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Abstract

The penetration of the renewable energy sources in the global market has been constantly growing over thelast years. This trend is expected to accelerate even more in the future due to the improving technologies, theeconomies of scale, the competitive supply chains and the improving developer experience. The main chal-lenge for a faster and wider implementation of these resources is their intermittent character and the limitationsthat this implies.
A concept that successfully deals with this variable energy output is the Hybrid Power Plants (HPP). HPPscombine at least two different sources of energy with the goal of delivering stable power with reduced fluctua-tions throughout the year. In addition, HPPs present various other synergies such as in operational costs or inthe developing processes, that could lead to a reduced Levelized Cost of Energy (LCOE).
The goal of this thesis is to assess the potential synergy of a combined wind and solar park for the caseof the Energy Storage Lake (ESL) of the project Delta21. The Delta21 project has a twofold character: firstly,the usage of the ESL as a large battery integrated with green energy production and secondly the protectionof the inland against floods due to high sea level or superfluous river discharge. The main challenge for thisspecific case is the large water level fluctuations within the lake on a daily basis due to the operation of the lake.
The feasibility of a hybrid wind and solar park can be examined by various different perspectives and disci-plines. Among these relevant components, the most frequently studied ones are the optimization of the energyresources, the use of common electrical infrastructure and the effect of the intermittent wind turbine shadowson the solar panels. Due to the special conditions, with the large water level fluctuations met at the lake, twomore components become critical and these are the type of foundation of the wind turbines and the mooringconfiguration for the floating solar units.
This project is evaluating a new potential synergy that regards the use of the wind turbine towers as anchor-ing points for the floating solar units. Therefore, the research is focused on the estimation of the forces acting ona floating solar unit. These forces are a combination of wind loads acting on the solar panels and the freeboardof the floaters, and wave forces acting on the submerged part of the floaters. In particular, the technology ofthe floating solar boat as introduced by GroenLeven and the small scale wind turbines as designed by DutchWind Design are adopted for this project.
Analytical formulations are used for the calculation of the wind loads. As for the wave forces, the linearpotential theory is used and the calculations of the hydrodynamic coefficients and wave exciting forces areperformed through the Boundary Element Method (BEM) software NEMOH. After the computation of first orderwave forces and the corresponding responses of the floaters, the far-field approach is used for the estimationof the Quadratic Transfer Function (QTF) of the drift force.
The methodology developed in this project and the accuracy of the model are validated with the use ofreference data that regard the interaction of connected floating units placed in a close proximity and the corre-sponding second order wave forces as predicted by the far-field approach.
The resulting forces as exerted on a single solar boat are then expanded accordingly for a solar unit of4.1MW installed capacity consisting of 400 solar boats, as defined by the base case design. When the driftforce density spectrum is adopted, the total mooring force is 90% higher than the rest of the forces acting onthe tower. The corresponding wind loads on the solar boat account for only 4.5% of the mooring force. Incomparison, for four different scenarios that make use of the maximum value of the drift force and include avariable parameter, the ratio of the mooring force over the tower forces presents a wide range with values of



35% up to 164%. The most influential parameter in the total solar unit force is the incident wave height.
Finally, the potential mooring forces originating from loads on the solar units do not seem to be a showstopperfor the proposed configuration. However, further work is required for the evaluation of the financial impact ofsuch a system as well as the technical feasibility of the connection points. Other recommendations regard theoptimization of the layout of the HPP with the objectives of maximum energy production or the minimization ofLCOE.
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1 | Introduction

This chapter is introducing the concept of the hybrid power plants and their relevant components. The back-ground of the problem in hand as well as the main research question follow.

1.1 Hybrid Power Plants

The penetration of the renewable energy resources in the global electricity market has been constantly growingover the past decades. The environmental concern and the corresponding progressive depletion of fossil fuelshas shifted research and attention towards renewable resources.Within 2020, the share of renewable energy in the global electricity mix, reported a high record estimatedat 29%. Moreover, solar photovoltaics (PV) had a record breaking year reaching up to 760GW of installedpower including both on-grid and off-grid systems. A comparable record high was achieved for wind powerleading to 743GW of total installed capacity [73], with 707.4GW installed at onshore locations and the restoffshore. Specifically for the case of the Netherlands, the PV installed capacity in 2020 reached to 10.1GWwhile the wind capacity to 6.5GW, originating from 2.6GW and 3.9GW of offshore and onshore respectively [42].However, the stochastic nature of these two resources and the corresponding technical challenges related togrid power supply are the main obstructions towards further deployment and installation [5]. The risks relatedto this fluctuating and unpredictable nature can be mitigated up to a certain level with the so called hybrid powerplants (HPP). These HPP combine at least 2 energy resources which are then connected through substationsand provide combined power, and they offer potential reduction in the inter-annual variability as well as reductionin the installation and maintenance costs [3]. Solar radiation is present during the day and summer, while thewind can compensate for the absence of solar production during night and decreased performance in winter.The main advantage of such a HPP compared to independently operating systems can be summarized to thefollowing [101, 107]:
• space can be used more efficiently, with the increase in the installed capacity and energy output persquare meter; this can lead to a reduced Levelized Cost of Energy (LCOE)
• a higher capacity factor and a more stable power output can be achieved at locations where the twoenergy sources are complementary (negative correlated)
• infrastructure investment costs related to electrical components can be reduced if a single grid connectionpoint is used
• the needs in energy balancing and curtailments are significantly reduced when compared to pure solaror wind power plants
• from a developer’s point of view, new synergies are created within the development and permitting pro-cess as well as for the operation and maintenance of the plants; this leads to an overall reduction ofdevelopment, capital and operational expenditures
• hybrid power plants can be advantageous in terms of dispatching power in the market; in cases wherethe electricity market prices are negatively correlated to wind power, the hybrid power plant could earnrevenue from the market, when prices are high, thanks to the solar resource
There are numerous studies that have investigated the potential exploitation of wind and solar PV powerproduction complementarity to deal with this variability in energy output [19, 35, 75, 110]. The potential syn-ergy of developing offshore floating wind and solar energy in a case study for the area off Asturias (Spain)has been performed in [62]. The results showed that the capacity density (MW/km2) and the specific yield
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CHAPTER 1. INTRODUCTION 2
(MWh/km2/year) can be increased by 10 and 7 times respectively for a combined wind-solar park in compari-son to a stand-alone wind farm. More significantly however, the power output variability of the combined parkwas reduced by 68% relative to the wind farm.In Figure 1.1, the opportunity of co-locating the solar panels in the space available between the wind turbinesis presented.

Figure 1.1: Opportunities for synergies between wind and solar parks [62]

The first utility scale hybrid plant in Europe was developed in Haringvlied (the Netherlands). The layoutof the existing wind-solar-energy storage system and the controller’s features were presented in [80], and thesimulated hybrid system was shown to satisfy all requirements. Another study [18] attempted to investigate theadvantages of an offshore hybrid farm consisting of wind turbines and PV panels on the western coast of theIberian Peninsula. The analysis was performed through a classification based on the stability of resource, rich-ness of the offshore resource, economic and risk factors. The study concluded that the examined combinationof wind and solar resources reduce the spatial and temporal variability.A technical-economic risk study for the financial impact of PV power insertion into a wind energy system for thecase of Brazil was carried out in [12]. The findings showed that even if the PV equipment is more expensivethan wind, the installation of a certain number of PV panels has a high probability of making the project eco-nomically successful.Bekele and Palm [6] investigated the possibility of providing electricity to a remote location in Ethiopia, froma stand-alone solar-wind system. They proposed a list of different feasible power supply systems and rankedthem based on their Net Present Value (NPV). They reached to the conclusion that an energy system whichincludes renewable resources is the most appropriate solution besides the slightly higher Net Present Cost(NPC).For a case study in Libya [50], after numerous simulations were performed, the results showed that the mosteconomically feasible design to supply average load connected to gird is a combination of PV arrays and windturbines.The spatiotemporal variability and complementarity of wind and solar resources within Germany was studiedin [92], by using different time scales (daily, seasonal, annual). The results obtained, revealed the need of an-alyzing the correlation of these two resources in even smaller time scales such as sub-daily. Klonari et al. [57]mapped all the operating or under development hybrid wind-solar parks, in an attempt to identify drivers andbarriers that could help in the formulation of new policies with the ultimate goal of boosting their development.WindEurope has developed and made publicly available an online data-set of co-located wind and solar powerplants with storage technologies [108]. A screenshot of this database is presented in Figure 1.2. The orangedots correspond to projects in which a storage system is also implemented while the blue dots are the oneswithout storage.
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Figure 1.2: Co-located hybrid wind and solar projects [108]
From the 27 projects included in this data-set, the main functionalities of the parks can be divided into thefollowing:
- Enhanced and smoother power output (51%): make power generation profile flatter over time comparedto a pure wind or solar system, eliminate rapid voltage and power ramps
- Increased capacity factor (26%): better utilization of the converter, transformer and connection capacitythrough negative correlation of wind and solar resources
- Weak power grid (33%): provide more predictable and schedulable power dispatch, assisting in the satis-faction of load demand for cases/areas where the power grid is too weak to provide reliable power supply.
Mazzeo et al .[69] performed a literature review on the trends of research in the field of hybrid PV-windsystems including 550 articles. The main findings of this review are:
- the most prevalent study methodology is the simulation
- parametric analysis is most commonly met with HOMER being the most widely used software
- Loss of Power Supply Probability (LPSP), Resource Fraction (RF), Cost of Energy (COE), Net PresentCost (NPC) and the emissions of CO2 (E) are the most used indicators for the energy, economic andenvironmental analysis respectively
- battery is the most widely used auxiliary component
- the optimization techniques most frequently used in studies are the Particle Swarm Optimization (PSO)and Genetic Algorithm (GA)
- stand-alone systems are investigated in the majority of projects compared to grid-connected
As the demand in reliable and stable electricity remains a priority, the benefits of co-locating wind and solartechnologies present significant advantages of these technologies compared to when used separately [20, 55].In addition, as both the floating PV technologies [14] and floating offshore wind [47] structures are becomingmore and more appealing with the corresponding reduction in cost, hybrid systems on water bodies or offshoreareas will be further investigated in the future.
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1.1.1 Energy Storage Systems

In addition to the combination of two energy resources, the inclusion of an energy storage system (ESS) wouldallow for further regulation of their intermittency and seasonality of electricity generation [25]. The main func-tions that energy storage technologies can perform when applied to energy systems can be summarized intothe following [22, 30, 95]: providing operational support to the grid, load shifting, peak shaving and stabilizingthe grid by frequency and voltage control. This consequently means that ESSs can play an important role inthe reliability and stability of the grid. .Moreover, ESSs can generate revenue by providing ancillary servicesbut also add flexibility to the operational strategies and achieve the objectives as set by the demand-side man-agement. In conclusion, they can significantly contribute to a greater insertion of renewable energy sourcesinto the energy matrix.
For this thesis, the focus is drawn on the case of Delta21 project which offers the possibility of performing alarge energy storage function. Moreover, the technologies adopted are the solar boat of GroenLeven and thesmall scale wind turbine of Dutch Wind Design.

1.2 The case of Delta21

Delta21 is a project that seeks to increase the water safety in the Rhine-Meuse Delta. A combined event ofhigh sea level and a high river discharge could be threatening for the water safety and therefore enormous dikereinforcements would be needed to prevent flooding. The plan consists of building a new dike at the west sideof the Haringvliet, that can pump the water out of the Haringlviet when the two scenarios occur simultaneously.However, such a system would only operate 1-2 times every 10 years and this could potentially lead to highfailure probability. This could be prevented if the pumps operate in a daily basis for a different purpose. Theproposed idea is to create an Energy Storage Lake (ESL) in which energy can be stored and again generatedwith the use of the pumps/turbines. The pumps/turbines will have an installed capacity of 1.8GWe and couldexchange 430 million m3 of seawater once a day. Therefore, the project can be used in a twofold way: protectinland from a high sea level and also move superfluous river discharge into the North Sea.The location and the layout of the lake are presented in Figure 1.3 [27].

Figure 1.3: Location and layout of the Delta21 ESL [27]
Delta21 is also looking into other possibilities for multiuse of the lake. One of these is the combination of awind park and photovoltaic panels. A surface area of approximately 43km2 offers a great opportunity for such apark. The hybrid park can generate renewable electricity with a further possibility of storing the excess energythrough the pump system. The battery can be charged when there is surplus of energy by using the pumpingstation to pump water out of the lake until it is completely empty. Afterwards, the battery can be discharged andtherefore provide energy to the grid, by utilizing the turbine function of the station while water from the sea is
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filling up the lake again. This large battery with the possibility of storing 1.8GWe would consequently lead to avery constant flow of energy, enhancing in this way the performance of the renewable sources.However, the pumped storage use would also lead to a fluctuating water level within the reservoir, witha maximum rate of 11m per 12 hours. These large water fluctuations as well as the blending of fresh watercoming from the river and the brackish sea water bring up new challenges. Consequently, certain limitationsand considerations must be applied during the selection and the design, both for the wind turbines and the PVpanels.The maximum water level in the ESL will be at NAP -5m while the lowest at NAP -16m. The bottom of thelake is going to be excavated at the level of NAP -17.5m. This consequently means that after the dischargeof the water, the minimum water level is going to be 1.5m. It is therefore challenging to install either fixed orfloating structures with this enormously fluctuating water level.

1.3 GroenLeven

The benefits of FPV systems can be summarized into the following: the large availability of water for the cleaningof the panels and the significantly increased efficiency of the panels due to the water cooling of the system. Theenergy storage lake offers a friendly environment for these solar panels, as the wave action will be considerablylower inside the lake, when compared with open sea conditions.GroenLeven is already a leader in the implementation of floating solar parks. Their floating solar boat solutionoffers the following advantages over the rest of the available structures [9]:
• a reduced direct water contact footprint that accounts only for the 15% of the total size and enables thewater to move freely underneath the structure
• easy and safe maintenance is guaranteed through the stable walkways created between the boats
• an integrated DC cabling system with protected cables running under the walkways; inverters at eachsolar row and a floating transformer leading to a total reduction of the costs and the electrical losses
• an east-west orientation of the panels at an optimized tilt angle leading to an increased strength againstwind
• a layout of the floating blocks that allows light transmission and thus minimizing the ecological impact ofthe water body by preventing the reduction in primary algae production
• a modular FPV system which can be easily scaled and in the same time the installation rate can bemaximized due to the stardarized construction procedure

Besides the aforementioned advantages, the usage of this technology, which is solely applied in sandpits andlakes, forms new challenges. The main ones are: the fresh-salty environment within the lake that needs to beaccounted for during the steel selection, the mooring system and the power cables that have to follow the waterfluctuations and finally the integration of the electrical system for a park that will reach up to hundreds of MWinstalled.

1.4 Dutch Wind Design

The innovative windmill design of Dutch Wind Design (DWD) is definitely a solution worth investigating for theDelta21 project. This design is characterized by a large sized direct drive ring generator that holds the blades.Next to that, the aerodynamic shape of the ring accelerates the wind into the blade section and thus increasesthe energy captured. With a small installed capacity of around 128kW (which can be further adjusted to meetsite-specific conditions), these turbines offer multiple advantages when compared with larger conventional tur-bines. These according to [11] are:
• higher efficiency of about 50% especially in the range of 3.5 to 10m/s which is also to be found aroundthe lake; generator efficiency also reaches values up to 97.98%
• the aerodynamic shape of the ring allows the energy level in the air to recover significantly faster thanconventional turbines, and thus the wake effects are minimized allowing for a spacing of 3 rotor diametersbetween the turbines (for common turbines the distance is set to about 5 rotor diameters)
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• long lifetime which allows the DWD turbines to service up to 30 years (5-10 years more than the commonturbines)
• maintenance needed is minimized due to the modular generator and its control strategy; the lack of agearbox and the over-sized main bearing contribute as well to this
• short payback time as a result of the long lifespan, low maintenance and high efficiency, that can reachat maximum the 7 years
• quick installation since there is no need for special crane vessels
• low noise stemming from the fact that no gearbox is present and that the tip speed is very low
• no horizon pollution due to the relative small wind turbine size, leading to a small object shadow as well
• the small size and the alternative darker colors have proved to minimize bird impacts and thus makingDWD turbine friendlier to animals

1.5 Aspects of HPP design

When zooming out of the design of a HPP, there are multiple aspects or parameters that can be investigatedand properly tuned for every individual case. For the case of the Delta21 ESL these parameters have beencategorized as presented in Figure 1.4. The first three aspects have been selected after an overview of theresearch on hybrid parks, while the last two are of importance for the specific site.

Figure 1.4: HPP parameters
A brief discussion of the most relevant properties of each one of the aforementioned parameters will follow.

1.5.1 Sizing Optimization
The optimization of the layout has as an utter goal the achievement of a specific objective. In most cases, theobjective is set to be the minimization of the cost while in others it might be the maximization of the energyproduction. The variables of the system are most frequently set to be the size/installed capacity of the windturbines and the solar panels. Particle Swarm Optimization (PSO) is the method most frequently used in rel-evant studies in the literature [32, 66, 78, 91]. Other studies [2, 70, 109] adopted a Genetic Algorithm (GA) toinvestigate the optimization of such hybrid systems.In addition,the software that is most frequently met in hybrid optimization studies is HOMER. HOMERmakessimulations for every hour of a whole year and checks whether the load demand is met by the system. Afterthat, it finds the configuration that can achieve that with minimum cost, taking into account a fixed cost per hourand energy cost per kWh [99, 100],. Matrix Laboratory (MATLAB) is also used for the the sizing and economicanalysis of such a hybrid system with different concepts for energy storage [26, 72].
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Most of the studies perform an analysis of the power production of a hybrid system based on historical dataof hourly global solar irradiation as well as hourly mean values of wind speed. Ekren et al.[28] proposed adifferent approach based on the utilization of probabilistic distributions to perform random input simulations forthe system, in a case study for a PV-solar system with battery storage.Another field which also seems to offer a good opportunity for the implementation of a hybrid wind and solarsystem is that of coupling with hydroelectric power stations. The existence of such a hydroelectric plant canbe used for energy storage when a surplus from the wind turbines and PV panels occurs and therefore cancompensate for the varying nature of these two resources. This coupling can lead to a reduction in both needsfor energy storage and the energy losses inherently associated with storage [54].Ma et al. [65] also performed a similar analysis but in this case a solar-wind-pumped storage system wasinvestigated in a standalone mode for an isolated microgrid for a remote island of a small scale of just a fewkilowatts. The system optimization was based on two different criteria: the first one is related to the reliability ofsuch a system and is the LPSP and the second with the COE. The findings of this study revealed that for theoptimization of such a system, the profile of the load demand is the single most important factor.Other optimization methods that have been performed throughout the last decade are moving-window op-timization and multi-objective optimization. The former proved to be a very useful tool that can lead to theoptimized solution when long and short term variability in the energy outcome is requested [59]. The lattermethod has been used in [61] with three different objectives namely: minimization of power generation, max-imization of power supply reliability and maximization of power fill rate. For this case, varying environmentalconditions, different monetary penalties for unmet demand and multiple load profiles were studied. The con-clusion of the study was that the highest impact for the determination of the sizing comes from the availableenvironmental resources.After this short review of existing studies on the optimization of hybrid wind and solar system it has becomeevident that it is a field that has been widely investigated over the last 15 years. The existence of differenttools-software and optimization techniques allow for a wide range of approaches that such a topic can beconfronted. In most cases, the optimization is mainly dependent on the available resources (solar irradiationand wind speeds) and the electricity load profile that has to be met.

1.5.2 Electrical Infrastructure
One of the promising features of a combined hybrid wind and solar park with a storage unit is the commonusage of the electrical infrastructure. The required inverters, converters and medium/high voltage cabling forthe transfer of electricity are components that have a profound share in the total investment cost.The main issue with respect to transport cable is that a renewable system does not produce all the time atthe rated capacity and even when it does the system losses result in a sub-optimal usage of the cable.More specifically, the electric grid infrastructure is one of the main cost drivers for offshore wind farms,accounting for up to one third of the overall project cost, with the export cable being the main contributor [74].Next to that, the intermittent nature of wind leads to a non-optimal usage of the cable due to irregular transitionsbetween states of high and low power [84]. Therefore, a shared grid infrastructure with the solar farm couldlead to cost reduction and better cable utilization.Golroodbari et al. [37] investigated the potential of incorporating a floating solar park in an existing Dutchoffshore wind farm. Worth mentioning is the conclusion that the inclusion of a certain number of FPV capacitycould lead to a potential increase in the cable capacity factor from 49% up to 88%. However, the actual cost ofFPV technology and the available subsidy scheme are the two economical factors that will regulate the optimalshare of installed solar power.The "cable pooling" which is the possibility of sharing only one cable for both wind and solar energy hasalso been investigated by Mertens [71]. In this paper, it is stated that a baseload profile in the Netherlandscan be achieved using a ratio of wind to solar energy yield EW /ES = 1.7 and a ratio of wind to solar installedpower PW /PS = 0.6. More importantly however, assuming a capacity factor of 30% and 10% for wind and solarrespectively, when a common cable is used, for a 100% yearly match the energy curtailment reaches up to 6%while for 75% energy match it drops to only 1%.Another study that looked deeper in the same direction was conducted by Ara et al. [1]. A two-level plan-ning approach was introduced for the techno-economic feasibility of a hybrid wind-solar system. For this casestudy off the coast of India, the results showed that the LCOE is reduced by 8% when the existing electricalcomponents of the wind park are utilized by adding solar panels.Sharing the same electrical infrastructure in a hybrid park can further reduce the cost and increase thecapacity factor of the cable. However, such an approach should always be attached to an investigation of thelayout and the percentage of capacities installed.
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1.5.3 Shadow Effects
Another important aspect of a hybrid wind and solar park is the effect of shading of the wind turbines on theperformance of the photovoltaic panels. Two different types of turbine shading can be distinguished: self-shading and invasion shading. The latter takes place mostly during early morning and afternoon hours whenthe solar radiation is low and therefore has a small impact on the energy production, while the former mainlyoccurs during daytime and therefore may impact the overall PV output. Again, self-shading can be furtheranalyzed into tower shading and blade shading (shadow flickers), corresponding to slow and fast changingshadows respectively.The effect of shadowing on the performance of the solar panels can be approached by two ways: in a macroand in a micro scale. The former is related to the overall production losses within a solar park while the latterwith the reduced production of a single PV module.Interestingly, in a micro scale approach of PV modules, the total shadowing of a single cell among an arrayof 36 serially connected cells can cause a 30% reduction on the PV output [94]. This reduction is mostly affectedby the amount of series resistance of PV module and the current mismatch among the shaded and unshadedcells. However, the assumption of constant shadowing is not applicable in the case of a hybrid park since thewind turbines are going to introduce slow and fast moving shadows, and the losses of the system in a macroscale approach are fairly low [4].There are two approaches when it comes to the evaluation of incoming irradiation. The first approach makesthe assumption of an every day-perfect day and uses "Clear Sky" equations whereas the second requires theuse of measured data of global-horizontal and diffuse-horizontal solar radiation and therefore takes into accountthe true variety of daily conditions [93].Moreover, the adopted model for the wind turbine shading can highly affect the analysis. The most usedapproaches are the opaque sphere, blades as disks, tower only and that of a combination of tower and fastmoving blades shadows. A difference of up to 2% in shadow losses can occur in the case of comparing theonly tower and the dynamic model [85].In a study performed for two different latitudes onshore: 32o and 50o, by calculating the shadow patternsand trajectories, it was concluded that for a location of 50o the effect is significantly larger [67]. However, forboth cases the main outcome is that the average percentage of land loss due to wind turbine shading is lessthan 1%. This result prerequisites the existence of maintenance lanes around the wind turbines which cannotbe used in any case for the installation of the solar panels.Ludwig et al. [63] evaluated the onsite integration of a hybrid PV-wind power plant in Germany. Amongother aspects, they investigated the effects of turbine shading on the panels. By performing simulations withdifferent time steps and different % for each of the two resources (varying thus the distance between a turbineand a panel), they concluded that even for the worst case scenario -denser layout- the power losses did notexceed the 2.3%.The aforementioned value can further lowered to under 1% if an optimization with the objective of minimizingthe shadow losses is further pursued [85].In conclusion, the effects of wind turbines’ shadows on the solar panels should be taken into account in thedesign. However, this phenomenon will only lead to low power losses which can be further compensated forif a denser layout -and hence a higher yield- is incorporated. Lastly, the fast moving blade shadows should befurther looked into.

1.5.4 Mooring Configuration

Figure 1.5: Schematic overview of atypical floating solar system [87]

Besides the components relevant to energy production, the structuralintegrity in a hybrid system must be studied. For the case of Delta21,this is a very important field since the 11m fluctuation of the water levelin a bi-daily basis entails risks and challenges. For the PV panels, thesolution of a bottom founded system is rejected since for the minimumwater level within the lake, a large and wide structure would be leftstanding at 12.5m from the bottom. Therefore, a floating approachseemsmore suitable for this case. However, it is considered that waterlevel fluctuations and shallow depths are among the key challengesfor the mooring system [43]. Figure 1.5 shows the typical arrangementof floating solar system. The mooring system that provides stationkeeping for the floating structure can be achieved in two ways. Thefirst configuration is bottom mooring which can be implemented by
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either anchors or suction piles. Shoreline mooring is the other option for small and shallow basins where bottommooring may introduce problems in the materials of the seabed [34]. In addition, the mooring configuration canbe either taut or catenary. The catenary mooring system is exploiting the self-weight of the mooring line tocope with the floater’s static offset and dynamic motions and it is the most widely used system for medium andshallow waters. On the other hand, the taut leg system allows for a smaller anchor footprint and therefore lessmaterial usage [64].
In water bodies where the water level fluctuation is high, a catenary mooring system is more suitable than ataut one [106]. Compliant moorings present similar characteristics with the catenary system but can be deployedwith less space and less disturbance to the seabed. In any case, if a catenary system is implemented withina significant varying water level, special attention must be paid in the design process as the behavior and inparticular the stiffness of these mooring lines will constantly change. This consequently may lead to potentialsnatch loads which are impulse mooring loads, with higher amplitude than the static and dynamic mooringloads. Snatch or snap loads can occur when a mooring becomes slack and then suddenly is re-tensioned.
Additional options for a catenary system is the inclusion of clump weights and jumpers. Such a systemfor the mooring configuration of a Wave Energy Converter (WEC) was investigated by [36]. It was found thatthe mooring pre-tension has a great impact on the mean displacement in surge due to wave drift effects andtherefore on the survivability conditions.Different type of mooring configurations are presented in Figure 1.6 and include both rigid and floating solutions.

(a) Examples of rigid mooring systems (b) Examples of floating mooring systems
Figure 1.6: Typical mooring configurations[106]

In a case study in mid-western Taiwan, the tidal variations imposed an average 2.5m water level fluctuation.The FPV was moored by catenary stud-less mooring lines and both numerical and experimental simulationswere carried out to analyze the motions of the system. The instantaneous peaks in the mooring tension oc-curred during wave conditions close to the resonance frequency of the floating platform in surge and pitchmotions [111].Three-dimensional potential theory followed by numerical methods can be used to investigate the response ofan FPV array under the effect of different environmental loads. This can be wave only, wind only, current onlyand then their combined effect. The wind load has been shown to be dominant for the mooring tension anddisplacement of an FPV array moored by 124 V-shaped lines for an average water depth of 10m [113].Moreover, numerical methods based on diffraction/radiation theory can be used as well for the design of themooring system. Such an approach was adopted in [40] where superflex wire ropes were proposed for theinstallation of a WEC in ultra-shallow water depths. An overall reduction of the mooring material, the lengthof the mooring line and the mooring radius was achieved by incorporating the superflex rope due to its elasticenergy storage. However, long term economic and environmental aspects should be further investigated.An anchor-tension type mooring system, fixed with a chemical anchor and cable to the wall of the waterwaywas selected for the case of a waterway to be able to deal with small water level fluctuations [56].Other fields of research on the mooring configuration have been optimization techniques [60] and identificationof the trends of the hardware mooring costs with respect to water variations [41]. Finally, the topic of imple-menting FPV system in irrigation reservoirs with the object of reducing the water evaporation while generationelectrical power has been widely studied [83, 88]. These cases present similar behavior with the ELS of Delta21since the reservoirs are subject to high water level variations.
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1.5.5 Wind Turbine Foundation
Until now, many different types of wind turbine foundations have been investigated and installed in existingprojects. All the types fall within two categories: fixed and floating substructure. The first category consists ofmonopiles, gravity based structures (GBS), tripods and jackets, while the latter consists of semi-submersibles,tension leg platforms (TLP) and spar-buoys (Figure 1.7).

Figure 1.7: Different types of foundation (Illustration by Joshua Bauer,NREL)
For the specific environmental conditions of Delta21 lake, floating solutions will be not discussed, since theminimum water level of 1.5m within the lake wouldn’t be sufficient for the required draft.During the early stages of offshore wind development, the majority of the support structures were gravitybased such as Vindeby (1991), Tunø Knob (1995), Middelgrunden (2001), Nysted (2004) and Sprogø (2009)in Denmark, Lillgrund (2008) in Sweden, and Thorntonbank (2009) and Belwind (2011) in Belgium [51].As stated in [8], the most attractive solutions for up to 30m of water depth are monopiles, jackets andgravity based structures (GBS). However, in economical terms, GBS is the most cheap solution since concreteis cheaper than steel. In contrast, due to the large volume of concrete needed to support a wind turbine, GBScould lead to limitations of required vessels for transportation. It is therefore becoming clear, that the size ofthe required slab is critical for the selection of the specific foundation.Moreover, in [89] it is also stated that for distances less than 15-20 km from the shore, GBS are more widelyused.Qian et al. [82] studied the behavior of a piled beam-slab foundation in sand onshore under different loads,by performing experimental analysis on a scaled model. The main outcome of the study was that the verticalloads increase the horizontal bearing capacity of the slab.A gravity caisson foundation consisted of a central tower and a bottom caisson with a larger diameter wasproposed in [15]. The study focused on the towing and the positioning of the foundation using backfill of sandon soft seabed, in a water depth of 21m.Whitehouse et al. [105] evaluated the scour of gravity base foundations and highlighted the need of inte-grating these considerations into the life cycle management.

1.5.6 Parameter Selection
The presentation of the most relevant components in the design of a wind-PV park within the ESL of Delta21and the relevant available literature has been attempted in Section 1.5.The first three components, namely optimization, electrical infrastructure and shadow effects, are mostlyconnected with the performance of the hybrid system. They are important aspects when the maximization ofthe energy yield and the minimization of the costs are being seeked but this can be performed during a laterstage of the design.The technical feasibility of such a combined farm is first and foremost depending on the viability of thestructural components. These are the mooring configuration for the FPV panels and the substructure for thewind turbines. GBS have been implemented in various projects and locations and have proven their reliabil-ity.However, the effect of the water fluctuation and the corresponding dynamic analysis of the tower must befurther investigated.
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On the other hand, a floating system and the corresponding mooring configuration that must be capableto cope with 11m difference in water level is something new and challenging. Even though a large variety instudies regarding mooring systems exist, the analysis of the mooring systems of FPV has not been sufficientlyexplored yet. Next to that, the energy storage function of the lake generates an environment which tests theapplication of floating panels.The purpose of this study is therefore dedicated to the investigation of a suitable mooring configuration. Inany case, there are definitely more components and aspects that have to be checked to have a solid under-standing of the feasibility of such a hybrid power plant. However, the results of the project can be used as inputfor future studies that will look into other directions.

1.5.7 Further Considerations
Another potential synergy for this specific hybrid park is the integration of the mooring lines with the windturbines foundation.In order to minimize the effect of the mooring system on the seabed and keep the mooring footprint as lowas possible, the mooring lines could be anchored on the wind turbine substructures.This would consequently lead to lower costs for the mooring of the solar panels but the capability of the GBSto withstand also the tension from the moorings should be further checked. In this way, a logical sequence iscreated with regards to the feasibility of the whole system.The most critical parameter as discussed earlier is the feasibility of the floating panels. With the environ-mental loads as input, the corresponding line tension can be calculated by taking into account the differentwater levels within the lake. Again, the environmental loads and the line tension would be the input for thestructural response and stability of the foundation. In later stages, the optimization aspects of the system couldbe further investigated but only after proving and checking the technical feasibility.

1.6 Research Question

This study aims to investigate the possibility of using the wind turbine towers as anchoring points for the floatingsolar boats. It is important to consider what the advantages of such an approach over a conventional seabedanchoring would be.
• Reduced overall length of mooring lines; potentially leading to lower cost for the mooring system
• Reduced mooring footprint; enhanced usage of space
• Zero disturbance of the seabed
• At this early design stage, such a system seems promising to deal with the large water fluctuation
• A novel design that to the knowledge of the author has not been investigated until now
• Introducion of a new component to the synergy of offshore hybrid wind and solar parks
The main question that this thesis will answer is the following:
How large would the mooring force be if the towers of the wind turbines are used as anchoring

points for the floating solar units within the ESL of Delta21?

1.7 Scope of the research

The exact configuration of the mooring system is not required to be determined at the beginning of the analysis.The boundaries of the system are that there are available bottom founded wind turbines in the perimeter of thefloating solar plants that can be used for the anchoring. This study is focused exclusively for the energy storagelake of Delta21 and the environmental data that have been gathered from available data-set or calculated duringother projects.This project uses assumptions and rough estimates for the foundation of the wind turbines rather thananalytical calculations due to the limited time frame for the completion of the project. In addition, environmental
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considerations due to the impact of either wind turbine foundations or the coverage of the lake with solar unitsare disregarded.The purpose of the project is to make estimates of the second order wave drift force of the floating solarpanels. The initial step is breaking down the existing solar boat that GroenLeven is deploying, to smaller andeasier to handle blocks.Lastly, the results of this thesis can be used only as a first indicator of whether or not the proposed mooringconfiguration is feasible. Crucial aspects that have to be investigated further are the economic impact of sucha system and the technical design of the connection point, suitable adjusted to follow the water fluctuations. Inlater stages, the length of the mooring lines can be looked in deeper after the optimization of the HPP layoutbased on energy output and the limitation of shadowing effects.

1.8 Approach

The floating solar units are composed of multiple rows and columns of solar boats. The problem can there-fore be broken down to smaller and easier to deal with blocks. The first block is a single solar boat whichcan be again divided into smaller components. So, the main unit that will be studied is the floating solar boatof GroenLeven which has three main elements: the inclined solar panels, the metallic frame and four plasticfloaters. The model will start from a single floater and will gradually develop to reach four floaters mechanicallyconnected with each other.
The two main forces acting on a solar boat are the wave forces on the submerged part of the floaters andthe wind forces acting on the solar panels and the part of the floaters above the waterline. For the calculationof the latter, analytical calculations can yield accurate results while for the first one the far-field approach willbe adopted for the calculation of horizontal forces. One step earlier, linear potential theory will be used for thecalculation of the required first order wave motions. Finally, the estimations of the forces of a single boat canbe expanded with proper assumptions to a whole solar floating unit.
The final step towards answering the main research question is the comparison of the mooring force thatthe proposed configuration would imply with the forces acting already on the wind turbine. The wind forces aregiven as input from Dutch Wind Design while analytical formulas will be used for the estimation of wave andcurrent forces on the submerged part of the tower.

1.9 Structure of the Thesis

This report contains the theory, implementation and validation of the method developed. The detailed structureof the report is as follows.
Chapter 2 presents the background of linear potential theory, the boundary element method, the structuraltheory used for the mechanical connection of the model and the available approaches to the second order waveforces. An overview of the model and the methodology followed in this project is given in Chapter 3. In Chapter4, four different validation cases are presented to check the reliability of the model and the produced results.Chapter 5 presents the results obtained from the developed model. A discussion of these results is providedin Chapter 6 whereas conclusions are drawn in Chapter 7. Finally, recommendations for further investigationand work are included in Chapter 8.



2 | Theory

In this chapter, the theory used for the implementation of the model is presented. More specifically, it covers thelinear potential theory, the boundary element method and the approaches for the calculation of second orderdrift forces.

2.1 Selection of method

The hydrodynamic forces on a floating body can be calculated with the use of multiple methods. The first andsimplest method is the Morison equation which is able to calculate the drag and inertial forces on the body.Sarpkaya [90] tried to give a thorough understanding of the origins and the limitations in the use of Morisonequation for the calculations of forces on offshore structures.

Figure 2.1: Potential theory and Morison equationvalidity regions (x-axis:d/L, y-axis H/d) [49]

Additionally, forces can be calculated after the de-scription of any flow field, which can be achieved bytwo governing methods/approaches. The first onewhich is the most complete is given by the viscousNavier-Stokes equation. These equations can besolved by Computational Fluid Dynamics (CFD), butit is restricted by a very high computational cost. Itis unsurprising that if the accuracy of the solution isreduced, then the computational time can be atten-uated as well. In such a case, the accuracy can bereduced but still remain efficient by introducing cer-tain assumptions and simplifications.And this is where the second method, linear po-tential flow theory, comes into play. The main simplifi-cations that this method is adopting are that viscosityand viscous effects are not relevant to the problemconsidered. In order to make use of the potential flowtheory, small deformations and rotations of the struc-ture can only be considered.Every theory or approach is valid within certain re-gions, as presented in Figure 2.1.For this thesis, the analysis include multiple floating bodies in close proximity and the diffraction effects haveto be taken into account, excluding consequently the simple use of Morison’s equation. Moreover, at this earlystage of the design, estimations on the forces are more important rather than precise results followed by highcomputational time. Therefore, the linear potential theory is used for this project.

2.2 Linear Potential Flow Theory

As mentioned earlier and can be also found in [52], the main assumptions that potential flow method is adoptingand regard the basic properties of the flow can be summarized into the following:
• The flow is non-viscous
• The flow is irrotational

13
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• The flow is incompressible
Using the assumption that the fluid is incompressible and by applying the continuity principle for a controlvolume V, the continuity equation can be given by Equation 2.1.

∂u

∂x
+
∂v

∂y
+
∂w

∂z
= 0 (2.1)

In this equation, u,v and w are the components of the velocity of the flow (V⃗ ) in three directions, x,y and zrespectively.
The other two assumptions; those of irrotational and non-viscous fluid, can be used to describe the motionsof the water by the velocity potential function (Φ). This potential function (Φ), associated with a potential flowfield, is actually a mathematical expression that has the property that at any point in the flow, the velocity com-ponent in any direction is just the derivative of this function in the chosen direction. Equation 2.2 is describingthe aforementioned relationship.

u =
∂Φ

∂x
, v =

∂Φ

∂y
, w =

∂Φ

∂z
(2.2)

If∇ is used as a collective term for all the first order derivatives in the corresponding x,y and z direction, thesubstitution of Equation 2.2 into Equation 2.1 yields the Laplace Equation (Equation 2.3).
∂Φ2

∂x2
+
∂Φ2

∂y2
+
∂Φ2

∂z2
= ∇2Φ = 0 (2.3)

The potential must also satisfy the next three boundary conditions:
1. If (S) is the surface of the body, then the boundary condition at any point of the surface (S(x, y, z)) isexpressed as:

∂Φ

∂n
= vn (2.4)

with vn being the outward normal velocity at the submerged surface of the body, defined as positive inthe direction of the fluid. This condition plays a very important role as it dictates that the normal velocityof any water particle at the surface of the body will be equal to the normal velocity of this watertight bodyitself.
2. It is necessary to guarantee that no fluid permeates through the sea bed and this implies the sea bottomboundary condition at z = −∞:

∂Φ

∂z
= 0 (2.5)

3. The linearized combined kinematic and dynamic free surface boundary condition at z=0. At z=0 thevertical velocity of the free surface is equal to the vertical motion of the fluid (kinematic). In addition,at z=0 the pressure above the free surface is constant and equal to zero (dynamic). The combinationof the kinematic and dynamic free surface boundary conditions after differentiation of the dynamic andsubstitution of the kinematic yields:
∂Φ

∂z
− ω2

g
Φ = 0 (2.6)

with, ω being the wave frequency expressed in [rad/s] and g the gravity acceleration expressed in [m/s2].
Besides the boundary set of the three boundary conditions, the linearization of the problem, which seeks tomake it simpler, introduces two additional assumptions. These linearization assumptions as described by [33]are:
• The ratio of wave height to wavelength (also referred as wave steepness) and the ratio of wave height towater depth must be significantly smaller than 1.
• The motions of the floating body are small and around a fixed mean position: the amplitude of the motionsover the dimensions of the body should also be significantly smaller than 1.
According to [52, 103], when a floating body is exposed to an incident wave field, the interaction betweenthose two can be divided into the following phenomena:
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• The incident wave is causing changes in the pressure field around the still body. This phenomenon iscaptured by the velocity potential of the incident wave (Φ0).
• The incident wave is reflected due to the presence of the floating body. The occurring diffracted wavesexert fluid pressure forces which consequently affect the motion of the body in a way that is described bythe diffraction potential (Φ7).
• As the floating body in waves is oscillating, it generates radiation waves which once again exert fluidpressure forces on the body. These forces are taken into consideration through the radiation potential
(Φ1−6).

In regular waves, a linear potential Φ, which is a function of the earth-fixed coordinates and of time t, canbe written as a product of a space-dependent term and a harmonic time-dependent term as follows [52]:
Φ(x, y, z; t) = ϕ(x, y, z) · e−iωt (2.7)

The three aforementioned potentials can be combined to describe the total velocity potential in the vicinityof the floating body. The space-dependent part of the complex potential Φ follows from the superposition ofthese potentials and is given by Equation 2.8. Once again, the assumptions for the potential flow and linearizedboundary conditions as well as the steady-state interaction of the body with a regular wave in deep water areadopted.

ϕ = −iω{(ϕ0 + ϕ7)ζ0 +

6∑
j=1

ϕjζj} (2.8)
where, ϕj is associated with the j-modes of motion of the body (j=1-6).

Substituting the radiation potential into the hull boundary condition (Equation 2.4) the following relationshipis true:
∂ϕ1−6

∂n
= vnk (2.9)

As far as the undisturbed and diffraction potential are concerned, once again it should be guaranteed thatthe hull is water tight. It must be reminded that in the linear approach adopted here, the motions of the bodyare completely ignored while considering the wave excitation forces. Therefore, the fluid velocity in the normaldirection to the hull due to the undisturbed wave potential plus the the diffraction potential should be zero. Asa result, Equation 2.10 is valid.

∂ϕ0
∂n

+
∂ϕ7
∂n

= 0

∂ϕ0
∂n

= −∂ϕ7
∂n

(2.10)

The fluid pressure follows from the Bernoulli equation and is given by Equation 2.11 and has two compo-nents: the first component expresses the hydrodynamic pressure while the second one the hydrostatic pressureand they both depend on the density of the fluid.

p(x, y, z; t) = −ρ∂Φ
∂t

− ρgz

= −ρ(∂Φ0

∂t
+
∂Φ7

∂t
+
∂Φ1−6

∂t
)− ρgz

(2.11)

Figure 2.2 gives an overview of the motions of a floating rigid body in all 6 degrees of freedom; with lengthL, width B, total height H and draft D.
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Figure 2.2: Definition of the axis system and degrees of freedom for a floating rigid body
The 6 degrees of freedom correspond to the following naming as mostly met in the literature of floatingstructures: displacement in the direction of x-axis is called surge (j=1), displacement in the direction of y-axisis called sway (j=2), displacement in the direction of x-axis is called heave (j=3), positive right hand rotationabout x-axis is called roll (j=4), positive right hand rotation about y-axis is called pitch (j=5), positive right handrotation about z-axis is called yaw (j=6).
Now, the forces and the moments acting on the body (in all 6 directions) can be distinguished into twocomponents as explained earlier: the first order wave exciting hydrodynamic forces and moments, describedby Equation 2.12 and the oscillating hydrodynamic forces and moments, described by Equation 2.13.

Xk = −
∫∫

S0

pnk · dS0

= −ρω2ζ0e
−iωt

∫∫
S0

(ϕ0 + ϕ7)nk · dS0

(2.12)

Fk = −
∫∫

S0

pnk · dS0

= −ρω2
6∑
j=1

ζje
−iωt

∫∫
S0

ϕjnk · dS0

(2.13)

Where:
S0= mean wetted surface of the body
nk= direction cosine of surface element dS0 for the k-mode
k = 1, 2, 3 corresponds to forces and k = 4, 5, 6 corresponds to moments

The generalized direction cosines on S0 are defined as follows:
surge : n1 = cos(n, x)

sway : n2 = cos(n, y)

heave : n3 = cos(n, z)

roll : n4 = (r × n)1 = yn3 − zn2

pitch : n5 = (r × n)2 = zn1 − xn3

yaw : n6 = (r × n)3 = xn2 − yn1

(2.14)

Now, an oscillatory motion (in a complex notation) can be described by Equation 2.15.
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sj = saje
−iωt (2.15)

It naturally follows that the velocity and the acceleration of this oscillation are given by Equations 2.16 and2.17.
ṡj = vj = −iωsaje−iωt (2.16)
s̈j =

∂vj
∂t

= −ω2saje
−iωt (2.17)

The corresponding hydrodynamic forces and moments can be split into a load in phase with the velocityand a load in phase with the acceleration as shown in Equation 2.18.
Fk = −Mkj s̈j −Nkj ṡj

= (sajω
2Mkj + isajωNkj)e

−iωt

= (−sajω2ρ

∫∫
S0

ϕjnk · dS0)e
−iωt

(2.18)

The last part is similar to the right hand side of Equation 2.13, where saj = ζj . So, in the case of an oscillationof the body in direction j with a velocity potential ϕj , the hydrodynamic added mass and damping (coupling)coefficients are defined by Equation 2.19 as follows:

akj = −Re[ρ
∫∫

S0

ϕjnk · dS0]

bkj = −Im[ρω

∫∫
S0

ϕjnk · dS0]

(2.19)

Both matrices are symmetric which means that the following symmetric relations hold (Equation 2.20):
akj = ajk

bkj = bjk
(2.20)

2.3 Boundary Element Method

The boundary element method (BEM) is a method which allows for the calculation of the hydrodynamic coeffi-cients and forces that were described in Section 2.2.In a fluid domain, the velocity potential at any point of the domain can be characterized in terms of a surfacedistribution of sources (Equation 2.21).
ϕ(x⃗) =

1

4π

∫
σ(x⃗s)G(x⃗, x⃗s)dS (2.21)

where,
• G(x⃗x⃗s) is the Green function
• x⃗s is a point on the body surface S
• σ(x⃗s) is the unknown source distribution
The Green’s function helps solving linear inhomogeneous partial differential equations. It satisfies all bound-ary conditions except from the normal velocity boundary condition on the surface of the structure as describedby Equation 2.4.As a consequence, the source strength can be solved using the boundary condition as described by Equation2.22.

− 1

2
ϕ(x⃗) +

1

4π

∫
Sb

G(x⃗, x⃗s
n⃗x

)ϕ(x)dS = vn(x⃗) (2.22)
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A numerical approach to Equation 2.22 would be to describe the shape of the submerged hull by flat panels.Each one of this panel could then have a constant source strength σ. After that, a point per panel should bechosen where the boundary condition will be satisfied. And this point is called the collocation point named m.The normal derivative of the potential at location m can then be described as follows (Equation 2.23):

∂ϕm
∂n

= −1

2
σm +

1

4π

N∑
n=1

σn · ∂Gmn
∂n

∆Sn (2.23)
where n indicates the location of all the panels (with their strengths σn and areas ∆Sn) except panel m.
By substituting Equation 2.9 and 2.10 into Equation 2.23, the following formulas can be developed.
For the diffraction potential:

− 1

2
σ7(x, y, z) +

1

4π

N∑
n=1

σn7 ·
∂Gmn
∂n

∆Sn = −(
∂ϕ0
∂n

)m (2.24)
For the radiation potential:

− 1

2
σ1−6(x, y, z) +

1

4π

N∑
n=1

σn1−6 ·
∂Gmn
∂n

∆Sn = n1−6(xm, ym, zm) (2.25)
Equations 2.24 and 2.25 show that every panel m has an expression for the boundary condition at thatpanel m and is affected by two components: the source sheet at panel m itself and the other source sheets onall remaining panels.Since there are N panels with their collocation points, there are in total N number of these equations. Andsince each panel has its own source strength, a N ×N system of equation occurs.Starting with the diffraction potential, the system of equations to be solved for solving the source strengths isgiven by Equation 2.26. A11 · · · A1N... . . . ...

AN1 · · · ANN

 ·

σ1,7...
σN,7

 =

−( ∂0∂n )1...
−( ∂0∂n )N

 (2.26)

Where,
• Ann = − 1

2 (influence of source at panel n on ∂ϕ7

∂n at its own collocation point)
• Amn = − 1

4π
∂Gmn

∂n ∆Sn (influence of source at panel n on ∂ϕ7

∂n at collocation point m)
• σn,7 is the unknown source strength of the diffraction potential at panel n
The same relationships can be generated for the radiation potential as described by Equation 2.27.A11 · · · A1N... . . . ...

AN1 · · · ANN

 ·

σ1,j...
σN,j

 =

 (nj)1...
(nj)N

 (2.27)

Where,
• j indicates which radiation potential is considered: j = 1..6

• Ann = − 1
2 (influence of source at panel n on ∂ϕj

∂n at its own collocation point)
• Amn = − 1

4π
∂Gmn

∂n ∆Sn (influence of source at panel n on ∂ϕj

∂n at collocation point m)
• σn,j is the unknown source strength of the radiation potential at panel n
• (nj)m is the local direction due to motion in direction j at panel m described by Equation 2.14
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2.4 Equation of Motion

As was described in Section 2.2, a single body exposed to waves has 6 degrees of freedom (DoF) whichcorrespond to 3 translations along the main axes and 3 rotations around these axes. The response of the bodycan be described by the equation of motion which gives the motion in all 6 degrees of freedom. According to[52], Newton’s second law can be used to derive the equation of motion for a body in waves around it’s centerof gravity (CoG). It is also assumed here that both the total mass of the body and the mass distribution overthe body are constant.The translational motions of the CoG are described by Equation 2.28 while the rotational motions around theCoG are given by Equation 2.29.
F⃗ =

∂

∂t
(mU⃗) (2.28)

M⃗ =
∂

∂t
(H⃗) (2.29)

Where,
• F⃗ is the external force acting on the CoG [N]
• m is the mass of the rigid body [kg]
• U⃗ is the instantaneous velocity of the CoG [m/s]
• M⃗ is the external moment acting around the CoG [Nm]
• H⃗ is the instantaneous angular momentum about the the CoG [Nms]
• t is the time [s]
The adopted potential linear theory is allowing to consider the motions of the body in waves, as a super-position of the motions of the body in still water and the forces of the constrained body exposed to incomingwaves.As a result, the first component yields hydromechanical forces and corresponding moments that are inducedby the harmonic oscillations of the body moving in still water. While the second component yields wave excitingforces as exerted by the waves on the restrained body.
Starting with the latter, the wave exciting forces and their resulting moments, that the body is experiencingdue to the undisturbed incoming wave can be further analyzed into two components as shown in Equation 2.30.

Fw = FFK + Fd (2.30)
Where,
• Fw is the wave exciting force
• FFK is the Froude-Krylov force
• Fd is the diffraction force
The Froude-Krylov force comes after the direct integration of the hydrodynamic wave pressure over thebody’s submerged surface. However, a part of the wave is diffracted and therefore a correction is needed. Thiscorrection is implemented through the diffraction force.Revisiting the hydromechanical forces resulting from the harmonic oscillations of the body in still water, theycan be divided into two parts: a hydrostatic and a hydrodynamic part. The hydrostatic part is the force actingon the body due to its displaced position and can be determined via Equation 2.31.

Fh,static = −cu(ω) (2.31)
Where, c is the hydrostatic stiffness matrix and is connected to the buoyancy of the body and u is thefrequency dependent displacement in all DoF. For a body in waves with 6 DoF and double symmetry, thehydrostatic stiffness matrix C is a 6x6 matrix and can be described by Equation 2.32. For free floating bodies,which is the case for the floating solar boat in this analysis, the restoring spring terms are only present forheave, roll and pitch.



CHAPTER 2. THEORY 20

C =


0

0
c33

c44
c55

0

 (2.32)

And the individual components are given by Equations 2.33-2.35.
c33 = ρgAwp (2.33)

c44 = ρg∇GMroll (2.34)
c55 = ρg∇GMpitch (2.35)

Where:
• Awp is the water-plane area
• ∇ is the water displacement
• GMroll is the transverse metacentric height
• GMpitch is the longitudinal metacentric height
The oscillations of the body also result into a hydrodynamic force. As was shown in Equation 2.18, thishydrodynamic force can be also expressed by Equation 2.36.

Fh,dyn = ω2A(ω)u− iωB(ω)u (2.36)
Where A and B are the added mass and damping matrices respectively as calculated by Equation 2.19. Itshould be noted that both of these matrices are depending on the frequency of the oscillations.
For a single body with the usual 6 DoF, the added mass and damping matrices will result in a 6x6 matrix atevery frequency. This is illustrated by Equations 2.37 and 2.38.

A(ω) =

a1,1(ω) · · · a1,6(ω)... . . . ...
a6,1(ω) · · · a6,6(ω)

 (2.37)

B(ω) =

b1,1(ω) · · · b1,6(ω)... . . . ...
b6,1(ω) · · · b6,6(ω)

 (2.38)

After defining all the relevant components, the total equation of motion for a single body with 6 degrees offreedom floating in waves is given by Equation 2.39.
ũ(ω)(−ω2(M +A(ω)) + iωB(ω) +C) = F̃w(ω) (2.39)

Where,
• ũ is the complex motion vector, ũ(ω) = [

x̃ ỹ z̃ ϕ̃ θ̃ ψ̃
]T

• M is the mass matrix (6x6)
• A is the added mass matrix (6x6)
• B is the hydrodynamic damping matrix (6x6)
• C is the hydrostatic stiffness matrix (6x6)
• F̃w is the complex wave exciting force and moment vector



CHAPTER 2. THEORY 21

2.5 Two Floating Connected Bodies

The theory introduced for a single floating body presented until now can be further extended to a system of twofloating bodies mechanically connected with each other [96]. Figure 2.3 presents the configuration adopted forthis project, for the case of two interconnected bodies.

Figure 2.3: Configuration of two interconnected floating bodies
The two bodies are considered rigid, they have the same dimensions and these are: length L, width B, totalheight H and draft D. They are placed in a distance d and are connected with 3 translational and 3 rotationalsprings with spring stiffness k. The connection point for both floaters is set to be at the waterline and exactlyat half of the length. Three system of coordinates can be distinguished as well: a global system of coordinatesin the middle point of the connection and two local coordinate systems at the center of gravity of each floater.Each floater is subjected to 6 DoF denoted as x1,2, y1,2, z1,2, ϕ1,2, θ1,2 and ψ1,2. The incoming waves areperpendicular to the largest dimension of the floaters and are called beam waves.The connection introduces a new component to the equation of motion and this is the connection stiffnessmatrix denoted asKconn. The purpose of this matrix is to couple the relative motions between the two floatersas transferred through the connection points. This approach was also used in [49]. Since this system entails6+6 DoF, the Kconn will be a linear 12x12 matrix. For the determination of each individual entry, the Euler-Lagrange method will be used.The potential energy for the system of 6 springs and two connection points can be described by Equation 2.40.

V =
1

2
(kx(∆xc)

2 + ky(∆yc)
2 + kz(∆zc)

2 + kϕ(∆ϕc)
2 + kθ(∆θc)

2 + kψ(∆ψc)
2) (2.40)

Where the relevant displacement is given be Equation 2.41.
∆x,c = x1,c − x2,c

∆y,c = y1,c − y2,c

∆z,c = z1,c − z2,c

∆ϕ,c = ϕ1,c − ϕ2,c

∆θ,c = θ1,c − θ2,c

∆ψ,c = ψ1,c − ψ2,c

(2.41)

The location of the connection point with respect to the local coordinate system of each floater can beexpressed by the location matrices as presented in Equation 2.42.
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xc,1yc,1
zc,1

 =

 0
B/2
0

 xc,2yc,2
zc,2

 =

 0
−B/2

0

 (2.42)

The relative displacement of each connection point after the translations and rotations of the two floaterscan be described by Equation 2.43.

uc,i =


xc,i
yc,i
zc,i
ϕc,i
θc,i
ψc,i

+Rϕ,θ,ψ

xc,iyc,i
zc,i

−

xc,iyc,i
zc,i

 (2.43)

Where i = 1, 2 denotes the number of the floater and Rϕ,θ,ψ is the rotation matrices for the 3 respectiverotations.According to the Euler-Lagrange method, the connection stiffness matrixKconn is described by Equation 2.44.
Kconn(uj) =

∂V

∂uj
(2.44)

Where V is the kinematic potential as given in Equation 2.40 and j = 1..12 corresponds to each and everyDoF.In order to obtain the final form of the connection stiffness matrix, the following linearization assumptions areadopted:
• small angle approximation: sin(θ) = θ and cos(θ) = 0

• quadratic terms of the degrees of freedom are set to zero
• multiplications of the form uj · sin(ui) , where i, j are different degrees of freedom, are also set to zero
Taking all the above into consideration, the 12x12Kconn for the case of two connected floating bodies andthe layout of Figure 2.3 can be calculated as follows:

Kconn= 2·

kx 0 0 0 0 −B
2
kx −kx 0 0 0 0 −B

2
kx

0 ky 0 0 0 0 0 −ky 0 0 0 0
0 0 kz

B
2
kz 0 0 0 0 −kz

B
2
kz 0 0

0 0 B
2
kz kϕ + B2

4
kz 0 0 0 0 −B

2
kz −kϕ + B2

4
kz 0 0

0 0 0 0 kθ 0 0 0 0 0 −kθ 0

−B
2
kx 0 0 0 0 kψ + B2

4
kx

B
2
kx 0 0 0 0 −kψ + B2

4
kx

−kx 0 0 0 0 B
2
kx kx 0 0 0 0 B

2
kx

0 −ky 0 0 0 0 0 ky 0 0 0 0
0 0 −kz −B

2
kz 0 0 0 0 kz −B

2
kz 0 0

0 0 B
2
kz −kϕ + B2

4
kz 0 0 0 0 −B

2
kz kϕ + B2

4
kz 0 0

0 0 0 0 −kθ 0 0 0 0 0 kθ 0

−B
2
kx 0 0 0 0 −kψ + B2

4
kx

B
2
kx 0 0 0 0 kψ + B2

4
kx



Now, Equation 2.39 can be expanded for the system of two interconnected floaters and is defined by Equa-tion 2.45.
ũ(ω)(−ω2(M +A(ω)) + iωB(ω) +C +Kconn) = F̃w(ω) (2.45)

Where,
• ũ is the complex motion vector, ũ(ω) = [

x̃1 ỹ1 z̃1 ϕ̃1 θ̃1 ψ̃1 x̃2 ỹ2 z̃2 ϕ̃2 θ̃2 ψ̃2

]T
• M is the mass matrix (12x12)
• A is the added mass matrix (12x12)
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• B is the hydrodynamic damping matrix (12x12)
• C is the hydrostatic stiffness matrix (12x12)
• Kconn is the connection stiffness matrix (12x12)
• F̃w is the complex wave exciting force and moment vector

2.6 Expansion to Multiple Interconnected Bodies

The procedure described in Section 2.5 can be further developed to account for multiple floating bodies. Everynew added body will introduce 6 more DoF and therefore all matrices have to be adjusted accordingly. Forexample, 4 interconnected, with the same single connection, bodies will result into matrices of dimensions24x24. The methodology is the exact same, however with an important increase in computational time.

2.7 Drift Forces

2.7.1 Wave Loads

Offshore structures exposed to waves experience different type of loads and have consequently different re-sponses. Firstly, there are loads that are linearly proportional in amplitude to the wave amplitudes and aretherefore called first order wave forces. Section 2.2 included a thorough analysis of these loads.Next to these loads, there are other wave load components that apply forces which are proportional to thesquare of the wave amplitude and are called second order wave forces [52]. The existence of these non-zeromean components of the total wave force acting on a floating vessel was initially reported by [98] during exper-iments of a rolling vessel in regular beam waves. It was noted that the vessel was subjected to a mean swayforce which was at first explained as the capability of the vessel to partially reflect the incoming wave. Thesesecond order wave forces have frequencies that are either higher or lower than the frequencies of the waves.The low frequency second order wave forces present frequencies which come as a result of the presence ofwave groups in irregular waves. These forces can be further analyzed into two different components. The firstcomponent is a time-varying force while the second one is a non-zero mean force which is well known as wavedrift force. This name comes as a result of the tendency of a freely floating vessel to drift in the direction ofthe propagating waves due to the influence of these mean second order forces. It has been observed thatlow-frequency components can significantly influence moored vessels which in general have low natural fre-quencies. On top of that, at these low frequencies damping is rather small which also enables large surge andsway motions. As a result, the mooring system should be suitably designed to withstand these potentially largemotions.The high frequency second order wave forces contain frequencies that occur after the summation of differentwave frequencies and are in the order of double the frequency of the waves. It can be said that the effect ofthese sum frequencies on the horizontal motions response of moored structures is generally small. However,this could change in the case of very stiff structures.For the purpose of this project, further attention would be paid to the estimation of the mean drift forces as theywill be the most influential for the design of a mooring system.

2.7.2 Approaches

When it comes to the calculation of the wave drift force there are two well-known formulations and a thirdone which was later proposed and tried to offer more advantages. The first one was introduced by Maruo[68] and extended afterwards by Newman [77] and is the "far-field" method, which is based on momentumconsiderations. The second one is the so called "near-field" method which was proposed by Pinkster & vanOortmerssen [79] and is based on the direct pressure integration of all pressure contributions on the wetted hullof the body. The last approach is based on the Lagally formulation and was introduced by Guével & Grekas[38]. The first two approaches will be further analyzed while the latter one is only mentioned as it’s use has notbeen widely expanded.
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2.7.3 Far-Field Approach
The main idea of the far-field approach is the consideration of the contribution to the rate of change of momen-tum through all boundaries of the control volume Ω. Figure 2.4 gives an overview of the examined area andthe corresponding boundaries. Even though Maruo [68] was the first to work on this approach, his results werelacking satisfactory verification with experimental results. It was [58] who using the theory of Maruo obtainedanalytical results on the mean horizontal wave force and proved that they were in reasonable correlation withmeasured data. Later on, [31] compared the results obtained from a modified version of the three-dimensionfar-field approach with experimental results. The comparison regarded a box shaped barge in regular wavesand the two sets of results proved to be in good comparison.

Figure 2.4: Far-Field approach
Besides the control volume we can distinguish four more elements.
• Sb: under water body surface
• Sfs: water free surface
• S∞: cylindrical surface surrounding control volume at infinite distance
• Infinite water depth assumption is made and therefore bottom is neglected
The average wave force on the floating body can be expressed by Equation 2.46 as given by [104].(

Fx
Fy

)
= −ρ

∫∫
S∞

p

ρ
n⃗+

(
u

v

)
VndS∞ (2.46)

In order to use the previous equation the potential should be solved at infinity in order to estimate the fluidvelocity and fluid pressure at infinity. It must be noted here that this expression does not take into account firstorder wave forces as they average zero over one period.As we have already seen, any type of potential, either radiation or diffraction, can be expressed by Green’stheorem at any point (x,y,z) of the domain by Equation 2.47.
ϕj(x, y, z) =

1

4π

∫∫
Sb

G
∂ϕj
∂n

− ϕj
∂G

∂n
dSb (2.47)

Where G is Green’s function which dictates how potentials are transferred throughout the domain as a resultof the presence of the body. So, it naturally follows that an approximation of Green’s function at infinity is thenext step. This has already be done by Newman [77] and is described in Equation 2.48.
G = 2(

2πk

R
)1/2ek(z+ζ)+i(kR+π

4 ) (2.48)
Where,



CHAPTER 2. THEORY 25
• R is the horizontal distance between a point on the body surface and the point of the domain at which thefunction needs to be estimated
• ζ is the vertical position of a point on the body surface
Finally, a substitution of Equation 2.48 into Equation 2.47 can yield the potential at infinite distance from thebody. This is described by Equation 2.49.

ϕj(x, y, z) = (
k

2πR0
)1/2ek(z+ζ)+i(kR0+

π
4 )H(π + θ) (2.49)

Where, H(π+ θ) is the complex Kochin function and is unique for every geometry for every radial direction
(θ) around the body. With simple words, Kochin function is a directional function that enables the transfer ofthe potential from the body surface to a large distance R0 away from the body.
Finally, with the substitution of the following equations (Equation 2.50-2.54) into Equation 2.49, the derivationof the horizontal drift forces based on the far-field approach is completed and described by Equation 2.55.

x = R0cosθ (2.50)
y = R0sinθ (2.51)

p = −ρRe{−iωϕje−iωt} −
1

2
ρ|V⃗ 2| − ρgz (2.52)

VR = Re{∂ϕj
∂R

e−iωt} (2.53)
Vθ = Re{ 1

R

∂ϕj
∂θ

e−iωt} (2.54)
(
Fx
Fy

)
=
ρk2

8π

∫ 2π

0

|H(θ)2|(
(
cosθ

sinθ

)
)dθ +

1

2
ρωA(

(
cosβ

sinβ

)
)Im{H(π + β)} [Nm−2] (2.55)

It is obvious from the last formula that for the calculation of wave drift forces with the far-field approach, themain input needed is the Kochin functions with the appropriate resolution in radial direction (θ).
According to [76], the relationship between the Kochin function and the velocity potential is given by Equation2.56.

ϕX(M) =
cosh(k(z + h))

cosh(kh)
·
√

k

2πr
ei(kr−

π
4 )HX(θ) (2.56)

With,
• (r, θ, z) the cylindrical coordinates of M
• perturbation potential ϕP = ϕD + ϕR

• ϕR = −iω
∑6
j=1 X̃j · ϕj

• Xj and ϕj the motions and radiation potential for the DoF j
• Xj(t) = Re(X̃j · e−iωt)

Due to the inherent phase conventions of NEMOH code ,which is the main software used in this project, theKochin function per frequency is described by Equation 2.57.
H̃(θ, ω) = H̃D(θ, ω)e

iπ2 − iω

6∑
j=1

X̃j(ω) · H̃Rj
(θ, ω)ei

π
2 (2.57)

Where,
• H̃D(θ, ω) is the Kochin function associated with the diffracted potential for wave frequency ω
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• H̃R(θ, ω) is the Kochin function associated with the radiation potential for wave frequency ω
Finally, the horizontal drift forces Fdrift per wave amplitude can be calculated for each wave frequency ofthe incident wave field as Equation 2.58 [21]:
(
Fdrift,x(ω)

Fdrift,y(ω)

)
= −2πρAω(

(
cosβ

sinβ

)
)Im(H̃(β, ω))− 2πρ

k(k0h)
2

h[(kh)2 − (k0h)2 + k0h]
·
∫ 2π

0

|H̃(θ, ω)|2
(
cosθ

sinθ

)
dθ

(2.58)With,
• H̃(θ, ω) is the complex Kochin function without time dependence at wave frequency ω and incidence θ,as described by Equation 2.57, expressed in [m2/s]
• β is the incident angle of waves
• k0 = ω2

g is the deep water wave number
• k · tanh(kh) = ω2

g is the wavenumber at the water depth considered
• h is the water depth
• A is the wave amplitude

2.7.4 Near-Field Approach
As was mentioned earlier, the near-field approach is based on the direct pressure integration of the wettedsurface of the body. Before diving into the equations that govern this method it is necessary to present thesystem of coordinates used for it (Figure 2.5).

Figure 2.5: System of coordinates for the near-field approach [79]
Three different systems of co-ordinate axes can be distinguished. The first one is a right-handed earth-bound system of O − x1 − x2 − x3 with O being the origin, X1 and X2 axes in the mean free surface of thesea and X3 defined positive in the upward direction. Any given point in space can be described by the vector

X⃗ = (X1, X2, X3).The second one is a right-handed system G − x1 − x2 − x3 body-bound axes with origin the center of gravityof the body G. Again, the G− x3 axis is defined positive in the upward direction and the x1 axis in the longitu-dinal direction. In the mean position of the freely floating vessel this axes system is parallel to the earth boundsystem. This system of axes is exclusively defining the surface of the hull. A position vector x⃗ = (x1, x2, x3)can define any point of the body surface in this body-bound axes system. Additionally, an outward point normalvector n⃗ = (n1, n2, n3) is defining the orientation of any surface element in this system of coordinates.Finally, there is a third system of coordinates G(X ′
1, X

′
2, X

′
3) which is a moving axes system with its origin inthe mean position of the center of gravity G, of the body. This system has axes which are always parallel to theearth-bound system. This means that this system does not translate or rotate with the ship’s motions, with theexception of the forward vessel speed if present.
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The floating body is exposed to the fluid force, with respect to the G(x, y, z) system of axes, and can bedescribed by Equation 2.59 [52].

F⃗ = −
∫∫

S

p · N⃗ · dS (2.59)
Where,

• S is the instantaneous wetted surface
• N⃗ is the instantaneous normal vector to the surface element dS relative to the G(x, y, z) system of axes

Figure 2.6: Wetted surface [52]

Figure 2.6 presents the separation of the the wet-ted surface into two parts: a constant part S0 up tothe static hull waterline and an oscillating part s, thesplash zone between the static hull waterline and thewave profile along the body.Expanding Equation 2.52 to the non-linearBernoulli equation and with the use of Taylor’s ex-pansion, after adopting the assumption of small-firstorder- wave frequency motions, the pressure in themean position of the vessel can be expressed byEquation 2.60 and the normal vector N⃗ by Equa-tion2.64
p = p(0) + ϵp(1) + ϵ2p(2) (2.60)

With,
• hydrostatic pressure:

p(0) = −ρgX⃗(0)
3 (2.61)

• first order pressure:
p(1) = −ρgX⃗(1)

3 − ρ
∂Φ(1)

∂t
(2.62)

• second order pressure:
p(2) = −1

2
ρ(∇⃗Φ(1))2 − ρ

∂2Φ(2)

∂t2
− ρ(X⃗(1) · ∇∂Φ(1)

∂t
) (2.63)

N⃗ = n⃗+ ϵR(1) · n⃗ (2.64)
with R(1) being the linearized rotation transformation matrices as given by Equation 2.65.

⃗̇R(1) =

 0 −ẋ(1)6 +ẋ
(1)
5

+ẋ
(1)
6 0 −ẋ(1)4

−ẋ(1)5 +ẋ
(1)
4 0

 (2.65)

Using all the above and substituting them in Equation 2.59, the fluid force on the body is given by Equation2.66.

F⃗ = −
∫∫

S0

(p(0) + ϵp(1) + ϵ2p(2)) · (n⃗+ ϵN⃗ (1)) · dS

−
∫∫

s

(p(0) + ϵp(1) + ϵ2p(2)) · (n⃗+ ϵN⃗ (1)) · dS
(2.66)

Equation 2.66 is the basis for the calculation of the second order wave forces with the direct pressureintegration method. The exact derivations can be found in [52] but will not be included in this report as theyare out of scope. The total second order fluid force is made of three separate contributions as can be seen inEquation 2.67.
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F⃗ 2 = F⃗ 2
A + F⃗ 2

B + F⃗ 2
D

= m ·R(1) · ⃗̈X(1)
G

+

∫∫
S0

{1
2
ρ(∇⃗Φ(1))2 + ρ

∂Φ(2)

∂t
+ ρX⃗(1) · ∇⃗∂Φ1

∂t
} · n⃗ · dS

−
∮
wl

1

2
ρg(ζ(1)r )2 · n⃗ · dl

(2.67)

The first component (F⃗ 2
A) of Equation 2.67 includes products of the first order pressures and the first orderoscillatory components over the constant part S0.The second component (F⃗ 2
B) comes after the direct integration of the second order pressure over S0.Finally, the last component (F⃗ 2

D) contains the contribution of the first order pressures over the oscillatory part s.Figure 2.7, presents the results of the normalized drift force for a floating sphere and also gives the individualcontributions of every component mentioned earlier.

Figure 2.7: Contributions of pressure integration with near-field approach [79]
Where,
• I is the relative wave height contribution:

−1

2
ρg

∮
wl

1

2
ρg(ζ(1)r )2 · n⃗1 · dlg

• II is the contribution from the pressure drop due to velocity squared:
+
1

2
ρ

∫∫
S0

{1
2
ρ(∇⃗Φ(1))2 · n⃗1 · dS

• III is contribution from pressure due to the product of gradient of first order pressure and first order motion:
+ρ

∫∫
S0

X⃗(1) · ∇⃗∂Φ1

∂t
} · n⃗1 · dS

• IV is contribution due to product of pitch motion and heave inertia force:
+m · x(1)5 · ⃗̈X(1)

3

It is apparent that contribution I is dominant, with the rest only tending to reduce its effect. The contributionsof second order potential is zero for regular waves.The following figures show results that were used to validate the near-field approach for the calculation ofhorizontal drift forces [21, 52]. Figure 2.8a presents the mean horizontal wave drift force on a floating sphere
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with 1m radius at infinite water depth while Figure 2.8b the horizontal force for a barge with dimensions L=150m,B=50m, D=10m at 50mwater depth. It can be said that this method gives sufficiently accurate results and allowsfor the estimation of the mean drift fore.

(a) Validation for a sphere at infinite water depth [52] (b) Validation for a barge at 50m water depth [79]
Figure 2.8: Near-field approach validation

2.7.5 Selection of Approach
In Sections 2.7.3 and 2.7.4, a thorough presentation of the far and the near field approach respectively hasbeen performed. The first one gives the mean drift force on a floating body by evaluating the disturbancesresulting from the body at infinity. The latter uses a direct pressure integration over the instantaneous bodysurface and considers also second order terms. It could be said that if accuracy and the full quadratic transferfunctions are seeked, the near-field approach is the most appropriate method. However, for this project, thefar-field approach is adopted for two main reasons:

• for the estimation of the mooring force, the mean drift force is sufficient
• the selected software is suitable for the direct use of Kochin functions



3 | Implementation

This chapter can be mainly divided into three different sections. The first section regards the considerationsbehind the selection of the base case design for the layout of the hybrid power park. After that, the environmentalconditions at the location of the Delta21 lake will be presented. Finally, the methodology that is adopted in thecurrent project will be explained with an explanation regarding the software used.

3.1 HPP layout

In order to come to an initial layout for the HPP, there are multiple aspects that could be used to define the shareof each energy resource. For the needs of this project, this selection will be limited to two main components:the levelized cost of solar and wind energy as well as the annual energy production.
3.1.1 Solar Panels Cost Breakdown
In this first stage, it is valuable to have a look at the various components that consist the investment costsfor a stand-alone system of solar panels. The capital expenditures can be further divided in 3 main parts aspresented in Figure 3.1. This data was adopted by [81] and further modified by [9].

Figure 3.1: Photovoltaic Panels CAPEX analysis [81]
From Figure 3.1 it is obvious that the hardware components (modules and mounting system) comprise themost expensive unit. For floating PV panels, the mounting system is consisting of the floaters, the mooring

30
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lines and the anchoring system. After the analysis of the share of the costs, a further presentation of the valuesthemselves is performed in Table 3.1.

Component CostHardware Components e0.35/WElectrical Infrastructure e0.17/WAncillary Costs e0.12/WCAPEX e0.63/WOPEX e0.0075/W
Table 3.1: PV Capex & Opex [81]

As seen in Table 3.1, the operational expenditures account for 1.2% of the capital costs. The main reason forthese low operational and maintenance costs are the competitive pressures and improvements in the reliabilityof the technology which have resulted in system designs that are optimized to reduce O&M costs. In addition,improved strategies that take advantage of a range of innovations have also driven down O&M costs andreduced downtime. Such innovations stretch from robotic cleaning to ’big data’ analysis of performance toidentify issues and initiate preventative interventions ahead of failures [48].

3.1.2 Offshore Wind Turbines Cost Breakdown

The same estimation as done previously for the solar panels can be done for a standalone system of offshorewind turbines. Firstly, an analysis of the different components of the capital expenditures is presented in Figure3.2 and in Table 3.2. Once again, the same three main categories have been selected to allow for a directcomparison.

Figure 3.2: Offshore Wind Turbines CAPEX analysis [86]
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Component CostHardware Components e1.31/WElectrical Infrastructure e0.73/WAncillary Costs e0.51/WCAPEX e2.55/WOPEX e0.088/W
Table 3.2: Wind Capex & Opex

For a standalone wind park, the data from Table 3.2 reveals that the operational expenditures are 3.5%of the capital costs. According to [48], these costs remain high due to the fact that accessing the wind siteto perform maintenance on turbines is heavily influenced by weather conditions and the availability of skilledpersonnel and specialized vessels. In this perspective, the location of the Delta21 lake seems favorable sinceit is really close to the shore, is in shallow water depths and finally offers mild environmental conditions (smallwave heights).Moreover, it is observed that the initial investment of the turbine itself as well as the support structure andfoundation are the most influential cost parameters accounting for 51%.When compared to a standalone solar park, even though the allocation of the capital costs is similar, the totalcapital costs of solar are only 25% of wind.With the values for the capital and operational expenditures known, a fist estimation of the Levelized Cost ofEnergy (LCOE) is possible. LCOE is an index that uses the overall costs and the energy production and givesan insight of how expensive the system under consideration is (expressed in e/MWh). The following formulais used for the estimation of LCOE:
LCOE =

NPV of Total Costs Over Lifetime
NPV of Electrical Energy Produced Over Lifetime =

∑ (It+Mt+Ft)
(1+r)t∑ Et

(1+r)t

With,
• I: the initial cost of investment
• M: maintenance and operations expenditures
• F: fuel expenditures (if applicable)
• E: sum of electricity produced
• r: discount rate
• t: the lifetime of the project

3.1.3 HPP LCOE
Before looking at the combined LCOE for the hybrid power plant, it is necessary to estimate the LCOE for theindividual resources. As it expected that the project of Delta21 could be actualized around 2030, projectedvalues of the capital expenditure will be used.According to IRENA’s report for the forthcoming trends and the future of solar PV panels [46], a reduction ofthe installation costs is expected by 2030 that can reduce the CAPEX to e0.52/W (average value).This meansthat the levelized cost of energy is sensitive towards the available technologies and consequently the availableprices of the industry. Therefore, the actual construction date of the project is important as it will define mainlythe initial investment costs. An analytical calculation of the LCOE can be found in Appendix A.To perform thiscalculation, a few assumptions need to be made.These are presented in Table 3.3.

Component ValueYear of construction 2030Installed Capacity 250W/m2

Degradation of the panels 0.5%Discount rate 6%Project lifespan 30 yearsLCOE e45.77/MWh
Table 3.3: LCOE analysis for PV panels
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Looking at the trends of offshore wind and in particular in the estimations of the capital costs reductionby 2030, a significant decrease is expected [47]. After estimating the operational and capital costs, a firstcalculation of the LCOE for the wind turbine can be achieved, with the approximations/assumptions presentedin Table 3.4. This value is in good agreement with a conservative approach found in [17]. Again, a moreanalytical presentation of the LCOE calculation can be found in Appendix A.

Component ValueYear of construction 2030Installed Capacity 128kW/turbineDegradation of the wind turbines 0.5%Discount rate 6%Project lifespan 30 yearsLCOE e50.00/MWh
Table 3.4: LCOE analysis for the wind turbines

From Tables 3.3 and 3.4 it is becoming obvious that the levelized cost of energy is lower for a standalonesolar park than a standalone wind park, with the latter being 9.2% more expensive. If these two systems arecombined and integrated with a large storage unit, the following benefits can occur:
• the integration of floating solar units and offshore wind turbines can increase the capacity factor of themain export cable and lead to an overall capital cost reduction, according to [17]
• the addition of the storage function, through the use of energy lake, can lead to 10-15% reduction of theoverall capital expenditures, as demonstrated by the Delta21 organization [7]
• the energy production can be evenly distributed to the two resources, leading to a low variability index[62] and consequently to a flatter and smoother output
For this project, the installed power share is selected to be 21.7% of wind and 78.3% of solar. This resultsinto an energy production share of 43.9% for wind and 56.1% for solar. This would lead to a combined LCOEof 47.62 e/MWh, which could be further reduced according to the three bullet-points mentioned above.This configuration is adopted in order to visualize the potential synergy of mooring the floating panels on thewind turbines, but it could be further optimized to meet the potential objectives of cost minimization, energymaximization, reduction of shadow effects or output variability.

3.1.4 Base Case Design
After the analysis in Section 3.1.3, the base case design can be defined. Even though the available surfaceof the lake is approximately 43 km2, as a first step the design is going to be focused in a rectangle of 1 km2.In this way, it would be easier to make comparisons with other projects and investigate up to what extend thisdesign can be up-scaled to maximize the energy production. During this early stage, the considerations thatwere mainly accounted for are:

• spacing between the turbines is set to be just around 3 rotor diameters, which is the distance providedby DWD to minimize wake losses
• every wind turbine and every solar boat must be easily accessible for maintenance
• the wind is considered omnidirectional allowing for same wind turbine spacing in the two main directions
• a minimum distance between the tower of the wind mills and the solar boats must be set, in order to limitthe shadow effects and also leave sufficient space for the mooring lines

All the above can be observed in Figure 3.3 while a representation of the side view in Figure 3.4. At this designstage, it is assumed that a mooring line can be attached at the tower of the wind turbine and then connectedto a fairlead point at the solar boat. In this way, the mooring system and the floating solar unit can follow thewater level fluctuations of the lake. The technical design of the connection is out of the scope of this project.However, together with its economic impact, they are two factors that should be later investigated.
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Figure 3.3: Base Case Design Layout (distances in meters)

Figure 3.4: Impression of side view

All assumptions adopted for a first estimation of the installed capacity and the energy outcome are repre-sented in Table 3.5.
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Wind SolarRotor diameter 18 m Area per solar unit 23,100 m2

Turbine spacing 55>3D =54 m Excluding walkways (assumed 20%) 18,480 m2

Total number of turbines 200 Total area of solar park 369,600 m2

Installed power 128.0kW/turbine Power installed [9] 250 W/m2

Total wind installed power 25.6 MW/km2 Total solar installed power 92.4 MW/km2

Generator efficiency 97.8% Tilt angle 12oSystem Losses 7.5% System Losses 10.0%Energy produced [11] 377 MWh/turbine Energy produced [16] 1041.62 kWh/kWTotal wind energy production 75.4 GWh/year Total solar energy production 96.2 GWh/yearCapacity factor 0.336 Capacity factor 0.119share of installed power 21.7% share of installed power 78.3%share of energy production 43.9% share of energy production 56.1%Combined specific yield 118 MW/km2

Combined energy output 171.7 GWh/year
Table 3.5: Estimation of installed capacities and energy output per resource

3.2 Environmental Loading

This section will give a presentation regarding the prevailing wind and wave conditions in the Energy StorageLake of Delta21. The location of the lake will be at the north-west of the Tweede Maasvlakte and can bedescribed by the coordinates: 52◦00’N, 03◦40◦ E.

3.2.1 Wind Data

With hindcasted wind data retrieved from [44], the wind characteristics can be seen in Figure 3.5. It must benoted that wave data of the last 28 years over the area under examination was used for the generation of winddata.

(a) Probability of the wind direction[10] (b) Probability of the wind speed[10]
Figure 3.5: Predominant wind direction and wind speed for the location of the ESL

Besides the predominant wind conditions, according to [102] it is important to assess the mean 1-hour windspeed for a 50-year return period, in order to statically calculate the environmental loading. This assessmenthas been performed in [29], where a value of 29.9m/s at a height of 10 meters has been found. To accordinglytranslate this value to the actual height of the wind panels Equation 3.1 is used.
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U(h) = U(href )(1 +
ln( h

href )

ln( hz0 )
) (3.1)

Where,
- href is the reference height (10m) at which the wind speed is known
- h is the height at which the wind is acting on the solar panels (0.5m)
- z0 is the roughness parameter, here estimated as 0.01 which corresponds to the upper limit of an opensea with waves and of a coastal area as there are dunes at the perimeter [23]
Substituting the aforementioned values in Equation 3.1, it is found that the 50-year 1-hour wind speed at aheight of 0.5m is 15.2m/s.

3.2.2 Wave Model

Figure 3.6: Superposition of harmonicwaves with random amplitudes, directionsand phases[39]

Ocean waves can be modelled by the superposition of a numberof regular waves (Figure 3.6). This superposition can be latermodelled as a wave spectrum. For the construction of this wavespectrum two different variables must be known and these are:the significant wave height and the peak period. However, inorder to estimate these values the wind speed and the availablefetch, meaning the available area for the waves to developed,must also be known.According to [39], the significant wave height Hm0 and thepeak period Tp can be calculated based on the dimension-less significant wave height H̃m0 (Equation 3.2) and the dimen-sionless period T̃p (Equation 3.5) respectively. This methodwas first introduced by [112] in an attempt to match empiricaldata with measured ones for a lake with 10km width and 20kmlength.

Hm0 = H̃m0
U2
10

g
(3.2)

where,
• g is the gravitational acceleration
• U10 is the wind speed 10m above still water level
• H̃m0 is given by Equation 3.3

H̃m0 = H̃∞(tanh(k1F̃
m1))p (3.3)

where, H̃∞, k1,m1, p are constants and their values are given in Table 3.6. F̃ is the dimensionless fetch andcan be calculated according to Equation 3.4.
F̃ = F

g

U2
10

(3.4)
Regarding the peak period the following relationships can be used:

Tp = T̃p
U10

g
(3.5)

where, T̃p is given by Equation 3.6.
T̃p = T̃∞(tanh(k2F̃

m2))q (3.6)
and T̃∞, k1,m1, p are constants and their values are given as previously in Table 3.6.
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Wave height Peak periodConstant Value Constant Value

H̃∞ 0.24 T̃∞ 7.69
k1 4.14 · 10−4 k2 2.77 · 10−7

m1 0.79 m2 1.45
p 0.572 q 0.187

Table 3.6: Constant values for the calculation of wave height and peak period [39]
For the specific case of the Delta21 energy storage lake, the fetch is not constant. Therefore, this valueranges from 1 to 6km to capture the influence of the fetch in the corresponding wave height and period. Anotherimportant aspect is that once the lake has been filled in (partially) with floating solar panels, the available fetchwill be further reduced due to the existence of these structures. This influence will not be taken into account inthis project.
Now, with the provided equations it is possible to calculate the significant wave height and wave period fordifferent wind speeds and different available fetches. This is presented in Table 3.7.

Wind speed [m/s] F=1km F=3km F=6km23.4 (1-year max) H=0.57m Tp=2.38s H=0.94m Tp=3.20s H=1.29m Tp=3.87s26.8 (10-year max) H=0.66m Tp=2.54s H=1.09m Tp=3.41s H=1.49m Tp=4.12s30 (50-year max) H=0.75m Tp=2.67s H=1.24m Tp=3.60s H=1.70m Tp=4.34s
Table 3.7: Influence of wind speed and fetch on peak period and significant wave height

After calculating the significant wave height and the peak period it is possible to generate the correspond-ing wave spectrum. There are two main types of spectra: the first is called JONSWAP and the second is thePierson-Moskowitz (PM). The latter one is assumed to represent fully developed conditions in deep water. Ad-ditionally, the JONSWAP spectrum was developed for wind generated waves in the North sea, and is thereforecloser to the environmental conditions of the ESL of Delta21. Finally, for this project the JONSWAP spectrumwill be used. The assumption of deep water has to be adopted also for this case.
The JONSWAP wave spectrum can be described by Equation 3.7 according to [39].

EJONSWAP (f) = αg2(2π)−4exp[−5

4
(

f

fpeak
)−4]γexp[−

1
2 (

f
fpeak

−1

σ )2] (3.7)
where,
• f is the wave frequency
• α is the energy scale parameter (Equation 3.8)
• g is the gravitational acceleration
• γ = 3.3 and σ (Equation 3.9) are shape parameters

α = 0.0317f̃0.67peak, (f̃peak =
1

T̃peak
) (3.8)

σ = 0.07 for f ≤ fpeak and σ = 0.07 for f > fpeak (3.9)
With all information known now, it is possible to represent the wave spectrum as a function of radial fre-quency. The information that this graph provides is where the most wave energy will be present for the specificenvironmental conditions. As it is made clear from Figure 3.7, for the energy storage lake almost no waveenergy is expected after 6rad/s.
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Figure 3.7: JONSWAP wave spectrum for wind speed of 30m/s and multiple fetches

3.2.3 Wind Loads on Solar Panels

This section will give an overview of the analytical method used for the calculation of wind loads on the solarpanels themselves as well as the part of the floaters that stands above the waterline. The basis for these cal-culations was introduced in [43].
According to [24], an incoming wind is exerting a steady wind load on any floater, and this load can bedescribed by Equation 3.10.

Fwind =
1

2
ρV 2ACdCs (3.10)

Where,
• ρ is the density of the air
• A is the area exposed to the flow
• V is the flow velocity (at the corresponding height)
• Cs is the sheltering coefficient to account for the presence of multiple objects
• Cd is the drag coefficient and depends on the shape and surface roughness of the considered object
This formula even though it has been developed for other cases, is still applicable for the floating solar unitssince the background theory is valid. Two main directions of the wind will analyzed, namely 0◦ and 90◦, andthis effects the projected area of the object along the wind direction. This also leads to changes in the dragcoefficient.As it is introduced by [53], the first row of panels and floaters will be the affected the most by the wind. Therows behind it, will be exposed to a reduced wind load due to the presence of the first row. This phenomenonis captured by the sheltering coefficient. Even though such an assumption can be used for this early stage ofthe design, it should be followed by thorough CFD calculations to properly capture this interaction.All the analytical calculations and the corresponding coefficients can be found in Appendix B.
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3.2.4 Wind Turbine Forces

As was stated in Chapter 1, the end goal of the thesis is the comparison of the potential force imposed by themooring line with the forces already acting on the wind turbine. This section provides a presentation of theforces that would normally act on the wind turbine, without any further components from the mooring system.These forces are:
• Thrust force acting on the hub height
• Wind force acting on the ring and the blades
• Distributed wind force acting of the tower of the wind turbine
• Wave and current force acting on the submerged part of the wind turbine

The first three components are provided as input fromDutchWind Design, after performing the required calcula-tions. The maximum thrust force is stimulated at 2.5 × the average wind speed according to NEN-EN-61400-2.This value is also used for the calculation of the rest of the wind loads. The last component is calculated withthe use of Morison equation for a peak period of 3.5s in accordance with Figure 3.7, a current velocity of 1m/sas estimated for a location close to the pumping station and a wave height of 1.25m as follows from Table 3.7.All of the aforementioned data are presented in Figure 3.8.

Figure 3.8: Wind turbine forces [11]

3.3 Methodology

This section gives an overview of themethod used for this project. It begins with the presentation of the structureunder analysis and the intermediate steps towards the calculation of drift forces follow.

3.3.1 Geometry Generation

The first step towards the estimation/calculation of the forces acting on the floating solar units is breaking downthe problem into a smaller one that can be tackled. For this purpose, the analysis starts with modelling thefloating solar boat that GroenLeven has introduced into the market (Figure 3.9).
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Figure 3.9: GroenLeven’s floating solar boat
Three different components can be distinguished from the solar boat: 16 photovoltaic modules with an in-clination of approximately 12◦, 4 plastic floaters that are the only part of the boat in contact with the water andfinally the metallic frame that keeps all these parts together. Since for this project the focus is set to the hydro-dynamic behavior of the floating units, the plastic floaters are the single most important element. The loadingof the wind on the solar panels was exclusively treated in Section 3.2.3.
For the generation of the required geometry, the open software SALOME [13] is used. SALOME is a plat-form suitable for numerical simulations and it is developed by Open Cascade (France). It is well known for thesimplicity and speed for the creation of various geometry models and sophisticated meshing. An illustration ofthe meshed floater is shown in Figure 3.10. A rectangular shape is assumed for the modeling of the floater withdimensions that can be found in Table 3.8. The last two rows include the distances between the floaters of thesolar boat in the two main directions. The next steps regard the expansion of the geometry from a single floaterto a system of four floaters with the main system of coordinates located in the middle.

Figure 3.10: Mesh generation with SALOME

Length 2.100mWidth 0.588mDraft 0.360mTotal Height 0.630mx- offset 2.820my-offset 4.226m
Table 3.8: Floater’s dimension

3.3.2 Hydrodynamic Simulations
After defining the dimensions of the floater and the wave spectrum, for a range of wave frequencies between0.1 and 6rad/s, the ratio of the width of the structure over the wave length ranges from 10−5 to 0.35. Accordingto Figure 2.1, this means that for the shorter waves the structure is not considered slender anymore, makingthe diffraction approach the most suitable.In order to apply the theory presented in Section 2.2 for the calculation of the first order wave forces, useof NEMOH will be made. NEMOH is the world’s first open source Boundary Element Method (BEM) codedeveloped in 2014 by Ecole Centrale de Nantes [76]. It is dedicated to the computation of first order waveloads on offshore structures. The approach it has adopted decouples the resolution of the linear free surfaceBoundary Value Problem (BVP) and the definition of the boundary condition on the body. In this way, it is easierto deal with flexible structures, hydroelasticity, generalized modes and unconventional degrees of freedom.However, for this project the analysis is restrained to rigid floaters. The BVP is solved in frequency domain with
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the advantage of smaller computational time and sufficient accuracy. NEMOH can be separated into 3 differentcomponents with 3 different operations as follows:

• preProcessor: reads and prepares the mesh; prepares the vectors of body conditions; prepares thevectors of integration rules for the calculation of the forces
• Solver: for each vector of body condition solves the BVP for the potential; calculates the forces accordingto the integration rules; calculate the wave elevation and the far-field coefficients
• postProcessor: gives the hydrodynamic coefficients; generate files for the wave elevation
The outputs that NEMOH can produce are the following:
• Radiation coefficients
• Excitation force coefficients
• Diffraction force coefficients
• Froude-Krylov forces
• Impulse response force and added mass
• Visualization of the mesh
All the aforementioned elements are presented in the overview shown in Figure 3.11.

Figure 3.11: Overview of the work-flow of NEMOH

3.3.3 Kochin Function

Figure 3.12: NEMOH output for Kochin func-tions

Among the other post processing possibilities that NEMOH canoffer, Kochin functions for every frequency and any angle resolu-tion can be provided. The output files are stored in the format ofKochin.X.dat, with X corresponding to the frequency under ex-amination (Figure 3.12). Again, it is important to note down thatdue to the structure of NEMOH, there are seven different outputfiles, one for the solution of diffraction problem and six for everyradiation problem. This file needs to be further processed in or-der to get the final horizontal drift forces. The different Kochinfunctions that stem from the solution of the radiation and diffrac-tion potential need to be combined to generate the total Kochinfunction H(θ).And this is the main input for the calculation of drift forces as de-scribed in Section 2.7.3, in combination with RAO as presentedin the next Section.
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3.3.4 Response Amplitude Operator

As was presented in Section 2.2, the motions of two connected floaters in all 12 DoF can be described byEquation 2.45. However, it is common for the offshore applications to express the motion of a floating structureas motion per meter amplitude for a number of different frequencies. This can be performed through the socalled Response Amplitude Operators (RAO) as expressed in Equation 3.11.

RAO(ω) = | ũ
ζw

| = |F̃w · Inv(−ω2(M +A(ω)) + iωB(ω) +Kconn)| [m/m] (3.11)
As it is obvious, the RAO contains information about the amplitude of the motion in all DoF per wave ampli-tude. All the results coming from NEMOH are already scaled with respect to the incoming wave. Besides theamplitude of the motion, another valuable element is the phase angle ϵ which expresses the phase differenceof each motion with respect to the phase of the wave. The phase angle can be easily calculated with the useof Equation 3.12.

ϵ(ω) = arg(
ũ

ζw
) = arg(F̃w · Inv(−ω2(M +A(ω)) + iωB(ω) +Kconn)) [rad] (3.12)

3.3.5 Irregular Frequencies

When the a numerical tool is used to deal with a mathematical problem, it is possible that there are a fewoccasions where discrepancies may occur. This is also the case for the use of NEMOH. As it is explainedin [31], an infinite number of of discrete frequencies cause the three-dimensional source technique to breakdown for a surface piercing body. These frequencies are called irregular frequencies and they do not capture aphysical phenomenon, rather they consist an inherent problem of these kind of solvers. NEMOH requires thegeometry of only the submerged part of the floating body, and this has a result that for these frequencies thereis a fictitious fluid motion inside the body, with the same free-surface condition as outside the body. This resultsinto a mathematical issue, since at the irregular frequencies, for the unknown source densities, the determinantof the coefficient matrix goes to zero when the number of unknowns goes to infinity. This consequently leadsto large peaks in the calculated hydrodynamic coefficients as well as the force coefficients.Until now, NEMOH has not been reinforced with a tool to deal with the irregular frequencies and therefore haveto be manually removed during the post processing of the results. This can be easily achieved using Equation3.13, as was introduced by [45].

ω̂αβ =
√
gγ coth(γT )

γ2 = (
απ

L
)2 + (

βπ

B
)2, α = 1, 2, 3... β = 1, 2, 3...

(3.13)

Where L is the length of the rectangular box, B is the width and T is the draft.After the identification of the irregular frequencies, the affected areas are removed during the post-processingof the results in MATLAB. After that, a smoothing function is used to interpolate the removed results. For thisproject, the build in function of smoothingspline is used, with the automatically selected smoothing parameterfrom the software itself. The importance of the removal of irregular frequencies will be also presented for thevalidation cases. However, for the floater used for the solar boat, the first irregular frequency is located out ofthe range of frequencies that are being analyzed as defined by its geometry.

3.3.6 Expansion of the Model

As it was mentioned multiple times until now, the fragmentation of the initial problem into smaller blocks waspursued, in order to have smaller and easy to deal with problems. This is why until now the two geometriesanalyzed have been a single floater and two connected floaters. Figure 3.13 presents the expansion of thesimulation model that perfectly matches with the original solar boat.
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(a) Original solar boat (b) Simulation model
Figure 3.13: Expansion of the simulation model to full geometry

As it is now clear, the simulation model consists of 4 floaters with dimensions given in Table 3.8 and thecorresponding horizontal offsets. Every floater is connected with the other two through a system of 6 springsas presented in Section 2.5, with very high stiffness which represents a rigid connection. The location of themain system of coordinates is selected exactly in the middle and plays an important role for the calculation ofthe resulting moments by NEMOH.For the needs of this project, the only direction for the incoming waves that will be analyzed is perpendicular tox-axis. This assumption is required to guarantee that the execution time will stay within the limits of the project.However, it also leads to the higher wave loading and thus yields the most conservative results for the driftforces.
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3.3.7 Drift Force Density

As was shown in Figure 3.7, the JONSWAP spectrum can be used to express the energy density of the wavein [m2s] for every frequency analyzed. According to [39], this is described by Equation 3.14.
E(ω) =

1

∆ω

1

2
ζ2α (3.14)

Where, ∆ω is the frequency step used in NEMOH and ζi is the wave amplitude. From this relationship, thedensity of ζ2α∆ω (Figure 3.14) can be generated with the appropriate transformations.

Figure 3.14: ζ2α/∆ω density spectrum
The far-field approach gives as output the Quadratic Transfer Function (QTF) of wave drift force expressedin [N/m2] for every wave frequency. Beginning from Equation 3.14, the components of drift force for everywave frequency can be defined as follows:

E(ω) =
1

∆ω

1

2
ζ2α
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∆ω
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∆ω
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∫ ∞

0
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∆ω

dω [N ]

(3.15)

The above formula shows that by using the wave energy density spectrum, it is possible to calculate thedrift force at each wave frequency. Then, the total drift force is the summation of all individual components.This sequence of calculations is actually enabling to fully incorporate the local environmental conditions in theestimation of drift forces.

3.3.8 Overview of the Model

After reviewing all individual components, the overview of the model that this thesis is using to answer the mainresearch question is provided in Figure 3.15.
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Figure 3.15: Overview of the workflow for the calculation of the horizontal mooring force
As becomes obvious from the figure above, the methodology is mainly divided into 3 sub-stages regardingthe 3 different software used.Initially the geometry is required as input in SALOME to generate the associated mesh. These two outputsare now used as input in NEMOH, which takes the next step and calculates hydrodynamic coefficients, waveexciting forces and Kochin functions.The user has to manually insert the hydrostatic and connection stiffness matrices, which can be combined withthe added mass and damping coefficients, as well as the wave exciting forces, to generate the RAOs for everywave frequency analyzed.Now, with the RAOs already computed and the Kochin functions given as output from NEMOH, the two com-ponents of the horizontal drift force can be calculated with the far-field approach. The wind loads acting on thesolar panels and the free board of the floaters are calculated with the use of analytical calculations.The wave energy density spectrum can be transformed to wave amplitude square spectrum and the multipli-cation with the wave drift force QTF [N/m2] yields the drift force spectrum distribution over the range of wavefrequencies.The total horizontal mooring force can be estimated as the summation of the wave drift forces and the windforces. The last step is the comparison of this force with the forces already acting on the wind turbine, with asimultaneous check on the effect on the overturning moment.



4 | Validation

This chapter presents four different reference cases which were used for the validation of the model. Thesecases include: a single barge, two adjacent barges, two interconnected barges, drift forces with the far-fieldapproach on a sphere and a barge. The selection of these cases has been done to follow the gradually ex-panded model. So, as it was already presented in Chapter 3, the first block is a single floater, the next one istwo floaters placed in close proximity and the third one is two floaters mechanically connected. The last blockis the calculation of the drift forces. By checking each building block of the model, it is reassured that the modelis producing accurate and reliable results.

4.1 Validation for a Single Barge

For the first and second validation case, the reference data that was used come from a study performed by Sunet al. [97] and was focused on the analysis of the first and second order wave forces due to resonant wavesbetween two adjacent barges. In addition, another boundary element method software called DIFFRACT wasused for the generation of the mesh as well as the hydrodynamic calculations. The configuration that was usedfor the analysis is indicated in Figure 4.1. For the first validation case, the configuration includes only a singlebarge. The analytical properties of the rectangular boxes-barges are presented in Table 4.1. The inclusion ofa term for additional roll damping was made to represent the effects of viscosity, and the value was calculatedbased on empirical models.

Figure 4.1: Configuration of the system for validations case 1 and 2[97]

Property Value UnitLength 280 mWidth 46 mDraft 16.5 mVertical centre of gravity 16.5 mAdditional roll damping 3.562· 109 Nm/(rad/s)
Table 4.1: Properties of the barge for validation case 1

46
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4.1.1 Convergence Study
The first action towards the validation of the results of the model regards the number of the panels. As waspresented in Section 3.3.1, the generation of the mesh can be achieved with multiple number of panels thatare given as input from the user. In order to check which number of panels gives sufficient results, differentsimulations were performed. As it is illustrated in Figures 4.2 -4.4, the number of panels has a significant effecton the calculated wave exciting forces. More specifically, the simulations were performed for 6 different totalnumber of panels. The frequency range selected and presented here is the same as used in the original study.It is important to note down here that any increase in the number of panels is accompanied with a drasticincrease in execution time. The corresponding execution time for every case is shown in Table 4.2.

Figure 4.2: Convergence of sway force of asingle barge Figure 4.3: Convergence of heave force of asingle barge

Figure 4.4: Convergence of roll moment of a single barge

Number of panels Execution time (min)264 2.6344 3.0562 3.6706 6.21088 18.12824 180.13962 656.4
Table 4.2: Execution time for various number of panels

As is obvious from Figure 4.2 and Figure 4.3, the accuracy of model is not significantly influenced by theselected panels. There are however two areas where extreme discrepancies compared to the reference data
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occur. As the dashed lines indicate these are the areas around the irregular frequencies and will be treated inSection 4.1.2. Now, if attention is turned to Figure 4.4, it is apparent that high inaccuracies are documentedalong the whole band of frequencies for every case of panels. After 1088 panels however, it looks like theresults have converged and are in good agreement with the reference data.If this observation is counter-checked with the data of Table 4.2, it is completely justified to select 1088 panelsfor the analysis. In the end, it is a trade-off between accuracy and computational time, with the case of 1088panels being the most favorable. Therefore, results of following sections are generated for barges simulatedwith a mesh of 1088 panels. This number of panels results to division of length, width and draft to 56, 10 and4 panels respectively. The minimum wavelength that corresponds to the maximum frequency ω = 1.4rad/s is31m. This means that the ratio of the panel length (5m) over the minimum wavelength is 6.2.
4.1.2 Removal of Irregular Frequencies
As was already mentioned in Section 4.1.1, the areas close to irregular frequencies present high discrepancieswith the reference data. In Section 3.3.5, the analytical equations for tracking down these frequencies werepresented. With the use of these formulas, the first three irregular frequencies are found to be: 0.91rad/s,1.17rad/s and 1.42rad/s. The most important value is the one of the first irregular frequency as it is certainthat no more irregular frequencies will be found below this value. Another comment that seems interesting isthat not every irregular frequency is influencing the excitation in every degree of freedom. So, sway force isaffected by the second irregular frequency, heave force is affected by the first and third while roll moment isonly affected by the second.After the detection of the problematic frequencies, their values are removed and the data are smoothed witha built-in function of MATLAB as explained in Section 3.3.5. The results of the exciting forces on the barge,after the removal of irregular frequencies and for 1088 number of panels are presented in Figures 4.5-4.7. Theresults calculated from the model in NEMOH are in great agreement with the results published from Sun et al.
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Figure 4.5: Sway force on a single barge Figure 4.6: Heave force on a single barge

Figure 4.7: Roll moment on a single barge

4.1.3 RAOs of a Single Barge
After the validation of the wave forces that are exciting the barge, the next step includes the validation of themotions due to these forces. These motions are expressed through the response amplitude operators, whichwas thoroughly explained in Section 3.3.4. The RAOs give information about the motion of the barge at everyDoF per wave amplitude. Figures 4.8 and 4.9 validate that the motions of the barge computed with NEMOHare in great agreement with the reference data. No comparison is possible for the roll RAO since data was notpublished for this.

Figure 4.8: Sway RAO of a single barge Figure 4.9: Heave RAO of a single barge
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4.2 Two Adjacent barges

After verifying the accuracy of the model for the case of a single barge, the next building block towards therepresentation of the full solar boat, is the case of two barges placed in close proximity. The two adjacentbarges share the same properties are presented in Table 4.1 and their configuration is shown in Figure 4.1.The spacing between the barges is set to be 18m. The purpose of this case is to capture the hydrodynamicinteraction of two bodies when placed close to each other. At first, the comparison and the validation of theforces between a single and two adjacent barges is presented in Figures 4.10-4.12.

Figure 4.10: Sway force for a single and twoadjacent barges Figure 4.11: Heave force for a single and twoadjacent barges

Figure 4.12: Roll moment for a single and two adjacent barges
First of all, the results of the figures above, show that NEMOH is correctly used for the case of two adjacentbarges and the wave exciting forces are in great agreement. Moreover, a new peak about 0.58rad/s hasoccurred for sway force for the case of two barges. Barge 1 is the barge considered upwave of Barge 2 in thisanalysis. The value at the peak has became larger than double of the force acting on a single barge. Barge 1is still experiencing about 16% larger horizontal force along y-axis as can be seen in Figure 4.10. Same peakshave been developed also for the heave force and roll moment. Interestingly enough, in both Figures 4.10 and4.12, after the aforementioned pick, the second barge is experiencing almost zero excitation in sway and rollrespectively. As the frequencies are increasing and thus the wave length is decreasing, it seems like the firstbarge is absorbing more energy of the waves and thus reducing the effect behind it. Even though this trendis continuing, a spike of excitation appears around 1.3rad/s. As it is explained in [97], this happens due to atrapped standing wave in the gap between the two barges.Once the wave forces exerted on two barges have been validated, the next component that needs validationare the motions of the two barges. These motions are illustrated in Figures 4.13 and 4.14. Again, a comparisonbetween a single and two barges is included. The RAO in roll has been left out since no reference data whereincluded in the report published by Sun et al.
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Figure 4.13: Sway RAO per wave amplitude fortwo adjacent barges Figure 4.14: Heave RAO per wave amplitude fortwo adjacent barges
The results show that the case of two barges placed in small proximity has been correctly implementedthrough the model. Throughout the whole frequency range, the agreement of the published and calculatedresults is good. Next to that, the peak that was observed in the force plots is not influencing the motion in swayand only a higher vertical motion is noticed for the barge that is placed upwave.
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4.3 Two Connected Barges

Until this point, the validity of the model has been checked for two cases: a single body and two adjacentbodies. The next block towards the representation of the full solar boat is the mechanical connection of twobodies. For this reason, a study published again by Sun et al. [96] and was mainly focused on the responsesof interconnected floating bodies will be used for reference. Data made available by Newman in 1994 [77] arealso included. The configuration of the system is presented in Figure 4.15. The barges are considered to havea rectangular shape and mass is distributed uniformly. Once again DIFFRACT has been used for meshing thegeometries and the analysis is focused only in head waves (waves propagating along the x-axis).

Figure 4.15: Configuration of the system for validation case 3 [96]

4.3.1 Hinge Connection
The first validation case regards the connection of the two barges with a bar of 10m length, which has a hingehalf way along. As a consequence, it allows rotation around y-axis. In the model developed in this projectwhere the connection is represented with the use of springs, this type of connection is achieved by setting thespring stiffness around y-axis to be zero. Figures 4.16 and 4.17 present the results of the model as well asthe reference data. Figure 4.16 illustrates the vertical motion of the hinge per wave amplitude for a range ofperiods, while Figure 4.17 illustrates the vertical force acting on the hinge per wave amplitude. For the model,the middle point of the connection can be calculated using the motions of either barge 1 or barge 2. The figuresinclude both results as a safety check that the springs model is correctly implemented. The results seem to bein good agreement.

Figure 4.16: Vertical motion of hinge connection Figure 4.17: Vertical force of hinge connection

4.3.2 Rigid Connection
The second validation case regarding the connection regards a rigid connection. The methodology followed isthe exact same as in Section 4.3.1. This time however, the stiffness of the rotational spring around y-axis is setto 109 rad/m in order to prevent any rotation. This type of connection is also the one that exists between thevarious floaters of the solar boat. The two same results concerning the motion and the force per wave amplitude
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on the connection are presented in Figures 4.18 and 4.19. Finally, Figure 4.20 shows the interesting fact that thevertical forces at the connection are the same regardless of the presence or absence of the hinge. The verticalforces in the connection are the summation of wave exciting forces, inertia forces due to the responses of thevessels and finally due to hydrodynamic radiation forces. The wave forces remain the same for both cases.However, the other components are linked to modes of response that are either symmetric or anti-symmetricwith respect to the vertical plane. Due to the symmetry of the geometry of the problem, the responses in thesymmetric and anti-symmetric modes are coupled. The insertion of the hinge on the plane of symmetry onlyaffects the symmetric modes of response. The vertical force however is only affected by the anti-symmetricmodes and therefore the force is unaffected.In conclusion, computed results of the model are in good agreement with the reference data.

Figure 4.18: Vertical motion of rigid connection Figure 4.19: Vertical force of rigid connection

Figure 4.20: Vertical force on a hinge and a rigid connection

4.4 Drift Forces

The last validation case regards the calculation of the drift forces with the use of the far-field approach. Athorough explanation of the approach as well as the formulas that govern it can be found in Section 2.7.3. Twodifferent cases were selected to compare the results and these are a floating sphere and a barge.

4.4.1 Drift Forces on a Sphere

The first case entails a floating sphere with a radius of 1m located in water of infinite depth. The referencedata were published from Kudou in 1977 [58] and were calculated with the use of analytical formulas. Forthe hydrodynamic simulations, 1580 panels were used, which resulted to a ratio of minimum wavelength overpanel length (0.05m) equal to 49.4 (compared to 6.2 for the single barge). As Figure 4.21 confirms, the model
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is correctly predicting the drift force acting on the sphere. The vertical axis is has been normalized and is non-dimensional while another normalization has been used for the horizontal axis as the multiplication of the wavenumber k with the radius of the sphere R.

Figure 4.21: Drift forces on a floating sphere

4.4.2 Drift Forces on a Barge
Another case used for the validation of the model is the one of barge exposed in head waves as published byPinkster in 1980 [79]. In his study he used analytical formulas of the near-field approach which he verified withexperiments. The barge has a length of 150m, a width of 50m, a draft of 10m and a displacement of 73,750m3.The results were produced for a water depth of 50m and the directions of the waves was perpendicular toy-axis (head waves). Figure 4.22 presents the comparison of the computed and the reference data in terms ofnormalized drift force expressed in Newtons and a normalized frequency expressed in rad. The normalizationwas kept the same as published by Pinkster. For this analysis, the number of panels were 1368 and this resultedto a ratio of minimum wavelength (15.41m) over panel length (2m) equal to 7.7.
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Figure 4.22: Drift forces on a barge at head waves
As it is becoming directly obvious from Figure 4.22, the results of the model are not precisely coincidingwith the reference data. The two main observations here are: a mismatch in the maximum drift force anda mismatch in the frequency where the maximum occurs. More specifically, the reference data recorded amaximum normalized drift of 1.29 while the results of Nemoh recorded the maximum value at 2.42. As faras the peak frequency is concerned, results of Pinkster show a normalized peak frequency at 1.91rad whileNemoh shows at 1.22rad. If these values are converted again back to frequencies a value of 0.93rad/s and0.59rad/s occur respectively. The explanation for this discrepancy in this case was not able to be found. Forthe case of the floating sphere analyzed in Section 4.4.1, the computation of the RAOs was performed in anuncoupled fashion since the motions of the sphere are not coupled due to its symmetric geometry. This wasnot possible to be applied for the case of the barge. Another possible source of error is that the affect of thephase angle of each RAO was not captured correctly due to the inherent conventions of Nemoh.Despite the fact that the validation of the drift forces on the barge was not completely successful, it is consideredthat it gives a good estimation of the order of magnitude of the forces. Therefore, the far-field approach is stillapplicable in this project for the estimation of the drift forces. However, special attention should be paid in laterstages of the design to reassure that the calculated second order forces are reliable. The two sources of error,maximum value and peak frequency, are selected to be two parameters in the simplified sensitivity analysiswhich follows. In this way, the effect of these errors can be quantified. As a concluding remark, any furtheranalysis should have as a prerequisite the correct implementation of the far-field approach.



5 | Results

In this chapter, results regarding first order and mean drift wave forces will be presented. The different blocksconcern the following geometries: a single floater, two adjacent floaters, two connected floaters, four adjacentfloaters and four connected floaters. These five different blocks have been selected to gradually create the fullgeometry of the solar boat. The intermediate steps have also been validated in Section 4, so that concreteresults are obtained. At the end of this chapter, a comparison is made between the potential mooring force andthe already existing wind turbine forces. For this comparison, five different scenarios are selected to estimatethe impact of different components

5.1 Single Floater: 1st Order Wave Forces

The dimensions of the floater are given in Table 3.8. The waves considered in this analysis are beam wavesand therefore the resulting forces are almost exclusively excited in sway, heave and roll. The frequency rangeis selected to be from 0 to 6rad/s as this is where energy from the waves is expected according to Figure 3.7.Figures 5.1-5.3 illustrate the convergence study performed for the case of a single floater for 4 different meshes.The selected numbers were 416, 778, 1368 and 2019 panels respectively. And their corresponding executiontimes: 4.75, 12.3, 45.75 and 114.7mins. The number of panels selected to be used further in the analysis is1368, as the results have already converged for this number and has also an execution time that will allow forthe expansion of the model to more complicated systems.One thing to note down here is that there are no irregular frequencies present in the analyzed frequencyrange. And this is also confirmed by the analytical formulas which predict the first irregular frequency at 7.5rad/s.Therefore, no special treatment is required here to identify and smoothen the influenced areas. As was analyt-ically presented in Section 3.3.5, the irregular frequencies are a function of the dimensions of the floating bodyand the incoming wave length. Apparently, the floater is so small that these frequencies only appear for veryshort wave lengths.

Figure 5.1: Convergence of sway force on asingle floater Figure 5.2: Convergence of heave force on asingle floater

56
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Figure 5.3: Convergence of roll moment on a single floater
After the calculation of the wave exciting forces and the selection of the number of panels, the calculationof the motions of the floater per wave amplitude can follow according to the EoM. It was selected to use 1368panels for the analysis of the floater. This corresponded to 42, 12 and 8 panels in length, width and draft.The analyzed frequency range yields a minimum wavelength of 1.71m. Therefore, the ratio of the minimumwavelength over the panel length (0.05m) is equal to 34.2, compared to a value of 6.2 used for the single barge.These motions are presented in Figures 5.4-5.6.

Figure 5.4: Sway motion of a single floater Figure 5.5: Heave motion of a single floater

Figure 5.6: Roll motion of a single floater
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From the figures above, it is obvious that the maximum vertical motion occurs at about 4rad/s while forthe case of a single barge this peak was at 0.53rad/s (Figure 5.5). These peaks should correspond to theeigenfrequencies of the system in the respective motion given by the formula:

ω33 =

√
c33

m+ a33
[rad/s] (5.1)

Using Equation 5.1 and data produced by NEMOH for the added mass as well as computed data for themass and the hydrostatic stiffness in heave, the following values are generated: 4.03rad/s for the floater and0.54rad/s for the barge. This is a check that confirms that the generated plots are correctly capturing the physicsof the problem. This big shift in the frequency where the heave peak occurs is correlated to the incoming wavelength. Higher frequencies correspond to shorter waves. For the case of the barge, which has a width of 46mthe resonance occurs at low frequencies and thus long waves. More importantly, the area around the naturalfrequency is characterized by motions dominated by the damping term. This means that high resonance canbe expected when damping is small. After the peak, the waves are getting smaller compared to the width of thestructure and consequently lose their influence. This is also true for the floater, but now the peak only occursafter 4rad/s when the length of the waves has already dropped too much. Until that point, the floater is toosmall that is just following the elevation of the wave. Taking a look at the ratio of the wave length to structurewidth, the following numbers occur: 4.8 for the barge and 6.6 for the floater. So even though the resonance forthe floater occurs at a very smaller wave length, the ratios do not match perfectly.

5.2 Adjacent Floaters: 1st Order Wave Forces

The next block after the computation of the first order wave forces and the corresponding responses of a singlefloater is the expansion to two adjacent floaters. The distance at which these floaters are placed is regulatedby the dimensions of the solar boat and is equal to 4.226m from the inner sides of the floaters. As was alreadynoticed in Section 4.2, there is strong interference between the two bodies when placed in small proximity.Figures 5.7-5.9 present a comparison of the excitation forces for the case of a single and the case of twoadjacent floaters.It is reminded here that floater 1 is placed upwave of floater 2, so it is the one confronting first the wave.Starting with Figure 5.7, the maximum sway force that occurs now for the first floater reaches up to 19.7kN/mat a frequency of 4.2rad/s. The maximum horizontal force for the second floater is also present at the samefrequency but has an amplitude of 14.2kN/m. For the case of the single floater the maximum force is 13.3kN/mand occurs at a frequency of 3.97rad/s. So, an increase of 48% and 6.7% is recorded for floater 1 and floater2 respectively. Additionally, a periodic appearance of new peaks and troughs is recorded. Table 5.1 containsinformation on these frequencies, the corresponding wave lengths and the ratio of these lengths over the widthof the structure.
Peak frequency [rad/s] Wave length [m] Wave length/Width of the floater [-]3.45 5.18 8.814.17 3.54 6.024.89 2.58 4.395.52 2.02 3.44

Table 5.1: Sway peaks for two adjacent floaters
If the values of the last column of Table 5.1 are compared with each other, an almost constant factor of 1.37is found. So, it seems that the peaks in sway force can be traced back as multiples of the ratio of the incominglength over the width of the structure.Figure 5.8 gives an overview of the heave forces exerted on the two floaters with however small increase inamplitude compared to the case of a single floater. Once again, the first floater experiences about 20% higherforces at the peaks that are occurring again due to the interaction of the bodies. These peaks do not correspondto the same frequencies as in sway and are not as narrow.Finally, for the case of excitation in roll as presented in Figure 5.9, the behavior is the exact same as swayforce with the maximum moment for floater 1 being 50% larger compared to the single case. The increase inmaximum excitation in roll for floater 2 is only about 6%.
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Figure 5.7: Sway force on a single and twofloaters Figure 5.8: Heave force on a single and twofloaters

Figure 5.9: Roll moment on a single and two floaters

Moving a step forward, after getting the excitation forces, the computation of the relevant responses of thefloaters is presented in Figures 5.10-5.12.Starting with Figure 5.10, the general behavior of the floaters is the same in both cases. However, after3.6rad/s there is a significant reduction of approximately 50% in the response of the downwave floater. Theupwave floater seems to oscillate around the sway motion of the single floater with values differing up to 30%.Moving to Figure 5.11, the main focus is being drawn to the maximum vertical motion. For the case of the singlefloater the maximum response is 2.59m per wave amplitude. For the case of two adjacent floaters, floater 1 isrecording a maximum vertical motion of 3.67m/m and floater 2 of 2.94m/m. So, there is an increase of 42%and 14% for the upwave and downwave floater respectively. After the occurring peak in heave however, floater2 is presenting smaller responses compared to the case of a single floater.Finally, the RAO in roll according to Figure 5.12, presents the same trends as sway, with decreased motions offloater 2 after the frequency of 3.6rad/s. Again, the amplitudes of the motions of floater 1 are oscillating aroundthe values of the single floater. To conclude, all the three aforementioned figures demonstrate that the upwavefloater is operating as a wave attenuator for the second floater which is excited significantly lower. Interestingis the fact that the responses of floater 1 are exceeding those of a single floater and this can related to theradiated and diffracted waves coming from floater 2, creating a complex wave field in the gap.
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Figure 5.10: Sway RAO on a single and twofloaters Figure 5.11: Heave RAO on a single and twofloaters

Figure 5.12: Roll RAO on a single and two floaters

Figure 5.13: Phase angle of sway for twoadjacent floaters Figure 5.14: Phase angle of roll for two adjacentfloaters
Figures 5.13 and 5.14 illustrate the phase angle of sway and roll motion respectively. This is done in anattempt to identify a potential connection between the peaks and troughs present in Figures 5.10 and 5.12. Thephase angle is expressed in rad for every frequency analyzed in this report. However, no clear conclusions canbe formed from these figures.
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5.3 Two Connected Floaters: 1st Order Wave Forces

After presenting the results for the case of two adjacent floaters, the next block is the mechanical connectionof these floaters. In this case, the hydrodynamic simulations are the exact same. However, during the post-processing of the results, the stiffness matrix of the connections is added as a new component in the EoM. Theanalytical explanation of this procedure has been performed in Section 2.5. For that reason, the presentation ofthe wave exciting forces is not needed since they are the same. However, the addition of the connection throughthe very stiff springs has a significant influence in the resulting responses. These responses are illustrated inFigures 5.15-5.17. In these figures the results both for the case of two adjacent floaters and the case for twoadjacent connected floaters are included, to draw some conclusions on the effect of the connection.

Figure 5.15: Sway RAO on two connectedfloaters Figure 5.16: Heave RAO on two connectedfloaters

Figure 5.17: Roll RAO on two connected floaters

Starting with Figure 5.16 and the vertical response of the two floaters, it can be said that the behavior of thefloaters has not been significantly affected. A 6% decrease in the maximum heave motion has been recordedfor the upwave floater while a 13% decrease occurred for the downwave floater. Despite the connection, thefloaters were free to move vertically independently due to the phase difference of the incoming wave in themotions.Figures 5.15 and 5.17 are perfectly capturing the addition of the connection. As it can be noticed from thesefigures, the two connected floaters are now moving as a rigid body. The response in sway is now the same forthe two floaters, with the remarkable fact that for some frequencies the motion is completely canceled. Morespecifically, at 2.49rad/s the system is experiencing zero sway motion and at 4.11rad/s the sway motion isonly 0.1m per wave amplitude. This comes a result of the complicated interaction of the two bodies and thedifference in the phase of the exciting forces. Let’s take a look now at the phase angle of sway for the twobodies (Figure 5.18).
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Figure 5.18: Phase angle of sway for two floaters
The two frequencies that present interest from this figure are at 2.6rad/s and 4.1rad/s, as these are thefrequencies where the force is changing direction. The second value is the exact same where the high decreaseis observed in Figure 5.15, while the first value is slightly larger (2.6 compared to 2.49). Even though it hasnot been completely proven, the change of the signs in the phase angle is a good indicator for the behavior ofsway motion.Focusing now on Figure 5.17, the same behavior is now observed for the response in roll. The connection isnow forcing the two floaters to rotate together as a rigid body. The general response has decreased comparedto the case of two not connected floaters, with a slight increase of about 15% in the peak value at 4rad/s. Again,there are two frequencies for which the motion is completely canceled: at 3.6 and 5.1rad/s. Figure 5.19 is againillustrated to check if something noticeable happens at these frequencies. However, the results presented donot demonstrate any correlation between these cancellations and the phase angle of roll.

Figure 5.19: Phase angle of roll for two floaters

5.4 Four Adjacent Floaters: 1st Order Wave Forces

The next block in the representation of the full geometry is the simulation with four adjacent floaters. The exactconfiguration of the model can be found in Section 3.3.6. The offset in x direction is 2.82m while the one in ydirection is 4.226m.Figures 5.20-5.22 illustrate the comparison of the wave exciting forces for the case of two and the case of fouradjacent barges.The first comment that has to be made after the presentation of these figures is that in the configuration withthe four floaters, the two upwave floaters 1 and 3 as well as the two downwave floaters 2 and 4 experience theexact same excitation. This happens because the wave direction analyzed here is along the y axis, the pres-ence of a second row of floaters along the x axis does not influence the wave field. However, the hydrodynamicinteraction is captured since the results are different from the case of the two floaters.



CHAPTER 5. RESULTS 63

Figure 5.20: Sway force on 4 and 2 floaters Figure 5.21: Heave force on 4 and 2 floaters

Figure 5.22: Roll moment on 4 and 2 floaters

Starting from Figure 5.20, the maximum force in sway for the case of 4 floaters and the first row of floaters(floaters 1 and 3) is occurring at 4.9rad/s and is only 3% smaller than the case of two floaters. For the secondrow of floaters (floater 2 and 4) the maximum excitation is occurring again at 4.9rad/s with an amplitude 5%lower than the case of two floaters. The general trend for the sway force shows that the presence of two extrafloaters is reducing the sway forces, in a very low degree.Figure 5.21 shows the comparison of heave excitation for two and four floaters. The oscillations of the ampli-tude do not allow for any safe conclusion. However, it is noticeable that after a frequency of 4rad/s the verticalforces of the four floaters are starting to converge with the case of two floaters. This can be explained by thefact that the wave lengths are becoming so small that the interaction along x-axis is no longer impactful.Figure 5.22 presents the excitation around y-axis for the two cases of two and four adjacent floaters. The be-havior of the excitation is similar to the excitation in sway (along y-axis). For the case of four floaters and the firstrow of floaters, meaning floater 1 and 3, the maximum roll moment reaches up to 2.3kNm per wave amplitude.The same value for the upwave floater in the configuration with two floaters is at 2.4kNm per wave amplitude.Only a slight decrease of 4% is recorded between the two cases. The maximum roll moment for floaters 2 and4 reaches up to 1.6kNm/m. For the case of two floaters, this value is 1.7kNm/m. Therefore, a small decrease of6% is recorded. In conclusion, the presence of two extra floaters is slightly decreasing the excitation in roll. Onceagain, as the frequency is increasing and the wave length is decreasing, the two cases are starting to converge.
The final block regarding the first order wave forces is the calculation of the RAOs for the four connectedfloaters. This is presented in Figures 5.23-5.25. The results of the previous analysis of the case of two con-nected floaters are also illustrated to allow for a comparison with an additional row of floaters.Regarding sway motion, as presented by Figure 5.23, only two lines are visible because the connectionhas forced both of the configurations to move as a rigid body along the y axis. Moreover, for both the case oftwo floaters as well as the case of four floaters the horizontal motion is almost identical for the whole range offrequencies analyzed.
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Figure 5.23: Sway RAO on 4 and 2 connectedfloaters Figure 5.24: Heave force on 4 and 2 connectedfloaters

Figure 5.25: Roll RAO on 4 and 2 connected floaters

Figure 5.24 shows that for the case of four connected floaters, the first row (floaters 1 and 3) and the secondrow (floaters 2 and 4) are oscillating together. When it comes to the comparison with the case of two connectedfloaters a decrease in maximum amplitude is observed. More specifically, the upwave row of floaters presents12% lower motion at resonance. Next to that, the downwave row of floaters shows a decreased peak in heaveRAO by 24%. In general, for the case of the four connected floaters the four floaters have almost the samemaximum vertical displacement.Finally, for roll motion presented in Figure 5.25, it is obvious that the configuration of the four floaters is recordinghigher motions. The maximum rotation around x axis has been increased by 60% and this reveals a significantimpact of another row of connected floaters. The motions are still canceling out at the frequencies of 3.6 and5.1rad/s.
The last set of figuresmarks the end of the analysis regarding 1st order wave forces. A thorough presentationof the effect of adding more floaters in close proximity has been performed. The mechanical connections havebeen implemented correctly and the connected floaters are moving as a rigid body. This means that motionsalong y axis and rotations around x axis are the same for all the four floaters of the solar boat.

5.5 Drift Forces

This section is focusing on the presentation of the results regarding the second order mean drift force. Thebackground and the formulas governing the far-field approach were explicitly treated in Section 2.7.3. Againthe cases presented here will correspond to the building blocks of the model and the will include drift forces ona single floater, two floaters, four floaters as well as a comparison with a reference barge.
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5.5.1 Single Floater: Drift Force

Starting with the case of a single floater, Figure 5.26 illustrates the horizontal drift force along the y-axis, sincethe component along x-axis is zero due to the 90◦ incoming waves. The force is expressed Quadratic TransferFunction (QTF) of the wave drift force, expressed as drift force per wave amplitude squared and is given for theanalyzed range of frequencies from 0 to 6rad/s. This come as a consequence of the fact that the RAOs wereanalyzed within this range, and that was the input for the calculation of drift forces. Additionally, almost no waveenergy is expected after 6rad/s and therefore the analysis is considered sufficient. Figure 5.27 contains thenormalize drift force using the displacement∇ of the floater for the normalization factor. A similar normalizationhas been performed for the horizontal axis of frequencies. The purpose of this normalization is to later comparehow the drift forces are affected by the submerged volume of the configuration.

Figure 5.26: Drift force on a single floater Figure 5.27: Normalized drift force on a singlefloater
From Figure 5.26, a maximum value of 14.7kN/m2 for the horizontal drift force is recorded. The frequencywhere this peak occurs is at around 5.1rad/s. Interestingly enough, almost zero force is expected for frequenciesbelow 3rad/s. So long waves mainly affect the first order excitation while drift forces are increasing as the wavesare getting shorter. After the normalization, the peak value is now 3.82 according to Figure 5.27.

5.5.2 Two Floaters: Drift Force

Scaling up from a single to two floaters, the results are illustrated in Figures 5.28 and 5.29. In these figures,both the results for connected and not connected floaters are included, to draw some conclusions regarding theinfluence of the connection on the drift force. Starting from the maximum drift force, it is recorded that the peakvalue is 28.9kN/m2 for the adjacent floaters and 29.94kN/m2 for the case of connected. The correspondingfrequencies where the maximum occurs are 4.95 and 5.1rad/s respectively. The overall behavior of the driftforce for the two cases is that there is a small reduction between the frequencies 4-6rad/s for the configuration ofthe connected floaters while the maximum value is remaining almost the same. The normalized drift force hasnow increased to 5.98 for the adjacent floaters and 5.92 for the connected floaters. These values are almost56% larger than the normalized forces of the single floater. For the maximum drift force, the results show thatthe addition of one extra floater in the analysis, impacted the maximum value by almost doubling it. The exactincrease was found to be 97%, indicating nearly a linear relation.

5.5.3 Four Floaters: Drift Force

The last case regards the four floaters, both connected and not. Results are presented in Figures 5.30 and5.31. The plots look almost identical for the case of the two floaters with a logical increase in amplitude forthe drift force. More specifically, for the case of the connected floaters, the maximum values has climbedup to 65.46kN/m2, in comparison to 29.94kN/m2 for the two connected floaters. This is an increase of 126%confirming thus that the relation of drift force with the displaced volume is not linear. The frequency at which themaximum occurs is 4.94rad/s, perfectly matching with the peak frequency of the two floaters. When looking atFigure 5.31 and the normalized drift force, the maximum value for the case of connected floaters is 10.75 and
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Figure 5.28: Drift force on two floaters Figure 5.29: Normalized drift force on two floaters

for the case of not-connected floaters 10.34. This indicates that when the floaters are moving independentlyfrom each other, their interaction leads to slightly lower second order forces.

Figure 5.30: Drift force on four floaters Figure 5.31: Normalized drift force on fourfloaters

5.5.4 Comparison of Drift Forces

After the analysis and presentation of all individual cases, it is valuable to show a picture with the overview ofthe drift forces. For this purpose, all the cases with the floaters have been included, as well as a reference caseof a barge to use for comparison. This barge is the barge used in Section 4.4.2 for the validation of drift forcesbut now it has been analyzed under the effect of beam waves, as this is the same condition for the floaters.Table 5.2 is giving a comparison of the dimensions for the two floating bodies.
Parameter Floater BargeLength (m) 2.1 150Width (m) 0.588 50Draft (m) 0.36 10Displacement (m3) 0.445 73,750

Table 5.2: Comparison of the dimensions of the floater and the barge
As it is obvious from Table 5.2, the submerged part of the barge is 1.7×105 times larger than the one of thefloater. Figures 5.30 and 5.33 illustrate the results in terms of drift and normalized drift forces.
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Figure 5.32: Summary of drift forces for variousgeometries Figure 5.33: Summary of normalized drift forvarious geometries
Isolating the values of Figure 5.32 for the single floater and the barge it is recorded that: the maximum driftforce for the floater is 14.68kN per wave amplitude squared while for the barge it goes up to 1167kN/m2, being80 times larger. Now, regarding the peak frequency, for the floater it is at 5.1rad/s while for the barge 0.66. Thismeans that for the wider structure (barge), the maximum drift force occurs for a longer wave. It makes sensetherefore to check the ratio of the wavelength for which the maximum occurs over the width of the structure.This ratio is 4.0 for the floater and 2.8 for the barge. Even though these numbers present a certain deviation,they can give an approximate indicator for the wavelength and therefore the wave frequency at which the max-imum horizontal force may occur. Additionally, for the 3 different cases of the floaters it is observed that theaddition of floaters is generating an increase in the drift force but not in an linear manner. This is accredited tothe complex interaction between the floating bodiesFigure 5.33 presents special interest regarding the normalized drift forces. It is reminded here that the normal-ization has been achieved using the ∇1/3 to get a non dimensional value. For the cases of the floaters, theaddition of one extra floater leads to an increase by 55% on the maximum normalize drift force. The addition ofan extra row of two floaters leads to a 82% increase. The most interesting fact however lies in the comparisonof the normalized drift force on the floater and the barge. As explained earlier, every extra floater leads to asignificant increase in the force. That means that more displaced volume leads to higher forces. However,for the case of the barge that has 1.7×105 larger volume, the normalized drift force is just 45% larger fromthe single floater. The draft of the barge is 10m while the draft of the floater is just 0.36m. This consequentlymeans, that adding bodies or increasing the displacement close to water surface leads to a direct increasethe drift force. However, an increased displacement that goes way deeper from the waterline has just a minoreffect. This behavior is totally explained by the fact that most of the wave energy is concentrated close to thewaterline.

5.6 Expansion of Forces to Solar Unit

Until now, the analysis of the second order forces has been focused on four floaters that consist the solar boatof GroenLeven. Together with the analytical calculations for the wind forces the following results have occurred(Table 5.3) that regard the two forces acting on a solar boat. As the drift force is expressed in Newtons per waveamplitude squared, it is required to make an estimate of the wave amplitude. This is done using the maximumwave steepness ratio, that regulates that the wave height cannot exceed the 1/7 of the wave length in deepwater conditions [39]. With an estimated wave height, the maximum drift forces, expressed in Newtons, on asolar boat can be computed. The total force acting on a solar boat is the summation of the wave drift forcesand the wind forces acting on the solar panels and the freeboard of the floaters. Now, a comparison with theforces already acting on the wind turbine and the corresponding overturning moments is possible. An overviewof these forces is illustrated in Figure 3.8. It is important to note that the maximum wind forces on the windturbine have been calculated for a wind speed of 2.5 x average wind speed as described in Section 3.2.4.The next step is to expand these forces to a whole solar unit consisting of 20 rows and 20 columns of solarboats, leading to a total of 400 solar boats. The most conservative approach is adopted in this project, as thesolar unit wave forces are computed after the simple multiplication of the number of panels with the wave forcesacting on a solar boat. Regarding the wind forces, it is assumed that only a percentage of the force is acting on
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the rows behind the first row of panels due to the sheltering effects. The sheltering coefficients can be foundin Appendix B, in Table B.3 for the wind force acting on the panels and in Table B.4 for the wind force actingon the floaters. Therefore, the total wind force on a solar unit can be described by the following equations. It isreminded here that every solar boat has two rows of floaters.

Ftot,wind,panels = (Fwind,panels + Fwind,panels ∗ Cshelt,2ndrowpanels+
Fwind,panels ∗ Cshelt,3rdrowpanels+
Fwind,panels ∗ Cshelt,3>3rowpanels ∗ (Ncolumns − 3)) ∗Nrows,panels

Ftot,wind,floaters = (Fwind,floaters + Fwindfloaters ∗ Cshelt,2ndrowfloaters+
Fwind,floaters ∗ Cshelt,3rdrowfloaters+
Fwind,floaters ∗ Cshelt,3>3rowfloaters ∗ (Ncolumns) ∗ 2− 3) ∗Nrows,floaters

The total forces of the solar boat have been computed for the maximum drift forces which is again rathera conservative approach. Additionally, the wave drift forces and the wind forces acting on the solar units haveresulted for a wind speed of 30m/s (50 year return period) and a wave state with a significant wave heightof 1.70m and significant period of 4.34s. Therefore, it is again a conservative approach since the maximummooring force occurs for differnt wind speeds compared to the maximum turbine forces.According to Figure 3.3, every solar unit can be moored to 5 wind turbines along the x-axis which yields themost extreme results. In the other direction, more wind turbines can contribute and share the mooring force.As a result, the total forces acting on a solar unit can be divided by 5 to yield the final total mooring force actingon a wind turbine with an arm of 12.5m with respect to the base of the foundation.
As was analytically explained in Section 4.4.2, during the validation of the horizontal drift force on a barge,there were two types of mismatches: a mismatch in the maximum amplitude of the force and a mismatch inthe frequency of the maximum occurs. The first mismatch has a direct impact on the total forces of the floatingsolar unit while the latter has an indirect impact through the calculated wave amplitude. Therefore, these twoparameters are used as basis for Case 2 and Case 3 that will follow. Case 1 includes the comparison of theforces using direct results obtained in Section 5.5.3 for the maximum force and the frequency where this valueoccurs. Case 2 is using the assumption for the influence of the maximum amplitude as resulted from Figure4.22. Case 3 is using the same results to make assumption for the peak frequency. Case 4 is introduced tocalculate and compare the total forces of a solar unit, after taking into account the sheltering effects that thedownwave boats are experiencing. Finally, a fifth case is presented where the total drift force is calculated basedon the drift force density spectrum instead of the maximum value. This is performed to take into considerationthe local environmental data. The presentation of every single case follows. For the comparison of the forcesand moments, the ratio of the mooring forces over the other forces acting on the wind turbine is going to beused. A threshold of 15%-20% is arbitrarily used to serve as a reference point for the various plots.

Parameter Value UnitMaximum Drift Force 65.46 kN/m2

Peak Frequency 4.94 rad/sPeak Wave Amplitude 0.18 mWind Load Panel 653 NWind Load Floater 164 N
Table 5.3: Summary of forces of a solar boat
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5.6.1 Case 1: Maximum Forces
As was explained previously, the first case regards the calculation of the ratio of the forces and the momentsfor the maximum value of the drift forces as computed for four connected floaters. Figures 5.34-5.37 illustratethe computed results. The first two plots are expressed in terms of total number of solar boats per floating solarunit, while the bottom row of figures is expressing the results in terms of installed capacity. All figures includethese five components: the existing force/moments on the wind turbine, the forces/moments of the mooringforce for various number of boats (with 400 boats corresponding to the base case design and indicated with thestar marker), the ratio of mooring force/moments over the existing forces/moments, a green stripe representingthe threshold of 15-20% of this ratio and finally a pink stripe highlighting the base case scenario. For Case1 and the base case scenario, the mooring forces reach up to 180kN and the corresponding moments up to2.2MNm. From these forces, only 5% belongs to wind forces acting on the solar boats. Finally, the ratios ofmooring over the existing forces and moments are 1.64 and 0.60 respectively. It can be said that Case 1 leadsto high loading but even though the ratio of the forces is high, the moment ratio is considerable lower. This facthas its explanation at the arm at which the forces are acting. The majority of the wind forces are acting closeto the hub height of the wind turbine at about 47.5m from the ground, while the mooring forces have an arm of12.5m and this is the worst case scenario since it corresponds to the maximum water level.

Figure 5.34: Case-1: Ratio of forces as afunction of total solar boats per solar unit Figure 5.35: Case-1: Ratio of moments as afunction of total solar boats per solar unit

Figure 5.36: Case-1: Ratio of forces as afunction of installed capacity per solar unit Figure 5.37: Case-1: Ratio of moments as afunction of installed capacity per solar unit
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5.6.2 Case 2: Assumption for Maximum Amplitude
The second case regards the adaptation of the maximum drift force on four floaters. According to Section 4.4.2and specifically Figure 4.22, there is a deviation of 53% between the value computed with NEMOH and thereference data. This value is used to recalculate the forces on a solar boat and then a simple multiplicationgives the expanded forces all over the floating solar unit. Figures 5.38-5.41 present the calculated results forthe ratios of forces and moments. The mooring force has now dropped to 120kN while the mooring overturningmoment has now declined to 1.5MNm. For Case 2, the wind forces on the panels and floaters account foronly 8% of the total mooring force. So, once again the governing influence is coming from the wave excitation.Finally, for a solar unit of 4.1MW the ratio of the mooring forces over the existing wind turbine forces has reacheda value of 1.1, noting therefore a 33% lower value compared to Case 1. The ratio of moments has now become0.4 corresponding also to a 33% lower value. In conclusion, even if the assumption for the maximum drift forceis made, the mooring forces are still way too high to consider the proposed mooring system feasible.

Figure 5.38: Case-2: Ratio of forces as afunction of total solar boats per solar unit Figure 5.39: Case-2: Ratio of moments as afunction of total solar boats per solar unit

Figure 5.40: Case-2: Ratio of forces as afunction of installed capacity per solar unit Figure 5.41: Case-2: Ratio of moments as afunction of installed capacity per solar unit
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5.6.3 Case 3: Assumption for Peak Frequency
The third case has been selected in order to account for the mismatch of the frequencies where the maximumdrift force occurs. According to Figure 4.22, the reference data presents a peak at a normalized frequencyof 1.91 while for the results computed by the developed model this value is 0.59. Converting these valuesusing the normalization factors of displacement and gravity acceleration, they correspond to 0.9 and 0.28rad/s.Therefore, a mismatch of 60% has occurred for the peak frequencies. If this mismatch is traced back to thecomputation of themaximumwave height using the steepness ratio, the following results as illustrated in Figures5.42-5.45 occur. With the adopted assumption of peak frequencies, the mooring force is now equal to 38kNand the corresponding mooring moment has dropped to a value of 0.48MNm. When compared to the valuesof Case 1, they account only for 21% of the forces and moments respectively. The ratio of mooring forces hasnow decreased to 35% and the ratio of mooring moments has dropped down to only 13%. If a comparisonis made between the drift forces and the wind forces of the solar boat, the wind forces account now for 25%of the total load. The assumption adopted for this case has significantly reduced the loading coming from thepotential mooring line, with the forces still being above the threshold but with the moments laying significantlylower. It can be said that influence of this assumption is so large, because it is actually influencing the waveheight which is then squared before multiplied with the drift forces. This square factor is causing this noticeabledrop in mooring forces.

Figure 5.42: Case-3: Ratio of forces as afunction of total solar boats per solar unit Figure 5.43: Case-3: Ratio of moments as afunction of total solar boats per solar unit

Figure 5.44: Case-3: Ratio of forces as afunction of installed capacity per solar unit Figure 5.45: Case-3: Ratio of moments as afunction of installed capacity per solar unit
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5.6.4 Case 4: Assumption for Sheltering Effects
As it has been stated multiple times in this report, the expansion of the forces to the solar unit is rather con-servative because they are just scaled with the number of solar boats. The fourth case has been selectedto investigate what is the influence of the sheltering factor in the total mooring forces. It has been selectedhere to use the factors as follows: the first row of floaters is experiencing the full drift force, the second row isexperiencing only 70% of the initial value, the third row is subjected to 60% of the starting drift force and everyrow behind the third row is experiencing only 50% of the starting value. If these coefficients are compared withthe coefficients used in Section 2.5 for the analytical wind loads, they are significantly larger and thus provideonce again conservative results.Figures 5.46-5.49 illustrate the results for the ratio of forces and moments for Case number 4. Starting from theforces and Figure 5.47, the base case design of 400 solar boats leads to 102kN being 57% of Case 1. The ratioof the forces has now dropped to 92% deviating again by a large margin from the threshold of 20%. Moving toFigure 5.47, it is observed that now the mooring moments are 1.3MNm corresponding to 59% of the startingscenario of maximum drift moments. The consequent ratio of moments has now turned to 35% of the existingmoments of the wind turbine. Finally for Case 4, the wind loads contribute only 9.3% to the total mooring force.In conclusion, Case 4 presents decreased values but the forces are still too large for the implementation of thesystem.

Figure 5.46: Case-4: Ratio of forces as afunction of total solar boats per solar unit Figure 5.47: Case-4: Ratio of moments as afunction of total solar boats per solar unit

Figure 5.48: Case-4: Ratio of forces as afunction of installed capacity per solar unit Figure 5.49: Case-4: Ratio of moments as afunction of installed capacity per solar unit
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5.6.5 Case 5: Drift Force Density Spectrum
The final case is introducing a new method to calculate the total mooring forces. For this purpose, the driftforce density spectrum is used. The exact description of the method can be found in Section 3.3.7 but a quickexplanation is following here. The wave energy density spectrum can be converted to a density spectrum of theratio ζ2α/∆ω with the appropriate transformations (Figure 3.14). As can be seen from Figure 5.30, the drift forceis expressed in Newtons per wave amplitude squared. The multiplication of these two aforementioned plots canyield the drift force distribution expressed in Newtons per amplitude bin ∆ω as illustrated in Figure 5.50. Withthe use of Equation 3.15, the discrete force values of this plot can give the total drift force. This method hasthe advantage of incorporating the influence of the local environmental conditions. More analytically, wave driftforces are mostly excited after a frequency of 2rad/s while the majority of the wave energy is dropping rapidlyafter 2.5rad/s. As shown in Figure 5.50, the resulting significant drift force for a single solar boat is equal to2502.25N compared to a value of 2130N as computed in Case 1 for the maximum drift force.

Figure 5.50: Drift force spectrum
After the calculation of significant drift force, Figures 5.51-5.54 illustrate the obtained results for the mooringforces and moments. Starting from the ratio of forces, the value has climbed to a value of 191% with a mooringforce equal to 210kN. Moving towards the moment ratio, the value has reached up to 70% with the overturningmooring force being 13kNm. Both the force and moment ratios are located now above the selected threshold.These values indicate the huge impact of the inclusion of the wave energy into the method, in comparisonto the cases that were resolved for the maximum forces. For this scenario, the wind loads on the solar boatare accounting for a small part of the total forces, with the exact value of 4.5%. For Case 3, the wind loadswere responsible for 25% of the forces. It is becoming therefore obvious, that as the impact of the drift force isweakened, the wind loads on the solar panels and the freeboard of floaters are taking over the behavior of thesolar units.



CHAPTER 5. RESULTS 74

Figure 5.51: Case-5: Ratio of forces as afunction of total solar boats per solar unit Figure 5.52: Case-5: Ratio of moments as afunction of total solar boats per solar unit

Figure 5.53: Case-5: Ratio of forces as afunction of installed capacity per solar unit Figure 5.54: Case-5: Ratio of moments as afunction of installed capacity per solar unit
To summarize all the cases examined here, Table 5.4 is presented a summary of the forces and momentsas calculated for every individual case.

Case Assumption Force [kN] Moments [kNm] Fmoor/Fexisting [-] Mmoor/Mexisting [-]1 Maximum Drift Force 180 2200 1.64 0.602 Reduced Amplitude 120 1500 1.10 0.403 Reduced Peak Frequency 38 480 0.35 0.134 Sheltering Effects 102 1300 0.92 0.355 Drift Force Density Spectrum 210 2620 1.91 0.70
Table 5.4: Summary of all the cases for the comparison of the forces

According to Table 5.4, Case 5 presents the highest ratios, with Case 3 being the most favorable for thesystem.



6 | Discussion

This chapter makes an evaluation of the results presented in Chapter 5. Moreover, another published study isused for a comparison of the results.

6.1 First Order Wave Forces

rDuring this project, different geometries and configurations have been analyzed. Regarding first order waveforces, the addition of an extra floating body close to another leads to a significant increase in the forces of thebodies along the y-axis as well as the corresponding moments around x-axis, since these DoFs are coupled.As far as the vertical force is concerned, the interaction of the two bodies does not influence significantly theindividual forces on the bodies. New peaks and troughs in various frequencies are occurring in the plots of swayforces and roll moments. These frequencies could be linked with the existence of standing waves between thegap of the bodies. An almost constant ratio of wave length to structure width was found to connect two consec-utive frequencies where the peaks and troughs occur. The prevailing tendency in the three degrees of freedomanalyzed here, is that the upwave floater is acting as a wave attenuator and therefore the downwave floateris presenting smaller responses. However, when the floaters are connected through a rigid connection, themotions in sway and roll become the same for the upwave and downwave floater. The average value of theseresponses is also decreased by about 40% compared to the case of not connected floaters. Moreover, whenthe two floaters are connected, a certain number of frequencies appear where the interaction of the motionsleads to complete cancellation of the sway and roll responses. For the response along the vertical axis, thereis no major impact of the rigid connection.
Expanding the model to four connected floaters, the exciting wave forces do not present any importantdeviation. The behavior is similar to the case of the two connected floaters and this is probably related tothe fact that the distance perpendicular to the incoming wave, as regulated by the solar boat, is so big thatthe presence of one more column of floaters does not have a major impact. The responses of the rigidlyconnected floaters are almost identical for the case of sway and heave motion. For the rotation around x-axis,the configuration with four floaters shows a significant increase. The average value of roll per wave amplitude isincreased by 35%. This means that a total increase in size for the rigid body is mostly influencing the rotationalmotions.

6.2 Second Order Drift Forces

All information obtained for the wave drift force should be treated with caution, since the model was not able tobe completely validated with reference data. Despite this, the order of magnitude has shown to be correct andtherefore can serve as a good indicator of the mean horizontal force. The addition of extra floaters leads to adirect increase in the drift force. However, this increase is not completely linear. In any case, it indicates thatthe small draft of the floaters used make them receive the whole energy of the waves and the upwave row offloaters does not reflect a high percentage of it.Based on the different scenarios adopted for the calculation of the total drift force on a solar unit it has occurredthat if the maximum value of the drift force is used, then the incident wave height is the most influential pa-rameter. The method with the use of the drift force distribution presents the advantage of suitably involving thelocal environmental data in the prediction of the total drift forces. Finally, it is also the scenario that yields thehighest forces and therefore the most conservative results for the proposed mooring configuration, as the ratioof mooring forces over the forces acting on the tower reaches up to 190%.
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The total mooring forces and the corresponding force and moments ratios are calculated for the base casedesign with solar units consisting of 400 solar boats and reaching up to 4.1MW. The size of the solar unit affectslinearly the amplitude of the forces. This consequently means that if less solar boats per solar unit are used,these ratios would reduce accordingly.

6.3 Considerations on the mooring system

In a study performed by Ikhennicheu et al. [43], analytical formulas were used for the calculation of total loadson a solar farm within a lake. The components of the forces correspond to wind and wave loads. For the cal-culation of the wind loads similar formulas have been adopted for this report. As for the wave loads, Maruo’sformula [68] was used with the assumption of 80% reflected waves. The floating solar unit has been analyzedas a large rigid body rather than individual floaters and it was located in a large lake with 3km available fetch.These environmental conditions present remarkable similarity with the case of Delta21. The analysis was per-formed for four different wind directions since the orientation of the panels resulted into different loading. Fora floating island of 7.5MW the wind loads were responsible for 66% to 82% of total loading on the island. Thatmeans that the wave loads on the floaters ranged from 18% to 34% of the total loading. When compared tothis report, the value of wind loads for the scenario with the significant value of drift force accounts for only4.5% of the total loading. The rest of the scenarios lead to a range from 5% to 25%. This means that theselection of the approach for the calculation of the wave forces is very influential as for the results obtained.The consideration of the solar unit as a rigid body leads to significantly lower wave loads but does not take intoaccount the interaction of individual floaters, as well as the interaction of individual solar boats.
Moreover, the report by Ikhennicheu et al. included some preliminary calculations for the mooring design.The main observation was that since the fairleads of the mooring lines will be on the floaters, the acceptableload on the floater is going to be the crucial factor in the determination of the total amount of lines. In their report,for a total load of 1200kN on the floating unit, 83 mooring lines are used. The selected lines consist of a combi-nation of studless chains for the part of the line laying on the seabed and steel wire for the rest. In this project,for the worst case scenario, the total force does not exceed the value of 210kN which means that a considerablelower number of lines could be used. The usage of wire rope (spiral strand) for the mooring lines would lead tohigh axial stiffness followed by a low submerged weight, allowing the lines to maintain a horizontal configuration.
The final selection of the mooring system has to take into account the optimization between the environ-mental loading and the number of the fairleads. The maximum load at the fairlead is usually given by themanufacturer. Therefore, the details for the mooring design should be further checked in a more thoroughanalysis after the final decision on the size and total number of solar boats and thus the total solar unit loading.



7 | Conclusions

In this thesis a new synergy between a wind and solar park has been proposed for the Energy Storage Lake ofDelta21. The local environmental conditions within the lake are imposing great challenges due to large waterlevel fluctuations. One of these challenges is a mooring configuration for the floating solar units capable tofollow the water level fluctuations. The proposed configuration developed in this project is investigating the po-tential of using the towers of the wind turbines as anchoring points for the mooring lines. The first step towardsthe feasibility of such a mooring system is the estimation of the forces that would be applied on the wind turbinetower through the mooring line. This thesis proposed a methodology for the estimation of these forces, afterthe selection of a base case design for the arrangement of the solar units and the wind turbines based on theLCOE and the annual energy production.
The structure that is studied in this project is the floating solar boat that GroenLeven is using. The solarboat is consisted of 4 floaters that are in contact with the water and 16 solar panels with an inclination of about12◦. The analysis is therefore distinguished into two parts: estimation of the wind loads as imposed on thesolar panels and the freeboard of the floaters; wave forces acting on the submerged part of the floaters. Inorder to create solid steps during the solution of the problem, four different building blocks have been chosen.These building blocks have been selected to represent: a single floater, two adjacent floaters, two adjacentfloaters mechanically connected and finally four adjacent floaters mechanically connected representing in thatway the solar boat. Each building block has been analyzed separately in order to create a correct basis for theexpansion of the full model.
Linear potential theory has been used successfully through the boundary element method NEMOH to per-form the hydrodynamic simulations. The output of NEMOH in terms of hydrodynamic coefficients and waveexciting forces was then used to solve the equation of motions and finally calculate the responses of the float-ing bodies corresponding to each block. After the calculation of these first order wave forces and the resultingresponses, the far-field approach was adopted for the estimation of the QTFs of the wave drift force. The focushas been drawn on these mean drift forces since they are the component of the wave forces that a mooringsystem would primarily counteract. The end goal was therefore the estimation of the drift forces for a solar boat.For the calculation of the wind loads use of analytical formulas has been made. During the analysis, the onlywave direction considered was perpendicular to the length of the floaters yielding in this way higher forces andmotions and making the approach more conservative.
In order to check the accuracy of the intermediate results, four validation cases with reference publisheddata were used. More specifically, the validation cases have been applied for: the first order wave forces andmotions of a single barge, the first order wave forces and motions of two adjacent barges placed in close prox-imity, the first order wave forces and motions of two adjacent barges mechanically connected with a hingedconnection and then with a rigid connection, the second order drift forces on a floating sphere and a floatingbarge. The computed first order forces and motions with the use of NEMOH presented a great agreement withthe reference data for both the case of a single as well as two adjacent barges. The mechanical connection withthe use of springs as adopted in the model was also proved to generate reliable results. Regarding the meandrift forces, the use of the far-field approach proved to give accurate results for the case of a floating spherewhereas a noticeable deviation was recorded for the floating barge. Even though the calculated drift force forthe case of the barge was not entirely matched with the reference data, it still gives a good estimation of theorder of magnitude of these forces. For this reason, the far-field approach has been considered sufficient forthis early stage of the design, but any further study should prerequisite its correct implementation.
After the calculation of the mean wave drift and wind forces on a single solar boat, the expansion towardsa whole solar unit consisting of 400 solar boats and reaching a capacity of 4.1MW was performed. The total
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forces of the solar unit were assumed to scale linearly with the number of the boats. This approach is consid-ered to produce again the most conservative results. Five different scenarios were examined to investigate theinfluence of the following parameters: the maximum value of the drift force, the wave amplitude, the shelteringeffects of adjacent boats and the drift force density spectrum. The results of these five scenarios were then com-pared with the wind and wave forces acting on the wind turbine independently of the inclusion of the mooringline. The results showed that the adoption of the total force based on the drift force density spectrum leads firstlyto a correct consideration of the local environmental conditions and secondly to total mooring forces accountingfor 210% of the tower forces. For this case, the wind loads were responsible for only 4.5% of the total loadingacting on the solar unit. As for the scenarios using the maximum value of the drift force, the wave amplitudewas proven to be the single most influential parameter. For the first four scenarios the mooring forces rangedfrom 35% to 165% of the overall wind turbine tower loading. The concluding remark is that the mooring forcesthat would result from the proposed usage of the wind turbine towers as anchoring points, do not comprise ashowstopper for the design. The proper approach to scale the forces of a single solar boat to the whole solarunit should be selected with caution. However, there are more aspects that have to be investigated and checkedbefore obtaining a concrete answer for the feasibility of the system. These aspects include among others thetechnical design of such a connection, the exact mooring line material and configuration, the stress analysis onthe connection point on the tower and of course the impact of such a solution in the economic side of the project.
This thesis has focused exclusively on introducing a new synergy for a hybrid power plant consisting ofbottom founded wind turbines and floating solar units within the ESL of Delta21. There are definitely moreaspects and elements relevant to such a HPP that require a lot of consideration. These elements have to dowith the optimization of the configuration for each energy resource; the synergies and challenges for sharingelectrical infrastructure such as transformers and power cables; the impact of shadowing effects due to thepresence of the wind turbines on the solar energy production; the dynamic behavior of the tower of the windturbines due to the water fluctuations inside the lake. In any case, the purpose of this thesis was to become aspringboard for studying the cooperation of these two renewable technologies within the ESL. The results lookfavorable towards further investigation of the project and can be used as input for future studies regarding theloading of the wind turbine towers.



8 | Recommendations

In this chapter recommendations for future research are presented, that could potentially improve the workperformed in this thesis and also expand the feasibility study for a combined wind and solar park within the ESLof Delta21. The order that these recommendations are displayed, reflect their relative importance.
As mentioned in both the validation and the conclusions of this report, the calculated wave drift force on abarge with the use of the far-field approach was not able to entirely match the reference data. Even thoughit provides a good estimation of the order of magnitude, it consequently means that there is uncertainty re-garding the exact values of the drift forces of a solar boat. Therefore, it is a component that definitely needsimprovement for further use of the model. The improvement could potentially be achieved with the correctimplementation of the far-field approach which was not able to be validated in this project. Another way to im-prove the reliability of the calculated drift forces would be the adoption of the near-field approach. Even thoughit presents higher complexity, the direct pressure integration might lead to more accurate results and can alsobe used for a comparison with the far-field approach.
During this thesis, the hydrodynamic simulations with the software NEMOH were limited to four floatingbodies representing a solar boat. The expansion to a grid of multiple solar boats and the conclusions for thebehavior of the whole solar unit were therefore drawn using some assumptions. In order to remove the uncer-tainty underlying these assumptions, it would be very interesting and important to include more floating bodiesin the simulations. The expansion of the model from a single solar boat to a 2x2 grid of 4 solar boats wouldproduce results that could capture the complex interaction of these floating bodies. This would also require thecorrect modelling of the connection between the solar boats which is close to a hinge connection that allowsrelevant rotations. Additionally, more conclusions could be made about the sheltering effects for a row of 4floaters as well as the expansion of the first and second order forces to the whole unit. However, the modellingof more than one solar boats would come with a tremendous increase in computational time. That means thatthe computational power would be a limiting factor for this improvement of the model.
During the final stage of the project, the computed mooring forces are being compared with wind and waveforces acting on the towers. In addition, the contribution of these forces into the overturning moments is beingchecked. The next step and improvement of the method would include the investigation of the influence ofthese forces on the stresses. Once the material of the tower has been defined, it would be possible to estimatethe potential impact of the mooring force on the thickness and radius of the tower based on the shear andbending moment capacity. This additional check would allow for a more concrete evaluation on the feasibilityof the system.
The model developed in this project is aiming to the estimation of the second order drift forces and the windforces which can then be later used as input for the design of a mooring system. This implies an uncoupledanalysis for the modeling of the mooring system. In reality however, the inclusion of the mooring in the systemwould produce different results through its stiffness and inertia. Therefore, during a later stage of the design,the properties and configuration of the mooring system would be necessary to correctly capture the interactionwith the floating unit.
For the selection of the mooring configuration, it would also be necessary to set the final distances betweenthe solar units and the wind turbines. This would mean that an optimization of the layout should be sought withthe potential objectives being the maximization of the energy output, the minimization of the levelized cost ofenergy, the minimization of the shadow effects or a more stable energy output. Future studies could focus onthese parameters to evaluate different configurations of the layout of the HPP.
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A final recommendation for future studies lies in the economic feasibility of the proposed system. Using thetowers of the wind turbines as anchoring points would mean that a mechanism with a twofold character shouldbe used. The first objective would be to allow the floating units to follow the water fluctuations as imposed bythe operation of the lake while the second objective should be to protect the tower from wear and damages.This would introduce a new component in comparison with conventional mooring systems. As a result, theimpact of such a system on the total costs should be further investigated to obtain a concrete overview of thefeasibility of the system.
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A | LCOE Analysis

This appendix presents the analytical calculations that were performed for the estimation of LCOE. The startingyear of construction is assumed to be 2030 and only the first 6 years are illustrated for presentation reasons.
Assumptions (in 2022)Initial Investment Cost (e) 48,048,00Operations and Maintenance Costs (e) 693,000O&M Growth Rate (%) 0.00%Degradation of Panels (%) 0.5%Annual Fuel Costs (e) -Annual Electricity Output (kWH) 96,200,00Project Lifespan (years) 30Discount Rate (%) 6.00%Entry Date 31/12/2030
Total Costs Entry Construction Operations Operations Operations Operations OperationsDate 31/12/2030 31/12/2031 31/12/2032 31/12/2033 31/12/2034 31/12/2035 31/12/2036Year Frac (From Start Date) 1 2 3 4 5 6Initial Investment 48,048,000 - - - - - -O&M Costs - 693,000 693,000 693,000 693,000 693,000 ...Fuel Costs - - - - - - -Discount Factor 0.943 0.890 0.840 0.792 0.747 ...Present Value of Costs 48,048,000 653,774 616,768 581,856 548,921 517,850 ...NPV of Total Costs e 57,587,028
Total Energy Output Entry 1 2 3 4 5 6Yearly Output - 96,200,000 95,719,000 95,240,405 94,764,203 93,818,930 ...Discount Factor - 0.943 0.890 0.840 0.792 0.747 ...Present Value of Costs - 90,754,717 85,189,569 79,965,681 75,062,125 70,459,259 ...NPV of Total Output 1,258,293,626 kWh
LCOE e45,77/MWh

Table A.1: Solar LCOE analytical calculation

Assumptions (in 2030)Initial Investment Cost (e) 31.974.400Operations and Maintenance Costs (e) 1.280.000O&M Growth Rate (%) 0.00%Degradation of Wind Turbines (%) 0.5%Annual Fuel Costs (e) -Annual Electricity Output (kWH) 75,400,400Project Lifespan (years) 30Discount Rate (%) 6.00%Entry Date 31/12/2030
Total Costs Entry Construction Operations Operations Operations Operations OperationsDate 31/12/2030 31/12/2031 31/12/2032 31/12/2033 31/12/2034 31/12/2035 31/12/2036Year Frac (From Start Date) 1 2 3 4 5 6Initial Investment 31,974,400 - - - - - -O&M Costs - 1,280,000 1,280,000 1,280,000 1,280,000 1.280.000 ...Fuel Costs - - - - - - -Discount Factor 0.943 0.890 0.840 0.792 0.747 ...Present Value of Costs 31,974.000 1,207,547 1,139,195 1,074,713 1,013,880 956,490 902,349 ...NPV of Total Costs e 49,593,384
Total Energy Output Entry 1 2 3 4 5 6Yearly Output - 75,400,000 75,023,000 74,647,885 74,274,646 73,903,272 ...Discount Factor - 0.943 0.890 0.840 0.792 0.747 ...Present Value of Costs - 71,132,075 66,770,203 62,675,804 58,832,476 55,224,824 ...NPV of Total Output 986,230,139 kWh
LCOE e50.29/MWh

Table A.2: Wind LCOE analytical calculation
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B | Analytical Wind Loads

As was discussed in Section3.2.3, the main equation for the calculation of the wind loads is:
Fwind =

1

2
ρV 2ACdCs

Where,
• ρ is the density of the fluid
• A is the area exposed to the flow
• V is the flow velocity (at the corresponding height)
• Cs is the sheltering coefficient to account for the presence of multiple objects
• Cd is the drag coefficient and depends on the shape and surface roughness of the considered object
The density of the air is 1.225kg/m3 and the velocity is taken as the one with 100-return period, and whichfor the height of 0.5m has a value of V = 15.2m/s.The geometry of the solar panels and the floaters, and the corresponding area exposed to the flow, is given inTable B.1.

Panels Geometry Unit Floaters Geometry UnitDepth 2285 mm Height 630 mmLength 1134 mm Draft 360 mmWidth 35 mm Freeboard 270 mmTilt 12 o Width 588 mmWeight 31.63 kg Length 2100 mmWeight 30.89 kgProjected area Projected area
0o 0.539 m2 0o 0.567 m2

90o 0.080 m2 90o 0.159 m2

Table B.1: Properties of the solar panels and the floaters
The values of the drag coefficient are adopted according to DNV-RP-C205 [24] based on the closest shapeavailable in the guideline (Table B.2).

Object Load Cases Closest Shape in DNV-RP-C205 CdFloater 0o/90o/180o/270o Cube 1.05Panel 0o/180o Isosceles triangle shape 1.1Panel 90o/270o Cube 1.05
Table B.2: Drag coefficients for various shapes

The sheltering coefficients for each row of panes are presented in TableB.3 and are adopted from [43].
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APPENDIX B. ANALYTICAL WIND LOADS 89
Sheltering coefficient for each row of panels Cs − 0o Cs − 90oRow 1 1.0 1.0Row 2 0.4 0.1Row 3 0.3 0.1Row >3 0.1 0.1

Table B.3: Sheltering coefficients for every row of panels
For the estimation of the sheltering coefficients of the floaters, analytical formulas from [24] will be used.This is done because two floaters of the same solar boat have different distances from the floaters of the nextfloater. This is illustrated in FigureB.1.

(a) Wake recovery [24] (b) Floaters in 0o incomingflow (distances in mm) (c) Floaters in 90o incoming flow (distances inmm)
Figure B.1: Sheltering effects for the floaters

The velocity in the wake can be taken as:
vw(x, y) = v0 − vd(x, y)

where, v0 denotes the free-stream current velocity acting on the upstream body and vd(x, y) is the deficitvelocity field given as:
vd(x, y) = k2v0

√
CDD

xs
e−0.693( y

b )
2

where:

xs = x+
4D

CD

b = k1
√
CDDxs

The empirical constants k1 and k2 have values of 0.25 and 1.0 respectively.With the use of the above equations and the distances as dictated in Figures B.1b and B.1c, the shelteringcoefficients for the floaters are presented in Table B.4.
Sheltering coefficient for each row of floater Cs − 0o Cs − 90oRow 1 1.0 1.0Row 2 0.5 0.6Row 3 0.2 0.4Row >3 0.1 0.1

Table B.4: Sheltering coefficients for every row of floaters
For the base case design described in Section 3.1.4, every floating solar unit is consisted of 20 rows and20 columns. So, the total wind forces acting on a solar unit for a wind blowing vertically to the larger dimensionof the solar boat (0o) would be: 13.4kN resulting from the freeboard of the floaters and 36.3kN resulting fromthe solar panels.
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