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Abstract

Hybrid marine energy platforms that integrate wave energy converters (WECs) and hy-
drokinetic turbines (HKTs) offer potential to improve energy yield and system stability in
marine environments. This study identifies a compatible WEC-HKT integrated system
concept through a structured concept selection framework based on multi-criteria decision
analysis (MCDA). The framework follows a two-stage process: individual technology
assessment using eight criteria (efficiency, TRL, self-starting capability, structural simplicity,
integration feasibility, environmental adaptability, installation complexity, and indicative
cost) and pairing evaluation using five integration-focused criteria (structural compati-
bility, PTO feasibility, mooring synergy, co-location feasibility, and control compatibility).
Criterion weights were assigned through a four-level importance framework based on
expert judgment from 11 specialists, with unequal weights for the individual evaluation
and equal weights for the integration stage. Four WEC types (oscillating water column,
point absorber, overtopping wave energy converter, and oscillating wave surge converter)
and four HKT types (Darrieus, Gorlov, Savonius, and hybrid Savonius-Darrieus rotor) are
assessed using literature-derived scoring and weighted ranking. The results show that the
oscillating water column achieved the highest weighted score among the WECs with 4.05,
slightly ahead of the point absorber, which scored 3.85. For the HKTs, the Savonius rotor
led with a score of 4.05, surpassing the hybrid Savonius-Darrieus rotor, which obtained
3.50, by 0.55 points. In the pairing stage, the OWC-Savonius configuration achieved the
highest integration score of 4.2, surpassing the PA-Savonius combination, which scored 3.4,
by 0.8 points. This combination demonstrates favorable structural layout, PTO indepen-
dence, and mooring simplicity, making it the most promising option for early-stage hybrid
platform development.

Keywords: hybrid marine energy systems; wave energy converter; hydrokinetic turbine;
multi-criteria decision analysis; concept selection

1. Introduction

Global climate change is accelerating the shift toward low-carbon energy systems. In
2023, the average global surface temperature reached 1.45 °C above pre-industrial levels,
making it the hottest year on record [1]. Energy production and consumption remain
the largest contributors to greenhouse gas emissions, accounting for about 73 percent of
the global total emissions [2]. Yet, fossil fuels still supply more than 80 percent of the
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world’s primary energy needs [3]. Reducing this dependence is therefore critical, not only
to mitigate emissions but also to support a more resilient and equitable transition to cleaner
energy. This transition must address the energy trilemma, which includes the challenge
of achieving energy sustainability, supply security, and affordability at the same time [4].
Diversifying renewable energy sources is essential to improve energy system resilience and
reduce regional dependence on weather-sensitive generation.

Ocean energy provides an alternative to more established technologies such as solar
and wind. Although both have expanded rapidly, they are intermittent and site dependent.
Ocean energy resources, including waves, tides, and marine currents, are more stable and
predictable [5]. These resources are particularly suitable for islands, coastal regions, and
shelf environments.

Wave and current energies are two types of ocean energy that behave differently.
Wave energy tends to be more dynamic and peaks during storms. Current energy is more
consistent across sea states. When combined, they provide complementary power profiles
that reduce variability and improve generation reliability [6]. Wave energy converters
(WEC) operate by capturing the oscillatory motion of surface waves. While hydrokinetic
turbines (HKT) convert the kinetic energy of ocean or tidal currents. Most developments in
WEC and HKT have focused on individual technologies.

Hybrid energy systems have the potential to reduce structural and mooring costs,
optimize energy capture, and enhance viability in remote or low-infrastructure areas [6].
However, integration of WEC and HKT systems into shared platforms has received limited
attention. Recent studies have highlighted a growing interest in floating hybrid platforms,
particularly wave-wind and wave—current systems, with advances in optimization, control,
and integration showing significant performance improvements [7-12].

Previous reviews have primarily focused on surveying individual WEC or HKT
technologies or discussing hybrid potential in qualitative terms. Few have developed a
structured, transparent decision-making framework for early-stage hybrid concept screen-
ing. This study addresses that gap by applying a two-stage multi-criteria decision analysis
(MCDA) workflow that combines a defined scoring rubric, expert weighting, normalization,
and sensitivity checks. The contribution is integrative but distinct in providing a replicable
and transparent framework that identifies high-synergy WEC-HKT pairings and estab-
lishes a methodological foundation for subsequent design and techno-economic evaluation.

2. Methodology

This section introduces the multi-criteria decision analysis (MCDA) framework ap-
plied for the concept selection of hybrid wave—current energy systems. The approach
is organized into two stages. First, individual wave energy converters (WECs) and hy-
drokinetic turbines (HKTs) are evaluated using eight technical, structural, and economic
criteria derived from literature and expert judgment. Second, the top-ranked devices from
each category are paired and assessed against five integration criteria to examine their
compatibility on a shared platform. The overall workflow is summarized in Figure 1, which
illustrates the process from input data collection through scoring, normalization, weighting,
ranking, and final hybrid concept selection.
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energy efficiency, TRL, cost etc.)
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Score and Rank Technologies 1 i
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Shortlist Top Performers (top two | End
WECs and top two HKTs)

Figure 1. MCDA framework for hybrid WEC-HKT concept selection.

2.1. Overview of Multi-Criteria Decision Analysis (MCDA)

Full-scale test data for marine hybrid energy systems remain limited. Most wave and
current energy technologies are still at the pre-commercial or prototype stage. Examples
include the Oyster wave surge converter [13] and the Wave Dragon overtopping system [14];
both WECs underwent full-scale testing but did not reach commercial deployment. In
terms of HKTs, various ducted horizontal-axis hydrokinetic turbines have been tested in
riverine or coastal environments [15-17]. Commercially, companies like Verdant Power [18]
and Waterotor [19] have also developed prototype turbines for tidal and river current
applications, although these efforts remain at a pilot scale.

Early-stage design decisions must therefore rely on literature data, simulation results,
and qualitative assessments. A multi-criteria decision analysis (MCDA) framework is
adopted in this study to support technology selection under such constraints.

MCDA allows structured comparison of multiple technologies using a consistent set
of evaluation criteria [20,21]. It is particularly suitable for early-phase concept development
where technical performance, maturity, integration feasibility, and cost must be assessed
concurrently [22]. The approach enables the use of published performance data, technology
readiness levels (TRL), and qualitative indicators such as structural simplicity and platform
compatibility. It also enhances transparency in the decision process and supports defensible
selection of viable hybrid configurations [23].

MCDA has been widely used in renewable energy research [20,21]. It has been applied
to compare solar, wind, and ocean energy systems [24,25] and to support site selection for
offshore farms [26,27]. It is also used in hybrid system evaluation, where a balance between
efficiency, reliability, and deployment feasibility must be considered. Recent studies have
adopted MCDA in marine energy contexts, including assessment of floating wind-wave
systems, co-located farm designs, and hybrid WEC-HKT platforms [6].

2.2. Evaluation Criteria

The evaluation criteria are derived from prior studies on hybrid renewable systems
and marine energy applications. These criteria are chosen to reflect technical performance,
maturity, integration feasibility, environmental adaptability, and economic potential [21].

The eight evaluation criteria used in this study are as follows:

i.  Energy conversion efficiency
ii. Technology readiness level (TRL)
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iii. Self-starting capability

iv.  Structural simplicity

v.  Ease of integration into hybrid platforms

vi. Environmental adaptability

vii. Installation complexity

viii. Indicative Levelized Cost of Energy (LCOE) or CAPEX trend

These criteria have been applied in previous MCDA frameworks for hybrid marine
energy systems and platform selection [6,21,24,26-28]. Efficiency and TRL represent widely
accepted indicators of technical performance and maturity [24]. Self-starting capability,
structural simplicity, and integration feasibility reflect practical considerations for hybrid
system design and component compatibility [28]. Environmental adaptability and installa-
tion complexity influence ease of deployment in nearshore or offshore environments [27].
When project-specific financial data are unavailable, LCOE or capital cost trends serve as
proxies for economic viability [25].

The evaluation criteria selected for this study are outlined in Table 1, along with their defi-
nitions to clarify their relevance in assessing early-stage hybrid marine platform development.

Table 1. Evaluation criteria and descriptions.

Category Criterion Description
Efficiency/Energy Expected energy conversion performance under
Capture typical conditions
Technical Technology Readiness Maturity level based on deployment history
Performance Level (TRL) and validation
Self-Starting Ability to initiate energy conversion without
Capability external input
Structural Fabrication, maintenance, and reliability of
Simplicity structural design
Structural R : :
ructura Ease of Integration Compatibility with hybrid platforms and
Integration shared systems
Environmental Performance under variable sea states and
Adaptability deployment conditions
énstallla tl?l’l Infrastructure, lifting, and anchoring requirements
Economics omplexity
Feasibility Indicative Relative economic feasibility based on
LCOE/CAPEX Trend cost indicators

2.3. Weight Assignment

Each evaluation criterion is assigned to a weight reflecting its importance in early-
stage hybrid marine platform development. The weighting strategy prioritizes energy
performance, technology maturity, and integration feasibility, in line with the literature [29].
These initial weights are proposed based on engineering judgment and established MCDA
studies focused on renewable energy and hybrid systems [6,21,24,26-28].

To validate and refine these weights, a direct rating survey was conducted with
11 industry experts from energy-related organizations in the UK, Malaysia, Thailand,
and Denmark. The panelists bring expertise in offshore renewable energy, hybrid energy
systems, and offshore structural engineering, ensuring that the weights are assigned based
on practical industry experience.

Figure 2 illustrates the distribution of professional roles within the expert panel. The
panel consists of a balanced mix of technical specialists and decision-makers, which helps
ensure that the assigned weights reflect both practical expertise and strategic considerations.
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Meanwhile, Figure 3 presents the panel’s industry experience, which further supports the

reliability and informed nature of the input provided.

= Top Management
= Middle Management
Senior Engineers

Engineers

9.0%

46.0%

Figure 2. Distribution of professional roles within the expert panels.

NUMBER OF EXPERTS

Figure 3. Industry experience of the expert panels.
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The 11 expert panels evaluated the relative importance of eight criteria using a raw

1-10 Likert scale, where 1 indicated not important and 10 indicated extremely important.

These raw scores are reported in Table Al (Appendix A). To ensure comparability across

experts and criteria, the scores are converted to ranks within each expert’s set of eight

criteria, with tied values assigned to the average of the ranks they span. The full per-expert

ranking matrix (7;;) is provided in Table A2 (Appendix A), together with the resulting rank

sums (R;).

The rank sums for each criterion (R;) are then computed as follows [30]:

m
Ri = Z 1’,']'
j=1

R is the average rank sum expected if there were no agreement:

m(n+1)

R=
2
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where m is the number of experts and # is the number of criteria. Inter-rater agreement is
quantified using Kendall’s coefficient of concordance (W), calculated as follows [30]:

125", (Ri —R)?

W= m2(n3 —n)

For this study, m = 11 and n = 8, resulting W = 0.78, which indicates a substantial level
of agreement among the experts.

To derive the final weights for use in the evaluation, the raw scores were normalized
to a 0-1 range. The mean and standard deviation (SD) of the normalized ratings for each
criterion, together with the final normalized weights, are summarized in Table 2.

Table 2. Normalized importance ratings provided by the 11 expert panels for each evaluation criterion.

Expert Panel (EP)

Efficiency TRL Self-Start Simplicity Integration Adaptability Installation LCOE/CAPEX

EP1 1 0.9 0.4 0.7 0.8 0.6 0.6 0.9
EP 2 1 1 0.3 0.6 0.9 0.7 0.5 1
EP3 1 0.6 0.1 0.7 0.9 0.6 0.6 0.8
EP 4 0.9 0.8 0.5 0.6 0.7 0.6 0.6 0.8
EP 5 1 0.9 0.4 0.8 0.9 0.7 0.7 0.9
EP6 0.9 0.9 0.5 0.7 0.8 0.6 0.6 0.9
EP7 0.9 1 0.3 0.6 1 0.8 0.6 0.7
EP 8 1 0.9 0.2 0.6 0.9 0.7 0.6 0.8
EP9 0.9 0.6 0.4 0.7 0.8 0.7 0.6 0.6
EP 10 1 0.9 0.5 0.7 0.8 0.7 0.7 0.8
EP 11 1 0.8 0.2 0.8 1 0.7 0.7 0.9
Mean 0.96 0.85 0.35 0.68 0.86 0.67 0.62 0.83
SD 0.050 0.137 0.137 0.075 0.092 0.065 0.060 0.110

As detailed in Table 3, efficiency received the highest weight of 0.20 due to its direct
influence on total energy yield and overall system performance [31,32]. Technology Readi-
ness Level (TRL), ease of integration, and indicative LCOE/CAPEX trends each carry high
weights of 0.15, as these factors critically affect deployment risk, cost-effectiveness, and
project viability [33,34]. Structural simplicity, environmental adaptability, and installation
complexity are assigned weights of 0.10 [6]. Lastly, self-starting capability carries a lower
weight of 0.05, given its variable relevance, which depends on specific control strategies
and device types [35].

Table 3. Evaluation criteria and assigned weights.

Category Criterion Weight
Efficiency /Energy Capture 0.20
Technical Performance Technology Readiness Level (TRL) 0.15
Self-Starting Capability 0.05
Structural Simplicity 0.10
Structural Integration Ease of Integration 0.15
Environmental Adaptability 0.10
Installation Complexity 0.10

Economic Feasibili
ty Indicative LCOE/CAPEX Trend 0.15

Total 1.00
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2.4. Technology Selection

Technologies are selected to be representative, integrable, and supported by recent
evidence in literature. The selection followed three criteria: (i) relevance to hybrid platform
deployment in nearshore or floating contexts, (ii) sufficient maturity and presence in recent
literature, and (iii) availability of performance data that allow transparent scoring within
the MCDA framework. Device families with limited data, poor compatibility with the
intended hybrid scope, or requiring substantially different infrastructure are excluded.

Four WEC families are considered. Oscillating Water Columns (OWCs) are included
due to their compact geometry, simple PTO arrangement, and extensive validation record.
The Wells turbine subclass is a core focus of this study due to its historical significance
in OWC research and the availability of a robust dataset from well-documented projects.
While research has progressed to include more advanced designs such as Impulse tur-
bines, the Wells variant remains a valid and important subject for analysis in the context
of our selected technologies [12]. Point Absorbers (PAs) are selected for their modularity
and favorable capture width ratio, with recent studies highlighting design and monitor-
ing improvements for practical deployment [7,26]. Overtopping devices (OWECs) are
retained to represent gravitational head-based concepts; although structurally heavier,
their performance in irregular states remains well-documented in recent reviews [6,36].
Finally, Oscillating Wave Surge Converters (OWSCs/OSWECs) are included for their pre-
dictable near-shore performance, supported by recent simulation and hybrid-integration
studies [12]. Other WEC types, such as attenuators and submerged pressure-differential
devices, are excluded due to limited maturity and scarce integration-relevant data [37].

Vertical-axis HKTs are prioritized for their compact geometry, bidirectional flow tol-
erance, and suitability for hybrid integration. Lift-based designs are represented by the
Darrieus and Gorlov turbines, chosen for their efficiency and recent optimization evi-
dence [31,38-40]. Drag-based turbines, represented by the Savonius rotor, are included for
their mechanical simplicity and self-starting capability, with recent CFD and design studies
demonstrating enhanced performance [41-43]. A hybrid Savonius-Darrieus turbine is also
considered to capture ongoing advances in combining lift and drag operation for improved
startup and moderate efficiency [43,44]. By contrast, ducted axial-flow turbines are ex-
cluded, despite recent reports of enhanced peak performance, because their hydrodynamic
scale, clearance requirements, and maintenance demands are less compatible with compact
nearshore hybrid platforms [45,46].

Figures 4a—d and 5a—d illustrate these selected WEC and HKT types, respectively,
highlighting their varied operating principles and structural designs relevant to hybrid
marine energy integration. Meanwhile, Tables 4 and 5 summarize the key features and
integration-relevant characteristics of the WEC and HKT technologies.

Table 4. Wave Energy Converter (WEC) Technology Selections.

Code Type Description Remarks
el Oscillating Water Air compression drives Compact, easy to
Column (OWCQ) the turbine integrate
W2 Point Absorber (PA) Buoyanjc body oscillates High f:apture width
in heave ratio, modular
W3 Overtopping Wave Energy Water flows into the Good surge response,
Converter (OWECQC) elevated reservoir heavy structure
Wi Oscillating Wave Surge Bottom-hinged flap rotates Predictable, suited for

Converter (OWSC) with wave motion nearshore
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Table 5. Hydrokinetic Turbine (HKT) Technology Selections.

Code Type Description Remarks

High efficiency, not

H1 Darrieus (H-type) Turbine Lift-based, vertical axis self-starting

H2 Gorlov Helical Turbine Helical variant Smc')o'ther 'torque,
of Darrieus bidirectional
. . . . Self-starting, simple,
H3 Savonius Turbine Drag-based, vertical axis o
lower efficiency
H4 Hybrid Savonius-Darrieus Combines lift and drag Better startup with

Turbine moderate efficiency

(©) (d)

Figure 4. Conceptual drawings for the selected WECs: (a) W1—Oscillating Water Column,
(b) W2—Point Absorber, (c) W3—Overtopping Wave Energy Converter, and (d) W4—Oscillating
Wave Surge Converter.

PP E<S

(o) (d)

Figure 5. Conceptual drawings for the selected HKTs: (a) Hl—Darrieus, (b) H2—Gorlov Helical
Turbine, (c) H3—Savonius Turbine, and (d) H4—Hybrid Savonius-Darrieus Turbine.
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All selected technologies remain at the prototype or pre-commercial stage, with exper-
imental validation but limited commercial deployment [7-11]. Nonetheless, available data
are sufficient for comparative evaluation using the MCDA framework.

2.5. Scoring and Ranking

Each selected Wave Energy Converter (WEC) and Hydrokinetic Turbine (HKT) tech-
nology is evaluated against the eight criteria listed in Table 6 using a standardized five-
point ordinal rubric. The rubric defines performance levels ranging from 1 (Very Poor) to
5 (Excellent), based on both quantitative thresholds (e.g., energy conversion efficiency, TRL,
CAPEX estimates) and qualitative descriptors (e.g., integration ease, structural simplicity).

Table 6. Technology Scoring Rubric.

Criterion Score 1 Score 2 Score 3 Score 4 Score 5
Very Poor Poor Moderate Good Excellent
Energy <10% conversion o g 20-30%, validated in . 30_4.0 % Wlth. >40% with strong field or
. - 10-20% efficiency simulation and pilot .

Efficiency efficiency the lab data validated lab performance
Technology TRL 1-3: IRL & TRL 5-6: Prototype ~ TRL 7-8: Field-tested TRL 9: Operational

Readiness Concept onl Component/lab or pilot stage or near-commercial deployment in real
Level (TRL) P y validation P 8 marine settings

The technology is Requires external Consistent startup with

unable to self-start or
requires significant

Self-Starting external intervention

input or complex
triggering under
most conditions,

Partially self-starts
under some of the

some environmental
dependence. The
technology can reliably

The technology is fully
autonomous and reliably
self-starts across the full

Capability . X site’s environmental range of environmental
across the operational leading to p self-start across a o .
.. . e conditions. L L, conditions for its chosen
conditions of a significant majority of the site’s denlovment site
given site. downtime. expected conditions. ploy ’
Structural Highly complex, Moderately Balanced: typical Simple construction; Very simple, modular, eas
hard to fabricate complex, many Y Y 4
Simplicity or maintain moving,parts marine complexity some modularity to maintain, and scalable
Incompatible with Plug-and-ola
Ease of the platform or Difficult, needs Moderate: fits with Integrates with com g tibilitp w};th
Integration requires a major adaptation adaptation minimal modification h P 1 2]
total redesign ybrid platforms
Mnoperableer | Opemateswitha  Performs acceptably restiont, able 1o it
ox erieI; ces frequent  NATTOW bandwidth, in average operating Operates efficiently cak e;formance ACroSS
Environmental stllc‘)uc tural failu(}‘e in requiring limited conditions for the under a wide range of P tﬁe full ranee of
Adaptability the intended sea states and site, but performance conditions typical of environmental c%n ditions
deplovment facing significant degrades in more the site. for the chosen
proy downtime. extreme conditions. .
environment. deployment site.
walaion | S g gt OSSP oy o NP <ot lion
Complexity heavy lifting requirement deployment typical conditions water depths
Indicative ~ >1.0 USD/KWh, very  0.7-1.0USD/KWh,  05-0.7USD/KWh,  03-0.5USD/kWh, <0.3 USD/KWh, strong
LCOE/CAPEX high CAPEX high CAPEX moderate cost lower cost potential Y

reduction prospects

Scores are assigned based on a combination of peer-reviewed literature, validated
experimental results, numerical simulations, and documented technology roadmaps. For
quantifiable metrics such as efficiency and TRL, score assignment follows defined per-
formance bands. For qualitative aspects like self-starting capability or environmental
adaptability, scoring is guided by engineering judgment aligned to rubric definitions and
supported by published case data.

For qualitative criteria such as ‘Self-Starting Capability” and ‘Environmental Adapt-
ability’, scores are determined in relation to the specific environmental profile of each
site. This approach ensures the framework remains site-agnostic, adaptable, and unbiased
across different locations. This allows the rubric to evaluate a technology’s resilience across
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a range of marine environments, from a mild sea state like the South China Sea to a more
critical one like the North Sea.

Meanwhile, for the indicative LCOE and CAPEX criteria, the scores are based on
device-class cost estimates drawn from peer-reviewed literature and technology roadmaps.
These figures represent the cost of the core energy converter and are suitable for this study’s
early-stage concept selection. It is important to note that these values do not include project-
specific costs such as those related to mooring and foundation systems, grid connection
infrastructure, or detailed operation and maintenance (O&M) strategies. This approach
ensures a consistent and fair preliminary comparison between technologies without being
skewed by site-specific project variables.

Following the scoring process, the Simple Additive Weighting (SAW) method is
applied [47] to aggregate the normalized criterion scores and derive overall performance
values for each WEC, HKT, and hybrid pairing. The selection of SAW was a deliberate
choice over more complex multi-criteria decision-making (MCDM) alternatives, such
as TOPSIS, AHP, and PROMETHEE, for its superior suitability in early-stage concept
screening. SAW is one of the most widely used and computationally efficient MCDM
methods [48,49]. Its fundamental simplicity, based on a weighted sum of normalized scores,
provides a high degree of transparency and ease of interpretation [48,50]. This makes it
particularly effective for the initial phase of the study, where the primary objective is to
rapidly rank and shortlist technologies from a diverse set of criteria [51]. Unlike more
iterative and data-intensive methods, SAW’s direct application streamlines the assessment
process, allowing for a robust and defensible selection of promising candidates without
unnecessary complexity [47]. This makes it an ideal tool for evaluating a mix of both
quantitative (e.g., indicative cost) and qualitative (e.g., structural simplicity) criteria.

Each criterion is assigned a weight based on its importance, as shown in Table 3. The
score for each technology is then computed as the weighted sum of its ratings across all
criteria [52]:

n
Sij = ]Z; wj - x;j

where:
S; is the total weighted score of technology of the ith WEC or HKT,

wj is the weight of the jth evaluation criterion (as per Table 1),
x;j is the assigned score (from 1 to 5) of ith technology under criterion j,

n = 8 is the number of evaluation criteria.

Each raw score is directly multiplied by its corresponding weight, and the summation
yields a total score. Technologies are then ranked in descending order of S;. The top two
WECs and top two HKTs with the highest total scores are selected for hybrid integration
in the next evaluation stage (Section 2.6). This scoring process ensures a transparent,
replicable, and criteria-weighted evaluation of candidate technologies using published data
and expert-informed scoring.

2.6. Pairing Evaluation

In the second stage, the two highest-ranked WEC and HKT technologies are com-
bined to form four hybrid WEC-HKT pairings. Each pairing is evaluated for integration
compatibility using five critical integration criteria:

i.  Structural Compatibility
ii. PTO Feasibility

iii. Mooring Synergy

iv. Co-location Feasibility
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v.  Control Compatibility

Each pairing is scored using a five-point ordinal rubric as shown in Table 7, where a
score of 1 represents very poor integration feasibility and 5 denotes excellent integration
potential. The scoring rubric includes qualitative descriptors grounded in platform co-
design experience and integration studies for hybrid marine energy systems.

Table 7. Integrated technology compatibility rubric.

Criterion Score 1 Score 2 Score 3 Score 4 Score 5
Very Poor Poor Moderate Good Excellent
Structural . Devices are p.hysmall'y Major conflicts in Minor strugtural Compatible with Seamless integration on
o incompatible; integration . compromises . a common structure
Compatibility ; . geometry or motion . adjustments
is not feasible required or pontoon
o PTOs interfere or cannot Shared structure Separate PTOs with Efficient independent Fully mdependen.t PTO
PTO Feasibility causes mechanical acceptable space . systems; no physical or
be co-located . . . operation . -
or dynamic conflicts allocation dynamic conflict
. Mooring needs differ Mooring loads or Moderate overlap in . . Can §hare a sunp.le
Mooring o . . Compatible mooring mooring layout with
entirely; high dynamics may mooring . .
Synergy . . . . : system is feasible balanced load
installation complexity conflict requirements o
distribution
Co-location Dev1,c es disturb eaf:h Risk of partial flow Acceptable with Gooq spatial Completgly dlStlpCt
o other’s flow or motion . . . separation, stable flow domains; optimal
Feasibility s interference spatial planning . - S
significantly flow regime spatial utilization
Contol  Contlysemscontis Fulysparaie Pt ool Comvdnatodor e gl srgt
Compatibility or destabilize each other controls required & P

minor coordination

is possible

control possible

To ensure consistency with Stage 1 scoring, the SAW method is also applied in this

stage. The total integration score, Sy for each pairing, k, is computed as follows [52]:

where:

m
/
Sk =) Wi xi
=

e Sy is the total integration score of kth hybrid pairing,

. w']- is the weight for criterion jth integration criterion,

® Xy is the score (1 to 5) of the pairing k under criterion j,

e m=5is the number of integration criteria.

This allows systematic comparison of pairing viability, with higher scores indicating
more compatible and integrable hybrid systems. The pairing with the highest total score is
recommended for subsequent platform-level design and simulation.

3. Results

This section presents the results of the comparative evaluation of selected WECs
and HKT technologies using the MCDA framework introduced in Section 2. Weighted
scores are calculated for each technology based on the defined performance criteria. The
outcomes support technology ranking and inform hybrid pairing selection, as discussed in
the following subsections.

3.1. Evaluation of Wave Energy Converter (WEC) Technologies

The comparative evaluation of four WEC technologies reveals notable performance
differences across the assessed criteria. Table 8 presents the scoring matrix, including the
individual scores and supporting rationale for each criterion based on the 1-5 rubric. To
determine the overall ranking, these scores were weighted according to the criteria weights
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outlined in Table 3 and aggregated using the SAW method described in Section 2.5. The
resulting weighted totals and rankings are presented in Table 9.

The Oscillating Water Column (OWC) (W1) achieves the highest total score of 4.05,
reflecting strong performance in efficiency [12], TRL, self-starting capability, and ease
of integration. Its passive air chamber design, mature deployment history, and well-
established operation in nearshore environments [53] make it a robust and practical choice
for integrated coastal systems. The Point Absorber (PA) (W2) secures second place with
a total score of 3.85. It demonstrates excellent energy capture and adaptability to diverse
wave climates. Although it involves more complex power take-off (PTO) mechanismes, its
flexibility in array configurations supports broader integration possibilities [54].

The Oscillating Wave Surge Converter (OWSC) (W4) ranks third with a total score of
3.40. This system benefits from good adaptability and moderate efficiency, but it requires
precise flap control and has limited full-scale deployments [12], which reduces its over-
all maturity and ease of integration. The Overtopping Wave Energy Converter (OWEC)
(W3) scores the lowest at 2.80, primarily due to its structural and installation complexity.
Although it can achieve high energy capture under optimized conditions, its large foot-
print, civil works demand, and higher capital costs [55] pose deployment challenges in
constrained or remote environments.

Table 8. Scoring Matrix for Wave Energy Converter (WEC) Technologies.

Wi W2 W3 W4
Criteria
Score Remark Score Remark Score Remark Score Remark
o .
Efficiency/ System efficiency High CWR; up to 30_40./0. overtopping Moderate-to-high
o . o . efficiency with g
Energy 3 ~25-30%; pneumatic 5 50% efficiency under . 4 capture efficiency
Capture losses [6,56] resonance [6,32] optimized with tuning [6,32]
! ! ramps [6,56] ’
Tested at small
. . Numerous Wave Dragon, e
TRL 5 ?ﬁf&i’;ﬁiﬂ;\f{; ;n;l?]l’ 4 prototypes at sea; 3 CROWN at TRL 3 scglee, llgm;eeitf;ﬂl
0 TRL 7-8 [6,11,32] 6-7[6,7,56] ploy
[6,11,32]
Fully passive system; Passive float Ramp fills naturally; Wave-induced fla
Self-Starting yP ¥ ! operation with some P y: L P
Capability 5 no contro 4 damping 5 no startup energy 4 motion is
required [6,56] control [6,11,32] needed [6,56] automatic [6,32]
. . More complex PTO Large ramp + Flap and hinge
Structural Simple chamber + air : : A systems need
N 4 . 3 and drivetrain than 2 reservoir; significant 3 .
Simplicity turbine setup [6,56] . precision but are
W1 [6,32] civil works [6,56]
manageable [6,32]
.Well—su.lted fgr Flexible mooring Shared PTO is Can co-locate with
Ease of integration with . . o ) -
. 5 4 allows integration in 3 possible but 4 fixed seabed
Integration breakwaters or arrays [6,11,32] complicated [6,7] latforms [6,7,11]
platforms [6,7,28,56] ys 1oL P 4 p r
. Performs well in Omnldlrectlonal; Effective in Tolerates varying
Environmental h suitable for most hich L
Adaptability 4 _ nearshore 4 wave 3 querate— igh wave 4 wave direction and
environments [6,7,56] climates [6,11,32] height zones [6,7,32] depth [6,11,56]
Installation Requires ducting and Moderate complexity Heavy structures; Simpler than
Complexit 3 structural 3 in float 2 complex to 4 OWEC; anchored
p Y support [6,7,56] positioning [6,11,32] deploy [6,7] to the seabed [6,11]
Indicative Mature design; Varied cost due to High CAPEX due to Custom flap drives
LCOE/ 4 medium cost and 3 PTO system 2 platform and turbine 3 cost but are within
CAPEX risk [6,7,56] differences [6,11,32] requirements [6,7] mid-range [6,11]

Overall, the findings show that technologies with simpler structure, higher maturity,

and easier integration, such as OWC and PA, perform better under this analysis framework.
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Table 9. Weighted Scoring and Ranking of Wave Energy Converter (WEC) Technologies Based on
Performance Criteria.

Criterion Weight w1 W2 W3 W4
Efficiency /Energy Capture 0.20 0.60 1.00 0.80 0.80
TRL 0.15 0.75 0.60 0.45 0.45
Self-Starting Capability 0.05 0.25 0.20 0.25 0.20
Structural Simplicity 0.10 0.40 0.30 0.20 0.30
Ease of Integration 0.15 0.75 0.60 0.30 0.60
Environmental Adaptability 0.10 0.40 0.40 0.30 0.30
Installation Complexity 0.10 0.30 0.30 0.20 0.30
Indicative LCOE/CAPEX 0.15 0.60 0.45 0.30 0.45
Total Score 4.05 3.85 2.80 3.40
Ranking Ist 2nd 4th 3rd

3.2. Evaluation of Hydrokinetic Turbine (HKT) Technologies

The comparative assessment of four hydrokinetic turbine technologies shows distinct
performance profiles across multiple criteria. Table 10 presents the scoring matrix, and
Table 11 shows the weighted scores and rankings derived using the SAW method.

The Savonius turbine (H3) ranks the highest with a total weighted score of 4.05,
highlighting its strengths in self-starting capability, ease of integration, and low cost [41].
Its drag-based operation enables reliable performance in low-flow conditions, making
it attractive for simple and modular deployment scenarios [57]. The hybrid Savonius—
Darrieus turbine (H4) scores 3.50, placing second. It benefits from combining drag and lift
mechanisms, which improve self-starting and energy capture. The design offers a balance
between performance and structural complexity, with moderate scores across most criteria.

The Gorlov helical turbine (H2) achieves a total score of 3.40, ranking third. It shows
good performance in efficiency and integration, aided by smoother torque characteristics
and bidirectional flow adaptability [58]. However, it has relatively low scores in cost and
structural simplicity. The Darrieus (H-type) turbine (H1) receives the lowest score of 3.25,
mainly due to its poor self-starting ability [59] and moderate integration performance.
While it remains strong in energy capture and TRL, these advantages are offset by practical
limitations in real-world deployment.

Table 10. Scoring Matrix for Hydrokinetic Turbine (HKT) Technologies.

H1 H2 H3 H4
Criteria
Score Remark Score Remark Score Remark Score Remark
Efficiency/ Peak Cp~0.35-0.4 Cp-031 under | Cp~0.15-025 Cp~027,
Energy 4 (Experiment & 4 Oslfnootheer toer?]lgle/ 2 (Field/lab (Experiment &
Capture CFD) [31,38,43] (CED only) [31,60] validated) [41,42] CFD) [43,60]
Pilot- and full-scale Demonstrated in a Widely deployed Novel suited with a
small demo stage; s few small-scale
TRL 4 use (e.g., EDF 3 limited commercial 4 in rivers and implementations
projects) [31,36,38] use [31,60] lab-tested [39,41,42] [43,60]
‘ Re(‘]u‘njes'external H'ehcal twist Nat’ura.lly Self-start enabled by
Self-Starting injtiation or improves self-starts in low )
. 1 . . 2 . . 5 Savonius
Capability variable-pitch self-starting, but is flows thanks to section [43,60]
mechanisms [36,38] still limited [31,60] drag design [41,42] -
Curved k?lades & Complex .hehcal . Simple scoops; Hybrid geometry
Structural vertical geometry: single axis
Simplici 3 3 ST 5 easy to adds moderate
implicity setup—moderately simplifies

complex [36,38,44]

structure [31,39,61]

fabricate [39,41,42]

complexity [11,43,60]
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Table 10. Cont.
H1 H2 H3 H4
Criteri
riteria Score Remark Score Remark Score Remark Score Remark
Vertical layout fits . Passive and .
stacking, but lacks quother torque via modular—easily Hybrld more
Ease of helical design aids versatile than H1/H2
. self-start 4 . : 5 deployed under 4 .
Integration plug-and-play platform integration platforms in platform
[36,38,61] [31,39,43] [41,42,62] settings [11,31,43]
. Handles unsteady Performs well in Maintains broad
. Sensitive to flow
Environmental flow better than turbulent/shallow performance
. speed and TSR 4 . . 4 . 4
Adaptability range [36,38,61] straight-Darrieus environments envelope of
8€ 125,76/ [31,39,43] [41,42,62] drag + lift [11,31,43]
Requires alignment Similar mounting to Modular
Installation systems; moderate Darrieus; helical Compact unit; low .
. 3 . . 3 . 4 LT 4 shallow-depth install
Complexity installation adds minor logistics [41,42,62] [11,31,43]
needs [36,38,61] complexity [31,39,43] "’
- Moderate cost from . . . .
Indicative o Slightly higher cost Low-cost materials Higher cost offset by
fabrication and . -
LCOE/ control infrastructure due to blade 5 & maintenance 4 efficiency
CAPEX shaping [31,39,43] [41,42,62] gains [11,43,61]

[31,36,38,39,43,61]

Table 11. Weighted Scoring and Ranking of Hydrokinetic Turbine (HKT) Technologies Based on
Performance Criteria.

Criterion Weight Hi1 H2 H3 H4
Efficiency/Energy Capture 0.20 0.80 0.80 0.40 0.60
TRL 0.15 0.60 0.45 0.60 0.30
Self-Starting Capability 0.05 0.05 0.10 0.25 0.20
Structural Simplicity 0.10 0.30 0.30 0.50 0.40
Ease of Integration 0.15 0.45 0.60 0.75 0.60
Environmental Adaptability 0.10 0.30 0.40 0.40 0.40
Installation Complexity 0.10 0.30 0.30 0.40 0.40
Indicative LCOE/CAPEX 0.15 0.45 0.45 0.75 0.60
Total Score 3.25 3.40 4.05 3.50
Ranking 4th 3rd 1st 2nd

The results emphasize the balance between efficiency, complexity, and operability.
Technologies like Savonius, although less efficient, offer robust performance in broader
deployment contexts due to their simplicity and adaptability.

3.3. Evaluation of WEC-HKT Pairings Configurations

This section presents the findings of the integration feasibility evaluation of hy-
brid wave-current systems by combining the top two WECs and HKTs identified in
Sections 3.1 and 3.2. The selected technologies are the Oscillating Water Column (W1)
and Point Absorber (W2), paired with the Savonius turbine (H3) and the Hybrid Savonius—
Darrieus rotor (H4). These technologies represent the most promising candidates for
hybridization on a shared offshore platform. Each WEC is matched with both HKT options,
resulting in four configurations: W1H3 (OWC + Savonius), W1H4 (OWC + Hybrid), W2H3
(PA + Savonius), and W2H4 (PA + Hybrid).

Figure 6 presents a representative schematic of a hybrid wave—current energy sys-
tem. The diagram illustrates the general integration concept, where incident waves are
converted by a Wave Energy Converter (WEC) and ocean currents are harnessed by a
Hydrokinetic Turbine (HKT). Both devices are mounted on a shared offshore platform
equipped with mooring lines for station-keeping. Each energy conversion pathway oper-
ates independently through its respective power take-off, but both contribute to a common
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power distribution and export system. The schematic is intended as a conceptual outline to
illustrate integration principles rather than a finalized engineering design. As an illustrative
example, hybrid platforms are typically considered in moderate water depths of 20-50 m,
where both wave and tidal resources are co-located. Reported conditions in recent reviews
show wave climates with significant wave heights (Hs) of 1-3 m and peak periods (T}) of
6-10 s, under which WECs have achieved 20-45% system efficiency [6,38]. Similarly, tidal
or residual currents in the range of 1.0-2.5 m/s are commonly documented in coastal straits
and shelves, supporting HKT operation with peak Cp values of 0.35-0.40 in experimental
or field-validated studies [6,38]. These values are not site-specific but illustrate the repre-
sentative conditions under which the WEC provides stable pneumatic or hydrodynamic
conversion from moderate waves, while the HKT ensures reliable self-starting performance
from predictable currents. Together, the hybrid platform enhances overall energy yield and
stability compared with single-technology deployment.

WEC

/8

o
|

PTO & Generator

Incident waves

i

Ocean currents

Mooringlines Mooringlines
Figure 6. A representative schematic of a hybrid wave-current energy system.

The integration performance of each pairing is evaluated using five criteria, as sum-
marized in Tables 12-15.

Table 12. Scoring matrix for WEC-HKT (W1H3) pairing.

Criterion Score Remark

OWC chambers can be mounted on a floating or semi-submerged
Structural platform, while Savonius turbines are compact and vertically
Compatibility oriented, enabling co-location without structural
interference [6,7,38]

OWC operates through an air turbine, typically Wells or impulse
Power Take-Off 4 type, while Savonius uses a mechanical rotating shaft. The PTO
(PTO) Feasibility systems are mechanically decoupled, reducing integration

risk [6,38,41]

Both devices can be secured with conventional bottom-fixed
Mooring Synergy 4 spread or taut mooring systems. No directional mooring is
required, simplifying layout [6,7,11]

OWC captures wave energy at the platform front, while Savonius
Co-location is driven by water currents and can be placed downstream or
Feasibility peripherally. This spatial separation minimizes hydrodynamic
interference [6,11,56]

Both systems operate passively. Their independent control
4 strategies minimize load conflicts, simplifying supervisory
logic [6,38,41]

Control
Compatibility

Total Score 21
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Table 13. Scoring matrix for WEC-HKT (W1H4) pairing.

Criterion Score Remark
Structural 3 Hybrid rotor adds drag and bulk; more difficult to position
Compatibility adjacent to OWC without impacting air chamber function [6,7,38].
Power Take-Off 3 Hybrid rotor requires more robust shafting or generator space,
(PTO) Feasibility harder to colocate with OWC turbine chamber [6,38,41].
Mooring Svner 3 Still feasible but requires reinforcement due to hybrid rotor load
OoTINg Synergy variations [7,11].
Co-location 4 Spatially manageable but tighter clearances and stability
Feasibility concerns [6,11].
Requires distinct operational logic for both devices; more
Control Ny . .
Compatibility 3 challenging if integrated in one supervisory control and data
P acquisition (SCADA) system [6,7].
Total Score 16

Table 14. Scoring matrix for WEC-HKT (W2H3) pairing.

Criterion Score Remark
Structural 3 Point absorber uses vertical heave motion, which can conflict
Compatibility with the vertical axis rotor frame [6,32,38].

Power Take-Off 3 Both PTO systems are modular and can be separated, but
(PTO) Feasibility vibration coupling may occur if on the same deck [6,11,38].
Mooring Svner 4 Mooring loads are similar (vertical + low lateral), allowing a

& Synergy shared anchor grid [7,11,63].
Co-location 3 Requires careful placement to avoid flow interference; point
Feasibility absorber may induce localized turbulence [6,11,32].
Control 4 Independent operation feasible; some coordination for platform
Compatibility stability [6,11,62,64].
Total Score 17

Table 15. Scoring matrix for WEC-HKT (W2H4) pairing.

Criterion Score Remark
Structural ’ Hybrid rotor is bulky and may disturb the floating motion of the
Compatibility point absorber; risk of structural resonance [6,7,38]
Power Take-Off ’ Competing shaft and generator requirements; higher risk of
(PTO) Feasibility mechanical conflict [11,38,41]
. May require separate or asymmetric mooring to support both
Mooring Synergy 3 dynamics [7,11,63]
Co-location ’ Low—both need distinct spatial domains; a hybrid rotor may
Feasibility experience disturbed inflow [6,11,56]
Control 3 Synchronizing buoy and rotor control is difficult; it likely needs
Compatibility two separate controllers [6,11,62,64]
Total Score 12

The W1H3 (OWC-Savonius) pairing achieves the highest total score of 21, demon-
strating strong integration potential. The chamber-based design of the OWC is structurally
compatible with the vertically compact Savonius rotor. Their respective PTO systems, air
turbine, and mechanical shaft operate independently with minimal interference. The spatial
arrangement allows effective co-location, as the OWC faces incoming waves while the
Savonius operates in the current flow below. Both systems exhibit low control complexity,
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enabling streamlined supervisory control. This configuration is well-suited for deployment
on nearshore or semi-submerged platforms.

The W1H4 (OWC-Hybrid Savonius-Darrieus) configuration scores 16, indicating
moderate integration potential. While the hybrid rotor offers enhanced efficiency, its larger
structural footprint introduces challenges in co-location and control integration. Structural
modifications and reinforced mooring may be required to support stable operation. This
pairing may be suitable for applications prioritizing power output over structural simplicity.

The W2H3 (PA-Savonius) pairing scores 17, suggesting viable integration with design
precautions. The drag-based operation of the Savonius may interact with the heaving
motion of the point absorber, potentially causing dynamic interference. However, co-
location and mooring can be managed with careful layout. This pairing remains feasible
for floating systems with proper separation and control strategies.

The W2H4 (PA-Hybrid Rotor) configuration scores 12, the lowest among the four.
Structural and control incompatibilities are pronounced, especially due to the hybrid rotor’s
mass and asynchronous dynamics. Co-location is limited by spatial conflict and potential
resonance, making this pairing the least favorable for integration.

The raw scores are normalized by multiplying each by their respective criterion weight.
The resulting weighted scores and overall rankings are summarized in Table 16. The W1H3
(OWC-Savonius) pairing emerges as the most promising hybrid configuration due to its
favorable spatial layout, operational independence, and mooring simplicity. It offers a
practical pathway for early-stage hybrid deployment, particularly in shallow or near-shore
environments. Conversely, the W2H4 (PA-Hybrid Rotor) pairing demonstrates limited
integration feasibility and is not recommended for shared platform applications.

Table 16. Weighted Scoring and Ranking for WEC-HKT Hybrid Pairings.

Criterion Weight WI1H3 WI1H4 W2H3 W2H4
Structural Compatibility 0.20 0.8 0.6 0.6 0.4
Power Take-Off (PTO) Feasibility 0.20 0.8 0.6 0.6 0.4
Mooring Synergy 0.20 0.8 0.6 0.8 0.6
Co-location Feasibility 0.20 1 0.8 0.6 0.4
Control Compatibility 0.20 0.8 0.6 0.8 0.6
Total Integrated Score 4.2 3.2 34 24
Ranking 1st 3rd 2nd 4th

3.4. Sensitivity Analysis

A sensitivity analysis was performed to validate the weighting process and resulting
rankings, where each criterion weight is varied by +10% and £20% using deterministic
perturbation analysis with proportional adjustment of the remaining weights. This proce-
dure is commonly recommended in MCDA studies to verify the stability of results under
reasonable changes in expert-assigned weights [65]. The recalculated weighted scores and
ranks for WECs, HKTs, and hybrid pairings are presented in Tables 17-19. The results
show that the top-ranked WEC (W1), HKT (H3), and hybrid pairing configuration (W1H3)
remained unchanged across all perturbation levels, while only minor shifts occurred among
lower-ranked alternatives. This confirms that the final rankings are robust and reliable
despite moderate variations in the assigned weights.

In addition to weight perturbation, a one-at-a-time sensitivity test was carried out to
examine the robustness of the integration feasibility scores for the top two pairings, W1H3
and W2H3. This test applies to a conservative adjustment where W1H3 is reduced by one
point on a given criterion while W2H3 is simultaneously increased by one point.
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Table 17. Sensitivity analysis results for WEC rankings under +10% and £20% weight perturbations.

WEC Base Score Rank —10% Score Rank  +10% Score = Rank  —20% Score Rank +20% Score  Rank
W1 4.05 1 3.645 1 4.455 1 3.24 1 4.86 1
W2 3.85 2 3.465 2 4.235 2 3.08 2 4.62 2
W4 34 3 3.06 3 3.74 3 2.72 3 4.08 3
W3 2.8 4 2.52 4 3.08 4 2.24 4 3.36 4

Table 18. Sensitivity analysis results for HKT rankings under £10% and £20% weight perturbations.

HKT Base Score Rank —10% Score Rank  +10% Score = Rank  —20% Score Rank +20% Score Rank
H1 3.25 4 2.925 4 3.575 4 2.6 4 3.9 4
H2 34 3 3.06 3 3.74 3 2.72 3 4.08 3
H3 4.05 1 3.645 1 4.455 1 3.24 1 4.86 1
H4 35 2 3.15 2 3.85 2 2.8 2 42 2

Table 19. Sensitivity analysis results for Pairing rankings under £10% and +20% weight perturbations.
Pairing Base Score Rank —10% Score Rank  +10% Score = Rank  —20% Score = Rank +20% Score Rank
WI1H3 4.2 1 3.78 1 4.62 1 3.36 1 5.04 1
W1H4 32 3 2.88 3 3.52 3 2.56 3 3.84 3
W2H3 34 2 3.06 2 3.74 2 2.72 2 4.08 2
W2H4 24 4 2.16 4 2.64 4 1.92 4 2.88 4
As shown in Table 20, W1H3 consistently retained a higher total score of 20 compared
with 18 for W2H3 across all five criteria. This outcome confirms that the score margin
between W1H3 (baseline 21) and W2H3 (baseline 17) is both substantive and stable against
reasonable criterion-level variations. The finding strengthens that W1H3 remains the most
feasible configuration under conservative assumptions.
Table 20. One-at-a-time sensitivity test for W1H3 vs. W2H3 (%1 score).
o . Margin
Criterion Varied (£1) W1H3 Score (—1) W2H3 Score (+1) (W1H3—W2H3) Remark
Structural Compatibility 20 18 +2 W1H3 > W2H3
Power Take-Off Feasibility 20 18 +2 WI1H3 > W2H3
Mooring Synergy 20 18 +2 WI1H3 > W2H3
Co-location Feasibility 20 18 +2 W1H3 > W2H3
Control Compatibility 20 18 +2 WI1H3 > W2H3

3.5. Implications for Concept Design

The evaluation results presented in Section 3.3 offer direct implications for early-stage
hybrid platform design, particularly in guiding the configuration of shared structural
systems, mooring strategies, and control architectures. Among the four pairings, the W1H3
(OWC-Savonius) configuration ranks highest due to its strong spatial separation, indepen-
dent PTO systems, and simple mooring layout. These characteristics reduce integration
complexity, making W1H3 a viable candidate for preliminary engineering development.

From a platform layout perspective, the spatial decoupling of WEC and HKT compo-
nents allows the OWC to be mounted at the platform front to maximize wave exposure,
while the Savonius rotor can be deployed beneath or downstream to harness current
flows. This spatial arrangement minimizes hydrodynamic interference, a factor highlighted
by [8,14,35], and supports modular system design.

In terms of simulation setup, the structural compatibility and control independence ob-
served in W1H3 simplify the CFD modeling process. Since both devices operate passively
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with minimal real-time interaction, domain partitioning, boundary condition assignment,
and time-stepping requirements can be independently optimized, aligning with best prac-
tices in marine energy simulation [10,24,35]. For instance, the air-water interaction in the
OWC chamber can be modeled with free-surface and compressible flow techniques, while
the Savonius rotor requires multiphase flow treatment with dynamic mesh capabilities.
The decoupled nature of these subsystems reduces simulation overhead and improves
convergence reliability.

These findings also inform prototype planning and scaling. The independent PTO
mechanisms (air turbine vs. shaft generator) reduce inter-system mechanical coupling,
enabling isolated lab-scale testing of each subsystem before full integration. According
to [4,35], such staged testing facilitates iterative refinement and risk reduction in early TRL
development. Furthermore, the shared mooring feasibility simplifies the physical design of
anchoring and tethering systems, particularly in nearshore environments where seabed
conditions can be leveraged to support both devices simultaneously [14,28,31].

Beyond integration feasibility, practical deployment requires consideration of relia-
bility, maintainability, and economic viability. OWCs face durability challenges related
to turbine wear, chamber sealing, and structural fatigue under repeated loading, while
Savonius rotors, though mechanically simple, may be prone to bearing fatigue and cyclic hy-
drodynamic loads [35,62]. Maintainability depends on platform accessibility and modular
PTO design, which can facilitate staged replacement and reduce downtime.

Recent work on hybrid offshore microgrids has highlighted the importance of pre-
dictive O&M strategies, such as deep learning models for battery degradation, to ensure
long-term reliability and cost control [66]. Similarly, techno-economic analyses of extreme
hybrid systems, such as the South Pole case study, underline the challenges of maintain-
ing and operating integrated platforms in harsh or isolated environments [67]. Applied
concepts like renewable-powered floating data centers further demonstrate the trajectory to-
ward real-world hybrid deployment, emphasizing system resilience and practicality [68,69].
Economically, hybridization can partially offset structural and mooring costs by co-locating
devices on a shared platform, but overall viability depends on reducing CAPEX and OPEX
and achieving lower LCOE as prototypes mature. Recent deployments have shown gradual
progress, with LCOE reductions from £300/MWh in 2018 to £259/MWh in 2023 [62,64], yet
hybrid WEC-HKT systems remain at relatively low TRLs.

Finally, while the present study provides a structured comparison of WEC-HKT
hybrid configurations, several limitations should be noted. First, the evaluation combines
mixed performance metrics such as system efficiency and power coefficient (Cp), which
may introduce comparability challenges. Second, the analysis does not incorporate explicit
uncertainty bands for expert ratings or model inputs, and future work should adopt
probabilistic or fuzzy approaches to better capture variability. Third, the expert panel is
relatively small, and although Kendall’'s W indicated acceptable consistency, potential bias
remains due to the limited sample size. Finally, as this work is positioned as an early-stage
concept selection study, the evaluation necessarily relies on literature data and expert
judgment. To address these limitations, future research will advance the top-ranked W1H3
pairing through detailed CFD modelling, structural layout development, and laboratory-
scale validation, supported by techno-economic assessment. These activities will provide
quantitative validation to complement the present integrative analysis.

4. Conclusions

This study presented a structured concept selection approach for hybrid wave—current
energy generation systems using a multi-criteria decision analysis (MCDA) framework. By
systematically evaluating four shortlisted WEC-HKT pairings across five key integration
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criteria, the study identified the OWC-Savonius (W1H3) configuration as the most feasible
option for co-located deployment. This pairing demonstrated strong compatibility in
structural layout, PTO independence, mooring simplicity, and operational control, making
it suitable for early-stage engineering development.

The findings reinforce the importance of selecting technologies not only based on indi-
vidual performance but also on system-level integration feasibility. Pairings with decoupled
energy extraction mechanisms and minimal spatial or dynamic interference, such as W1H3,
tend to outperform more complex hybrid configurations. In contrast, the PA-Hybrid Rotor
(W2H4) pairing revealed significant structural and control limitations, underscoring the
need for caution in forced hybridization of mechanically intensive systems.

The concept selection outcomes provide a practical decision-making foundation for
technology developers, enabling focused design, simulation, and prototyping efforts on
the most promising hybrid configurations. The novelty of this work lies in integrating a
transparent MCDA workflow, incorporating expert weighting, Kendall’s W, and sensitivity
analysis, into the hybrid marine energy context. While earlier studies have reviewed WECs,
HKTs, or hybrid systems descriptively, few have established a reproducible evaluation
framework for concept screening. By addressing this gap, the study provides a methodolog-
ical foundation for advancing hybrid platform design. As a next step, the W1H3 system
will be advanced through detailed CFD modelling, structural layout development, and
laboratory-scale validation. Parallel techno-economic analysis will also be conducted to
evaluate its viability in specific site conditions and deployment scenarios.
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Appendix A

Table A1l. Raw Ratings from Expert Panel for Each Criterion.

Expert Panel (EP)  Efficiency TRL Self-Start Simplicity Integration Adaptability Installation LCOE/CAPEX

EP1 10 9 4 7 8 6 6 9
EP2 10 10 3 6 9 7 5 10
EP3 10 6 1 7 9 6 6 8
EP 4 9 8 5 6 7 6 6 8
EP 5 10 9 4 8 9 7 7 9
EP 6 9 9 5 7 8 6 6 9
EP7 9 10 3 6 10 8 6 7
EP 8 10 9 2 6 9 7 6 8
EP9 9 6 4 7 8 7 6 6
EP 10 10 9 5 7 8 7 7 8
EP 11 10 8 2 8 10 7 7 9

Table A2. Per-expert ranking matrix (r;j) with ties averaged.

Expert Panel (EP)  Efficiency TRL Self-Start Simplicity Integration Adaptability Installation LCOE/CAPEX

EP1 8 6.5 1 4 5 25 25 6.5
EP 2 7 7 1 3 5 4 2 7
EP3 8 3 1 5 7 3 3 6
EP 4 8 6.5 1 3 5 3 3 6.5
EP5 8 6 1 4 6 25 2.5 6
EP 6 7 7 1 4 5 25 25 7
EP7 6 7.5 1 2.5 7.5 5 25 4
EP 8 8 6.5 1 2.5 6.5 4 25 5
EP9 8 3 1 55 7 55 3 3
EP 10 8 7 1 3 55 3 3 55
EP 11 7.5 45 1 45 7.5 2.5 25 6
Sum of ranks 83.5 64.5 11 41 67 37.5 29 62.5
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