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Integrated power generation systems have gained increasing attention in marine renewable energy
development due to their potential synergistic benefits. However, quantitative assessments of the
added gains in structural stability and power output are limited. This study proposes a novel wind-
solar-wave (WSW) co-generation system that integrates wind, solar, and wave energy technologies

to enhance both power performance per unit area and structural stability. A new numerical model is
developed based on potential flow theory and multi-body hydrodynamic interactions, and validated
using existing data. Eight WSW configurations are examined, considering varying mooring depths and
clump weights. Results shows that the integration of wave energy converters (WECs) within and along
the perimeter of WSW can improve the structural stability by reducing the vertical fluctuations of the
floating solar farm by 41.2%-69.7% while contributing 11.3%-22.6% to the total power generated.
Moreover, mooring the additional WECs and floating solar farms (FSFs) to the foundation of offshore
wind turbines can also effectively control the overall structural motion of WECs and FSFs. Overall, the
present study confirms the promising prospects of the WSW for future design and policy development
of offshore energy integration, and also offer a new numerical model that can provide assessment and
evaluation of the integrative benefits towards mooring structural stability and power performance for
the whole system within the same spatial footprint.

Keywords Offshore wind turbine, Floating solar farm, Wave energy converter, Multi-body hydrodynamic,
Mooring system

List of symbols

Acronyms

DOF Degree of freedom

E&I External and internal

FSF Floating solar farm

HDPE High-density polyethylene
JONSWAP  Joint north sea wave project
LC Load case

LCOE Levelized cost of energy
NREL National renewable energy laboratory
Oo&M Operation and maintenance
OB Oscillating body

OwWC Oscillating water column
OWT Oftshore wind turbine

PTO Power take-oft

13Y% Photovoltaic

RAO Response amplitude operator
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STD Standard deviation

WEC Wave energy converter

WSW Wind-solar-wave co-generation system

Parameter

Bpto PTO damping coefficient

d Distance between upstream and downstream WECs

da Asymptotic offset

Fi con Connector force matrix

F mooring Mooring cable force matrix

Frpro PTO force matrix

Fi wave Wave force matrix

Hs Significant wave height

ka Asymptotic stiffness

Kprto PTO stiftness coefficient

Lo Initial unstretched mooring length

My, Inertial mass matrix

Piownstream Power generation of downstream WECs
Probability of occurrence

Ppstream Power generation of upstream WECs

Pwec Electricity generated by the WECs

TI Turbulence intensity

Tp Spectral peak period

T Motion amplitude

©D Diffraction wave potential

©r Incidence wave potential

©R Radiation wave potential

& Motion acceleration

TPTO PTO damping moment

Oarm Rotation angle of OB WEC

Nd Linear decay rate of power generation per unit length

Warm Rotation angular velocity of OB WEC

The advancement of marine renewable energies is crucial in the global energy transition towards decarbonisation
which is urgently needed in order to meet the targets set by the Paris Agreement. Various marine renewable
energy technologies, including offshore wind, wave, and solar, offer effective solutions to meet the energy
demands while mitigating climate change impacts. Among these, offshore wind power has experienced the most
rapid development in recent years and is now entering the commercialization phase. The forecast for global
offshore wind turbine (OWT) installations indicates a projected growth to 36 GW by 2027, a substantial increase
from 9 GW in 2022'. OWTs can be broadly categorized into two types based on their support structures: fixed
OWTs and floating OWTs. Fixed OWTs are more suitable for countries with continental shelf coastlines, such
as China, compared to floating OWTs. The related research on fixed OWTs has advanced significantly in various
areas in recent years, including blade aerodynamics®~®, dynamic response of wind turbines®, structural integrity
of foundations!%-!3, and foundation scour'*"1”. In addition, offshore wind farms typically feature large spacing
among the turbines to mitigate wake effects, leading to inefficient use of interior sea space.

The development of solar energy in coastal regions has also experienced rapid growth in recent years
For example, China’s solar power generation capacity reached 106 GW in 2022, representing 44% of the global
installed capacity, with a cumulative capacity of 414.5 GW?’. Water-based Solar Farms, benefiting from the
cooling effect of seawater, can generate electricity more efficiently than their land-based counterparts?'. The
typical configurations of water-based solar farms include fixed solar farms, modular pontoon solar farms, very
large floating structure solar farms and flexible floating structure solar farms. Among these floating options,
modular pontoon solar farms are particularly economical and expandable. Therefore, the current mainstream
solution for floating solar farm (FSF) is the modular pontoon solar farm. Currently, FSFs are more commonly
deployed in reservoirs, lakes, and other calm water bodies so far?>-?. Nonetheless, in the offshore environment,
FSFs are exposed to wind, wave, and current, resulting in significant structural safety and life-span concerns.

Some research has been conducted on developing FSFs into the marine environment. Yang et a
investigated the motion characteristics, the mooring tension, and the pressure on the photovoltaic (PV) panels
of the FSF system under wave and wind loads. Research indicated that wave resonance may occur in FSFs
under normal sea conditions, which could result in significant drifts and damage to the PV panels. Ma et al.”’
investigated the application of single-rod rigid connectors with varying degrees of freedom (DOFs) in floating
PV systems, demonstrating through numerical simulations that connector type significantly affects float motion
and load distribution. Magkouris et al.”® performed a hydrodynamic analysis of FSF systems using the boundary
element method to explore the impact of waves on FSF power generation under Mediterranean and Aegean
Sea environmental conditions. The results demonstrated that the motion of the floating module alters the angle
of sunlight incidence with the sea state, resulting in fluctuations in power generation. Sree et al.?® employed
experimental and numerical methods to evaluate the stress-strain and displacement of a modular FSF under
wave action. The results showed that the interior of the FSE, away from the lateral mooring zone, exhibiting
greater motion responses compared with its sides. On this basis, Zeng et al.** designed an adaptive barrier-
mooring system for FSFs and explored the positioning ability of different mooring systems for FSFs under wave
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action based on experiments. The findings demonstrated that the innovative mooring system allows the FSF to
accommodate up to a 36% change in water depth, while ensuring constant strain on the mooring cables.

Wave energy converters (WECs) have received a lot of attention in recent years. WECs can be classified
as follows®!: oscillating body (OB) WECs, oscillating water column (OWC) WECs, and overtopping WECs.
OB WECs have garnered significant attention due to their affordability and suitability for modular installation.
Research by Castro-Santos et al.> indicated that the economic efficiency of wave energy farm alone is lower
compared to other offshore renewable energies. Hence, WECs are more often used as anti-wave devices for
various offshore structures, e.g., offshore wind power®*-%, very large floating structures®”~*?, breakwaters*! =44,

In recent decades, there has been a growing trend of reducing Levelized Cost of Energy (LCOE) by
integrating various renewable energy conversion systems into hybrid power system?? such that the power output
can be increased within the same special footprint. Various conceptual schemes have been proposed for these
integrated offshore energy systems in the literature, including wind-wave co-generation®-%, wind-tidal co-
generation?>!®, and wave-tidal co-generation?’~>. For example, the issue of unused sea surface space in offshore
wind farms can be alleviated by deploying offshore solar farms among the OW'Ts. This is similar to onshore
wind farms which install solar farms on unused land among the wind turbines, which increases the total power
generation while reducing the intermittency issue of renewable energy generating units®'~>>. Similarly, WECs
can potentially be installed in a meshed configuration both around and within the modular FSE, dissipating wave
energy and enhancing total power generation at the same time. Jariwala et al.>* investigated a hybrid solar-wind-
wave energy converter that combines PV panels and a vertical-axis wind turbine on a point absorber WEC. Their
study emphasized control strategies for power conversion under emulated real-sea conditions based on a single
integrated floating structure rather than a modular system.

This study proposes a novel concept for an offshore wind-solar-wave (WSW) co-generation system
that synergistically integrates wind, solar, and wave energy to increase the power output per unit area of the
permitted site. The concept integrates the modular FSFs and WECs between OWTs in order to maximize the use
of available spatial footprint. Furthermore, the new configuration secures the mooring system of the FSFs to the
fixed foundations of the OWTs, eliminating the need for complex anchoring, and the WEC arrays are deployed
along the FSF perimeter to reduce wave impact while enhancing overall power generation. Additionally, interior
WECs are designed as Power-Take-Off (PTO) systems which can act as the internal connectors between FSF
modules, leveraging their relative motion to improve both structural stability and energy production. Previous
studies have explored offshore multi-energy concepts, ranging from co-located wind-solar-wave parks sharing
transmission infrastructure® to fully hybrid systems that integrate all three energy converters into a single
floating unit®. In contrast, the present work proposes a new concept of semi-integrated systems in which
WECs are structurally meshed with FSF systems, while OWTs simultaneously provide the power generation
and mooring functionality. The semi-integration distinguishes our design from both co-located and fully hybrid
approaches that have been suggested in the literature so far. A new numerical model for the WSW co-generation
system is also developed to comprehensively analyze the dynamic response and power generation of various
WSW configurations, as well as the influence of anchor depth and clump weight on the system motion. The
findings provide valuable design insights on improved structural stability and increased power performance for
future WSW development, offering a theoretical foundation and technical guidance for the integrated utilization
of offshore renewable energy resources.

The structure of this paper is as follows. Section 2 introduces the WSW concept. Section 3 presents the
development of the numerical model, followed by Section 4, which details the validation of the model. Section 5
investigates the structural stabilities of the WSW system, while Section 6 analyses the power output performance.
Finally, Section 7 summarizes the key findings and provides conclusions.

Concept of wind-solar-wave co-generation system

Figure 1 illustrates the schematic diagram for the proposed WSW co-generation system concept which comprises
three components: monopile OWTs, FSFs, and WECs. The WSW layout with its mooring system is also shown
in the figure.

Currently, OWTs are typically spaced 5-7.5 times the rotor diameter°®>’ (i.e. the spacing is approximately
600-1000 m) to mitigate wake effects, leaving large areas of unused sea space in practice. Installing FSFs in
these open areas can optimize the space utilization while enabling shared electrical inverters and cabling. At
the same time, OWTs are generally located in offshore regions with strong wind conditions to maximize the
power generation, and thus FSFs may experience significant structural displacements with their extensive spatial
extent of photovoltaic (PV) module. To mitigate the wave-induced platform motion while enhancing the energy
production, WECs are strategically integrated both along the perimeter and within the FSE simultaneously
sharing electrical components to improve overall techno-economic performance.

The WEC design follows a mesh approach. External WECs are attached to the FSF’s perimeter modules, with
PTO devices converting the relative motion between WECs and perimeter modules into electricity. Additionally,
internal WECs are formed by integrating PTO devices into the FSF’s internal connectors, utilizing the relative
motion between adjacent modules for additional power generation.

Additionally, the OWTS’ fixed foundations serve as part of the FSF mooring system, reducing anchoring
costs. The mooring system is secured at the top to the FSF’s perimeter modules, while the bottom end is anchored
either to the seabed or to the OWT foundations, depending on site conditions. Mooring cables are typically fitted
with clump weights to counteract the reduced positioning stability caused by tidal variations.
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Fig. 1. Schematic diagram of wind-solar-wave (WSW) co-generation system.

Numerical model
We utilize a numerical model in this study to quantify the benefits that can be generated from one application
instance derived from the proposed concept. The model, based on the commercial software ANSYS AQWA
(version 2018)®, employs potential flow theory to analyses the flow field surrounding the floating bodies,
including the FSF modules and attached WECs, as well as the hydrodynamic interactions among them. It
incorporates both radiation coupling and shielding effects. Accounting for these interactions alters both the
radiation and diffraction wave forces, leading to variations in the hydrodynamic response. Consequently, the
response amplitude operator (RAO) for each structure differs from that obtained when the structures are
considered in isolation.

To account for the hydrodynamic interactions among multiple structures, the total DOFs needed would be
6xm, with m representing the number of structures. The overall unsteady potential can be obtained through
superposition,

m 6
7 ()_()) =1 +¢p+ Z Z@ijxjm ey

m=1 j=1

where @ represents the incident wave potential, ¢p the diffraction wave potential, ¢;» the amplitude of
motion of the jth DOF of the mth structure. ¢ rjm denotes the radiation wave potential due to the jth DOF
of the mth structure, while other structures remain stationary. The incident wave potential is computed using
the linear wave theory, while the diffraction and radiation wave potentials are determined through the source
distribution method. Following the computation of the unsteady potentials, the wave excitation force acting on
the wet surface of each structure is obtained through integration.

The numerical model considers the FSF and perimeter WECs in the proposed WSW concept as the main
structure, while the internal WECs and OWTs are simplified as connectors and part of mooring system,
respectively. In the hydrodynamic simulations, the OWTs were treated only as mooring points without
considering aerodynamic loads on the WSW system, while their power generation was estimated separately
using the wind speed-power curve. The PV panels were represented as an integral part of the FSF structure,
and their output was assumed constant under normal operating conditions, following Bi et al.*. Large scale
FSFs typically comprise numerous floating modules numbering in millions, with a significantly larger horizontal
dimension compared to the vertical dimension, resulting in evident flexible characteristics®. In the present
study, the PV modules are interconnected with numerous WECs, thereby forming a fully integrated multi-float
configuration. It is too computationally expensive to simultaneously solve the flexible structural characteristics
of FSF and the full-scale multi-body hydrodynamic interactions with WECs in the numerical simulations.
Therefore, the WSW system is simplified as multiple rigid floats (i.e., external WEC and PV modules), which
are interconnected with joints (i.e., internal WEC), and moored to the bottom (i.e., seabed or the foundation of
OWT). The numerical model is meshed using a maximum element size of 1 m, with the FSF module element
size of 0.4 m, WEC element size of 0.3 m, and a defeaturing tolerance of 0.05 m. A total of 27,848 elements are
established, of which 14,190 are diffraction elements.

The connector and PTO models in this study operate under two assumptions®. First, the relative displacements
between neighbouring floats are disregarded, and the analysis focuses solely on relative rotations. Second, the
connector and PTO models are simplified as joint models with linear stiffness and damping characteristics.
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Figure 2 illustrates the simplified connector model and the PTO model. The connectors are modelled with
rotational stiffness around the Y direction, and linear damping is incorporated to simulate the PTO systems
with internal WECs. In the absence of internal WECs, the damping for the connector model is set to 0. The PTO
systems for external WECs are treated as linear spring-damping systems, which convert the relative motion of
the floats into electricity. The damping moment for PTO systems are expressed as

TPTO = BPTO * Warm + KPTO . Oarm (2)

where Bpro is the PTO damping coefficient, Kpro the PTO stiffness coefficient, Tpro the PTO damping
moment, warm the angular velocity of float relative rotation, and 6., the relative rotation angle. The electricity
Py ec generated by the WECs is expressed as

PwEc = TPTO * Warm (3)

The WSW’s mooring cable is modelled as a nonlinear steel wire rope with its weight being neglected. Its tension
is expressed as follows:

TZ{%@—LJHL>Lt @

0if L<L,

where L = ‘?1 () — ?2 (®)
d, the asymptotic offset, Lo the initial unstretched mooring length, X, (t) and X, (t) are the attachment

points on the structures and seabed.

Considering the multi-body hydrodynamic interactions with the connector effects, the motion equations for
the kth structure (k=1, 2, ..., m, where m is the total number of floating structures in the WSW system) can be
expressed as,

and Ly = Lo + dq tanh ((L — Lo)/da). ko denotes the asymptotic stiffness,

6m
Z [(Mij + Akj (@) & () + Brj(w)é; () + Cij ()& (1)] = Frwave () + Frcon (£) + Fi pro (t) + Fimooring (t)  (5)

j=1

where &;, £;, £; denote the motion acceleration, velocity and displacement of the jth DOE, respectively; My is
the mass matrix; Ax; (w), Bij(w), Ck; (w) are the added mass matrix, radiation damping matrix, and hydrostatic
restoring, respectively; w is the wave angular frequency; F wave is the wave-induced force matrix, including the
hydrostatic restoring force matrix, radiation force matrix and excitation force matrix; Fy,con is the connector
force matrix; F pro is the PTO force matrix; and Fi,mooring is the mooring cable force matrix. It should be
noted that the viscous force is not considered in this model. The set of equations was solved in the time domain
using the built-in solver of ANSYS AQWA with a fixed time step of 0.003 s.
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Fig. 2. Schematic diagram of FSF connectors and WEC PTO system: (a) Top view, and (b) Side view.
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Validation

Validation of FSF

To ensure the reliability of the simulations, the numerical model implemented in ANSYS AQWA was validated
against the experimental data reported by Zeng et al.*°, which focused on the motion responses of the FSF
system under wave excitation. Figure 3 presents the schematic diagram of the experimental setup. The wave
flume dimensions were 35 m length, 0.55 m width, and 0.6 m depth. The flume was equipped with grid-type
wave attenuators at both ends, with a downstream beach slope of 1:13 to minimize wave reflection effects. The
FSF model was made with a scale of 1:30 based on the Froude similarity, and employed a floating perforated plate
made of ethylene vinyl acetate foam with an equivalent stiffness equal to the shell structure of the prototype. The
distance between the FSF model and the wavemaker was 12.5 m. A linear spring, with a model stiffness of 2.5 N/
mm and a pretension of 1.4 N, was utilized to simulate the elasticity of the actual steel wire rope. The anchoring
system was fixed to the flume bottom using steel plates. The experiment was conducted under regular wave
conditions, with a prototype wave height of 0.3 m and a prototype wave period of2.2's,2.9s,3.4 s,and 4.1 s, and
the field water depth was 10.8 m.

Figure 4 presents the horizontal and vertical displacement distributions of the FSF model, comparing
experimental results with numerical predictions for regular waves. In all cases, the numerical predictions
successfully capture the overall magnitude and spatial variation trends observed in the experiments. The mean
horizontal displacement shows close agreement with the experimental results, with deviations generally within
10% across the tested cases. The vertical displacement predictions also agree well with the measurements,
although discrepancies increase slightly with wave period. Nonetheless, the overall variation patterns remain
consistent.

Validation of WEC

The calculated motion responses were compared with the experimental data of a 1:5 scale Wavestar prototype
tested by Windt et al.., to further assess the accuracy of the numerical model for simulating WECs in this study.
The experiments were carried out under regular wave conditions with the wave height of 0.1 m and wave period of
1.4 s. Figure 5 compares the simulated heave motions with the experimental measurements under different PTO
damping coefficients, the amplitude deviations typically within 5-10%, which demonstrates good agreement
between them. Some discrepancies were observed in the peak responses under high damping conditions, which
can be attributed to fact that the simplified linear damping model of the PTO system in the numerical method
does not include potential nonlinear mechanical behaviours and hysteresis effects. Nevertheless, the validation
confirms that the model can reasonably reproduce the motion responses of individual WECs. It should be noted
that this validation was carried out for a single WEC rather than the fully integrated multi-body system. Hence,
potential hydrodynamic coupling effects between modules are not directly verified. Nevertheless, the numerical
methods employed in this study demonstrate acceptable accuracy and reliability within this limitation.

Structural stabilities
The structural stability of the novel WSW is investigated by considering different configurations under various
sea states in this section. The dynamic response of various combinations of WECs and FSFs are first examined to
ascertain an optimal configuration with the objective of minimizing motion response. Subsequently, the impacts
of mooring anchor depth and clump weight on the dynamic response for WSW are investigated to identify a
suitable mooring solution.

Description of the WSW configurations
Typical sea state conditions considered for National Renewable Energy Laboratory (NREL) 5 MW OWT are
adopted in this study as shown in Table 1, which includes the water depth, turbulence intensity (TI), significant
wave height (Hs), spectral peak period (Tp), and probability of occurrence (Pf). These parameters are obtained
from measurements conducted at the [Jmuiden Munitiesstort site®>53. The irregular waves follow the JONSWAP
spectrum with a spectral peak factor of 3.3.

The details for the three key renewable energy devices (wind, solar and wave) of the WSW are summarized
in Table 2. The OWT is considered as a shared mooring foundation®. Additionally, the FSF measures 16.5 m
in width and 63 m in length, comprising a total array width of 13 modules and a length of 50 modules. Each
float module, made of high-density polyethylene (HDPE) with a Young’s modulus of 500 MPa, is hollow and
measures 1.26 m in length, 0.4 m in width, 0.215 m in height, and 3 mm in thickness?. Perimeter pontoons
are installed around the FSF to provide buoyancy and wave resistance. Furthermore, the Wavestar concept®
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Fig. 3. Experimental setup (from)™.
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Fig. 4. Validation of the numerical model against experimental results*®® for the displacement of the FSF in the
X (left column) and Z (right column) directions: (a, b) T=2.2s,(c,d) T=2.9s,(e,f) T=3.4s,and (g, h) T =
4.1 s. Legend: black line with squares = experimental results, red line with circles = numerical model.

is used for the external WEC employed together with perimeter pontoons as protection against waves. The
Wavestar WEC comprises a hemispherical float and a steel arm. The motion of float drives the rotation of the
steel arm, which in turn compresses the hydraulic PTO system to generate electricity. For the FSF, adjacent
floating modules are connected with Nylon pins supporting the PV panels on top. Similar PTO devices are
installed in the connections to form internal WECs, utilizing the mechanical energy due to the relative motion
of adjacent floating modules. Finally, mooring cables and anchoring system regulate the motion response of the
entire system.

The validated numerical model is adopted by building a two-dimensional numerical setup and installing the
WECs in the direction of wave propagation to examine the dynamic response of the WSW concept. Figure 6
presents a schematic of the WSW farm and three combinations of WECs and FSE. The combinations of WECs
and FSF can be categorized as follows:

(1) External WECs +FSF: OB WECs are installed on the perimeter modules of the FSE, which can help dampen
waves propagating into downstream FSF modules. The relative motion between the WECs and perimeter
modules due to the phase difference of waves drives the PTO devices, as illustrated in Fig. 6a.

(2) Internal WECs+FSF: PTO devices are installed on the FSF’s internal connectors between the adjacent FSF
modules. The relative motion of the adjacent FSF modules drives the PTO devices, thus creating the power
production, as illustrated in Fig. 6b.

(3) E&I WECs + FSF: The external and internal PTO devices are both installed within the FSE as illustrated in
Fig. 6¢.

Table 3 outlines various configurations of WECs and FSE To explore the effect of asymmetrical installations of
WECs on FSE, with the configurations of WECs on either front or rear side of FSF are investigated, respectively.
Con 1 denotes a single FSF without WECs. Cons 2-4 indicate WECs installed solely at the perimeter of the FSF,
with EF and ER denoting external WECs installed on the front and rear sides of the FSF, respectively. Con 5
signifies WECs installed within the FSF. Cons 6-8 involve both external and internal WECs located within the
FSE
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Fig. 5. Comparison of Wavestar WEC responses under different damping coefficients: ( a, b) 0 N-m-s; (¢, d)
50 N-m-s; (e, f) 100 N-m-s; (g, h) 200 N-m-s, where (a, c, e, g) show displacement and (b, d, f, h) show velocity.
Legend: blue dashed line = experimental results, red solid line = numerical model.

Wind Wave
Load cases | V(m/s) | TI | Hs(m) | Tp (s) | Pf(%)
1 12 14.6 | 1.67 5.89 14.582
2 16 13.9 | 2.16 6.34 8.216
3 20 13.4 | 2.71 6.96 3.48

Table 1. Design load cases.

Dynamic response

Figure 7 illustrates the horizontal and vertical motion of the FSF for different configurations with LCI.
Compared to the FSF without WECs, those with external WECs show varying decrease in maximum vertical
displacement but generally exhibit increased maximum horizontal displacement. This is because the external
WECs are exposed to higher horizontal wave forces due to larger cross sections, whereas the conversion of
energy dampens the waves and shelters the downstream FSF modules. Installing only internal WECs reduces the
maximum vertical displacement of the FSF by up to 63.6%, subsequently decreasing the maximum horizontal
displacement by up to 22.9%. The difference in motion response between configurations with and without
internal WECs is negligible when external WECs are already installed, indicating that the external WECs
provide the dominate wave-sheltering effects. However, internal WECs reduce the standard deviation (STD) of
the vertical displacement of the FSF’s internal floats. This reduction becomes more pronounced with increased
motion of the floating body. As the FSF’s scale expands to the hundred-meter level or larger, the wave-sheltering
effects of external WECs possibly decreases, so the installation of internal WECs can enhance structural safety
by mitigating the extreme vertical displacements of the FSF’s internal floats. Installing WECs on the rear side of
the FSF is less effective in wave sheltering and leads to a 60.4% increase in maximum horizontal displacement
compared with the case of the FSF with internal WECs only, as the upstream modules dissipate most of the
high-frequency wave energy, leaving low-frequency components to excite the rear WECs, while hydrodynamic
coupling among multiple bodies further amplifies the low-frequency surge response. Moreover, installing
external WECs on the rear side causes more pronounced vertical motion fluctuations compared to those with
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Properties ‘ Value ‘ Unit
Offshore wind turbine
Wind turbine rated power 5 MW
Cut-in/rated/cut-out wind speed 3/11.4/25 | m/s
Rotor diameter 126 m
Tower height 77.6 m
Monopile height 30 m
Monopile diameter 6 m
Water depth 20 m
Floating solar farm
Length of perimeter module LPW 16.5 m
Width of perimeter module Woer 2.1 m
Height of perimeter module H, er 1.5 m
Length of FSF L, 63 m
Height of FSF H 0.215 m
Width of the module supporting PV panel L, 0.4 m
Width of the module supporting PV panel L,&»W, 2.58/2.12 | m
Stiffness coeflicients of connectors 50 kN/m
Diameter of steel wire rope 0.038 m
Axial stiffness of steel wire rope 2250 kN/m
Pre-tension of steel wire rope 37.8 kN
Length of the mooring cable 39.33 m
Angle between mooring cable and horizontal plane 30 deg
External/Internal wave energy converter
Mass of external WEC 3437.5 kg
Mass moment of inertia of external WEC 121,289 kg-m?
3.488 m

Centre of mass (CoM) of the of external WEC relative to the hinge position | Y | 0 m

Z | -3.3265 |m
Draft of external WEC 1 m
Distance between external WECs D, - 2.52 m
Distance between external WEC and perimeter module L,,,,. - 1.5 m
Damping coefficient of external WEC 2 kN/m-s
Damping coefficient of internal WEC 2 kN/m-s
Stiffness coefficient of external WEC 2 kN/m
Stiffness coefficient of internal WEC 0 kN/m

Table 2. Parameters of the combined concept system used in the present analysis.

WECs mounted at the front. However, symmetrical WEC installation stabilizes the FSF in its initial position,
reducing both the maximum and the STD of vertical motion.

Figures 8 and 9 depict the horizontal and vertical motions of the FSF for different configurations with LC2
and LC3. Similar to observations at LC1, installing external WECs symmetrically at both ends of the FSF reduces
the vertical motion of the internal floats and mitigates the horizontal displacement. Motion responses between
configurations with and without internal WECs show insignificant differences when external WECs are absent.
The enhancement of structural safety by installing only internal WECs within the FSF diminishes with LC2 and
LC3. Internal WECs suppress local vertical motion by controlling the relative rotation between FSF modules.
However, since the wavelength is close to or more than the length of the FSF with LC2 and LC3, the relative
rotation angle between the modules decreases.

Figure 10 presents the horizontal displacement time history curves and motion spectra of the WSW
under LC3 with and without internal and external WECs. The results show that incorporating WECs could
reduce vertical motion, while the installation of external WECs leads to an additional increase in horizontal
displacement amplitude, with the maxima rising by approximately 49.3% compared with the baseline FSE
This enlarged motion implies that wider safety gaps may be required in practical deployments and that the
mooring lines and connectors could be subjected to higher dynamic loads. Additionally, the motion spectra
indicates that WECs perform effectively in suppressing high-frequency responses. Nevertheless, external WECs
tend to introduce multi-body interactions and resonance effects associated with the WEC itself. These findings
highlight the trade-off between enhanced energy capture and increased structural drifts, underlining the need
for optimized WEC placement in future engineering applications.
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Fig. 6. Layout of offshore WSW co-generation system. Top: Schematic diagram of offshore WSW farms.
Legend: grids =floating solar system, large gray circles = fixed-bottom OWTTs, little gray circles = fixed
foundation, blue lines = external WECs, red circles = internal WECs, black lines = mooring lines. Bottom: (a)
external, (b) internal and (c) both external and internal WECs combined with FSF.

Configuration | WSW definition | External WEC installed at the front of the FSF | External WEC installed at the rear of the FSF | Internal WEC

1

Single FSF No No No

EF_WEC+FSF Yes No No

ER_WEC+FSF No Yes No

E_WEC+FSF Yes Yes No

I_WEC+FSF No No Yes

EF/I_WEC+FSF | Yes No Yes

ER/I_WEC+EFESF | No Yes Yes

| N v~ W[

E/I_WEC+FSF Yes Yes Yes

Table 3. Definitions for different WSWs.

Figure 11 illustrates the mooring tension for different WSW configurations of the three LCs. Cables 1 and
4 indicate the mooring cables on the incident side, while cables 2 and 3 indicate the cables on the rear side.
The figures show that the maximum and mean mooring tension of the FSF equipped with internal WECs are
significantly smaller than those of the other configurations. This is because the installation of internal WECs
reduces the relative motion between adjacent modules within the FSE, reducing the displacement of both ends
moving toward the centre of the FSF and thus decreasing the mooring tensions. In rough sea conditions (LC2
and LC3), both the maximum and mean mooring tensions for the FSF with WECs are lower compared to
those for the FSF without WECs. Symmetrically installed WECs provide greater stability for FSFs compared
to unilaterally installed WECs. This reduction is attributed to the decreased motion response, enhancing the
mooring system.

Figure 12 illustrates the joint loads of the FSF’s connectors for different configurations with LC1. The mean
horizontal force (Fx) at the joints of the FSF with internal WECs are around 10% lower than the single FSF due
to the smaller relative rotation of joints between adjacent FSF modules, while the rotational torque in the Y
direction at both ends are 30% lower. Regarding the external WECs, the configurations with installations on the
incident side efficiently reduce both the magnitude and fluctuation of the joint force in the x-axis (Fx) on the FSE
The configurations with WECs installed on the rear side or both ends of the FSF exhibit a slightly higher mean
value of Fx compared to other configurations.

Figures 13 and 14 illustrate the joint loads of the FSF’s connectors for different configurations with LC2 and
LC3. The installation of WEC in FSFs can significantly decrease the joint loads with moderate or severe sea
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Fig. 7. Motion response of FSFs under load condition 1 (LC1) as listed in Table 1: maximum displacement in
(a) X and (b) Z directions; average displacement in (c) X and (d) Z directions; and standard deviation in (e)

X and (f) Z directions. Legend: dashed lines with hollow symbols = with internal WECs; solid lines with solid
symbols = without internal WECs; black squares =no external WECs; blue triangles = front external WECs; red
circles =rear external WECs; green diamonds = external WECs at both ends.

conditions. The joint loads of FSFs with WECs decrease to varying extents compared to those of FSF without
WECs, with configurations incorporating internal WECs showing the most decrease. The maximum, mean, and
STD of Fx for this configuration shows the decrease of 20%. Additionally, due to the wave absorption by internal
and external WECs, the maximum value of Ry and the STD of the FSF with WECs are around 50% lower than
those of the FSF without WECs.

Effects of mooring system

The impact of the mooring system is examined based on FSF with internal WECs and external WECs on both
sides. This is because the vertical displacement of the FSF can be significantly mitigated due to the wave sheltering
of external WECs and energy damping by internal WECs, while the horizontal displacement may increase due
to the higher wave force on external WECs based on the last section. The environmental condition is chosen
as LC3 to explore the dynamic response of WSW under extreme conditions. The mooring configuration for
WSW is presented in Table 4. Additionally, the anchor depth and clump weight are studied. The anchor depth
is adjustable, as part of the mooring cables of the WSW system can be connected to the OWT foundation, and

Scientific Reports |

(2026) 16:1240 | https://doi.org/10.1038/541598-025-30805-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

0.8 : : :
~ 07} =
E g ]
= 3
= 0.6} =
5 £
£ G
[5) g i
8 05F =
) ]
5 )]

0.4 |

0.10 . : :
E .05} {1 & |
=, N,
jg é -0.1 .
5 0.00f 13
< [}
B B l
A A
2 005t ]
0.25 . : :
E £ _
<10.20} N
[0} Q
2 3
= = I
2015} 15
-1.0 0.5 0.0 0.5 10 -1.0 0.5 0.0 0.5 1.0

X/L X/L

Fig. 8. Motion response of FSFs under LC2 as listed in Table 1: maximum displacement in (a) X and

(b) Z directions; average displacement in (c) X and (d) Z directions; and standard deviation in (e) X and

(f) Z directions. Legend: dashed lines with hollow symbols = with internal WECs; solid lines with solid
symbols = without internal WECs; black squares =no external WECs; blue triangles =front external WECs; red
circles =rear external WECs; green diamonds = external WECs at both ends.

the clump weight directly affects mooring line tension and platform stability. These factors are crucial for system
stability and adaptability.

Mooring anchor depth
Figure 15 illustrates the impact of anchor depth on the horizontal and vertical motions of the FSE The data
clearly shows that the horizontal motion of the FSF is minimized, and stability is enhanced when the anchor
depth is 0 m, indicating that the mooring cable is fully horizontal. At anchor depths of -4 m and —20 m, the
horizontal displacement is similar, with a maximum displacement of approximately 0.75 m and a STD of
about 0.23 m. As the anchor depth increases, the system’s control over horizontal motion declines, resulting in
increased displacement and STD. The maximum vertical displacement of the FSF along the length at anchor
depths of 0 m and —20 m exhibits an opposing trend, due to insufficient vertical restraint from the horizontally
placed mooring cables. As the anchor depth increases, vertical displacement at the ends of the FSF converges
towards the center.

Figure 16 demonstrates the effect of anchor depths on the mooring cable tension. When the mooring cable
is completely horizontal, the average tension exceeds 1000 kN, significantly higher than in other configurations,
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Fig. 9. Motion response of FSFs under LC3 as listed in Table 1: maximum displacement in (a) X and

(b) Z directions; average displacement in (c) X and (d) Z directions; and standard deviation in (e) X and

(f) Z directions. Legend: dashed lines with hollow symbols = with internal WECs; solid lines with solid
symbols = without internal WECs; black squares =no external WECs; blue triangles =front external WECs; red
circles =rear external WECs; green diamonds = external WECs at both ends.

presenting challenges for the long-term operation of the WSW system. This increase is due to the shorter
mooring cable length at this height, resulting in higher tension for the same horizontal displacement. For anchor
depths between 0 m and —20 m, the average cable tension is lower than that of the original mooring solution.
However, the maximum cable tensions for anchor depths of -8 m, —12 m, and — 16 m exceed 2000 kN, indicating
a higher risk of cable breakage. In contrast, the mooring depth of —4 m exhibits better mooring tension than the
original configuration, making it an acceptable choice.

Figure 17 depicts the effect of anchor depths on the joint loads of FSF’s connectors. When the mooring cable
is fully horizontal, the FSF is more susceptible to relative horizontal motions between modules, resulting in
higher horizontal joint loads. Conversely, at an anchor depth of —4 m, both the mean and STD of the horizontal
joint load are lower, suggesting reduced risk of horizontal crushing damage. As the anchor depth increases,
the bending moment at both ends of the FSF decreases, with the motion response approximately inversely
proportional to the internal force, where wave energy is dissipated as structural kinetic energy.
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Fig. 10. Time history curves and motion spectra of WSWs under LC3: (a) horizontal and (b) vertical
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dash-dotted line = combined internal and external WECs.

Clump weight

Figure 18 demonstrates the effect of the clump weight on the horizontal and vertical motions of the FSE. The data
reveal that while the installation of clumps minimally affects the average horizontal displacement of the FSE, it
significantly influences motion amplitude and stability. Without clumps, the FSF exhibits high levels of maximum
displacement and STD in the horizontal direction. Although clump installation helps control horizontal motion,
excessive clump weights (2000 kg and 3000 kg) increase the angle between the mooring cable and the horizontal
plane, reducing the horizontal tension component and weakening the mooring system’s effectiveness. Clump
installation markedly decreases the vertical motion amplitude of the FSE, enhancing stability. Variations in FSFs
configured with different clump weights are indistinct, but as mooring tension increases, the floating bodies
gradually submerge below the water level.

Figure 19 illustrates the effect of clump weight on mooring cable tension. As clump weight increases, the
mean mooring cable tension rises, while the STD decreases. However, the maximum mooring cable tension
diminishes as clump weight increases, reaching a minimum value of approximately 400 kN at a weight of
3000 kg, before gradually ascending again. This phenomenon results from the excessive angle formed between
the upper mooring cable and the horizontal plane, weakening the cable’s ability to restrain the FSF’s horizontal
motion, and leading to higher horizontal motion and mooring tension.

Figure 20 demonstrates the effect of clump weight on the joint loads in the FSF. Clump installation significantly
reduces both the magnitude and fluctuation of horizontal joint loads, with the 3000 kg clump weight yielding the
best horizontal joint force performance. However, excessive clump weight tightens the mooring cable, altering
its angle and reducing the horizontal tension component, weakening its restraint on horizontal motion. The
average joint bending moments at both ends of the FSF increase with clump weight, while clump installation has
minimal effect on vertical displacement.
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Fig. 11. Cable tension for FSFs under three LCs: Maximum cable tension with (a) LC1, (b) LC2, and (c) LC3;
Average cable tension with (d) LC1, (e) LC2, and (f) LC3; (g) Standard deviation with (g) LC1, (h) LC2, and (i)
LC3. Legend: dashed lines with hollow symbols =with internal WECs, solid lines with solid symbols =without
internal WECs, black squares =no external WECs, blue triangles =front external WECs, red circles =rear
external WECs, green diamonds = external WECs at both ends.

Power output

The potential power output by the WSW is examined in this section. The wind speeds for three LCs are assumed
to exceed the rated wind speed of 11.4 m/s in the present study. The wind turbine hub is positioned high enough
above the sea surface, making it insignificantly affected by the WECs and FSE. Bi et al.” showed that the effect of
high wind and waves on the solar power generation of PV panels is negligible, with the relative change in total
power output remaining within 0.2%-0.5% under different offshore wind-generated wave conditions. Hence, we
applied their conclusion in the present study by assuming a constant power output of FSF panels. A prototype
floating platform unit adopted has dimensions of 16.5 m in width and 63 m in length, comprising a total array
of 13 modules in width and 50 modules in length. Therefore, a single FSF unit can have a total capacity of 300
Wx13 x 50 = 195 kW.

The power output is evaluated based on the practical offshore installation as shown in Fig. 21. The study
assumes an offshore wind farm comprising four 5 MW OWTs. The spacing between OWTs along the wind
direction is set at eight times the rotor diameter (~1040 m), while the lateral spacing between neighboring
OWTs is four times the rotor diameter (~500 m). To optimize the use of vacant sea space, eight FSFs are
deployed between the OW'Ts. Each FSF measures 240 m x 240 m, with a 20 m gap to accommodate operation
and maintenance (O&M) vessel passage, covering 88.6% of the vacant sea area in total. Assuming constant
power generation efficiency for each FSE, the total PV power output is estimated at 86,442 kW. The installation
also includes internal and external WECs positioned around and within the FSFs.

The power output of WECs is calculated while accounting for wave attenuation due to the wave-sheltering
effects of upstream FSF units. The relative motions and velocities of each WEC in the WSW system from the
simulations are used to determine the power output of the most upstream FSF unit. This output serves as the
basis for calculating the power generation for different LCs using the equations given in Egs. (2) and (3). The
results are then employed to extrapolate the power efficiency of downstream WECs by considering the linear
decay rate of WEC power output across the full-scale WSW system, as shown in Fig. 21. The decay rate is
calculated as follows:

Na = RLPStT;m - Pdowzstream (6)
upstream *
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Fig. 12. Joint loads for FSFs with LC1: Maximum joint load in (a) X and (b) Z directions; Average joint
load in (¢) X and (d) Z directions; Standard deviation in (e) X and (f) Z directions. Legend: dashed lines
with hollow symbols = with internal WECs, solid lines with solid symbols = without internal WECs, black
squares =no external WECs, blue triangles = front external WECs, red circles = rear external WECs, green
diamonds = external WECs at both ends.

where 74 denotes the linear decay rate of power output per unit length. Pupstream and Paownstream represent
the power output of upstream and downstream WECs, respectively. d is the distance between upstream and
downstream WECs. For the three LCs investigated, the linear decay rates per unit length of the external WEC
were 0.79%, 0.56%, and 0.63%, respectively. The internal WECs exhibited different decay characteristics due to
the interaction with the surrounding structure. Therefore, the linear decay rates per unit length of the internal
WECs were calculated based on the average values at their respective locations, with values of 5.85%, 4.15%, and
5.61%, respectively. Using these linear attenuation rates, the power output of downstream WEC at any location
in the full-scale WSW system can be extrapolated, provided that the power output of upstream WEC is known,
and can be expressed as

Pdownstreanm7 i = Pupstream —Nd Pupstream : dz (7)

where, Piownstream, i represents the power output of the ith downstream WEC. d; is represents the distance
between the ith downstream WEC and the upstream WEC. nqdenotes the linear decay rate per unit length, as
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Fig. 13. Joint loads for FSFs with LC2: Maximum joint load in (a) X and (b) Z directions; Average joint
load in (¢) X and (d) Z directions; Standard deviation in (e) X and (f) Z directions. Legend: dashed lines
with hollow symbols = with internal WECs, solid lines with solid symbols = without internal WECs, black
squares =no external WECs, blue triangles = front external WECs, red circles = rear external WECs, green
diamonds = external WECs at both ends.

defined in Eq. (6). Furthermore, by aggregating the power output of all individual WECs, the total wave energy
generation in the WSW Pio¢q; can be estimated and can be expressed as:

n
Ptotal - Pupstream + g Pdownstrcam, 2 (8)

=1

where, # is the total number of downstream WECs. As a result, the estimated power generation of the WECs
is 13,560 kW, 24,285 kW, and 31,071 kW for three LCs, respectively. It should be noted that the WEC power
generation estimates exclude contributions from lateral WECs, and the power output from downstream WECs
is expected to be minimal based on linear decay rates. However, wave diffraction and radiation effects enable
downstream WECs to contribute significantly to overall power output, which is also not accounted for in the
estimates. As a result, the estimated WEC generation remains highly conservative.

Figure 22 compares the power generation of WECs in a full-scale WSW farm under three LCs with the power
output of OWTS and FSFs as reference. Table 5 presents the power contributions of each component and the
total output for the three LCs. The results show that external WECs consistently demonstrate higher generation,
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Fig. 14. Joint loads for FSFs with LC3: Maximum joint load in (a) X and (b) Z directions; Average joint
load in (¢) X and (d) Z directions; Standard deviation in (e) X and (f) Z directions. Legend: dashed lines
with hollow symbols = with internal WECs, solid lines with solid symbols = without internal WECs, black
squares =no external WECs, blue triangles = front external WECs, red circles = rear external WECs, green
diamonds = external WECs at both ends.

primarily due to their exposure to stronger relative motion at the farm’s periphery. As sea states intensify,
the external WEC output continues to rise, whereas the internal WEC output stabilizes. This highlights the
protective role of external WECs, which help limit wave energy transmission to the FSE, potentially extending
its operational lifespan. Despite the contribution of WECs, the FSF remains the dominant power source,
significantly surpassing the combined WEC outputs. However, wave energy constitutes a substantial portion of
the total power mix, ranging from 11.3% to 22.6% across the three LCs. This share is particularly notable given
that the estimates exclude contributions from lateral WECs as well as wave diffraction and radiation effects. These
findings underscore the importance of integrating WECs into the farm’s design, as they not only enhance wave
energy capture but also reduce structural loads on the FSE, improving system safety and long-term performance.

The power output curves of the WECs were obtained across a broader wind speed range by fitting and
extrapolating the simulation data. These curves were then compared with the total power generation of the wind
turbines, solar farm, and the integrated WSW system, as shown in Fig. 23. The figure illustrates the WEC power
generation trends under different LCs and clarifies the relative contribution of each energy device. In addition,
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Mooring stiffness | Mooring anchor depth Clump position from

Mooring configuration | (kN/m) (m) Cable length (m) | connection point (m) | Clump weight (kg) | Objectives

1 0 34.06 To

2 —4 35.114 determine
the

3 -8 36.168 0 effect of

4 -12 37.222 mooring
anchor

5 -16 38.276 depth on

6 2250 -20 3933 7.023 wsw

7 1000
To

8 2000 determine

9 -4 35.114 3000 the effect
of clump

10 4000 weight on
WSW

11 5000

Table 4. Mooring configurations.

the probability distribution of the LCs is included, enabling an assessment of the generation capacity and output
share of each energy type under varying sea states.

Conclusions

This study examines the structural stability and power performance of a novel WSW co-generation system,
which integrates OWTs, FSFs, and WECs. The system is designed to maximize renewable production energy
per unit area of the permitted site area while enhancing overall structural stability of the system. A multi-
body hydrodynamic interaction numerical model is developed to comprehensively examine the dynamic
characteristics of various WSW configurations under a range of operating conditions, from mild to extreme. The
key findings and design recommendations are summarized as follows:

1. WECs should be symmetrically installed in a mesh configuration both inside and around the FSF to mini-
mize vertical and horizontal displacements, reduce joint loads, and stabilize mooring tension. Their installa-
tions can enable wave energy absorption, decrease internal structural loads, and protect the FSF from severe
wave impacts.

2. Reducing anchor depth by mooring the structure to the foundation of OW'Ts can effectively control struc-
tural motion and promote a more uniform distribution of bending moments. However, a fully horizontal
mooring cable significantly increases mooring tension and should be avoided. A moderate increase in clump
weight, recommended at 0.6-0.9 times the weight of a WEC, can further reduce mooring tension and im-
prove horizontal motion control.

3. The configuration of WECs should be adapted to the specific environmental conditions and structural di-
mensions of the FSE When the incident wavelength is comparable to the FSF’s scale, the wave-sheltering
effect of WECs will become less effective. Optimizing the placement and type of WECs based on prevailing
wave conditions and sea states is essential for achieving effective load reduction and ensuring structural
stability.

4. The integration of WECs contributes a significant component of 11.3% to 22.6% of the total WSW output
power generation with different LCs.

The WSW concept proposed in this study demonstrates strong potential for optimizing motion performance
and maximizing renewable energy production in hybrid co-generation systems. Further research should focus
on the optimisation of combining the different technologies and validating the system through experimentation
and pilot field studies.

Several limitations and assumptions need to be acknowledged. First, the present analysis is confined to
normal operating conditions and does not account for extreme events such as hurricanes, during which PV
modules may need to be disconnected or WECs temporarily lifted for protection. Wind loads on PV panels
were also neglected, although they could strongly affect system stability in windy offshore sites. In addition,
practical implementation aspects, including maintenance, component durability, and installation logistics,
remain to be addressed. For example, while mooring FSFs to existing monopiles is logistically attractive, the
additional loads on foundations must be verified. Similarly, integrating PV and WEC cabling with wind turbine
infrastructure could reduce the cost of energy but requires reliable control systems to manage three energy
devices in parallel. Finally, future work should also consider the techno-economic optimization to determine
cost-efficient configurations with the optimal number of devices.
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Fig. 15. Displacement of WSWs with different mooring anchor depths: Maximum displacement in (a) X and
(b) Z directions, Average displacement in (c) X and (d) Z directions, Standard deviation in (e) X and (f) Z
directions. Legend: red line with squares =0 m, blue line with circles = —4 m, yellow line with triangles = -8 m,
green line with inverted triangles = —12 m, purple line with diamonds = —16 m, grey line with stars = —20 m.
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LCI | 20 86.4 13.0 0.59 120.0 11.3
LC2 | 20 86.4 22.4 1.85 130.7 18.6
LC3 | 20 86.4 29.3 1.81 137.5 22.6

Table 5. Power contributions of WTs, FSFs, and WECs under different LCs.
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