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Abstract
Offshore renewable energy is widely recognised as a critical pathway toward decarbonising global electricity systems, offering high-capacity resources with substantial potential to improve energy security and reduce greenhouse gas emissions. Hybrid platforms that integrate floating offshore wind turbines with wave energy converters have attracted growing research interest as a means of mitigating resource intermittency, improving capacity factors, and enabling infrastructure sharing — including mooring systems, subsea cables, and electrical connections — thereby reducing both capital and operational expenditure.
Despite this promise, the design of hybrid wave–wind systems is inherently complex, demanding simultaneous consideration of coupled aerodynamic, hydrodynamic, structural, and economic performance. This paper presents a systematic review of optimization methods applied to combined wave–wind offshore platforms, covering device-level strategies — including hull geometry, power take-off (PTO) parameter selection, and WEC placement — as well as system-level approaches addressing platform layout, mooring configuration, control, and multi-objective trade-offs.
The review critically examines the modelling frameworks underpinning these optimization studies, with particular attention to their computational tractability and suitability for practical design applications. Key gaps are identified, including the limited treatment of fully coupled aero-hydrodynamic interactions within optimization workflows and the scarcity of validated case studies under realistic irregular sea states. Future research directions are proposed, with emphasis on high-fidelity surrogate modelling, multi-physics co-optimization, and structured experimental validation to support the commercial maturation of hybrid offshore energy platforms.
Keywords: Hybrid wave–wind energy; floating offshore wind; point absorber WEC; oscillating water column; flap-type WEC; multi-objective optimization; platform stability.
1. Introduction
Offshore renewable energy plays a critical role in the global transition toward low-carbon energy systems [1,2,7]. Among available technologies, offshore wind energy has reached a relatively high level of technological maturity, with global installed capacity exceeding 75 GW by 2023 [8], while wave energy remains at a pre-commercial stage despite its significant resource potential estimated at approximately 32,000 TWh/year globally [9]. Both technologies, however, face inherent limitations when deployed as standalone systems. Offshore wind turbines are subjected to substantial wave-induced loads that affect structural integrity and fatigue life [10], whereas wave energy converters often suffer from low power capture efficiency, high capital costs, and survivability challenges under extreme sea states [11].
Hybrid wave–wind energy systems have emerged as a promising solution to address these limitations by integrating wave energy converters with floating offshore wind platforms [4,21]. By sharing structural components, mooring systems, and electrical infrastructure, hybrid platforms offer the potential to reduce overall costs while improving energy yield and platform stability [4,13,19,31]. Moreover, wave energy devices can provide additional hydrodynamic damping, which may reduce platform motions and structural loads acting on the wind turbine [14]. This synergy makes hybrid wave–wind structures particularly attractive for deep-water offshore environments where floating solutions are required [24,28,34]. Figure 1 illustrates representative examples of floating hybrid wave–wind energy system designs across the main platform and WEC type combinations addressed in this review. 
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Figure 1. Examples of floating hybrid wave–wind energy system designs across different FOWT platform types (barge, semi-submersible, spar, TLP) and WEC categories (heaving device, oscillating water column, oscillating wave surge converter). Reproduced from Sergiienko et al. [6], © 2025 The Authors. Published by Elsevier Ltd. under the CC BY 4.0 license.
Despite growing research interest, the design of hybrid wave–wind structures remains highly complex [16]. The interaction between aerodynamic loads from the wind turbine and hydrodynamic loads from waves introduces strong coupling effects that influence platform motions, power performance, and structural response [16]. The effectiveness of a hybrid system is strongly dependent on multiple design parameters, including platform geometry, WEC type and placement, mass distribution, and mooring configuration [14,21,42]. Consequently, different hybrid concepts exhibit significantly different performance characteristics, and there is currently no consensus on optimal integration strategies [19].
Existing studies have largely focused on individual hybrid concepts or specific performance aspects, such as motion reduction or wave power extraction [4,21]. However, a systematic and step-by-step comparison between different hybrid wave–wind structures is still lacking [21]. Such a comparison is essential to identify key design trade-offs, understand the influence of integration strategies, and highlight the parameters that are most critical for performance optimization [22].
This paper addresses this gap by presenting a structured review and comparison of representative hybrid wave–wind energy concepts, with optimization methods serving as the dominant analytical lens [21,22]. Rather than treating optimization as a secondary discussion, the paper examines how different design strategies — encompassing platform geometry, WEC type and placement, PTO parameters, mass distribution, and control architecture — have been approached in the literature and identifies which optimization techniques have been applied and to what effect [14,42,93]. Hydrodynamic performance, energy output, and structural complexity are assessed in so far as they define the objective functions and constraints within which these optimization problems are posed [5,16,18]. Figure 2 presents a chronological overview of representative hybrid wave–wind energy concepts reported in the literature, illustrating the evolution of platform integration strategies and optimization-focused research trends from early conceptual systems to recent advanced hybrid configurations.
The main contributions of this work are:
· The classification of hybrid wave–wind structures based on platform type, wave energy integration approach, and energy dominance.
· A structured comparison framework for evaluating hybrid concepts with particular emphasis on the optimization parameters relevant to each configuration.
· The identification of key design trade-offs and parameters that most strongly influence hybrid system performance and optimization potential.
· A critical survey of optimization methods applied to hybrid wave–wind platforms to date, together with identified gaps and recommended directions for future research.
2. Classification of Hybrid Wave–Wind Energy Structures
Hybrid wave–wind energy systems can be broadly classified based on the characteristics of the floating wind platform and the method used to integrate wave energy conversion devices [23]. This classification is essential for understanding the design space of hybrid systems and for enabling a systematic comparison between different concepts [24]. To contextualize this classification, Figure 2 presents a chronological timeline of hybrid wave–wind concepts reported in the literature, illustrating how the field has evolved from early conceptual proposals through to recent numerical and experimental demonstrations [12,70]. Key milestones and platform archetypes are annotated to allow trends in integration strategy and platform type to be traced over time, and to provide a basis for identifying which periods have seen the greatest concentration of optimization-focused research [4,14,22]. As shown in the timeline, early studies focused primarily on structural feasibility and hydrodynamic characterization [23,25], whereas more recent work has increasingly shifted toward performance optimization and multi-objective design frameworks [14,42,19]. This evolution motivates the classification structure adopted in this paper, which organizes hybrid concepts not only by platform type and WEC integration approach, but also by energy dominance — a third classification axis introduced in Section 2.1 to distinguish concepts in which wave energy constitutes a primary rather than supplementary contribution to total platform output [14,21].
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Figure 2. Chronological timeline of representative hybrid wave–wind energy concepts (2000–2024). Original figure created by the authors based on information from [4,12,14,15,19,21–23,25,42].

2.1 Classification by Floating Platform Type 
All hybrid wave–wind concepts reviewed in this paper are classified simultaneously across three axes: floating platform type, WEC integration method (Section 2.2), and energy dominance (Section 2.3). Table 1 consolidates this three-axis classification for every concept in the reference list, enabling direct cross-comparison. A single concept — for example, the SFC — appears once in the table but carries entries across all three columns, reflecting the fact that classification axes are independent and complementary rather than mutually exclusive.
2.1.1 Spar-type platforms
Spar platforms are characterised by a deep draft and relatively small waterplane area, which together provide excellent pitch and roll stability through ballast-induced restoring forces [25]. These platforms are well suited to deep-water deployments typically exceeding 100 m water depth [25,28]. The Hywind concept developed by Equinor remains the most commercially advanced spar-type floating wind platform and has demonstrated long-term operational viability at full scale [28]. A quantitative comparison of the dynamic responses of three principal platform types under equivalent loading conditions was provided by Jonkman and Matha [3], establishing benchmark motion characteristics that continue to inform spar-type hybrid design assessments.
When wave energy converters are integrated onto spar platforms, the inherent pitch stability of the hull can be both an advantage and a constraint. Reduced platform motion limits the relative displacement available to surface-following or heaving WEC types, which depend on relative body–wave or body–platform motion for energy extraction [27,41]. Consequently, the hybrid concepts based on spar platforms reviewed in this paper predominantly employ torus-shaped heaving absorbers or pressure-differential devices positioned along the submerged column, where relative axial motion remains exploitable despite the platform's stability characteristics [21,25,27].
From an energy dominance perspective (Section 2.3), spar-based hybrid concepts are almost exclusively wind-turbine-dominated, with WEC contributions typically reported in the range of 5–15% of total platform output [14,21]. This reflects both the geometric constraints on WEC sizing imposed by the spar hull and the early-stage nature of wave energy integration in these configurations, where the primary design objective has remained wind power delivery with wave energy as a supplementary harvest [42].
Cross-referencing with Table 1, spar-type platforms appear in combination with the following WEC integration categories: heaving point absorbers mounted on the platform column, oscillating water column devices embedded within the hull structure, and, in a small number of conceptual studies, tethered submerged pressure differential devices [23,27,42]. The optimization methods applied to these configurations are discussed in detail in Section 4, with spar-specific studies highlighted where the platform type introduces particular constraints on the objective function or design variable space.
2.1.2 Semi-submersible platforms
Semi-submersible platforms consist of multiple vertical columns connected by submerged pontoons, producing a large waterplane area and moderate draft [29,30]. This configuration provides good stability across a range of sea states while offering significant geometric flexibility in the placement and sizing of wave energy conversion devices, as demonstrated in semi-submersible hybrid concepts incorporating flap-type WECs [32,54]. Semi-submersibles are among the most frequently studied platform types for hybrid wave–wind systems in the reviewed literature, reflecting their modularity, scalability, and compatibility with a wide range of WEC integration strategies [21,42].
The WindFloat concept developed by Principle Power exemplifies the commercial maturity of semi-submersible floating wind technology [29–31], while the SFC concept has specifically explored semi-submersible geometries as hosts for integrated flap-type wave energy devices [32]. Cross-referencing with Section 2.2, semi-submersible platforms in the reviewed literature appear in combination with the broadest range of WEC types of any platform category, including oscillating surge and rotating flap devices mounted on column faces or pontoon structures, heaving point absorbers positioned at column tops or on outrigger arms, oscillating water column devices integrated into column walls, and multi-body relative-motion devices exploiting inter-column dynamics [23,30,42]. The SFC concept, for example, is simultaneously classified in Table 1 as semi-submersible by platform type and rotating flap by WEC integration method.
From an energy dominance perspective, semi-submersible hybrid concepts span all three classification categories defined in Section 2.3. The majority remain wind-turbine-dominated, with WEC contributions in the 5–15% range [14]; however, a subset of concepts — particularly those featuring large arrays of point absorbers distributed across extended platform geometries — report balanced contributions, and a small number of early conceptual studies proposed configurations in which wave energy output was intended to match or exceed wind power at specific design sea states [21,42]. 
This spread makes the semi-submersible category the most analytically rich for optimization studies, as the wider geometric freedom expands the feasible design space considerably. Optimization methods applied to semi-submersible hybrid concepts are reviewed in Section 5.5.
2.1.3 Barge-type platforms
Barge-type platforms are shallow-draft structures with large planar deck areas and high waterplane inertia, but their wave-induced pitch and heave responses are generally more sensitive to incident wave excitation than those of spar or semi-submersible concepts [3,24]. Hybridisation with wave energy converters has been proposed as a passive motion-mitigation strategy for floating platforms, with WEC reaction forces potentially reducing platform response amplitude near resonant frequencies [14,21,42].
The OC4 Deep C wind semi-submersible and related floating-platform reference models have been extensively used in the reviewed literature as numerical benchmarks for assessing coupled dynamic response under standardised conditions [34,39]. Cross-referencing with Section 2.2, barge-type platforms reviewed in this paper are most commonly integrated with oscillating water column devices exploiting the hull's large internal volume, and with arrays of heaving point absorbers distributed across the deck perimeter [23,36]. The large waterplane area of barge platforms uniquely enables high WEC packing densities, which has motivated several optimization studies focused on WEC array layout and spacing as primary design variables [14,42].
From an energy dominance perspective, barge-based hybrid concepts are more evenly distributed across the wind-turbine-dominated and balanced categories than spar-type configurations. The relatively unconstrained deck geometry allows larger WEC arrays to be accommodated, and several reviewed concepts report WEC power fractions exceeding 20% of total platform output under rated conditions [21,42]. No reviewed barge-type concept achieves WEC-dominated classification, though the potential exists in principle given the available deck area. Optimization challenges specific to barge platforms — particularly the coupling between WEC layout, platform inertia, and motion response — are discussed in Section 5.5.
2.1.4 Tension Leg Platforms (TLPs)
Tension leg platforms employ vertical pre-tensioned tendons connecting the hull to the seabed, providing high stiffness in heave, pitch, and roll while permitting relatively compliant horizontal motion [37,38]. This motion profile can be favourable for wind turbine performance because reduced pitch response helps maintain rotor alignment and limit tower/drivetrain loading relative to more compliant floating configurations [37]. However, TLP concepts require carefully designed tendon pretension and station-keeping systems, which increases installation and design complexity relative to some semi-submersible and spar alternatives [37,38].
Application of TLP configurations to hybrid wave–wind systems remains the least developed area within the reviewed literature. The high structural stiffness that makes TLPs attractive for wind turbine hosting may also constrain the relative motions available for WEC energy extraction, creating a design tension that requires further investigation [21,40]. Cross-referencing with Section 2.2, the small number of TLP-based hybrid concepts identified in the reviewed literature employ submerged pressure-differential devices or tethered oscillating bodies that rely on local device motion rather than large hull motion as the primary energy extraction mechanism [21,40].
From an energy dominance perspective, TLP-based hybrid concepts reviewed in this paper are expected to remain wind-turbine-dominated, with WEC contributions likely toward the lower end of the supplementary range reported for other wind-dominated hybrid configurations [14,21]. This reflects both the early conceptual stage of TLP hybridisation and the geometric constraints imposed by tendon systems on WEC sizing and placement. The relative scarcity of optimization studies targeting TLP-based hybrid platforms is noted as a gap in the literature; this is returned to in the future research directions discussed in Section 6.
	Platform Type
	WEC Type
	Energy Dominance
	Optimization Variables
	Primary Objective

	Spar
	Point absorber
	Wind-dominated
	PTO damping, mass
	Motion reduction

	Semi-sub
	Flap
	Balanced
	Layout, hinge stiffness
	Energy + stability

	Barge
	OWC
	Balanced
	Chamber geometry
	Energy smoothing

	TLP
	Submerged
	Wind-dominated
	Tendon stiffness
	Load minimization


Table 1. Three-axis classification of hybrid wave–wind platforms 

2.2 Classification by Wave Energy Integration Approach
In addition to platform type, hybrid wave–wind concepts can be classified according to the type of wave energy converter integrated into the floating system [23,24]. This classification captures differences in hydrodynamic behavior, power conversion mechanism, structural complexity, and optimization potential that are not fully reflected by platform geometry alone [16,17]. The three principal WEC integration categories identified in the literature are point absorbers, oscillating water columns, and oscillating flaps and bodies. Overtopping devices are discussed separately at the close of this section, as their structural and operational characteristics make them more appropriately classified by platform geometry than by WEC type [55–57].

2.2.1 Point absorber integration
Point absorber wave energy converters are compact devices that extract energy from the relative motion between a floating body and the surrounding water [41]. In hybrid systems, they are often attached to the platform or distributed around its perimeter [42]. Their modular nature makes them attractive for hybrid applications, though their performance is highly sensitive to tuning and control strategies [41,43]. Research by Muliawan et al. demonstrated that point absorber integration could reduce platform pitch motions under selected sea states [41,43], while numerical studies by Hu et al. have shown that the optimal design and performance of WECs integrated with floating wind platforms depend strongly on PTO-related parameters and system-level coupling effects [63]. Experimental investigations by Kamarlouei et al. further confirmed that concentrically arranged point absorbers on a floating offshore platform can improve both energy capture and motion damping simultaneously, provided spatial arrangement and PTO parameters are jointly optimized [61]. The Portuguese Pilot Zone has provided an important test and demonstration context for wave energy technologies, offering operational experience relevant to future hybrid integration strategies [44]. In terms of energy dominance, point absorber hybrids are predominantly wind-dominated, with wave energy generally acting as a supplementary contribution to the overall hybrid system output, depending on site conditions, WEC sizing, and the number of WEC units deployed [16].

2.2.2 Oscillating Water Columns (OWCs)
OWCs capture wave energy through the oscillation of an internal water column within a partially submerged chamber [46]. When integrated into a floating wind platform, OWCs offer the advantage of protected power take-off systems and reduced exposure to harsh marine conditions [47]. However, their performance depends strongly on chamber geometry and wave climate, making site-specific optimization of chamber dimensions — including width, lip draft, and internal air volume — essential for achieving acceptable annual energy yields [45,49,109]. The Ocean Energy OWC buoy demonstration has provided operational experience for floating OWC technology at the U.S. Navy Wave Energy Test Site [48], while numerical studies by Pols et al. have analysed the mooring behaviour and dynamic response of a floating OWC wave energy converter, showing that floating OWC design must account for coupled hydrodynamic response and station-keeping performance [49]. Experimental work by Elhanafi et al. [68] and Xu et al. [94] has further characterised the hydrodynamic response and efficiency of offshore and floating OWC configurations under wave loading, while Zheng et al. investigated wave power extraction from an oscillating water column integrated into a tubular structure using potential-flow-based modelling [64]. Studies by Falcão and Henriques have shown that OWC performance depends strongly on chamber resonance, air-turbine behaviour, and power take-off control, while comparative studies of self-rectifying air turbines highlight the importance of turbine selection for maintaining efficiency across variable sea states [45,67]. OWC-integrated hybrid concepts therefore tend toward the balanced energy dominance category, particularly in energetic wave climates [14,21].
2.2.3 Oscillating flaps and bodies
Flap-type or oscillating body WECs extract energy from rotational or translational motion induced by waves [51]. These devices can generate significant hydrodynamic forces and potentially provide strong damping to platform motions [52]. Nevertheless, they introduce additional hydrodynamic loading and modelling complexity, which must be carefully managed in hybrid configurations [95,102]. The Oyster system by Aquamarine Power demonstrated the high energy capture potential of flap-type devices, achieving capture widths exceeding 50% in controlled tests [53], and provided substantial operational experience regarding hinge mechanism reliability and hydraulic PTO maintenance requirements that is directly relevant to hybrid platform design [15,102]. Recent hybrid concepts have adapted this technology for integration with floating wind platforms, with studies by Michailides et al. examining the response of flap-type WECs attached to semi-submersible floating wind turbine concepts under operational conditions [54]. Research by Michailides on the SFC concept has demonstrated that flap-type integration can reduce platform pitch by up to 40% while simultaneously increasing tower base bending moments by 15–20%, highlighting the fundamental trade-off between motion control effectiveness and structural demand that characterizes this WEC category [96]. Nonlinear modelling studies reviewed by Penalba et al. highlight that flap-type and other WEC systems can exhibit strongly nonlinear hydrodynamic behaviour, reinforcing the need for optimization approaches that account for both energy capture and structural response [70]. Control and performance considerations for oscillating surge and flap-type devices have been explored by Folley et al. and Whittaker and Folley, with emphasis on how water depth, sea state, and device motion influence energy capture and operational constraints [69,72]. Flap-type hybrid concepts span the balanced and WEC-dominated energy dominance categories, with wave contributions potentially reaching 20–30% of total production in energetic North Sea conditions [15].

3. Selected Hybrid Wave–Wind Concepts for Comparison
Based on the classification framework established in Section 2, four representative hybrid wave–wind concepts are selected for detailed comparison [12,60]. The selected concepts were chosen to ensure representation across the principal WEC integration classes identified in Section 2 — namely point absorbers, oscillating water columns, and oscillating flap/body systems. Selection was additionally guided by the availability of published optimisation-focused studies and by the desire to span the spectrum from wind-dominated to more balanced hybrid energy contributions, thereby enabling comparison across differing optimisation priorities and coupling characteristics.
 Each concept is identified by its primary platform type (Section 2.1), its WEC integration approach (Section 2.2), and its energy dominance category, as summarized in Table 1. This structured labelling ensures that the subsequent comparisons are grounded in the classification framework rather than treated as isolated case studies and allows the findings of Section 5 to be interpreted in the context of broader trends across the hybrid systems literature [21,14].



3.1 Concept 1: Floating Wind Platform with Integrated Point Absorbers
In this configuration, multiple point absorber WECs are attached to or distributed around the floating wind platform [61]. The WECs extract energy from wave-induced motions while simultaneously providing additional hydrodynamic damping [62]. This concept is attractive due to its modularity and relatively low structural complexity, which reduces fabrication, installation, and maintenance demands compared to more mechanically complex WEC types [96]. However, the interaction between the WECs and the platform dynamics requires careful tuning to avoid adverse coupling effects that can amplify rather than suppress platform motions under certain loading conditions [62,63]. Numerical studies by Hu et al. have demonstrated that the optimal design and performance of WECs integrated with floating wind platforms depend strongly on PTO-related parameters and system-level coupling effects, underscoring the importance of system-level rather than device-level optimization when designing this class of hybrid platform [63]. Experimental validation by Kamarlouei et al. has further confirmed that jointly optimising WEC arrangement and PTO parameters is essential for realising the motion damping and energy capture benefits associated with this concept [61]. This concept falls within the wind-dominated energy dominance category, with wave energy typically providing a supplementary contribution to the total hybrid system output [16].
3.2 Concept 2: Floating Wind Platform with Integrated Oscillating Water Column

This concept incorporates one or more OWC chambers into the platform substructure, converting wave energy through the oscillatory airflow driven by water column motion [66]. The integration of OWCs into the platform hull offers a key structural advantage: the power take-off machinery is housed within the platform body and therefore shielded from direct wave impact, reducing exposure to extreme marine loading conditions [47]. OWC integration can enhance platform stiffness and modify added mass and radiation damping characteristics, producing more consistent motion reduction across a broader frequency range than point absorber configurations [68]. Challenges include the optimization of chamber geometry — particularly chamber width, lip draft, and internal air volume — and the management of aerodynamic losses within the air turbine system across varying sea states [66,67]. Experimental and numerical studies by Elhanafi et al. have characterised the hydrodynamic response of OWC configurations [68], while Pols et al. [49] and Hallak et al. [65] have provided numerical and experimental analyses relevant to floating OWC devices, mooring behaviour, and hybrid wind–wave platform hull behaviour.  Henriques et al. have further examined the dynamics and control of OWC systems, demonstrating that turbine control strategies that regulate airflow can substantially improve performance across a range of wave conditions [66]. This concept falls within the balanced energy dominance category, with OWC contributions typically accounting for 15–25% of total annual production when chamber geometry is appropriately optimized for the deployment site [19].

3.3 Concept 3: Floating Wind Platform with Oscillating Flap-Type WEC

In this configuration, oscillating flaps or articulated bodies are connected to the platform to extract wave energy from rotational motion [72]. These devices can achieve high energy capture efficiency and provide substantial hydrodynamic interaction with the supporting structure, particularly in pitch and surge degrees of freedom [72]. However, they introduce large dynamic loads into the platform structure and increase mechanical complexity considerably, which may affect long-term system reliability and maintenance requirements in harsh offshore environments [53]. The hinge mechanism and hydraulic PTO system require specialized maintenance procedures, as evidenced by operational experience from the Oyster project, which identified these components as the primary contributors to operational expenditure over the system lifecycle [15,102]. Work by Whittaker and Folley on nearshore oscillating wave surge converters has discussed performance and operational considerations for flap-type WECs, including the need to balance energy capture with structural and operational constraints across varying sea states [72]. Research by Michailides on the SFC concept — one of the most comprehensively studied flap-type hybrid systems — has demonstrated that this integration approach can reduce platform pitch by up to 40% while increasing tower base bending moments by 15–20%, reinforcing the need for multi-objective optimization frameworks that jointly address energy performance and structural integrity [96]. Depending on WEC dimensions and site wave climate, this concept spans the balanced and WEC-dominated energy dominance categories, with wave contributions potentially reaching 20–30% of total annual production in energetic North Sea conditions [4]. 
3.4 Concept 4: Floating Spar Platform with Heaving Torus Wave Energy Converter
In this configuration, a toroidal heaving body — a torus-shaped ring — is mounted concentrically around the column of a spar-type floating wind platform, free to heave relative to the main hull [25,27]. The torus extracts energy from the relative axial motion between the ring and the spar column induced by incident waves, with the power take-off system typically located within the spar hull, providing protection from direct wave loading [41,42]. This geometry is well suited to spar platforms precisely because the deep draft and small waterplane area of the spar hull, while limiting the availability of free-surface relative motion for surface-following devices, still permits significant axial relative displacement along the submerged column under wave excitation [21,25]. The coaxial arrangement eliminates the need for external attachment structures, thereby preserving the hydrodynamic simplicity of the spar hull while adding wave energy conversion capability [27].
The heaving torus concept has been investigated most systematically in the context of spar-type floating wind platforms by Muliawan et al., whose numerical studies demonstrated that a coaxial torus WEC can influence spar platform heave and pitch motions while simultaneously contributing wave-derived power [27,41,43]. The performance of the torus is sensitive to the mass ratio between the torus and the spar, the PTO damping coefficient, and the natural heave frequency of the torus relative to the dominant wave period at the deployment site [41,43]. Sarmiento et al. have further shown that PTO damping and natural frequency tuning are the most influential design variables for torus-type point absorber hybrids, reinforcing the need for site-specific optimization of these parameters [113]. Unlike distributed modular point absorbers (Concept 1), the torus geometry constrains integration to the spar hull specifically and offers limited scalability to other platform types, but it compensates through its structural simplicity and its compatibility with the geometric form of existing spar designs such as the Hywind concept [28,42].
From a structural standpoint, the heaving torus introduces lower mechanical complexity than OWC or flap-type configurations. There are no internal chambers, air ducts, or articulated joints; the primary structural demands relate to the design of the annular torus body, the guidance and bearing system that constrains its motion to the axial degree of freedom, and the PTO mechanism housed within the spar column [41,63]. The enclosed PTO arrangement is a meaningful reliability advantage over exposed mechanical systems, though bearing wear and seal integrity under continuous cyclic loading require careful attention in the detailed design phase [47,86]. Mooring loads induced by the torus are expected to be more limited than those associated with flap-type configurations, because the torus forces act primarily in the axial direction within the coaxial spar–torus arrangement [27,41,43]. This concept falls within the wind-dominated energy dominance category, with torus-derived wave energy contributions typically in the range of 5–15% of total annual platform output depending on torus dimensions, PTO tuning, and site wave climate [14,21]. The key characteristics of these four concepts are summarized in Table 2.
Table 2: Overview of Selected Hybrid Concepts
	Concept
	WEC Type
	Key Feature
	Motion Damping
	Complexity

	C1
	Point absorber
	Modular attachments around platform
	Moderate
	Low

	C2
	OWC
	Integrated substructure chambers
	Consistent
	Moderate

	C3
	Flap-type
	Articulated flaps attached to platform
	High
	High

	C4
	Heaving torus (point absorber)
	Torus ring encircling spar hull
	Moderate–High
	Moderate





4. Comparison Framework
To enable a consistent and transparent evaluation of the selected hybrid concepts, a step-by-step comparison framework is adopted [75]. Each concept is assessed using the same criteria to highlight similarities, differences, and key design trade-offs [80].

4.1 Hydrodynamic Response
The first comparison step focuses on the hydrodynamic behaviour of the hybrid platforms [75–78]. Key metrics include surge, heave, and pitch motions, as well as added mass and radiation damping effects [78]. Particular attention is given to the extent to which the integrated WECs modify platform response amplitude operators (RAOs) and reduce wave-induced motions acting on the wind turbine [61–64,68,94]. Frequency-domain analysis methods established by Newman [75,76,77] and extended by Falnes [78] provide the theoretical foundation for these comparisons.
4.2 Energy Performance
Energy production is identified here as the primary realistic metric for comparing hybrid wave–wind concepts. Unlike motion response, which is system-specific and difficult to benchmark fairly without identical numerical models constructed for identical environmental inputs, annual energy yield can be normalised and compared meaningfully across concepts using site-consistent assumptions [80,88,102]. The comparison presented in this step therefore focuses on combined wind and wave energy contributions, capacity factor improvement, and the extent to which hybridisation smooths power output variability across representative sea states [79,80,97].
It is acknowledged that motion reductions reported in the literature for different hybrid concepts cannot be directly compared unless derived from equivalent numerical models subject to equivalent environmental conditions [78,81]. Comparing response amplitude operators (RAOs) across studies that use different platform geometries, wave spectra, and modelling fidelities risks producing misleading conclusions about relative performance [21,83]. For this reason, motion response data are retained in the comparison framework — particularly in Section 5.1 — but treated as a contextual indicator of platform behaviour rather than a primary ranking criterion. Where motion reductions are reported, they are interpreted as enabling conditions for wind turbine performance, for example by reducing nacelle displacement and maintaining rotor alignment, rather than as standalone performance metrics in their own right [87].
The energy performance comparison draws on normalised metrics consistent with the capture width ratio framework proposed by Babarit [80], supplemented by capacity factor improvement estimates from studies reporting annual energy production for hybrid configurations under North Sea or equivalent offshore conditions [85,86]. This approach allows the four selected concepts — and the broader range of hybrid systems reviewed in Section 2 — to be compared on a consistent basis despite differences in scale, site, and modelling methodology across the underlying studies [14,21].
4.3 Structural and Mechanical Complexity
The third step examines structural and mechanical complexity, including the number of moving components, load transfer paths, and integration challenges [89]. Systems with higher mechanical complexity may offer improved performance but can also increase capital and operational costs [90]. This step highlights the trade-off between performance gains and system robustness, drawing on reliability assessment frameworks developed for marine energy systems [19].

4.4 Mooring and Stability Considerations
The fourth step considers mooring system requirements and overall platform stability [84,86,87]. The influence of WEC-induced forces on mooring line tensions and restoring characteristics is assessed, along with sensitivity to extreme sea states [93]. Stability considerations are particularly important for maintaining wind turbine operational limits, as documented in design standards such as DNV-OS-J103 [86] and IEC 61400-3-2 [87].

4.5 Suitability for Optimization
The final comparison step evaluates the suitability of each concept for optimization [42]. This includes the identification of key tunable parameters, such as WEC placement, power take-off damping, and mass distribution. Concepts offering greater flexibility and controllability are considered more favorable for multi-objective optimization approaches [18]. Recent advances in optimization algorithms for marine energy systems provide guidance on parameter selection and objective formulation [88,89].

5. Comparative Results and Discussion
This section presents a comparative discussion of the selected hybrid wave–wind concepts based on the step-by-step framework introduced in Section 4 [14,21,42]. Rather than focusing on absolute performance values, the analysis emphasizes relative trends, trade-offs, and design implications that are critical for the development and optimization of hybrid platforms [50]. It is important to note that the comparative performance data discussed in this section are drawn from studies employing substantially different modelling assumptions, optimisation depths, environmental conditions, and validation approaches. Some reported results originate from fully optimised configurations, whereas others reflect parametric sensitivity studies or baseline concept evaluations. Accordingly, the comparisons presented here are intended to illustrate broad design trends and optimisation implications rather than provide definitive rankings of inherent concept superiority.

5.1 Hydrodynamic Performance and Motion Response
Across all hybrid concepts, the integration of wave energy converters significantly alters the hydrodynamic response of the floating wind platform [70]. Compared to standalone floating wind systems, hybrid configurations can exhibit increased radiation damping and modified added mass characteristics, leading to reduced motion amplitudes in key degrees of freedom depending on WEC type, placement, and tuning [61–64,68,94].
Hybrid platforms incorporating point absorber WECs demonstrate moderate reductions in heave and pitch motions, particularly when the WECs and PTO settings are tuned to the dominant wave conditions [61–63]. However, the effectiveness of motion mitigation is highly dependent on WEC placement and power take-off (PTO) damping [105]. Poor tuning can result in adverse coupling effects, where wave-induced forces amplify platform motions rather than suppress them [62,63,93]. Numerical simulations by Bachynski et al. have quantified this sensitivity, showing that optimal PTO damping can reduce pitch motions by up to 25%, while suboptimal tuning may increase motions by 10% [93].
In contrast, OWC-integrated platforms show more consistent hydrodynamic response characteristics across a broader frequency range [49,68,94]. The enclosed water column contributes additional stiffness and damping, particularly in heave, which can be beneficial for maintaining wind turbine operational limits [84]. However, this benefit may be accompanied by changes in structural mass distribution and hydrodynamic properties, which can influence natural periods and mooring loads [49,64,65,94]. Experimental and numerical studies by Pols et al. [49] and Zheng et al. [64] have examined these effects for floating and tubular OWC configurations. Table 3 compares the RAOs of the selected hybrid concepts under regular wave conditions (Tp = 8 s).


                            Table 3: Comparative Hydrodynamic Response (Regular Waves, Tp = 8s)
	Concept
	Surge RAO (m/m)
	Heave RAO (m/m)
	Pitch RAO (°/m)
	Source

	Standalone FOWT
	0.42
	0.28
	3.2
	Jonkman and Matha [3]

	Point absorber
	0.35
	0.20
	2.5
	Muliawan et al. [41,43]

	OWC
	0.30
	0.18
	2.0
	Pols et al. [49]

	Flap-type
	0.20
	0.15
	1.5
	Michailides et al. [96]

	Heaving torus (spar)
	0.38
	0.24
	2.8
	Muliawan et al. [27,41,43]


Values are compiled from independent studies using different numerical models, environmental assumptions, optimisation procedures, and platform scales. The table is intended for qualitative comparison of reported trends only and should not be interpreted as a direct ranking between concepts.
Platforms equipped with oscillating flap-type WECs exhibit the strongest motion suppression, especially in pitch and surge [96]. The large hydrodynamic forces generated by the flaps provide substantial damping, but they also introduce higher dynamic loads into the platform structure [62]. This highlights a key trade-off between motion control effectiveness and structural demand [74,96]. Research by Michailides et al on the SFC concept has shown that flap-type integration can reduce platform pitch by up to 40% while increasing tower base bending moments by 15–20% [96].
5.2 Energy Performance and Power Synergy
From an energy production perspective, all hybrid concepts benefit from the complementary nature of wind and wave resources [79]. Wave energy contributions are particularly valuable during periods of reduced wind availability, enhancing overall capacity factor and power availability [45,97]. Studies of resource complementarity in key offshore regions have shown that wind and wave power exhibit correlation coefficients ranging from 0.3 to 0.7 depending on location and season, indicating significant potential for output smoothing through hybridization [79,88,102].
Point absorber-based hybrid systems typically provide modest wave energy contributions relative to wind power, with wave-derived electricity accounting for 5–15% of total annual production depending on site conditions. Nevertheless, their distributed configuration allows scalability and redundancy, which can improve reliability [4]. Additionally, the damping effect of the WECs can indirectly enhance wind turbine power production by reducing nacelle motion and rotor misalignment [21]. Simulations by Wei et al. show that the power performance of WECs mounted around an offshore wind turbine support structure depends strongly on WEC arrangement and hydrodynamic interaction effects, reinforcing the need for integrated design when assessing combined wind–wave energy output [99].
OWC-based hybrids tend to deliver more stable wave power output due to the smoother airflow-driven PTO system [45]. However, energy capture efficiency is strongly influenced by chamber geometry and wave climate, making site-specific tuning essential [49]. Studies by Falcão and Henriques have shown that optimized OWC chamber design can achieve hydrodynamic efficiencies exceeding 70% at resonance, though practical annual averages are typically 15–25% [45].
Flap-type WEC hybrids can offer high wave energy capture potential in energetic sea states, although reported contributions depend strongly on device scale, site conditions, and platform configuration [4,72,96]. Despite this advantage, the variability of flap motion and the associated structural loads may introduce challenges in maintaining consistent wind turbine performance under combined loading conditions [53]. Research by Pérez-Collazo et al. has highlighted the importance of hydrodynamic coupling in hybrid wind–wave systems, showing that WEC integration can enhance energy capture while introducing additional interaction effects that must be considered in platform design [4,58].






Table 4. Illustrative energy performance trends for hybrid wave–wind concepts under representative North Sea conditions
	Concept
	Wind Contribution
	Wave Contribution
	Total Energy Capture (GWh/year)
	Capacity Factor Improvement
	Source

	Standalone FOWT
	100%
	0%
	45
	Baseline
	Astariz et al. [13]

	Point absorber
	90%
	10%
	50
	+11%
	Wei et al. [99]

	OWC
	85%
	15%
	53
	+18%
	Falcão& Henriques [45]

	Flap-type
	80%
	20%
	56
	+24%
	Perez-Collazo et al. [4]

	Heaving torus (spar)
	90%
	10%
	49
	+9%
	Muliawan et al. [41,43]



	
Overall, the results suggest that energy synergy alone is insufficient as a design criterion; hybrid systems must balance energy gains with structural and dynamic performance. This finding aligns with broader conclusions in the hybrid systems literature emphasizing the need for multi-criteria and system-level optimization approaches [14,19,42,91,108].
5.3 Structural Complexity and Integration Challenges
Structural and mechanical reliability varies substantially across the full range of hybrid wave–wind configurations reviewed in this paper and represents one of the most practically important dimensions along which concepts differ [52,53]. A consistent ordering emerges across the reviewed literature: point absorber configurations present the lowest structural demands, OWC-integrated platforms introduce intermediate complexity, and flap-type WEC hybrids impose the highest level of mechanical challenge. This ordering is robust across platform types and geographic study contexts and correlates with both mooring load impact and motion suppression potential.
Point absorber configurations occupy the lowest complexity tier across the reviewed literature [52]. Their primary advantage from a structural standpoint is modularity: WECs can generally be treated as distributed attachments with limited interaction with the primary load-bearing structure of the floating platform, simplifying fabrication, installation, and maintenance procedures [63]. Point absorber systems generally offer a simpler mechanical architecture than flap-type devices, but their reliability still depends strongly on PTO design, mooring arrangement, and cyclic loading conditions [63,100,111]. The studies by Kamarlouei et al. [61], Da Silva et al. [59], Si et al. [62], and Yang et al. [105] collectively confirm that point absorber integration can be implemented as a modular add-on to floating wind and wave energy platforms, although its influence on platform motions, loads, and energy capture depends strongly on WEC arrangement, PTO tuning, mooring response, and environmental conditions.
OWC-integrated platforms introduce intermediate structural complexity, principally through the requirement to incorporate internal chambers, air ducts, and turbines within the platform substructure [87]. While these components benefit from protection against direct wave impact — a meaningful advantage over exposed mechanical systems — their integration affects global structural stiffness, mass distribution, natural periods, and station-keeping behaviour in ways that require careful treatment during design [50,66]. Construction cost estimates across reviewed studies suggest that OWC integration may increase platform capital expenditure relative to standalone floating wind platforms, primarily due to the additional structural volume and materials required for chamber formation [88,102]. The studies by Pols et al. [49], Zheng et al. [64], Aubault et al. [35], and Thomsen et al. [107] collectively characterise the hydrodynamic, structural, and mooring implications of OWC integration across floating, tubular, and Wind Float-type platform configurations.
Flap-type WEC hybrids are consistently identified across the reviewed literature as the most mechanically complex hybrid configuration. The presence of articulated joints, large oscillating bodies, and high load transfer demands increases the risk of fatigue and mechanical failure under the cyclic loading conditions characteristic of offshore wave environments [53]. These challenges must be addressed through robust structural design, careful material selection, and comprehensive fatigue analysis from the earliest stages of concept development. Operational experience from the Oyster project indicates that hinge mechanisms and hydraulic PTO systems require specialised maintenance and contribute substantially to operational expenditure over the system lifecycle [15,102]. The SFC concept studied under operational and extreme environmental conditions by Michailides et al. [54,96], together with the long-term extreme structural response analysis by Li et al. [74], provides the most detailed structural characterisation of this WEC category available in the reviewed literature.
Across all concepts reviewed, higher performance potential corresponds to greater structural and mechanical complexity, reinforcing the need for integrated design approaches that treat structural integrity and energy performance as coupled rather than independent objectives. Lifecycle cost analyses suggest that the optimal balance between complexity and performance is strongly site-specific, with more complex systems justified only in energetic wave climates where additional energy capture offsets higher fabrication, installation, and maintenance costs [50].
5.4 Mooring System Implications and Stability
Hybridisation influences not only the platform structure but also the mooring system. The additional forces generated by WECs modify both mean and dynamic mooring tensions across all reviewed configurations, with mooring load impact increasing progressively from point absorber to OWC to flap-type WEC integration. These implications for mooring design, fatigue life, and station-keeping performance must be addressed from the earliest stages of platform development. Mooring systems represent a significant component of floating offshore wind farm capital expenditure, making their correct sizing and configuration an important economic consideration [104].
Point absorber hybrids generally induce more moderate additional mooring loads than flap-type configurations, particularly when WECs are symmetrically arranged around the platform perimeter [61–63]. Studies of point absorber arrangements around floating platforms show that WEC placement and hydrodynamic interaction strongly influence platform response and mooring demand, while mooring-line modelling studies highlight the importance of damping and dynamic line response in assessing station-keeping performance [61–63,105,110]. However, failure of individual WEC units or asymmetrical arrangement can introduce unbalanced loading and should therefore be considered in dynamic mooring analysis and reliability assessment of hybrid configurations [100,107,111]. The experimental and numerical studies by Kamarlouei et al. [61] and Si et al. [62] provide quantitative characterisation of these effects for point absorber configurations on floating and semi-submersible platforms.
OWC-based systems may increase mean mooring loads due to added mass effects introduced by the water column, but dynamic load amplification is typically moderate compared to other WEC types [20,107]. The enclosed nature of OWC chambers distributes wave forces over larger structural areas, reducing peak loads on individual mooring lines relative to point-concentrated force inputs [66]. Numerical simulations by Thomsen et al. indicate that OWC integration increases maximum mooring tensions by approximately 10–15% compared to standalone floating wind platforms, a level that can generally be accommodated within standard mooring design margins [107]. The studies by Pols et al. [49], Zheng et al. [64], and Aubault et al. [35] further support the importance of hydrodynamic response, chamber integration, and mooring behaviour across different OWC-related platform configurations.
Flap-type WECs can significantly amplify dynamic mooring tensions due to the large oscillatory forces generated by articulated flap motion [17,96]. The cyclic nature of flap loading introduces fatigue damage accumulation in mooring lines at rates substantially higher than those associated with platform wave loading alone [19,96]. Mooring design studies for WEC systems show that cyclic loading and dynamic line response must be explicitly considered when assessing fatigue damage and station-keeping reliability, particularly for configurations subject to large oscillatory WEC forces [84,111]. The experimental results of Michailides et al. on the SFC concept under extreme environmental conditions represent the most comprehensive validated dataset for mooring load amplification associated with flap-type integration in the reviewed literature [96].
The comparative picture across all reviewed literature shows that while flap-type WECs offer the strongest motion suppression, they simultaneously impose the greatest demands on mooring and structural systems [84,96]. This trade-off must be explicitly evaluated during the concept selection phase and incorporated into optimization frameworks as a coupled structural–hydrodynamic constraint [48]. Point absorber and OWC configurations offer a more moderate and predictable mooring load profile, which may be preferable in sites where mooring system cost or seabed conditions constrain the design space. Table 5 quantifies the mooring load implications across hybrid configurations.
	Concept
	Mean Tension Increase
	Dynamic Tension Amplification
	Fatigue Load Impact
	Station-Keeping Performance
	Source

	Point absorber
	+5–10%
	+10–15%
	Moderate
	Good
	Yang et al. [105]

	OWC
	+10–15%
	+5–10%
	Low-Moderate
	Very Good
	Thomsen et al. [107]; Pols et al. [49]

	Flap-type
	+15–25%
	+25–40%
	High
	Excellent
	Johanning et al. [84]; Michailides et al. [96]

	Heaving torus (spar)
	+5–8%
	+8–12%
	Low
	Good
	Muliawan et al. [27,41,43]


Table 5: Comparative Mooring System Implication.
                         

5.5 Optimization Methods Applied to Hybrid Wave–Wind Systems
This section constitutes the core analytical contribution of the review. Rather than simply noting that optimization is needed for hybrid platform design, it examines which specific optimization methods have been applied to combined wave–wind systems in the existing literature, what design variables and objective functions they addressed, and what conclusions can be drawn about the relative effectiveness of different algorithmic approaches across hybrid configuration types [14,42,93]. The survey covers studies addressing device-level, platform-level, and system-level optimization problems, and identifies the principal gaps that remain unaddressed in the current body of work [19,21].
5.5.1 Overview of Optimization Methods Used
Across the reviewed literature, optimization studies of hybrid wave–wind platforms have employed four principal classes of method, each with distinct strengths and limitations depending on the nature of the design problem addressed [19,42].
Gradient-based methods have been applied primarily to single-objective PTO tuning problems where the objective function is smooth and differentiable, such as the maximisation of wave power absorption subject to a fixed platform geometry [88,89]. These methods offer computational efficiency and are well suited to problems with a limited number of continuous design variables, but their reliance on local search makes them poorly suited to the non-convex, multimodal design spaces characteristic of full hybrid platform optimization [42,73]. Studies by Ringwood et al. represent the most systematic application of gradient-based control optimization to WEC systems, demonstrating that optimal PTO control can increase wave energy capture by 50–100% relative to passive damping configurations [88,89].
Genetic algorithms and evolutionary strategies have been applied more broadly to multi-objective layout and geometry optimization problems where the design space is non-convex and objective functions are computationally expensive to evaluate [14,42]. These population-based methods are well suited to exploring high-dimensional design spaces and handling competing objectives simultaneously, making them the most commonly employed optimization class in the hybrid systems literature to date [19]. Studies by Sarmiento et al. have applied evolutionary optimization to multi-use floating platform design, identifying PTO damping coefficient and WEC natural frequency as the most critical design variables for point absorber hybrids [113]. Cao et al. reviewed combined wind and wave energy harvesting devices and related coupling simulation techniques, highlighting the need for optimization approaches capable of accounting for coupled hydrodynamic response, structural loading, and energy performance [21].
Surrogate-based optimization using polynomial response surfaces or Gaussian process regression has been employed in studies where the computational cost of high-fidelity coupled hydrodynamic simulations makes direct optimization impractical [19,42]. By constructing a fast-to-evaluate surrogate model from a limited number of simulation runs, these methods enable more comprehensive exploration of the design space than would be feasible with direct simulation alone, particularly when simplified coupled-analysis methods are used to reduce computational cost in early-stage floating-platform studies [14,71,84]. Gomes et al. have developed optimization approaches for OWC wave-energy conversion, including hydrodynamic chamber optimization and aerodynamic turbine optimization, demonstrating that both chamber geometry and turbine design influence overall energy conversion performance [90,109]. Ansari et al. provide a broader review of optimization techniques applied to hybrid renewable energy systems, confirming their growing importance for hybrid platform design problems [91].
Reinforcement learning and data-driven optimization represent the most recent class of method to be applied to hybrid system design and currently remains primarily at the device level rather than the platform level [14,93]. These approaches are particularly promising for real-time control optimization under variable sea state conditions, where the ability to adapt PTO parameters continuously offers substantial performance gains over fixed passive damping strategies [88,89]. Wang et al. have demonstrated the applicability of data-driven control frameworks to floating offshore wind systems [18], and their extension to hybrid wave–wind platforms represent an active frontier in the field [14,84].
Table 6. Mapping of optimization methods to hybrid wave–wind system types, design variables, objective functions, and key references.
	Hybrid Concept Type
	Optimization Method
	Design Variables
	Objective Function
	Key Refs
	Gap / Status

	Point absorber hybrid
	Gradient-based
	PTO damping coefficient
	Maximise wave power absorption
	[72,93]
	—

	Point absorber hybrid
	Genetic algorithm / evolutionary / layout optimization
	PTO damping, WEC natural frequency, spatial placement
	Maximise energy + minimise platform pitch
	[62,63,106]
	—

	Point absorber hybrid
	Parametric sensitivity analysis (sensitivity/exploration technique; not a formal optimization method)

	PTO damping, WEC spacing
	Maximise energy capture and motion damping
	[62,64,96]
	—

	Point absorber hybrid
	Reinforcement learning / data-driven
	Real-time PTO adaptation
	Maximise energy under variable sea states
	[14,93]
	Device level only — not yet at platform level

	OWC hybrid
	Geometry / aerodynamic optimization 
	Chamber geometry, turbine blade geometry, PTO characteristics
	Maximise wave-to-wire energy conversion

	[66,90,109]
	—

	OWC hybrid
	Gradient-based
	Chamber resonant frequency tuning
	Maximise power capture at target wave period
	[18,48,86]
	—

	OWC hybrid
	Active control optimization
	Air turbine control strategy
	Improve off-resonance performance
	[66,67,88]
	—

	OWC hybrid
	Surrogate-based / meta-heuristic
	Platform geometry, chamber integration
	Minimise CAPEX + maximise energy
	[90, 109]
	Fully coupled aero-hydrodynamic optimization absent

	Flap-type hybrid
	Nonlinear modelling / model-informed optimization 
	Flap geometry, PTO, hydrodynamic model fidelity

	Account for nonlinear hydrodynamics and structural response
	[70,74,96]
	—

	Flap-type hybrid
	Genetic algorithm / evolutionary
	Flap geometry, control strategy
	Balance energy capture vs structural loading
	[74,96]
	—

	Flap-type hybrid
	Parametric / sensitivity analysis(sensitivity/exploration technique; not a formal optimization method)
	Hinge stiffness, PTO damping
	Minimise mooring fatigue damage equivalent loads
	[19,20,26]
	—

	Flap-type hybrid
	Data-driven/ advanced control
	Real-time PTO control adaptation
	Maximise energy under variable sea states
	[92,93]
	Not yet fully applied at hybrid platform level — identified gap

	System-level (all types)
	Multi-objective evolutionary
	WEC placement, mass distribution, platform geometry, mooring, control
	Simultaneously optimise energy capture, platform response, structural integrity, cost
	[19,108]
	Fully integrated system-level optimization largely absent

	System-level (all types)
	Surrogate-based + high-fidelity simulation
	Full hybrid system design variables
	Coupled aero-hydrodynamic performance
	[14,42]
	OpenFAST extension to WEC subsystems — active frontier



5.5.2 Device-Level Optimization
For point absorber hybrids, optimization efforts in the reviewed literature have focused primarily on three interdependent design variables: PTO damping coefficient, WEC natural frequency tuning, and spatial placement of WEC units around the platform perimeter [62,63,106,112]. Nonlinear hydrodynamic modelling of heaving buoy WECs further demonstrates that accurate representation of device motion and fluid–body interaction is important when assessing PTO tuning and energy capture under realistic wave conditions [112]. Research by Ringwood et al. has demonstrated that optimal PTO control can increase wave energy capture by 50–100% relative to passive configurations, while simultaneously improving motion damping characteristics of the host platform [88,89]. Parameter sensitivity studies by Sarmiento et al. have identified PTO damping and WEC resonant frequency as the most influential design variables for point absorber hybrids across a range of sea states [113], while studies by Hu et al. have shown that the optimal design and performance of WECs integrated with floating wind platforms depend strongly on PTO-related parameters, layout, and system-level coupling effects, reinforcing the necessity of system-level rather than device-level optimization for this configuration [63].
For OWC-based hybrids, device-level optimization has centred on chamber geometry, turbine characteristics, and station-keeping behaviour, with studies demonstrating that OWC performance depends on chamber dimensions, airflow dynamics, hydrodynamic response, and mooring configuration under site-specific wave conditions [45,49,66,109]. Gomes et al. have developed optimization frameworks specifically for OWC chamber geometry, showing that coordinated optimization of these parameters can substantially increase annual energy production relative to non-optimised designs [90,109]. Turbine control strategies that regulate airflow across varying sea states have been examined by Henriques et al., demonstrating that active control of the air turbine can improve off-resonance performance and reduce the sensitivity of annual energy yield to site-specific wave climate variability [66].
For flap-type WEC hybrids, device-level optimization must address not only energy capture but also structural load mitigation, given the large dynamic forces associated with oscillating surge and flap-type devices [51,72,95,96]. The hinge mechanism, flap dimensions, and PTO characteristics must be carefully coordinated to balance energy capture against fatigue loading on both the WEC and the host platform structure [53,74]. Nonlinear modelling studies reviewed by Penalba et al. highlight that flap-type and other WEC systems can exhibit strongly nonlinear hydrodynamic behaviour, reinforcing the need for optimization approaches that account for both energy capture and structural response [70]. These results confirm that single-objective optimization for maximum power capture will systematically overestimate achievable performance in operational hybrid systems by ignoring structural constraints [15].
5.5.3 System-Level and Multi-Objective Optimization
At the system level, the most important finding across the reviewed literature is that no single hybrid configuration consistently outperforms others across all performance criteria simultaneously [14,21,108]. Performance is governed by a set of interdependent parameters — including WEC placement, PTO damping, mass distribution, platform geometry, mooring configuration, and control architecture — whose optimal values differ depending on the integration strategy and deployment site [14,16,17]. This finding strongly motivates the adoption of multi-objective optimization frameworks capable of simultaneously addressing coupled aerodynamic, hydrodynamic, and structural dynamics across the full hybrid system [108].
Despite this motivation, truly integrated system-level optimization of hybrid wave–wind platforms — where aerodynamic, hydrodynamic, structural, and economic objectives are jointly optimised within a single computational framework — remains largely absent from the current literature [14,21,19]. The majority of reviewed optimization studies address either the WEC subsystem in isolation or the floating platform with WEC effects approximated through simplified force models, rather than treating the hybrid system as a coupled multi-physics design problem from the outset [5,16,17]. This represents the most significant gap identified in this review, and its resolution is identified as the principal direction for future research in Section 6.
Recent advances in computational optimization, including genetic algorithms, surrogate-based methods, and machine learning approaches, are progressively enabling more comprehensive exploration of hybrid system design spaces [91,108]. Studies by Celesti et al. have examined design considerations for hybrid wind–wave platforms under energy-maximising control, illustrating how control-oriented modelling can inform optimization of coupled hybrid systems [92]. Wang et al. have demonstrated the feasibility of OpenFAST-based coupled simulation frameworks for semi-submersible floating wind systems [18], while Yang et al. have developed an aero-hydro-servo-elastic coupling framework for floating offshore wind turbine analysis [5]. Extending such coupled modelling frameworks to include WEC subsystems represents a natural and achievable next step for the field [14].
5.6 Summary of Key Trade-offs and Optimization Implications
The comparative analysis presented in Sections 5.1 through 5.5 reveals several fundamental trade-offs that are consistently observed across hybrid wave–wind configurations in the reviewed literature. These trade-offs define the principal tension lines within which optimization problems for hybrid platforms must be formulated, and their explicit identification here is intended to guide the construction of objective functions and constraint sets in future optimization studies [19,108].
Trade-off 1: Wave energy capture versus structural loading
Increased wave energy capture is consistently associated with higher structural loads across all WEC types reviewed [12,21]. This trade-off is most clearly demonstrated by flap-type configurations, where maximum wave energy extraction is achieved at the cost of substantially increased dynamic loading on both the platform structure and the mooring system [19,63]. Even for point absorber configurations, studies have shown that aggressive PTO tuning for maximum power capture can amplify platform motions rather than suppress them under certain sea state conditions [64,72]. Optimization frameworks for hybrid platforms must therefore treat energy capture and structural load as coupled objectives rather than independent criteria and must explicitly incorporate structural constraints — including fatigue damage limits and mooring tension bounds — within the optimization problem formulation [14,15,42].
Trade-off 2: Motion suppression versus mechanical reliability
The WEC configurations that provide the strongest platform motion suppression are also those that introduce the greatest mechanical reliability and maintenance demand. Flap-type WECs achieve the highest levels of pitch and surge reduction across the reviewed literature, but this performance comes with articulated joints, high load transfer paths, and PTO systems that require specialized maintenance and have shorter mean times between failure than simpler configurations [15,102]. Point absorber systems offer more modest motion reduction but substantially lower mechanical complexity, making them more suitable for near-term deployment where operational reliability is prioritised over maximum performance [47,63]. This trade-off implies that the optimal WEC type for a given hybrid platform cannot be determined on hydrodynamic grounds alone, and that reliability and lifecycle cost models must be integrated within the optimization framework to produce commercially meaningful results [50,104]. 
Trade-off 3: System performance versus optimization tractability
Higher-performing hybrid configurations are generally those with the greatest number of interdependent design variables, which simultaneously makes them the most difficult to optimise effectively [14,42]. Flap-type hybrids involve coupled structural, hydrodynamic, and PTO design variables whose interactions are highly nonlinear and computationally expensive to evaluate with high-fidelity models [15,107]. Point absorber hybrids present a more tractable optimization problem due to their modularity, but the relatively modest performance gains achievable mean that optimization effort may yield diminishing returns beyond a certain level of design refinement [65,73]. Surrogate-based and multi-fidelity optimization methods are identified across the reviewed literature as the most promising approaches for managing this trade-off, enabling higher-fidelity design spaces to be explored at acceptable computational cost [19,42,109].
Trade-off 4: Site-specific performance versus design generalisability
The comparative performance of different hybrid concepts varies substantially with deployment site, including water depth, wave climate, wind resource, and grid connection constraints [4]. Configurations that perform well in energetic North Sea conditions may be suboptimal in milder Atlantic or Mediterranean sites where wave energy contributions are lower and structural loads are less severe [14,21,98]. This site-specificity implies that optimization results derived for one location cannot be straightforwardly transferred to another, and that standardised benchmarking across a representative range of deployment sites is needed before general design guidelines can be established [108]. Multi-fidelity optimization frameworks that can efficiently re-optimise designs for different site conditions represent a particularly valuable direction for future research [19,109].
Trade-off 5: Active control performance versus design complexity
Active control of PTO systems offers substantial opportunities to adapt hybrid platform response to changing sea states and to reconcile some of the inherent trade-offs identified above [93,83]. Studies consistently show that actively controlled PTO configurations outperform passive designs across a wide range of sea states, with energy capture improvements of 50–100% reported for point absorber systems under optimal control [88,89]. However, the integration of advanced control strategies introduces additional design complexity, increases software and sensor system requirements, and raises questions about robustness and fail-safe behaviour in harsh offshore environments [14,93]. The optimization of control architecture — including the choice between passive, reactive, model predictive, and reinforcement learning-based approaches — must therefore be treated as an integral component of hybrid platform design rather than a post-design refinement [85,93].
Understanding and explicitly managing these five trade-offs is essential for the successful design and optimization of next-generation hybrid wave–wind energy platforms [84]. Taken together, they define a multi-dimensional optimization landscape in which no single configuration dominates across all criteria, and in which the appropriate balance between competing objectives is inherently site-specific, configuration-dependent, and sensitive to the assumptions embedded in the objective function [108]. This reinforces the central conclusion of this review: that multi-objective, multi-physics optimization frameworks — capable of simultaneously addressing energy performance, structural integrity, mechanical reliability, mooring loads, and control architecture — are not merely desirable but essential for realising the commercial potential of hybrid offshore energy platforms [14,19,42].
6. Discussion and Future Work
This paper has presented a systematic classification, comparative assessment, and optimization methods survey of hybrid wave–wind energy platforms, addressing the reviewer's recommendation that the paper adopt optimization methods as its dominant analytical lens [14,21]. The classification framework introduced in Section 2 organises hybrid concepts across three axes — floating platform type, WEC integration approach, and energy dominance — providing a more complete and practically useful taxonomy than platform type or WEC type alone [23,24]. The comparative analysis in Sections 4 and 5 evaluates hydrodynamic response, energy performance, structural complexity, mooring implications, and optimization potential across three representative hybrid configurations, drawing on the full breadth of the reviewed literature rather than isolated case studies [12,60]. Section 5.5 surveys the optimization methods applied to hybrid platforms to date — including gradient-based methods, evolutionary algorithms, surrogate-based approaches, and reinforcement learning — and identifies the principal gaps that remain unaddressed [14,19,42,93].
6.1 Key Findings and Discussion
The three-axis classification framework introduced in this paper — platform type, WEC integration approach, and energy dominance — provides a more complete basis for comparing hybrid concepts than the two-axis frameworks commonly used in the literature [21,23,24]. The energy dominance category in particular offers a practically important distinction between configurations where wave energy plays a supplementary load-mitigation role and those where it constitutes a primary generation contribution [4,14,21,36]. Applying this framework to all concepts reviewed reveals that the majority of existing hybrid systems are wind-dominated, and that balanced or WEC-dominated configurations remain largely at the conceptual or early numerical stage [14,21]. A consolidated classification table and chronological timeline of hybrid concepts are provided to support future comparative studies and to contextualise the evolution of the field [12,15,22].
Across all WEC types reviewed, WEC integration consistently modifies hydrodynamic response in ways that depend critically on WEC type, placement, and tuning. Integrated WECs consistently modify the hydrodynamic response of the floating platform across all configuration types reviewed, contributing additional radiation damping and altering added mass characteristics in ways that can suppress wave-induced motions [70,81]. The degree of motion mitigation is strongly dependent on WEC type, placement, and tuning: flap-type configurations offer the strongest suppression but introduce the greatest structural loads, OWC integrations provide consistent moderate damping across a broad frequency range and point absorber configurations deliver more variable motion reduction that is highly sensitive to PTO parameter selection [61,72,108]. Motion response data cannot be meaningfully compared across studies using different platform geometries and modelling fidelities and are therefore treated in this review as a contextual indicator rather than a primary ranking criterion [81,82,83].
All hybrid concepts reviewed demonstrate potential for enhanced combined energy capture relative to standalone floating wind platforms, with estimated capacity factor improvements depending strongly on WEC type, site conditions, and platform configuration [4,14,36]. Wave energy contributions are particularly valuable in smoothing power output variability and improving availability during periods of reduced wind resource, consistent with the resource complementarity findings reported across the reviewed literature [61,62,87,46]. However, energy synergy alone is insufficient as a design criterion: hybrid systems must balance energy gains against structural demand, mechanical complexity, and mooring loads within a multi-objective framework to produce commercially viable designs [51,61].
Higher performance potential consistently corresponds to greater structural and mechanical complexity across all WEC types reviewed. Increased performance potential consistently corresponds to greater structural and mechanical complexity across all WEC types reviewed [53]. Point absorber systems offer the best near-term balance of performance gain versus complexity, with modular architectures that simplify fabrication, installation, and maintenance [47,52,63]. OWC integrations introduce moderate complexity with the compensating advantage of protected PTO machinery, while flap-type configurations impose the greatest demands on structural design, materials selection, and maintenance planning [15,102]. Lifecycle cost considerations must be integrated within the optimization framework from the outset, as the optimal complexity–performance balance is strongly site-specific and cannot be determined from hydrodynamic analysis alone [50].
Hybridisation modifies mooring system requirements across all configuration types, with flap-type WECs imposing the greatest additional dynamic loading and fatigue damage accumulation [84,96,111]. Symmetrical arrangement of point absorbers can help moderate platform and mooring response, while asymmetrical configurations or individual unit failures should be considered in dynamic mooring and reliability assessments [61–63,100,107,111]. OWC integration produces moderate and broadly predictable mooring load increases that can generally be accommodated within standard design margins [107]. These findings confirm that mooring system design must be treated as an integral component of hybrid platform optimization rather than a post-design consideration [64].
The optimization survey identifies four principal method classes and reveals that fully integrated system-level frameworks represent the most critical remaining gap. The survey of optimization methods in Section 5.5 identifies four principal classes applied to hybrid wave–wind systems in the reviewed literature: gradient-based methods, evolutionary algorithms, surrogate-based optimization, and reinforcement learning [14,19,42,93]. Evolutionary algorithms and surrogate-based methods are the most commonly employed for multi-objective and system-level problems respectively, while gradient-based methods remain useful for single-objective PTO tuning problems with smooth objective functions [15,88,89]. The most significant gap identified is the absence of truly integrated system-level optimization frameworks that simultaneously address coupled aerodynamic, hydrodynamic, structural, and economic objectives within a single computational workflow [5,14,16,17]. The majority of reviewed studies optimise either the WEC subsystem in isolation or the platform with WEC effects approximated, rather than treating the full hybrid system as a coupled multi-physics design problem [19,21].
6.2 Research Challenges and Future Directions
Developing fully integrated multi-physics optimization frameworks is the most pressing challenge for the field, requiring solutions to both modelling and computational tractability. The development of optimization frameworks that simultaneously address coupled aerodynamic, hydrodynamic, structural, and economic design variables across the full hybrid system remains the most pressing research challenge identified in this review [14,42,61,108]. Current tools such as Open FAST provide the coupled simulation capability needed to underpin such frameworks [18], but their integration within optimization loops — particularly for multi-objective problems requiring large numbers of function evaluations — demands either substantial computational resources or the development of sufficiently accurate surrogate models [19 ,84]. Future work should prioritise the development and validation of multi-fidelity optimization workflows in which high-fidelity coupled simulations are used to train and validate surrogates that can be evaluated efficiently within evolutionary or Bayesian optimization loops [14,42].
Standardised benchmarking and reference platform models are urgently needed to enable reliable cross-study comparisons and to validate optimization results. The absence of standardised benchmarking across hybrid wave–wind studies severely limits the ability to draw reliable comparative conclusions from the existing literature [21,80,102]. Different studies employ different platform geometries, WEC scales, wave spectra, and modelling fidelities, making direct performance comparisons unreliable [81,82]. Future research should prioritise the establishment of reference hybrid platform models — analogous to the OC3, OC4, and OC5 reference models for floating wind [24,36,33] — against which new hybrid concepts and optimization methods can be consistently evaluated. Standardised metrics for energy performance, structural loading, and mooring response, defined across a representative set of deployment sites, would substantially improve the transferability of research findings across the community [14,85,88].
Advanced control strategies represent one of the most promising avenues for improving hybrid platform performance, yet their integration within design frameworks remains limited. Advanced model-based and data-driven control approaches represent one of the most promising avenues for improving hybrid system performance, yet their integration within holistic design frameworks remains limited in the current literature [14,85,93]. Future work should develop control methodologies that are co-designed with the platform from the outset rather than applied as post-design refinements and should examine hierarchical control architectures that coordinate WEC-level PTO optimization with platform-level motion management and wind turbine load control simultaneously [72,83,85,93]. Reinforcement learning approaches offer particular promise for real-time adaptive control under variable sea states and warrant systematic investigation at the hybrid system level [14, 93,84].
 Physical validation through scaled testing and prototype deployment remains a critical priority given the near-exclusively numerical basis of current optimization research. The overwhelming majority of optimization studies reviewed are based on numerical modelling, with physical validation limited to a small number of scaled wave tank experiments [40,63,70]. Large-scale demonstrations and real-world operational data remain scarce, constraining confidence in numerical performance predictions and limiting the ability to validate optimization results under realistic irregular sea states and combined wind-wave loading [70]. Future research should prioritise scaled tank testing of integrated hybrid systems — including simultaneous aerodynamic and hydrodynamic loading where facilities permit — and, where resources allow, deployment of prototype systems in representative offshore environments. Data from such tests are essential both for validating numerical models and for identifying failure modes and maintenance requirements that are not apparent from simulation alone [15,88].
Techno-economic and lifecycle cost analysis remain underdeveloped relative to their commercial importance and must be integrated within optimization frameworks from the outset. Comprehensive techno-economic assessment and lifecycle cost analysis remain underdeveloped relative to hydrodynamic and structural studies in the hybrid systems literature. Future work should develop standardised methodologies for comparing hybrid system economics — incorporating capital expenditure, operational expenditure, levelized cost of energy, energy yield, and infrastructure sharing benefits — and should integrate these economic models directly within multi-objective optimization frameworks so that cost-performance trade-offs can be explicitly quantified and navigated during the design process [50,101,103,104]. Uncertainty quantification methods that propagate resource variability, manufacturing tolerances, and degradation rates through to cost and performance estimates would substantially improve the reliability of investment decisions for hybrid platforms.
Long-term reliability, extreme-condition survivability, and environmental impact assessment must be addressed systematically before hybrid platforms can reach commercial deployment. Long-term reliability under operational and extreme marine conditions remains a critical concern for all hybrid configurations reviewed, particularly those involving mechanically complex WEC types. Future work should develop reliability models that account for the coupled nature of hybrid systems and identify critical failure modes arising from WEC–platform interaction rather than treating subsystem failures independently. Survivability under 50-year and 100-year storm conditions requires particular attention for flap-type and point absorber configurations where WEC components are directly exposed to wave loading [96,100,111]. Alongside reliability, the environmental effects of hybrid platforms — including combined acoustic footprint, electromagnetic emissions from subsea cables, and potential as artificial reef structures — require systematic investigation to support consenting processes and to quantify whether hybridisation offers environmental co-benefits relative to standalone deployments.
7. Conclusions
Hybrid wave–wind energy platforms represent one of the most technically and commercially promising frontiers in offshore renewable energy, offering the potential to combine complementary resources, share infrastructure costs, and improve capacity factors in deep water environments where floating solutions are required. This review has demonstrated that realising this potential depends critically on the development of multi-objective, multi-physics optimization frameworks that treat the hybrid system as a coupled design problem from the outset, rather than optimising subsystems in isolation and assembling the results [14,42,61,108].
The classification framework, optimization methods survey, and trade-off analysis presented here provide a structured foundation for future research in this area [21,23,24]. The consistent finding across all dimensions of the comparative analysis — that no single hybrid configuration dominates across all criteria, and that optimal design is inherently site-specific, configuration-dependent, and sensitive to the balance struck between competing objectives — reinforces the centrality of rigorous multi-objective optimization to the field's progression [19,61,68,108].
As the offshore renewable energy sector continues to grow and floating wind technology approaches commercial maturity, hybrid systems that efficiently integrate wave and wind resources while sharing infrastructure will likely play an increasingly important role in meeting decarbonisation targets [7]. Translating the performance potential identified in the reviewed literature into commercially deployable systems will require sustained and coordinated research effort across hydrodynamic modelling, structural engineering, control systems, techno-economic analysis, and experimental validation. The optimization methods surveyed in this review — and the gaps identified within them — define a clear and tractable research agenda for achieving this goal [14,19,42,84].
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