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ABSTRACT: Marine renewable energy (MRE) is a vital component of emerging energy systems, playing
a key role in the low-carbon transition and enhancing energy self-sufficiency in coastal regions. The
Zhoushan Archipelago possesses favorable conditions for wind, wave, tidal-current, and solar energy,
providing a resource foundation for multi-energy complementary systems. However, due to resource
intermittency, spatiotemporal heterogeneity, and marine-use constraints, single MRE sources cannot
independently ensure the long-term stable power supply required for isolated island grids. This study
develops a comprehensive decision-making framework for wind-wave-tidal-solar integration by combining
logical veto screening, the Analytic Hierarchy Process (AHP), and capacity allocation optimization. First,
a multi-level evaluation system is established across resource, natural-engineering, socio-economic, and
environmental dimensions, utilizing exclusionary factors—such as nature reserves, cultural heritage, and
existing marine engineering—as preliminary veto criteria. Second, a “four-energy complementarity—
synergy index” is introduced to characterize temporal availability, ensuring that site selection accounts for
the contribution of multi-energy combinations to supply stability. Third, AHP is applied to determine
weights and rank candidate sites, while a minimum-variance model optimizes capacity ratios for preferred
locations. Furthermore, the TOPSIS method is introduced as an alternative multi-criteria decision-making
approach for comparative analysis, to test the sensitivity of the ranking results to the choice of evaluation
method. Based on the shortlisted priority candidate sites, a minimum variance capacity allocation model is
established to analyse the synergy relationships between different energy types. Results indicate that multi-
criteria evaluation effectively reveals suitability differences that single-resource metrics miss. Additionally,
optimized capacity allocation significantly reduces combined-output fluctuations and enhances supply
stability. The proposed framework is structured, verifiable, and adaptable, providing a methodological
reference for the siting and preliminary capacity planning of multi-energy offshore power stations.

© 2026 The authors. This is an open access article under the Creative Commons Attribution 4.0 International License
[ (https://creativecommons.org/licenses/by/4.0/).
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1. Introduction

With the global transition toward low-carbon energy, marine renewable energy has become vital for
island power systems. Regions like the Zhoushan Archipelago possess diverse resources—including wind,
wave, tidal-current, and solar energy—enabling localized multi-energy complementary generation [1].
However, early-stage planning requires a systematic investigation that integrates resource variability,
engineering conditions, and marine-use constraints to optimize both site selection and capacity allocation [2].

The stable operation of single-source systems is often constrained by resource variability. Albadi and
El-Saadany [3] pointed out that wind power’s intermittency and forecasting errors strain system reserves
and scheduling. Similarly, Denholm and Margolis [4] noted that high photovoltaic integration can lead to
solar curtailment and flexibility deficits. For marine energy, Reguero et al. [5] found that wave resources
exhibit substantial multi-scale variability, while Lewis et al. [6] highlighted that tidal-current development
is limited by bathymetry and velocity thresholds. Consequently, a single energy pathway rarely meets the
long-term stability requirements of isolated island grids.

To mitigate these instabilities, multi-energy complementary systems utilize temporal and spatial
synergies. Jurasz et al. 7] systematically reviewed these complementarities, noting their capacity to smooth
output fluctuations. For specific combinations, Fusco et al. [8] demonstrated that combining wind and wave
energy reduces total output variability, while Neto et al. [9] found that the periodicity of tidal-current energy
partially compensates for the randomness of wind and solar power. As research shifts toward capacity
optimization, Zhu et al. [10] successfully determined the optimal capacity allocation for an island hybrid
microgrid via multi-objective optimization. However, for island-based four-energy systems (wind, wave,
tidal, and solar), a unified framework integrating temporal complementarity, site suitability, and capacity
allocation remains underdeveloped.

However, the indicator systems used in existing GIS-MCDM site-selection studies still provide
insufficient support for island-based multi-energy complementary systems. On the one hand, the site-
selection frameworks proposed by Vasileiou et al., Tian et al., and Yousefi et al. primarily incorporate
resources into the evaluation as spatial-intensity indicators. Their focus remains on spatial suitability issues,
such as identifying areas with stronger resources, easier construction conditions, and fewer constraints [11—
13]. In contrast, Jurasz et al.’s review of renewable energy complementarity indicates that the value of
multi-energy complementarity is reflected not only in the spatial distribution of resources but also in
temporal complementarity, availability coverage, and output smoothing [7]. This implies that for island
systems that combine wind, wave, tidal-current, and solar energy, candidate-site suitability should not be
determined solely by individual resource intensity and engineering constraints. It should also account for
whether multiple resource types can complement one another over time. Furthermore, existing reviews
have highlighted the need to distinguish exclusion criteria from evaluation criteria in renewable energy site
selection [2]. In marine areas with intensive maritime activities, such as the Zhoushan Archipelago, factors
such as nature reserves, cultural heritage zones, and areas occupied by existing marine engineering projects
have distinct non-compensatory attributes. If these factors are directly incorporated into a standard weighted
scoring system, high resource scores may mathematically offset compliance risks. Consequently, site
selection for island-based four-energy complementary systems requires the integration of multi-source
temporal complementarity, exclusionary-constraint screening, and the internal ranking of viable sites within
a single decision-making framework.
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Beyond spatial siting, capacity allocation is crucial for operational stability. Luna-Rubio et al. [14]
noted that capacity optimization requires balancing reliability, economics, and performance. Alshammari
and Asumadu [15] demonstrated that the capacity ratios of different energy units directly impact system
reliability. Building on this, Elkadeem et al. [16] proposed a framework that connects geospatial multi-
criteria analysis with energy-economic optimization. For four-energy systems, it remains essential to
analyze how installed capacity ratios influence combined-output fluctuations at selected sites.

In light of the above issues, this paper takes the Zhoushan Archipelago as its study area and develops
a screening-level site selection and preliminary capacity allocation framework for a four-energy
complementary power generation system comprising wind, wave, tidal, and solar energy. Firstly,
exclusionary factors—such as nature reserves, cultural heritage areas, and existing marine engineering
occupation zones—are treated as preliminary logical veto conditions, thereby achieving a structural
separation between feasibility screening and the ranking of viable sites. Secondly, a comprehensive AHP
evaluation system is established, which incorporates resource conditions, natural and engineering
conditions, socio-economic conditions, and environmental constraints. Within the resource conditions, the
Four-Energy Complementarity-Synergy Index (/syn) is introduced to characterize the combined availability
coverage of wind, wave, tidal, and solar energy across the temporal dimension. Furthermore, the TOPSIS
method is employed as an alternative MCDM tool to assess the sensitivity of the AHP ranking results to
the choice of evaluation method. Finally, using the shortlisted candidate sites, a minimum variance capacity
allocation model is established to determine the optimal installed capacity ratios among different energy
types and to analyse their impact on the fluctuation of the combined power output. By integrating
preliminary logical screening, AHP-based suitability ranking, /syn temporal complementarity evaluation,
TOPSIS robustness verification, and capacity allocation analysis, this paper aims to provide a decision-
making framework that features a clear structure, verifiable processes, and ease of updating. This
framework is intended for the preliminary site screening, comparison of candidate schemes, and initial
capacity allocation of multi-energy complementary offshore power stations in archipelago regions.

2. Materials and Methods

This section presents the methodology for screening-level site selection and preliminary capacity
allocation of a four-energy complementary power generation system in the Zhoushan Archipelago. The
research process includes the compilation of candidate sites and their baseline attributes, logical veto
screening and indicator standardization, AHP weight calculation and comprehensive suitability evaluation,
and capacity allocation analysis for the preferred site. The following subsections describe the study area
and candidate sites, data sources and derived indicators, the hierarchical indicator system, indicator
processing methods, AHP weight determination, comprehensive score calculation, and the capacity
allocation model.

2.1. Study Area and Candidate Sites

The Zhoushan Archipelago is located in northeastern Zhejiang Province, south of the Yangtze River
Estuary. Comprising more than 1390 islands, it is one of the most densely distributed offshore island regions
in China [17]. The East China Sea monsoon provides sustained wind and wave resources, while the
topographic constraints of the Zhoushan Channel create a strong tidal-current corridor. In addition,
relatively low cloud cover and favorable latitudinal conditions support stable solar radiation input. These
characteristics provide favorable conditions for the co-located development of wind, wave, tidal, and solar
energy. However, the presence of dense fishing grounds, shipping lanes, and marine spatial control
restrictions means that not all resource-rich areas are suitable for engineering development. This overlap
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between abundant energy resources and intensive maritime-use constraints makes the Zhoushan
Archipelago a representative case for applying a multi-energy complementary site selection framework.

The candidate sites were identified in two phases. In the first phase, a preliminary screening was
conducted based on the offshore resource assessment of the Zhoushan Archipelago, using multi-source
public data and regional numerical simulations. Wind speed, significant wave height, tidal current velocity,
and solar irradiance energy density were selected as primary indicators. Engineering constraints, including
water depth range (10-50 m), seabed geological suitability, and distance from shore, were also considered.
Meanwhile, nature reserves, cultural heritage areas, and existing marine engineering occupation zones were
treated as hard exclusion criteria. Areas violating any of these constraints were directly excluded from
subsequent evaluation [18]. In the second phase, six candidate sites (M1-M6) were selected from the areas
that passed the initial screening. The selection considered resource representativeness, variation in
engineering installation conditions, and compatibility with marine functional zoning. These sites were
considered technically feasible and subsequently included in the comprehensive multi-criteria evaluation [ 14].

It should be noted that M1-M6 are not globally optimal sites identified through an exhaustive grid
search of the entire study area. Instead, they represent a shortlist of feasible sites selected through screening
based on resource endowment, engineering construction conditions, and marine-use constraints. The
candidate sites differ substantially in resource composition and engineering conditions. Some sites have
abundant wind and wave resources but face challenges such as greater water depth or longer distances from
shore. Others offer better engineering accessibility but have relatively weaker resource intensity or temporal
complementarity. This trade-off between resource advantages and engineering feasibility provides the basis
for the subsequent multi-criteria evaluation.

Figure 1 shows the spatial distribution of candidate sites M1-M6 within the offshore study area of the
Zhoushan Archipelago, highlighting their relative geographic locations and spatial dispersion. To support
the subsequent AHP-based comprehensive evaluation, this study further summarizes the spatial location,
individual resource conditions, resource complementarity indicators, and engineering accessibility of each
candidate site. Among these indicators, Isyn is derived from hourly time-series data of wind, wave, tidal,
and solar energy. It is used to characterize the temporal availability coverage of multiple energy resources.
Its complete definition and calculation method are provided in Section 2.3.
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Figure 1. Spatial distribution of candidate sites (M1-M6) in the study area off the Zhoushan Archipelago.
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Table 1 shows the basic attribute matrix used for the subsequent AHP-based comprehensive evaluation.
Average wind speed, significant wave height, average current velocity, and solar energy density are used
to characterize the individual resource conditions of the candidate sites, while Isyn further describes the
temporal coverage capacity of multiple energy resources. Water depth and distance from shore reflect
engineering-related factors, including foundation type selection, construction complexity, subsea cable
transmission requirements, and operation and maintenance accessibility. As shown in Table 1, the six
candidate sites differ considerably in terms of resource endowment and engineering conditions, indicating
a clear trade-off between resource advantages and engineering feasibility. Therefore, the subsequent
evaluation should not rely on a single resource-based ranking. Instead, a multi-criteria assessment is
required to comprehensively evaluate site suitability.

Table 1. Site Comprehensive Evaluation Data Sheet.

.. LongitudeLatitudeWind Speed Significant Wave Height Mean Current Solar Energy Water Distance to

CE) (°N) (m/s) Hs (m) Velocity (m/s)  Density (kJ/m?) Depth (m) Shore (km)
M1 12230 30.74 6.26 0.66 0.78 611.12 0.9663  10.39 11.28
M2 122.80 29.70 6.79 1.39 0.48 293.80 0.9813  32.33 41.63
M3 12290 30.16 6.65 1.35 0.41 595.07 0.9686  43.64 13.64
M4 123.00 30.72 6.59 1.33 0.58 600.60 0.9746  33.41 17.21
M5 122.70  30.52 6.46 0.92 0.53 603.54 0.9414  34.59 19.35
M6 122.20  29.56 6.16 1.18 0.67 586.86 0.9214  8.01 9.10

2.2. Data Sources and Evaluation Indicator System

The data used in this study characterize resource, engineering, socio-economic, and environmental
conditions, serving as fundamental inputs for the AHP-based evaluation. For the four resource categories,
20-year wind and solar data, along with wind-field data used to drive wave simulations, are derived from
the ECMWF ERAS reanalysis dataset [19]. Tidal-current velocities are obtained via MIKE hydrodynamic
simulations of the East China Sea [20]. Additionally, basic geographic data supporting bathymetric and
topographic analyses are sourced from NOAA and GEBCO global datasets [21,22].

Based on these datasets, a comprehensive evaluation system is constructed using quantitative indicators
(e.g., average wind speed, significant wave height, and water depth) and qualitative factors (e.g., seabed
geology, marine spatial planning, and shipping traffic). As shown in Figure 2, the AHP framework follows
a four-level hierarchy: the goal layer (optimal site selection), the criteria layer (C1 resource, C2
natural/engineering, C3 socio-economic, and C4 environmental conditions), the sub-criteria layer (specific
indicators), and the alternative layer (six candidate sites, M1-M6). Through standardization, scoring, and
logical veto screening, these indicators enable the AHP weight calculation and final suitability assessment.

Within this evaluation system, C1 Resource Conditions are used to characterize the development
potential of wind, wave, tidal-current, and solar energy. This criterion includes individual resource
indicators, such as wind speed, significant wave height, tidal-current velocity, and solar energy density, and
introduces the Index /syn to characterize the combined temporal availability of multiple resource types. C2
Natural and Engineering Conditions primarily reflect the suitability of offshore engineering construction,
including factors such as water depth, seabed geology, and topography. C3 Socio-economic Conditions
describes the external supporting conditions for project implementation, including distance from shore,
compatibility with marine spatial planning, natural resource abundance, and the match between electricity
demand and supply. C4 Environmental Constraints characterize non-exclusionary but graded external
constraints, such as shipping traffic, fishing activities, and future marine development.
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Figure 2. Hierarchical Indicator System for the Comprehensive Evaluation of Candidate Sites.

It should be noted that not all environmental and marine-use factors are suitable for treatment as
standard weighted indicators. Factors such as shipping traffic, fishing activities, and future marine
development vary in intensity and are therefore incorporated into the AHP system for graded evaluation.
In contrast, nature reserves, historical and cultural heritage areas, and areas occupied by existing marine
engineering projects have strong non-compensatory attributes. If a candidate site is subject to such
exclusionary constraints, they should not be offset by other high-scoring indicators. Consequently, this
study treats these factors as preliminary logical veto criteria to distinguish between two levels of decision-
making: “whether a site has basic development eligibility” and “which feasible site is superior”.

2.3. Four-Energy Complementarity—Synergy Index

Within the resource condition criterion, average wind speed, significant wave height, average current
velocity, and solar energy density reflect the individual resource intensities of wind, waves, tidal-currents,
and solar energy, respectively. Although these indicators describe the average development potential of
individual resources at a candidate site, they cannot adequately reflect complementarity among different
resources over time. For isolated island grids or weakly interconnected grid scenarios, site suitability
depends not only on the adequacy of individual resources but also on whether multiple resources can
compensate for one another at different times, thereby improving system availability and reducing the risk
of power-supply interruptions [23]. Therefore, this study introduces the Index (/syn) as sub-criterion S5
under the resource condition criterion to characterize the joint availability of wind, wave, tidal-current, and
solar energy over the time series. This index (Isyn) is defined as the proportion of total hours during the
statistical period in which at least one resource reaches its availability threshold. Its calculation formula is
as follows:
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where 7 is a discrete time index on an hourly scale; P

a0 P @), Py (1) ,and P, () represent the values
of wind power density (W-m2), wave power flux (kW-m™), tidal power density (W-m2), and solar
irradiance power density (W-m™2) at time ¢, respectively; the thresholds of 80 W-m™, 2.5 kW-m™!, 64
W-m2, and 113 W-m 2 correspond to the availability determination thresholds for the four resource types,
respectively; “The above thresholds have not been recalculated in this paper, but are based on the screening-
level availability thresholds established in existing assessments of offshore renewable energy
complementarity. Specifically, the wind power density of 80 W-m™2 and the wave power flux of 2.5 kW
m™! are referenced from Wen et al [24,25]; The tidal power density of 64 W-m™2 can be derived from a
typical cut-in velocity of 0.5 m/s using the tidal power density formula, and is based on relevant studies on
combined wind-wave-tidal development [26]; the solar power density of 113 W-m 2 is based on existing
literature on offshore wind-solar complementarity assessments. These thresholds are intended solely for
hourly availability assessments during the screening stage and should not be interpreted as universal
engineering cut-in values applicable to all equipment or all sea areas”. v represents a logical OR, meaning
that if any resource exceeds the corresponding threshold, it is deemed that at least one resource is available
during that hour; N(.) denotes the number of hours satisfying the logical condition in parentheses, and Niotal
denotes the total number of hours within the statistical period. Isyn takes values between [0, 1], with larger
values indicating more comprehensive availability coverage of multi-source resources over time.

Compared with complementarity metrics based on correlation coefficients or covariance structures, Zsyn
adopts a threshold-exceedance proportion, making it less sensitive to outliers; its physical meaning can be
directly interpreted as the proportion of hours during which at least one resource is available. This indicator
can effectively capture the potential system-level value of temporal diversity during the early site-selection
stage, when a complete techno-economic dispatch model has not yet been introduced, and is therefore
suitable for incorporation into the AHP resource condition criterion [27].

Unlike individual resource indicators such as average wind speed, significant wave height, or solar
energy density, Isyn does not directly measure the intensity of a single resource type; rather, it assesses the
combined temporal coverage capability of multiple resources. This indicator is suitable for the early site-
selection stage because comprehensive power dispatch models are typically not yet available, while it remains
necessary to determine whether candidate sites have a sound basis for multi-energy complementarity. The
calculated Isyn values for each candidate site are listed in Table 1 and incorporated as a sub-indicator under
the resource condition criterion for the subsequent AHP-based comprehensive evaluation.

2.4. Indicator Processing and Comprehensive Suitability Evaluation

After the hierarchical indicator system is established, the various evaluation indicators must be
converted into a unified scale that is comparable and suitable for weighting. The indicators can be classified
into three types: continuous numerical indicators, qualitative categorical indicators, and exclusive hard
constraints. Continuous indicators—such as average wind speed, significant wave height, average current
velocity, solar energy density, Isyn, water depth, and distance from shore—have different units of
measurement and may be benefit-type or cost-type indicators. Qualitative indicators—such as seabed
geology, island topography, compatibility with marine planning, shipping/transport conditions, fishing
activity conditions, and projected marine development—cannot be directly represented by continuous
numerical values. Hard exclusionary factors—such as nature reserves, cultural heritage areas, and existing
marine engineering occupation zones—are inherently exclusive and non-compensable. Therefore, before
conducting the comprehensive evaluation, these three categories of indicators are processed separately [2].
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For continuous indicators, this study employs a normalisation method to convert them into
dimensionless scores ranging from 0 to 1. Let x;; denote of candidate site i the raw value under j indicator
For benefit-type indicators—where a higher numerical value indicates greater suitability—Equation (2) is
applied, and r; denote the standardised indicator score [28].

x; —min(x,)

2

r.=
' max(x;)—min(x,)

For cost-based or constraint-based indicators, where a smaller value generally indicates lower
implementation difficulty or weaker constraints, Equation (3) is applied:

max(x;) —x;

3

" = ax(x,)— min(x,)

In the formula, max(x;) and min(x;) represent the maximum and minimum values, respectively, for all
candidate sites under indicator j. Through the above process, all continuous indicators are converted into
standardized scores with a consistent direction; that is, the larger the value of r;;, the more favorable the
candidate site is under that indicator. Among these, average wind speed, significant wave height, average
current velocity, solar energy density, and Iy, belong to benefit-type indicators; while indicators such as
water depth and distance from shore—which are related to construction difficulty, transmission costs, and
O&M accessibility—are treated as cost-type or constraint-type indicators.

For qualitative and semi-quantitative indicators, a five-level linguistic scale is adopted. Specifically,
each indicator is assigned to one of five levels—‘Excellent’, ‘Good’, ‘Average’, ‘Poor’, or ‘Very Poor’—
with corresponding scores of 1.0, 0.8, 0.6, 0.4, and 0.2, respectively. This method is appropriate for
indicators that cannot be easily quantified on a continuous scale but can be rated based on suitability,
including seabed geology, topography, planning compatibility, shipping/transport conditions, fishing
activity conditions, and projected marine development. By assigning these grade scores, qualitative
judgments are transformed into standardized scores that can be integrated into the comprehensive
evaluation, while preserving the interpretability of the evaluation process [29]. For exclusive hard
constraints, such as nature reserves, cultural heritage areas, and existing marine engineering occupation
zones this paper does not incorporate them into the standard weighted scoring system, but instead employs
a pre-screening logical veto mechanism to exclude them ,the hard constraint specified in ; when the
constraint is satisfied [17]. Let Vik denote whether candidate site i satisfies the kth hard constraint; if the
constraint is satisfied, Vik= 1; otherwise, Vit = 0. The overall feasibility status V; of a candidate site can be
expressed as:

K
=117+ @
k=1 " ik

In the formula, & represents the number of hard constraints. When V; = 1, it indicates that candidate site
i has passed all hard constraint screenings and may proceed to the subsequent AHP comprehensive
evaluation; when V; = 0, it indicates that the site violates at least one exclusive constraint and should be
excluded from the candidate set. The rationale for this approach lies in the fact that such constraints possess
distinct non-compensatory characteristics: if a candidate site conflicts with a nature reserve, cultural
heritage site, or an area occupied by existing marine engineering projects, it should not be permitted to
offset compliance risks with high resource scores, even if its resource conditions are superior.

After indicator standardization and preliminary feasibility screening, the Analytic Hierarchy Process
(AHP) is applied to determine the indicator weights at both the criterion and sub-criterion levels. AHP is
particularly suitable for this study, as the site selection problem involves multiple criteria—resource
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conditions, natural and engineering conditions, socio-economic conditions, and environmental and marine
use compatibility—arranged in a hierarchy. Such a structure calls for a weighting method that can reflect
hierarchical relationships, incorporate planning preferences, and maintain interpretability. Judgment matrices
are constructed at the criterion and sub-criterion levels to derive the local and global weights of each indicator.
Consistency tests are then conducted to verify the logical consistency of the matrices [30,31]. Let the
judgment matrix be 4 and the weight vector be W. Then, the AHP weight calculation can be written as:

AW =4 W )

In this formula, Amax represents the largest eigenvalue of judgment matrix 4. By normalizing its
corresponding eigenvector, the weights for each indicator at this level can be obtained. To ensure the
judgment matrix exhibits adequate consistency, a consistency test is performed; when the consistency ratio
meets the required criteria, the resulting weights are employed for subsequent comprehensive evaluation.

After indicator standardization and feasibility screening, the relative importance of the assessment
criteria must be established for the subsequent comprehensive suitability evaluation. Given the distinct
hierarchical structure of the indicator system and its incorporation of multiple factors—resources,
engineering, socio-economic aspects, and marine spatial compatibility—the Analytic Hierarchy Process
(AHP) is used to assign weights to each indicator. Ultimately, the comprehensive suitability score for each
candidate site is calculated as the weighted sum of the standardized scores for each sub-criterion, multiplied
by their corresponding overall weights:

In the formula, Si represents the comprehensive suitability score of candidate site #; W; represents the
global weight of sub-criterion j; Rj; represents the standardized score of candidate site i under sub-criterion
J; and m represents the number of sub-criteria included in the weighted evaluation. A higher comprehensive
score indicates that the candidate site has greater overall suitability under the current indicator system and
weighting structure. To improve interpretability, the overall suitability score is further decomposed into
contributions from the four criteria groups—resource conditions, natural and engineering conditions, socio-
economic conditions, and environmental and marine spatial compatibility—so as to reveal the main
strengths of each candidate site. It should be noted that the AHP weights are not fixed values; rather, they
reflect the screening objectives, data availability, and planning preferences specific to the Zhoushan
Archipelago case. When applying this framework to other marine areas, the judgment matrices should be
rebuilt according to local resource characteristics, engineering conditions, policy constraints, and
stakeholder preferences. The composite suitability scores are intended only for preliminary ranking during
the screening stage and should not be regarded as the final engineering decision.

2.5. Capacity Allocation Model

After the comprehensive suitability assessment is completed and the preferred sites are identified, this
study further conducts capacity allocation analysis. The comprehensive suitability assessment identifies
candidate sites with high development potential, while the capacity allocation analysis determines the
relative installed capacity ratios of wind, wave, tidal-current, and solar energy at the preferred sites to reduce
fluctuations in combined multi-source output and improve power-supply stability. This study constructs a
capacity allocation model from the perspective of output stability, focusing on the effects of temporal
complementarity among multi-source resources on capacity ratios and combined-output fluctuations [7].
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Let Pj(¢) denote the normalised output per unit capacity of energy source j at time ¢, and @; denote the
capacity allocation ratio for the corresponding energy type [32]. Here, j = 1, 2, 3, 4 represent wind, wave,
tidal, and solar energy, respectively. The combined output of the four energy sources can be expressed as

4
P(t)zzajpj(t)’ @)
j=1
where P(f) is the combined normalised output at time ¢, and a; satisfies:
4
Zaj:l, ajZO ®)
j=1

To reduce fluctuations in the combined output, this paper determines the capacity allocation ratios with
the objective of minimising the variance of the combined output. Since the standard deviation is a
monotonic transformation of the variance, minimising the variance is equivalent to minimising the standard
deviation of the combined output. The objective function is expressed as:
1 & —\2
ay,0,,03,0, - (P(t) - P) (9)
T3
where T'is the number of time steps within the statistical period, and P is the mean of the combined output.
If the planning requirements necessitate meeting a given average output level [30], the following average
output constraint is further incorporated:

P>P (10)

req

where Preq 1s the specified average power demand. Using the above model, the relative capacity ratios of
wind, wave, tidal, and solar energy at the optimal site can be obtained, and the smoothing effect of different
energy combinations on power output fluctuations can be further evaluated. This capacity allocation model
constitutes the final stage of the two-stage framework proposed in this study. Together with the
aforementioned logical veto screening and AHP-based comprehensive suitability evaluation, it forms a
continuous analytical process of “feasibility screening—site ranking—capacity allocation” [16]. The overall
methodological workflow is shown in Figure 3.

Workflow for Site Selection and Capacity Allocation of a Four-Energy Complementary Power System in the Zhoushan Archipelago

' ™
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2.6. Framework for Sensitivity Analysis and Robustness Testing

Following the comprehensive suitability assessment, a sensitivity analysis and robustness testing
framework is introduced to evaluate the influence of three factors on the candidate site rankings: the
subjectivity of AHP weights, the threshold setting of the Four-Energy Complementarity-Synergy Index
(Zsyn), and the uncertainty in the input data. Previous studies have shown that although multi-criteria
decision-making (MCDM) methods are widely used in renewable energy site selection, the resulting
rankings are often sensitive to the indicator system, weight assignment, standardization approach, and the
specific evaluation model employed. Therefore, at the screening stage, the results from a single MCDM
method should not be regarded as the final site selection decision; rather, they should be further verified
through sensitivity analysis and comparison with alternative methods to confirm their robustness [33].

The robustness analysis consists of three parts. First, a perturbation analysis of the AHP weights is
performed to examine how variations in key indicators—such as the weights of resource conditions, natural
and engineering conditions, /syn, water depth, distance from shore, and marine planning compatibility—
affect the site rankings [34]. For each perturbation scenario, the weights were renormalised, and the
composite scores and ranking results for M1-M6 were recalculated. This analysis was primarily used to
determine whether the top-ranked site had changed, and whether there was a possibility of a swap in the
rankings of the preceding sites, such as M3 and M4.

Secondly, Isyn threshold perturbation analysis was conducted. Isyn characterises the combined
availability coverage of wind, wave, tidal, and solar energy over time using a threshold-exceedance
approach; the setting of resource availability thresholds may influence its results. Therefore, in subsequent
reviews, the availability thresholds for the four energy types can be adjusted individually, and the /syn values
for each candidate site recalculated to assess the extent to which this indicator affects the comprehensive
ranking results.

Thirdly, a comparison of alternative MCDM methods is conducted. TOPSIS is a widely used ranking
method in multi-attribute decision-making; its fundamental principle is to determine priorities based on the
relative distances of candidate solutions to the positive and negative ideal solutions [35]. Unlike AHP,
which emphasizes hierarchical structures, decision matrices, and weight-based evaluation, TOPSIS focuses
more on the relative closeness of each alternative to the ideal solution in a multi-criteria space. Therefore,
TOPSIS is employed as an alternative MCDM method to assess the sensitivity of the candidate site rankings
to the choice of evaluation approach. It should be emphasized that TOPSIS is introduced not to replace the
original AHP framework, but to serve as a methodological robustness check on the AHP-based rankings.
Should discrepancies arise between the two sets of rankings, they should be interpreted as evidence of
sensitivity in the MCDM method, rather than grounds for rejecting the preferred sites identified under the
AHP framework.

3. Results and Discussion
3.1. Characteristics of Candidate Sites

Table 1 shows that there is no single option among the six candidate sites that excels in all indicators;
rather, a trade-off exists between resource endowment, temporal complementarity, engineering
accessibility and marine spatial constraints. In other words, the relative merits of the candidate sites cannot
be determined directly by any single resource indicator, but require a comprehensive assessment based on
multiple categories of indicators [18].

In terms of resource conditions, M2 performs well in terms of wind and wave resources and the four-
energy synergy index, indicating strong potential for multi-energy development; however, its considerable
distance from shore and relatively low solar energy indicators may increase the difficulty of subsequent
power transmission and operation and maintenance [36]. M1 possesses certain advantages in tidal and solar
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conditions, but its wave conditions are relatively weak, resulting in an unbalanced resource profile. M6
benefits from its nearshore and shallow-water location, indicating good engineering accessibility; however,
its wind speed and four-energy synergy index are relatively low, making it difficult to assess its overall
suitability based solely on engineering convenience.

In contrast, M3 and M4 exhibit a well-balanced performance in terms of wind and wave resources,
solar conditions, the four-energy complementary index (/syn), and engineering feasibility, making them the
primary contenders in the subsequent comprehensive evaluations. Neither site holds an absolute advantage
across all individual indicators; rather, they achieve a reasonable balance among resource conditions,
temporal complementarity, and engineering constraints. This also demonstrates that the site selection for
four-energy complementary offshore power stations cannot be reduced to a simple ranking of individual
resource intensities; instead, it requires a comprehensive trade-off among resource endowments, temporal
complementarity, engineering feasibility, and marine spatial constraints.

In this study, factors related to power transmission, construction, and O&M accessibility are partially
captured by indicators such as distance from shore, water depth, and planning compatibility. However,
more detailed aspects—including grid connection point conditions, subsea cable routing feasibility, port
and navigation support, and construction windows—still need to be verified at the project feasibility stage.
Building on the above differences among candidate sites, the next section examines the AHP weighting
structure to clarify the relative importance of various indicators in the comprehensive suitability evaluation
and their influence on the site rankings.

3.2. Weighting Structure and Suitability Drivers

After clarifying the differences in resource and engineering attributes among the candidate sites, the
next step is to determine the relative importance of different evaluation indicators in the comprehensive
site-selection process. Based on the AHP weight determination method described in Section 2.4, this study
calculates the criterion-level weights, as well as the local and global weights of each sub-criterion. Figure
4 illustrates the weighting structure of sub-criteria within each primary criterion, where local weights reflect
the relative importance of a sub-criterion within its respective primary criterion, whilst global weights
reflect the sub-criterion’s overall influence across the entire evaluation system. The complete weighting
results are presented in Appendix Table Al.

Figure 4 illustrates the local weight structures of the sub-criteria under the four primary criteria,
highlighting the dominant factors within each criterion. Figure 4a corresponds to C1 Resource Conditions
and shows the relative importance of average wind speed, significant wave height, average current velocity,
solar energy density, and lsyn within the resource criterion. Figure 4b corresponds to C2 Natural and
Engineering Conditions and illustrates the relative influence of water depth, island topography and
geomorphology, and seabed geology on engineering feasibility. Figure 4c corresponds to C3 Socio-
economic Conditions and compares the weights of marine planning compatibility, regional development
infrastructure, supply—demand matching, and distance from shore. Figure 4d corresponds to C4
Environmental and Marine-Use Compatibility and shows the relative roles of shipping conditions, fishery
activity, and future marine-use development in ranking feasible sites. It should be noted that Figure 4
presents only the local weights of the sub-criteria within their respective primary criteria; the complete local
and global weight results are provided in Appendix Table Al.

At the criterion level, resource conditions are assigned the highest weight (0.658), followed by natural
and engineering conditions (0.198), socio-economic conditions (0.087), and environmental and marine use
compatibility (0.056). This indicates that the evaluation system is primarily resource-driven, while
engineering, socio-economic, and environmental factors serve to calibrate the rankings that would
otherwise be based solely on resource indicators [37]. In other words, early-stage site selection for a four-
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energy complementary system must first ensure that candidate sites have adequate resource potential, but
the final ranking cannot rely on a single resource indicator alone.

(a) C1 Resource conditions (w = 0.658) (b) C2 Natural / engineering conditions (w = 0.198)
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Figure 4. Comparison of local and global weights for each sub-criterion in the AHP model for: (a) C1 Resource Conditions; (b)
C2 Natural (Engineering) Conditions; (¢) C3 Socio-economic Conditions; (d) C4 Environmental Constraints.

With respect to the global weights of the sub-criteria, S1 (average wind speed), S2 (significant wave
height), and S6 (water depth) are the primary factors influencing the comprehensive suitability assessment.
Among these, average wind speed and significant wave height represent the available wind and wave
energy resources, whereas water depth directly affects the difficulty of foundation construction, site
conditions, and engineering costs [38]. Although the weight of Isyn is lower than that of certain individual
resource indicators, its inclusion enables the temporal complementarity among wind, wave, tidal, and solar
energy to be incorporated into the comprehensive evaluation, thus preventing the assessment from relying
solely on average resource intensity. Within C3, the global weight of marine planning compatibility exceeds
that of distance from shore, suggesting that, at the screening stage, spatial planning and permitting
considerations impose greater constraints than transmission distance alone. The overall weight of C4 is
relatively low, primarily because exclusionary constraints—such as nature reserves, cultural heritage sites,
and existing marine engineering occupation zones—have already been filtered out during the preliminary
logical screening stage; accordingly, the environmental and marine use indicators retained in the AHP
evaluation serve mainly for differentiated comparison among the feasible sites [39].

It should be emphasized that the weighting structure is developed specifically for the Zhoushan
Archipelago case, reflecting its screening objectives, data availability, and planning preferences; therefore,
it should not be regarded as a fixed system applicable to all marine areas. When extending this framework
to other marine areas, the judgment matrix should be reconstructed according to local resource
characteristics, engineering conditions, marine spatial planning, policy constraints, and stakeholder
preferences. Hence, the AHP weights derived in this study are intended to provide an interpretable ranking
basis for the screening stage of the Zhoushan case, rather than to serve as universal weights that can be
directly transferred to other regions.
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3.3. Comprehensive Ranking and Site Interpretation

Based on the indicator standardization method described in Section 2 and the AHP-derived global
weights, this study calculates the comprehensive suitability scores of the six candidate sites. The results are
shown in Table 2. The complete criterion-level weights, sub-criterion local weights, and global weights are
provided in Appendix Table Al. The comprehensive ranking is M3 > M4 > M5 > M2 > M6 > M1. M3
obtains the highest score of 0.1852, while M4 scores 0.1816, only 0.0036 lower than M3. This small
difference indicates that the two sites have similar overall suitability under the screening criteria. M5 and
M2 rank third and fourth, respectively, with only a slight score difference between them, whereas M6 and
M1 have relatively lower comprehensive scores. This ranking reflects the screening suitability results under
the current indicator system and AHP weighting structure, rather than a direct determination of the final
site for the engineering project.

To explain the reasons behind the ranking, Figure 5 further presents the contribution of each candidate
site’s scores under the four primary criteria. It should be noted that the sub-figures in Figure 5 are arranged
according to the comprehensive ranking order in Table 3, rather than being re-ordered within a single
criterion; simultaneously, the sub-figures use the same horizontal scale to facilitate direct comparison of
the relative contributions of different criteria to the comprehensive score. As can be seen from Figure 5a,
resource conditions are the dominant factor influencing the comprehensive ranking, with M3 and M4
ranking highest in terms of contribution from resource conditions; this is also the primary reason for their
high comprehensive suitability scores. Although the contributions from resource conditions for M5 and M2
are similar, M5 ranks slightly higher than M2 in the comprehensive ranking, indicating that non-resource
criteria—such as natural engineering, socio-economic factors, and environmental compatibility—have had
a moderating effect on the final ranking.

Figure 5c indicates that socio-economic conditions also provide some support for the composite scores
of M3 and M4, with M3 scoring slightly higher than M4; meanwhile, M2’s contribution under this criterion
is higher than that of M5, suggesting that M2 is not at a disadvantage across all non-resource dimensions.
Figure 5d shows that differences between sites in terms of environmental and marine use compatibility are
relatively minor, and that M3 is not the highest-scoring option under this criterion. This further illustrates
that M3’s overall advantage does not stem from absolute superiority across all dimensions, but rather from
a balance among resource conditions, engineering conditions, socio-economic factors, and environmental
compatibility.

Taken together, Table 2 and Figure 5 demonstrate that site selection for a four-energy complementary
offshore power station cannot be reduced to a simple ranking of resource intensity. M3 ranks first, primarily
owing to its favorable resource conditions and balanced performance across non-resource criteria. M4, with
a score close to that of M3 and certain advantages in non-resource criteria, should also be prioritized in
subsequent engineering feasibility studies. Although M2 performs well on selected resource indicators and
socio-economic conditions, its overall score does not place it among the top two. M6 and M1 further
illustrate that advantages such as nearshore location, shallow water, or individual resource strength do not
automatically translate into the highest overall suitability. These results indicate that the AHP framework
presented in this paper can perform a comprehensive trade-off among resource endowment, engineering
feasibility, socio-economic conditions, and environmental compatibility, thereby providing a structured
basis for identifying preferred site options at the screening stage. However subsequent engineering
decisions still require further validation in conjunction with the robustness verification framework
described in Section 2.6 and project-level engineering feasibility studies.
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Figure 5. Decomposition of criterion-level contributions to the comprehensive suitability scores of candidate sites

Table 2. Comprehensive Suitability Scores and Ranking of Candidate Sites.

Site Comprehensive Score g Rank
M3 0.1852 1
M4 0.1816 2
M5 0.1678 3
M2 0.1656 4
M6 0.1540 5
M1 0.1458 6

To further examine the sensitivity of the AHP ranking results to the choice of evaluation method [40],
the TOPSIS method is used to rank the candidate sites. The TOPSIS input indicators are drawn from the
quantifiable continuous indicators listed in Table 1, namely, average wind speed, effective wave height,
average current velocity, solar energy density, the four-energy complementarity—synergy index (/syn), water
depth, and distance from shore. Among them, average wind speed, effective wave height, average current
velocity, solar energy density, and the four-energy complementarity—synergy index are set as benefit-type
indicators, whereas water depth and distance from shore are set as cost-type indicators. To maintain
consistency with the AHP evaluation, the global weights of the corresponding indicators from the AHP
model are used in the TOPSIS calculations. Table 3 presents the calculation results.

Table 3. Differences between TOPSIS comparative analysis results and AHP rankings.

Site AHP Composite AHP TOPSIS Positive Ideal ~ TOPSIS Negative Ideal TOPSIS TOPSIS
Score Ranking Distance D+ Distance D— Proximity C Ranking
M2 0.1656 4 0.0747 0.2496 0.7697 1
M4 0.1816 2 0.1002 0.1828 0.6460 2
M3 0.1852 1 0.1129 0.1999 0.6390 3
M5 0.1678 3 0.1533 0.1191 0.4374 4
M6 0.1540 5 0.2321 0.1168 0.3348 5
M1 0.1458 6 0.2139 0.1051 0.3295 6
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As shown in Table 3, the TOPSIS ranking results are M2 > M4 > M3 > M5 > M6 > M1, which do not
fully align with the AHP ranking results of M3 > M4 > M5 > M2 > M6 > M1. In particular, M2 rose to first
place in the TOPSIS results, primarily due to its strong performance in continuous resource indicators such
as average wind speed, effective wave height, and the four-energy complementarity—synergy index. As
TOPSIS places greater emphasis on the degree of proximity between candidate solutions and the ideal
solution, when a site possesses advantages across several resource-based continuous indicators
simultaneously, its proximity score may increase significantly.

In contrast, the AHP-based evaluation incorporates not only continuous resource indicators but also
factors such as natural and engineering conditions, socio-economic conditions, and environmental
constraints, and it reflects the relative importance of each indicator through a hierarchical structure and
weight allocation. Consequently, although Site M2 excels in certain resource indicators, it does not rank
among the top two in the AHP-based evaluation. This suggests that relying solely on resource advantages
cannot fully capture a site’s overall suitability; the ranking of candidate sites is also affected by a
combination of factors, including engineering accessibility, maritime spatial compatibility, and
environmental constraints.

It is worth noting that M3 and M4 consistently rank among the top sites under both methods. In the
AHP results, M3 and M4 obtain overall scores of 0.1852 and 0.1816, respectively—a narrow margin;
similarly, in the TOPSIS results, their closeness coefficients are 0.6460 and 0.6390, again indicating very
close performance. This indicates that both M3 and M4 exhibit strong overall performance regardless of
the evaluation method used. The ranking differences between TOPSIS and AHP do not imply that the AHP
results are invalid; rather, they indicate that different MCDM methods may produce different ranking orders
when candidate sites perform similarly [39].

Therefore, this paper interprets the AHP ranking results as preliminary selection outcomes under the
current indicator system and weighting structure, rather than as the final conclusion regarding the
engineering site. M3 can be considered the preferred candidate site within the AHP framework, whilst M4
and M2 should be treated as alternative sites requiring focused review in subsequent engineering feasibility
studies. On this basis, the subsequent capacity allocation analysis will continue to use the preferred
candidate site M3, as determined by the AHP comprehensive evaluation, as the demonstration case for
further analysis of the combination ratios among the four energy types and their impact on the fluctuation
of combined output [41].

3.4. Capacity Allocation Results for the Preferred Site

After the comprehensive suitability ranking is completed, a preliminary capacity allocation analysis is
performed for the preferred site. According to the evaluation results presented in Table 2 and Figure 5, Site
M3 attained the highest overall suitability score and exhibited a relatively balanced performance across
resource, engineering, and socio-economic conditions. It was therefore selected as the demonstration site
for the capacity allocation model. It should be noted that the capacity allocation analysis does not determine
the final engineering plan; rather, it examines how different proportions of energy units affect combined
output fluctuations, particularly during the screening stage. In other words, the AHP ranking addresses
which site is more suitable for priority development, while the capacity allocation model further examines
how different energy types should be combined at the preferred site to reduce output fluctuations.

Figure 6 illustrates the capacity allocation results for the M3 site and the corresponding combined
output characteristics. Based on a minimum variance objective function, this paper optimises the capacity
ratios of wind, wave, tidal, and solar energy at the M3 site [42]. The results indicate that the capacity
allocation ratios for M3 are: wind energy 18.50%, wave energy 24.50%, tidal energy 41.33%, and solar
energy 15.67%. Among these, tidal energy accounts for the highest proportion, indicating that, under the
resource conditions at the M3 site, tidal energy makes a significant contribution to smoothing combined
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output, whilst wind, wave, and solar energy act as supplementary sources, collectively participating in
multi-energy complementarity [6]. These results indicate that capacity allocation does not simply involve
selecting a single energy source with the highest resource intensity, but rather involves reducing
fluctuations in combined output by adjusting the proportional relationships between different energy units.

The capacity allocation results show that the optimised four-energy configuration at Site M3 achieves
a combined capacity factor of 13.43%, with an output standard deviation of 0.08. Figure 6 presents the
corresponding installed-capacity proportions of wind, wave, tidal-current, and solar energy. These results
indicate that, after capacity optimisation, the four energy sources at M3 can complement one another to a
certain extent, thereby mitigating the influence of fluctuations in any single resource on the overall system
output. Combined with the preceding site-selection results, M3 is not only the most suitable candidate site
under the AHP-based comprehensive evaluation, but also has favourable resource and engineering
conditions for implementing a wind—wave-tidal-solar complementary capacity configuration.

It should be emphasised that the capacity configuration results shown in Figure 6 represent a preliminary
analysis at the screening stage and do not constitute the final engineering installation plan. Actual project
implementation will require further consideration of project-level factors such as equipment selection, unit
capacity, foundation types, submarine cable transmission, grid connection capacity, energy storage
configuration, dispatch strategies, construction costs, and O&M conditions [43]. Furthermore, as the
comprehensive suitability scores for M4 and M3 are similar, M4 should still be considered as a key alternative
site in subsequent engineering feasibility studies. Future research may involve further comparative analyses
of capacity allocation, economic viability, and grid connection feasibility for M3 and M4, respectively, to
verify the engineering applicability of the preferred site and capacity combination scheme.

Optimized capacity allocation at M3

Wave (24.50%)

Wind (18.50%)

PV (15.67%)

Tidal (41.33%)

Figure 6. Optimized capacity allocation ratios (wind, wave, tidal, and PV) for the preferred site M3.

To further quantify the average power output and the degree of power fluctuation for this capacity
configuration scheme, this paper uses the capacity factor (CF:) and the standard deviation of output (o) as
performance evaluation metrics [7]. Specifically, (CF) is used to characterize the average power output of
the combined system over the statistical period, while (c) is used to measure the degree of fluctuation in
the combined output around the mean. They are defined as follows:

The definitions of CF and o are given in Equations (11) and (12), respectively.
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In the equation, (P;) represents the combined output at the (#)th time step, (P ) represents the average
combined output over the statistical period, (Prated) represents the rated output of the combined system, and
(n) represents the number of time steps in the statistical period. Calculations based on Equations (11) and
(12) yield a capacity factor of (CF = 13.43%) and a standard deviation of output of (c = 0.08) for the M3
site capacity configuration scheme. In the calculation, all four energy-output time series were normalized
on an hourly basis, and the same minimum-variance optimization procedure and average-output constraint
were applied to all six candidate sites to ensure comparability. These results indicate that, under the
constraint of a given average hourly power generation target, wind, wave, tidal, and photovoltaic energy
can form a certain degree of complementarity after capacity ratio adjustments, thereby reducing fluctuations
in the combined output.

At the same time, to avoid reporting only the preferred site without a comparative reference, Table 4
also lists the installed capacity shares obtained for the six candidate sites using the same minimum variance
model. This table is not intended to re-rank the sites, but rather to illustrate the differences in capacity
allocation structures under various resource combination conditions.

Table 4. Optimal Installed Capacity Shares for Each Candidate Site.

Site Wind Energy (%) Wave Energy (%) Tidal Energy (%) PV (%)
M1 33.19 23.07 31.49 12.24
M2 17.06 24.69 41.95 16.30
M3 18.50 24.50 41.33 15.67
M4 18.96 24.52 40.25 16.27
M5 22.37 24.81 37.39 15.43
M6 29.06 23.27 34.05 13.63

As shown in Table 4, tidal energy generally accounts for a relatively high proportion in the minimum-
variance configuration results for all candidate sites, whereas wave energy remains relatively stable. By
contrast, the proportions of wind and photovoltaic energy vary with the resource conditions of each site.
These results indicate that, under the average-output target and variance-minimization constraints defined
in this study, capacity allocation does not simply maximize individual resource intensity. Instead, it is
determined by the joint fluctuation relationships among the time series of different energy sources. For the
optimized site M3, the installed capacity structure is similar to that of M4. Both sites exhibit a configuration
characterized by a high proportion of tidal energy, a moderate proportion of wave energy, and wind and
photovoltaic energy as supplementary sources. This result is consistent with the earlier finding that M3 and
M4 have similar overall suitability. It also suggests that both sites should be further compared in subsequent
engineering feasibility studies.

3.5. Engineering Suitability Analysis and Research Limitations

The site ranking results presented in this paper should be regarded as screening-level theoretical
evaluations, not as final engineering decisions. The AHP evaluation, the /syn index, the TOPSIS analysis,
and the capacity configuration model together provide a structured basis for preliminary screening, ranking,
comparison, and resource complementarity assessment of candidate sites; however, they cannot substitute
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for project-level feasibility studies [44]. For offshore multi-energy complementary power stations, the final
site selection and construction plan must be further validated using detailed engineering data, including
foundation types, geotechnical conditions, construction windows, submarine cable routes, grid connection
capacity, energy storage and dispatch strategies, port support conditions, project investment, and long-term
O&M strategies.

It should be noted that this study focuses on establishing a screening-level site selection and preliminary
capacity allocation methodology, rather than on providing deterministic predictions for specific engineering
plans. Factors such as foundation types, construction organization, submarine cable routing, grid connection,
and long-term O&M costs depend heavily on project-level survey data, engineering design parameters, and
local approval conditions. Therefore, it is difficult to reliably estimate these practical engineering factors
using only the publicly available data and model inputs employed in this study. Accordingly, the findings
are not presented as directly implementable engineering solutions; rather, they serve as a reference for
candidate site identification and methodology development during the preliminary planning stage.

From an engineering perspective, factors such as water depth, distance from shore, marine spatial
planning compatibility, and existing marine infrastructure occupancy have been incorporated into the
screening and evaluation process. Among these, water depth and distance from shore can partially reflect
foundation construction difficulty, submarine cable transmission costs, and O&M accessibility; marine
planning compatibility and existing marine infrastructure occupancy can be used to preliminarily identify
potential conflicts between site development and current marine space uses. However, these indicators
reflect only a portion of the engineering suitability and cannot fully capture project construction costs,
construction accessibility, or grid connection difficulty [45]. Actual engineering construction, therefore,
requires more detailed feasibility studies that integrate seabed geology, foundation design options,
construction vessel and equipment availability, submarine cable route optimization, grid connection point
locations, and grid absorption capacity.

Furthermore, the TOPSIS comparative analysis indicates that the candidate site rankings are sensitive
to the choice of multi-criteria decision-making method. This suggests that the AHP results should not be
regarded as a definitive site selection conclusion; rather, they represent a preliminary prioritization under
the current indicator system and weighting structure. For candidate sites with similar overall performance
or inconsistent rankings across different evaluation methods, further verification should be conducted using
more detailed engineering data and project constraints [46].

Therefore, the framework proposed in this paper—which integrates preliminary logical screening, AHP-
based suitability evaluation, TOPSIS comparative analysis, and capacity allocation—is more appropriate for
the early planning stage of island multi-energy complementary power generation systems. This framework
can help identify candidate sites with high overall suitability and reveal the sensitivity of the ranking results
to indicator weights, evaluation methods, and data conditions. If the project advances to the engineering
feasibility stage, the key candidate sites should be further verified through detailed project-level assessments,
building on the screening results and incorporating on-site surveys, engineering design, grid connection,
environmental impact assessments, marine spatial use approvals, and project economic analyses.

4. Conclusions

Taking the Zhoushan Archipelago as the study area, this paper develops a screening-level site selection
framework that integrates logical veto screening, AHP-based suitability evaluation, TOPSIS comparative
analysis, and capacity allocation analysis to support the complementary development of wind, wave, tidal,
and solar energy. The framework combines spatial exclusion constraints, resource and engineering
conditions, multi-criteria suitability assessment, ranking robustness verification, and capacity allocation
into a coherent process, and it is intended to inform the preliminary planning of multi-energy
complementary offshore power stations in island regions.
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During the site evaluation phase, nature reserves, cultural heritage sites, and existing marine
engineering footprints are established as preliminary exclusion criteria. This approach distinguishes
between two decision-making tiers—‘basic feasibility’ and ‘internal suitability ranking’—thereby
preventing high resource scores from masking or offsetting exclusive spatial constraints. For resource
assessment, this paper introduces the Index /syn, which utilizes available-hour coverage to quantify the
temporal synergy and combined availability of multi-source resources. This ensures that the evaluation
captures both individual resource intensity and the synergistic potential of multi-energy combinations in
mitigating output volatility.

Within the proposed evaluation framework, Site M3 achieves the highest overall suitability among the
six candidate sites and maintains a favorable balance among resource conditions, engineering feasibility,
and planning compatibility. It can therefore be considered the preferred candidate site at the screening level
under the current AHP indicator system and weighting structure. Meanwhile, the TOPSIS comparative
analysis reveals that the candidate site rankings are somewhat sensitive to the choice of multi-criteria
decision-making method. This suggests that the AHP results should not be interpreted as a definitive
engineering site decision; rather, they serve as a screening-level preferred outcome and a reference for
subsequent engineering verification. Furthermore, the capacity allocation analysis shows that at Site M3,
tidal energy acts as the primary source (accounting for 41.33% of the total installed capacity),
complemented by wave and wind energy, with solar photovoltaic contributing to daytime output. This
finding demonstrates that conducting capacity allocation analysis after site screening can help convert the
temporal complementarity of multiple resources into a relatively smooth combined power output.

In summary, this paper combines exclusionary constraint screening, comprehensive suitability ranking,
robustness verification, and capacity allocation into a single analytical process, thereby allowing spatial
feasibility, multi-criteria suitability, method sensitivity, and combined-output stability to be considered
simultaneously when comparing candidate sites. It should be noted that these results are confined to a
screening-level theoretical analysis and cannot substitute for project-level engineering design and
feasibility studies. Because factors such as foundation types, construction windows, submarine cable routes,
grid connection, energy storage dispatch, long-term O&M strategies, and project economics depend heavily
on project-level survey data and engineering parameters, this study does not offer deterministic predictions
for specific implementation plans. Future work should incorporate field surveys, seabed geology,
submarine cable routing, grid connection, energy storage dispatch, environmental impact assessments, and
project economic analysis to carry out project-level feasibility verification for the key candidate sites.

Appendix A

Table Al. Criteria-level weights, sub-criteria local weights, and global weights of the AHP model.

Criterion Criterion Weight Sub-Criteria Local WeightGlobal Weight

0.658 S1 Average Wind Speed 0.5313 0.3497

0.658 S2 Significant wave height 0.2561 0.1685

C1 Resource Conditions 0.658 S3 Average Flow Velocity 0.0971 0.0639
0.658 S4 Solar energy density 0.0671 0.0442

0.658 S5 Isyn 0.0484 0.0319

0.198 S6 Water Depth 0.6527 0.1294

C2 Natural (Engineering) Conditions 0.198 S7 Seabed Geology 0.0623 0.0124
0.198 S8 Island Topography/Landforms 0.2851 0.0565

0.087 S9 Distance from Shore 0.0914 0.0080

0.087 S10 Marine Planning Compatibility 0.5309 0.0464

€3 Socio-economic Conditions 0.087 S11 Regional Development Foundation 0.2372 0.0207

0.087 S12 Supply-Demand Matching 0.1406 0.0123
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0.056 S14 Shipping/Transportation Conditions  0.5816 0.0327
C4 Environmental Constraints 0.056 S15 Fishing Activity Conditions 0.3090 0.0174
0.056 S19 Marine Development Forecast 0.1095 0.0062

Statement of the Use of Generative Al and AI-Assisted Technologies in the Writing Process
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