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Abstract

Following the development of offshore wind turbine (OWT) systems and wave energy converters
(WECs), there is an increasing demand for the development of hybrid systems that combine OWTs with
WECs, for the purpose of reducing the Levelized Cost of Electricity (LCOE) of WECs by sharing
foundations, increasing overall power output, and optimizing the utilization of marine space. One of
the hybrid systems integrates WECs with the most widely adopted foundation used by existing wind
farms, i.e. the fixed monopile foundation. While existing research mainly focuses on the characteristics
of loads and power performance of WECs, the corresponding characteristics related to wave load on
the monopile foundation and the hybrid system play a critical role in securing the safety and stability
of the monopile foundation but is limited in the available literature. This paper presents an analysis of
wave load characteristics on a fixed monopile foundation of a 15 MW OWT integrated with a torus-
shaped heaving WEC using the ANASYS-Aqwa adopting the linear potential theory. The structure is
subjected to regular and irregular waves in the operational sea conditions. The power take-off (PTO)
system of the WEC is modelled by applying a linear damping in the present numerical work. The results
suggest that the PTO damping has an insignificant impact on the wave load statistics. It is further
confirmed that, the integrated WEC effectively reduces the wave load and overturning moment acting
on the monopile foundation within a wide range of wave conditions. Moreover, the presence of the
monopile also reduces the horizontal wave load on the WEC. However, the overall load on the hybrid
system, which is the resultant force of horizontal wave force acting on buoy and monopile, is higher
than that experienced by the monopile foundation of the OWT prototype. To the best of our knowledge,
this is the first work investigating into the effect of integrated torus-shaped WECs on wave loads
affecting fixed foundations. The findings offer valuable insights for the design and deployment of such
hybrid systems in the near future.

Keywords: Hybrid wind-wave energy system; Wave load; Monopile foundation; torus-shaped Point-
absorber; Potential theory



1. Introduction

The ongoing escalation of climate change-induced catastrophic consequences has urged the worldwide
governments to prioritise a transition to net-zero economy by 2050. To enable this transition in an
environmentally and economically viable (sustainable) manner, renewable energy sources are
demanded to be exploited to replace fossil fuels. Internationally, offshore wind and marine resources
are abundant. These considerations have brought the offshore wind and wave sectors to the forefront of
research and development (R&D), contributing to the ‘green industrial revolution’. Among these, the
R&D of hybrid systems combining offshore wind turbines (OWTs) and wave energy converters (WECS)
is one of the research focuses. The main aims of developing the hybrid system include maximising the
energy output, optimising the use of marine space, reducing the cost by sharing the foundation/mooring,
reducing the wave load on the WTs and/or suppressing the motion of the floating platform through
installing WECs. Some recent literatures are summarised in Table 1.

Table 1: Recent literatures on hybrid wind-wave systems

Platform/Foundation  Point Absorber OWC
Homayoun et al. (2019), Ren et al. (2018), Perez-Collazo et al. (2019), Zhou et
Monopile Khatibani et al. (2022) al. (2020), Cong et al. (2021), Li et
al. (2022)

Lee et al. (2017), Hu et al. (2020), Chenetal.  Aubault et al. (2011), Zhu et al.

(2020), Wang et al., (2020), Kamarlouei et al. ~ (2019), Sarmiento et al. (2019),
Semi-Submersible (2020), Si et al. (2021), Kamarlouei et al. Zhang et al. (2022)

(2022), Wang et al. (2022), Li et al. (2022)

Muliawan et al.(2013a), Muliawan et al. Falcéo et al. (2012), Oikonomou et
Spar (2013b), Li et al. (2018), Zhao et al. (2021) al. (2021), Abazari et al. (2023), Li
P Yue et al. (2020), Wan et al. (2020) etal. (2022)
TLP Ren et al. (2020), Rony et al. (2022) Konispoliatis et al. (2021)
Barge - Aboutalebi et al. (2021a),

Aboutalebi et al. (2021b)

Most existing wind farms operate on sites with the water depth below 30-35 m and apply bottom-fixed
monopile foundations (Arany et al.,2018). As summarised in Table 1, both the point-absorber
(Homayoun et al., 2019; Ren et al., 2018; Khatibani et al., 2022) and the oscillating water column (OWC,
Pere-Collazo et al., 2019; Zhou et al., 2020; Cong et al., 2021; Li et al., 2022) devices have been
integrated with OWTSs adopting a fixed monopile foundation, yielding fixed wind-wave hybrid systems.
The appearance of the monopile in close proximity significantly affects the characteristics of the loading
on and the responses of the WECs, and consequently the power performance of the WECSs. This has
been investigated by using both the numerical and experimental studies in the literatures cited in Table
1. Inturn, the integrated WECS are expected to affect the loading on the monopile that is closely related
to the stability and fatigue life of the monopile. Therefore, the characteristics of the loading on WEC,
OWT and the hybrid system is critical for the development and optimal design of the hybrid system.
However, such characteristics is rarely seen in the available literature for fixed wind-wave hybrid
systems. To the best of our knowledge, only Zhou et al. (2020) reported that an OWC can reduce the
wave load on the monopile where the OWC is integrated with. Although direct evidences were not
provided, Zhou et al. (2020) concluded that the wave reduction is caused by the effect of the OWC shell
on redistributing the wave potential around the monopile, and the viscous drag and the flow separation



generated within the OWC chamber. The corresponding research on the effect of WECs on the
characterises of the load on and the responses of the floating OWTs (FOWTS) in the floating wind-
wave hybrid systems is more popular, as summarised in Table 1, although the hydrodynamic interaction
between WECs and OWTs in the floating hybrid systems is more complex than that in the fixed hybrid
systems. Arguably, recent research in this catalogue was driven by the need of suppressing the motion
of the FOWT platform (motion mitigation) to improve the power performance of the wind turbine. To
this end, the on-board point absorbers have shown their capacity in mitigating the motion of the FOWT
platforms, including the semi-submersibles (Hu et al. ,2020; Chen et al., 2020; Si et al., 2021; Wang et
al., 2022; Li et al., 2022; Kamarlouei et al., 2020, 2022), the spar (Muliawan et al., 2013a,b; Li et
al.,2018; Yue et al., 2020 and Zhao et al., 2021), and the tension-leg platform (TLP, Ren et al., 2020;
Rony et al., 2022). OWCs have also demonstrated their effectiveness on suppressing the motions of
barge-type (Aboutalebi et al., 2021a, b) and semi-submersible (Zhu et al., 2019; Zhang et al., 2022)
FOWT. Due to the mutual relationship between the loading on and the responses of the floating bodies,
this type of research is often accompanied with the corresponding load characteristics. For example, Hu
et al. (2020) found that the coupled multiple cylindrical heaving buoys increase the horizontal force
harmonics on FOWT adopting WindFloat semi-submersible platform in a wide range of frequencies
but reduce the maximum horizontal force and pitch moment on the FOWT platform. In addition,
existing researches further concluded that the effects of the on-board WECs on influencing the
dynamics of the FOWT depends on the configurations of WECs. With purposedly-tuned configuration,
the WECs can control the platform motions (Kamarlouei et al., 2022); otherwise, OWC may have
limited influence on the dynamics of the FOWT (e.g. Sarmiento et al., 2019). One critical configuration
of WECs is the power-take-off (PTO) system. In this aspect, Si et al. (2021) combined a 5 MW
DeepCWind semi-submersible FOWT with three WaveStar WECs and revealed that the PTO control
strategy of WEC significantly influences the dynamics of platform and the power performance of the
FOWT. They observed that, in general, the reactive control worsens the platform motion responses,
whereas the spring-damping control mitigates the pitch motion; Zhang et al. (2022) have also attempted
different PTO control strategies for the OWC WECs coupled with a DeepCWind FOWT, and found
that the designed gain scheduling control schemes can reduce 15% platform pitch motion and 6% tower
base fatigue load.

As discussed above, WECs in the floating hybrid system may significantly affect the motion of the
floating platform and thus the power performance of the OWT. This brings challenges in system
optimisation and control. However, WECs in the fixed hybrid system does not bring considerable effect
on the power performance of the OWT, the control systems of WECs and OWT are less dependent on
each other. For this reason, this paper contributes to the development of a fixed wind-wave hybrid
system, in which a torus-shaped heaving buoy with a fixed monopile OWT. The concept of the hybrid
system has been proposed by Ren et al (2018), who have carried out both experimental and numerical
analysis on the power performance of the system at a model scale. However, the corresponding
investigation on the wave load characteristics has not been done, resulting in uncertainties on the safety
of the monopile foundation if WEC is installed. Following the work done by Zhou et al. (2020), the
torus-shaped heaving buoy is also expected to diffract the wave field and consequently reduce the
diffraction force acting on the monopile. But it is not clear whether the motion of the buoy would
amplify or suppress the load on the monopile. Unlike the hybrid system proposed by Zhou et al. (2020),
in which the OWC is fixed on the ground and therefore the load on the OWC will not be transferred to
the monopile, the heaving buoy may need attach to the monopile. This means that the load on the buoy
may also be transferred to the monopile. To this end, it is essential to consider the total load on the



monopile including the wave-induced load on the monopile and that transferred from the buoy. This is
the second research question to be answered. Furthermore, although the loading characteristics on the
floating hybrid systems cannot be directly applied to the fixed hybrid systems due to the distinguished
different feature of the dynamic responses of the OWT foundations, some valuable conclusion, e.g. the
effect of the PTO on the loading characteristics, can benefit the present study. In this work, the effect
of the PTO of the OWC on the loading characteristics will be explored, yielding the third research
question in this work. These questions have not been answered in the available literature on fixed wind-
wave hybrid systems. Finally, Considering the up-scaling trend of the OWTs, the IEA wind 15 MW
reference wind turbine (Gaertner et al., 2020), instead of the NREL 5 MW wind turbine used in Ren et
al (2018), is chosen to provide the porotype of the monopile foundation and to design the torus-shaped
buoy. From the existing research on floating hybrid systems, we regret the potential significance of the
structural responses to the loading characteristics, but it is ignored in this paper for simplification. The
appropriation of ignoring the structural responses, i.e. the vibration of the monopile, can be partially
justified by the fact that only the operational sea conditions are considered in this work and the structural
vibration may be minimal in such a condition. Further work will follow in the near future when the
survivability and the breaking wave impact on the hybrid system are investigated. The findings of this
work are expected to offer valuable insights for the design and deployment of such hybrid systems in
the near future.

LLS ST LA LT AL S H AT T S/

Fig. 1. Concept of the hybrid wind-wave system
2. Numerical specification and validation

2.1. Conceptual design and numerical model

Figure 1 illustrates the conceptual design of the present wind-wave hybrid system, consisting of a
heaving buoy and fixed monopile foundation recommended by the IEA 15 MW reference OWT system.
Following the technical specification defined by the reference turbine (Gaertner et al., 2020), the
diameter of the monopile Dy, is taken as 10 m and the mean water depth h is 30 m. The heaving buoy
has a torus shape. It is only allowed to move vertically along the monopile through the linear guide-
roller system (Ren et al., 2018) to extract wave energy and its horizontal movement is constrained. A
hydraulic system equipped between buoy and monopile can supply linear and Coulomb damping (Zhao
et al., 2021) and is used to approximate the PTO system. Referring to the WEC dimensions in Ren et



al. (2018), which states that the external diameter is twice of the internal diameter, and the height is
equal to the internal diameter, the external (Do) and internal (D;) diameters of the buoy in this paper are
set to 22 m and 11 m, respectively. The height Hy and draft d of the buoy are 11 m and 4.5 m,
respectively;yielding-a-centre-of gravityat L m-abeve the- mean-seateveH{MSL). The mass of the buoy
is configurated to ensure the hydrostatic equilibrium. In this work, the buoy is constrained to have only
one degree of freedom in heaving, and therefore, the hydrodynamic stability subjected to a small
rotation does not need to be considered, unlike other isolated point absorber devices floating in the
water with 6 degrees of freedom. For this reason, we consider a uniform mass distribution and therefore
the centre of gravity is placed at 1 m above the mean sea level (MSL). It shall be noted, if the buoy
floats in the sea with the constraint of the monopile and subjected to 6 degrees of freedom, such high
centre of gravity may cause hydrodynamic instability.
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Fig. 2. Sketch of the monopile and buoy (a), the illustration of the mesh (b) and numerical modelling
flowchart

As indicated above, the hydro- and aero-elasticity of the structure are ignored, consequently all
components of the hybrid system are assumed to be rigid in this work. To this end, the aerodynamics



of the blade, hub and tower does not affect the hydrodynamics of the foundation. With this assumption,
the wind-wave hybrid system illustrated in Fig. 1 is simplified by two rigid bodies, i.e. the buoy and the
monopile, sketched in Fig. 2 (a). The seabed is simplified as a flat bed. We adopt the ANASYS-Agwa
which is based on the linear potential theory in which the fluid is assumed to be incompressible, inviscid
and irrotational, linearised free surface and body surface boundary conditions are implemented.
ANASYS-Aqgwa can compute the hydrodynamic load/coefficients on floating or fixed rigid bodies by
employing linearized three-dimensional radiation/diffraction theory in either frequency or time domain.
The details on the ANSYS-Aqwa and its applications to the hydrodynamic statistics on multiple bodies
can be found in Si et al. (2021), Ren et al. (2020), and Ghafari et al. (2022), only a brief of the procedure
used for the simulation in this work is given herein.

In the ANASYS-Aqgwa simulation, the monopile is set to be fixed by a rigid joint that connects to the
central point of the bottom of the monopile to the seabed. The buoy is restricted to have one degree of
freedom in heave. A full-scale model is used in the simulation. The frictional resistance between the
heaving buoy and the monopile is neglected because the linear guide-roller system has a very low
friction effect (Ren et al., 2018). A cartesian coordinate system Oxyz is defined with the origin located
at the centre of the monopile and in line with MSL, as shown in Fig. 2 (a). The mesh of monopile and
buoy is shown in Fig. 2(b). As shown in the numerical modelling flowchart in Fig. 2(c), in addition to
using the Design Modeler and Mesher modules for preprocessing, which include modelling and
meshing, the numerical procedure consists of two phases. In the first phase, the hydrodynamic
coefficients, including the added mass and damping coefficients on the monopile and the buoy are
estimated using the frequency-domain analysis module, i.e. Agwa-Line, which employs the linearized
three-dimensional radiation/diffraction theory. After the hydrodynamic coefficients (radiation and
diffraction) are obtained in the first phase, a time-domain simulation is followed using Agwa-Naut
module. The memory effect of the radiation force is taken into account through the convolution
approach in the time domain.

In the frequency-domain linear potential theory, the total potential ¢ (X) with a specific exciting
frequency w at a position X is written as a linear superposition of different components (ANSYS, 2020),

QD()?) =@ t@qt Zg=1 Z?:l PrinXjn (1)

where ¢; and ¢, are the isolated space dependent incident wave potential and the corresponding
diffraction wave potential; x;,is the amplitude of the motion of the n-th structure in the j-th motion

component (i.e. surge, sway, heave, pitch, roll and yaw); ¢, is the unit radiation potential
corresponding to x;,, while other structures remain stationary; N is the number of structure involved in

the system, which is 2 in the present work. The incident wave potential ¢; is specified by a wave theory.
In this work, the second order Stokes wave theory is used to specify the incident wave potential.
Preliminary investigation has confirmed such wave theory is sufficient for describing the incident wave
in all cases considered in this paper. ¢4 and ¢,j, are obtained by solving the corresponding Laplace

equations with linearized free surface and body surface boundary conditions.

Add the Laplace’s equation and the boundary conditions here




After the velocity potentials are solved, the corresponding force components can be obtained by
integrating the velocity potential over the wetted structure surface, son,

Fijm = —iwp fSon (plnjnds (2
Fajn = —iwp [; . ®anjnds (3)
Frjng = —lwp fSon ¢rjnnjnds )

where F; is the Froude-Krylov force, i.e. the unsteady pressure force resulted from the undisturbed
incident wave; F; is the diffraction force brought by the reflected wave from the wetted structure
surface; j and n in the subscript stand for the same meaning as Eq. (1); Fy.jn x; i the radiation force
acting on the n-th structure due to the radiation wave induced by the k-th motion components of the |-
th structure; p is the density of the fluid . The radiation potential can be expressed in real and imaginary
parts and substituted into Eq. (4) to produce the added mass and damping coefficients, i.e. Ay jp ki,
By jn ki1, respectively:

Arjnil = %fgon Im[(prjn]njnds )

Brjn,kl =—-p fSon Re[(prjn]njnds (6)
Overall, the total wave-induced force can be obtained by

Fin =Fijn+Fajn+ 21 20=1Frjnk @)

After the force on and the acceleration of the floating body are sought, integrating-the-acceleration
resulis-in-the-displacement-of-the floating-body,+e—;5-in-Eq—(1)-the Laplace equations and boundary

conditions for radiation potentials can be solved. After that, Eqgs. (2-7) are used to find the hydrodynamic
coefficients for both the monopile and the buoy that will be used in the 2™ phase that evaluates the time-

domain force on the buoy and the monopile, and solves the motion equation of the buoy using Newton’s
2nd Law,

(my + A1 (0))Z(t) + fot k11 (t — Dz(1)dT + R1z(t) = Fe1(t) — Fpro(t) (®)

where m; is the mass of the heaving buoy, z is the displacement of the buoy, A1, () is the infinite-
frequency added mass, kq4is the velocity impulse function, and F,; is wave exciting force which is

made up of the Froude-Krylov force and diffraction force. The convolution integral fot ki (t—
7)z(t)dT represents the memory effect of the radiation force and k4, can be obtained by Eq. (9).

2 roo
ki1(t) = ;fo B, (w)cos(wt)dw 9)
The hydrostatic stiffness coefficient of buoy is presented in the following equation:

R, = npg(Ds — D) /4 (10)

The PTO force Fpro is approximated using



Fpro(t) = —Bz(t) (11)

where B is the PTO damping coefficient, zZ(t) is the heaving velocity of the buoy.
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Fig. 3. Comparison of (a) heaving amplitude, (b) PTO force amplitude and (c) Mean wave power in
the cases with different wave periods (H =2 m)

It is worth noting that the theoretical assumption of the linear potential theory limits its application to
complex fluid-structure interactions involved in the wave interaction with the present hybrid system,
such as the small-scale viscous and turbulent effects, the breaking wave and slamming, aeration and
flow separation, the gap resonance between the buoy and monopile foundation. Considering the fact
that the WEC would only operate in a normal sea state where the breaking wave, slamming, and aeration
are not significant. Under the extreme condition, the WEC stops operating and the whole system
behaves similarly to a fixed step cylinder, existing research on breaking wave impacts on offshore
structure would give a good reference to the evaluation of the extreme load. We focus on the operational
condition without current in this paper covering a wide range of wave conditions. Although the viscous
effects can be taken into account through adding an artificial viscous term in the motion equation of the
floating bodies (e.g. Muliawan et al., 2013 ab; Lee et al., 2018; Hu et al., 2020; Si et al., 2021; Li et al.,
2022), it is ignored in the present ANSYS-Aqgwa simulations, as many existing research on the hybrid
wind-wave system developments (e.g. Zhao et al., 2021; Ren et al., 2018, 2020; Homayoun et al., 2019;
Gkaraklova et al., 2020; Khatibani and Ketabdari, 2022). Further comparison with the CFD results will



be presented to analyse the significance of the viscous effect. Regarding the gap resonance between the
buoy and the monopile, the viscous effect may only be significant near the resonance region and does
not influence the qualitative conclusion (Ekerhovd et al, 2021). Extra attention is paid in this paper to
compare our numerical results with experimental data and computational fluid dynamics (CFD) results
in the following section.

2.2.Numerical Validation

In order to validate the present numerical approach, the experimental data from Ren et al. (2018) is used.
In this experiment, a monopile OWT with a heaving-type WEC was tested subjected to a series of wave
conditions. A 1:50 scaling is used in the experiment. In the model scale, the water depth is 0.3 m, the
monopile diameter is 0.12 m, the outer and inner diameter of the buoy are 0.32 and 0.16 m, respectively;
The height and the draft of the WEC are 0.16 m and 0.06 m, respectively. A linear guide-roller system
is set between the buoy and the monopile and a vertical guide is introduced to allow the motion of the
buoy in heaving only. The PTO force in this work is taken as BproZ(t)|z(t)| where the quadric PTO
damping coefficient is taken as 0.8 kNs2/m?. The viscous effect is neglectable in the present numerical
simulation. The wave power captured by the WEC can be estimated by multiplying the PTO damping
force and the heaving velocity of the buoy. In the present numerical work, a full-scale model is used.
Fig. 3 compares the present results with the experimental data in terms of the heaving amplitude of the
buoy, PTO force amplitude and the mean wave power taken by the buoy in the cases with different
wave periods ranging from 6 s to 15 s. The data shown in Fig.3 correspond to the full-scale value and
the wave height is kept to be constant, i.e. 2 m. This figure shows a satisfactory agreement between the
present numerical results and the experimental data by Ren et al. (2018), especially the PTO force. The
motion response and the mean wave power are slightly overpredicted.

As discussed in the Introduction and shown in Fig. 3, the experimental and numerical work conducted
by Ren et al. (2018) did not cover the load characterises on the monopile. Although the satisfactory
agreement between the present numerical results using ANSYS-Aqwa can justify the applicability of
the present numerical model, additional comparison with CFD results is also made for further
verification and analysis of the viscous effects. For this purpose, the CFD software Flow3D is used. For
both the Flow3D and the present ANSYS-Agwa modelling, the full-scale hybrid system illustrated in
Fig. 1 and Fig. 2 are used. The wave height H is 1 m and the wave period T is 9 s, yielding a kh value
of 1.6 where k is the wave number. As will be shown in the following section, this wave condition is
the most critical condition leading to a maximal wave load on the monopile foundation. The heave
displacement of the buoy and the horizontal force on the monopile foundation are plotted in Fig. 4 for
comparison. In this figure, the horizontal force acting on the monopile Fx is nondimensionalised by
pgADZ where g is the gravitational acceleration, A is the incident wave amplitude. As observed, the
time histories of the heave displacement (Fig. 4(a)) and the horizontal force (Fig. 4(b)) resulted from
the present ANSYS-Agwa are close to the corresponding CFD results. This implies that the viscous
effect is insignificant in the cases considered in this paper. This is further justified by the comparison
of the pressure force and the viscous force obtained from the CFD simulation, i.e. Fig. 4(c) which shows
that the viscous force is almost zero. This is consistent with the analysis of the Reynolds number in the
cases considered in this paper that ranges from 5.3 to 22.8 x 10° and suggests an insignificant viscous
effect. To this end, we are confident that the present linear potential software ANSYS-Aqgwa is valid
for the load characteristics on the present hybrid system subjected to the wave conditions set in this
paper. One may also agree that the use of linear potential theory has benefits on identifying different
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types of the loads, e.g. the diffraction and radiation load, which are important in the design and
optimisation stage, compare to the CFD modelling.
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Fig. 4. Comparison of (a) heaving amplitude, (b) horizontal force on the monopile between the
ANSYS-Aqwa and CFD simulations and (c) force components from the CFD modelling
(H=1m)

3. Numerical Results and Discussions

On the basis of the numerical validation presented above, the present numerical approach is now used
to characterise wave load acting on the hybrid wind-wave system outlined in Section 2.1. As stated in
the Introduction, this paper aims to characterise the wave load subjected to operational conditions with
a particular focus on the role of integrated WEC on reducing the wave load on the monopile. Based on
the sea state around Shandong province in China (Hu et al., 2020), in the numerical investigation, the
wave period T varies from 3 s to 13 s in the cases with regular wave and the peak period ranges from 4
s to 12 s in the cases with irregular wave. The significant wave height is taken as 1 m for both regular
and irregular waves. For each wave condition, the wave load on the monopile with and without
considering the WEC will be analysed and compared. For convenience of the analysis, the force and
overturning moment on the monopile and the buoy are nondimensionalised by using F /pgAD2, and
M /pghADZ, respectively, where F and M are the amplitude of force and overturning moment; the
dimensionless parameter kh is used to indicate different wave period (in the case with irregular wave, k
corresponds to the peak wave frequency).

3.1 Mesh sensitivity and convergence

The convergence tests are carried out prior to the analysis of the wave load. For this purpose, different
mesh sizes are used for the cases considered in this section. Fig. 2(b) illustrates the computational mesh
used in the present numerical work with a maximum element size ds of 0.7 m and defeaturing tolerance
of 0.4 m. For all mesh, the ratio of ds and the defeaturing tolerance is the same, i.e. 1.75. The heaving
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RAO and the horizontal force acting on the monopile are considered as the criteria to assess the
convergence. One example is presented in Fig. 5 for demonstration. In this case, the incident wave
height H=1 m and the period T = 7 s. Different values of ds ranging from 0.55 m to 3.96 m, yielding
total numbers of cell ranging from 36428 to 892, are used. As observed from Fig. 5, the RAO of the
buoy and the wave load acting on the monopile both converge to specific values when ds < 0.7 m (total
number of cells is 24044). Similar observation is found for other cases, the results are not shown to
save the space.

(a)Heave RAO (b)Horizontal force
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Fig. 5. Heave RAO and Horizontal force acting on the monopile in the cases with different mesh sizes
(H=1m,T=75s)
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Fig. 6. Horizontal force and overturning moment acting on the monopile in the cases with different
PTO damping (H =1 m)

3.2 Sensitivity of PTO on Wave Load on Monopile

As discussed in the Introduction, the PTO of WECs may play a critical role in loading characteristics
on the hybrid wind-wave system adopting FOWT (Si et al, 2021; Zhang et al., 2022), systematic
investigations are carried out in this section to assess how the PTO affects the wave load on the
monopile. For this purpose, Eq. (7) is used to model the PTO through imposing a damping force on the
WEC. Different values of PTO damping coefficient B, ranging from zero to 10 x 10 Ns/m are used.
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Figure 6 displays the horizontal force and overturning moment acting on the monopile in regular waves
with different wave periods subjected to different PTO forces. The overturning moment is calculated
using the central point of the cross-section of the monopile at the seabed. For clarity, only three wave
conditions, i.e. kh = 14.32, kh = 2.5 and kh = 0.96 are plotted. The first condition represents a deep-
water wave whereas the other two represent the wave in finite depth. These cases cover the entire range
of wave conditions. It is observed from Fig. 6 that the horizontal wave load and overturning moment
on the monopile are not sensitive to the PTO force. It is noted that the wave load on the fixed monopile
mainly consists of Froude-Krylov force and diffraction force in the present investigation since the
viscous effect is ignored. The former is relevant to the undisturbed incident wave and thus not affected
by the PTO damping. The latter is influenced by the presence of the WEC, which behaves as a shield
to the monopile (see Fig. 2). The PTO damping considerably affect the heaving motion of the buoy
(the heave RAO of the buoy can be reduced from a maximum value of 1.66 to a small value close to
zero), however, subjected to the operational wave condition (i.e. H =1 m in the present investigation),
the introduction of the PTO force does not produce a large reduction of the motion, i.e. at a maximum
level of 1 m, and the area obscured by the WEC experiences minimal changes. Therefore, the PTO force
does not considerably affect the diffraction force on the monopile. This may explain why the horizontal
wave load and the overturning moment on the monopile are not sensitive to the PTO force. It is worth
noting that the linearised viscous damping in the present study could be introduced in the numerical
simulation with the same format of PTO force, e.i. F,,;; = —B,;sZ(t), where B, is the viscous damping
coefficient. Therefore, Fig. 6 also could be used to illustrate the influence of viscous damping on
horizontal force and overturning moment acting on the monopile in regular waves. The observation in
Fig.6 further suggests that even a viscous damping in the heaving motion of the WEC is introduced in
the present study, it is not expected to change the characteristics of the horizontal wave load and the
overturning moment on the monopile.

(a) Horizontal force (b) Overturning moment
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Fig. 7. Horizontal force and overturning moment acting on the monopile in the cases with different kA
(H: 1 IIl,FpTOZON)

3.3 Regular wave load on monopile

Figure 7 compares the horizontal force and overturning moment acting on the monopile in the cases
with and without the heaving-buoy WEC. Since the PTO damping of the buoy does not bring
considerable effects on the loading on the monopile (Fig. 6), zero PTO force is used in the cases shown
in Fig.7. As observed from Fig.7 (a), the dimensionless horizontal force increases as kh increases until
a peak value appears (i.e. kh = 1.6 and kh = 2.5 for the monopile with and without buoy, respectively).
After the occurrence of the peak value, it decreases as kh increases. A similar trend of variation is

13



observed in Fig. 7 (b) for the overturning moment acting on the monopile. This observation on the load
reduction is in line with the effect of the OWC shell on monopile (Zhou et al., 2020). The peak value
of the overturning moment occurs at kh = 1.965 and kh = 3.365 for the monopile with and without the
buoy, respectively. More importantly, the presence of the buoy significantly reduces the wave load on
the monopile within the whole range of the frequency considered in this paper. A further comparison
of the force components, i.e. Froude-Krylov force and diffraction force, is shown in Fig. 8. As
confirmed by Fig. 8, the Froude-Krylov force only depends on the undisturbed incident wave and thus
the presence of the buoy does not change the Froude-Krylov force on the monopile. The load reduction
on the monopile by the WEC is mainly caused by its effect on the diffraction force. The width of the
gap between the buoy and the monopile is 0.5 m (Fig.2). As indicated above, the buoy behaves as a
shield to the monopile near the free surface, where the wave action is more significant. Only the portion
of the incident wave that transits through the buoy can reach the monopile surface covered by the buoy
and result in the diffraction from this part of the surface. Longer wave, more significant wave can be
transited through the buoy and therefore less ‘shielding effect’ is provided by the buoy. As observed
from Fig. 8, when kh < 4.834 (corresponding wavelength is greater than 39 m, the reduction of the
diffraction force by the WEC becomes more significant as kh increases (the wavelength decreases),
because of less transited wave through the buoy. When the wavelength becomes close to or smaller than
the buoy diameter, e.g. kh = 7.5 (wavelength is approximately 25 m) and kh = 13.4 (wavelength is
approximately 14 m), the presence of the WEC amplifies the diffraction force. It is further found that
in the cases with large kh (kh > 4.834), the WEC brings a considerable change in the phase of the wave
load (Fig. 9). This can explain why the WEC reduces overall force on the monopile (Fig.7(a)), although
the diffraction force is more significant when the WEC is introduced.

T
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0.8 — -G — Froude-Krylov force with buoy 1
0.7 —*— diffraction force without buoy
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Fig. 8. Froude-Krylov force and diffraction force acting on the monopile in the cases with different kh
(H: 1 m,FpTOZON)
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3.4 Irregular wave load on monopile

In the cases with irregular waves, the JONSWAP spectrum with the peak enhancement factor (y) of 3.3
is applied in the present work. The peak period ranges from 4 s to 12 s and the significant wave height
is taken as 1 m. For all cases with irregular wave, a random phase is assigned and the simulation is run
for a sufficiently long duration leading to a smooth spectrum, e.g. 1000 s for the cases with the wave
period of 10 s. Fig. 10 and Fig. 11 display the time histories of the horizontal force and the overturning
moment acting on the monopile in the case with Hs =1 m and T, = 7 s. The corresponding kh value is
2.5. Similar to the cases with regular waves, the introduction of the buoy suppresses the wave load on
the monopile, especially in terms of reducing the peak wave load. One may also notice that the buoy
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does not bring considerable change on the phase of the wave load, although the phase on high-frequency
wave components may be changed significantly as observed in the regular wave cases from Fig. 9. The
corresponding amplitude spectra of the horizontal force and overturning moment are plotted in Fig. 12.
Clearly, the amplitudes of horizontal force and the overturning moment corresponding to the entire
frequency range are suppressed by the integrated buoy. Even for the high-frequency component with
dimensionless frequency greater than 2.75 (corresponding to kh > 4.834 in Fig.8), the buoy suppresses
the force/moment components. Similar to Fig. 7, the buoy slightly shifts the peak frequency to a lower

position for both the horizontal force and the overturning moment by 0.0175,/g/h and 0.022 \/g/h,

respectively; it significantly reduces the peak values by 25% and 32% for the horizontal force and
overturning moment, respectively.
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Fig. 13. Statistics on maximum value and standard deviation of horizontal wave load and overturning

moment on monopile with and without buoy in irregular sea (H; = 1 m, Fpro =0 N)

Similar phenomena are also observed in the cases with other peak frequencies. Statistically, the
maximum wave load and the standard deviation are of interest for the structure’s safety. Fig. 13
duplicates such statistic data in all irregular wave cases considered in this paper. For convenience, it is
also given in terms of kh values. It is found that both the maximum value and the standard deviation of
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the force/moment on the monopile are suppressed by the integrated buoy. The effect of the reduction
become more significant as kh increases within the intermediate range (largely fall in the range of finite-
depth wave, i.e. kh < ). Itis consistent with the results from the regular-wave cases (Fig.7).
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Fig. 15. Horizontal forces acting on hybrid system, isolated monopile and isolated buoy in the cases
with different k42 (H =1 m, Fprro =0 N)

3.5 Wave load on hybrid wind-wave system

For the hybrid wind-wave system proposed in this paper, the heaving buoy is attached to the monopile.
The load on the heaving buoy is transferred to the monopile through joint. Although the integrated
buoy provides shielding effect on the diffraction force on the monopile, yielding a reduction of the load
directly imposing on the monopile, one shall consider the overall load on the hybrid system during the
design since the loads on the buoy are expected to be transferred to the monopile through joint.

Figurel14 shows the horizontal forces acting on the monopile and the buoy for the hybrid system without
considering the PTO damping. The data are abstracted from the regular-wave cases discussed in Section
3.3. For the purpose of comparison, the horizontal force acting on an isolated heaving buoy is also
plotted together. Clearly, the presence of the monopile reduces the horizontal wave load on the buoy,
except in the cases with extremely low or high wave frequencies in Fig.14, due to the hydrodynamic
interaction with the monopile in close proximity which may result in negative radiation damping and
significantly alter the loading characteristics (Yan et al., 2011, 2012). More importantly, the horizontal
force acting on the buoy in the hybrid system is compatible to the force acting on the monopile, although
the peak value occurs at the different wave condition, i.e. kh = 1.615 and kh = 3.365 for the monopile
and buoy, respectively. The latter corresponds to the natural frequency of the heaving buoy. The overall
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horizontal force acting on the hybrid wind-wave system, which is the resultant force of horizontal forces
acting on the buoy and the monopile, is displayed in Fig. 15, together with the corresponding force
acting on an isolated monopile and isolated buoy for comparison. As observed, the horizontal force
acting on the hybrid system is considerably higher than that on an isolated monopile and that on an
isolated buoy. It shall be noted that the PTO force of the buoy considerably affect the motion of the
buoy, as confirmed by Fig. 16(a) that shows the variation of heave RAOQ in the cases with different PTO
coefficients, however, the horizontal force on buoy seems not to be affected by the PTO system

(Fig.16(b)).
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4. Conclusion

In this paper, a conceptional design of a fixed wind-wave hybrid system is proposed to integrate a
heaving buoy with the IEA 15 MW wind turbine with a fixed monopile foundation. A numerical model
is established by using ANSYS-Agwa. Necessary numerical validation and convergence investigation
have suggested that the numerical approach is reliable for evaluating the wave load on the hybrid system
under operational conditions. A systematic investigation is carried out by considering both regular wave
and irregular wave conditions in a wide range of frequency. The results from the regular-wave cases
reveal that the integrated buoy mainly provides a shielding effect and reduces the diffraction wave force
on the monopile; the significance of the load reduction is not influenced by the PTO in the cases
considered in this paper. In the sea state of irregular wave, the integrated buoy considerably reduces
the maximum wave load and the standard deviation of the wave load on the monopile.

The present results suggest that the load on the overall hybrid system is generally more significant than
the corresponding load on the isolated monopile without WECs. If the load on the buoy in the hybrid
system needs to be borne by the monopile, the objective of load reduction by integrating the WEC may
not be achieved. This may be different from the observation in the hybrid wind-wave system adopting
FOWT. In the hybrid system adopting FOWT, the integrated WEC behaves as a damper, alters the
natural frequency of the floating platform and consequently affects the dynamics of the platform. By
tuning the PTO of the WECs, one can shift the natural frequency of the floating platform away from
the operational condition of the hybrid system, and consequently, mitigate the motion and suppress the
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wave load on the platform. Nevertheless, one may use an alternative system to withstand the wave load
on the monopile, such as additional mooring, to reduce the overall load to be bearded by the monopile
foundation. It is important to note some limitations of the present work, including (1) the linear potential
theory applied in this paper is restricted by its assumption, high-fidelity computational fluid dynamic
modelling will be done in the near future for revealing further details of the flow characteristics,
including the turbulence and viscous effects, aeration; (2) only operational sea is considered. Under
high sea state, violent wave breaking may occur, yielding impact load on the foundations or WECS; (3)
the structural responses, i.e. the vibration of the monopile foundation, is not taken into account; and (4)
the majority of the fixed offshore wind farm sit in a marine environment where wave and current co-
exist. However, the current is ignored in the present research. These issues will be addressed in the
near future.
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