs Balance of Plant O & M

(a) 10 MW

32%

24%

44%

Turbine Capital Costs Balance of Plant O & M

(b) 15 MW

Figure 6.10: Levelised Cost of energy breakdown for 10 and 15 MW Fo-Vawt, Λ= 6.5/yr

5. opex

6. Electricity price

7. Discount Rate

For all analyses, the AEP is taken as P50,max from table 5.7 and the rotor blades are GFRP with
the average electricity price at e0.13/ kWh. The LCoE values are at a discount rate of 7% The
O&M strategy used is assuming that the costs of the substation failure are incurred by the TSO
(TSO on). A graphical representation of the sensitivities is given in figure 6.11.

Wind Turbine Rated Power

There is a slight dissimilarity when comparing the effect of wind turbine rated power on LCoE.
The installed capacity of the different turbine ratings vary by ± 5 MW from each other. The
influence of this on the overall LCoE is considered negligible.

Table 6.5: Influence of rated power on key economic parameters for similar installed capacity
Vawt farm

Rated Power WF Capacity Capacity Factor OPEX IRR LCoE
(kW) (MW) (%) (M e) (%) (e/kWh)

5000 245 41.1 41.8 10.33 0.1136
10000 250 42.9 45.6 9.54 0.1147
15000 240 44.1 47.8 8.72 0.1171

In table 6.5, the LCoE increases slightly for higher rated power for an ≈ installed capacity. The
increase in opex is deemed the necessary reason even though thecapex/kw is relatively constant
, figure 6.3. The rise in opex is due to the higher cost of repair per kW as even though labour
costs are less, capital lease costs for the vessels are the same for both a 49 * 5 MW farm and a 16
* 15 MW farm.

Wind Farm Installed Capacity

The 10 MW turbine was used to estimate the change in LCoE when installed capacity is increased.
Both the wind farms are square grids with a a 5*5 and 7*7 configuration with 5 φ spacing.
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Table 6.6: Influence of installed capacity on key economic parameters for 10 MW Vawt farm

WF Capacity Capacity Factor OPEX OPEX/kw IRR LCoE
(MW) (%) (Me) (e/kWh) (%) (e/kWh)

250 42.9 45.6 182.4 9.94 0.1147
490 42.9 66.3 135.30 11.26 0.1042

The LCoE drops significantly in table 6.6 due to the much lower opex/kw for larger installed
capacity. This again can be linked to the reducing annual lease costs per kW for the vessels
needed in O&M.

Capacity Factor

The capacity factor of a wind farm is based on annual energy production . AEP is a dependent on
the interaction of the site resource, wind turbine reliability and the response limits of the O &M.
From section 5.5, a range of the mean exceedance probability of the wind farm energy production
was estimated, table 5.7. From OMCE, the worst case of the capacity factor was attained from
the simulations.

Table 6.7: Influence of variation in capacity factor on key economic parameters for 49 * 5 MW
Vawt farm

Case Capacity Factor AEP/turbine IRR LCoE
(%) (GWh) (%) (e/kWh)

OMCE worst case 32.5 14.235 6.72 0.1438
AEP P50,min 34.6 15.144 8.09 0.1351
AEP P50,max 41.1 18.018 10.33 0.1136
AEP predicted 44.7 19.574 11.08 0.1045

The annual energy production has a very high influence on the LCoE. High turbine availability
can greatly improve the profitability of the wind farm. In the current state, the Fo-Vawt farm
modelled is not a viable financial option if the worst weather case persists for too long, push-
ing the IRR (6.72 %) below the average discount rate (7%). The availability of the turbines
can be improved with better condition monitoring, wind resource assessment and sustained grid
availability.

CAPEX Variation

Change in capex due to major elements such as Floater, Misc generator cost is investigated in this
analysis. . The sensitivity to LCoE was seen with a range of ±15%. This can relate to account for
inaccuracy in estimates for the Misc-Offshore costs and Floater design which constitute almost
39% of the capex fromfigure 6.4.

A ± 15 % change in baseline capex of e620 M for a 49 * 5MW wind farm brings a substantial
impact on the LCoE, with a variation of almost 9.6% per step. To put this in perspective, a 25 %
increase in Floater and mooring costs results in a 7.2% rise in wind farm capex, thus increasing
LCoE by ≈ 4.1%.
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Table 6.8: Influence of deviation in capex estimates on key economic parameters of a 49 * 5 MW
Vawt farm

Case Capacity Factor OPEX IRR LCoE
(% ) (M e) (%) (e/kWh)

capex-15% 41.1 41.8 12.88 0.1036
capex 41.1 41.8 10.33 0.1136
capex+15% 41.1 41.8 8.34 0.1235

OPEX Variation

The cases chosen are from the tabulated (table 6.4) simulations performed with OMCE. The
highest failure rate for all the wind turbine and BoP systems (WH-BH) from table 6.3 gives a
repair cost ofe156.4/kW while a low failure rate results in a cost per kW of e127.6. The base
case repair cost is e145.2/kW. consequently changing the failure rate effects the downtime of
the turbines, thus the less availability also effects the AEP. Hence the corresponding capacity
factor was used for the different failure rates. The analogy for the O&M cases can be taken from
table 6.2.

Table 6.9: Influence of wind turbine failure rates (Λ) on opex and key economic parameters of a 49 *
5 MW Vawt farm

O&M Case OPEX Capacity Factor IRR LCoE
(Me) (%) (%) (e/kWh)

WL-BL 35.6 41.9 11.72 0.1045
WM-BM 41.8 41.1 10.33 0.1136
WH-BH 45.9 40.3 9.32 0.1206

The increase in combined failure rates from 4.5/yr to 8.5/ yr sow a reasonable variation in LCoE.
This is attributed to both the higher number of repair activities thus resources and spares con-
sumptions but mainly also from the reduced availability on average of the wind farm. This adds
to lost revenue due to higher downtime. The decrease in respective capacity factor is indicative
of this.

Electricity Price and Discount rate

Both these factors encompass assumptions taken on the economic conditions of the location where
the farm is situated. A real discount rate of 7% is an optimistic assumption of the viability of this
project to investors. However it is a safe assumption when considering offshore projects on a level
field. The electricity price is although very fluid and depends on daily spot prices and market
demand. A major portion is based on subsidy from the government especially until for the onshore
wind industry in the Netherlands, sde [5]. The estimate taken depends on the commissioning
month of the project as there are different feed in premiums per quarter and similarly what is the
production level per quarter. For full load hours higher than 3200, high subsidies are given by the
Dutch government, [5]. If for the most favourable case, the revenue is divided by the production,
an average tariff of e0.13/kWh is acquired.

The difference in discount rate is specific to the risks involved in the project. Specifically, the
technological risks for Fo-Vawt’s and far offshore installations will be perceived to be high. The
electricity price has more of an effect on the economic feasbility of the project rather than the
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Table 6.10: Influence of discount rate on LCoE of a 49 * 5 MW Vawt farm

Discount rate LCoE
(%) (e/kWh)

5 0.1036
7 0.1136

10 0.1298

design superiority of the concept. The internal rate of return is very dependent on the return on
investment. The variation in electricity price is based on the four cases of feed in premium offered
by the government, where the case if the wind farm operates constantly at the lowest feed in
premium, capacity factor below 2800 full work load hours per year, then the net present value will
be negative 280 M, where the simple payback time is 19.3 years. Meaning without discounting
the project is barely able to break even.

Table 6.11: Influence of electricity price on key economic parameters of a 49 * 5 MW Vawt farm

Electricity Price IRR NPV (r = 7%)
(e/kWh) (%) (Me)

0.085 0.35 -279.0
0.105 5.36 -76.5
0.115 7.2 9.92
0.135 10.92 200.0

The sensitivity of IRR and LCoE to the various parameters tabulated from table 6.5 till table 6.11
are summarised in figure 6.11b and figure 6.11a respectively. The bars signal the range of variaion
in LCoE and IRR from the lowest to the highest value for the parameter considered. The base
line values are given next to y-axis data labels.
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Figure 6.11: Sensitivity diagram of LCoE and IRR

Critical Review of Cost Model

The sensitivity analysis provide a overview of the different factors influencing the LCoE of a Fo-
Vawt. Based on the cost fractions in figure 6.1 and 6.4, the appropriate impact triggers can be
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determined for future work. Apart from the simulation results from omce and owfde, there were
three model types or methods used to derive the LCoE . These are first explained after which a
system wise cost model analysis is presented. The criterion considered when evaluating system
wise models are a) Resource intensive: speed and time to setup b) Error from baseline design
c) Verified source d) Adaptability e) Scaling

Engineering Model: focus on determining the mass of a system based on the load/ load
spectrum it experience. Depending on the criteria used, the mass can be determined to a high
level of accuracy. However making the step from mass to cost still involves estimations on the
average cost per unit mass ksysto fabricate the system. If accurate numbers are known, this
allows for precise adjustments of the financial factors effects each aspect of the cost. Example
the inflation of the material and inflation of labour can be treated independently. Provides
freedom to adapt to design specific cost and thus allows for better scaling predictions, especially
to capture the influence on other systems. However when scaling the design, it is important
to consider the aspect of production process maturity and reduction in cost of production and
labour per mass changes with size. Resource intensive

Parametric Model: are used by regressively analysing the cost trend of a system and derive a
common factor with which the cost is scaled for example rotor power density, rotor radius etc..
The influence of mass is neglected and the cost of the systems is determined directly. Build
up averaging thus making it less design specific. However it accounts for small unquantifiable
aspects of the system cost and other geographic specific deviations. For financial analysis, this
is the most common method used however it is limited that a large spectrum of existing data
is needed and scaling is usualy direct extrapolation of the trends. Also does not capture the
individual system or material based cost inflation or depreciations.

Linear Scaling: such estimations are usually only valid if the system considered matches the
system used for interpolation. Direct interpolation is based on scaling systems in connection to
the top design parameters. In essence it provides crude estimations and does not account for
any design specific or geographic variations. The possibility of error depends completely on the
coherence of the system estimated to the known costs and great care has to be taken when using
such methods. It is definitely the fastest way to estimate cost.

OPEX

The operations and maintenance modelling was done with in omce. The model accuracy depended
on the number of simulations made to reduce statistical errors in the Monte Carlo simulations. The
costs were highly dependent on the cost of the labour and equipment used for the maintenance.
This ofcourse would be relevant to any fowt. The operations and maintenance contributed to
the much larger contribution to the overall LCoE as seen from figure 6.9a. This was somewhat
expected considering the far offshore location of the farm and with the high rate of failure. The
overall impact of opex on LCoE is quite significant from figure 6.11a. However, modelling this
in a different way will not result in much difference as the main factors dictating opex is the
supply chain. Opex is very situation specific and the results in 6.3 give us a good indication of
how it fluctuates based upon the weather mainly followed by the resources needed to support the
O&M and in last the cost of the spare parts. Downtime and revenue lost incur a combination
cost deficit with the repair effort. A better failure rate understanding of Vawt’s would make the
O&M modelling more reliable.

Impact: Medium



CAPEX - TCC

The capex aspect of the model is built upon a combination of engineering mass estimations, linear scaling laws and parametric models. All the
systems in the engineering cost model are built from estimations on the cost per mass to fabricate the part. This value depends on literature
evaluation and trends understood from industry. The cost per mass is build upon the market price of the material and the average are or mass
based cost of manufacturing the part or the labour costs. The formulation for major sections is mainly addressed and smaller/ systems are neglected.
A system wise analysis if given in table 6.12.

Table 6.12: Qualitative Analysis of system wise capex cost model to determine high impact triggers

System Type Inputs Application Limitations Impact Trigger
Blade
-
Rotor

Geometric
mapping,
Parametric,
Linear Scal-
ing

◦ Material proper-
ties

◦ Baseline Ro-
tor thickness
distribution,

◦ Radius of Curva-
ture

+ Accurate approximation of
baseline mass, ∆m ≤ 2%

+ Quick, setup time consuming
+ Adaptable: variation in ksys

and other economic/financial
factors

+ independent of environment
influence

− Area taken from parametric
scaling of Hawtpower to area
trend, unverified results

− Linear scaling: based on
height f(Area) ratio

− Detailed inputs needed
− No structural optimisation in

scaling

Top design system
Scaling constraint
High downstream
effects on other
systems
Cost fraction 10
→ 20 %

Medium

Tower Engineering
Model

◦ Material proper-
ties

◦ Rotor Mass
◦ Load Case Con-

straints

+ Static modelling
+ High partial safety factor for

conservative approximation of
mass

+ Adaptable to variation in ksys
and other economic/financial
factors

+ Reliable Approximation of
baseline mass, ∆mleq12%

− Dynamic influences disre-
garded, No modal analysis

− Design criteria adapted from
Hawts

− bottom founded case consid-
ered

− Resource Intensive
− Over predicts when compared

to 5MW DeepWind baseline

Significant mass
Contribution
Cost fraction 10
→ 16 %

Low



System Type Inputs Application Limitations Impact Trigger

Floater
Engineering
Model -
simplified

◦ Material proper-
ties

◦ Turbine Mass
◦ Power-train Mass
◦ Baseline

Floater geometry

+ Draught and diameter optimi-
sation for Static equilibrium
at max heel angle

+ Adaptable to variation in ksys
and other economic/financial
factors

+ Quick

− Stability of Floater and ex-
treme waves loads not consid-
ered

− Magnus forces ignored
− Thickness scaled linearly
− Influence of mooring preten-

sion ignored

Largest mass and
cost contribution
Conservative hull
thickness
Cost fraction ≈
27%

High

Mooring
Engineering
Linear Scal-
ing

◦ Turbine torque
◦ Baseline Mooring

Geometry

+ Elastic catenary method for
cable mass/length

+ Static case
+ Mooring arm geometry and

mass scaled lineally
+ Good approximation of cable

mass ∆mleq5%

− Unverified ksys data
− Installation costs taken as

fixed value
− Influence of added mass ig-

nored
− Dynamic influence on yaw

stability not considered

Influence
Floater design
Low cost
contribution<9 %

Low

Power
-
Train

Linear Scal-
ing

◦ Linear Scaling + Direct interpolation of mass
and cost of DD PM Deep-
Wind Generator between 5
and 20 MW

+ Inactive mass % estimated
from Polinder et al. [61]

− Optimised specifically to
DeepWind design

− not interchangeable to differ-
ent concept

High Upstream ef-
fects
Floater design ef-
fect
Significant cost
fraction ≈ 17%

High

Electron
- ics Parametric ◦ Based on

Hawt cost
model

◦ Rated power, ra-
dius

+ Direct drive generators elec-
tronics

+ NREL cost model [37]

− Hawt based
− Vawt controller differences

not accounted
− Accuracy Limited to sub

5MW designs

small Cost frac-
tion ≤ 5%

Low



System Type Inputs Application Limitations Impact Trigger
Hardware

Parametric
Linear scal-
ing

◦ Based on
Hawt cost
model

◦ Power, radius

+ brake mass corrected with
high safety factor for Vawt

+ Empirical approximation of
Yaw bearing used

+ Reliable baseline mass bear-
ing mass approximation
∆m ≤ 10%

− Hawt based
− Brake sizing inconsistent with

requirements

small Cost frac-
tion ≤ 5%

Low

Miscella
-neous

Linear Scal-
ing
Knowledge
based
engineering

◦ Referred from
fowt design
studies

+ Marinsaton, Inactive mass es-
timations, Mainframe mass
estimation

+ fixed mooring costs
+ Assumed fixed value for un-

known costs

− Fixed values independent of
site conditions

− Lack of verifiable references

Second Largest
Cost Fraction
20→15%

Medium

CAPEX - BoP

The balance of plant costs are derived from simulations made in owfde. The cost formulations used are derived from a combination of engineering
and empirically derived parametric Hawt models. Care was taken to use those elements which can be generalised for both turbine concepts, however
detailed analysis can reveal more important variations which can provide reliable estimates. . The approximation for the electrical infrastructure are
perceived to be at a substantial level of accuracy but the installation costs, specifically for the mooring and consequently the linked decommissioning
costs need to be re-evaluated. Comprising of ≤ 45% of the capex. The decommissioning costs when accounted for in the LCoE sum up to a very
discounted value, but the capexinvestment for the turbine and mooring installation can weight the LCoE in either direction by u 8 %. The relative
inaccuracy coupled with the LCoE influence gives rise tot he following impact triggers.

Installation cost: High
Grid Infrastructure Low
Project Development Low
Offshore substation Medium



Chapter 7

Conclusions

The results for the LCoE show that there is substantial potential for the Deepwind Fo-Vawt to
demonstrate good economic feasibility if the technology is developed to the status of current state
of the art wind energy technology. A LCoE from e113.56/MWh to e117.1/MWh for 5 to 15 MW
turbines demonstrate a good scaling properties with rated power. A bit too optimistic in some
regards but seem plausible when compared to the LCoE simulations at Horns Rev for a 49 * 5
MW Hawt farm using owfde. For those simulations a LCoE of e49/MWh was achieved whose
results can be found in the Appendix, figure C.4. With respect to this, a thorough scaling process
is needed to re-design the rotors and wind turbine systems specifically for the higher rated powers
to attain a more accurate understanding of cost scaling with rated power.

The assumption that the H/φ remains constant for optimum performance for larger scales seems
inaccurate as it is difficult to maintain aerodynamic similarity for the higher rated turbines. High
Reynolds effects are perceived to be a problem for the 15 MW turbine, making the airfoil data
used unreliable. Disregarding these effects and just concentrating on the mas escalations, the
rotor mass increased more than would be expected with a refined design. Especially if the higher
stiffness of a CFRP blade and consequent optimised internal thickness distribution is derived,
however the thickness for both materials was kept the same in this study. It was observed that
the chord has a significant impact on the mass scaling. Keeping the chord constant and scaling
the rotor by 1.7 for the 15 MW scale resulted in a mass increase from 9.62e+05 to 5.297e+06.
When scaling, the solidity should be reduced and tip speed increased from a cost perspective, but
the added loading could result in different mass additions.

Despite this, the overall system mass did not scale with the same proportion of a Hawt as demon-
strated by Ashuri [8] in figure A.3. The removal of pitch, yaw, hub assembly, low speed shaft,
drive-train and overall lack of large tower top mass contributed positively to the mass scaling of
Vawt’s. Initially, the higher drive-train costs for Vawt’s in order to manage the torque ripple
made them an unattractive alternative to the Hawt concept [44], but the extensive adoption of
DD generators has diminished this disadvantage substantially for both systems.

The Floater is seen to be a key cost driver in terms of independent systems contributing to the
capex. A variations in the Floater and mooring costs by 25% can bring about a LCoE variation
by almost 5%. The Floater shows good scaling trends and when compared to the HyWind floating
Hawt [64]. The overall draught length is less due to the lower over turning moment and lower
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turbine Cg. The ballast weight has majority of the mass component in the under water structure.
Although having long structures adds to transportation and installation complexity, increasing
the ballast mass is an effective way to reduce the weight and cost significantly. The implications
of this on the stability of the structure are not clear thus making it an important aspect to drive
future research.

The TCC capex for the generator seem optimistic especially as the inactive mass costs have not
been added. This basically accounts for the strucutral body housing. Auxiliary system costs were
not estimated such as cooling systems, pumps, generator housing, main frame costs and sea level
hub costs. Similarly the BoP costs per kW around e1200/kW are much lower from reality for an
offshore wind farm. The lower price for the BoP was due to the inaccuracy of certain elements
such as not considering any land transport cost, floater specific installation costs and operational
permitting costs. However at the same time, the non optimised infield grid cables pushes the cost
higher than it should be. As only one voltage is prescribed for the infield cables and not optimised
between turbines, the diameter is overcompensated, meaning material cost is high . The dimen-
sions of the cable are based upon the highest load connector resulting in the whole cable is the
diameter of the point which has the highest power rating. The trade-off between having higher
electrical infrastructure costs while having lower installation costs was not clarified through this
study. Similarly, the cost implications of a floating wind farm substation can also be more adverse
than estimated in this study.

With a specific focus to the DeepWind design, the mooring bearing is highly loaded system. As
equations of motion were not modelled, it was difficult to explicitly correlate the load impacts
due to gravity, wind, waves and rotation at the lower fixed point. Thus the estimation for the
bearing mass and connected mooring system requires a deeper understanding in order to quantify
the results in terms of cost effects.

In the LCoE parametric study with opex, the variation of the systems failure rate did not have
the highest opex impact. Rotor failure incurs the biggest setback as the repair effort along with
the increased downtime and reduced AEP, increase the LCoE significantly. Similarity generator
reliability has a sufficient impact on the LCoE. DD machines are newer and suffer from a higher
failure rates due to many reasons. These include the incorporation of more complex power elec-
tronics,, less design standardsiation thus less mature technology production rate and difficulty
to sealing from environmental exposure due to large size, all are factors that currently hamper
the reliability of direct drive generators [47]. However on the other hand, electrical failure incur
less downtime as the repair procedure involves less complicated physical maintenance. Thus DD
machines do have a higher yearly availability. The omce model is a good piece of simulation tool
but more reliable cost estimations are needed to accurate capture the impact of a downtime. The
failure rates for Vawt systems are not well compiled this a high failure rate of 4 was taken.

7.1 Recommendations

The novelty of vertical axis technology resulted in lack of appropriated standards, data and reliable
cost modelling approximations/techniques. The methods used to estimate the cost were based on
linear scaling and estimations made from existing Hawt technology. This lead to costs which in
certain aspects are perceived to be low. The overall LCoE of e113.56/MWh is seen to be a very
optimistic estimate by the author. This arises from reading the LCoE pie shown in figure 6.9a.
Certain financial aspects such as tax depreciation, financing procedures, inflation, etc can also be
considered to determine the nominal Cost of Energy which might give a more realistic estimate
of the LCoE.
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System design Impact

Cost Reductive

Fixed Blade No pitch system
Omnidirectional No Yaw system
Equal gravity loads Low mblade/length
Lower Power density Distributed aerodynamic loads
Low Cg Reduce Floater mass and draught, Better stability
Centrifugal stiffening Low mblade at Rmax
No Yaw/Pitch Motors Low opex, less Downtime
Power-train near MSL Low opex

Cost Additive

Longer Blades High mblade

Novel Technology High Manufacturing costs, Project costs
Start up issues Reduced AEP, energy input
Torque Ripple System coupling, Resonances
Fixed Blade High brake capex
Low ωrated High Torque, Power Train capex
Turbine Mass Higher Floater mass

For the design load cases, rotational spar and torsion was disregarded. This could also have an
impact on the tower and the generator design which should be investigated for the engineering
cost modelling, especially when considering the downstream effect on the Floater. It is possible to
look at HAWC2 simulations for a non rotating spar and a operational turbine in order to assess the
impacts on stability from environmental loads. This could also make a better comparison against
the dominant Floater design driver for the Floater sizing. A design study involving MDAO to
analysis the scaling of the Floater and rotor is necessary to verify the possibility of Fo-Vawt’s
having a lower LCoE than its Hawt counterpart.

The failure frequencies compiled from various sources give a distribution with respect to major
systems for the rotor-tower and not the BoP. For fowt or far offshore wind farms, this can be a
source of repetitive problems. It leaves an area of presumption in lieu of lack of available reliability
data for the impact on overall maintenance efforts and costs. Failures linked to the BoP, especially
far offshore can lead to costly underwater repair efforts. To analyse the impact of the equipment
costs on the opex, better estimates for the system reliability and supply chain costs are needed
for a detailed study

The installation process for a Fo-Vawt requires further research. The limiting factor for larger
turbines is the large mass of the floater. Mid sea installation is unlikely to be cost effective.
Whether the Floater is towed to location or assembled there is a question that requires answering
and the procedure needed. The influence of depth of grid infrastructure and mooring installation
are important aspects to consider for future research.

7.2 Final thoughts

Installing HVDC stations offshore are a necessary step forward in accessing far offshore wind
resource while driving down the CoE for offshore wind. The vitalisation of far offshore grid con-
nections through floating platforms is currently being realised under the framework of projects
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such as DolWin or BorWin. To realise the possibility of wind farms existing in a deep water
environment, strong infrastructural support is required from the public bodies.

The future of offshore in the authors perspective is promising mainly where it is needed. Having
favourable sea soil conditions (low depth) as in the North Sea is rare, making floating turbines
more of a necessity than eventuality. However, for Vawt’s to overtake current conventional tur-
bines, strong academic and industrial R & D is necessary.

With respect to the DeepWind design, the concept requires more detail designing for proof of
concept, especially with respect to the influence of friction drag for a rotating spar. The omission
of LSS and a bearing does not justify the complications involved in accessing a generator housed
>100 m below sea level. The cost and time needed to repair it will be too high to justify. The
weight can be counteracted by heaving mooring wires or a bigger ballast.

More cost optimisation studies need to be done to verify the results of this thesis. The lack of
experimental data and the novelty of the design leave a blank mark on the validity of the findings.
Certain operational conditions such as wake losses and start-up losses should be considered when
modelling a Fo-Vawt farm.
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Appendix A

Existing Cost Models

A.1 Definitions

1. Levelised cost of energy: is the constant unit cost (per kWh or MWh) of a payment
stream that has the same present value as the total cost of building and operating a gener-
ating plant over its life.

2. Balance of Plant: BoP is the cost of all offshore engineering infrastructure such as elec-
trical, foundation,permits, installation equipment, foundation and turbine installation

3. Initial Capital Costs: This is the summation of the turbine capital costs and balance of
station costs.

4. Turbine Capital Costs: is the cost of all the components of a wind turbine which comprise
into a finished product delivered by a manufacturer. for the floating concept this can or can
not include the Floater and mooring system.

A.2 Review of CoE Models

Elaborating on the CoE models introduced in section 2.8 , a review of the main state-of-the-art
in cost modelling is presented here. These projects summate the more prominent public research
projects researching the promise of upscaling current wind turbine technology in terms of CoE.
These projects along with research funded by the DoE in the USA have delivered cost models
based on theoretical implications of up scaling derived from empirical models for the weight, cost
and loads as a function of power capacity.

A.2.1 UpWind

The UpWind Project was the first initiative taken under the EU FP6 framework to look into
the effects of up-scaling wind turbines to 8-10 MW or higher and wind farms above 500 MW
respectively for both onshore and offshore applications. The aim of the project was to determine
whether “Economies of Scale” hold valid for turbine technology and wind farm size growth, pushing
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down the CoE for larger machines and wind farms. The goal of the project was to present a
framework of the different technological improvements developed in the UpWind project and
determine the areas where more work was needed to decrease cost of energy as described by Sieros
et al. [68].

Process Two different up-scaling methods for weight, cost and loads were compared; geometric
theoretical up-scaling and empirical regression models based on data trends. Both indicated that
technology breakthroughs are prerequisites for further up-scaling in a cost-efficient way Sieros
et al. [68]. Finally, an optimisation framework was made to output hypothetical optimal designs
based on life cycle cost analysis using generic cost models as functions of design parameters with
technology growth adjusted up-scaling laws. This involved using WindFarmer r ( wind farm
emulator) with integrated look up tables from a database of turbulence induced fatigue loads
to study the affects on costs (failure) of critical components, Heath [41]. The effects of external
factors on cost were studied in the complete design loop, focused on wind farm layout optimisation
to achieve a better cost effectiveness, while the RNA was taken as a standard entry. The RNA
component optimisation module used a simplified first cost model composed of two elements, one
related to mass scaling and the other to manufacturing, technology. Technology is chosen as the
factor that determines the learning curve for innovation and improvement over the years allowing
for the theoretical 10-20 MW turbines to become more cost effective designs. The formulation
created for the components capex cost scaling was based on one main design parameter, Rotor
diameter.

Results Based on current technology levels, up-scaling results in unfavourable weight increase.
The linearised weighted cost model predicted that the levelised production cost of components
increases with turbine size using the current state of technology. The overall optimisation gave a
minimal cost of energy for the turbine at a larger optimum scale than the result of the component
optimisation.Sieros et al. [68].

A.2.2 InnWind

The InnWind.EU project is a successor to the UpWind project under the context of the FP7
European Commission protocol. The goal was to formulate an innovative design of beyond state
of the art 10-20 MW offshore wind turbines. A framework was established where different design
for large offshore wind turbines (depth > 50 m) are compared based on key performance indica-
tors. The LCoE targets stipulated under the EWII call for a 20% reduction in LCoE from 106.9
[e/MWh] in 2010 to 84.77 [e/MWh] by 2020.

Process The LCoE and its main components are discretised based on the technology used in
the turbines along with the external factors driving the CoE. Sensitivities are established amongst
its constituent elements to determine key components where “innovation in design” can result in
lower CoE. Conventional Square-Cube up-scaling techniques Chaviaropoulos [22] are disregarded
for mass scaling methods based on load estimations for larger turbines while maintaining a factor
for “innovation in design”, Chaviaropoulos et al. [23]. The focus to reduce LCoE is by optimising
MW specific capex for up-scaled turbines and improving operational efficiency of the wind farm.
Investigations on opex are not sought with values taken from EWII assumptions while “Balance
of Station” costs are varied as a combined exponent value. The turbine capex and opex costs
are adjusted for an discount rate of 5.4 % over the economic life time of a wind farm. The main
parameters based on which load trends are scaled

1. rotational speed, ω

2. Tower Nacelle mass and

3. Rotor design thrust,



A.3 Figures 121

Results Up-scaling exponents for cost for the Innovative Design turbines of capacity 10, 15 and
20 MW were calculated to be 2.42, 2.80 and 2.90 respectively, figure A.1. The innovation calls
for reduced costs and weight reduction in future designs based on technology improvement trends
as compared to “classical up-scaling” which uses existing technology standards. This innovation
stems from a higher rotational velocity with reduced loading (less thrust) and less specific Tower
Nacelle mass resulting in a higher net wind farm capacity factor (+7%), reduced LCoE, decreasing
BoP capex and increased IRR, [figure A.2]. The proposed EWII 20% reduction in LCoE is
presumed achievable by 2020 based on the presumption that technological improvements and
innovation developments continue to increase over the years.

A.2.3 NREL

NREL carried out an array of extensive studies focused on the different systems of a wind tur-
bine across a series of power ratings. These studies developed scaling relations for the systems,
components and cost elements.

Limitations : Scaling functions for machines larger than 2MW’s based on conceptual designs.
It was inspired from the Sunderland model, where scaling relations of the components were de-
termined as parametric functions from compiled empirical results. Baseline model is the GE 1.5
MW machine. Based on value of 2002 Dollar. Some cost elements dependant on the cost of the
material which are de-scaled against a PPI. The costs for other aspects are based on the general
inflation index. The Blades materials are only for fibreglass.

Components of CoE :

� Fixed Charge Rate: discount rate, taxes, financing fees, depreciation, return ond debt/equity
= .1158/yr

� Initial Capital Costs: All systems and components cost of the WT including Balance of
station costs, Control and safety system

� Operation and Maintenance costs

� AEP

Where Producer Price index is used per material as a component cost escalation and a GDP-
general inflation escalation: Labour intensive components such as Rotor and Electrical components
include a labour cost escalator, specified as the general inflation index.

A.3 Figures
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Figure A.1: Levelised Cost of Energy Calculation for classical and innovation based
up-scaling,( [23, 51])

Figure A.2: Turbine Size influence on LCoE and its main drivers,( [23, 51])



A.3 Figures 123

(a) Mass Trends (b) Cost Trends

Figure A.3: Mass breakdown and Cost elements for Optimised 5,10 and 20 MW Hawt derived by
Ashuri [8]

.
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Appendix B

Model Estimations

B.1 Area Mapping

In this section, an area estimation is formulated of the Vawt blade cross section for the spar,
shear, skin to subsequently determine the volume of each the segments. However, the following
modelling is limited to symmetrical airfoils from the NACA 4 digit series. Based on the illustration
given in figure 4.15, the ellipse is constraint such that

� The major axis is equal to half the chord, 2b = 0.5 · C
� The origin of the ellipse ‘Oe’ is presumed to be located at the quarter chord, ce = 0.25 · C.

� The shear web is be fixed at the quarter chord with the other shear web is fixed at the half
chord length

These presumptions allow for simplifications in area estimation. By placing two concentric ellipses
with an origin at the quarter chord, the semi-minor ‘a’ value becomes equal to half the airfoil
thickness ‘taf ’. Thus (t/C) ·C = 2a. For the given t/C of the airfoil, the eccentricity is determined
using the scaling fit from figure 4.14

ε = −2.739(tAF )2 + 0.239tAF + 0.983 (B.1)

The assumed value of ‘a’ can be confirmed to be u b ·
√

1− ε2. The respective skin thickness tskin
is subtracted from the axes to get dimensions of inner ellipse ain, bin.

Ale = π · (ab− ainbin) (B.2)

The area of the spar and shear web is taken separately rather than as a difference in area of two
concentric rectangles. This was to allow different material specifications for the spar and shear
webs during cost calculations.

Aspar = 2b · (a− (a− tspar)) (B.3)

Ashear = 2a · (b− (b− 2tshear)) (B.4)

(B.5)
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The trailing section of the airfoil from 0.5 > C < 1, a triangle is assumed. With the height (ht)
equal to C/2 and base equal to ‘2a’, the angle between the shear web and skin is θ = tan−1

(
ht
a

)
.

Atail =
1

2
((ht · 2a)− (a− tskin · tan(θ))) (B.6)

Error Sources

Mapping the blade cross section using simple geometric constraints does add some minor error in
accurately predicting the volume of the blade. The differences from actual values arise due to two
main reasons

� as the airfoils get thicker airfoils (t/C ≥ 35 %) the curvature in the mid section renders
approximation with an orthogonal shape less feasible. Thus, the base of the tail region is
also no longer equal to ‘2a’

� The Constraint on the chord-wise location of the shear webs. For larger wind turbines, the
blade structure is designed with more shear webs at further distances

Figure B.1: Illustration of area estimation error using box beam for mid section

To determine the error percentage, an example case for NACA0040 was considered. A calculation
of the difference in area estimated for a box beam and the tail segment was as compared to the
actual area determined from a CAD model. The combined error in Area came out to be ≈ 7%.
This was not considered a sufficient inaccuracy to render the large inconsistencies. Hence the
area mapping method was not altered but a tolerance of 4ε = ±5% was considered in the mass
estimations. In figure B.1, the red portion marks the area of error

B.2 Estimation of Production Price

The system production prices for a conventional Hawt glass fibre blades were obtained from the
DOWEC project (Bussel et al. [18]) , WindPACT studies (Griffin [38]) and corrected for inflation
to present day cost. A compilation of the annual inflation rates for countries with a strong wind
energy sector figure B.2 were used to escalate the cost of production against the consumer price
index, (inf [2]).

The inflation rate is based on the consumer price index. From the figure , the effective inflation
for the EU from 2000 - 2014 is estimated at 30.11 % and for USA at 35.81 %. The correction
of back dated cost data is done using the cumulative inflation rate till present from the date in
question.
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Figure B.2: historic average annual inflation rates for major wind turbine manufacturing countries ,
inf [2]

Rotor For the blades, the production prices and adjustment from various sources is given in
table B.3. The blades material was glass fibre reinforced plastics with foam and wood-epoxy
layers.

An inflation escalation of 27.04(Denmark), 30.87(Netherlands), 32.43 and 23.06(USA) were used
row wise in table B.3, giving an average cost per kg to make a GFRP blade at about e11-13/kg.
An However, as the size of wind turbines has increased drastically over the years, cost scales with
a higher power than mass with increasing diameter, (Sec 2.8). Thus, despite the advances in
technology, the larger sizes of turbine rotors have contributed to an increase of production cost of
a wind turbine blade instead of decreasing according to the economies of scale. This is attributed
to the used of better materials to cope with higher loads, higher indirect costs such as installation,
transportation and impacts from economic recession. To improve on the estimate for the Cost/kg
of a wind turbine blade, the cost breakdown for a conventional horizontal axis wind turbine is
used from table B.1 to decipher system production cost for modern wind turbines.

Based on this breakdown, the cost of rotor for the following 3 bladed turbines is deciphered from
the known costs and mass of certain turbines.

NREL 5MW (Ashuri [8]) 63.5 m, Material: GFRP 68553 kg e3173 k
NREL 5MW (Ashuri [8]) 63.5 m, Material: CFRP 53220 kg e3187 k

Drijfwind (drijfwind report) 55 m, Material: GFRP 110000 kg e2875 k

Based on these, the cost per kg for one blade of a Hawt for different materials comes out to be

GFRP e15.43 (2009), e9 (2002)
CFRP e19.9 (2009)

The cost of GFRP material is generally between e5-7 and for CFRP material is around e18-20
per kg as understood from KBE and Design [31]. The compilation of blade SPP costs given in
table B.3 and results presented above, the final production price taken after inflation correction
for a rotor blade made out of GFRP is at e10.5/kg and e22/kg for CFRP.

Floater & Mooring The source of cost estimations taken for the Floaterand mooring system
included a detailed study for the “Drijfwind” project and the “NREL” TLP study from an ECN
presentation (B.H.Bulder [14]) in figure B.3.
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Component Cost Fraction 1 Cost Fraction 2

Blade 0.182 0.222
Hub assembly 0.025 0.015
Gearbox 0.169 0.129
Generator 0.066 0.07
Yaw System 0.030 0.018
Nacelle Cover 0.012 0.013
Mainframe 0.034 0.028
Tower 0.0157 0.263
Power electronics 0.097 0.086
Pitch System 0.064 0.046
Rotor Brake 0.015 0.013
Couplings 0.01 0.01
Main Shaft 0.03 0.019
Bearings 0.03 0.012
Misc 0.065 0.056

Total 1.0 1.0

Table B.1: Hawt Cost fraction distribution from win, Blonk [6, 16]

Figure B.3: System production costs for Floater and mooring system

These costs are for tri-floater for the Drijfwind project M.J.Wolf [54] and a floating tension leg
platform Matha et al. [52] which are assumed to have same cost structure as compared to floating
spar. The costs per unit mass were adjusted to present day values using the GDP inflation given
in figure B.2.

The cost of the ballast is taken from Marintek report on the DeepWind project (Berthelsen [12])
as e50/tonne. The material within the ballast is water saturated olivine with a density of 2600
kg/m3.
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B.2.1 Other Cost Parameters

The fixed cost fraction and mature production process level or technology growth factor are terms
first introduced in the cost model from Griffin [38] and subsequently implemented by Chaviaropou-
los et al. [23] and Heath [41]. Although in the UPWIND and INNWIND project, the MPL is
modified as a time dependant technology learning factor which drives down the cost factor of the
system being produced through innovation and economies of scale. FCF is a function of power
while MPL is a function of the number of blades produced or the years of process experience is
held. In this case, it depends on the number of wind turbines in the wind farm.

Table B.2: Fixed cost and mature production process level fractions

Power (MW) FCF[%] MPL [%] Year

5 2.2 1.24 3
10 4.08 1.14 5
15 5.96 1.07 10

The producer price index, PPI was tabulated from the bureau of labor statistics for the relevant
materials used in the structure.

Table B.3: System production prices corrected for inflation based on location of study, EU or USA.

Source Type SPP [Cost/kg] Adjusted SPP [Cost/kg]

Rotor blade

NEG Micon (2001) 50 - 80 [m] e10.9 e13.8
Bladopt (2000) 50 - 90 [m] e9.0 e11.8
WindPACT- (2001) 40 - 60 [m] $9.5 $12.9
NREL- LM Blades (2005) 70 - 90 [m] $11.1 $13.7

Power Train

Leban [49] (2014)

Copper Windings e15 −
Sintered Iron e36 −

Rare Earth Elements e50 −

Floater

Drijfwind Study (2005)
Buoyancy tank $2.51 $2.96

Braces $3.2 $3.77
Support column $3.0 $3.53

Marintek (2013)
Ballast liquid e0.05 e0.05
General Steel e3.75 e3.75

DOWEC (2003) Protection Coating e3.0/m2 e3.63/m2

Mooring System

Drijfwind Study (2005)

Mooring chain $2.0 $2.36
Mooring wire $2.0 $2.36

Anchors $3.0 $3.53
Installation (fixed) $0.61 M $0.718 M

NREL TLP (2005) Anchor arms $3.3 $4.06
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B.2.2 Labour Percentage estimations

Accounting for labour costs is very dependent on the labour market being considered. Construc-
tions costs in different regions have different rates and thus constitute to different percentages
of the total wind turbine capex. A study was done in Lantz et al. [48] on the cost comparison
between wind turbines constructed in two European countries, Spain and Denmark and USA. The
labour costs were levelised from 2002 till 2008 and reduced a fraction per installed capacity.

The labour cost fraction per installed MW was approximately 9.14 % per kW while the least
was for Spain with a labour cost fraction of 4.6% per kW. Both these values define the range of
variation of labour costs on the total wind turbine capex.
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B.3 Cost Driven Optimisation Framework

Figure B.4: Vawt Cost Driven Design framework presented by Sarwar [63]



# of turbines 49 Type of Turbine DeepWind Electricity base (SDE) 0.05

Site Area 30.1 Power Rating(MW) 5 Assumed Electicity price 0.13

AEP 18.018 Total Power output (MW) 245 Select Wind turbine rating 5MW

AEP_p50 15.144 AEP Multiplier 1

AEP WF(GwH) 8.83E+02 Capex Multiplier 1

Period years 20 E Price Turbines 504.17674

Capital cost € 6.19E+08 BoP 115.2616

Approx O&M running Costs €/kWh 0.058 O & M 4.43E+02

Production kWh/year 8.83E+08 flt 187.8428

Revenue Potential 1 € 7.39E+07 8.37E-02 Balance of Plant 303.10441

Revenue Potential 2 € 9.30E+07 1.05E-01 Turbine Capital Costs 316.33394

Revenue Potential 3 € 1.01E+08 1.15E-01 decommisioning 19.358322

Revenue Potential 4 € 1.16E+08 1.32E-01 Mil. € / MW 2.52831977

Discount rate % 7 0.07 Total 619.438343

Capacity factor % 41.1369863 5MW 10 MW 15 MW

Full load hours 3603.6 GFRP 5MW (Mil) 1.03E+07 2.24E+07 3.47E+07

O&M old method /year 3.59E+07 CFRP 5MW (Mil) 1.08E+07 2.40E+07 3.77E+07

O&M OMCE €/year 4.18E+07 WF installed Capacity 245 250 240

Electricity sales €/year 1.16E+08 Number of Turbines 49 25 16

Net income €/year 7.44E+07 floater Mooring cost 3.83E+06 7.53E+06 1.17E+07

BoP Cost 1.15E+08 9.77E+07 8.83E+07

NPV @ r = 7% € 1.69E+08 AEP p50_max 18.02 37.57 57.96

PBT(fixed) € 8.32E+00 AEP p50_min 15.14 31.58 48.71

LCoE € 0.11357 O &M effort [1 yr] (Mil) 4.18E+01 4.56E+01 4.78E+01

CoE €/KwH 0.075409323 O &M effort / turbine/yr 8.53E-01 1.82E+00 2.99E+00

NPV (Excel) € 1.69E+08 O&M cost per kW-yr 1.71E+02 1.82E+02 1.99E+02

IRR  (Excel) % 10% 0.1033 Decommisioning 1.94E+07 1.18E+07 9.15E+06

Annual Opex (Eurocents/KwH) 4.28 4.44 4.67

Capital costs (Mil. €)

K13  Site, 245 MW FO-VAWT Wind Farm
Park Specifications

LINKED TABLE



Years Costs Revenue Fixed Bal Discount PV Discnt Bal opex dscntrev discnt dsnt Elec dicnt LEC CRF NPV_C*CRF

year -2 2.06E+08 0.00E+00 -2.06E+08 1.0000 -2.06E+08 -2.06E+08 -2.06E+08 0.00E+00
year -1 2.06E+08 0.00E+00 -2.06E+08 1.0000 -2.06E+08 -2.06E+08 -2.06E+08 0.00E+00

0 2.06E+08 0.00E+00 -2.06E+08 1.0000 -2.06E+08 -6.19E+08 -2.06E+08 0.00E+00 6.19E+08 1 6.19E+08

1 4.18E+07 1.16E+08 7.44E+07 0.9346 6.96E+07 -5.50E+08 -3.91E+07 1.09E+08 1.07E+08 3.91E+07 1.0700 4.18E+07

2 4.18E+07 1.16E+08 7.44E+07 0.8734 6.50E+07 -4.85E+08 -3.65E+07 1.02E+08 1.00E+08 3.65E+07 0.5531 2.02E+07
3 4.18E+07 1.16E+08 7.44E+07 0.8163 6.08E+07 -4.24E+08 -3.41E+07 9.49E+07 9.37E+07 3.41E+07 0.3811 1.30E+07
4 4.18E+07 1.16E+08 7.44E+07 0.7629 5.68E+07 -3.67E+08 -3.19E+07 8.87E+07 8.76E+07 3.19E+07 0.2952 9.41E+06
5 4.18E+07 1.16E+08 7.44E+07 0.7130 5.31E+07 -3.14E+08 -2.98E+07 8.29E+07 8.18E+07 2.98E+07 0.2439 7.27E+06
6 4.18E+07 1.16E+08 7.44E+07 0.6663 4.96E+07 -2.65E+08 -2.79E+07 7.74E+07 7.65E+07 2.79E+07 0.2098 5.84E+06
7 4.18E+07 1.16E+08 7.44E+07 0.6227 4.64E+07 -2.18E+08 -2.60E+07 7.24E+07 7.15E+07 2.60E+07 0.1856 4.83E+06
8 4.18E+07 1.16E+08 7.44E+07 0.5820 4.33E+07 -1.75E+08 -2.43E+07 6.76E+07 6.68E+07 2.43E+07 0.1675 4.07E+06
9 4.18E+07 1.16E+08 7.44E+07 0.5439 4.05E+07 -1.35E+08 -2.27E+07 6.32E+07 6.24E+07 2.27E+07 0.1535 3.49E+06
10 4.18E+07 1.16E+08 7.44E+07 0.5083 3.78E+07 -9.67E+07 -2.12E+07 5.91E+07 5.83E+07 2.12E+07 0.1424 3.03E+06
11 4.18E+07 1.16E+08 7.44E+07 0.4751 3.54E+07 -6.13E+07 -1.99E+07 5.52E+07 5.45E+07 1.99E+07 0.1334 2.65E+06
12 4.18E+07 1.16E+08 7.44E+07 0.4440 3.30E+07 -2.83E+07 -1.86E+07 5.16E+07 5.10E+07 1.86E+07 0.1259 2.34E+06

13 4.18E+07 1.16E+08 7.44E+07 0.4150 3.09E+07 2.63E+06 -1.73E+07 4.82E+07 4.76E+07 1.73E+07 0.1197 2.08E+06

14 4.18E+07 1.16E+08 7.44E+07 0.3878 2.89E+07 3.15E+07 -1.62E+07 4.51E+07 4.45E+07 1.62E+07 0.1143 1.85E+06

15 4.18E+07 1.16E+08 7.44E+07 0.3624 2.70E+07 5.85E+07 -1.52E+07 4.21E+07 4.16E+07 1.52E+07 0.1098 1.66E+06
16 4.18E+07 1.16E+08 7.44E+07 0.3387 2.52E+07 8.37E+07 -1.42E+07 3.94E+07 3.89E+07 1.42E+07 0.1059 1.50E+06
17 4.18E+07 1.16E+08 7.44E+07 0.3166 2.36E+07 1.07E+08 -1.32E+07 3.68E+07 3.63E+07 1.32E+07 0.1024 1.36E+06
18 4.18E+07 1.16E+08 7.44E+07 0.2959 2.20E+07 1.29E+08 -1.24E+07 3.44E+07 3.40E+07 1.24E+07 0.0994 1.23E+06
19 4.18E+07 1.16E+08 7.44E+07 0.2765 2.06E+07 1.50E+08 -1.16E+07 3.21E+07 3.17E+07 1.16E+07 0.0968 1.12E+06
20 4.18E+07 1.16E+08 7.44E+07 0.2584 1.92E+07 1.69E+08 -1.08E+07 3.00E+07 2.97E+07 1.08E+07 0.0944 1.02E+06

8.33E+08 2.32E+09 1.49E+09 0.00E+00 -4.43E+08 0.00E+00 1.22E+09 1.06E+09 7.49E+08
CoE 1.14E-01 8.49E-01

Discounted Cash Flow
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Appendix C

Balance of Plant Cost Simulations

The costs associated with wind farms for different turbine ratings and overall capacity were evalu-
ated with the site conditions for Horns Rev. Hoowever as no wake model is implemented, thus no
AEP calculations are performed as part of the simulation. This nullifies any constraints from the
meteorological data and the impact on BoP costs for grid infrastructure and installation become
a direct consequence of the turbine rating and wind farm geometry.
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Figure C.1: Scaling fit for BoP cable costs vs increasing WF power capacity

To generate the initial estimates for the BoP costs as a function of the components mentioned in

135



136 Balance of Plant Cost Simulations

Section (5.3), the following assumptions were made.

1. The infield cable voltage was fixed at 45kV while transmission cable was fixed at 220 kV for
all WF’s in Table 5.2

2. The Generator voltage values are taken from Leban [49], kept at a constant 13500 [V]

From the figure C.1, it can be seen that for an equal spacing, the cables capex costs are independent
of size of turbine but more dependant on power rating of wind farm. This seems reasonable as
for a fixed voltage level, the mass of a cable is dictated by the maximum current flowing through
it for certain power capacity. Establishing a trend for the internal grid cable installation cost, a
dependency of the cable length was made to power intensity (PI) for a wind farm. As Ccab,ins
varied linearly with increasing wind farm power capacity and area, a ratio of the two was used to
define a parametric function against which the cable length (proportional cable installation cost)
is scaled. For each wind turbine power rating, the graphs how similar behaviour, however with a
specific offset.
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Figure C.2: Power relations depicting the scaling of infield cable length with WF Power Intensity.



Sizing 5D Values in 2012 Eur FIXED
Decom % 0.91 Turb Rating 5MW 10MW 15 MW
WF size Wind Farms are square grids 4 16 36 64 4 16 36 64 4 16 36 64

Efficiency Electrical 0.98 0.971 0.977 0.984 0.977 0.978 0.987 0.989 0.975 0.978 0.987 0.989
Area m^2 390625 3515625 9765625 19140625 739600 6656400 18490000 36240400 1071225 6656400 18490000 36240400
infield m 2173 10920 26241 48137 2914 14875 35882 65935 3467 17820 43061 79189
transmission m 24978 24978 24978 24978 24978 24978 24978 24978 24978 24978 24978 24978

Power MW 20 80 180 320 40 160 360 640 #REF! 240 540 960
infield cables 720249 1555117 4755930 11743940 415031 3629012 17283304 63145625 628268 8583506 57109012 253579581
transmission cable 7991218 8591123 11959195 23842104 7923894 11040495 29691237 129119839 8219729 15714812 78608714 489497134
shunt reactors 344579 373219 481983 698552 341161 456861 773469 1474591 355677 566157 1186694 2728921
offshore transfomer 789082 1215780 2235886 3444948 722256 2046533 3763687 5798912 979646 2775340 5104003 7864006
turbine transformeer 165946 295016 663786 1180063 143800 575198 1294196 2300794 213845 855381 1924607 3421524
switch gear 1495709 2317026 3622548 5412276 1495709 2317026 3622548 5412276 1495709 2317026 3622548 5412276

TOTAL 11506783 14347281 23719328 46321883 11041851 20065125 56428441 207252037 11892874 30812222 1.48E+08 762503442
Measuring Tower 2484745 2484745 2484745 2484745 2484745 2484745 2484745 2484745 2484745 2484745 2484745 2484745
Onshore Premises 1818106 1818106 1818106 1818106 1818106 1818106 1818106 1818106 1818106 1818106 1818106 1818106
Offshore Platform 1119432 4013453 8855741 15644957 2082502 7886315 17584310 31136728 3047307 11765203 26302018 46562168

TOTAL 5422283 8316304 13158592 19947808 6385353 12189166 21887161 35439579 7350158 16068054 30604869 50865019
RNA + tower offshore works 1415186 5660746 12736678 2262984 1664675 6658702 14982079 26634808 1850465 7401861 16654186 29607442

Measuring tower 666639 666639 666639 666639 666639 666639 666639 666639 666639 666639 666639 666639
Port staging 382532 1530127 3442785 6120507 765063 3060254 9885571 12241015 1147595 4590381 10328356 18361522

TOTAL 2464357 7857512 16846102 9050130 3096377 10385595 25534289 39542462 3664699 12658881 27649181 48635603
infield cables 892150 2044032 4061679 6945093 989809 2564877 5331239 9288895 1062533 2952740 6276656 11034280
transmission cables 4079834 4079834 4079834 4079834 4079834 4079834 4079834 4079834 4079834 4079834 4079834 4079834

TOTAL 4971984 6123866 8141513 11024927 5069643 6644711 9411073 13368729 5142367 7032574 10356490 15114114
Management 1242197 3290980 6787198 11968376 1640029 4967469 11157923 22823807 2062943 6882934 17477993 45856673
engineering 689952 2759808 9209567 11039231 1379904 5519615 12419134 22078461 2069856 8279423 18628702 33117692

TOTAL 1932149 6050788 15996765 23007607 3019933 10487084 23577057 44902268 4132799 15162357 36106695 78974365
Turbine 1287819.3 5151279 11590377 2059315 1514854 6059419 13633692 24237675 1683923 6735694 15155309 26942772
infield cable 89728 450969 1083723 1987989 120355 614311 1481869 2723027 143162 735949 1778360 3270396
transmission cable 956270 956270 956270 956270 956270 956270 956270 956270 956270 956270 956270 956270
Off platform + meteo 519118 519118 519118 519118 519118 519118 519118 519118 519118 519118 519118 519118
site clearance 49960 199841 449642 799364 49960 199841 449642 799364 49960 199841 449642 799364

TOTAL 2902895.3 7277477 14599130 6322056 3160557 8348959 17040591 29235454 3352433 9146872 18858699 32487920
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Sizing 7D Values in 2012 Eur FIXED
Decom % 0.91 Turb Rating 5MW 10MW 15 MW
WF size Wind Farms are square grids 4 16 36 64 4 16 36 64 4 16 36 64

Efficiency Electrical 0.98 0.971 0.977 0.984 0.977 0.978 0.987 0.989 0.975 0.978 0.987 0.989
Area m^2 765625 6890625 19140625 37515625 1449616 13046544 36240400 71031184 2099601 18896409 52490025 102880449
infield m 2173 10920 26241 48137 2914 14875 35882 65935 3467 17820 43061 79189
transmission m 24978 24978 24978 24978 24978 24978 24978 24978 24978 24978 24978 24978

Power MW 20 80 180 320 40 160 360 640 60 240 540 960
infield cables 355383 2154336 4755930 16363304 569629 5041511 24080815 88096859 865050 11939701 79633745 353984853
transmission cable 7695879 8591123 11959195 23842104 7923894 11040495 29691237 129119839 8219729 15714812 78608714 489497134
shunt reactors 329008 373219 481983 698552 341161 456861 773469 1474591 355677 566157 1186694 2728921
offshore transfomer 429069 1215780 2235886 3444948 722256 2046533 3763687 5798912 979646 2775340 5104003 7864006
turbine transformeer 73754 295016 663786 1180063 143800 575198 1294196 2300794 213845 855381 1924607 3421524
switch gear 1495709 2317026 3622548 5412276 1495709 2317026 3622548 5412276 1495709 2317026 3622548 5412276

TOTAL 10378802 14946500 23719328 50941247 11041851 21477624 63225952 232203271 12129656 34168417 1.7E+08 862908714
Measuring Tower 2484745 2484745 2484745 2484745 2484745 2484745 2484745 2484745 2484745 2484745 2484745 2484745
Onshore Premises 1818106 1818106 1818106 1818106 1818106 1818106 1818106 1818106 1818106 1818106 1818106 1818106
Offshore Platform 1119432 4013453 8855741 15644957 2082502 7886315 17584310 31136728 3047307 11765203 26302018 46562168

TOTAL 5422283 8316304 13158592 19947808 6385353 12189166 21887161 35439579 7350158 16068054 30604869 50865019
RNA + tower offshore works 1415186 5660746 12736678 2262984 1664675 6658702 14982079 26634808 1850465 7401861 16654186 29607442

Measuring tower 666639 666639 666639 666639 666639 666639 666639 666639 666639 666639 666639 666639
Port staging 382532 1530127 3442785 6120507 765063 3060254 6885571 12241015 1147595 4590381 10328356 18361522

TOTAL 2464357 7857512 16846102 9050130 3096377 10385595 22534289 39542462 3664699 12658881 27649181 48635603
infield cables 996042 2598122 4061679 9438500 1132764 3327305 7189658 12719823 1234578 3870314 8513242 15163362
transmission cables 4079834 4079834 4079834 4079834 4079834 4079834 4079834 4079834 4079834 4079834 4079834 4079834

TOTAL 5075876 6677956 8141513 13518334 5069643 7407139 11269492 16799657 5314412 7950148 12593076 19243196
Management 1248154 3325580 6883479 12181759 1648956 5032716 11417601 23675272 2075208 7011147 18220832 48992703
engineering 689952 2759808 6209567 11039231 1379904 5519615 12419134 625927164 2069856 8279423 18628702 33117692

TOTAL 1938106 6085388 13093046 23220990 3019933 10552331 23836735 649602436 4145064 15290570 36849534 82110395
Turbine 1287819.3 5151279 11590377 2059315 1514854 6059419 13633692 24237675 1683923 6735694 15155309 26942772
infield cable 122310 624737 1507282 2769944 165187 853416 2064686 3798999 197117 1023709 2479775 456315
transmission cable 956270 956270 956270 956270 956270 956270 956270 956270 956270 956270 956270 956270
Off platform + meteo 519118 519118 519118 519118 519118 519118 519118 519118 519118 519118 519118 519118
site clearance 49960 199841 449642 799364 49960 199841 449642 799364 49960 199841 449642 799364

TOTAL 2935477.3 7451245 15022689 7104011 3160557 8588064 17623408 30311426 3406388 9434632 19560114 29673839
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(a) 5 MW, 5 x 5 (b) 5 MW, 7 x 7

(c) 5 MW, 9 x 9 (d) 15 MW, 2 x 2

(e) 15 MW, 3 x 3 (f) 15 MW, 4 x 4

Figure C.3: Cost Results for BoP simulations for 5MW and 15 MW Vawt in a rectangular grid
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(a) LCoE and WF performance (b) Support Structure mass

(c) O & M (d) Cost Details

Figure C.4: Cost Results for owfdesimulations for 5MW bottom foundedHawt in a 7 x 7 rectangular
grid



Appendix D

Operation and Maintenance

D.1 Repair Classes

For any repair class, there are four assumed different types of maintenance process that can be
executed in the repair class.These can either be or a combination of remote reset,inspection, repair
and replacement, de Pieterman et al., de Pieterman et al. [28, 29]. For each of these maintenance
processes, sequential phases are involved, each which have specified time intervals constituting of
a fixed portion or/and the time defined due to the repair class.

Remote reset No resources utilisation; Execution time = fixed at restart procedure from
control room at TSO substation

Inspection Technicians and a single access vehicle need; Launch time = default; travel
time = vessel dependant, weather dependant; Execution time = default

Repair Modelled identically to Inspection, Allows use of support vessels such as crane’s
etc to execute the repair

Replacement Multiple resource utilisation based on number of vessels; Launch time = In-
spection phase; Travel time = vessel dependant, weather dependant; Execution
time = preparation (default [6 hr]) + Positioning (RC dependant) + finalisation

A Default time specification denotes a fixed time which is presumed into the OMCE tool during
initialisation of general properties. Unless otherwise specified during the Repair class definition,
it is kept at the default value. For the replacement maintenance phase, upto four vessels can
be simultaneously alloted, each adding their own constraints based on immobilisation time and
weather related constraints. Before a replacement maintenance phase can be executed in a repair
class, a preceding inspection phase is necessary. The total time taken to carry out a Repair Type
may stretch over a few days depending on the weather and resource availability and work hours.

Unplanned Corrective maintenance Repair Classes: RC 1 to RC 12

Condition based maintenance Repair Classes: RC 13 to RC 15

Calendar based maintenance Repair classes: RC 16 to RC 19

141



Class Repair type Modifications Explanation of modifications

RC1 Remote Reset None Similar to Default Model
RC2 4h

inspection/small
repair inside

Procedure
 Procedure

- The ROV is used to inspect the spar bouy and the
mooring system depending on what alarm was
triggered
- The technicians mount turbine. Two take the
elevator down to generator while one stays on the
platform
- Fix fault

RC3 6h
Inspection/small
repair outside

Time
Procedure

 Time: reduced by 33% as two blades instead of
three

 Procedure
- Two technicians take elevator up to top of
turbine
- Equipment also transported under elevator
(<1MT)
- Repair done by hanging off the side of the blade
with harnesses and pulleys
- Crane in middle section between top and bottom
direction elevators

RC4 8h Replacement
parts(subsea)
internal

Procedure These include small replacements in the generator
section in the lower part of the spar bouy where the
power train is housed.

 Procedure
- Items (<2MT) picked up by crane, put in lower
elevator
- Two technicians and equipment lowered

RC5 16h Replacement
parts internal
(sub sea) (< 2MT)

None Same as above, just takes longer

RC6 24h Replacement
parts external
(sub sea) (< 2 MT)

Procedure Same as RC4 but takes longer

 Procedure
- Uses ROV as well and involves 4 technicians
- An ROV is utilised to do external work and small
replacements

RC7 24 hr
replacement
parts external
(<100MT)

Vessel
Procedure

 Vessel: Dynamic Positioning Crane instead of Jack-
up

 Procedure
- Inspection of blades by work boat team, 3
technicians
- Assess damage and give report
- Preparation time where Items ordered, take 16
hrs
- Use of Dynamic positioning crane
- Work boat vessel with 6 technicians
- Replacement procedure take approximately 24



hrs
- An additional repair assessment is initiated after
the replacement phase

RC8 48 hr
replacement
parts external
(subsea)(<100MT)

Time
Vessel
Procedure

Mother vessel also used for diving support (4 divers).
Used for replacement of lowest parts of the
sparbouy/overhaul of large components.
Modular system where whole generator/Bearing and
mooring and are not attached in a series manner
where they are coupled but can be removed
independently.
 Time: Longer by 33%
 Vessel: Support Mother Vessel, Workboat  ROV
 Procedure

-Inspection Same as above,
- The whole unit is removed as a modular
- Technicians free the generator from the inside
- Use of 4 divers, 4 technician and submarine ROV

RC9 8h BoP
transformer
repair

None Focused on repairing Transformer substation
Results in 50% of wind farm out of operation

RC10 48h BoP
transformer/
Mooring repair

Name
Vessel
Procedure

Similar to RC9,
Focused on Transformer substation repair, use of
helicopter removed

 Vessel: Support Mother Vessel, Workboat  ROV
 Procedure

- Inspection: work boat and 3 technicians, 4 hr
- Repair: Mother vessel and 4 technicians,  44 hrs,
small items but complicated operation(< 2MT)

RC11 10h BoP mooring
repair

New Repair
Class

 Time: Longer by 25%
 Vessel: Support Mother Vessel, Workboat  ROV
 Procedure

- Work boat, 6 hr organisation time, 4 hrs
inspection
- Mother vessel , organisation time 6 hr (assumed
items on board always)
- Travel time 2 hrs Mother vessel travels to wind
farms
- Lowers part to bottom with crane
- ROV makes change
- Replacement phase to finalise work and check it

RC12 32 BoP cable
replacement

None

RC13 8 hr Pitch motor
replacement

Removed There are no Pitch or Yaw motors in the DeepWind wind
turbineRC14 16 hr yaw motor

replacement
Removed



RC13 8 hr BoP Repair
(TSO)

New Repair
Class

Similar to RC 9 and RC 10
Costs and logistics equipment removed

Based on the pretence that for foar offshore wind farms, a
offshore distribution point will be provided by the TSO.
This is maintained and operated by the TSO and any
problem incurred results in a time delay of operation for
50 % of the wind farm

RC14 48 hr BoP Repair
(TSO)

New Repair
Class

RC15 160h BoP
transformer
repair

Vessel Focused on inspection of the underwater transformer
module system.
Due to lack of knowledge on transformer design of Wind
Turbine, left unaltered and used as given in Default model

 Vessel: Support Mother Vessel
RC16 24h WT preventive

maintenance
None

Similar to Default modelRC17 48h WT preventive
maintenance

None

RC18 6h BoP preventive
maintenance-
Inspection

New Repair
Class

Two similar Repair classes for Calendar based
maintenance focused on the bi annually inspection and
if needed, restorative repair/replacement of the highly
loaded mooring system of all the turbines.
It is assumed that 50% of the turbines need some sort
of maintenance while the rest  are inspected and found
fit.
This is modelled in the WT system “Mooring bearing”
instead of the BoP system “Mooring system” so that
each turbine can be individually checked
 Time:  6 h
 Vessel: Workboat ROV, 2 technicians
 Procedure

- Work boat picks up technicians from mother
vessel

- The inspection process is for half the turbines
which do not need any repair

 Time:  4 h + 6 hr
 Vessel: Workboat ROV, 2 technicians
 Procedure

- Work boat picks up technicians from mother
vessel The inspection process is for other half
the turbines which do need repair is 2 hours less
as the same workboat performs the repair
which takes 6 hrs

- Items used are consumable and small moving
items which are present on the workboat.

RC19 12 h BoP
preventive
maintenance-
Inspection

New Repair
Class
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D.2 Failure Frequencies

A number of studies have compiled the failure rates from various turbines and wind farms. Most of
the studies are based on the results from onshore wind turbines. Thus the difference in technology
and operational regime creates a slight bias against modern Hawt offshore turbine failure rates.
According to Polinder et al. [61], Tavner et al. [69] [67], modern turbines which incorporate newer
technologies to counter the intrinsic failure problems with hydraulic and gearbox assemblies suffer
from a substantial increase in failure rate in electrical related sub assemblies, in some cases to a
factor of almost double [69].Considering this eventuality, in the ECN default model, the associated
failure frequency is kept much higher than what is reported from the LWK and WMEP surveys.
There is also some disparity on how whether the results from the LWK and WMEP surveys are
directly applicable to OWT’s. Especially because the failures in the BoS are not readily available
while the reliability of Danish onshore turbines is quite high, [69].

This compilation was meant to study the distribution of the failure frequencies over the different
WT systems. The different studies used different classification methods for the failures. To sum-
marise the distributions into a homogeneous terminology, the following classification was used

� Auxiliary Equipment : Electrical Protection and Safety system, Hydraulic, Cool-
ing, Crane

� Control and Comm systems : Sensor, transmitters, receivers, safety chain, controllers
(Power train and rotor)

� Drive Train : Gear Box assembly, shafts, bearings, brake
� Nacelle : Yaw System, Frame, Bed-plate
� Power-Train : converter + switch, generator, transformer, transmission

cables, machinery enclosure
� Rotor : Blade,Pitching system, hub assembly, slip rings
� Structure : Tower, foundation(onshore)
� Misc

Wind Turbine Reliability Study

� Large monitoring programme operated
by Fraunhofer IWES

� Sampling time = 1989 to 2006
� Data from 1500 onshore turbines re-

ported operating for 15400 turbine years
�
� Overall mean failure frequency/turbine

= 2.356
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Wind Turbine Reliability Study

The R80 FMECA wind turbine is a generic
2MW,( φ: 80 m) wind turbine configuration
which is optimised to increase system relia-
bility until a subsystem level

It was a work package of the ReliaWind
project which used Failure mode effects and
criticality analysis of different WT designs to
predict the WT reliability

� Failure statistics published Land-
wirtschaftskammer Schleswig-Holstein

� Sampling time = 1993 to 2006
� 650 onshore turbines reported operating

for 5800 turbine years
� WT size from 225 kW to 1.8 MW
� Both stall, pitch regulated and as well as

Direct-Drive and drive-train types sur-
veyed

�
� Overall mean failure frequency/turbine

= 1.813

OMCE’s default model was based mainly
on the results from the Reliawind project
and in-house knowledge as collected from
de Pieterman et al. [28]. The difference in
failure distribution is attributed towards the
classification overlap compared to the source
of information for the Reliawind and what is
suggested in the OMCE default model
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Wind Turbine Reliability Study

� European Union project involving 10 in-
dustrial and academic partners

� Sampling time = 2006 to 2011
� 350 pitch regulated turbines , less than

6 yrs old
� WT size ≥ 850 kW
�
� Overall mean failure frequency/turbine

unpublished

Table D.1: Review of failure frequencies from three European reliability surveys, a turbine manufacturer
data and in-house knowledge at ECN

In the WMEP database, large variation of turbines were assessed. There was a sharp change of
technology during the late 90s towards Direct drive machines. This significantly increases the rate
of failures as compared to having a gearbox with conventional generator technology. The control
modules are accounted for together for both the power train and rotor.

From the LWK database, Failure rate is low for realistic estimation. The data might be biased
as the sample size for each type of turbine might not be same. Reliability tends to decrease from
small to large group, representing mature to less mature technologies. Benefits from direct-drive
WTs over geared WTs not conclusive; need more data collection to evaluate. The power train
controller and rotor controller are considered with the subsystems and not individually

The ReliaWind database indicates that the drive train components only account for a smaller
portion of both the total amount of failures. This can be accounted to that pitch regulated wind
turbines tend have fewer Drive train failures and also that a larger majority of the sampled turbines
are direct drive machines.

The OMCE failure application of the Reliawind results indicates that there is a large failure
portion attributed to the control and protection systems for the turbine and the generator. This
seems a little inconsistent with the other databases results.
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