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summary

Floating photovoltaic systems (FPV) are systems placed on water bodies. Wave-induced motion and
forces are key design challenges. They drive fatigue loading on the structure and mooring and can
reduce energy yield through suboptimal module orientation. These effects can be reduced by placing
a floating wave barrier alongside the FPV. Conventional floating wave barriers provide wave attenuation,
but no ecological or aesthetic value. Floating ecosystems, pontoons that support vegetation above and
below the waterline, are designed to improve water quality and habitat. Whether they could also serve
as wave barriers and how their performance compares to conventional floating wave barriers has not
previously been quantified.

This study addresses the central research question: how does the integration of floating ecosystems
influence wave-structure interaction, structural response, and energy yield of FPV systems in inland
water bodies? Three wave barrier representations are considered: Case 1, a freshly placed floating
ecosystem modelled as a thin elastic beam; Case 2, a mature ecosystem with an added submerged
porous root zone; and Case 3, a rigid hollow HDPE pipe, an established reference wave barrier. A
monolithic finite-element fluid-structure interaction model, implemented in Julia/Gridap, solves the cou-
pled fluid and structural equations simultaneously, in the frequency domain for Cases 1 and 3 and the
time domain for Case 2. The model is applied to the inland wave conditions at the Willemspolder, a
lake adjacent to the River Waal in the Netherlands where Solinoor is implementing an FPV system with
a wave barrier and floating ecosystem, characterised by a peak frequency w,. The wave barrier perfor-
mance is quantified by the transmission coefficient K and the reflection coefficient Kz, and translated
into wave-induced load-reduction factors for an adjacent FPV system.

Moored with stiffness tuned to w,,, the pipe (Case 3) gives a load reduction of 99.9% at w,, the strongest
attenuation observed, demonstrating that near-complete attenuation is achievable through resonant
scattering when a wave barrier is correctly moored and tuned. This is an idealised upper bound given
the assumed absence of mooring damping. For this upper bound, the drift loads are reduced to roughly
one-fifth and the fatigue life by a factor of 10 to 50. A comparison against the as-built Willemspolder
mooring shows that insufficient mooring stiffness performs no better than the unmoored case and that
the tuning must be precise. The unmoored bare ecosystem (Case 1) performs comparably to the
unmoored pipe (Case 3) across the full frequency range studied, both too small relative to the peak
wavelength to obstruct the wave at w,, giving load reductions below 7%. The root zone in Case 2
introduces dissipation, which is governed by root density, diameter, and depth, and is expected to
substantially improve attenuation as the ecosystem matures. It should be noted that the results for
Case 2 remain qualitative, as a fully working damping zone could not be established; however, a visible
reduction in the transmitted amplitude is observed at moderate resistance, with significantimprovement
expected at higher porous resistance.

The impact on energy yield is small in absolute terms. Using the more realistic structural response from
Case 1 as the PV module response, the wave-induced yield loss is ~ 0.06% for a south-facing module
at noon, falling to a negligible value for the east-west, low-tilt orientation used at Willemspolder. The
dominant design driver is therefore structural rather than energy yield, and fatigue life extension should
be the primary argument in a cost-benefit analysis. Using a floating ecosystem as a barrier additionally
provides ecological and aesthetic enhancement that a conventional barrier cannot offer.

Future work should calibrate the root-zone resistance parameter against field measurements, validate
the rigid-pipe and floating-ecosystem structural representations against independent benchmarks or
scaled physical tests, and address the outlet-reflection limitation to enable quantitative assessment
of the mature ecosystem’s performance. For practical application, the calculations underlying a wave
barrier recommendation should be requested and checked rather than accepted on its own. A hybrid
configuration combining a moored pipe with floating ecosystem islands may offer the best balance of
structural and ecological benefits.

11



contents

Preface i
Summary i
List of Figures viii
List of Tables ix
Nomenclature X
1 Introduction 1
1.1 ResearchGoal . . . . . . . . . . . e 2
1.2 Outline. . . . . . 2

2 Theory and Literature Review 3
2.1 Floating Photovoltaic Systems . . . . . . . . ... . 3
211 Features . . . . . . e 3

2.1.2 Advantagesand Challenges . . . .. ... ... ... ... ... .. ... ... 5

2.2 Floating Ecosystems . . . . . . . . .. 5
221 Features . . . . . . . . e 6

222 AdvantagesandChallenges . . . . ... ... ... .. ... ... .. 7

2.3 Wave Fundamentals . . . . . . . . . . 7
231 Wave Geometry . . . . . . . . 7

2.3.2 WaveKinematics . . . . . . . ... 8

2.3.3 Wind-InducedWaves . . . . .. . . . . ... 8

234 Wave Spectrum . . . . . . 10

2.4 Wave Barrier Fundamentals . . . . . .. .. ... 10
241 Floating Wave Barriers . . . . . . . . . . .. 11

242 WaveBarrierCases . . . . . . . . . .. e 11

2.4.3 Performance Coefficients . . . . . . .. ... ... o 12

25 EnergyYieldof FPV . . . . . . e 13
26 SummaryandResearchGap . . .. ... ... . ... ... ... ... 13

3 Problem Definition and Research Approach 15
3.1 Problem Definition . . . . . . . ... 15
3.2 Research Approach . . . . . . . . . . . . . . e 15

4 Fluid-Structure Interaction Model 17
41 ModelChoice . . . . . . . . . . e 17
4.2 FEM ImplementationinGridap . .. .. ... .. .. .. .. .. .. ... .. 18
4.3 Governing Fluid Equations . . . . . . . . . ... 18
431 FluidDomain . . . . . . . . .. 18

4.3.2 Frequency-Domain Formulation . . . . ... ... ... ... . ... ..., 19

4.4 Discretisation Approach . . . . . . . .. 20
4.5 Existing Model: Thin Flexible Beam (Case 1) . . . . . .. ... ... ... ... ..... 20
451 Discrete Formulation . . . . . . . . ... 21

4.6 Model Extensions . . . . . . . . 22
4.6.1 Thin Elastic Beam with Submerged Root System (Case 2). . . . ... ... ... 22

4.6.2 Thin-Walled Rigid Pipe (Case 3) . . . . . . .. .. . .. ... . . ... .. .... 25

4.7 Damping ZONES . . . . . . . e e e e 27
4.8 Modellnputs . . . . . . . .. e 28
4.81 Wave Parameters . . . . . . . . . 28

11



Contents v
4.8.2 Numerical Domain . . . . . . . . . ... 30

483 MeshStrategy . . . . . . . . .. 31

4.8.4 Structural parameters . . . . . . . .. 31

4.8.5 PorosityandRootZone . . ... .. .. . ... 33

4.9 Structural Response . . . . . . . . . e 35
491 Load Reduction . .. .. .. . . . . ... 35

4.10 Post-processing and Wave Decomposition . . . . .. .. ... ... ... ... 36
4.11 Validation and Limitations . . . . . . . . . . .. .. L 36
4111 Validationof Cases . . . . . . . . . . . . . .. 36

4.11.2 Nitsche Parameter Validation . . . . . . .. ... ... ... ... ... ...... 38

4.11.3 Limitations . . . . . . ... 38

412 Chapter Summary . . . . . . . . . e 39

5 Results of Hydrodynamic Model 40
5.1 Case1: ThinElasticBeam . . ... ... . ... ... .. . . ... 40
5.1.1 Flow Field at Peak Frequency . . . . .. .. .. .. ... .. .. ... ...... 40

5.1.2 Wave Amplitude at Peak Frequency . . . . . . ... ... ... ... ... .... 41

5.1.3 Bending StiffnessSweep . . . . . . .. L 42

514 BeamDensitySweep . . . . . . ... 42

51.5 BeamlengthSweep. . . . . . . . . . . . . .. ... 43

5.2 Case 2: Thin Elastic Beam with Submerged Root System . . . . . ... ... ... ... 44
521 FlowField . . . . . . . . . . . e 45

5.2.2 Porous Resistance Sweep . . ... ... ... ... o 45

5.3 Case 3: Thin-walled Rigid Pipe . . . . . . . . . . . .. . . . 47
5.3.1 Flow Field at Peak Frequency . . . . . . . . . .. . .. . .. . . ... ...... 47

5.3.2 Wave Amplitude at Peak Frequency . . . . . . .. ... .. ... ......... 48

5.3.3 Unmoored Baseline . . . . . ... . ... . ... ... . 49

5.3.4 Mooring Stiffness Sweep . . . . . . .. 50

5.3.5 Moored DiameterSweep . . . . . . . . .. 51

54 Case Comparison . . . . . . . . . . e e 52
5.5 Chapter Summary . . . . . . . . . . e 53

6 Implications for FPV Systems 54
6.1 Wave-Induced Loadingon FPV systems . . . . . . .. ... ... ... ... ... ... 54
6.2 Load Reduction Factors . . . . . . . . . ... 55
6.3 Structural Design Consequences . . . . . . . . . . .o 56
6.4 Comparison with Willemspolder Design . . . . . . . ... .. .. ... .. ........ 57
6.5 Effectonthe Energy Yield . . . . . . . . . . ... 58
6.6 Derivation of the Yield Indicator . . . . . . . ... ... .. ... ... . ... ... ... 58
6.7 Application to Willemspolder. . . . . . . . . . . .. 62
6.8 Integrated Design Recommendations . . . . . . .. ... ... oL 63
6.9 Chapter Summary . . . . . . . . . . e e 64

7 Conclusions 65
7.1 Wave Transmission, Dissipation, and Reflection. . . . . . . ... ... ... ....... 65
7.2 Structural Response and Load Reduction . . . . .. ... ... ... ... ... 65
7.3 Implications for Energy Yield and Structural Design . . . . . . . ... .. ... ...... 66
7.4 Answer to the Main Research Question . . . . .. ... ... ... ............ 66

8 Recommendations 67
8.1 Recommendations for Future Research . . . . . ... .. .. ... ... ......... 67
8.2 Recommendations for Solinoor . . . . . ... ... 68
References 69
A Non Technical Summary 73
B Derivations 74
B.1 Derivation of the Euler-Bernoulli Beam Equation . . . . ... ... ... ......... 74
B.2 Weak form derivationof Case 1 . . . . . . . . .. ... 76



Contents v
B.3 Case 2: Velocity-Pressure Weak Form . . . . . . .. .. ... ... ... ......... 78
B.3.1 From Navier-Stokes to the linearised momentum equation. . . . . . . ... . .. 78
B.3.2 Strongform . . . . . . . .. 78
B.3.3 Weak form of the momentumequation . . . . . .. ... ... ... ........ 78
B.3.4 Weak form of the continuity equation . . . . . . .. ... ... ... ........ 79
B.3.5 Boundary terms and free-surface conditions . . . . . . ... ... ... ... ... 79
B.3.6 Weak form of the beam equation . . . . .. . ... ... ... ... ... 79
B.3.7 Assembled frequency-domain weakform . . . .. ... ... 0oL 79
B.3.8 Assembled time-domain weakform . . . . ... ... . oL 80

B.4 Derivation of the weak rigid-body equation via virtualwork . . . . . . . ... ... .... 81
B.4.1 Strong form of the rigid-body equation . . . . . ... ... ... 81
B.4.2 Principle of virtualwork . . . . . .. .. .. 81
B.4.3 Virtual work statementand weakform . . . .. .. ... ... .o 81
B.4.4 Hydrodynamic generalised forces from pressurework . . . . .. ... ... ... 81
B.4.5 Weak rigid-body equation including fluid coupling . . . . . . ... ... ... ... 81
B.4.6 Frequency-domain form and hydrostatic stiffnress . . . . . . ... ... ... ... 82

B.5 Derivation of the Mean 10-Metre Wind Speed . . . . . . . .. ... ... ... ...... 83
B.6 Irradiance Sensitivity Derivation . . . . . . ... .. 84
B.7 Mooring Stiffness Comparison for Willemspolder Wave Barrier . . . .. ... ... ... 84

C Use of Al Tools in this Thesis 86



2.1
2.2
23

24
2.5
2.6
2.7
2.8

29

List of Figures

Aerial photograph of a floating solar installation on an inland water body [14]. . . . . ..
Schematic of a typical grid-connected Floating PV system and key components [16] . .
Floating solar installation during assembly, showing the modular HDPE floater structure
2
Real-world implementation of floating ecosystems, United Kingdom [26]. . . . . . . . ..
Roots extending through a Biomatrix Water Floating Ecosystem [26]. . . . . . . . .. ..
Wave fundamentals. . . . . . . . . .. e
Storm conditions at the Willemspolder, showing wind-generated waves breaking on the
shore [30]. . . . . . .
JONSWAP spectrum for a representative fetch-limited site (y = 3.3, & = 0.0081), show-
ing the concentration of energy around the peak frequency w,. . . ... ... ... ...
Sketch of a box-type floating wave barrier [38] . . . ... ... ... ... ........

2.10 The floating ecosystem from Biomatrix Water [26]. . . . . . ... ... ... ... ....
2.11 HDPE pipe wave barrier at a floating solar installation. (a) Overview showing the pipe

4.1

4.2

43

4.4

4.5

4.6
4.7

4.8

4.9

as the dark floating line encircling the FPV system. (b) Close-up of the pipe and mooring
connection atthe watersurface [14]. . . . . . . . . . . . . ... ... ..

Overview of the Gridap finite element workflow, illustrating the pipeline from problem
definition to solution fields. . . . . . . . . . . ...
Schematic of the Case 1 problem setting, showing the fluid domain © bounded by the
inlet T, outlet 'y, bottom T'y, free surface I'ss, and structural interface I's;;. The in-
tersections between the free surface and the structure are denoted A g, with outward
NOrMaAlS NA. . . . . . . o o e e e
Schematic of the Case 2 problem setting, showing the fluid domain Q with the porous
subdomain 2, beneath the structural interface I's;. The domain is bounded by the inlet
T'in, outlet 'y, bottom TI'y, and free surface I'ts. The intersections between the free
surface and the structure are denoted A o, With outward normals ny. . . . . . . . . ..
Schematic of the Case 3 problem setting, showing the fluid domain 2 with the partially
submerged pipe boundary I', and outward normal n,. The domain is bounded by the
inlet Ty, outlet 'y, bottom I'y, and free surface I'rs. . . . . . . . . . . . .. ... ....
Location of the Willemspolder. Map data taken from OpenStreetMap contributors [58]. .
Aerial view of the Willemspolder under normal and high water conditions [30]. . . . . . .
Normalised beam displacement |n|/no along the beam length x/L for the Khabakhpa-
sheva and Korobkin [57] benchmark, rigid connection (¢ = 625). The present model
(solid blue) is compared against the benchmark data (orange dots) and the results of
Riyansyah et al. [67] (greendashed). . . . . . . .. . . .. ... ... ... ... . ...
Normalised beam deflection envelope |n|/n along the beam length z/L; for the Kha-
bakhpasheva and Korobkin [57] benchmark, «,, = 0. Five snapshots spaced by T'/5
within one period are overlaid. The present model (blue lines) is compared against the
benchmark data of Khabakhpasheva and Korobkin [57] (black dots) and the numerical
results of Riyansyah etal. [67] (reddashed). . . ... ... ... ... ..........
Normalised Nitsche kinematic residual over time for Case 2 with 7y = 10.0 and o, = 0.
The residual reaches a steady-state level below the target threshold of 10~2 (dashed
line) after approximately t =87. . . . . . . . . . ..

vi

AW

NOoO OB~



List of Figures vii

5.1 Free surface elevation (left), beam elevation (middle) and velocity potential ¢;, (right) at

w = w, = 2.581 rad/s, L, = 4.6 m, SDR17, p, = 62.5 kg/m3. The beam lies at the centre

of the domain and is shaded in black. The vertical direction of the elevation is scaled

by a factor of 150 for visibility. The visualised region spans z = 30m to x = 90 m (60 m)

within the total computational domain, with a water depthof 5m. . . . . . ... ... .. 41
5.2 Normalised wave amplitude along the free surface at w, = 2.581 rad/s, SDR17, p, =

62.5 kg/m3. Shown are the total amplitude || /7o, the incident component |, | /70, the

reflected component |«,|/n9, and the beam displacement |n|/7,. The shaded region

indicatesthe beam. . . . . . . . L 42
5.3 Reflection coefficient Kr (left), transmission coefficient K (centre), and energy error

PErr (right) as a function of w for the bending stiffness sweep on the L, = 18.4 m mesh.

SDR17 (EI = 53,930 Nm?/m) and SDR11 (FI = 75,435 Nm?/m) are shown. The

vertical dashed line indicates w, = 2.581 rad/s. . .. ... ... ... ........... 42
5.4 Reflection coefficient K (left), transmission coefficient Kt (centre), and energy error

PErr (right) as a function of w for the beam density sweep on the L; = 18.4 m mesh. The

base case p, = 62.5 kg/m? is highlighted. The vertical dashed line indicates w, = 2.581

rad/S. .o 43
5.5 Reflection coefficient K (left), transmission coefficient K1 (centre), and energy error

PErr (right) as a function of w for the beam length sweep. L; € {4.6,9.2,18.4} m, corre-

sponding to L;/X, € {0.50,0.99,1.99}. The base case L, = 4.6 m is highlighted. The

vertical dashed line indicates w, =2.581rad/s. . . ... ... ... ............ 43
5.6 Bending moment envelope |M| along the beam at w = w,, scaled to the significant wave
amplitude g s = 0.249m, for L, =4.6m, 9.2m,and 184m. . . ... ... .. ... ... 44

5.7 Velocity magnitude |u;| (top) and pressure pj, (bottom) at ¢ = 36.27 s for a, = 1.0 571,
L, = 18.4 m. The free surface elevation x; and beam deflection 7, are shown as the
coloured lines at the surface. The beam lies at the centre of the domain and is shaded in
black. Wave attenuation downstream of the root zone is clearly visible in both fields. The
vertical direction is scaled by a factor of 150 for visibility. The visualised region spans
x = 10.5m to x = 94.5m (84 m) within the total computational domain, with a water depth

5.8 Normalised free surface amplitude |«|/n9 and beam deflection |n|/no (dashed) att = 17T

for o, € {0.00,0.01,0.1,0.5,1.0,2.5,5.0} s, L, = 4.6 m. Vertical dotted lines indicate

the beam edges z;, o and z; 1. The dashed horizontal line indicates no. . . . . . . . . .. 46
5.9 Normalised free surface amplitude |«|/no at ¢ = 17T for o, € {0.00, 0.01, 0.1, 0.5, 1.0,

2.5, 5.0} s71, L, = 18.4 m. Vertical dotted lines indicate the beam edges xp,0 and zp 1.

The dashed horizontal line indicates ng. . . . . . . . . . . ... o oL 46
5.10 Beam deflection profile n/n at t = 17T for «, € {0.00,0.01,0.1,0.5,1.0,2.5,5.0} s~*. (a)
Ly=4.6m and (b) Ly=184m. . . . . . . . e e e 47

5.11 Surface elevation n;, (left) and velocity potential ¢;, (right) at w = w, = 2.581 rad/s, base
case D = 0.45 m, unmoored (knrcqve = 0). The pipe cross-section is indicated in black at
rest and in gray at its heave-displaced position, scaled by the same factor of 150 as the
elevation. The vertical direction of the elevation is scaled by a factor of 150 for visibility.
The visualised region spans x = 40m to z = 75m (35 m) within the total computational
domain, with a waterdepthof 5m. . . . . ... ... ... ... ... ... ..., 48
5.12 Normalised wave amplitude along the free surface at w, = 2.581 rad/s, base case
D = 0.45 m, unmoored (kpcave = 0). Shown are the total amplitude |x|/7o, the incident
component |x;,|/n0, and the reflected component |«,.|/ny. The shaded region indicates
the pipe waterline gap. The red marker at the pipe centre indicates the heave response,
|€1]/m0 = 0.82. The horizontal axis is normalised by the total domain length L. . . . . . 49
5.13 Reflection coefficient K (left), transmission coefficient K1 (centre), and heave RAO
(right) as a function of w for the unmoored diameter sweep, D € {0.25, 0.30, 0.35, 0.40,
0.45, 0.50} m. The base case D = 0.45 m is highlighted. The vertical dashed line
indicates w, = 2.581rad/s. . . . . . ... 49



List of Figures

viii

5.14 Transmission coefficient K (dashed) and reflection coefficient K (solid) at w, as a

function of normalised mooring stiffness kxeqve/Krs 11, for all diameters D € {0.25, 0.30,
0.35, 0.40, 0.45, 0.50} m. The optimal stiffness kpeqve/Kns,11 = 1.151 is identical for all
diameters. . . . . . e e

5.15 Refined mooring stiffness sweep over kjeqve/Kps,11 € [0.9,1.3] at w, = 2.581 rad/s, for

D € {0.25, 0.30, 0.35, 0.40, 0.45, 0.50} m. The optimal stiffness ratio increases with D.

5.16 Reflection coefficient K (left), transmission coefficient K1 (centre), and heave RAO

6.1

6.2

6.3

6.4

B.1

(right) as a function of w for the moored diameter sweep, D € {0.25, 0.30, 0.35, 0.40,
0.45, 0.50} m, with refined optimal stiffness per diameter from Table 5.3. The base case
D = 0.45 m is highlighted. The vertical dashed line indicates w, = 2.581 rad/s. . . . ..

Connector permitting relative motion between adjacent floats on the ZIM Float system.
The pinned joint and tie element allow rotation while transferring load between floats
under wave-induced differential motion. Photos: Zimmermann PV-Floating [18].

Reflection coefficient K (left), transmission coefficient K (centre), and heave RAO
(right) as a function of w for the unmoored, Willemspolder as-built mooring, and optimally
moored configurations, D = 0.45m. The vertical dashed line indicates w,, = 2.581rad/s.
(a) The three contributions to the irradiance on a PV module G,;. (b) lllustrating the
definition of the sky view factor (SVF), which is the fraction of the celestial hemisphere
enclosed by the thick red line. Taken from Smetsetal. [69]. . . . . .. ... ... .. ..
Schematic of module tilt variation along a string as a wave of wavelength A\, passes
beneath it. Modules are positioned on the wave surface profile n(z) and tilted to match
the local surface slope. Tilt is coloured by direction and magnitude (red: positive, blue:
negative); the steepest sampled tilt, 6,,, occurs near a zero-crossing of the surface, while
modules near a crest or trough are comparatively level. The wavelength A, is marked
forreference. . . . . . . L

Free body diagram of an infinitesimal beam element under distributed load p(x, t).



4.1
4.2
43

5.1
5.2
5.3
54

5.5

6.1
6.2

6.3
B.1

List of Tables

Summary of the site conditions of the Willemspolder. . . . . . . .. ... ... ...... 30
Summary of the numerical domain parameters. . . . . . .. ... ... ... .. ..... 30
Summary of the structural parameters ofthe Cases. . . . . . . .. ... .. ... .... 33
Summary of wave attenuation performance at w,, = 2.581 rad/s for all Case 1 parameter

SWEEPS. . & o v i e e e e e 44
Case 3 unmoored diameter sweep results at w, = 2.581rad/s. . .. ... .. ...... 50
Refined optimal mooring stiffness per diameter at w, =2.581rad/s.. . . . . .. ... .. 51
Case 3 moored diameter sweep results at w, = 2.581 rad/s, with refined optimal stiffness

perdiameter. . . . . .. L e e e e 52
Wave attenuation performance at 0.5w,, w,, ~1.5w,, and 2w, for the base configurations

of Casest1and 3.. . . . . . . . . . e 53
Load reduction factors for the configurations studied in Chapter5. . . . . ... ... .. 56

Irradiance loss for upper bound and realistic beam tilt, with and without a wave barrier
of K+ = 0.7. Willemspolder site conditions, near solar noon on July 15, south-facing
module at 0., =37°. . . ... 62
Spectrally weighted yield indicator AE;, gpec for Cases 1 and 3 at the Willemspolder site. 63

Heave stiffness contribution per anchor rope for the Willemspolder wave barrier, based
on rope lengths and vertical angles from the mooring design [30] and £A = 10.250kN. . 85

ix



Nomenclature

Abbreviations

Abbreviation Definition

AOI Angle of Incidence

BC Boundary Condition

CFD Computational Fluid Dynamics

DC Direct Current

DHI Diffuse Horizontal Irradiance

DNI Direct Normal Irradiance

FEM Finite Element Method

FLS Fatigue Limit State

FPV Floating Photovoltaic System

FS Free Surface

FSI Fluid-Structure Interaction

GHI Global Horizontal Irradiance

HDPE High-Density Polyethylene

PDE Partial Differential Equation

PVC Polyvinyl Chloride

RAO Response Amplitude Operator

ULS Ultimate Limit State

uv Ultraviolet

WIL Wave-Induced Loss

Symbols

Symbol Definition Unit
Latin symbols
a Wave amplitude [m]
a; Incident wave amplitude [m]
ag Transmitted wave amplitude [m]
b Structure width [m]
by Root diameter [m]
Bwi‘,)L Discrete bilinear form for Case n [-]
c Structural damping matrix []
Cq Bulk drag coefficient []
Cdir Directional wind factor [-]
Cprob Probability factor [-]
Cseason Seasonal wind factor [-]
¢r(2) Roughness factor []
D Pipe outer diameter [m]
D;, Pipe inner diameter [m]



List of Tables

X1

Symbol Definition Unit

d Pipe draft [m]

d, Root zone depth [m]

E Elastic modulus [Pa]

EI Bending stiffness per unit width [Nm?/m]
AFEy Fractional wave-induced load energy reduction [-]

F Fetch length [m]
Fhyd Hydrodynamic generalised force vector [N]

F, Drag force per unit volume [N/m3]
g Gravitational acceleration [m/s%]
GYF Total in-plane irradiance on PV module [W/m?]
G4 Direct irradiance component [W/m?]
G4it Diffuse irradiance component [W/m?]
G%Ound Ground-reflected irradiance component [W/m?]
h Water depth [m]

hy Beam thickness [m]

he Characteristic interface length (C/DG) [m]

H Wave height [m]

H; Modal normal projection on pipe surface [-]

H, Significant wave height [m]

1, Rotational inertia per unit length [kg m]
Tpipe Second moment of area of pipe [m?4]
Lyicld Yield indicator [-]

J Nitsche kinematic residual [m/s]

k Wavenumber [rad/m]
k. Terrain roughness factor [-]
kheave Mooring stiffness in heave [N/m/m]
Epitch Mooring stiffness in pitch [Nm/rad/m]
K Structural stiffness matrix [-]

Ky Dissipation coefficient [-]

Ky Hydrostatic stiffness matrix [N/m]
Kg Reflection coefficient [-]

Ky Transmission coefficient [-]

KC Keulegan—Carpenter number [-]

LﬁL") Discrete linear form for Case n [-]

Ly Structure length in wave direction [m]

Ly Damping zone length [m]

Ly Free fluid domain length [m]

Lq Total domain length [m]

m Mass per unit width [kg/m?]
M Bending moment per unit width [Nm/m]
M Rigid-body mass/inertia matrix [ke]

n Outward unit normal vector [-]

N Root density [stems/m?]
p Dynamic pressure [Pa]

Do Initial hydrostatic pressure [Pa]

Pin Inlet pressure (Case 2) [Pa]



List of Tables

xii

Symbol Definition Unit
PErr Energy error [%]
qn Pressure test function [-]

r JONSWAP spectral shape function [-]

R Pipe outer radius [m]
Riy Pipe inner radius [m]
Re Reynolds number [-]
RAOyeave Heave response amplitude operator [-]
RAOpitch Pitch response amplitude operator [rad/m]
Sh Free-surface elevation test function [-]
S(w) Wave energy spectrum [m?s/rad]
t Time [s]
At Time step [s]

tw Pipe wall thickness [m]
tend Simulation end time [s]

T Wave period [s]

T, Peak wave period [s]

u Fluid velocity vector [m/s]
Uin Inlet normal velocity [m/s]
Uout Outlet normal velocity [m/s]
U Representative velocity amplitude [m/s]
Uio Mean wind speed at 10 m height [m/s]
v Basic wind velocity [m/s]
Ub,0 Fundamental basic wind velocity [m/s]
Up, Beam displacement test function [

v (2) Mean wind speed at height = [m/s]
W Fluid velocity test function (Case 2) [
wp, Fluid potential test function (Cases 1, 3) [-]

x Horizontal coordinate [m]
Te, Ze Pipe centre coordinates [m]
Zd,out Start of outlet damping zone [m]

z Vertical coordinate [m]
20 Terrain roughness length [m]
Greek symbols

«@ JONSWAP Phillips constant [-]

a Albedo [-]
a(x) Porous resistance coefficient field 5711
o Free-surface stabilisation parameter [-]

oy Porous resistance coefficient [
B JONSWAP spectral parameter [

B8 FPV tilt sensitivity coefficient [-]
1578 Free-surface stabilisation scaling [-]

r Domain boundary [-]

y JONSWAP peak enhancement factor [-]

y C/DG interior penalty parameter [-]
YN Nitsche penalty parameter [m—1]



List of Tables

xiii

Symbol Definition Unit

Yo Nitsche base penalty parameter [-]

13 Virtual rigid-body displacement [m]

€ Tilt oscillation amplitude [rad]

n Beam deflection [m]

Mo Reference wave amplitude [m]

Mp Pipe surface displacement [m]

70,p Peak wave amplitude [m]

10,5 Significant wave amplitude [m]

O Platform tilt angle [rad]

0o Maximum wave-induced tilt amplitude [rad]

K Free-surface elevation [m]

Kin Incident free-surface elevation [m]

A Interior interface or intersection set [-]

A Wavelength [m]

Ap Peak wavelength [m]

Lo Maximum damping coefficient 5711
M1, p2 Spatially varying damping coefficients 5711

v Kinematic viscosity of water [m?/s]
& Heave amplitude [m]

& Pitch amplitude [rad]

¢ Rigid-body DOF vector []

Dair Air density [kg/m?]
Db Effective beam density [kg/m?]
Pin Pipe interior density [kg/m?]
Pp HDPE pipe density [kg/m3]
Pw Water density [kg/m3]
o JONSWAP spectral shape parameter [-]

® Velocity potential [m?/s]
Din Incident velocity potential [m?/s]
Y Rigid-body mode shape []

Xh Beam velocity test function [-]

Q Fluid domain [-]

Qp Discretised fluid domain [-]

Q, Porous subdomain []

Quw Water domain [-]

w Wave angular frequency [rad/s]
Wn, Natural frequency [rad/s]
wp Peak angular frequency [rad/s]
¢ Beam velocity auxiliary variable [m/s]




Introduction

According to the International Energy Agency, IEA [1], global renewable energy capacity is projected
to double between 2025 and 2030, expanding by 4.6 terawatts. This increase is approximately equal
to the combined total power generation capacity of China, the European Union, and Japan. Solar
Photovoltaics (PV) is expected to contribute nearly 80% of this growth. The rapid expansion of solar
PV is driven by factors such as declining module prices, streamlined permitting procedures, and broad
public acceptance. In more than 80% of all countries, renewable energy is expected to grow more
rapidly between 2025 and 2030 than during the preceding five-year period. At the same time, this rapid
expansion brings challenges, including grid integration, financing, and supply chain vulnerabilities.

In parallel with this growth, end-use sectors need to become sustainable. As these sectors often require
large amounts of electricity, the need for renewable production is high. The energy system of the
Netherlands is undergoing rapid transformation, driven by significant growth in renewable electricity
generation and the electrification of end-uses [2]. At the same time, the electricity grid did not expand
at the same rate, causing a new problem: grid congestion [3].

Due to grid congestion, end users have an incentive to become less dependent on grid-provided renew-
able energy. Large electricity consumers seek to diversify their electricity supply to ensure reliability
and room for growth. A floating photovoltaic system (FPV) could be a viable option for an end user to
become more sustainable and less reliant on the grid. Energy-intensive industries such as sand ex-
traction, ceramics, concrete production, and port operations are often located near inland water bodies,
including natural lakes, artificial reservoirs, quarry lakes, retention basins, and irrigation canals, making
FPV a readily accessible option.

Floating Photovoltaic Systems are a relatively new but rapidly growing segment of the PV market [4]. A
major advantage of an FPV is that it does not have to compete with other land uses. The availability of
land for inland solar PV deployment remains highly uncertain due to factors such as population growth,
societal considerations, ecological protection, agricultural use, existing villages, and land required for
conventional energy generation [5]. FPV innovation was driven by the high cost or limited availability
of land in countries such as Japan, the Republic of Korea, and Singapore [4]. Currently, FPVs are
being implemented worldwide. An added benefit of inland FPVs over offshore FPVs is that they can be
installed close to the end user, reducing transmission infrastructure costs and even enabling an off-grid
power supply.

FPVs are increasingly being deployed on inland waters, often without fully accounting for other functions
these water bodies may serve, or with a desire for multifunctional use. Most water bodies suitable
for FPVs also serve ecological or recreational functions. The implementation of large FPVs without
considering potential negative ecological and aesthetic effects is undesirable. FPVs can cause lower
dissolved oxygen levels, affect water temperature, lead to a reduction in the number of organisms and
biomass, and could affect sedimentation patterns [6]. On the other hand, FPVs could reduce water
evaporation, which brings benefits to drought-prone areas [7].

If an FPV is constructed on a large body of water, an additional challenge arises. Wind-induced waves
could reduce the solar park’s energy yield and impose loads on the structure. Wave-induced forcing
governs the ultimate limit state of the mooring system and drives cyclic loading on the structure and
its connections, thereby determining their fatigue life. Multiple studies have demonstrated that the tilt
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angle significantly influences power output. For land-based PV, the optimal tilt angle can be determined
based on geographical and environmental factors and fixed upon installation [8], [9], [10]. As waves
induce oscillatory motion, the orientation of an FPV does not remain constant over time. A larger
wave amplitude induces less optimal tilt and slant, larger power oscillations, and lower average power
[11], [12]. To mitigate wave effects, a wave barrier can be constructed. Although this approach could
mitigate wave-induced yield losses and reduce structural loading, it does not address the ecological
and aesthetic problems mentioned above.

A promising concept to mitigate these problems is the use of floating ecosystems. Floating ecosystems
are pontoons or modules that support vegetation above and below the waterline. They can improve
a wide variety of waters and, therefore, could be a solution to the negative ecological and aesthetic
effects an FPV could have [13]. In this thesis, the terms floating ecosystem and floating wetland refer
to floating ecosystems used for ecological enhancement, consisting of a floating body, vegetation, and
a submerged root zone. If floating ecosystems could also serve as effective wave attenuators, they
could offer a solution that simultaneously improves FPV energy yield, enhances ecological value, and
preserves the aesthetic quality of inland water bodies.

1.1. Research Goal

The objective of this research is to investigate the potential of floating ecosystems to act as wave-
attenuating elements for floating photovoltaic systems. Using numerical modelling within a linear wave
theory framework, this research analyses the wave attenuation performance of floating ecosystems,
the resulting reduction in wave-induced loads on adjacent floating photovoltaic systems, and the influ-
ence on their energy yield. The ultimate goal is to provide quantitative insight into the hydrodynamic,
structural, and energetic effects of integrating floating ecosystems into floating photovoltaic systems
and to translate these insights into design implications for the development of multifunctional floating
photovoltaic systems in inland water bodies. This research goal directly addresses the multifunctional
use of inland water bodies and supports the sustainable energy transition by enabling FPV deployment
without compromising the ecological and aesthetic value of the water body it occupies.

1.2. Outline

This report is structured as follows. Chapter 2 reviews the relevant literature on floating photovoltaic
systems and floating ecosystems and introduces the fundamental concepts of wave theory and wave
barrier performance. Chapter 3 defines the research problem and presents the research approach
adopted in this study. Chapter 4 describes the formulation and implementation of the numerical model
used to analyse wave attenuation and structural response. Chapter 5 presents the results of the hydro-
dynamic model for all three wave barrier cases and compares their performance. Chapter 6 assesses
the influence of wave attenuation on the energy yield and structural design of a floating photovoltaic
system. Finally, Chapter 7 and Chapter 8 present the conclusions and recommendations, respectively.



Theory and Literature Review

This chapter establishes the theoretical and contextual background for the thesis. Sections 2.1 and 2.2
introduce floating photovoltaic systems and floating ecosystems, respectively. In Sections 2.3 and 2.4,
the fundamental theory of waves and wave barriers is given. Section 2.5 introduces the effect of wave-
induced motion on FPV energy yield. Finally, Section 2.6 identifies the research gap that motivates the
present study.

2.1. Floating Photovoltaic Systems

This section provides an overview of the key components of floating photovoltaic systems. Structural
elements such as floats, mooring, PV modules, and the balance of system are introduced. It also
provides the advantages and challenges of FPVs compared to land PV. An example of a floating solar
installation is shown in Figure 2.1.

Figure 2.1: Aerial photograph of a floating solar installation on an inland water body [14].

2.1.1. Features
A typical FPV consists of multiple key components. The floats or pontoons, the mooring lines and an-
choring, the PV modules and the balance of system [15]. These components can be seen in Figure 2.2.
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Connections to Other Transmission
Floating Solar PV Arrays

Lightning Protection System
(Grounding for Metal PV
Module Mounting Hardware)  pyv Modules

I_ Floats or

Pontoons

Central Inverter
(Floating or Shore Based)

Underwater Cables

Mooring Lines

Figure 2.2: Schematic of a typical grid-connected Floating PV system and key components [16]

Floats
The floats of an FPV system provide the buoyant foundation that keeps the PV array stable on the water

surface. Their primary functions are to support the weight of the PV modules, electrical components,
and walkways. Most commercial floaters are manufactured from high-density polyethylene (HDPE) due
to its durability, UV resistance, and low maintenance requirements [17]. Some systems use hybrid con-
structions combining HDPE with aluminium or steel frames to improve stiffness and long-term structural
performance [18]. Mats or membranes are also used as floaters [19]. Design considerations include
buoyancy capacity, interconnection method, resistance to fatigue and cracking, and compatibility with
site-specific hydrodynamic loads. An example of HDPE floats is shown in Figure 2.3.

Figure 2.3: Floating solar installation during assembly, showing the modular HDPE floater structure [14].

Anchoring and Mooring
The anchoring and mooring system ensures that the FPV installation remains in its intended position de-

spite wind forces, wave action, currents, and variations in water level. Common configurations include
bottom-anchored systems (using screw anchors, concrete blocks, or piles), shore-anchored systems,
and hybrid arrangements [20]. Mooring lines are typically made from polyester, polypropylene, or steel,
selected based on strength requirements, elongation behaviour, and environmental exposure [21].
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PV Modules

Photovoltaic modules are the main component of any solar park, as they generate the energy. They are
typically based on conventional crystalline silicon technology. Bifacial photovoltaic technology is rapidly
gaining market share in the global PV industry, and dual-glass bifacial modules, with high durability and
performance, currently dominate the bifacial module segment [22]. Compared with land-based PV, their
proximity to water results in lower operating temperatures, enhancing performance. However, there are
other climate-induced risks associated with PV modules in water bodies.

Balance of System

The balance of system includes all components required to operate the FPV installation beyond the
floaters and the PV modules. This generally includes the DC cabling, combiner boxes, inverters, trans-
formers, and the electrical protection and monitoring equipment [23]. Underwater cables must be de-
signed for mechanical protection, water-tightness, and resistance to biofouling. In many designs, invert-
ers and transformers are located onshore to reduce weight on the platform and simplify maintenance;
however, some systems place string inverters directly on the floats in dedicated housings.

2.1.2. Advantages and Challenges

The first and one of the main advantages of FPVs is the efficient use of space. FPV enables large-
scale solar deployment on water surfaces where land availability is limited or contested. This reduces
competition with agriculture, ecosystems, or urban development. Another advantage is the enhanced
energy yield. Due to the cooling effect of water, FPV modules generally operate at lower tempera-
tures compared to ground-mounted PV [24]. As PV modules have a negative temperature coefficient,
module efficiency improves and annual energy vyield increases. Furthermore, FPVs cause reduced
evaporation and algal growth. By covering part of the water surface, FPV systems can significantly
reduce evaporation losses and limit light penetration, potentially mitigating excessive algal growth in
some water bodies [24].

FPV also poses challenges compared to land PV. Two of the main challenges are the hydrodynamic
loads and environmental exposure. Wind, waves, currents, and water-level variations impose com-
plex loads on the floats, moorings, and electrical components. Another challenge is the complexity
of anchoring and mooring. In addition, cyclic wave-induced loading introduces fatigue stresses in the
structure, which can accelerate structural degradation and shorten the system’s lifetime. The need
for reliable fixation to the bed, shores, or hybrid systems adds design challenges, especially in deep
waters, soft sediments, or changing depths due to excavation. Furthermore, continuous exposure to
UV radiation, humidity, and potentially corrosive water conditions increases degradation for polymers,
metals, and electrical components [25]. This affects lifetime and maintenance needs. The impact
on the ecosystem poses another challenge. An FPV can alter water temperature, light penetration,
dissolved oxygen, and habitat conditions [24]. The ecological impacts, positive or negative, depend
strongly on system design and site characteristics, and remain an active area of research. The mainte-
nance of an FPV also poses several challenges. Components could be difficult to reach, and biofouling
of underwater components may accelerate degradation.

2.2. Floating Ecosystems

This section discusses the features of floating ecosystems. It introduces different island types and the
anchoring and mooring approaches that enable them to function effectively under varying environmen-
tal conditions. It also provides the advantages and challenges of floating ecosystems. An example of
a real-world implementation of a floating ecosystem is shown in Figure 2.4.
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Figure 2.4: Real-world implementation of floating ecosystems, United Kingdom [26].

2.2.1. Features

Floating ecosystems are artificial buoyant plant habitats designed to replicate the ecological functions of
natural ecosystems. The floating platform typically consists of fibrous mats, buoyant frames, or polymer
elements on which vegetation is planted [26]. The plant’s roots grow through the platform and extend
into the water, where they take up nutrients. This combination of vegetation and buoyant structure forms
a dynamic biofilter that improves water quality [27]. An example of a fully grown floating ecosystem by
Biomatrix Water [26], in which the roots extend through the structure, is shown in Figure 2.5.

/?/'\ BIOMATRIX

J  BRINGING WATER 70 LIFE

Y-
Figure 2.5: Roots extending through a Biomatrix Water Floating Ecosystem [26].

Island Types

Floating ecosystems come in several configurations depending on structural design, ecological goals,
and site conditions. The mat type consists of natural and recycled materials. Heavy-duty marine ma-
terials such as HDPE and steel can be integrated to ensure the structure remains buoyant and intact.
The mat supports vegetation, and the roots extend into the water to take up nutrients [26]. Framed is-
land systems use rigid PVC, HDPE, or metal frames filled with buoyant material and planting substrate,
providing higher stability for larger installations [28]. 3D-printed variants and cages for oyster reefs are
also used as floating ecosystem structures.
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Anchoring and Mooring

Floating ecosystems require anchoring systems to maintain their position while allowing natural move-
ment in response to waves and water-level fluctuations. Typical anchoring and mooring solutions are
similar to those used for FPVs The materials used must withstand biological growth and degradation
while allowing sufficient slack to avoid overstressing the root systems and the island structure. Proper
anchoring is essential to guarantee ecological effectiveness and long-term reliability.

2.2.2. Advantages and Challenges

The main advantage of floating ecosystems is the improved water quality. Floating ecosystems en-
hance nutrient uptake, sediment trapping, and microbial activity. They can reduce the concentration
of nitrogen, phosphorus, and suspended solids, contributing to healthier aquatic ecosystems [13], [27].
Another advantage is the creation of habitats. Vegetation and root structures provide habitats for fish,
macroinvertebrates, birds, and other wildlife. They can support or kickstart biodiversity in otherwise
uniform or degraded water bodies. An added benefit could be that the islands can deter birds from the
FPV, reducing bird droppings on the modules and thereby increasing the efficiency. A major developer
of floating ecosystems is Biomatrix Water [26]. They claim that their ecosystems act as a safe haven for
birds, improve fishing stocks and water quality, consist of 60% biomass and 30% marine engineered
materials, and have a lifetime of 20 years. Furthermore, when floating ecosystems are used as a wave
barrier, they could provide wave attenuation. The flexible structure and vegetation could dampen
incoming waves, reducing the loads on the FPV and reducing the tilt and slant variations of the FPV.
Other advantages are aesthetic and social benefits. Floating ecosystems could improve the visual
quality of water bodies and FPVs and can contribute to recreational functions.

The first challenge is structural integrity. The islands must withstand wind, waves, and fluctuating
water levels without breaking apart or losing buoyancy. Root penetration, biofouling, and material
degradation can weaken the structure over time. Another important aspect are the maintenance re-
quirements. Vegetation management, inspection, debris removal, and periodic plant replacement can
be labour-intensive, especially in larger installations. Although floating ecosystems contribute to the
ecological quality of the water body, there are some potential ecological drawbacks. Shading, oxygen
reduction under the mats, or introduction of non-native plant species may negatively impact ecosystems.
Another challenge is the anchoring and mooring. Poorly designed moorings can damage habitats,
fail under storm conditions, and damage surrounding structures.

2.3. Wave Fundamentals

This section provides an overview of the relevant wave fundamentals. Section 2.3.1 shows the fun-
damental parameters of a wave. In Section 2.3.2 the linear wave theory is discussed, as well as the
coefficients used to quantify wave attenuation.

2.3.1. Wave Geometry
The fundamentals of a wave are shown in Figure 2.6.

Wavelength A

x Crest
Height H

Still water level — -
Distance

Trough

Figure 2.6: Wave fundamentals.

A surface wave can be described with the following geometry:

» Wave height [H] - This is the vertical distance between the crest and trough.
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» Wavelength [\] - This is the horizontal distance between two consecutive crests.
* Wave period [T] - This is the time between two consecutive crests passing a point.

» Wave steepness [H/)\] - This is an indicator of how close a wave is to breaking; high steepness
waves impose higher loads.

These parameters directly govern wave kinematics and the magnitude of hydrodynamic loads acting
on floating structures.

2.3.2. Wave Kinematics

One of the fundamental pillars in describing surface gravity waves is called the linear wave theory.
George Biddell Airy developed this theory, also called the Airy wave theory. The derivation in this re-
port was based on the explanation by Holthuijsen [29]. This theory is based on two equations and some
boundary conditions: a mass balance equation and a momentum balance equation. The main require-
ment for the linear theory to apply is that the wave amplitude is small compared to the wavelength and
water depth. This condition is called the small-amplitude approximation. Furthermore, some important
assumptions are made:

» The water is assumed to be an ideal fluid. It is incompressible, so it has a constant density in
space and time, is inviscid, and is irrotational.

» The fluid is assumed to consist of a single continuous phase, such that effects related to air
entrainment, wave breaking, and cavitation are neglected.

» The Coriolis force is ignored.

Within the framework of linear wave theory, the motion of water particles is described using the velocity
potential function ¢(x, z, t). For reference, an incident monochromatic surface gravity wave propagating
in the positive z-direction over constant water depth ~» admits the classical Airy solution for the velocity
potential:

_ gH coshk(z+h) .
o(x,z,t) = 5 cosh kA sin(kz — wt), (2.1

where ¢ is the gravitational acceleration, H the wave height, k& the wave number, w the angular fre-
quency, and h the water depth.

The dispersion relationship, given in Equation (2.2a), describes the relationship between the wavenum-
ber k& and the angular wave frequency w. For deep water, the dispersion relationship can be simplified
to Equation (2.2b) in the limit kh > 1.

w? = gk tanh (kh) (2.2a)
w? = gk (2.2b)

The wavenumber is related to the wavelength X through Equation (2.3).

_ 27

A
k

(2.3)

2.3.3. Wind-Induced Waves

The wave conditions at inland water bodies are driven by wind acting over the available fetch, the
uninterrupted distance over open water across which the wind blows in a given direction. An impression
of the resulting wave climate under storm conditions is shown in Figure 2.7
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Figure 2.7: Storm conditions at the Willemspolder, showing wind-generated waves breaking on the shore [30].

To assess wave conditions on inland lakes in the Netherlands, local wind conditions are important.
Several equations are prescribed by Eurocode 1 [31] and NEN-EN 1991-1-4 [32] to calculate the mean
wind speed at a height of 10 m for different wind regions in the Netherlands.

To define the significant wave height and characteristic wave period for enclosed and semi-enclosed
water bodies, parametric wave growth models are employed. These models relate the fundamental
wave parameters to wind speed, fetch length, exposure duration, and water depth. Both the in situ
study by Kotaska et al. [33] and numerical studies by Nekouee et al. [34] and Etemad-Shahidi et al.
[35] concluded that the Sverdrup—Munk—Bretschneider (SMB) formulation provides more accurate esti-
mates of significant wave height and wave period under fetch-limited conditions compared to alternative
empirical methods.

The SMB functions to derive the significant wave height and wave period are:

HS Ja 0.42

gUfo = 0.283 tanh [0.0125 ((gj_ﬁ]> ] (2.4)
0.25

qgT gF

92 754tanh 0077 [ - 2.5

Ui 7.54 tan [0077<U120> ] (2.5)

where U is the mean wind speed at 10 m height and F is the fetch length.

To account for depth-limited wave growth, additional depth terms were included:

" B\ 075 0.0125 (#)0'42
5 = 0.283 tanh l0.530 (5—2) 1 tanh D — (2.6)
io 1o tanh [0.530 (%)
10 i
0.25 T
T gh \ 3T 0.077 (gTF)
= — 7.54 tanh | 0.833 (U—2> tanh R — 2.7)
10 io tanh [0.833 (%)

The SMB formulation provides significant wave height and a characteristic wave period based on local
wind conditions and fetch length. However, these parameters alone do not capture the irregular nature
of wind-generated waves. To describe the distribution of wave energy over a range of frequencies, a
spectral representation is required.
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2.3.4. Wave Spectrum

Natural sea waves are irregular, with varying heights, periods, and directions that a single sinusoidal
wave cannot describe. This irregular wave condition, characterised statistically over some time interval,
is referred to as a sea state. Instead, wave spectra are commonly used to representirregular wave fields
by describing how wave energy is distributed over frequency. Various spectral formulations are derived,
with the Pierson-Moskowitz (PM) spectrum being commonly used. Pierson and Moskowitz derived this
spectrum in 1964 by analysing fully developed waves in the North Atlantic Ocean [29]. While the
PM spectrum assumes fully developed sea conditions, many practical situations are characterised by
limited fetch and duration. The JONSWAP spectrum is a variation on the PM spectrum and is based
on data from the Joint North Sea Wave Observation Project in 1973 by Hasselmann et al. [36]. The
JONSWAP spectrum extends the PM formulation by introducing a peak enhancement factor, resulting
in the following spectral definition.

2 4
S() =aZg exp| -5 (22)'] 17 28)
(w —wp)?
r(w) = exp {— 20%}% (2.9)
2w
wp = ?p (2.10)
_ 0.07, w<wy 2.11)
-~ 1009, w>w, '

Where o and ~ represent the Phillips constant and the peak enhancement factor, respectively. The
JONSWAP spectrum for a representative fetch-limited site is shown in Figure 2.8, illustrating the con-
centration of wave energy around the peak frequency w, and the negligible spectral energy outside the
range 0.5w, < w < 2wy,.

. I . .
A == JONSWAP (v = 3.3)
0.006 | — —w, = 2.581 rad/s -
|
|
=) I
&
~ |
= 0.004 |
E |
— I
3 |
«» |
0.002 |
|
|
|
0.000 '
2 4 6 8
w[rad/s]

Figure 2.8: JONSWAP spectrum for a representative fetch-limited site (v = 3.3, a = 0.0081), showing the concentration of
energy around the peak frequency wy.

2.4. Wave Barrier Fundamentals

This section provides an overview of the fundamentals of wave barriers. Section 2.4.2 provides the
wave barrier representations used in this research, and Section 2.4.3 describes the performance coef-
ficients.
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2.4.1. Floating Wave Barriers

The function of floating wave barriers is to reflect wave energy and dissipate the kinetic energy in
the incident wave. According to Sorensen [37], floating wave barriers have some distinct advantages:
they are adaptable to water level fluctuations; cost does not increase rapidly with water depth; they
are mobile structures; they offer little obstruction to water circulation and fish migration; and are less
dependent on bottom soil conditions. To assess the effectiveness of floating wave barriers in reducing
wave energy, performance coefficients are commonly employed. A schematic of a floating box-type
wave barrier is shown in Figure 2.9.

Figure 2.9: Sketch of a box-type floating wave barrier [38]

2.4.2. Wave Barrier Cases

To enable a systematic comparison of different wave barrier concepts, the relevant configurations are
first described in a generalised manner. Three wave barrier cases are considered in this study: (1) a
floating system that has just been placed in the water and has not yet developed vegetation, (2) a fully
developed floating ecosystem with an underwater root system, and (3) a thin-walled pipe used as a
wave barrier. The first two cases represent different stages in the development of a floating ecosystem,
while the third presents an alternative wave-barrier concept already applied in practice.

The simplest geometry of a floating ecosystem is a rectangle. The island, before any vegetation is
planted, is shown in Figure 2.10. When the floating ecosystem is first placed, the root system has
not yet developed. This means that the system can initially be represented as a thin beam. This
corresponds to Case 1.

Figure 2.10: The floating ecosystem from Biomatrix Water [26].

When the floating ecosystem remains at its intended location for a longer period, the island becomes
more developed. Plants will have fully grown, and animals and insects will have settled. In addition,
the root system will have developed, which influences the wave barrier properties. Figure 2.5 shows
the same Biomatrix system as Figure 2.10, once the root system has developed.

This configuration corresponds to Case 2 in the modelling framework. In contrast to Case 1, the pres-
ence of an underwater root system introduces additional hydrodynamic effects that must be accounted
for. Hu et al. [39] investigated the effect of integrating porous baffles into floating wave barriers and
found that this resulted in a significant reduction in the transmission coefficient. Similarly, Li et al. [40]
analysed the wave-attenuation properties of a wave barrier with kelp hanging below a floating pontoon
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and reported improved wave attenuation performance compared to a traditional wave barrier. These
studies demonstrate that a porous layer or submerged vegetation influences wave attenuation and
cannot be ignored when modelling a floating ecosystem as a wave barrier. Consequently, the physical
representation for Case 2 differs from that of Case 1.

The final configuration, Case 3, consists of a simple design: a cylindrical HDPE pipe filled with water.
This type of wave barrier is attractive due to its simple construction, low material cost, and practical
applicability and is already used in practice. Previous studies have shown that such pipe wave barriers
can effectively attenuate surface gravity waves through a combination of wave scattering and motion-
induced effects. Numerical and experimental investigations by Isaacson et al. [41] and Rossell et al.
[42] demonstrated that wave attenuation depends strongly on the relative pipe size, submergence, and
mooring configuration, with optimal performance achieved when the pipe is submerged close to the
free surface. These studies make the thin-walled pipe a suitable and well-documented reference case
against which the wave-attenuation performance of the floating ecosystem can be compared.

.

(a) Overview. (b) Close-up.

Figure 2.11: HDPE pipe wave barrier at a floating solar installation. (a) Overview showing the pipe as the dark floating line
encircling the FPV system. (b) Close-up of the pipe and mooring connection at the water surface [14].

In contrast to Cases 1 and 2, which represent floating ecosystems at different stages of development,
Case 3 serves as a reference wave barrier configuration. As such, it provides a benchmark for evalu-
ating the wave-attenuation performance of the floating ecosystem.

2.4.3. Performance Coefficients
The effectiveness of a floating wave barrier is commonly quantified using the reflection coefficient Kr
and the transmission coefficient K1, defined as:

(2.12)

where H; is the incident wave height, Hy the reflected wave height, and Hr the transmitted wave
height. Under linear wave theory and neglecting viscous dissipation, conservation of wave energy flux
yields:

K3+ K2 =1. (2.13)

For floating wave barriers incorporating porous or submerged elements, such as the root system, ad-
ditional energy dissipation occurs due to drag and flow resistance. In such cases, the energy balance
becomes:

K} +Kg+Kp=1, (2.14)

where Kp represents the fraction of wave energy dissipated by the structure.

These coefficients provide a metric for comparing wave-attenuation performance across different wave-
barrier configurations. The relative magnitudes of K, Ky, and K, depend on the geometry and
mechanical properties of the structure. For Case 1, the thin elastic beam has a small draft relative
to the peak wavelength, so the wave field is largely undisturbed and high transmission is expected
with minimal reflection and no dissipation. For Case 2, the submerged root zone introduces porous
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resistance, making dissipation the dominant attenuation mechanism, with transmission decreasing as
root-zone resistance increases. For Case 3, the rigid pipe interacts with the wave field through diffrac-
tion and motion-induced radiation; reflection is the primary attenuation mechanism, with effectiveness
depending on the pipe diameter relative to the wavelength and the mooring stiffness.

2.5. Energy Yield of FPV

While the previous sections introduced the hydrodynamic behaviour of floating systems and the fun-
damentals of wave attenuation, the impact of the waves on the performance must also be considered.
In contrast to ground-mounted PV systems, floating PV systems are continuously subjected to wave-
induced motions, resulting in variations in module orientation. As mentioned in Chapter 1, increased
wave amplitudes reduce the average power output of the system.

The performance of PV systems depends on environmental conditions and system-level effects, includ-
ing incident irradiance, operating temperature, module orientation, and electrical losses. To accurately
estimate the energy yield, prediction models combine optical, thermal, and electrical models. A range
of tools have been developed, such as PVsyst and the System Advisor Model (SAM), which simulate
PV performance under realistic conditions. Within the TU Delft Photovoltaic Materials and Devices
(PVMD) group, the PVYMD Toolbox has been developed as a modelling framework for advanced PV
system analysis.

Recent studies have quantified the effect of wave-induced motion more precisely by introducing the
concept of wave-induced loss (WIL), defined as the difference in power between a system with constant
orientation and a system with changing orientation [43]. A review by Vasuki et al. [44] shows that WIL
values vary significantly depending on system configuration, environmental conditions, and modelling
approach.

The reduction in energy yield due to wave-induced motion can be explained by a chain of physical
processes linking hydrodynamics to electrical output. Oscillatory motions lead to continuous variations
in tilt and orientation, which directly affect the incident module surface irradiance. Since photovoltaic
conversion depends strongly on the angle of incidence, these variations lead to suboptimal operating
conditions and reduced average power output.

In addition to these effects, wave-induced motions introduce spatial variability in module orientation
across the FPV system. As shown in the thesis of Tiwald [45], this variability leads to a non-uniform ir-
radiance distribution across the array. In series-connected PV strings, the electrical current is limited by
the least illuminated module, resulting in mismatch losses that reduce overall system efficiency. Under
certain wave conditions, these mismatch effects can contribute significantly to the total performance
loss.

2.6. Summary and Research Gap

This literature review has shown that floating photovoltaic systems are increasingly applied on inland
waters and thus play an important role in the transition to a zero-emission future. The integration
of floating ecosystems to increase biodiversity, enhance ecosystems, and improve water quality is
increasingly used. FPVs provide renewable energy while optimising land use and the efficiency of the
photovoltaic modules. On the other hand, they face challenges such as hydrodynamic loading and
environmental exposure. Floating ecosystems are primarily designed to enhance water quality and
ecological value, but their integration into water bodies may also influence local hydrodynamics.

Fundamental wave theory and wind-wave growth models, such as the SMB formulation, provide an
established method for estimating inland wave conditions. The JONSWAP spectrum represents the
irregular nature of wind-generated waves. Furthermore, the effectiveness of wave barriers is typically
quantified using three performance coefficients: reflection, transmission, and dissipation. Previous
studies have demonstrated that porous or submerged elements can significantly enhance wave atten-
uation.

However, the existing literature mainly focuses on conventional floating wave barriers or simplified
porous structures. Although findings from studies on submerged vegetation, baffles, and flexible
screens indicate improved wave attenuation, these findings are not directly transferable to floating
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ecosystems designed for environmental purposes. Furthermore, the wave-attenuating performance of
the different biological stages of a floating ecosystem has not been investigated.

As aresult, there is a lack of quantitative understanding of how floating ecosystems interact with waves
and how their wave-attenuation performance compares with other floating wave barrier concepts. In
addition, the extent to which such wave attenuation can reduce wave-induced performance losses in
FPV systems remains unclear. Addressing this knowledge gap is essential before determining whether
floating ecosystems could serve as both a wave barrier for FPV systems and a functional ecosystem.



Problem Definition and Research
Approach

This chapter defines the research problem and describes the approach of this report. The problem
definition and corresponding research questions are presented in Section 3.1, followed by a description
of the overall research approach in Section 3.2.

3.1. Problem Definition

The literature review presented in Chapter 2 has shown that floating photovoltaic systems and floating
ecosystems are increasingly being applied in inland water bodies, but are typically studied as separate
systems. Although previous research indicates that submerged vegetation or porous elements can
contribute to wave attenuation in floating wave barriers, these findings are largely based on simplified
representations of vegetation or conventional wave barrier designs. As a result, the interaction between
waves and the structure of floating ecosystems at different stages of biological development has not
been quantitatively assessed. Furthermore, it remains unclear how their wave-attenuation performance
compares with established floating wave-barrier concepts, or how it affects the structural response and
energy yield of FPV systems.

The objective of this study is therefore to quantitatively assess the wave-attenuation performance of
floating ecosystems and evaluate their influence on the structural response and energy yield of floating
photovoltaic systems under wind-induced wave conditions.

The central research question is formulated as follows.

How does the integration of floating ecosystems influence wave-structure interac-
tion, structural response, and energy yield of floating photovoltaic systems in inland
water bodies?

To address this main research question, the following sub-questions are defined:

+ SQ1: What is the effect of different wave barrier representations on wave transmission, dissipa-
tion, and reflection?

+ 8SQ2: What is the structural response of each wave barrier representation and the resulting re-
duction in wave-induced loads on an adjacent FPV system?

+ 8Q3: What are the implications of the wave-attenuation performance for the energy yield and
structural design of an FPV system?

3.2. Research Approach

This study adopts a modelling-based research approach to investigate the hydrodynamic and structural
integration of floating ecosystems with FPV. The methodology is structured around three analytical
components: hydrodynamic modelling, structural load analysis, and energy-yield assessment. From
these analyses, implications for FPV design are derived. Together, this provides the framework for
answering the research questions defined in Section 3.1.

15
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The first component focuses on wave barrier modelling. The objective is to quantify the extent to
which floating ecosystems can attenuate wind-induced waves and thereby reduce the wave loads on
an adjacent FPV. The wave-attenuation performance of different representations of floating ecosystem
structures is assessed under representative inland-wave conditions. This analysis provides insight into
the wave-barrier performance of floating ecosystems and serves as the basis for the following structural
and energy-yield assessments.

The second component concerns the structural response and load reduction. Based on the results
of the wave attenuation model, the structural response of each wave barrier representation is examined,
including beam deflection, bending moment, and rigid-body motion. In addition, the reduction in wave-
induced loads on an adjacent FPV system is quantified using the transmission coefficient, providing
insight into the load-reduction potential of each wave-barrier configuration.

Finally, the results of these components are used to derive implications for FPV design for the in-
tegrated development of FPV-floating ecosystem systems. This section aims to translate modelling
insights into engineering recommendations. In this way, the research bridges the gap between theoret-
ical modelling and practical application to support the implementation of multifunctional FPV systems
in real-world environments.



Fluid-Structure Interaction Model

This chapter presents the hydrodynamic and structural model used to simulate the fluid-structure inter-
action of the floating ecosystem under wave loading. This chapter does not directly answer a research
question, but establishes the modelling framework required to address SQ1 and SQ2 in Chapter 5 and
Chapter 6. The model is based on the formulation proposed by Colomés et al. [46] and is implemented
in the Gridap finite element library in Julia'. Three cases are considered, each representing a different
wave barrier: Case 1 represents a floating ecosystem first in use, Case 2 represents a mature floating
ecosystem with a root system below the structure, and Case 3 represents a rigid hollow HDPE pipe as
a wave barrier.

Section 4.1 motivates the choice of the monolithic FEM formulation. Section 4.2 describes the Gridap
implementation. Section 4.3 presents the shared fluid domain and frequency-domain formulation, fol-
lowed by the discretisation approach in Section 4.4. The existing model formulation for Case 1 is
presented in Section 4.5, and the model extensions for Cases 2 and 3 in Section 4.6. The damping
zone implementation is described in Section 4.7. The model inputs for the Willemspolder case study
are presented in Section 4.8, covering the wave conditions, numerical domain, structural parameters,
and porosity parameters. Section 4.9 discusses the structural response quantities and wave-induced
load reduction extracted from the model. The post-processing and wave decomposition methods are
described in Section 4.10. The chapter concludes with a validation of the model in Section 4.11.

4.1. Model Choice

Fluid-structure interaction (FSI) problems are governed by coupled partial differential equations (PDEs)
that describe both the motion of the fluid and the dynamic response of the structure. For most realistic
FSI problems, analytical solutions are not feasible and numerical simulations are required [47].

The finite element method (FEM) divides the domain into discrete elements and approximates the
solution using polynomial basis functions defined on each element [48]. This makes FEM well-suited to
problems with complex geometries and higher-order differential operators. Given that the present study
involves floating structures subjected to wave-induced hydrodynamic loads and structural deformation
governed by fourth-order equations, FEM is the appropriate choice.

Within FEM-based fluid-structure interaction (FSI) formulations, two coupling strategies are commonly
used: partitioned and monolithic. In a partitioned approach, the fluid and structural problems are solved
separately, and a coupling procedure is applied to enforce compatibility between the two solutions.
Although this approach allows the use of existing solvers, it may lead to instabilities or require a large
number of iterations [46]. In contrast, a monolithic approach solves the fluid and structural equations
simultaneously as a single coupled system. This generally results in a more stable formulation and
avoids the need for an iterative coupling procedure. For this reason, the monolithic FEM formulation
presented by Colomés et al. [46] is adopted in this study, implemented using the Gridap finite element
library in Julia [49].

The implementation is publicly available at https : //github.com/Thijs-vd-Linden/floating-ecosystem-wave-barrier.
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4.2. FEM Implementation in Gridap

The monolithic formulation is implemented using the Gridap finite element library [49], which is writ-
ten in the Julia programming language. Julia is designed to combine the computational performance
of compiled languages with the flexibility of high-level scripting languages [50]. Gridap makes use of
this by providing a syntax that closely follows the underlying mathematical formulation, resulting in a
compact and readable implementation [46]. An overview of the Gridap workflow is shown in Figure 4.1.
The workflow starts with the problem definition, which consists of the governing partial differential equa-
tions (PDEs), the boundary conditions (BCs), the mesh that describes the domain, and the site-specific
variables. These inputs are used to construct the variational form and the finite element (FE) spaces,
which together define the discrete problem. The operator is then assembled from these components
and passed to a linear solver, yielding solution fields such as velocity, pressure, surface elevation, and
structural response.

/  PDEs “

\ 4

BCs

Variational Form ——>» Operator
} Solution Fields
FE Spaces —_— Linear Solver

\4

Mesh

Variables

Figure 4.1: Overview of the Gridap finite element workflow, illustrating the pipeline from problem definition to solution fields.

A key requirement of the present mixed-dimensional FSI problem is the ability to assemble finite el-
ement contributions defined on domains with different spatial dimensions. Gridap supports this func-
tionality natively, whereas many general-purpose finite element libraries do not directly provide this
capability [46]. This makes Gridap a suitable choice for the formulation used in this study. In addition,
using Gridap ensures consistency with the work of Colomés et al. [46], on which the present model is
based.

4.3. Governing Fluid Equations

This section presents the governing fluid equations common to all three cases. Cases 1 and 3 are
formulated in the frequency domain using potential flow, while Case 2 adopts a velocity—pressure for-
mulation in the time domain.

4.3.1. Fluid Domain

The floating wave barrier is modelled as a single continuous structure, assuming that no relative motion
occurs between individual structural components. A fluid domain Q is considered, bounded by the inlet
surface T'j,, the outlet surface I'yy, the bottom surface I'y,, and the water surface. The water surface
consists of the free surface I'ts and the structural or pipe boundary, denoted Iy, for Cases 1 and 2 and
I', for Case 3. The surface elevation relative to the still-water level is denoted by 7, n is the outward
normal vector, w the wave angular frequency, and A the wavelength. The following assumptions are
made:

1. Wave motion is described using linear wave theory, as detailed in Section 2.3.2.
2. The fluid is inviscid, incompressible, and irrotational, with no air entrainment and cavitation.

The inviscid, irrotational, and small-amplitude assumptions are the basis of linear wave theory [29]. The
small-amplitude condition requires the wave steepness kny < 1, which is verified in Section 4.8.1.

From the incompressibility condition, the mass continuity equation simplifies to a volume continuity
equation:
V-u=0 inqQ. (4.1)
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Because the fluid is assumed to be inviscid and irrotational, a velocity potential function ¢ can be
introduced such that its spatial gradient equals the fluid velocity, where V denotes the gradient operator
and A the Laplacian operator (the divergence of the gradient):

u= V. (4.2)
Combining Equations (4.1) and (4.2) yields the Laplace equation:
Ap=0 inQ. (4.3)

The following boundary conditions apply to €2, where (:)¢ and (-)¢t denote the first and second time
derivatives, respectively:

n-V¢=20 on Iy, (4.4a)
n- V¢ = Ui on [ip, (4.4b)
n - Vo = Uout on oyt (4.4c)
n-Vo=mn on I'yg U Lgyr. (4.4d)

Equation (4.4a) is the no-penetration condition at the bottom. Equations (4.4b) and (4.4c) prescribe
the normal velocities at the inlet and outlet. Equation (4.4d) is the kinematic free-surface condition,
enforcing that the normal fluid velocity equals the time derivative of the surface elevation, valid under
the small-amplitude approximation.

The hydrodynamic pressure follows from Bernoulli’'s equation for inviscid, irrotational flow:

1
D= —PuwPt — PwgZ — §Pw (V¢)2 on I'ts U Ly, (4.5)

where z denotes the vertical coordinate. Under the small-amplitude assumption, the quadratic term
may be neglected, yielding the linearised Bernoulli equation:

P = —puwdt — pwgz ON I'ts Ulstr. (4.6)
At the free surface, imposing p = 0 at z = 7 gives:
¢t +gn=0 onl¥. (4.7)

On the fluid—structure interface I, linearising about the still-water level z = 0 reduces the hydrostatic
contribution to —p,, g7, yielding:

p=—pwdr — pwgn  ON L. (4.8)

4.3.2. Frequency-Domain Formulation

Cases 1 and 3 concern steady-state wave-structure interaction under single-frequency excitation. Har-
monic time dependence at angular frequency w is assumed, with ®{-} denoting the real part of a
complex-valued quantity:

$(x,t) = R{D(x) e}, nix,t) = R{H(x)e "}, (4.9)

where ® and H are complex-valued amplitudes. The factor e~** cancels from all terms, reducing time
derivatives to:
() = —iw(), e = —w?(). (4.10)

The problem is formulated directly in terms of complex amplitudes. For notational convenience, the
same symbols ¢ and 7 are retained for the frequency-domain amplitudes in what follows. Case 2 is
solved in the time domain; the reason for this is discussed in Section 4.7.
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4.4. Discretisation Approach

To obtain an approximate solution, the continuous problem is transformed into a discrete one by intro-
ducing a finite set of shape functions N; and expressing the approximate solution as a linear combina-
tion of these shape functions and the corresponding nodal degrees of freedom [48]. For the velocity
potential, this gives:

dn =Y _ Nig; (4.11)
i=1

The continuous domain (2 is thereby discretised by an FE mesh into ;. The discrete boundaries
are I'y 1, Tin.n, Dout,hs L'ts.h, Ustrons I'p.n, @nd the interior interfaces between facets of I'sy 5, are denoted
Astr,h,-

In the discrete formulations, the vertical displacement is split into the free-surface elevation x on I's and
the structural displacement n on I's;;. The full derivations of the weak forms are provided in Appendix B.
The governing equations for Cases 1 and 2 contain fourth-order derivatives of the beam displacement,
requiring C'! continuity across element interfaces. This requirement can be satisfied using Hermite poly-
nomials; however, Colomés et al. [46] proposed an alternative based on a continuous/discontinuous
Galerkin (C/DG) approach. In classical continuous Galerkin (CG) methods, approximation functions are
continuous across element boundaries, but for fourth-order problems C*-continuous function spaces
are required [51]. Fully discontinuous Galerkin (DG) methods relax this requirement but increase the
number of unknowns and associated computational cost.

The C/DG method combines the advantages of both: discrete functions are continuous at element
nodes, but the gradient is allowed to be discontinuous. Continuity of derivatives is enforced weakly
using an interior penalty approach, introducing jump and mean value operators at interior interfaces:

[vn]=vint +vn", (4.12)
+ —
(Vo) = VO ; voo (4.13)

where v and v~ are the restrictions to the cells sharing a generic interior facet, and n™ and n~ are the
outward unit normals from either element [49]. The C/DG penalty terms appear in the discrete bilinear
forms of Cases 1 and 2, presented in Sections 4.5 and 4.6.

4.5. Existing Model: Thin Flexible Beam (Case 1)

The formulation for Case 1 is reproduced from Colomés et al. [46]. The floating ecosystem is repre-
sented as a thin elastic beam occupying the fluid—structure interface I'y;, governed by linear Euler—
Bernoulli beam theory. The fundamental principles are:

+ Plane cross-sections of the beam remain plane, rigid, and perpendicular to the neutral axis during
bending [52].

» Shear deformation and rotatory inertia are neglected, which makes the theory most accurate for
long, thin beams under small deflections [53].

The problem setting is shown in Figure 4.2, representing the bare floating ecosystem shown in Fig-
ure 2.10.
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Figure 4.2: Schematic of the Case 1 problem setting, showing the fluid domain €2 bounded by the inlet I'j,, outlet I'qt, bottom
Iy, free surface I, and structural interface I'sy,. The intersections between the free surface and the structure are denoted
Ass str, With outward normals np .

The dynamic Euler—Bernoulli beam equation is given by Equation (4.14), where (). is the fourth-
order derivative with respect to the horizontal beam coordinate x. The left-hand side represents beam
inertia and elastic bending resistance, and the right-hand side is the fluid pressure load.

pbhb Nee + EI Nexzx = P- (414)

For the full derivation, see Section B.1. Substituting Equation (4.6) gives:

pohonee + ElNgaze +  pude  + Pwgn =0 on . (4.15)
—— —— ——

—~——
beam inertia  elastic bending  fluid pressure  hydrostatic restoring

The beam endpoints correspond to the intersections A ¢ between the free surface and the fluid—
structure interface. Since both edges have free motion, the bending moment and shear force are zero:

New = 0 on Afs,stn (4168)
Nezz =0 on Ags str- (4.16b)

4.5.1. Discrete Formulation

To ensure stability of the coupled system, additional terms are applied to the free-surface condition
following Akkerman et al. [54] and Colomés et al. [46]. The test function s is modified by adding a term
proportional to the fluid test function w, scaled by « ¢y and multiplied by ;. Following Colomés et al. [46],
the parameters are setto 85, = 0.5 and a5 = *3“, which ensures coercivity of the discrete system [54].
The continuous weak form, from which the discrete formulation is derived, is provided in Section B.2.

Find [¢h7nha /ih] S VQJL X Vr.. pX VFfs}h such that:

stry

B ([6n, ms 0], [wn vy sn)) = Ly (wnsvn, snl) Ywn, vn, sn] € Van X Veson X Vegn,  (817)
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where the bilinear form is:

) . .
Bw’h([¢h,’l7h,/€h],[wh,’l}mShD = Vwy, - Vo dQ +iw wy, kK, dI' + iw wyp, Ny AT
Qh Ffs,h Fstr,h
Laplace (fluid interior) kinematic FS condition kinematic FSI condition

+ ﬁh/ (sh + apwy) (—iwep + grp) dI'
Ces,n

free-surface stabilisation

+ / vn (—w?pshenn — iwpwdn + pwgnn) AT
r

str,h

beam inertia, fluid pressure, hydrostatic restoring

+EI Z / Uh,zx NMh,zx dr
K

KeTr

(4.18)

beam bending (element interior)

—FEI Z /({Uh,zx} [['Uh,:r]] + {Uh-,zx} [nh-,z]]) dr

€
eeAstr,h

beam bending (interface consistency)

+EI Z /hl [[nh,.tﬂ [[Uh,mﬂ dF,

e
e€Astr,n

beam bending (penalty term)

where 7r denotes the partition of I'y, 5, into one-dimensional elements, A, the set of interior inter-
faces, and h. a characteristic length associated with interface e. The linear form is:

LY ([wn, o, sn]) = /

wp, Uiy AT+ / Wh, Uous A1, (4.19)
Tin,n

Tout,n

inlet forcing outlet forcing

4.6. Model Extensions

The finite element formulation presented in this section builds on the framework of Colomés et al. [46].
Case 2 extends the framework to a time-domain velocity—pressure formulation with a Nitsche-type
kinematic coupling at the fluid—structure interface. Case 3 extends the Case 1 fluid formulation by
replacing the elastic beam with a rigid-body structural model that incorporates hydrostatic stiffness and
mooring.

4.6.1. Thin Elastic Beam with Submerged Root System (Case 2)

As the root system beneath the floating ecosystem does not act as an impermeable body, Case 2 intro-
duces additional mechanisms for wave energy dissipation. The submerged root zone is represented as
a porous layer, modelled by a linear Darcy resistance term «, in the momentum equation. This requires
a velocity—pressure formulation rather than potential flow, derived from the linearised incompressible
Navier-Stokes equations. The full derivation is provided in Appendix B.

To enable a consistent comparison, the inlet condition in Case 2 is prescribed as a pressure Neumann
condition derived from linear wave theory, ensuring both formulations describe the same incident wave,
since Case 1 is defined through a velocity potential ¢. In contrast, Case 2 is described in terms of
velocity u and pressure p.

The problem setting is shown in Figure 4.3, representing a mature floating ecosystem shown in Fig-
ures 2.4 and 2.5.



4.6. Model Extensions 23

w, A

0 Assste Ats st

|
|
|
|
|
|
|
|
: Lout
|
|
|
|
|
|
|

Iy

Figure 4.3: Schematic of the Case 2 problem setting, showing the fluid domain Q2 with the porous subdomain €2, beneath the
structural interface I'sy. The domain is bounded by the inlet I',, outlet T'ot, bottom Ty, and free surface I'ts. The intersections
between the free surface and the structure are denoted Ag g, With outward normals n, .

Let the fluid domain be decomposed as 2 = Q,, U ,, where Q,, denotes the clear-water region and
2, the porous subdomain. Under the assumptions of inviscid and irrotational flow, and neglecting
convective acceleration terms in accordance with linear wave theory, the momentum equation reads:

ou

w o, w z w =0 in Qa
p 8t+Vp+p ge,+ pyou i (4.20)

V-u=0 in Q,

where the porous resistance coefficient is defined as:
op N Qp,
= 4.21

=00 inq. (4.21)

The term p,, o, u acts as a force opposing the fluid velocity within the root zone, representing the drag
exerted by the root elements on the passing flow. A larger o, corresponds to a denser root zone and
extracts more energy from the wave field through dissipation. The detailed derivation is provided in
Section B.3. The relevant boundary conditions for Case 2 are:

u-n=20 on Iy, (4.22)
u-n = uj on I, (4.23)
u-n = Uyt on Doyt, (4.24)
u-n=rm on I';s U Ty, (4.25)

p=pwgn onlig. (4.26)

As the porous layer does not alter the beam end conditions, Equations (4.16a) and (4.16b) still apply.
The structural dynamics are described by the Euler—Bernoulli beam equation in the time domain:

2

8715;7 + pwgn + ElNgzez = —D on Tgy. (427)

puhey
In the time-domain implementation, the inlet, outlet, and bottom boundary conditions are enforced
as strong Dirichlet conditions on the velocity field, and the free-surface elevation is prescribed at the
domain edges. The inlet velocity u;, and free-surface elevation «;, are derived from linear wave theory.
In contrast, zero velocity is prescribed at the outlet and bottom boundaries. The simulation is initialised
with a hydrostatic pressure field py = g(H — z).
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Discrete Formulation

The discrete formulation uses second-order Lagrangian elements for all fields. The C/DG interior
penalty terms for the beam bending operator are identical to those of Case 1, as described in Sec-
tion 4.4. The full weak form is provided in Section B.3.

To reduce the second-order beam equation to a first-order system suitable for time integration, an
auxiliary variable ¢ = n; is introduced to represent the beam velocity. The solution space is ex-
tended to [up, pr, &n, M1y Cul € Vo X Qan X Viogn X Vrg.h X Vrg,hs With corresponding test functions
[Wh, Qhs Shy Uh, Xh]-

The kinematic condition uy, - ngy = (5, on I'syy cannot be enforced strongly in the velocity—pressure set-
ting. It is therefore imposed weakly using a Nitsche-type penalty method [55], introducing the interface
residual:

J =uy - ngyr — Cp- (4.28)

This adds a consistency term, a symmetry term, and a penalty term to the bilinear form, with penalty
parameter vy = ~vo/h, where h is the characteristic mesh size along I's. The Nitsche parameter vy
with o = 10 is validated in Section 4.11.2.
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Find [u, pr, K, 7n, Ci) such that ByY = L{? V[wn, an, sn,vn, xn], where:

B}(LQ) = / Wi, - Up, d€) — (V'Wh)phd9+/ qn (V- up) dQ2
Qp

Qh Qh

momentum and continuity (fluid interior)

+Ozp/ wy, - up d€)
Q

p,h

porous resistance

/
T
dy amic and kinematic FS conditions

+/ ph(Wh'Il)dP—/
1—‘str,h ¥

Nitsche FSI coupling (consistency, symmetry, penalty)

h
+/ Up (pbbCh,t + gnn — ph> dr
1—‘str,h pw

beam inertia, hydrostatic restoring, fluid pressure

EI
+ — Z / Vh,zx NMh,zx dr
K

P KeTr

Kh (Wh'n)dr+g/ sp (kpe —up -n)dl

fs,h Ffs,h

CIthF+’7N/ J (wp, -n)dl

str,h 1—‘str, h

(4.29)

beam bending (element interior)

=223 [ Cman} o] + (9hae} [T

pw EGAstr,h €

beam bending (interface consistency)

EI -
+ P Z = Inn.z] [vn..] AT
v eeAstr,h € €

beam bending (penalty term)

+/ X (Mhe — Cp)dL,
Lstr,n

beam velocity auxiliary equation

and the linear form is:

Lf)([wh,%ﬁh,’vh’xd):/ (wp-n)pindl. (4.30)
Tin,n

inlet forcing

4.6.2. Thin-Walled Rigid Pipe (Case 3)

In contrast to Cases 1 and 2, the thin-walled pipe is modelled as a rigid, impermeable body, free to
respond in heave and pitch. Elastic deformation along its length is assumed negligible compared to
its global rigid-body motion. Wave attenuation arises from a combination of diffraction, reflection, and
motion-induced radiation. The problem setting is shown in Figure 4.4, representing the pipe wave
barrier shown in Figure 2.11.
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Tn Tts

Lout

Iy
Figure 4.4: Schematic of the Case 3 problem setting, showing the fluid domain 2 with the partially submerged pipe boundary

I'p and outward normal n,. The domain is bounded by the inlet T'j,, outlet ', bottom I'y,, and free surface I'ts.

The fluid is again described by linear potential flow, with the governing equation given by Equation (4.3).
The kinematic boundary condition on the wetted pipe surface I', enforces that the normal fluid velocity
equals the normal velocity of the pipe boundary:

n-Vo=n-1, onlyp, (4.31)

where r,(x,t) is the rigid-body displacement field. The pressure is given by the linearised Bernoulli
equation Equation (4.6).

The rigid-body motion is described by heave &; and pitch &, collected in € = [¢1, &]T. Surge motion is
neglected. The corresponding mode shapes on I'y, are:

s () = H L aa(x) = [_(Z B ZC)] , (4.32)

where (., 2.) is the pipe centre. The normal projection H; = n-1; gives the pipe surface displacement:
np = &1 + & Ho. (4.33)

Assuming harmonic time dependence, the frequency-domain rigid-body equation reads:
(—w’M — iwC + K) € = Fryq, (4.34)

where M is the mass/inertia matrix, C a linear damping matrix, K the stiffness matrix, and Fyyq the
hydrodynamic forces from the waves. This is the standard equation of motion for a damped oscillator.
Near resonance, when the excitation frequency equals the system’s natural frequency, the pipe’s motion
amplitude is large.

Discrete Formulation

The discrete formulatjon shares the same fluid formulation and free-surface stabilisation as Case 1, with
Br=0.5anday = %M. The full weak form is provided in Section B.4. Find [¢y, kr, &] € Van X Vr,, n xR?
such that:

BE) ([6n, kn, €], [wh, 51, 0€)) = Ly ([wn, 51, 8€])  V[wn, sn,0€] € Vau x Vrn xRZ, (4.35)
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where the bilinear form is:

ij%([gﬁhv Hha&]? [wha 5]7.755]) = /

Vuwy, - Vop dQ+iw/
JQp

Teson

wp, kp AT +iw / wp, Np,n(§) AT

Fp,h

Laplace (fluid interior) kinematic FS condition kinematic FSI condition

+ ﬁh/ (sn + apwy) (—iwey + grp) dI°
Teson

free-surface stabilisation (4 36)

+ 067 (~w?M — iwC + K — Kps) &

rigid-body dynamics

+ iwpw / 67]11(55) ¢h dF)
T

p,h

hydrodynamic force on rigid body

where the hydrostatic stiffness matrix Kyg represents the buoyancy restoring force, with entries:

Khs,ij = Pwd HiHj dr. (4.37)
Tp

The full derivation is provided in Section B.4. The linear form Lf’) is identical to Lgll) presented in
Equation (4.19).

4.7. Damping Zones

Outgoing waves must be able to propagate away from the structure without being reflected at the
domain boundaries. To prevent such reflections, damping zones are applied at the domain’s inlet and
outlet boundaries.

Kim et al. [56] proposed and evaluated five damping zone implementations for numerical wave tanks.
Method 5, referred to as the ¢,—n method, was found to perform best, particularly for shorter damping
zones, as it produces no wave dispersion within the damping region. The method applies a damping
term to both the dynamic and kinematic free-surface boundary conditions:

% _ o <a¢> - a%) onTs

ot an on

(4.38)
0 0
£:£_M2(K_Hin) onTy,

where p; and po are spatially varying damping coefficients and 9¢in/0n and ki, are the prescribed
incident wave values. The damping acts only on the scattered component of the wave field, preserving
the incident wave while absorbing reflected waves. The condition 12 = kuy ensures that waves within
the damping zone are not dispersed [56].

The damping coefficients increase smoothly from zero at the edge of the damping zone to a maximum
value pyg, using the shape function proposed by Kim et al. [56]:

Mo(l—sin(Zi)) x € Lyajin,

pa(z) = uo(lcos(ﬂﬂww>) € Tyou, (4.39)
2 Ly ’

0 otherwise,

with po = kuq, where Ly is the damping zone length and z4 o4t is the start of the outlet damping zone.
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This method is implemented in Cases 1 and 3. Assuming harmonic time dependence, the damped
free-surface conditions on the inlet damping zone I'y i, read
a(b 8(bin

—iw¢+gn+u1<an ~

) =0 onTyn,
(4.40)

)
—iwk — £ +p2 (k—kin) =0 onTLgj,

and for the outlet damping zone, the incident field terms are set to zero. These conditions are enforced

weakly in the bilinear form, with the incident field source terms moved to the linear form L(l), ensuring
that only the scattered wave component is damped.

For Case 2, the velocity—pressure formulation does not allow a direct application of Method 5 since the
velocity potential ¢ is not available as a primary unknown. An alternative damping strategy based on a
relaxation method was therefore explored. In this approach, each term in the weak form is weighted by
a blending factor 1/(1 — «), and the solution is simultaneously relaxed toward a prescribed target field,
scaled by a. At the inlet, the target field equals the analytical incident-wave solution; at the outlet, the
target field is set to zero. The blending coefficient « follows the same smooth ramp function as u; in
Equation (4.39), with zo = 1.0. A reliable solution in the frequency domain with this method could not
be achieved; therefore, the model is solved in the time domain.

The same method was applied in the time domain, which reduced outlet reflections but did not eliminate
them. In addition, the method reduced the incident wave amplitude to approximately 0.679. The ab-
sence of effective outlet damping constrains the usable time window for wave extraction, as discussed
in Section 4.10.

4.8. Model Inputs

This section presents the input parameters for the three model cases. The wave conditions are de-
rived from a site analysis of the Willemspolder location. The numerical domain, damping zone lengths,
and mesh strategy are chosen to ensure accurate wave propagation and efficient computation. The
structural parameters are estimated from the geometry and material properties of the Biomatrix Water
Floating ecosystem, as displayed in Figure 2.10. The porosity and root zone parameters are estab-
lished from the literature and treated as sensitivity parameters.

4.8.1. Wave Parameters

The wave parameters are defined separately for model validation and for the present study. The vali-
dation reproduces the benchmark of Khabakhpasheva and Korobkin [57], using the parameter values
listed in Table 2 of their paper. For the present study, representative wave conditions are established
for Willemspolder, a lake adjacent to the River Waal. The location is displayed in Figure 4.5 and an
impression of the site is given in Figure 4.6.
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(a) Regional context. (b) Close view of the Willemspolder.

Figure 4.5: Location of the Willemspolder. Map data taken from OpenStreetMap contributors [58].
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(a) Normal conditions. (b) High water conditions.

Figure 4.6: Aerial view of the Willemspolder under normal and high water conditions [30].

The conditions are displayed in Table 4.1. The wind and wave conditions are derived using the for-
mulation discussed in Section 2.3.3. The site-specific conditions needed for the calculations were
provided by Solinoor [30], and the results for the Peak wave period and significant wave height are in
good agreement with site-specific estimates. The corresponding angular frequency and wave number
are calculated with Equation (2.2) and the wavelength with Equation (2.3). The dimensionless depth
parameter k,h = 12.9 indicates deep-water conditions (kh > 1), confirming that fetch is the limiting
factor.

To enable analysis of the broader response behaviour of the wave barrier representations, a frequency
sweep is performed over the frequency range of the JONSWAP spectrum, as defined in Section 2.3.4,
with the H, and T, from the Willemspolder site. The sweep covers the range 0.5w, < w < 2wy,
corresponding to 1.29 < w < 5.16 rad/s, which represents the significant frequency range of the JON-
SWAP spectrum. This is visible from the normalised observed spectra in Holthuijsen [29], Figure 6.4,
where the spectral energy is negligible outside this range. The JONSWAP spectrum computed for
the Willemspolder site is shown in Figure 2.8. Thus, rather than analysing only the results at the de-
sign frequency w,, the sweep is used to characterise the barriers’ response across the full relevant
frequency range. This allows for site-specific conclusions while also revealing the response behaviour
of comparable fetch-limited sites. The sweep range also includes the peak frequencies corresponding
to fetch lengths between 100 and 1500 m, covering 2.29 < w,, < 4.38 rad/s as computed from the SMB
formulation in Section 2.3.3, confirming that results at alternative fetch lengths can be extracted directly
without additional simulations.

The wave amplitude 7 is treated separately from H,. Under linear wave theory, all governing equa-
tions scale linearly with 79, meaning that the transmission and reflection coefficients K, and K, are
independent of the chosen amplitude. In Case 2, the porous dissipation term is also linear, so K, is
likewise independent of amplitude. This makes it possible to run the frequency sweep at a small refer-
ence amplitude and recover physical results by scaling afterwards. Consistent with Colomés et al. [46],
a value of nyp = 0.01 m is chosen to ensure the small-amplitude approximation kny < 1 is satisfied: at
the design frequency, this gives k,ny = 6.79 x 1073 < 1, satisfying the condition. For the computation
of the structural loads, two physical wave heights are used: the significant and max wave heights.
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Table 4.1: Summary of the site conditions of the Willemspolder.

Parameter Symbol Unit Value
Physical Constants

Water density Puw kg/m? 1000
Air density Pair kg/m3 1.225
Gravitational acceleration g m/s? 9.81
Environmental conditions

Maximum Fetch F m 900
Mean 10 minute wind speed Uio m/s 19.1
Mean water depth h m 19.0
Peak wave period T, s 244
Significant wave height Hy m 0.498
Peak angular frequency Wy rad/s  2.581
Peak wave number ky rad/m 0.679
Peak wave length Ap m 9.26
Peak wave amplitude 70,p m 0.249

4.8.2. Numerical Domain

The numerical domain consists of a central fluid region of length L, which is flanked by the inlet and
outlet damping zones of length L4, resulting in a total domain length of Lo = Ly + 2L4. The damping
zone length is chosen to ensure the outgoing waves are not reflected into the domain. Following
Colomés et al. [46], the damping coefficient for Case 1 and 3 is set to g = 2.5. For Case 2, no
damping zones are used; instead, the outgoing waves are prevented from reaching the structure within
the extraction window by extending the free-fluid region.

For the validation case, the domain parameters are taken directly from Table 2 of Colomés et al. [46].
For the other cases, the domain is sized on the peak wavelength \,. The simulated structure length
L, represents the extent of the floating ecosystem in the wave propagation direction. The base case
uses the width of four modules, giving L, = 4 x 1.15 = 4.6 m. At this length, L;/), = 0.50, placing the
structure in the sub-wavelength regime, where rigid-body behaviour is expected to dominate over elas-
tic deformation. To characterise the transition toward the elastic regime, a length sweep is performed
over:

Ly € {4.6, 9.2, 184} m (4.41)

correspondingto L /A, € {0.50, 1, 2}, representing 4, 8, and 16 modules in width, respectively. The full
three-point sweep is performed for Case 1 only. For Case 2, simulations are performed at L, = 4.6 m
and L, = 18.4 m; the intermediate length L, = 9.2 m is omitted due to the computational cost of the
time-domain formulation. The domain parameters are summarised in Table 4.2.

Table 4.2: Summary of the numerical domain parameters.

Parameter Symbol Unit Validation Case1 Case2 Case3
Total domain length Lg m 50 120 105 115
Free fluid domain length Ly m 25 60 105 35
Single damping zone length Ly m 12.5 30 0 40
Damping parameter 140 - 2.5 25 - 2.5
Wavelength A m 3.1 9.26 9.26 9.26

Damping zone coverage Lg/\ - 4.0 3.24 - 4.32
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4.8.3. Mesh Strategy
All three cases use unstructured triangular meshes generated with Gmsh, with second-order (P2) La-
grangian elements and a degree of integration of 4. The meshes differ in refinement strategy per case.

Case 1 uses a selective refinement strategy with a characteristic element size of [, ;s = 0.15 m near the
free surface and beam region. The damping zones, deep region, and far boundaries are significantly
coarsened to reduce the total element count:

* Free surface and beam region: /. ts = 0.15 m
» Damping zones: [. gamp = 1.00 m

* Deep region (z < —5 m): l; deep = 2.00 m
 Bottom and side walls: [ 5y = 2.00 m

Case 2 uses a uniform mesh with a single characteristic element size of [. = 0.25 m throughout the
domain. No selective refinement is applied because the time-domain formulation requires a consistent
resolution throughout the domain to accurately propagate the wave field over time.

Case 3 uses a non-uniform mesh with refinement around the pipe boundary. The characteristic element
size near the pipe scales with the pipe radius, grading out to a coarser mesh away from it:

* Pipe boundary and waterline region: [ pipe = D/5

* Outer domain boundaries: I, tr = 0.80 m

4.8.4. Structural parameters

The structural parameters differ between the beam cases and the pipe case. For Cases 1 and 2, the
relevant parameters are the bending stiffness EI, the mass per unit width m, and the effective beam
thickness h;. Both EI and m are estimated from the geometry and material properties of the Biomatrix
Water Floating Ecosystem [26], since exact manufacturer data are unavailable. The estimate is based
on physical inspection of the structure, as presented in Figure 2.10. For Case 3, the relevant parameters
are the pipe geometry, the material and interior densities, and the rigid body inertia properties.

Beam parameters

The structure measures 3.0 m in length, 1.15 m in width, and 0.20 m in depth. The perimeter of the
structure consists of HDPE pipes that span the mat’s full thickness. Two pipes run along the sides
of the 3.0 m length, and two pipes run along the sides of the 1.15 m width. The interior consists of
a lightweight core that provides buoyancy while keeping the mass low. Coconut coir fibre is bound
around the structure and serves as the planting substrate for vegetation, providing water retention and
root aeration [59].

As the fibre functions primarily as an ecological substrate rather than as part of the structural elements,
its contribution to bending stiffness is neglected. As the structure is modelled as a 1D beam, the two
transverse pipes closing the frame are also excluded. The bending stiffness is thereby governed by
the two longitudinal HDPE pipes.

The pipe diameter equals the thickness of the structure, so the pipe centre lies on the neutral axis of the
cross-section, eliminating the Steiner term in the second moment of area. The total bending stiffness
is therefore: .

Elveam = 2F - Ipipe, Ipipe = G (D* - Dj,) (4.42)

where the factor of two represents the two pipes. The exact wall thickness of the Biomatrix pipe could
not be confirmed from the manufacturer. According to ISO 4427-1 [60], the wall thickness of an HDPE
pipe is defined as t,, = D/SDR, where SDR is the standard dimension ratio. Two standard specifica-
tions are SDR17 and SDR11, giving t,, = 11.8 mm and t,, = 18.2 mm, respectively. SDR11 is adopted,
as it is the more structurally robust option. The corresponding second moments of area are:

Ispri7 = 3.10 x 107> [m?]

4.43
Isprit = 4.34 x 1075 [m?] (4.43)
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The elastic modulus of HDPE depends on both the temperature and the strain rate due to its viscoelastic
nature. Amjadi and Fatemi [61] performed multiple tests at different temperatures and strain rates,
resulting in values ranging from approximately 400 MPa at high temperatures and low strain rates to
approximately 1400 MPa for low temperatures and high strain rates. As the structure lies in the water
at temperatures typically below room temperature, and wave loading causes oscillatory strain rates, a
conservative value of £ = 1000 MPa is adopted, consistent with the lower range of room temperature
values reported by Amjadi and Fatemi [61]. This results in:

Eliota, sor17 = 2E - Ispriz = 62,020  [Nm?]

) (4.44)
Elital, spr11 = 2E - Ispr11 = 86,750  [Nm~]

Since the hydrodynamic model represents the floating ecosystem as a one-dimensional beam, the
bending stiffness needs to be normalised by its width, b = 1.15 m, to obtain the value per unit width.
This gives:

ETiotal, sbr17 = 53,930  [Nm?/m|

9 (4.45)
Eliotal, spr11 = 75,435 [Nm~/m].
The mass per unit width m is derived from a direct weighing of the Biomatrix Water Floating Ecosystem,
without substrate or vegetation. The area of the island is A = 3.0 x 1.15 = 3.45 m?. The measured
mass gives a mass per unit width of:
Mmeas 43 m _ 12.50

~ 2 = — _— 3
1 345 12.50 kg/m Pb = 020 62.5 kg/m (4.46)

Mself =

In use, the island has substrate and vegetation loading. The properties of the substrate layer and
vegetation are uncertain, as their composition is not precisely known and is site-specific. The substrate
and vegetation loading therefore introduces uncertainty in the total mass per unit width. Since the
mass influences the beam response through the Euler—Bernoulli equation, given in Equation (4.14), a
sensitivity sweep is performed, where the lower bound corresponds to the bare measured island and
the upper bound represents a heavily loaded case. The sweep is:

oy € {62.5,100, 200, 300} kg/m? (4.47)

Rigid Pipe Parameters
Case 3 models a rigid HDPE pipe with outer diameter D, which is treated as a sweep parameter. The
sweep is performed over:

D € {0.25,0.30,0.35,0.40,0.45,0.50} m (4.48)

This sweep is evaluated in two variants: an unmoored case (kjeqe = 0) to assess the baseline influ-
ence from geometry alone, and a moored case where kj,.q.. is tuned to maximise the attenuation at w,,.
For the moored diameter sweep, the mooring stiffness for each diameter is set to the value of kpcqve
that minimises K at w,, as identified from the parametric stiffness sweep performed for each diameter
individually.

The same two SDR classes used for the beam bending stiffness are considered, SDR11 and SDR17.
SDR11 with wall thickness ¢,, = D/11 and SDR17 with ¢,, = D/17, giving inner diameter D;,, = D —2t,,.
The pipe floats with a draft of d = 2D /3, so two-thirds of its cross-section is submerged. The pipe centre
depth below the waterline is:

2D D D

w=--m)=-(2-2)=-2 (4.49)

where R = D/2 is the outer radius.

According to ISO 4427-1 [60] the density of HDPE p, = 930 kg/m?. The pipe interior is assumed to be
homogeneous and estimated with p;,, = %pw + %pm. The mass per unit length is:

m= ppﬂ'(RQ - R12n) + plnT(R?n (450)
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where R;, is the inner radius, p, the density of the HDPE pipe.
The rotational inertia per unit length about the pipe centre z. is:

I, = g [pp (R* = R},,) + pinR?n] (4.51)
The mooring system of the floating pipe provides restoring forces in heave and pitch. The mooring stiff-
ness in heave, kx.q..e, depends on the mooring line pretension, the rope angle, and the characteristics
of the elongation under load of the elastic elements. As these values vary with site characteristics, a
parametric sweep over kpeqve € [1073,102] x Ky, 11 is performed. To identify the optimal stiffness with
higher precision, a refined sweep is performed over a narrow range around the coarse optimum for
each diameter individually. This assesses the sensitivity of the wave attenuation to the mooring stiff-
ness, where K, 11 is the hydrostatic heave stiffness given by Equation (4.37). Pitch mooring stiffness
is set to zero to simplify the problem. Although the damping matrix C'is set to zero, radiation damping is
implicitly accounted for through the fluid-structure coupling terms. Mooring is not considered in Cases
1 and 2 because the structure is a continuous elastic beam that deforms but does not translate or rotate
as a rigid body. Since mooring restrains rigid-body motion, it is neglected in the beam cases.

Summary
The structural parameters are summarised in Table 4.3.

Table 4.3: Summary of the structural parameters of the Cases.

Parameter Symbol Unit Value
Case1&2

Beam thickness hy m 0.2
Mass per unit width (bare) m kg/m? 12.50
Effective beam density (bare) b kg/m? 62.5
Effective beam density sweep Pb kg/m3 {62.5-300}
Bending stiffness SDR17 EI Nm?/m 53,930
Bending stiffness SDR11 EI Nm?/m 75,435
Case 3

HDPE density Pp kg/m? 930
Inner density Din kg/m? 667
Outer diameter D m {0.25-0.50}
Wall thickness SDR17 tw m D/17
Wall thickness SDR11 tw m D/11
Draft d m 2D/3
Mooring stiffness heave kheave N/m/m empirical, per diameter
Mooring stiffness pitch kpitch Nm/rad/m 0
Mooring damping C - 0

4.8.5. Porosity and Root Zone

The parameters corresponding to the root zone depend on the planted vegetation. As native aquatic
vegetation is used, the choice of vegetation is site-specific. This means no general geometry or density
is available. The geometry of the porous subdomain €2, is defined by the island dimensions and root
length, and the resistance parameter «,, is established from the literature and treated as a sensitivity
parameter.

The horizontal extent of the root zone equals the length of the simulated floating ecosystem, assuming
root growth along its full length. The vertical extent d,. represents the depth to which the roots extend
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into the water and also depends on the type of vegetation. The experimental study of Stefani et al. [62]
measured root growth in several plants that grow in floating ecosystems native to northern Italy and
the Netherlands. Plants used are, for example, Phragmites australis and Typha latifolia, also known as
common reed and bulrush. The results showed that the roots extended 75-115 cm at a mature stage
of the floating ecosystem. The base case of d,. = 0.75 m is adopted as a conservative representative
of the fully grown root zone.

The porous resistance term p,,au in Equation (4.20) represents the linearised drag force induced by
the root zone on the fluid. Keeping only the linear Darcy term and neglecting the quadratic Forch-
heimer term is needed to keep consistent with the small-amplitude assumption and ensures that the
transmission and reflection coefficients remain independent of the wave amplitude.

Since an accurate «;, cannot be established without site-specific experimental data, a physically moti-
vated range has to be derived. The drag force applied by the root zone on the fluid is modelled using
the Morison equation, which describes the hydrodynamic force on a cylindrical body in oscillatory flow
[63]. Although the roots are flexible rather than rigid, the Morison framework remains applicable be-
cause the bulk drag coefficient C; accounts for plant motion, stem interactions, and other unresolved
processes [64]. The root zone geometry, consisting of flexible elements hanging under the floating
ecosystem, is comparable to the suspended canopy studied by Zhu et al. [65]. Their results show that
the energy dissipation is largest when the canopy is placed near the water surface, which supports the
shallow root zone depth adopted here. Following Dalrymple et al. [63] and [64], individual roots are
approximated as cylindrical elements, and the drag per unit volume of the root zone is expressed as:

1
F, = §prdbvN|u|u (4.52)

where Cy is the depth-averaged bulk drag coefficient, b, is the root diameter, N is the root density in
stems per m?, and u is the horizontal fluid velocity. For vertically oriented cylindrical elements, only the
horizontal component of the velocity contributes to the drag force, since the drag acts perpendicular to
the cylinder axis.

To maintain consistency with the linear domain of the governing equations, the non-linear term |u|u is
linearised by replacing the |u| term with a representative velocity amplitude , evaluated at the mid-
depth of the root zone, z = —dr/2 = —0.375 m below the surface, under the Willemspolder design
conditions. The porous resistance term in Equation (4.20) acts on the full velocity vector, but due to the
cylindrical argument above it is reduced to the horizontal component. Equating with Equation (4.52),
yields:

1
ay = 5Cab,Ni. (4.53)

As «, is treated as a sensitivity parameter, the ranges are established as follows. Under deep water
approximation, the horizontal velocity amplitude follows from the linear wave theory and is shown in
Equation (4.54) [29]. Evaluating at the root zone mid-depth with the values provided in Table 4.1 gives:

i = wymno e Frdr/2 2 0.50 m/s. (4.54)

To characterise the flow regime around the root elements and, with that, establish an appropriate range
for C,4, the Reynolds number and the Keulegan-Carpenter number are evaluated. The Reynolds num-
ber describes the ratio of inertial and viscous forces in fluid flow, and the Keulegan-Carpenter number
characterises the relative importance of the drag forces over inertia forces for a body in an oscillatory
fluid flow [64]. These are calculated with Equations (4.55) and (4.56).

Wb,

Re — (4.55)
14
KC — “pr (4.56)

Root diameters for aquatic plants such as Phragmites australis and Typha latifolia are not directly
reported in the available literature for floating ecosystem configurations. A range of b, = 0.001 — 0.005
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m is assumed and is part of the uncertainty absorbed in the o, sensitivity sweep. For root diameters
in the range of 0.001 — 0.005 m:
Re =~ 500 — 2500

KC =~ 250 — 1200
where v = 107% m? /s is the kinematic viscosity of water.

The large K C values indicate that the drag forces dominate over the inertia. For smooth cylinders in
the subcritical Reynolds number regime, 500 — 2500, the drag coefficient ranges from C; =~ 1.0—1.2, as
read from the C; — Re curve for a smooth cylinder [66]. As root flexibility reduces the effective drag, a
conservative range of C; = 0.5—1.2 is adopted, with the lower bound accounting for the flexibility and is
based on the research of Zhu et al. [65], who report bulk drag coefficients of 0.15—-0.55 for suspended
flexible canopies. The root density NV represents the number of root elements per unit of horizontal
area. No direct measurements of IV were found in the literature for aquatic plants in floating ecosystem
configurations. Thus, a large range of N = 100 — 3500 stems/m? is adopted, where the upper bound
accounts for potentially dense and mature root zones. For reference, Abdolali et al. [64] report a density
range N = 200 — 400 stems/m? for submerged salt marsh vegetation, which is likely less dense than a
mature root zone. Combining these bounds via Equation (4.53) yields:

0.0125 < a, <5871 (4.57)
Thus, a sensitivity sweep is performed over:

a, € {0.01, 0.1, 0.5, 1.0, 2.5, 5.0} s~* (4.58)

4.9. Structural Response

The structural response is extracted from the FEM solution and scaled to the physical wave amplitudes.
Under linear wave theory, all response quantities scale linearly with the incident wave amplitude 7y as
discussed in Section 4.8.1. The physical response is thereby recovered by the scaling factor 7 /70,
where 19 s = H,/2 is the significant incident wave amplitude.

For Cases 1 and 2, the relevant structural response quantities are beam deflection and bending moment.
The deflection amplitude is obtained from the FEM solution as |r,|, which is then multiplied by the
scaling factor to obtain the physical deflection. The bending moment per unit width is computed as:

M = EI -1, (4.59)

where 1, is the second derivative of the beam deflection along the beam axis, extracted from the FEM
solution.

For Case 3, the structural response is characterised by the response amplitude operators (RAO) for
heave and pitch, defined as:

RAOheave = @7 RAOpitch = @ (460)

o kno

where &; and &, are the complex heave and pitch amplitudes extracted from the rigid-body solution.
The physical heave and pitch responses can be obtained by multiplying the RAO with 7, ;. The RAO
describes the structural response amplitude per unit wave amplitude, and characterises how strongly
the structure responds to a wave of given amplitude at each frequency.

4.9.1. Load Reduction
The reduction in wave-induced loads on the FPV can be quantified by the transmission coefficient K.
For a harmonic load F'(t) = |F| cos(wt), the time averaged energy is:

E « |F|*. (4.61)
Since |F| x 1, it follows that E « 72. Behind the barrier ny — Kr 19, SO:

Er «< K2n2 = K2Ej (4.62)
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The fractional reduction in wave-induced load energy is therefore:
AEp =1- K2 (4.63)

where AFE}, = 0 corresponds to no reduction in wave-induced load energy, while AE;, = 1 corresponds
to complete attenuation of the wave-induced loads.

4.10. Post-processing and Wave Decomposition

The wave transmission and reflection coefficients K+ and Kg, introduced in Section 2.4, are extracted
from the free surface elevation field after solving each case. The extraction method differs between the
frequency-domain cases (Cases 1 and 3) and the time-domain case (Case 2).

For Cases 1 and 3, K1 and K are extracted directly from the complex free surface elevation «. Three
probe locations are placed upstream and three downstream of the structure, outside the damping zones.
Since the wavenumber & is known from the dispersion relation, the incident, reflected, and transmit-
ted amplitudes are separated at each probe set by decomposing the free surface into forward- and
backwards-propagating components. The energy error is defined as:

PErr = (1 - K7 — K) x 100%, (4.64)

and quantifies the deviation from energy conservation. For Cases 1 and 3, |PErr| < 1% across the full
frequency sweep.

For Case 2, the solution is obtained in the time domain with a time step of At = 7'/40 and a simulation
duration of teng = 177. The pressure field is initialised to the hydrostatic profile py = g(H — z) at
t = 0 to reduce initial transients. Due to the absence of fully effective outlet damping, the usable
analysis window is restricted to [127", 177"]. Within this window, the incident wave amplitude measured at
upstream probes is approximately 0.62 ny, reduced by the relaxation-based damping method. Reliable
quantitative extraction of K and Ky, is therefore not possible. Wave attenuation is assessed through
signed snapshots of the free surface profile « /1, and beam deflection profile 1/no att = 177

4.11. Validation and Limitations

This section presents the validation of the cases in Sections 4.11.1 and 4.11.2 and the limitations of the
cases in Section 4.11.3.

4.11.1. Validation of Cases

The formulation is validated against the benchmark of Khabakhpasheva and Korobkin [57], following
the approach of Colomés et al. [46]. The benchmark considers a floating elastic beam of L = 12.5 m
in a fluid domain of depth H = 1.1 m, with a rigid connection between two beam segments of rigidities
D1 = 47,100 Nm and Dy = 471 Nm. The wavelength-to-beam ratio is a = 0.249.

Figure 4.7 shows the normalised beam displacement ||/, along the beam length /L, compared
against the benchmark data of Khabakhpasheva and Korobkin [57] and the numerical results of Riyan-
syah et al. [67]. The figure shows that the model for Case 1 correctly implements the monolithic FEM
formulation proposed by Colomés et al. [46].

The validation is performed for Case 1, which shares the fluid-structure coupling formulation with Case 3.
The rigid-body structural model of Case 3 is a simplification of the elastic beam formulation, and the
formulation for the fluid domain is identical to Case 1.
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Figure 4.7: Normalised beam displacement |n|/no along the beam length =/ L for the Khabakhpasheva and Korobkin [57]
benchmark, rigid connection (¢ = 625). The present model (solid blue) is compared against the benchmark data (orange dots)
and the results of Riyansyah et al. [67] (green dashed).

The time-domain velocity—pressure formulation of Case 2 is validated against the same benchmark of
Khabakhpasheva and Korobkin [57], using the same parameters listed above with «, = 0, reducing
the formulation to the same fluid-structure interaction problem as for Case 1. The key difference is that
Case 2 uses a velocity—pressure formulation in the time domain, whereas Case 1 uses a potential flow
formulation in the frequency domain. Since the relaxation-based damping zone method does not fully
absorb the reflections, a large domain of Lo = 150 m is used to delay the arrival of reflected wave
energy at the beam and ensure a steady state can be formed. The simulation is run for t.,q = 807,
and snapshots are extracted in a clean window before outlet reflections contaminate the solution.

Figure 4.8 shows the normalised beam deflection envelope |n|/n, along the beam length, formed by
five snapshots within one period. The envelope closely reproduces the shape and amplitude of the
benchmark data in Khabakhpasheva and Korobkin [57]. The amplitude is slightly underestimated, but
follows the correct number of bending nodes and is in good agreement across the interior. The valida-
tion confirms that the time-domain velocity—pressure formulation correctly reproduces the hydroelastic
response of a floating elastic beam.
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0.75
t=47.0T
- t=47.2T
= ——— t=474T
t=47.6T
= 030 t=47.8T
L ] Khabakhpasheva et al.
— — = Riyansyah et al.
0.25
0.00 | 1 .
0.00 0.25 0.50 0.75 1.00
x/ Ly,

Figure 4.8: Normalised beam deflection envelope |n|/no along the beam length «/L;, for the Khabakhpasheva and Korobkin
[57] benchmark, «;, = 0. Five snapshots spaced by T'/5 within one period are overlaid. The present model (blue lines) is
compared against the benchmark data of Khabakhpasheva and Korobkin [57] (black dots) and the numerical results of
Riyansyah et al. [67] (red dashed).
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4.11.2. Nitsche Parameter Validation

The velocity—pressure formulation of Case 2 enforces fluid-structure coupling through a Nitsche-type
penalty method. This condition requires that the fluid’s normal velocity equals the beam velocity at
the interface. The interface residual, or kinematic error, is defined in Equation (4.28). Under strong
enforcement, J would be exactly zero, but under weak enforcement, a small residual would remain.
The L? norm of J measures the root-mean-square mismatch integrated over the boundary I'sy,, where
a small value confirms that the fluid normal velocity uy, - ngtr matches the beam velocity (;, pointwise
along the interface. A well-chosen parameter ensures that J ~ 0 at steady state, while an insufficient
value leads to model inconsistency.

The validation is performed by running a Case 2 simulation of 15T at w,,, with oy, = 0. The normalised
L? residual is monitored over time; the penalty parameter is set to 4o = 10, corresponding to vy = vo/h
where h is the element size. A threshold value of 10~2 is adopted as a practical criterion: a normalised
residual below this value indicates that the kinematic error is less than 1

Figure 4.9 shows the evolution of the normalised residual over time. During the transient phase, the
residual grows as the wave field builds up in the domain. Steady state is reached from approximately
8T, after which the residual oscillates around a constant level. The mean normalised residual between
12T and 15T is 6.3 x 10~3, with a maximum of 8.6 x 103, both below the target threshold of 10=2. The
kinematic constraint is therefore satisfied for v, = 10.

— o= 10.0
target < 0.01
acceptable < 0.05

Nitsche residual ||.J|| /(wn )

t/T

Figure 4.9: Normalised Nitsche kinematic residual over time for Case 2 with 9 = 10.0 and «;, = 0. The residual reaches a
steady-state level below the target threshold of 102 (dashed line) after approximately t = 87.

411.3. Limitations

The three cases are formulated under linear wave theory, assuming small-amplitude waves and ir-
rotational, inviscid flow. The model is formulated in two dimensions, representing a cross-section
of the barrier under normally incident waves. Three-dimensional effects, including wave diffraction
around barrier ends, oblique wave incidence, and the finite length of the barrier, are not captured.
Nonlinear effects such as wave breaking, viscous boundary layers, and higher-order free-surface de-
formations are also not captured. At the reference amplitude 7, = 0.01 m the nonlinear parameter
kpymo = 6.79 x 1072 < 1, confirming the assumption is well satisfied. At the significant wave ampli-
tude 79 s = 0.249m, k,n9s = 0.169, which remains within the range where linear theory provides a
reasonable first-order approximation.

Cases 1 and 3 are solved in the frequency domain, assuming steady-state harmonic conditions at a
single frequency. Transient effects are not resolved.

For Case 2, the relaxation-based damping zone does not fully absorb outlet reflections, which contam-
inate the solution over time. The usable analysis window is restricted to [127, 17T]. Furthermore, the
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relaxation method reduces the incident wave amplitude to approximately 0.62 7, as discussed in Sec-
tion 4.7. Together, these effects prevent reliable quantitative extraction of K1 and Kg, which could in
principle be achieved by using a sufficiently long domain to delay the arrival of reflected wave energy,
as demonstrated in the validation in Section 4.11. However, this is computationally expensive for a full
parametric frequency sweep. The results for Case 2 are therefore presented qualitatively, and the load
reduction AE}, is not reported for this case.

For Case 3, the mooring damping is set to zero (C = 0), meaning the only energy dissipation at res-
onance is wave radiation. For a pipe small relative to the wavelength, radiation damping is small,
resulting in unphysically large heave amplitudes at resonance. In practice, mooring damping and vis-
cous effects would limit the motion to physically realistic values. This is consistent with experimental
floating breakwater studies: Isaacson et al. [41] report that potential-flow models tend to over-predict
the response near resonance, and Rossell et al. [42] find that cable-moored cylindrical breakwaters
remain vulnerable to the effects of true resonance. The transmission coefficient at w, should therefore
be interpreted as an upper bound on performance for an undamped resonant system rather than a re-
alisable design target. Furthermore, the mooring is simplified to a linear heave stiffness only, with pitch
mooring stiffness set to zero. The optimal stiffness is identified empirically from a parametric sweep
rather than from a physical mooring design. The influence of mooring geometry, line pretension, and
elastic properties on the heave and pitch response is therefore not captured.

4.12. Chapter Summary

This chapter has presented the fluid-structure interaction model used to simulate wave attenuation by
the three wave barrier representations. The monolithic FEM formulation, implemented in Julia/Gridap,
provides a consistent framework for Cases 1, 2, and 3, covering potential flow in the frequency domain
for Cases 1 and 3 and a velocity—pressure formulation in the time domain for Case 2. The model
inputs for the Willemspolder site have been established, the formulation has been validated against the
benchmark of Khabakhpasheva and Korobkin [57], and the key limitations have been identified. With
the modelling framework in place, Chapter 5 presents the results of the three cases and addresses SQ1:
the effect of different wave barrier representations on wave transmission, dissipation, and reflection,
and the structural response component of SQ2. The resulting reduction in wave-induced loads on an
adjacent FPV system is then derived in Chapter 6, completing SQ2.



Results of Hydrodynamic Model

This chapter represents the results of the hydrodynamic model described in Chapter 4 and addresses
SQ1 and the structural response component of SQ2. The resulting reduction in wave-induced loads
is developed further in Chapter 6. The three cases are evaluated under the Willemspolder site condi-
tions summarised in Table 4.1, with the frequency sweep covering 0.5w, < w < 2w,. For Cases 1 and
3, the transmission coefficient K7, the reflection coefficient Kz, and energy error PErr are reported.
For Case 2, reliable extraction of K1 and Kg is not possible due to outlet boundary reflections; there-
fore, results are presented as free-surface and beam-deflection profiles. Where relevant, the heave
response amplitude operator (RAO) is also reported.

The results are discussed per case in Sections 5.1 to 5.3, followed by a comparison of the cases in
Section 5.4.

5.1. Case 1: Thin Elastic Beam

Case 1 represents the bare floating ecosystem as a thin elastic beam in the frequency domain, as
described in Section 4.5. The results are presented for the unmoored configuration across three pa-
rameter sweeps: bending stiffness, beam density, and beam length. The influence of mooring on the
wave attenuation performance of Case 1 is discussed in Section 5.4.

5.1.1. Flow Field at Peak Frequency

Figure 5.1 shows the free surface elevation 7, and velocity potential ¢;, at w = w, = 2.581 rad/s
for the base case L, = 4.6 m, SDR17, p, = 62.5 kg/m?, as derived in Section 4.8.4. The real part,
imaginary part, and absolute values are shown. In the absolute value panel, the upstream standing
wave pattern is visible, resulting from partial wave reflection by the beam. Downstream of the beam,
the transmitted wave amplitude is constant, showing a clean transmitted wave with no reflection from
the outer boundary. The velocity potential decays with depth throughout the domain, consistent with
the linear wave theory discussed in Section 2.3.2.

40
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Figure 5.1: Free surface elevation (left), beam elevation (middle) and velocity potential ¢;, (right) at w = w, = 2.581 rad/s,
Ly = 4.6 m, SDR17, p, = 62.5 kg/m3. The beam lies at the centre of the domain and is shaded in black. The vertical direction
of the elevation is scaled by a factor of 150 for visibility. The visualised region spans z = 30 m to z = 90 m (60 m) within the
total computational domain, with a water depth of 5m.

5.1.2. Wave Amplitude at Peak Frequency

Figure 5.2 shows the normalised wave amplitude |«|/n, along the free surface at w,, together with the
incident component |x;, | /70, reflected component |x,.| /19, and beam displacement || /1o, for L, = 4.6
m and L, = 18.4 m. For the short beam, the small upstream amplitude oscillations confirm a small
reflection of the wave by the beam. The downstream amplitude remains uniform at || /7o = 1, indicating
negligible attenuation. The long beam shows stronger oscillations, although the differences between
the beams are small. The short beam (L, = 4.6 m) yields K7 = 0.992 and K = 0.129 at w,, while
the long beam (L, = 18.4 m) yields K = 0.983 and Kr = 0.180, confirming that neither configuration
provides meaningful wave attenuation at the peak frequency.

For L, = 4.6 m, the beam displacement profile is nearly linear, indicating almost rigid behaviour with
negligible elastic deformation. For L, = 18.4 m, the deflection profile shows multiple nodes, consistent
with elastic bending of the beam under wave loading.
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Figure 5.2: Normalised wave amplitude along the free surface at w, = 2.581 rad/s, SDR17, p, = 62.5 kg/m3. Shown are the
total amplitude |x|/no, the incident component |k, |/n0, the reflected component || /70, and the beam displacement |n|/no.
The shaded region indicates the beam.

5.1.3. Bending Stiffness Sweep

Figure 5.3 shows K, K, and PErr as a function of w for the bending stiffness sweep, performed on
the L, = 18.4 m mesh. Two distinct local Kz minima and K+ maxima are visible for both SDR classes,
corresponding to their wet natural frequencies. The stiffer SDR11 specification shifts the minima and
maxima to higher frequencies compared to SDR17, consistent with the higher natural frequencies of a
stiffer beam. At w,, SDR17 gives Kr = 0.983 and Kr = 0.180, while SDR11 gives Ky = 0.997 and
Kpr = 0.060. The higher transmission of SDR11 at w, is consistent with the wet natural frequency of
the beam lying closer to w,, where K1 reaches a local maximum. The larger PErr at low frequencies
is consistent with the longer wavelengths approaching the damping-zone length limit, thereby reducing

the effectiveness of wave absorption.
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Figure 5.3: Reflection coefficient K (left), transmission coefficient K1 (centre), and energy error PErr (right) as a function of
w for the bending stiffness sweep on the L, = 18.4 m mesh. SDR17 (EI = 53,930 Nm?/m) and SDR11 (EI = 75,435
Nm?/m) are shown. The vertical dashed line indicates w, = 2.581 rad/s.

5.1.4. Beam Density Sweep
Figure 5.4 shows K, Kg, and PErr as a function of w for the beam density sweep, performed on the

Ly, = 18.4 m mesh. The four curves are closely spaced, with the heavier beams shifted slightly towards
lower frequencies, consistent with the lower natural frequencies of higher-mass beams. At w,, Kr
ranges from 0.983 for the bare island (p, = 62.5 kg/m?) to 0.971 for the heavily loaded case (p, = 300
kg/m?), a difference of 0.012. This confirms that substrate and vegetation loading have a negligible
influence on wave attenuation performance.
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Figure 5.4: Reflection coefficient K (left), transmission coefficient K (centre), and energy error PErr (right) as a function of
w for the beam density sweep on the L;, = 18.4 m mesh. The base case p, = 62.5 kg/m? is highlighted. The vertical dashed
line indicates w, = 2.581 rad/s.

5.1.5. Beam Length Sweep

Figure 5.5 shows K1, K, and PErr as a function of w for the beam length sweep. At w,, the base case
L, = 4.6 m gives K = 0.992 and K = 0.129, the intermediate case L, = 9.2 m gives K = 0.972
and Kr = 0.238, and the longest case L, = 18.4 m gives K = 0.983 and Krp = 0.180. All three
lengths give K+ > 0.97 at w),, confirming negligible attenuation at the peak frequency regardless of
length. All beams show stronger attenuation at higher frequencies, the number of local Kz minima
increasing with L;. This reflects the transition from the rigid-body behaviour of the shorter beam to the
elastic behaviour of the longer beam.
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Figure 5.5: Reflection coefficient K (left), transmission coefficient K (centre), and energy error PErr (right) as a function of
w for the beam length sweep. L;, € {4.6,9.2,18.4} m, corresponding to L, /), € {0.50,0.99,1.99}. The base case L;, = 4.6
m is highlighted. The vertical dashed line indicates w, = 2.581 rad/s.

The bending moment envelope along the beam at w = w, is shown in Figure 5.6. For L, = 46m,
the distribution is smooth and single-peaked, consistent with rigid-like behaviour in which the beam
deflects as a whole without internal nodes. For L, = 92m, the peak magnitude increases and the
distribution broadens, indicating the beginning of flexible behaviour. For L, = 18 4m, two distinct peaks
are visible at «:/L;, ~ 0.35 and =/ L; ~ 0.70, reflecting the multi-node bending shape of the fully flexible
regime. Peak magnitudes increase with beam length, consistent with the larger curvatures of longer,
more flexible beams. For all lengths, the free-end boundary conditions are satisfied, with |M| — 0 at
both endpoints.
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Figure 5.6: Bending moment envelope | M| along the beam at w = wy,, scaled to the significant wave amplitude
no,s = 0.249m, for L, = 4.6m, 9.2m, and 18.4m.

Table 5.1 summarises K1, K, and the load reduction AE;, at w, across all three sweeps. The load
reduction remains below 6% for all configurations, confirming that the thin elastic beam provides negli-
gible wave attenuation at the peak frequency regardless of structural parameters. Although attenuation
improves at higher frequencies, these conditions carry less spectral energy under the Willemspolder
JONSWAP spectrum and contribute less to the annual wave-induced loading than conditions near w,.

Table 5.1: Summary of wave attenuation performance at w, = 2.581 rad/s for all Case 1 parameter sweeps.

Sweep Configuration Kr[] Kgrl[]l AELI[]
Base case L, = 4.6 m, SDR17, p, = 62.5 kg/m?

0.992 0.129 0.016

Elsweep L, =18.4m, p, = 62.5 kg/m?

SDR17 0.983 0.180 0.034

SDR11 0.997 0.060 0.006
Py Sweep L, = 18.4 m, SDR17

pp = 62.5 kg/m3 0.983 0.180 0.034

oy = 100 kg/m? 0.981 0.188 0.038

pp = 200 kg/m? 0.977 0209 0.046

pp = 300 kg/m? 0971 0232 0.057
L, sweep  SDR17, p, = 62.5 kg/m?

Ly=4.6m 0.992 0.129 0.016

Ly=92m 0972 0.238 0.055

Ly =184m 0.983 0.180 0.034

5.2. Case 2: Thin Elastic Beam with Submerged Root System

Case 2 extends Case 1 by adding a submerged porous root zone, as described in Section 4.6.1, in-
troducing dissipation as an additional attenuation mechanism. The results are obtained using a time-
domain formulation and presented for a sweep of porous resistance values «,, at two beam lengths.
Due to the absence of a fully effective damping zone, reflected waves from the inlet and outlet bounda-
ries contaminate the solution over time. As a result, quantitative extraction of K and Ky is unreliable,
and the results are presented qualitatively. As with Case 1, the beam is unmoored; the influence of
mooring is discussed in Section 5.4.
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5.2.1. Flow Field

Figure 5.7 shows the velocity and pressure fields at t = 36.27 s for a, = 1.0 s7! and L, = 18.4 m, illus-
trating the two-dimensional flow structure and the attenuation of wave energy downstream of the root
zone. The free surface elevation k;, shown in the figure is visibly irregular rather than a clean sinusoid.
This irregularity is already present at early simulation times, before reflected waves from the domain
boundaries can have reached the beam, suggesting a cause unrelated to the outlet-reflection contam-
ination discussed above. The exact source has not been identified and is left for future investigation.
The wave field is further assessed through snapshots of the free surface profile x/ny att = 177, and
the beam response through the spatial deflection profile /7o at the same instant.
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Figure 5.7: Velocity magnitude |uy,| (top) and pressure p;, (bottom) at t = 36.27 s for a, = 1.0 571, L;, = 18.4 m. The free
surface elevation «j; and beam deflection n;, are shown as the coloured lines at the surface. The beam lies at the centre of the
domain and is shaded in black. Wave attenuation downstream of the root zone is clearly visible in both fields. The vertical
direction is scaled by a factor of 150 for visibility. The visualised region spans z = 10.5m to x = 94.5 m (84 m) within the total
computational domain, with a water depth of 5m.

5.2.2. Porous Resistance Sweep

Figures 5.8 and 5.9 show the free surface amplitude x/n, att = 177 for o, € {0.00, 0.01, 0.1, 0.5, 1.0,
2.5, 5.0} s71, for L, = 4.6 m and L; = 18.4 m, respectively. Upstream of the structure, the amplitude
reaches approximately 7, for all o, values, consistent with the prescribed incident wave amplitude.

Downstream of the structure, the wave amplitude decreases with increasing «,. For a;, = 0.01 s71,
the downstream amplitude is nearly indistinguishable from the «, = 0 case, confirming that a very
sparse root zone has negligible effect on wave transmission. For o, = 0.5 s71, a visible reduction in
downstream amplitude is observed. For the highest resistance value o, = 5.0 571, the downstream am-
plitude is near zero across both beam lengths, indicating near-complete dissipation of the transmitted
wave energy by the root zone.
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Figure 5.8: Normalised free surface amplitude |«|/no and beam deflection |n|/no (dashed) at ¢t = 17T for
ap € {0.00,0.01,0.1,0.5,1.0,2.5,5.0} s~1, L;, = 4.6 m. Vertical dotted lines indicate the beam edges xp,0 and xp 1. The

dashed horizontal line indicates 7.

Free surface and beam profiles at ¢ = 177" — L, = 18.4 m
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Figure 5.9: Normalised free surface amplitude |«|/no at ¢t = 17T for o, € {0.00, 0.01, 0.1, 0.5, 1.0, 2.5, 5.0} s~1, L;, = 18.4
m. Vertical dotted lines indicate the beam edges x; o and x;, 1. The dashed horizontal line indicates 7.

Figure 5.10 shows the beam deflection profile n/ny at ¢t = 17T for all «,, values and both beam lengths.
For L, = 4.6 m, the deflection profile is nearly linear, indicating the same rigid behaviour as in Case 1.

The deflection amplitude at the upstream edge is approximately —1.25 1, for a;, = 0 and decreases to
approximately —0.65 7 for o, = 5.0 s71. For L, = 18.4 m, clear elastic behaviour is visible, consistent

with the Case 1 response. The deflection amplitude decreases strongly with «,. For a;, = 5.0 s7! the
profile is nearly flat, indicating near-complete attenuation of the incoming wave amplitude. The bending
moment distributions for Case 2 follow the same spatial patterns as Case 1, shown in Figure 5.6, but
with reduced peak magnitudes, consistent with the lower deflection amplitudes due to wave energy

dissipation in the porous root zone.
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Figure 5.10: Beam deflection profile n/no at t = 17T for o, € {0.00,0.01,0.1,0.5,1.0,2.5,5.0} s~1. (a) L;, = 4.6 m and (b)
Ly =18.4 m.

The results confirm that the porous root zone is the primary mechanism for wave attenuation in Case 2.
A visible reduction in transmitted wave amplitude is already observed at o, = 0.5 s, and a realistic
range for a mature root zone, corresponding to moderate values of Cy, b,, and N as derived in Sec-
tion 4.8.5, is estimated at o, ~ 1-2 s~*. The floating ecosystem, in its mature configuration, therefore
has significantly greater wave-attenuation potential than the bare mat in Case 1.

5.3. Case 3: Thin-walled Rigid Pipe

Case 3 represents a rigid hollow HDPE pipe in the frequency domain, as described in Section 4.6.2,
free to respond to heave and pitch. The present analysis focuses on the heave response, considering
two configurations: unmoored (kjc.. = 0) and moored with an empirically optimised stiffness. The
diameter is treated as a sweep parameter over D € {0.25 — 0.50} m. At w,, the unmoored pipe is
small relative to the peak wavelength (D/\, < 0.054), and the wave field is largely undisturbed by the
pipe cross-section. With optimal mooring stiffness, the system resonates at w,, and the resulting pipe
motion radiates a wave field that interferes with the transmitted wave.

5.3.1. Flow Field at Peak Frequency

Figure 5.11 shows the free surface elevation 7, and velocity potential ¢, at w = w, = 2.581 rad/s
for the base case D = 0.45 m, unmoored (kpeqve = 0). The real part, imaginary part, and absolute
value are shown. In the absolute value panel, the incident wave amplitude is uniform upstream of the
pipe, consistent with the near-zero reflection of the unmoored case. Downstream, the transmitted wave
amplitude is largely unchanged, confirming the negligible attenuation reported below.
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Figure 5.11: Surface elevation 7, (left) and velocity potential ¢;, (right) at w = w, = 2.581 rad/s, base case D = 0.45 m,
unmoored (kpeqve = 0). The pipe cross-section is indicated in black at rest and in gray at its heave-displaced position, scaled
by the same factor of 150 as the elevation. The vertical direction of the elevation is scaled by a factor of 150 for visibility. The

visualised region spans z = 40 m to z = 75 m (35 m) within the total computational domain, with a water depth of 5 m.

5.3.2. Wave Amplitude at Peak Frequency

Figure 5.12 shows the normalised wave amplitude ||/no along the free surface at w,, together with
the decomposed incident component |x;,,|/70 and reflected component |x,.| /7. As in Figure 5.11, this
is the unmoored base case D = 0.45 m. The small upstream oscillation of the envelope confirms a
weak reflected wave. Downstream of the pipe, the amplitude is uniform, indicating a clean transmitted
wave. The pipe waterline gap is indicated by the shaded region. The marked heave response at w,,
|€1]/m0 = 0.82, is smaller than the incident wave amplitude, consistent with the pipe being too small
relative to the peak wavelength to scatter the wave significantly. The unmoored base case yields
Kr =0.99 and Kr = 0.15, confirming low attenuation of the unmoored pipe.
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Figure 5.12: Normalised wave amplitude along the free surface at w, = 2.581 rad/s, base case D = 0.45 m, unmoored
(kheave = 0). Shown are the total amplitude |x|/no, the incident component |k, |/n0, and the reflected component || /no.
The shaded region indicates the pipe waterline gap. The red marker at the pipe centre indicates the heave response,
|€1]/m0 = 0.82. The horizontal axis is normalised by the total domain length Lg,.

5.3.3. Unmoored Baseline

Figure 5.13 shows K, Kgr, and the heave response amplitude operator (RAO) as a function of w
for the unmoored diameter sweep. At w,, all diameters give a low K and high Kr, confirming the
negligible attenuation reported in Figure 5.12. The summary of the values is reported in Table 5.2.
Both coefficients show a strong frequency dependence: Kr decreases, and K increases with w,
consistent with the increasing ratio D/ at shorter wavelengths. At w, the ratio D/\, < 0.054 for all
diameters, confirming that the pipe is small relative to the peak wavelength.

The heave RAO shows a broad peak near w ~ 1.5 rad/s for all diameters, identifying the wet natural
frequency w,, ~ 1.51-1.56 rad/s. Above w,, the RAO decreases with increasing frequency. The larger
diameters show lower K values throughout the sweep, consistent with a larger cross-section relative
to the wavelength.
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Figure 5.13: Reflection coefficient K (left), transmission coefficient K1 (centre), and heave RAO (right) as a function of w for
the unmoored diameter sweep, D € {0.25, 0.30, 0.35, 0.40, 0.45, 0.50} m. The base case D = 0.45 m is highlighted. The
vertical dashed line indicates w;, = 2.581 rad/s.
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Table 5.2: Case 3 unmoored diameter sweep results at w, = 2.581 rad/s.

Dm] Kr[] Kgrl]l AEL[%]
0.25 0.9996 0.0409  0.08
0.30 0.9988 0.0637  0.23
0.35 0.9973 0.0906  0.53
0.40 09946 0.1210  1.07
0.45 0.9906 0.1548  1.87
0.50 0.9849 0.1914  3.00

5.3.4. Mooring Stiffness Sweep

Figure 5.14 shows K and Kp at w, as a function of kpeque/Krs,11 for all diameters. The optimal
mooring stiffness is identified empirically by evaluating K+ at w, for 50 log-spaced stiffness values
OVer kpeave € [1073, 10%] - K511, and selecting the value that minimises K. This approach is chosen
because placing the resonance frequency exactly at w, would require running the full frequency sweep
for each stiffness value, which is computationally expensive. The analytical alternative, which uses the
effective mass extracted from the unmoored RAO to compute the required stiffness directly, is unreliable
because the added mass varies with frequency.

Mooring stiffness sweep, w = 2.581 rad/s
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Figure 5.14: Transmission coefficient K1 (dashed) and reflection coefficient K (solid) at w,, as a function of normalised
mooring stiffness kpcqve/Kns,11, for all diameters D € {0.25, 0.30, 0.35, 0.40, 0.45, 0.50} m. The optimal stiffness
kheave/Kns,11 = 1.151 is identical for all diameters.

To identify the optimal stiffness per diameter with higher precision, a refined sweep based on the out-
comes of Figure 5.14 is performed over kjcqve/Kns11 € [0.9,1.3] at 50 linearly spaced points. Fig-
ure 5.15 shows the resulting K curves and Table 5.3 lists the optimal stiffness ratio and correspond-
ing K1 min per diameter. The optimal ratio increases with D, from kpeqve/Kps11 = 1.031 for D = 0.25
m 10 Kpeqve/Kns,11 = 1.153 for D = 0.50 m. With the refined optimal stiffness, all diameters achieve
KT,min < 0.035 at Wp-
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Refined mooring stiffness sweep, w = 2.581 rad/s
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Figure 5.15: Refined mooring stiffness sweep over kpeqve/Khs,11 € [0.9,1.3] at w, = 2.581 rad/s, for D € {0.25, 0.30, 0.35,
0.40, 0.45, 0.50} m. The optimal stiffness ratio increases with D.

Table 5.3: Refined optimal mooring stiffness per diameter at w;, = 2.581 rad/s.

5.3.5. Moored Diameter Sweep
Figure 5.16 shows K7, Kg, and the heave RAO as a function of w for the moored diameter sweep,

D [m] Epeave/Ensii [l Krmin [-]
0.25 1.031 0.023
0.30 1.055 0.034
0.35 1.071 0.028
0.40 1.096 0.029
0.45 1.129 0.027
0.50 1.153 0.023

with the refined optimal stiffness per diameter from Table 5.3. The results at w, are summarised in
Table 5.4. With the optimal mooring applied, all diameters show strong attenuation with a low K
minimum, confirming that the stiffness correctly tunes the system resonance to the design frequency
for each diameter.
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Figure 5.16: Reflection coefficient K (left), transmission coefficient K1 (centre), and heave RAO (right) as a function of w for

the moored diameter sweep, D € {0.25, 0.30, 0.35, 0.40, 0.45, 0.50} m, with refined optimal stiffness per diameter from

Table 5.3. The base case D = 0.45 m is highlighted. The vertical dashed line indicates w, = 2.581 rad/s.
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All diameters almost achieve full reflection at w,, with Kz > 0.999 and K < 0.034 for all cases. The
attenuation at w,, is high for all diameters, with load reductions AE;, > 99.9% for all diameters. The
energy balance is satisfied across the full sweep, with |PErr| < 0.1% for all moored cases.

The heave RAO at w, ranges from 7.5 for D = 0.25 m to 4.1 for D = 0.50 m. Scaled to the significant
wave amplitude 79, = 0.249 m, this corresponds to physical heave amplitudes of 1.0-1.9 m at the
design frequency. These amplitudes are large relative to the incident wave amplitude. With no mooring
damping (C = 0), the only energy dissipation at resonance is wave radiation, which is small for a pipe
of this size; thus, the model overestimates the motion. The resulting resonance peak is therefore
unphysically large. In practice, mooring damping and viscous effects would limit the actual heave
amplitude to physically realistic values. The heave RAO also shows a pronounced peak at the wet
natural frequency w,, =~ 1.39—1.41 rad/s, with maximum values ranging from 5.8 for D = 0.50 m to 16.9
for D = 0.25 m. The wave attenuation results at w,, are not affected by this limitation, as the energy
balance is well satisfied with |PErr| < 0.1% for all diameters.

Table 5.4: Case 3 moored diameter sweep results at w, = 2.581 rad/s, with refined optimal stiffness per diameter.

D [m] kheave/Khs,ll ['] K ['] KR ['] AEL [%]

0.25 1.031 0.023 0.9999 99.9
0.30 1.055 0.034 0.9999 99.9
0.35 1.071 0.028 0.9996 99.9
0.40 1.096 0.029 0.9996 99.9
0.45 1.129 0.027 1.0000 99.9
0.50 1.153 0.023 0.9999 99.9

5.4. Case Comparison

Table 5.5 summarises Kr, K at 0.5wp, wp, 1.5w,, and 2w, for the base configurations of Cases 1 and
3. Case 2 is excluded from the table as reliable extraction of K and K was not possible; its results
are discussed in Section 5.2.

At w,, both the elastic beam and the unmoored pipe transmit nearly all incident wave energy, with
Kr = 0.992 and K1+ = 0.991, respectively. Both structures move with the incident wave rather than
obstructing it. Additionally, the pipe is too small relative to the peak wavelength (D/)\, = 0.049) to
scatter the wave significantly. At higher frequencies, the attenuating performance increases for both
cases. At 2w,, the beam reaches K; = 0.483 and the unmoored pipe K = 0.394. This change
can be related to the increasing ratio D/, and higher relative stiffness for the beam. The attenuation
performance of the unmoored pipe and the L, = 4.6 m beam is similar across the frequency spectrum.

The moored pipe (D = 0.45m) demonstrates the effectiveness of resonant scattering: at w, it achieves
a load reduction of 99.9%. Away from the resonance, however, it performs comparably to or worse than
the unmoored cases, with K+ = 0.976 at 1.5w,, and Kp = 0.758 at 2w,, confirming the narrow character
of the mooring-tuned pipes. It should be noted that this result assumes no damping (C = 0), which
is unphysical: in practice, mooring damping would limit the heave amplitude at resonance and reduce
the peak attenuation. The 99.9% load reduction should not be interpreted as a realisable design target.

Case 1 is evaluated only unmoored. The pipe shows that tuning the heave stiffness to w, shifts the
resonance and converts the structure from wave-transparent to a near-total reflector. The same mech-
anism is expected to apply to the beam'’s rigid-heave response. Mooring and tuning the beam should
therefore increase reflection and reduce transmission near w,. The beam’s elastic bending modes are
governed by ET and mass, not by mooring stiffness. These modes could still dominate the beam’s re-
sponse independently of the tuned heave resonance, particularly for the longer beams. The magnitude
of this effect cannot be quantified without a moored Case 1 model and is identified as a direction for
future research in Chapter 8.

Case 2 extends Case 1 by adding a porous root zone, which introduces dissipation as a third mech-
anism. Section 5.2 shows that the root zone can perform as the dominant contributor to the wave
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attenuation: at a, = 5.0 s~! near-complete downstream attenuation is observed for both beam lengths.
The structural response of Case 2 remains largely the same as for Case 1. The root zone therefore
provides greater attenuation potential than the elastic beam alone. As with Case 1, Case 2 is evaluated
only unmoored. Mooring and tuning the heave stiffness to w, would be expected to add resonant re-
flection to Case 2 as well. This would supplement the root-zone dissipation rather than replace it, since
dissipation is already the dominant mechanism. Whether the two mechanisms reinforce or interfere
has not been investigated.

At 0.5w,, Case 1 and the unmoored Case 3 show near-complete transmission, with K ~ 1.00. The
reported values slightly exceed 1, a numerical effect caused by the longer wavelength reaching the
damping zone length limit, making the wave absorption less effective. The moored pipe at 0.5w,, shows
Kr = 0.856 and Kr = 0.494, as at this frequency the tuned mooring stiffness still reduces wave
transmission.

Table 5.5: Wave attenuation performance at 0.5w,,, wp, ~1.5wy,, and 2w, for the base configurations of Cases 1 and 3.

0.5wp =1.291rad/s wp, =2.581rad/s 1.5w, =3.87rad/s 2w, =5.162rad/s
Case  Configuration Krll  Krll Kr[l Kgrll Kr[l Krl]l Kr[l Kzrl]
Case1 L,=4.6m, SDR17 1.002 0.071 0.992 0129 0.731 0.682 0.483 0.876
Case3 D =0.45m,unmoored 1.002 0.023 0.991 0.155 0.768 0.641 0.394  0.918
D = 0.45 m, moored 0.856 0.494 0.027 1.000 0.976 0.206 0.758  0.650

5.5. Chapter Summary

The chapter has presented the results addressing SQ1 and the structural response component of SQ2.
The three representations show fundamentally different attenuation mechanisms: elastic scattering
dominates at higher frequencies in Case 1, porous dissipation is the primary mechanism in Case 2, and
resonant scattering governs Case 3 when moored. For Case 1, AE}, atw, remains below 6 % across all
parameter configurations studied. For Case 2, quantitative extraction of AF; was not possible due to
outlet boundary reflections, though qualitative results indicate significant dissipation potential at higher
«, values. For the optimally moored pipe, AE}, reaches 99.9 % at w,,, establishing the upper bound on
wave-induced load reduction on an adjacent FPV system. The implications of these results for FPV
design are addressed in Chapter 6.



Implications for FPV Systems

The hydrodynamic model presented in Chapter 4 delivers the frequency-dependent transmission coeffi-
cient Kr(w) for Cases 1 and 3. Together with the JONSWAP spectrum, its spectral integral AE, gpec is
computed and used throughout this chapter to translate the modelling results into practical implications
for FPV design. Case 2 was excluded from the quantitative analysis as reliable extraction of Kr(w) was
not possible due to outlet boundary reflections, as discussed in Section 4.11.3. This chapter addresses
SQ3 and completes SQ2 by translating the structural response of Chapter 5 into the resulting reduction
in wave-induced loads on an adjacent FPV system.

Section 6.1 introduces the wave-induced loading mechanisms. Section 6.2 derives the load reduction
factors. Section 6.3 translates these into structural design consequences for the ZIM Float system.
Section 6.5 assesses the effect of wave attenuation on energy yield. Section 6.8 provides integrated
design recommendations.

6.1. Wave-Induced Loading on FPV systems

The ZIM Float FPV system [18] consists of steel boats with a corrosion-resistant coating, carrying
HDPE floats and photovoltaic modules. For the Willemspolder installation, the system contains 450
solar boats arranged in rigid floats of 6, 12, or 15 boats each. Within a float, the boats are rigidly
connected; adjacent floats are coupled by flex-element connectors that allow relative rotational motion
between floats, shown in Figure 6.1. The flex elements are designed to absorb differential motion under
wave loading and have a 25-year design life. Cyclic loading of these connectors governs the fatigue
limit state of the structure.

=

(a) Connector at the gap between adjacent floats. (b) Close-up of the connector assembly.

Figure 6.1: Connector permitting relative motion between adjacent floats on the ZIM Float system. The pinned joint and tie
element allow rotation while transferring load between floats under wave-induced differential motion. Photos: Zimmermann
PV-Floating [18].

Wave loading acts on the system through two main mechanisms. First, the front row of floats receives
direct hydrodynamic forcing from the incident waves. This load is transferred through the mooring
system to the anchors, thereby setting the governing load for the ultimate limit state (ULS). Given the
scale and mass of a large FPV array, it is expected that the array itself progressively damps the wave
field as it propagates across successive rows, in which case rows further from the incident wave front

54
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would experience smaller structural loads and smaller energy yield loss than the front row. This effect
is not captured by the factors derived below, which assume a uniform incident wave field across the
array, and would require a dedicated array-scale hydrodynamic analysis to quantify. Second, waves
propagating across the array produce a differential vertical motion between the floats, cyclically loading
the flex-element connectors. This mechanism governs the fatigue limit state (FLS); the governing load
case for Willemspolder and its relation to the present results are discussed in Section 6.4.

The load types considered here are driven by the incident wave field. This study operates in the linear
regime, where the response of each float is described by its Response Amplitude Operator (RAO),
which is independent of the barrier. The RAO describes the structural response amplitude per unit
wave amplitude and characterises how strongly the structure responds to a wave of given amplitude
at each frequency. The barrier reduces the incident wave amplitude, and the RAO operates on the
reduced field. In the ratio of load with a barrier to load without a barrier, the RAO cancels, leaving
dimensionless load-reduction factors derived directly from the spectral transmission results. This is the
same principle used in Section 6.6, where the platform sensitivity coefficient 8 cancelled in the loss
ratio. The three load-reduction factors and their derivations are presented in Section 6.2.

6.2. Load Reduction Factors

The wave-attenuation performance across the full sea state is characterised by the spectrally weighted
load reduction, defined as:
J S(w)KE(w), dw
J S(w),dw

where S(w) is the JONSWAP spectral energy density and K1 (w) is the transmission coefficient obtained
from the frequency sweep. The integral is evaluated numerically over w € [0.5wy,2wp]. AEL spec
represents the fraction of wave-induced losses eliminated by the barrier, averaged over the full sea
state. Since the significant wave height satisfies H, = 4,/mg, where mg = fo‘x’ S(w)dw is the zeroth
spectral moment of the wave spectrum [29], the transmitted significant wave height ratio follows directly
as:

AEL,spec =1

(6.1)

HS,T

Hs,i =V 1- AEL,spec (6-2)

In the linear regime, hydrodynamic forcing on a floating body scales with wave amplitude, so Rj,qq
is the ratio of wave-induced load on the FPV system with versus without a wave barrier. The mean
second-order wave drift force scales with wave energy rather than wave amplitude, giving:

Rload =

Faripe,T

=1-AF 6.3
Fdrift,i L,spec ( )

Rarife =

The drift force is a steady horizontal load on the FPV array, resisted by the mooring lines and transferred
to the anchors. Reducing the incident wave energy by the factor R,,.;¢: therefore reduces the mooring
line design load and the anchor holding capacity. Since Ryt = R? .4 < Rioad for 0 < Ripeq < 1, the
mooring system always benefits more from the same barrier than the structural members do.

Under the FLS, damage grows according to an S-N relationship Ny « o.;", where o is the stress
amplitude, n the S-N exponent, and N, the number of cycles. n is typically in the range of 3 to 5
for steel connections [68]. For a narrowband sea state spectrum, wave amplitudes follow a Rayleigh
distribution with parameter o = ,/mq [29]. Since o = \/mo = H,/4, the ratio o1/0; equals R;,qq, and
the fatigue damage rate ratio follows as:

o oT " Hs,T " n
Rfatigue = 0_71; = <0_I> = <H i) = Yp44 (64)

This ratio is independent of the FPV’s annual exposure to the sea state, since the same exposure time
appears in the numerator and denominator, cancelling out. The absolute fatigue life requires S-N data
for the flex element connectors. The wave barrier extends that life by a factor R, ;.

The three factors are summarised in Table 6.1 for the configurations studied in Chapter 5.
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Table 6.1: Load reduction factors for the configurations studied in Chapter 5.

Configuration AFErspec  Ricad Rarift Ri,q Riug
Case 1, L, = 4.6 m SDR17 12.4 % 0.936 0.876 0.820 0.718
Case 3, unmoored, D = 0.45m 10.9% 0.944 0.891 0.841 0.750

Case 3, moored optimal, D = 0.45m  78.2% 0.467 0.218 0.102 0.022

The spectrally weighted load reduction factors are calculated using the JONSWAP spectrum for the
dominant fetch from the west of 900 m. The frequency sweep covers the peak frequencies of shorter
fetches, but the spectral weighting reflects the governing wave direction. For other wave directions
with shorter fetches, the JONSWAP spectrum shifts to higher peak frequencies. For the unmoored
elastic beam and unmoored pipe, this generally improves attenuation, as both perform better at higher
frequencies. For the moored pipe, the mooring stiffness would need to be retuned to the new peak
frequency to achieve comparable attenuation.

6.3. Structural Design Consequences

Case 1 and the unmoored Case 3 pipe perform similarly, with AE}, spec 0f 12.4 % and 10.9 % respectively
and R;,q.q 0f 0.936 and 0.944. The bare floating ecosystem transmits nearly all incident wave energy
at wy, consistent with the high K at peak frequency reported in Chapter 5. The unmoored pipe is too
small relative to the peak wavelength to reflect significant energy at w,. Neither of the two configurations
provides a large reduction of the structural loads: wave-induced loads are reduced by less than 7%,
drift loads by less than 11 %, and fatigue damage rate by less than 18 % for n = 3. For structural design
purposes, neither the size reduction, the mooring specification, nor the evaluation of the fatigue of the
flex-element justifies a reduction in member size. These results represent a lower bound on attenuation
performance: in practice, both configurations would be moored, and mooring stiffness is expected to
improve attenuation, as Section 5.4 shows that tuning to w,, consistently reduces K.

Note that Case 1 and Case 2 represent the same physical floating ecosystem at different stages of its
service life: Case 1 is the bare floating ecosystem without a root zone, as placed initially, and Case 2
represents the same structure once a mature root zone has developed beneath it. Case 2 shows that
this mature root zone introduces porous dissipation as an additional attenuation mechanism, capa-
ble of near-complete downstream attenuation at sufficiently high resistance values. A mature floating
ecosystem, therefore, has greater attenuation potential than the bare mat results suggest and would
be expected to outperform the unmoored pipe at frequencies where root-zone dissipation is significant.
Unlike the moored pipe, whose performance depends critically on precise mooring stiffness tuning to
wp, the root zone dissipation is broadband and requires no tuning. Moreover, the choice between the
two configurations is not governed by attenuation performance alone: the floating ecosystem provides
ecological and aesthetic value beyond wave attenuation, a relevant consideration for permits and stake-
holder acceptance at inland FPV sites, which the pipe does not offer. The two configurations therefore
address different practical constraints, and a hybrid combining a moored pipe with floating ecosystem
islands, as recommended in Section 6.8, may provide the best outcome.

The optimally moored pipe at D = 0.45 m provides greater attenuation. R;,,q = 0.467 means the wave-
induced load on the FPV system is reduced by more than half across the full sea state, relative to the
case without barrier. Rg.;r+ = 0.218 shows that the mean drift load on the mooring system is approxi-
mately one-fifth. This reduction directly affects the anchor specification and mooring line characteristics.
For the flex-element connectors and the front row boats, R}, = 0.102and R} ,, = 0.022 show that the
fatigue damage rate is reduced to 10 % and 2 % of the unprotected rate for n = 3 and n = 5 respectively.
Equivalently, the fatigue life of these components is extended by a factor of approximately 10 for n = 3
and 50 for n = 5 relative to the case without a barrier. These results represent an upper bound on
attenuation performance: as stated in Section 5.3, the model overestimates performance by assuming
zero mooring damping, thereby neglecting energy dissipation in the mooring lines and anchors. In
practice, mooring damping can reduce attenuation relative to the idealised result.

These factors can be used for a cost-benefit analysis. The load history of an FPV without barrier is
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multiplied by R;,.q for ULS checks and by R}, for fatigue life assessment. The mooring line tension is
multiplied by R4, to size the anchor and line. The barrier cost is then weighed against the extended
fatigue life of the flex-element connectors and front row floats, the potential reduction in structural
material and mooring specification driven by the lower design loads, and, where applicable, the yield
benefit quantified in Section 6.6.

6.4. Comparison with Willemspolder Design

The mooring design report for the Willemspolder installation identifies the North-West direction (fetch
900m, Hs = 0.60m, T, = 2.3-2.5 s) as the governing load case for the mooring system and recom-
mends a 450 mm diameter pipe wave barrier [30]. The reported T}, range of 2.3-2.5 s corresponds to
w = 2.513-2.732 rad/s, which brackets the modelled peak frequency w, = 2.581rad/s, confirming that
the frequency sweep used in this comparison is representative of the governing load case identified in
the mooring design report. The wave conditions in the present study use H, = 0.498 m for the same
fetch, derived from the mean 10-minute wind speed of 19.1 m/s, while the mooring report applies the
base wind speed v, o = 24.5m/s directly to calculate the wave height estimation. The dimensionless
load reduction factors derived in Section 6.2 are independent of the absolute wave height; the wave
height cancels in the ratio, and the factors therefore scale directly to the project design loads. However,
the factors do depend on the mooring stiffness through its effect on K (w): the values in Table 6.1 cor-
respond to the optimally tuned configuration and will not be achieved if the as-built mooring stiffness
differs from the optimal value, as the comparison below shows. The mooring report explicitly iden-
tifies fatigue reduction as the primary function of the wave barrier, consistent with the conclusion of
Section 6.3 that the dominant design driver is structural.

To assess whether the as-specified mooring achieves the required stiffness, the performance of the
design stiffness specified in the mooring design report is compared with that of the optimally moored
and unmoored pipe with a diameter of 450 mm. The derivation of the Willemspolder design stiffness is
derived from the mooring geometry and is provided in Section B.7. The as-built mooring provides a total
heave stiffness of approximately 167 kN /m, roughly 24 % of the 705 kN/m required for resonant tuning
to w,. The as-specified mooring is therefore substantially softer in heave than the optimally moored
case.

To show the attenuation performance with the design mooring characteristics, a frequency sweep was
performed for D = 0.45 m with the as-built heave stiffness of 1116 N/m/m per unit length. The results
are shown in Figure 6.2 alongside the unmoored and optimally moored cases. The as-built mooring
is insufficient to shift the pipe resonance to w,; the resonance remains near 1.5rad/s, where the JON-
SWAP spectrum contains little energy. The as-built wave barrier therefore performs near-identically to
the unmoored pipe across the energy-carrying frequency range of the spectrum, confirming the stiffness
estimate from Section B.7.
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Figure 6.2: Reflection coefficient Ky (left), transmission coefficient K (centre), and heave RAO (right) as a function of w for
the unmoored, Willemspolder as-built mooring, and optimally moored configurations, D = 0.45 m. The vertical dashed line
indicates w, = 2.581rad/s.
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The spectrally weighted load reduction of the as-built configuration is AE}, spec = 8.4 %, With Rjpeq =
0.957, Rarife = 0.916, R}, = 0.877, and R} ., = 0.804. This is comparable to the lower-bound con-
figurations in Table 6.1 and well below the optimally moored upper bound. The as-built wave barrier
provides no meaningful improvement over an unmoored pipe. The slight decrease relative to the un-
moored case reflects the as-built mooring shifting the pipe resonance, but by far too little to reach
optimal mooring. Increasing the stiffness without tuning to w,, does not improve performance; an inter-
mediate stiffness can even result in worse attenuation. To achieve the upper-bound attenuation, the
mooring stiffness must be tuned precisely to w,,.

6.5. Effect on the Energy Yield

A direct prediction of FPV energy yield would require a fully coupled model combining hydrodynamics,
time-dependent motion, irradiance transposition, and electrical system behaviour. Such approaches
are used in recent studies on WIL [44]. However, the present study employs a frequency-domain hy-
drodynamic model and does not resolve time-dependent motion or electrical processes. To relate wave
attenuation to PV performance, a physics-based, dimensionless performance indicator is introduced.
This indicator provides a first-order estimate of the reduction in wave-induced losses, assuming that
platform motion scales linearly with wave amplitude and that the associated performance losses scale
with the square of the motion amplitude.

The key quantity obtained from the wave barrier model is the transmission coefficient:

Q¢

Kr = (6.5)

a;
which describes the ratio of the transmitted to the incident wave amplitudes.

The relationship between wave amplitude and platform motion is based on the linearity of the present
modelling approach. The hydrodynamic problem is formulated using linear wave theory, and the struc-
tural response is obtained within a linear frequency-domain framework. Under these assumptions, the
governing equations are linear with respect to the wave amplitude.

As a result, the response of the FPV system scales linearly with the excitation. This implies that the
FPV platform’s motion amplitude is proportional to the local wave amplitude. Consequently, a reduction
in wave amplitude due to the floating ecosystem results in a proportional reduction in platform motion.

6.6. Derivation of the Yield Indicator

Physical Context

To interpret the yield indicator derived in the following subsections, the assumptions and scene are first
described. An FPV array consists of modules mounted at a fixed tilt 6,..; and azimuth A,., chosen to
match the purpose of the produced energy. This could be to maximise energy yield or to provide steady
energy throughout the day, for example. Waves cause the platform to oscillate about this reference
orientation. The wave-induced motion relevant to irradiance is pitch, induced by waves propagating
normally to the module rows, which directly changes the module tilt. Waves propagating from other
directions induce roll, which has a smaller effect on the in-plane irradiance and is not considered further.

The effect of the wave-induced oscillations on the yield over time depends on the relationship between
the reference orientation and the irradiance optimum. The irradiance optimum is the module orientation
that maximises the total in-plane irradiance G at a given moment, and varies with the position of the
sun throughout the day and year. Two configurations illustrate this behaviour.

For a south-facing module at a moderate tilt, it operates near its optimum around solar noon. The irra-
diance function G/ (6), shown in Equation (6.9), is near its maximum. Oscillation in either direction
will reduce the time-averaged in-plane irradiance. Wave-induced motion is a loss in this configuration.

Another commonly used orientation in FPV systems is an east-west orientation of the modules, with
low tilt. The low tilt is constrained by wind loads on the structure, and east-west is chosen to distribute
the yield more evenly throughout the day. As a result, the modules rarely operate near their irradiance
optimum. Wave-induced oscillations in this configuration alternately increase and decrease the in-plane
irradiance, and the net time-average effect will be small. It can be a gain or a loss.
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A further consideration is the correlation between wave conditions and irradiance. As these are inland
water bodies, the largest wave amplitudes occur during storms, which come with clouded skies and
low irradiance. Thus, the largest oscillations occur at low irradiance levels, reducing their contribution
to the annual energy yield.

The yield indicator derived below consequently provides an upper bound on the annual yield impact of
wave attenuation. First, the wave surface slope is used to establish an upper bound on the platform tilt.
Second, the sensitivity to tilt and azimuth oscillations is derived analytically for both wave directions.
Third, the contribution of the mismatch loss is established. Together, these lead to the yield indicator.
To make the indicator concrete, a numerical example is provided in Section 6.7 using the Willemspolder
site conditions.

Wave Slope as Tilt Scale

The platform tilt angle 6,; depends on the hydrodynamic response of the floating structure to the waves.
In a complete model, this would be obtained through the RAO, incorporating system-specific factors
such as geometry, mass distribution, and wave frequency. Such computation is out of the scope of the
present frequency-domain wave barrier model, which does not model the FPV system itself.

Instead, the wave surface slope is used as a reference magnitude for the tilt excitation. Under linear
wave theory, the free surface elevation of a wave with amplitude « and wavenumber & is:

1 = acos(kx — wt). (6.6)

Differentiation with respect to = gives the surface slope, which oscillates between —ka and +ka as the
wave passes. Thus the relevant quantity is the amplitude of this slope:

0 = ka (6.7)

This represents the maximum tilt a small floating structure would experience if it moved entirely with the
local wave surface. For real platforms, the actual response is smaller, due to inertia, structural stiffness,
and mooring constraints. The maximum tilt 6, therefore is the upper bound on the platform amplitude,
and serves as the scale of the tilt excitation.

Substituting the transmitted wave amplitude a; = Kr-a; into the wave slope expression, the transmitted
tilt scale becomes:
925 = KT . kal— = KT . 00 (68)

The barrier, therefore, reduces the tilt in direct proportion to the transmission coefficient, regardless of
the specific platform characteristics within the linear wave theory framework adopted here.

Irradiance Sensitivity to Tilt
The total in-plane irradiance received by a PV module is composed of three contributions [69]:

Gtot — G?\}[T + Gil[f + G_;]\;ound (69)

Each component depends on the module’s orientation relative to the sun. A schematic of the contribu-
tions is shown in Figure 6.3.

(a) ) (b)

Zenith

Figure 6.3: (a) The three contributions to the irradiance on a PV module G ;. (b) lllustrating the definition of the sky view
factor (SVF), which is the fraction of the celestial hemisphere enclosed by the thick red line. Taken from Smets et al. [69].
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The sensitivity of the time-averaged irradiance to tilt oscillations ¢ about 6,5 is derived below; the
full derivations are provided in Section B.6. For the Willemspolder conditions, the upper-bound tilt is
6o = 0.169 rad, at which the small-angle approximation cos(e) ~ 1 — €2 /2 is justified.

The diffuse irradiance depends on the sky view factor SV F = (1 + cosf,,)/2. For a module oscillating
about 0, with tilt amplitude €, averaging over the two extreme positions and applying the small-angle
expansion gives the time-averaged change in diffuse irradiance, where DH I is the diffuse horizontal

irradiance: DHI )
AGhy = el ‘Z’S( ref) 2 o (6.10)

The coefficient is negative for any mounting tilt, so tilt oscillation always reduces the time-averaged
diffuse irradiance. The ground-reflected component follows by the same argument with opposite sign,
but since DHI > GHI - o for open water, the net effect of both is a reduction scaling as ¢2. Here, GHI
denotes the global horizontal irradiance.

For the direct beam component, the irradiance depends on the angle of incidence (AOI):
AOI = cos™! [sin(fs) cos(as) cos(Aps — Ag) + cos(0ar) sin(as)] (6.11)

with a, the solar altitude and A,;, A, the module and solar azimuth. A second-order Taylor expansion
of cos(AOI) about 0, ; gives a quadratic dependence on e. Near the irradiance optimum, the curvature
is negative, and tilt oscillation is a net loss, as discussed in Section 6.6. The total time-averaged
irradiance change scales as:

—tot
AGI\/I X 62

(6.12)
Mismatch Losses

In a series-connected PV string, the current is limited by the least-illuminated module. When wave-
induced motion causes non-uniform orientations across the array, modules within the same string re-
ceive different levels of irradiance, reducing the output of the full string below the average module
output. This is referred to as mismatch losses.

The magnitude of this mismatch is governed by the spread in module orientation across the array. For
a sinusoidal wave field, the tilt at position = along the array is: 6(x) = 0, sin(kx). Figure 6.4 illustrates
this: as the wave passes beneath the string, modules near a zero-crossing of the surface experience
the largest tilt, while modules near a crest or trough are closer to level. The spatial variance of the tilt
deviation across the array scales as (6?) = 03,/2. A larger spatial variance indicates a wider spread in
module orientations and, therefore, a larger mismatch loss. The mismatch loss therefore scales as:

Smismatch o< 07 (6.13)

This is the same quadratic scaling as the irradiance loss. Unlike irradiance loss, mismatch loss always
reduces the string output regardless of the reference orientation or the sun’s position. For the Willems-
polder configuration, where modules are mounted at low tilt in an east-west orientation, the mismatch
loss is expected to be the dominant contributor to wave-induced yield losses. Mitigating these losses
requires string- or module-level measures, as discussed in Section 6.8.
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Figure 6.4: Schematic of module tilt variation along a string as a wave of wavelength )\, passes beneath it. Modules are
positioned on the wave surface profile n(z) and tilted to match the local surface slope. Tilt is coloured by direction and
magnitude (red: positive, blue: negative); the steepest sampled tilt, 6, occurs near a zero-crossing of the surface, while
modules near a crest or trough are comparatively level. The wavelength )\, is marked for reference.

Yield Indicator
Under linear wave theory, described in Section 2.3.2, wave energy scales with the square of the wave
amplitude:

E x a® (6.14)

Which implies that the transmitted wave energy scales as:

Er
E;

o« K2 (6.15)

Both the irradiance loss and the mismatch loss are assumed to scale quadratically with the platform
tilt 6,57, and under the linear framework 6,; scales linearly with the local wave amplitude. The total
wave-induced loss without wave attenuation Ly can be described as:

Lo=pB-03 o B-a} (6.16)

where $ is a dimensionless coefficient that represents the combined sensitivity of the FPV system to
the tilt, including both irradiance and mismatch effects; its precise value depends on system-specific
factors and is not calculated in the present study. Behind the wave barrier the wave amplitude reduces
to a; = Kt - a; and since 6,,, < a the loss becomes:

Ly=B-063, x - Kpa? = K3 - Lo (6.17)

The relative reduction in wave-induced losses is obtained by comparing the loss behind the barrier to

the loss without a barrier: I
t 2
— =K 6.18
= ki (6.18)
where 8 and a; cancel out in this ratio. The dimensionless yield indicator is therefore defined as the
fractional reduction in wave-induced losses:

L
Iyiem:l—L—t:l—K% (6.19)
0

where a value of Iyieg = 0 corresponds to no reduction in the wave-induced losses and a value of
Lyiels = 1 corresponds to complete elimination of the wave-induced losses.
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6.7. Application to Willemspolder

Numerical Example of Yield Indicator

To illustrate the physical significance of the indicator, an example is worked out for the conditions at the
Willemspolder site. Two tilt estimates are compared. The first is the upper bound 6y = k,ng s = 0.169
rad (= 9.7°), corresponding to a module that follows the wave surface perfectly. The second is the
pitch response of the short elastic beam from Case 1 at w,,, giving 8, = 0.039 rad (= 2.2°). The beam
does not represent the FPV platform, but provides a more realistic estimate of the wave-induced tilt for
a small floating structure. The beam pitch is a factor of 4.4 smaller than the upper bound.

The irradiance loss is evaluated for a south-facing module at the PVGIS-recommended optimal tilt of 37°
for the Willemspolder site, under clear-sky conditions near solar noon on July 15, 2023, obtained from
the PVGIS-SARAH3 database [70]. The in-plane irradiance at the reference orientation is 890 W /m?,
derived analytically at the reference tilt. To illustrate the effect of wave attenuation, a transmission
coefficient of K7 = 0.7 is assumed, which represents moderate attenuation.

The results are summarised in Table 6.2. Without a barrier, the upper-bound tilt gives an irradiance
loss of 10.9 W/m? (1.22%), while the realistic beam response gives 0.57 W/m? (0.064%). With the
barrier both losses reduce by 51%, consistent with Iyieq = 1 — 0.72 = 0.51. The example confirms two
key properties of the indicator: the fractional reduction scales correctly with K2, and the absolute wave-
induced irradiance losses are small under the sheltered conditions at Willemspolder. The 1.22 % figure
is an upper bound, computed for a south-facing module near its irradiance optimum, assuming the
platform follows the wave surface perfectly. For the actual Willemspolder installation, where modules
are mounted at a low tilt in an east-west orientation and the platform tilt is smaller than the realistic
beam estimate, wave-induced yield losses are negligible and no corrective measures are required.

Table 6.2: Irradiance loss for upper bound and realistic beam tilt, with and without a wave barrier of K = 0.7. Willemspolder
site conditions, near solar noon on July 15, south-facing module at 6,..; = 37°.

Scenario €[] Loss [W/m?] Loss[%] Reduction [%]
Upper bound, no barrier 9.7 10.9 1.22 —
Upper bound, K = 0.7 6.8 5.3 0.60 51
Realistic beam, no barrier 2.2 0.57 0.064 —
Realistic beam, K+ =0.7 1.6 0.28 0.031 51

Spectral Weighting Method

The vyield indicator Iieq = 1 — K2 is derived in Section 6.6 for a single frequency. In reality, the
wave field at a site contains energy distributed across a range of frequencies, and the wave barrier
performs differently at each frequency. To obtain a site-specific estimate that accounts for the full
frequency content of the sea state, the indicator is integrated over the JONSWAP spectrum defined in
Section 2.3.4. The spectrally weighted load reduction AE}, spec, defined in Equation (6.1), represents
the fraction of wave-induced losses eliminated by the barrier, averaged over the full sea state. A value
of 0 means the barrier provides no yield benefit and a value of 1 means complete elimination of wave-
induced losses across all frequencies.

The results are computed for Cases 1 and 3 using the results from the frequency sweeps from Chapter 5
and are summarised in Table 6.3. For Case 2, reliable extraction of Kr(w) across the frequency sweep
was not possible due to outlet reflections, as discussed in Section 4.11.3, and AE, spec is therefore not
reported. Cases 1 and 3 unmoored show similar spectrally weighted performance, consistent with the
comparable Kr(w) curves. The moored pipe achieves a substantially higher AE}, ;.. of 78.2%, due
to having near complete attenuation at w,, where the JONSWAP spectrum concentrates most of its
energy.
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Table 6.3: Spectrally weighted yield indicator AE7, spec for Cases 1 and 3 at the Willemspolder site.

Case Configuration AEY, spec [%]
Case1 L, =4.6m,SDR17 12.4
Case 3 unmoored, D =0.45m 10.9
Case 3 moored optimal, D = 0.45m 78.2

Limitations and Assumptions
The yield indicator is derived under several simplifying assumptions. The main ones are discussed
below.

The platform motion is assumed to scale linearly with the local wave amplitude. This follows from the
linear wave theory framework used throughout this study and is consistent with the wave conditions at
Willemspolder. For larger wave amplitudes, non-linear effects would break the derived proportionality.

The wave-induced irradiance loss is assumed to scale quadratically with the tilt amplitude, based on
a second-order Taylor expansion of the irradiance function about the reference orientation. Higher
terms are neglected, which is justified for the small tilt amplitudes at the Willemspolder. For larger tilt
amplitudes, such as those induced by waves in offshore environments, the approximation becomes
less accurate.

The indicator assumes normally incident regular waves. The effect of waves coming from different
directions or irregular wave conditions is not accounted for.

Whether the wave-induced oscillations cause a yield gain or loss depends on the module orientation
relative to the irradiance optimum. For the east-west orientation with low tilt, the modules are not
in the irradiance-optimal configuration. The irradiance contribution to the loss is less significant in
this orientation, and the mismatch loss is expected to be the dominant loss contributor. The indicator
therefore provides a conservative upper bound for this configuration.

The largest wave amplitudes occur during extreme weather, which is associated with overcast skies
and low irradiance. The indicator does not account for the correlation and treats all sea states equally.
The actual annual yield impact is therefore smaller than the indicator predicts.

Finally, the sensitivity coefficient 5 is not calculated in this study. Its value depends on system-specific
factors, such as location, structure geometry, string length, and module orientation. The indicator gives
the fractional loss reduction regardless of 3, making it applicable to any linear FPV system. To calculate
the absolute yield improvement in energy terms requires knowledge of S.

6.8. Integrated Design Recommendations

The load reduction factors in Table 6.1 provide the range of the expected performance of the Willems-
polder barrier. Case 1 and the unmoored Case 3 represent the lower bounds, and the optimally moored
Case 3 provides the upper bound. The actual attenuation of a moored wave barrier depends critically
on the mooring stiffness relative to the site peak frequency. With proper tuning to w,, performance
approaches the upper bound; without it, performance can fall at or below the lower bound, as the
Willemspolder comparison in Section 6.4 demonstrates. The range is large: R;,.q varies from 0.936 to
0.467 and R}, from 0.718 to 0.022. At the lower bound, it provides limited structural benefit. At the
upper bound, the reduction is substantial, with drift loads reduced to one-fifth and fatigue life extended
by a factor of 10 to 50. If the barrier is economically justified at the lower bound, the investment re-
mains viable across the performance range, provided the mooring is tuned to w,. Without proper tuning,
performance can fall below the lower bound, and the barrier provides no meaningful benefit over the
unmoored case. If only justified at the upper bound, a project-specific dynamic model with calibrated
mooring stiffness and damping is needed before making a final investment decision.

These factors translate directly into design inputs for the project-specific cost-benefit analysis. The
unshielded load data from the project assessment is scaled by R;,.q for the ULS checks, by R}, for
the fatigue assessment, and by Rg.;s: for the anchor and mooring line sizing. The dominant design
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driver is structural: a fatigue life extension by a factor of 10 to 50 has a larger impact than eliminating
wave-induced yield losses that are small in absolute terms at this site, as shown in Section 6.7, and
should be the primary argument in the cost-benefit analysis.

For the moored wave barrier, the mooring stiffness should be tuned to the peak frequency w, of the site-
specific wave spectrum through a stiffness sweep in the numerical model. The analytical formula based
on the undamped natural frequency is unreliable due to frequency-dependent added mass, so empirical
minimisation of K1 at w, is the recommended approach. The optimal stiffness ratio kjcqve/Khs,11 falls
in the range 1.03-1.15 across all diameters studied and provides a practical starting point. Mooring
damping is not included in the present model but should be included in the final mooring design.

A hybrid configuration combining a moored pipe with floating ecosystem islands could provide an op-
timal outcome. The pipe provides the dominant structural attenuation at w,, at relatively low material
cost, while the floating ecosystem provides additional dissipation and adds ecological and aesthetic
value. This is a relevant consideration for permits and stakeholder acceptance for inland FPV systems.

Mismatch losses, identified in Section 6.6 as the dominant wave-induced loss for the east-west, low-tilt
Willemspolder configuration, can be mitigated independently of the structural measures above. The
relevant length scale is the wavelength: )\, = 27/k, ~ 9.3 m at Willemspolder. To reduce the spread
in tilt within a string, strings should span a small fraction of A, and therefore keep dmismatcnh low. The
downside of shorter strings is the increase in the number of inverters or combiner boxes required. An
alternative to shorter strings is module-level power optimisers: a small DC-DC converter mounted on
each module lets that module operate at its own maximum power point, rather than being limited by
the weakest module in the string. This does increase the cost and maintenance of the FPV.

6.9. Chapter Summary

This chapter has addressed SQ3 and completed SQ2 by translating the structural response in Chapter 5
into the resulting reduction in wave-induced loads, with implications for FPV energy yield and structural
design. For Cases 1 and 3, the spectrally weighted load reduction factors show that the unmoored bare
ecosystem and unmoored pipe provide limited structural benefit, with wave-induced loads reduced by
less than 7% and fatigue damage rates by less than 18 % for n = 3. The optimally moored pipe pro-
vides substantially greater attenuation, reducing drift loads by a factor of 5 and extending fatigue life by
a factor of 10 to 50. The practical performance depends critically on mooring tuning: with the mooring
stiffness tuned to w,, performance approaches the upper bound; without it, performance can fall at
or below the lower bound, as shown for the Willemspolder as-built configuration in Section 6.4. The
bare floating ecosystem and unmoored pipe represent a lower bound; a mature ecosystem with root
zone is expected to outperform this bound through porous dissipation, which acts independently of the
mooring configuration and requires no frequency tuning. The impact on energy yield is small in abso-
lute terms at the Willemspolder site. The 1.22 % upper-bound irradiance loss assumes a south-facing
module at optimal tilt at noon, following the wave surface perfectly. For the east-west-oriented, low-tilt
installation at Willemspolder, wave-induced yield losses are negligible, and no corrective measures
are required. The dominant design driver is therefore structural, and the extension of fatigue life is the
primary argument in a cost-benefit analysis. The central research question is addressed in Chapter 7.



Conclusions

This chapter answers the research questions defined in Chapter 3. The central research question is
repeated below.

How does the integration of floating ecosystems influence wave-structure interac-
tion, structural response, and energy yield of floating photovoltaic systems in inland
water bodies?

Section 7.1 answers SQ1, Section 7.2 answers SQ2, and Section 7.3 answers SQ3. Section 7.4
combines these answers into a conclusion to the main research question.

7.1. Wave Transmission, Dissipation, and Reflection

SQ1: What is the effect of different wave barrier representations on wave transmission,
dissipation, and reflection?

Effectiveness depends mainly on the active attenuation mechanism, not the representation itself. The
unmoored bare ecosystem (Case 1) and the unmoored pipe (Case 3) are both too small relative to
the peak wavelength )\, to obstruct the wave at w,, giving load reductions at or below 6 % and 3%
respectively, worsening further at lower frequencies. Adding a submerged porous root zone (Case 2)
introduces dissipation independent of structural size, governed instead by root density, diameter, and
depth; outlet reflections limited the results to qualitative, but a visible reduction in transmitted amplitude
is observed at moderate resistance, with significant further improvement expected for a mature root
zone. Moored with stiffness tuned to w,,, the pipe achieves a load reduction of 99.9 % through resonant
scattering, the strongest attenuation observed, though narrow-band and an idealised upper bound
given the assumed absence of mooring damping.

SQ1 is answered as follows: elastic scattering and diffraction are both insufficient at the site peak
frequency. Porous dissipation, requiring no frequency tuning, is the most promising mechanism studied.
Resonant scattering achieves the strongest attenuation, but only when the pipe is moored and precisely
tuned.

7.2. Structural Response and Load Reduction

SQ2: What is the structural response of each wave barrier representation and the resulting
reduction in wave-induced loads on an adjacent FPV system?

The elastic representations (Cases 1 and 2) deflect nearly rigidly at short beam lengths and exhibit
clear elastic bending with multiple nodes at longer lengths; the porous root zone reduces deflection
and bending-moment amplitudes without altering this spatial pattern. The rigid pipe (Case 3) responds
through heave, achieving near-total reflection when moored and tuned to w,, though the assumed
absence of mooring damping makes this an upper bound rather than a realisable target.

These responses translate into wave-induced load reductions on the FPV system. For the unmoored
bare ecosystem and unmoored pipe, the reduction is limited: wave-induced loads are reduced by less
than 7%, drift loads by less than 11 %, and fatigue damage rates by less than 18 % for n = 3. The
optimally moored pipe reduces drift loads by roughly one-fifth and extends fatigue life by a factor of

65



7.3. Implications for Energy Yield and Structural Design 66

10 to 50, but only when the mooring stiffness is tuned to the site’s peak frequency; the Willemspolder
comparison shows that an as-built stiffness well below this requirement instead performs close to the
lower bound.

SQ2 is answered as follows: without mooring tuning, the wave barrier provides no meaningful reduction
in wave-induced or drift loads; with tuning, the upper-bound benefit established above is achieved.

7.3. Implications for Energy Yield and Structural Design

SQ3: What are the implications of the wave-attenuation performance for the energy yield
and structural design of an FPV system?

The impact of wave attenuation on energy yield is small in absolute terms at Willemspolder. The 1.22 %
figure is an upper bound, assuming a south-facing module at its irradiance optimum and following the
wave surface perfectly; a more realistic estimate, using the beam pitch response from Case 1, gives
0.064%. For the east-west, low-tilt orientation actually used at Willemspolder, this loss is negligible.
Mismatch losses, which reduce string output regardless of module orientation, are expected to be the
dominant contributor to wave-induced yield losses for this configuration.

The structural implications are larger. The load reduction established in addressing SQ2 translates into
a substantial fatigue life extension at the upper bound, against a negligible yield benefit. The dominant
design driver is therefore structural rather than energy yield, and fatigue life extension should be the
primary argument in a cost-benefit analysis. This benefit is achieved only when the moored pipe’s
stiffness is precisely tuned to the site’s peak frequency. The Willemspolder comparison shows that an
as-built mooring falls short of this requirement and instead performs close to the lower bound, with no
meaningful fatigue benefit.

SQ3 is answered as follows: wave attenuation reduces structural loads and energy vyield losses by
comparable proportions, but the absolute yield loss at Willemspolder is already small. In contrast, the
structural benefit at the upper bound is substantial. The dominant design driver is therefore structural,
not energy yield.

7.4. Answer to the Main Research Question

The moored pipe demonstrates that strong attenuation is achievable in this setting through resonant
scattering, but only when the mooring stiffness is precisely tuned to the site’s peak frequency; without
tuning, performance reverts to the lower bound. The bare floating ecosystem, in its initial configuration,
performs comparably to the unmoored pipe over the full frequency range studied: both are too small
relative to the peak wavelength to scatter the incident wave, and neither meaningfully obstructs it. Since
the bare ecosystem and the unmoored pipe behave equivalently, a correctly moored floating ecosystem
could achieve a similar structural benefit to that of the moored pipe, while a mature ecosystem adds
further attenuation through the porous root zone, a broadband mechanism that requires no frequency
tuning.

The resulting structural benefit ranges accordingly: negligible at the lower bound, but a fatigue life ex-
tension by a factor of 10 to 50 and a reduction of drift loads to roughly one-fifth at the upper bound,
achieved by the pipe when moored and precisely tuned to the site’s peak frequency. The energy vyield
loss remains negligible in absolute terms for the east-west, low-tilt module orientation used at Willems-
polder. Integration of a floating ecosystem with FPV systems therefore offers a structural rather than
an energetic benefit, with the magnitude of that benefit depending on the ecosystem’s maturity. Using
a floating ecosystem as the wave barrier additionally provides ecological and aesthetic enhancement
beyond this structural benefit.



Recommendations

This chapter presents recommendations following from the limitations and findings of this study. Sec-
tion 8.1 recommends directions for future research. Section 8.2 translates the findings of this study into
practical recommendations for Solinoor.

8.1.

Recommendations for Future Research

This section recommends directions for future research arising from the model assumptions and scope
limitations of this study.

Resolve the outlet-reflection contamination not fully suppressed by the Case 2 damping zone
formulation (Section 4.11.3) to enable reliable quantitative extraction of K (w) and Kr(w), rather
than the qualitative assessment presented in this study. On top of that, the irregularity in the free
surface elevation «;, (Figure 5.7) should also be investigated.

Calibrate the porous resistance parameter «,, against physical measurements of a mature water-
plant root zone. Stem density N, root diameter, and root zone depth were not available as field
data in this study and were therefore estimated rather than measured.

Examine the sensitivity of the Case 2 wave attenuation performance to the root zone depth d,.,
varying around the base case of d, = 0.75 m adopted in this study.

Include mooring damping in the Case 3 model to obtain a more realistic upper bound on attenu-
ation performance, rather than the present undamped result.

Investigate the effect of a non-zero pitch mooring stiffness on Case 3 attenuation performance,
currently set to zero to simplify the mooring optimisation.

Validate the Case 3 rigid-body formulation against an independent benchmark, using the fixed-
cylinder tests of Rossell et al. [42]. This requires only a rigidly restrained boundary conditionon I,
within the existing diameter and frequency sweeps, compared against D/\ rather than absolute
scale, since the present validation (Section 4.11.1) confirms only the shared fluid formulation via
the Case 1 beam benchmark and not the rigid-body dynamics independently.

Validate the Case 1 and Case 2 structural and porous-resistance representations against a scaled
physical model in a wave flume, measuring wave transmission, reflection, structural deflection,
and root-zone damping directly. The present validation (Section 4.11.1) confirms the fluid-structure
coupling formulation against a generic hydroelastic beam benchmark, not the specific floating
ecosystem and root-zone representation studied here.

Investigate the effect of mooring on the floating ecosystem (Cases 1 and 2). Whether mooring
could improve attenuation for the floating ecosystem, as it does for the rigid pipe, remains to be
established.

Extend the model to irregular waves and assess the spectral attenuation performance under a
realistic sea state, rather than a single-frequency sweep.

Investigate a hybrid configuration combining the moored pipe with floating ecosystem islands,
assessing the combined attenuation across the full JONSWAP spectrum.
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» Conduct a project-specific dynamic model of the FPV system with calibrated mooring stiffness
and damping, to narrow the range between the lower- and upper-bound load reduction factors
presented here.

Investigate the long-term degradation of the floating ecosystem under sustained wave loading
and environmental exposure, including biofouling, UV degradation of the HDPE beam elements,
and changes in root-zone density and stiffness over the structure’s service life, paralleling the
fatigue-life consideration already applied to the FPV flex connectors in Section 6.3.

» Perform in situ mismatch loss measurements at an operating FPV park, to determine whether
mitigation measures such as shorter strings or module-level power optimisers are cost-justified.

» Develop a fully coupled hydrodynamic-motion-irradiance-electrical model to obtain an absolute
energy yield prediction, resolving the sensitivity coefficient 3 left uncalculated by the dimension-
less yield indicator used in this study.

8.2. Recommendations for Solinoor

This section provides practical recommendations for Solinoor, building on the project-specific cost-
benefit recipe already established in Section 6.3 and the integrated design recommendations of Sec-
tion 6.8.

Wave barrier mooring recommendations from the mooring contractor currently arrive without visibility
into the underlying derivation. The Willemspolder case shows the consequence: reconstructing the as-
built stiffness from the mooring geometry (Section B.7) gives a heave stiffness of 167 kN /m against the
705 kN /m optimal value for resonant tuning, a shortfall not visible from the contractor’s recommendation
itself. The underlying derivation should be requested as standard practice for any project where wave-
barrier performance is part of the design case.

In client and stakeholder conversations, fatigue life extension should lead, not energy yield. The yield
benefit quantified in Section 6.7 is negligible at sites like Willemspolder. The fatigue life extension of
Section 6.3 is the stronger argument.

The factors Rjoeq, Rarife, and R}, derived in this study are dimensionless ratios, not absolute fatigue
lives. Converting the upper-bound fatigue case above into a number that can be acted on requires
S-N data for the relevant flex connector, available from the FPV system provider. In collaboration with
the FPV system provider, the exact fatigue life extension could be derived from the factors above to
complete the cost-benefit case. With the underlying mooring derivation, the load reduction factors
above, and the material data from the system provider, Solinoor has the inputs needed for a complete
project-specific cost-benefit analysis.

Claims about the floating ecosystem’s attenuation performance should distinguish the qualitative trend
from a quantitative figure. The bare-mat results of Case 1 are the only quantitatively supported figures;
the root-zone dissipation mechanism in Case 2 is established qualitatively but was not reliably quantified
in this study, as discussed in Section 4.11.3. The qualitative trend, that attenuation improves as the
root system matures, is supported and can be stated. A specific performance number for a mature
ecosystem is not yet supported and should wait for the pilot data discussed below.

A pilot installation at an existing FPV park, placing a small number of floating ecosystem islands and
monitoring wave attenuation as the root system matures, could provide the quantitative figure the claim
above is missing. This would also directly support the «, calibration recommended in Section 8.1,
providing the stem density, root diameter, and attenuation measurements this study could not obtain.

The hybrid configuration should be positioned as more than an attenuation strategy. Combining a
moored pipe with floating ecosystem islands, as discussed in Section 6.8, adds ecological and aesthetic
value that addresses permitting and stakeholder acceptance at inland sites in a way the pipe alone
cannot, independent of any attenuation benefit. This positioning may be more valuable in practice than
the attenuation gain itself.
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Non Technical Summary

Floating solar parks place solar panels on water rather than on land. This is attractive in places where
land is scarce, such as the Netherlands. Waves are a problem for floating solar parks. They push and
rock the panels, which causes wear on the structure and the mooring lines. Waves can also reduce
the amount of electricity the panels generate, since a panels tilted away from the sun captures less
sunlight.

A wave barrier placed along the solar park can reduce this wave action. Conventional barriers are
purely functional. They add no ecological or visual value to the water body and focus on attenuating
waves. A common example is a simple HDPE pipe, floating along the park. This matters for permits
and public acceptance, especially for solar parks built on inland lakes and canals.

A floating ecosystem is a different option. This is a vegetated mat with roots hanging into the water,
also called a floating wetland. Once mature, it has fully developed vegetation above the waterline and
a root system below. Floating ecosystems are already used to improve water quality and create habitat
for birds and fish. This thesis investigates whether a floating ecosystem could also serve as a wave
barrier, thereby providing a dual function for the adjacent floating solar park. A simple HDPE pipe was
studied for comparison.

Three configurations were modelled. The first two represent the same floating ecosystem at different
points in its life: a freshly placed mat with no roots yet developed, and the same structure once a mature
root system has grown beneath it. This root system resists water flow and dissipates wave energy. The
third is the reference pipe, modelled both with and without a mooring line. Each configuration was tested
under wave conditions representative of a Dutch inland water body. The resulting wave reduction was
translated into load reductions on a nearby floating solar park and into the effect on its energy yield.

The pipe becomes a much stronger barrier once its mooring line is tuned to the right stiffness for the
local wave conditions. This can cut wave-induced loads by roughly half, and extend the fatigue life of
the panels’ connectors and mooring lines by a factor of ten or more. This tuning has to be precise:
at the real Willemspolder site studied in this thesis, the installed mooring was only about a quarter as
stiff as the optimal value and, as a result, performed no better than if it had no mooring at all. The
freshly placed floating ecosystem and the unmoored pipe both have a more limited effect, reducing
wave-induced loads only modestly.

The mature floating ecosystem showed that its root system can dissipate wave energy on its own,
without needing any mooring tuning. This result is qualitative rather than a confirmed number, since
the simulations of this case could not be fully resolved. The effect on solar energy output was small
across all configurations studied. At this site, the panels lose more from structural wear and risk than
from reduced sunlight capture. The main benefit of a wave barrier is therefore to protect the structure,
not to increase energy yield.

Combining the two barrier types may offer the best outcome in practice. A moored pipe can provide the
bulk of the wave reduction. Floating ecosystem islands can add the ecological and aesthetic value a
plain pipe cannot offer. The findings of this thesis support further research into this combination, more
precise mooring design, and field measurements in an actual floating ecosystem before drawing firm
conclusions about its performance as a stand-alone wave barrier.
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Derivations

B.1. Derivation of the Euler-Bernoulli Beam Equation

111111

:1V+d{>ﬂi+mw

o]

dzr

Figure B.1: Free body diagram of an infinitesimal beam element under distributed load p(x, t).

The vertical force equilibrium on a differential beam element yields

oV
e +p(x,t) = pphy N (2, 1), (B.1)

where V is the shear force, p is the distributed wave load, and p,h; is the mass per unit length of the
beam.

The moment equilibrium on the same element gives the classical relation between shear force and
bending moment,

oM
=—. B.2
V= (B.2)
Differentiating (B.2) with respect to x yields
v 0’M
—_— — = - B.3
ox ox? M. (8:3)
Substituting (B.3) into (B.1) gives
My +p = poho e (B.4)

Next, the bending moment is related to the deflection via the Euler-Bernoulli constitutive law. For small
slopes, the curvature is approximated as x = 7,,, and the bending moment becomes

M = —EI 1y, (B.5)

where E1T is the bending rigidity of the beam.

Differentiating (B.5) twice with respect to z,
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Finally, substituting (B.6) into (B.4) yields the dynamic Euler-Bernoulli beam equation,

Pb hb Tt + EI Nexzeze = P(CU, t) (B7)

This is the form used in hydroelasticity, where p is the hydrodynamic pressure acting on the beam.
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B.2. Weak form derivation of Case 1

The weak form of the fluid problem is derived following the monolithic formulation of Colomés et al. [46].
Multiplying Equation (4.3) by the scalar test function w and integrating over (2 gives

/ wApdQ = 0. (B.8)
Q
Integration by parts gives

/wAngdQ:f/Vqu(bdQJr/ w(n-Ve)dr. (B.9)

Q Ja aQ
Substituting the first equation gives
Vw-V¢dQ:/ w(n-Ve¢)drl. (B.10)
Q o0

Since 002 = T', U T, U oyt U T's U 'y @and using the boundary conditions Equation (4.4), the boundary
integral can be split as

/ w(n-Vd))dF:/ wuindF—i—/ wuoutdF—I—/ wmdl“—i—/ wndl. (B.11)
o0 1—‘in 1—‘out Ffs 1—‘slr
Rearranging gives the fluid weak form:
Vw-ngdQ—/ wntdF—/ wntdF:/ wuindF+/ W Ugyt . (B.12)
Q Tts Cstr Tin Tout

Multiplying the free-surface condition Equation (4.7) by test function s and integrating over I'ys gives

/ (¢ + gr)dl = 0. (B.13)
J T

For the structural equation, applying integration by parts twice to the fourth-order bending term along
the beam coordinate = gives

Ti41 Ti41
/ VNggee dT = [V nzca“l]izﬂ - / Vg Nexa AT, (B.14a)
x; Zq

Ti41

= [U Nexx — Uz na:a:]ifrl + / Vazx Nzx dx. (B14b)

Applying the free-end boundary conditions Equations (4.16a) and (4.16b) eliminates the boundary
terms, yielding

/ VU Negre AT = / Vapz Mg dT. (B.15)
Fstr 1—‘str

Thus, the weak form of the structural equation for Case 1 is

/ v (pbhbntt + pw¢t + pwgn) dr + EI/ Vazx Nzx dI' = 0. (B16)
1—‘str

Dstr
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Applying the frequency-domain substitutions (-); — —iw(-) and (-);; — —w?(-), as introduced in Sec-
tion 4.3.2, yields the following frequency-domain weak form, which is implemented in the discrete for-
mulation in Section 4.5.1. Combining the fluid weak form, the free-surface condition, and the structural
weak form, the monolithic weak problem for Case 1 reads: find [¢, 7, k] € Vo x Vr,, x Vr, such that

Bg)([QS,n,fi], [w,v,s]) = L(l)([w,v,s]) V[w,v,s] € Vo x Vry, X Vry,

where the bilinear form is given by

BW([¢,n, K], [w, v, s]) = /ﬂ Vw - VdQ + iw/r

and the linear form is

wndF—i—iw/ wndl

fs Dstr

+ /1“ s (—iwe + gk)dl

fs

+ / v (—oﬂpbhbn — WP P + pwgn) dr’ + EI/ Vgz Mo AT,
Dt Dstr

L (w.v,s)) = [

w Ujn dI" + / w oyt AI.
A Fin 1—‘out

(B.17)

(B.18)

(B.19)
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B.3. Case 2: Velocity-Pressure Weak Form

In Case 2, the fluid is described by the velocity field u and the dynamic pressure p, rather than a velocity
potential. The porous root layer is represented by a volumetric linear Darcy resistance term in the
momentum equation. The structural unknown remains the beam displacement ), and the free-surface
elevation is denoted by x on T'.

B.3.1. From Navier-Stokes to the linearised momentum equation
The starting point is the incompressible Navier—Stokes equations:

0
Pw (817: +(u- V)u) = —Vptot + HwAU + pug + farag, V-u=0. (B.20)

The total pressure is decomposed into a hydrostatic and dynamic part, pio; = pr +p, Where Vp;, = p,g.
Substituting this relation eliminates the gravity body force from the momentum equation, with gravity
instead entering through the boundary conditions: the free-surface dynamic condition p = p,,gx on I'gg
and the hydrostatic restoring term p,,gn in the beam equation on I'y,. In what follows, p denotes the
dynamic pressure only.

In accordance with linear wave theory, the convective acceleration term (u- V)u and the viscous term
1 Au are neglected for small-amplitude wave motion. The porous drag force is modelled as a linear
Darcy resistance fi.., = —pwa(x)u. This yields the linearised momentum equation:

pPwl: + Vp + pya(x)u = 0, V-u=0 in Q. (B.21)

Assuming harmonic time dependence e~*! yields the frequency-domain form:

—iwpyu+ Vp + pypa(x)u=0, V-u=0 in Q. (B.22)

B.3.2. Strong form
Let the fluid domain be decomposed as 2 = Q,, U ,, where Q,, denotes the clear-water region and
(2, the porous region. The porous resistance coefficient is defined as:

ap, X E€Q,
a(x) = (B.23)
0, xe€Q,.
The free-surface conditions are:
u-n = Ky, P+ pugk =0 on I'g. (B.24)

The kinematic coupling condition at the structure boundary is:

u-n =71 on Fstr' (B25)

The Euler—Bernoulli beam equation in the time domain reads:

pbhbntt + Pwdn + EI Naezzx = P on I‘str' (826)

B.3.3. Weak form of the momentum equation
Multiplying the momentum equation by test function w and integrating over (2, then integrating the
pressure-gradient term by parts, gives:

/w-utdQ—/(V-w)de—l—pwap/ W~udQ—|—/ p(w-n)dl' =0. (B.27)
Q Q Q, 0
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B.3.4. Weak form of the continuity equation
Multiplying the continuity equation by pressure test function ¢ and integrating over (2 gives:

/ q(V-u)dQ =0. (B.28)
Ja

B.3.5. Boundary terms and free-surface conditions
The boundary integral is split over I'g;, gy, 'y, ['in, @and I'yy. The seabed term vanishes by imperme-
ability. On the free surface, substituting p = —p,, gk gives:

/ p(w-n)dl' = fpu,g/ k(w-n)dl. (B.29)
Ffs Ffs

The free-surface kinematic condition is imposed weakly:

/ s(u-n—rky)dl' =0. (B.30)
s

The structure kinematic coupling is imposed weakly:

/ v(u-n—mn)dl=0. (B.31)
Fstr

B.3.6. Weak form of the beam equation
Multiplying the beam equation by v and integrating over I'y;,, then applying integration by parts twice
with the free-end boundary conditions Equations (4.16a) and (4.16b), gives:

/ v (pphene + pwgn — p) dI' + EI/ Vg Moz AT = 0. (B.32)
Tstr

Ptr

B.3.7. Assembled frequency-domain weak form
Collecting all contributions and applying the frequency-domain substitutions (-); — —iw(-) and (-)¢ —
—w?(-), as introduced in Section 4.3.2, the monolithic frequency-domain weak problem reads: find

[u,p,K,7n] € Vo x Qq X Vr,. x Vr_,, such that BY =1® V[w,q, s,v], where:

str

B¢E;2): —iwpw/w-udQ—/(V~W)de+/Q(V'U>dQ
Q Q Q
+pwap/ W'udQ—pwg/ K(w-n)dl
Qp Ffs

+/1“ p(w-n)dF—i—/F s(u-n+iwk)dl (B.33)

str fs

+ / v (u-n+iwn — w?pphen + pugn — p) dl
r

str

+ EI/ Vg Nz AL,
r

str

and the linear form is:

L® = / (w - n) pi, dT. (B.34)
r

in
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B.3.8. Assembled time-domain weak form
The time-domain weak form, which is the formulation implemented in the present model, retains the
time derivatives directly:

B® = w-utdQ—/(V-w)de+/q(V-u)dQ
Q Q Q

—|—pwo¢p/ w~udQ—|—g/ k(w - n)dl
Qp I

+/ p(w-n)dF—i—g/ s(ke —u-n)dl (B.35)
Tstr Tgs
puhp
+ v | —mnu+gn—p)dl
Tstr Pw
EI
+ — Vex Nzx dr»
Pw Tstr
and the linear form is:
L® = / (W - n) pin dT. (B.36)
Cin

The frequency-domain weak form derived above was not implemented in the final model. A reliable
solution could not be achieved due to limitations of the relaxation-based damping zone method in the
velocity—pressure setting, as discussed in Section 4.7. The C/DG interior penalty terms and Nitsche
kinematic coupling terms are added in the discrete formulation presented in Section 4.6.1.
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B.4. Derivation of the weak rigid-body equation via virtual work

This appendix derives the weak (variational) form of the rigid-body equations of motion used for the
floating pipe in Case 3. The derivation is based on the principle of virtual work. For any kinematically
admissible virtual displacement, the virtual work of external forces equals the virtual work of inertial and
restoring forces.

B.4.1. Strong form of the rigid-body equation
Let £(¢t) € R™ collect the retained rigid-body degrees of freedom (DOFs), e.g. heave and pitch in a
two-dimensional setting (m = 2). The time-domain rigid-body equation of motion is:

ME(t) + CE(t) + KE(t) = Fryalt), (B.37)

where M is the rigid-body mass/inertia matrix, C a linear damping matrix, K the linear restoring stiffness
matrix, and F1,,4 the hydrodynamic generalised force vector.

B.4.2. Principle of virtual work
For a system described by generalised coordinates £(t), the dynamic equilibrium condition in variational
form reads: ) .

seT (M£ L CETKE— Fext) -0 Ve, (B.38)

where 0§ denotes an arbitrary virtual displacement.

B.4.3. Virtual work statement and weak form

Introduce an arbitrary virtual rigid-body displacement vector ¢ € R™. Multiplying (B.37) by 6¢7 yields
the virtual work statement:

55T(Mé+cé+Ks—thd) —0 Vet (B.39)

B.4.4. Hydrodynamic generalised forces from pressure work
Let I', denote the wetted boundary of the rigid pipe and n the outward unit normal to the fluid domain.
The virtual work of pressure is:

IWhya = / p(x,t)n(x) - ory(x,t)dl, (B.40)
FP

where Jr,, is the virtual displacement field of the rigid-body boundary.

The rigid-body displacement field on I',, is expressed in terms of modal contributions:

rp(x,1) = Zgj(t) ¥, (x), ory(x,t) = Zagj ¥, (x). (B.41)

Substituting (B.41) into (B.40) and comparing with §Wi,,q = 3¢ Fy,,4 yields the generalised hydrody-
namic forces:
Fiya ;(t) = / p(x,t)n(x) - 9;(x)dl, ji=1,...,m. (B.42)

Tp

B.4.5. Weak rigid-body equation including fluid coupling
Substituting (B.42) into (B.39) yields:

567 (ME + Cé + K¢) - / (B n(x) - oty (x,£) A0 =0 V3E. (B.43)

Tp
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B.4.6. Frequency-domain form and hydrostatic stiffness
Under linear potential flow, the hydrodynamic pressure is obtained from the linearised Bernoulli equa-
tion:

p(X,t) = —puw Oe(X,t) — puwg 2(X, ). (B.44)

Substituting (B.44) into (B.43) and using the rigid-body kinematics (B.41) gives:

55T(Mé +Cé¢ +K£) +pw/ (o +gmp)n-or,dl =0 V€. (B.45)
FP

The term involving g, represents the hydrostatic restoring force. Substituting the modal expansion

np = >_; & H; and on, = 7, 6¢; H; yields the hydrostatic stiffness matrix:

Khs,ij = pwg/ HiHj dr. (B.46)
FP

Applying the frequency-domain substitutions (-); — —iw(-) and (-);; — —w?(+), as introduced in Sec-
tion 4.3.2, the weak rigid-body equation in frequency domain reads:

oeT (fsz — iwC + K + Kps) € — pu / (—iwg + gnp) dnpdl' =0 Vo€, (B.47)
FP

which corresponds to the bilinear form BY presented in Section 4.6.2.
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B.5. Derivation of the Mean 10-Metre Wind Speed

The mean wind speed at 10 m height is derived following Eurocode 1 [31] and NEN-EN 1991-1-4 [32].
The Willemspolder is located in wind area Il of the Netherlands, for which the fundamental basic wind
velocity is v, 0 = 24.5 m/s. The basic wind velocity is given by:

VUp = Cdir * Cseason * Cprob * Ub,0 (B48)

The directional factor c4;,- = 1 and seasonal factor cs.q50n = 1 are adopted following NEN-EN 1991-1-4
[32]. The probability factor c¢,,.;, accounts for the design lifetime and is calculated as:

(1K -ln(~ln(1-p)\"
Cprob = < 1— K -In(—1n (0.98)) ) (B.49)

with K = 0.281 and N = 0.5 [32]. For a design lifetime of 25 years, the annual exceedance probability
is p = 0.04, giving cprop = 0.95 and v, = 23.3 m/s.

The mean wind speed at height z is obtained from:

'Um(z) = CT‘(’Z) : CO(Z) " Ub (BSO)

The orography factor is ¢, = 1 following Annex A.3 of Eurocode 1 [31]. The roughness factor is:

er(2) = ke - In (2) (B.51)
20
where the terrain factor is:
B 2o \0:07
ke = 0.19 - (m) (B.52)

For terrain category Il, the roughness length is 2z = 0.2 m, giving k. = 0.215. Evaluating at z = 10 m
yields a mean wind speed of U;p = vy (10) = 19.1 m/s, consistent with the value listed in Table 4.1.
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B.6. Irradiance Sensitivity Derivation
The diffuse irradiance is G4/ = DHT - SV F where the sky view factor for a free-horizon location is:

1+ cos(far)

SVF = (B.53)

For a module oscillating about 6,..  with tilt amplitude ¢, averaging over the two extreme positions gives:

SVF = % (SVF(Bres +€) + SVF(B,es —€)) = - COS(&;‘”’ ) cos(e) (B.54)
Applying the small-angle approximation cos(e) ~ 1 — €2 /2:
SVF = SVF(Orep) — %62 (B.55)
The time-averaged change in diffuse irradiance is therefore:
AGY = _DHI - cos(Ores) 0405(9“” REI (B.56)
This result holds for any reference tilt 6. ¢.
The ground-reflected irradiance is:
QI — GHI - o - I_#S(QM) (B.57)
By the same symmetry argument:
syt = GHLarconlb) 2 o o (8.58)

4

Since DHI > GHI - o for open water, the combined effect of diffuse and ground-reflected components
is a net reduction scaling as €.

For the direct beam component, define f(6y) = cos(AOI(65;)). A second-order Taylor expansion
about 6,..¢ gives:

1
f(Ores +€) = f(Ores) + ['(Ores)e + §f”(97"8f>€2 (B.59)
Averaging over +e¢ the linear term cancels and:

—dir

AG,, = %DNI " (Orey) - €8 ox €2 (B.60)

where f”(0,.s) is the second derivative of cos(AOI) with respect to 6,, evaluated at the reference
orientation. Near the irradiance optimum f”(6,..¢) < 0 and tilt oscillation is a net loss.

B.7. Mooring Stiffness Comparison for Willemspolder Wave Barrier

This appendix derives the required heave stiffness for resonant tuning of the 450 mm pipe wave barrier
at Willemspolder. It estimates the heave stiffness provided by the as-specified mooring geometry.

Required Heave Stiffness
The hydrostatic heave stiffness per unit length of the pipe is:

Khs,ll = Pwd 2bwl (861)

where b,,; is the half-width of the pipe at the waterline. For a pipe with outer radius R = D/2 floating at
a draft of d = 2D/3, the pipe centre lies at z. = —D/6 below the waterline. The mooring design report
specifies a draft of approximately 80 % of the pipe diameter [30], deeper than the d = 2D /3 ~ 67 % draft
assumed in the present hydrostatic stiffness derivation. Using d = 0.8D instead reduces the waterline
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half-width b,,; by approximately 15 %, and with it K, 11 and the required heave stiffness kj,cqve,opt Dy the
same proportion. The shortfall identified above is therefore conservative: the actual required stiffness,
and hence the shortfall relative to the as-built mooring, would be somewhat smaller under the as-built
draft. The half-width at the waterline follows from the pipe geometry:

2
bwl = R2 — <€> (862)

For D = 0.45m: b, = 0.212m, giving K511 = pwg - 2 X 0.212m = 4.16 kN/m/m. For a pipe length of
Lyipe = 150 m:
Kps11 =4.16kN/m/m x 150 m = 624kN/m (B.63)

The optimal mooring stiffness ratio from the refined stiffness sweep in Section 5.3 is kheqve/Khs,11 =
1.129 for D = 0.45m, giving:

kheave.opt = 1.129 x 624 kN/m = 705 kN /m (B.64)

Provided Heave Stiffness
The heave stiffness contribution of a single anchor rope is:

A sin? @, ; (B.65)

i

k'uert,i =

where E A is the axial rope stiffness, L; the rope length, and &, ; = (@, min + v max)/2 the mean vertical
rope angle between the high and low water level conditions.

The axial stiffness E'A of the Gleistein X-Permanent Flex 28 mm rope is derived from the manufacturer
datasheet [30]. At 10 % of the breaking load of 307.5 kN the elongation is 0.3 %:
F0.1x307.5kN

FA="—

= = 10.250 kN B.66
€ 0.003 0-250 ( )

Table B.1 lists the rope lengths, mean vertical angles, and resulting heave stiffness contributions for
each of the seven wave barrier anchor points.

Table B.1: Heave stiffness contribution per anchor rope for the Willemspolder wave barrier, based on rope lengths and vertical
angles from the mooring design [30] and EA = 10.250 kN.

Anchor L; [m] Qy, min [O] Qi max [O] Qy [O] kvert,i [kN/m]

ap-wl 4811 133 240 186 21.8
ap-w2 5470 149 243 196 21.1
ap-w3 5049 116 219 168 16.9
ap-wd 5750 158 247 202 21.4
ap-ws 3578 88 234  16.1 22.0
ap-wé 4624 140 25.1 19.6 24.8
ap-w7 1865 14 297 155 395

Total kprovided 167.4

The wave barrier mooring consists of seven anchor points, designated ap-w1 through ap-w7 in the
mooring design [30]. The four additional anchor points, ap-c1 through ap-c4, listed in the same table,
anchor the electrical cable bridge connecting the FPV system to shore and are not part of the wave
barrier mooring.

The total provided heave stiffness of 167 kN /m is approximately 24 % of the required 705kN/m, a short-
fall of a factor of 4.2. Note that ap-w7 contributes disproportionately due to its short rope length of
18.65 m; its minimum vertical angle of 1.4 0 at high water implies the rope is nearly horizontal in that
condition and contributes negligible heave stiffness, making the estimate optimistic.



Use of Al Tools in this Thesis

Throughout the development of this thesis, the Al assistant Claude (Anthropic) and Grammarly were
used to support the writing and code preparation process. Their role was strictly supportive, aimed at
improving the clarity, structure, and consistency of the thesis and its accompanying codebase, without
compromising its academic integrity.

Grammarly was used during the writing phase to identify grammatical errors and phrasing inconsis-
tencies. Claude was used in two ways. First, it supported the cleanup and documentation of the
hydrodynamic model’'s Julia codebase. Second, it was used during writing and editing, and to assist
with formatting and language refinement of the text.

All technical content, modelling decisions, results, and conclusions in this thesis are the author’s own.
Al tools were not used to generate research findings, analysis, or interpretation of results.
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