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ABSTRACT
The rapid development of the Blue Economic Zone on the Shandong Peninsula has generated a huge demand for renewable

energy. Sensibly developing and utilizing these resources can provide a stable energy supply for marine pastures. However,

assessing energy development potential must be done before the resources are developed. Using the fifth-generation atmosphere

reanalysis dataset (ERA5) from the European Centre for Medium-Range Weather Forecasts (ECMWF) over nearly 15 years, this

study assessed the combined wave and wind energy potential around the Shandong Peninsula’s marine pastures. A method was

proposed to determine sites for combined wave and wind energy, analyzing the abundance, availability, stability, and correlation

(CO) of these two resources in the sea surrounding the marine pastures. This novel approach addresses the limitations of

traditional, disparate evaluation systems for wave and wind resources, enhancing assessment efficiency and accuracy. Utilizing

the Joint Zoning Coefficients (JZCs) derived from these four indexes and considering the constraints related to the distance from

the marine pastures, the VIOKR methodology was used to identify the four key sites most suitable for resource development. The

JZC innovatively incorporates indicator weights and optimal station construction distance, a feature often overlooked in previous

multi-indicator assessments, to provide a more scientific basis for site selection. At these sites, the propagation direction as well as

the cross-CO with different time lags were analyzed. Finally, the most suitable wave energy converters (WECs) and wind turbines

(WTs) have been identified, and the distribution of power generation times for different device combinations has been analyzed.

This comprehensive device selection and power generation analysis aims to maximize energy conversion efficiency and ensure

stable power output for marine pastures. The study findings offer decision-making support for the combined wave and wind

energy resources in the Shandong Peninsula.

1 | Introduction

At present, there is a noticeable acceleration in the global transition

from a high-carbon energy system predominantly based on fossil

fuels to a low-carbon energy system dominated by renewable

energy sources [1]. In 2020, renewable energy sources were pro-

jected to provide around 13% of the world’s total energy consump-

tion. In addition, there are currently new research advances on

mitigating climate change, emphasizing the importance of achiev-
ing renewable energy transitions [2]. High initial construction and
maintenance costs have slowed the technological development
of renewable energy sources such as wave and wind power.
This challenge underscores the heavy reliance on tractable
numerical models for the conception and optimization of energy
converters, which necessitates a delicate balance between accu-
racy and computational costs [3]. In addition, submarine cables
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are expensive, raising electricity transportation. In addition to cost
challenges, the intermittency and instability of renewable energy
generation must also be addressed [4]. Therefore, simultaneous
extraction of multiple ocean energy sources within the same
marine area could reduce the uncertainty when relying on a single
source of energy [5].

Combiningwave andwind energy resources in the same region can
significantly enhance spatial utilization and energy conversion effi-
ciency. Nezhad et al. [6] identified the optimal areas for installing
wind turbines (WTs) in the Mediterranean basin and effectively
predicted wind speeds in the region using LSTM. Gonzalo et al.
[7] developed an integrated assessment model (IAM) and intro-
duced a new method that can be used to model the variability of
renewable energy on an hourly basis. However, before resource
development, it is essential to assess the energy development poten-
tial in the study area and determine the most suitable sites for
resource exploitation. Resource development, particularly for com-
plex systems like combined wave and wind energy, often involves
multiple, conflicting criteria. Multi-criteria decision analysis
(MCDA) techniques have emerged as powerful tools to evaluate
and select optimal sites or solutions by systematically considering
various influential factors. MCDA is a formal and structured
decision-making methodology that can be used for comparing dif-
ferent alternatives and exploring decisions in the case of situations
withmultiple and conflicting criteria [8]. Thesemethods allow for a
structured approach to decision-making, moving beyond simple
single-factor analyses to incorporate diverse considerations such
as resource abundance, stability, availability, and economic viabil-
ity. The application of MCDA is widespread, with various models
being employed to solve complex decision-making problems across
different fields, such as waste management [9]. As energy manage-
ment problems are gettingmore complex, economic considerations
are complemented with environmental and social considerations,
leading tomultiple-criteria decision-making being used to dealwith
conflicting decision problems [10]. For instance, in the context of
renewable energy, geographic information system (GIS) interfaces
are often combined withMCDA to visualize and analyze geospatial
data, allowing for the evaluation of multiple, usually overlapping,
criteria to determine optimal sites [11]. This GIS-MCDA-based
approach has been identified as a highly effective method for the
spatial siting of offshore wind farms and other marine energy pro-
jects [12]. For example, common methods include the analytic
hierarchy process (AHP), the full consistency method (FUCOM),
and the ViseKriterijumska Optimizacija I Kompromisno Resenje
(VIKOR). AHP is computationally simple and can address intuitive
problems, but it can become complex when dealing with multi-
decision problems [13]. FUCOM is known for its strong objectivity,
fewer pairwise comparisons, and higher consistency in weight
determination, making indicator weight allocation more reliable
and less subjective. VIKOR excels at handling multi-criteria con-
flicts and providing compromise solutions, offering a strong alter-
native to AHP. Compared to other research conducted worldwide,
there has been more focus on studying individual resources, with
only a limited number of studies examining the feasibility of com-
bining wave and wind energy resources. Current approaches to
assessing wave and wind energy resources often employ two inde-
pendent evaluation systems, which can lead to inefficient assess-
ments. Furthermore, traditional methods frequently assume equal
importance for various indicator elements or simply sum/multiply
them, thereby overlooking the dynamic influence of changes in sea

area locations on indicator weights. This oversight can result in
assessment deviations and fail to accurately reflect the true contri-
bution of each indicator in different regions. In 2017, Kalogeri et al.
[4] analyzed the suitability of locations in European offshore areas
for resource co-development, considering aspects like availability,
variability, consistency, correlation (CO), and extreme values. In
2018, Rusu et al. [14] conducted a comprehensive evaluation of
both wave and wind energy in the Black Sea basin, utilizing a
20-year dataset. They analyzed seasonal variations, variation coeffi-
cients, skewness, and kurtosis to identify potential areas for the
combined development of these resources. In 2019, Azzellino et al.
[15] explored the possibility of wave and wind energy resource co-
development in Australian waters from a CO perspective. They
also used spatial planning methods to identify suitable locations
for both resource types. In 2020, Ferrari et al. [16] developed an
availability index based on the CO and abundance of wave and
wind energy resources. Their study identified the specific areas
within the Mediterranean Basin that are best suitable for com-
bined development. In 2021, Lira-Loarca et al. [17] assessed the
optimal time availability of combined wind and wave resources in
the context of climate change using the ES index. In 2022, Gao
et al. [18] analyzed multiple locations around the Australian
coastline for offshore wind and wave energy. Their study evalu-
ated energy availability, electricity fluctuations, consistency,
CO, as well as annual and seasonal variations over a 7-year period
to identify the optimal locations for development. In 2023,
Rusu [19] conducted evaluations of wave and wind energy
resources in the vicinity of the Iberian Peninsula, covering two
distinct time frames: the past 20 years and the upcoming 20 years.
In 2024, Gormüs et al. [20] conducted an assessment of the joint
wind and wave resources in the Mediterranean and Black Seas by
examining their development potential, directionality, CO, and
complementarity.

Shandong Province’s Blue Economy Zone is the pioneering
regional development strategy centered on the marine economy
in China. Accelerating resource development in the Shandong Pen-
insula is an inevitable choice to implement the strategic deploy-
ment of “Carbon Peak” and “Carbon Neutral.” Currently, research
on resource assessment in the Shandong Peninsula has been lim-
ited to individual resources. Huiqun and Qifeng [21] examined the
distribution of wind energy resources in Shandong Province. Their
results indicate that the coastal areas of Shandong Province boast
rich wind energy resources, with a wind power density of around
320W/m2, especially in the northern coastal regions. Wan and Liu
et al. [22, 23] assessed the potential for wave energy resources. Their
results indicate that Shandong’s coastal areas have comparatively
lower wave energy resources with a wave power density of around
2kW/m. The areas with more abundant resources are primarily
found in the eastern and southeastern nearshore regions, particu-
larly in the vicinity of Rongcheng. The wave and wind energy
resources in the Shandong Peninsula are relatively low to medium.
In this context, the synergistic use of wave and wind energy
resources is more favorable than developing them independently,
as previously discussed. Prior studies have offered significant
insights for the comprehensive evaluation of combined wave and
wind energy resources.

However, as a new sustainable production mode of marine fisher-
ies, while marine pastures are instrumental in the transformation
and upgrading of China’s marine fisheries, there has been a limited
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amount of research on combining marine pastures application sce-
narios with wave and wind energy resources, and there are no
precedents in China for the pilot construction of wave and wind
power sites around marine pastures. Marine pastures face the issue
of insufficient offshore power resources, which prevents large-scale
modern marine pasture operational equipment and monitoring
facilities from being used stably and efficiently over the long
term. Therefore, there is an urgent need to study a scientific site
selection method for establishing combined wave and wind energy
resources in marine pastures. First, in the preliminary analysis of
wave and wind energy resource abundance, different units of eval-
uation metrics were employed, which reduced the comparability of
the assessment results. This not only resulted in poor comparability
of the evaluation results but also increased the complexity of inte-
grating the two resources in practical applications. Therefore, this
study first standardized the measurement units, enabling the scien-
tific quantification of the abundance of wave and wind energy
resources, thereby providing a solid foundation for subsequent
resource integration analysis. In addition, in previous multi-
indicator assessment work, the degree of importance of each indi-
cator was not considered, and the distance between sites in different
regions was ignored. Therefore, This article establishes a Joint Zon-
ing Coefficient (JZC) based on multi-indicators. Innovatively, the
concept of indicator weights was introduced, taking into account
the importance of each indicator in the joint development. Addi-
tionally, this article is the first to introduce the key factor of optimal
station construction distance, ensuring that wave and wind energy
resources are effectively integrated in physical space, further opti-
mizing the station layout.

Through this innovative site selection method, this article not only
addresses the challenges in joint resource evaluation but also pro-
poses a comprehensive and efficient site selection model, providing
scientific guidance for the combined development of wave and
wind energy in marine pastures. The contributions of this method
are as follows: (1) By integrating wave and wind energy resources
into the application scenarios ofmarine pastures, it fills a gap in this
field in China, offering pioneering exploration for the sustainable
energy development of marine pastures. Moreover, the optimal
station construction distance was included in the site selection
analysis for the joint development of wave and wind energy. (2)
Addressing the issue of different evaluation metrics used in previ-
ous studies for wave and wind energy resource assessments, this
research unified the measurement units and scientifically quanti-
fied the abundance of both resources, improving the comparability
and accuracy of the evaluation results. (3) We expanded the range
of indicators considered, making the evaluation more comprehen-
sive. Based on these indicators, we constructed the JZC, which
enhanced the precision of the evaluation. This comprehensive
approach ensures a more accurate assessment. The remaining sec-
tions are structured as follows: in Section 2, the data and research
methods for both energy sources are presented. In Section 3, the
combined wave and wind energy resources are analyzed from four
perspectives: resource abundance, availability, stability, and CO.
The JZC is developed based on the FUCOM methodology within
the optimal distance around themarine pastures. Themost suitable
sites are identified based on the VIKOR method. In addition, the
performance of hybrid power stations combining different con-
figurations of wave energy converters (WECs) and WTs was
investigated at these sites, considering the direction of resource

directionality and time-lag COs. Finally, in Section 4, this article
provides an overview of the main findings.

2 | Materials and Methods

2.1 | Materials

2.1.1 | Study Area

The ShandongPeninsula is situated along the eastern coastal region
of China. The marine area is about 159,600 square kilometers, with
a total coastline length of about 3000 km. Coastal waters cover
around 37% of this area. Shandong Province has abundant marine
pastures, which can not only protect marine resources but also
realize the recovery of fishery resources and “blue carbon sinks.”
This article selects the national-level marine pasture in the Shan-
dong Peninsula with latitude and longitude ranging from
34.5°N–39°N to 118°E–125°E as the research area (Figure 1).

According to the website of the Ministry of Agriculture and Rural
Affairs of the People’s Republic of China and the resource abun-
dance situation, a comprehensive list of national-level marine pas-
ture demonstration areas has been compiled for Shandong
Province. This list encompasses the eighth (2023), seventh (2022),
and sixth (2020) batches in Shandong Province. A total of 14
national-level marine pastures are depicted in Figure 2, with the
name of each marine pasture provided in Table 1.

If too close to the offshore power farm may cause noise impact and
visual interference; if too far away, it will increase the maintenance
cost and installation cost, so it is necessary to specify the minimum
distance and the maximum distance that need to be maintained.
Therefore, it is necessary to specify minimum and maximum dis-
tances. Thus, a potential development area suitable for the installa-
tion of the device is identified. The distance to the power farm
should exceed 10km according to the policy of the Chinese govern-
ment, and considering the cost-effectiveness, the development of
offshore energy sources should be set at a maximum distance of 30
km from the coast [24]. Therefore, this article adopts these criteria
to define the study area, ranging from 10 to 30km from the marine
pastures, as the potential development area.

2.1.2 | Study Data

Assessing wave andwind energy requires fundamental parameters,
such as significant wave height (Hs, m), energy period (Te, s), and
wind speed (V , m/s) In this study, all wave and wind data were
sourced from ERA-5 data provided by the European Centre for
Medium-Range Weather Forecasts (ECMWF). The ECMWF data
have been utilized in numerous assessments of wind and wave
resources, being recognized as the most dependable data source.
Specifically, ERA5 data spanning 15 years from 1 January 2008 to
31 December 2022 were selected, featuring a spatial resolution of
0.125°× 0.125° and a time interval of 6 h.

The accuracy of the parameters is paramount for the assessment
work. This article uses a buoy in the study area (Buoy 001, location:
38.1585°N, 121.0680°E), which was deployed by the State Oceanic
Administration of China in the nearshore area of the Shandong
Peninsula during the Ocean Renewable Energy Special Fund Proj-
ect (GHME), and most coastal waters in China are shallow. Wan
et al. [25] compared the measured the data from the buoy with the
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significant wave height (Hs) and energy period (Te) data provided
by ERA5, confirmed the accuracy of the ERA5 data. Meanwhile,
Shi et al. [26] also validated the accuracy of ERA5 wave field data
using the Y1 buoy located at a depth of 13m off the coast of the
Shandong Peninsula. The aforementioned studies collectively dem-
onstrate that the ERA5 data had enough accuracy to be used as the
base data for follow-up research.

To validate the accuracy of the wind speed data provided by ERA5,
Wan et al. [27] use the wind speed with buoy 006 deployed by the
China National Marine Bureau during the Ocean Renewable
Energy Special Project in the South China Sea. The research find-
ings indicate that the rootmean square error (RMSE) for significant
wave height (Hs) compared to buoy 001 is 1.79 s, with a CC of 0.80.
Additionally, Wang et al. [28] also confirmed the accuracy of ERA5
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FIGURE 1 | The research area.
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FIGURE 2 | Locations of marine pastures.
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wind speed. These studies collectively demonstrate that ERA5wind
speed data had enough accuracy to be used as the base data for
follow-up research.

2.2 | Methods

2.2.1 | Method of Unified Metric Construction and Key
Site Selection

To identify suitable areas, it is necessary to rely on appropriate
evaluation indicators. Therefore, four evaluation indicators were
constructed: the potential installed capacity (IC), the stability (ST)
index), the availability ratio (AR), and the CO. Each indicator is
designed to reflect the combined distribution of wave and wind
energy. In constructing the potential IC index, the units of assess-
ment were first harmonized to make the data more comparable.
However, the assessment process is complicated and inefficient
when usingmultiple indicators across different regions, and it leads
to the unequal importance of these parameters. The allocation of
weights needs to be refined and specified, so a JZC (Equation (1))
is established based on the importance of each indicator. This
improves the flexibility and applicability by determining the
importance of each indicator under different regions. It will deter-
mine the most suitable marine pastures for the development of
both resources.

JZC¼ a × ICþ b × STþ c × ARþ d × CO; ð1Þ

where a, b, c, and d represent the weight coefficients for each
index. For the different characteristics of marine resources across
different marine pasture scenarios, this study assigns different
weighting factors to each of the four parameters for different
marine pastures scenarios. The calculation process of the JZC
is achieved by performing a weighted sum of four key indicators:
IC, ST, AR, and CO. First, the FUCOM method is used to

calculate the weights of each indicator, ensuring the rationality
and consistency of the weight distribution. FUCOM is a weighted
method based on linear programing, and compared to traditional
methods, it has the advantages of reducing the number of com-
parisons and eliminating redundancy, making the weight calcu-
lation more efficient and accurate. Next, the scores of marine
pastures for these four indicators are multiplied by their respec-
tive weights and summed to obtain the comprehensive evalua-
tion—JZC. Through the precise weighting advantage of FUCOM,
the JZC provides a more scientific basis for evaluating marine
pastures development potential, optimizing resource allocation
decisions. The detailed calculation methods for the weighting
factors are provided in Appendix A [29]. Not only do we identify
them, but we also need to select key sites for WECs and WTs
deployment. To rank the development potential of various sites
within a region and identify the site with the highest potential as
the final installation location, VIKOR can effectively address the
multi-criteria conflict present in the four indicators. By calculating
the distance between each option and both the ideal and anti-ideal
solutions, VIKOR finds a compromise solution that ensures the
selected region achieves a more balanced performance across
these four dimensions. This ultimately results in a comprehensive
ranking of the development potential of each site in the critical
development areas, providing decision-makers with more scien-
tific and practical recommendations [30]. The detailed calculation
are methods provided in Appendix B. In this study, we can com-
prehensively consider the factors of the four indicators as well as
their relationships to make decisions. Compared to other algo-
rithms, thismethod is better at balancingmulti-objective conflicts,
focusing on compromise solutions that aim to find a relatively
balanced option across all criteria. It excels in multi-objective
decision-making and evaluation scenarios by prioritizing a more
even performance across conflicting goals. The specific calcula-
tion processes for the four indicators are as follows:

• The potential IC

The potential IC is a combination of potential IC of wave (ICwa) and
potential IC of wind (ICwi). The advantage of using the potential
installed capacities of the two types of energy in this study is that it
standardizes the unit of measurement to kilowatts (kW) when
assessing the abundance of both resources, instead of using differ-
ent units such as wave energy flux (Pwa, kW/m) and wind power
density (Pwi W/m2). By establishing this indicator, wave and wind
energy can be assessed using the same index. It is finally defined to
be calculated as follows:

IC¼ ICwa þ ICwi: ð2Þ

Following the approach introduced byWan et al. [31] to unify unit,
the formula of ICwa is as follows:

ICwa ¼ Pwa × Lonlen ×
Latlen
λ

� �
; ð3Þ

λ¼ gT2
e

2π
: ð4Þ

where Lonlen is the longitudinal extent within the confined area,
Latlen is the latitude extent within the confined area (considering
the latitude’s influence), and λ is the wavelength, which can be
computed based on the wave period (Te). Pwa is the annual

TABLE 1 | National-level marine pastures names.

Number Name

01 Shenglong North Sea area of Rizhao Halong Bay

02 Ruizi the Sea area of Qingdao Zhaitang Island

03 Taoshengyijiu the sea area of Qingdao Lingshan Bay

04 Yiyida the sea area of Qingdao Laoshan Bay

05 Guoxin Southeast sea area of Qingdao Tianhengdao
Island

06 Xinhong the sea area of Rocheng Jinghai Bay

07 Taoyuan the sea area of Rongcheng Sushan Island

08 Dongxing the sea area of Rocheng Boge Island

09 The sea area of Rocheng Chudao Island

10 Yutai the sea area of Weihai ShuangdaoBay

11 Kongji eastern sea area of Yantai Yangma Island

12 Zhongping the sea area of Changdao Xiaoheishan
Island

13 Runfengyuan the sea area of Yantai Tuojidao Bay

14 Kanghua the sea area of Dongying Hekou District
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average wave energy flux, which is a critical parameter for asses-
sing the exploitable potential. Because the coastal waters of the
Shandong Peninsula are relatively shallow and the seabed terrain
is complex, it is necessary to consider the nearshore effects when
calculating wave energy flux, including the coastline or adjacent
islands shielding, bottom dissipation, and so on. Therefore, this
article uses the approach suggested by Wan et al. [31], which is
suitable for calculating wave energy flux across different water
depths to improve the accuracy of the wave power density. The
following formula calculates as follows:

Pwa ¼ E
gTe

2π
tanh kdð Þ

� �
P× ; ð5Þ

where E ¼ 1=16ρgH2
s denotes the wave energy density (J/m2), g

denotes the gravitational acceleration (9.8m/s2), k¼ 2π
λ (m−1), d is

water depth (m), and P∗ ¼ 1
2 ð1þ 2kd

sinh2kdÞ:. Details of the calcula-
tions are given in the literature.

The formula of ICwi is as follows:

ICwi ¼ Pwi × Lonlen × Latlen : ð6Þ

Pwi is the average wind density power.

Pwi ¼
1
2
ρV3 ; ð7Þ

where ρ denotes the density of air at standard atmospheric pres-
sure (1.225 kg/m3), V denotes the wind speed.

• Stability (ST) index

Research has indicated that resource stability is a crucial factor
influencing power plant construction, and a stable resource is
more suitable for energy development. The ST index is expressed
as follows:

ST¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N ∑

N

i¼1
Pwa − Pwa

À Ás

Pwa
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N ∑

N

i¼1
Pwi − Pwi

À Ás

Pwi

; ð8Þ

where N denotes the total number of samples, Pwa;Pwi denote
wave energy flux and wind power density, and Pwa ;Pwi denotes
the mean value. A smaller value for this change indicator sig-
nifies a more stable resource, making it more favorable for
resource collection.

• AR

According to previous studies, for wind energy, the wind power
density of 50W/m2 is considered the minimum benchmark for
evaluating the abundance of wind energy resources. For wave
energy, the wave energy flux greater than 2kW/m is considered
the minimum benchmark for evaluating the abundance of wave
energy resources. Hence, this article utilizes the two criteria as
minimum standards and evaluates them by the ratio of the avail-
able time of resources to the total time the available time of
resources within a year. The AR is expressed as follows:

AR¼Number of hoursPwa> 2kW
m andPwi> 50W

m2

Total number of hours × 100%
: ð9Þ

• CO

If renewable energy sources can complement each other, the power
generated will be smoother, thus reducing the problem of unstable
energy supply caused by fluctuations in a single energy source [32].
The CO between the two can be expressed by the following expres-
sion:

c τð Þ ¼ 1
N

∑
N−τ

k¼1

Pwa kð Þ − Pwa

Â Ã
Pwi k þ τð Þ − Pwi

Â Ã
σwaσwi

: ð10Þ

cðτÞ: indicates the time delay between the two resources. c (0)
denotes the same moment in time, which is important for uniform
power output to the power output and reduced generation inter-
ruptions. Where σwa,σwi denote standard deviation values of the
wave energy flux and wind power density.

2.2.2 | Determination Method of the Best Devices

After identifying the key sites most suitable for development, it is
essential to determine the type of devices to be deployed.Many coastal
cities in China have taken the marine pastures industry as a strategic
emerging marine industry. It is known that Yangjiang City in the
western region ofGuangdong Province poised to initiate the construc-
tion of amarine pastures. The project site is located inYangxi County,
Shaguo Town, south of the sea. At present, the project has carried out
the environmental impact assessment document review publicity. In
this case, the vessel “Penghu” has a capacity of 10,000m3 of cultured
water, and it is estimated that a marine pasture requires about 42
MW/year [33]. Based on the average output power and capacity fac-
tor, the most suitable WECs and WTs are selected for each site. The
average output power is correlatedwith the rated power of the device,
as well as the power matrix of the WEC and the power curve of the
WT. The capacity factor represents the ratio of the average output
power to the rated power, reflecting the actual conversion efficiency
of both devices. The calculation methods are as follows:

Pe wa
¼ 1
100

⋅ ∑
nT

i¼1
∑
nH

j¼1
Pij × fij ; ð11Þ

Pe wi
¼ 1
100

⋅
Z

Cut−off speed

Cut−in speed
f tð Þp tð Þdt ; ð12Þ

Cf wa ¼
Pe wa

Rated power
× 100 ; ð13Þ

Cf wi ¼
exp −

vm
c

À Á
k

À Á
− exp −

vr
c

À Á
k

À Á
vr
c

À Á
k
−

vm
c

À Á
k − exp −

voff
c

� �k� �
; ð14Þ

where Pe wa
;Pe wi

represents the average output power, Pij rep-
resent the power output of the WECs, whose value for wave
energy depends on the specific power matrix of the WECs, as
calculated in [34]. fij represents the frequency of the two energies
under different sea states. For WTs, f ðtÞ: is theWeibull probability
density function, pðtÞ: is the power curve, as calculated in [35].
Cf wa represents the capacity factor of wave. Cf wi represents
the capacity factor of wind; where vr , vm, voff are rated, cut-in, and
cut-off speeds of theWTs, respectively. In article, threeWECs devices
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are chosen: Wave Star, Oyster, and CETO, three WTs are chosen:
SIEMENS (SWT-7.0-154), VESTAS (V164 8MW), and ENVISION
(EN130-4.2). The main parameters are shown in Table 2.

3 | Results

3.1 | Combined Wind and Wave Resource
Characterization and Key Site Selection

In order to analyze the distribution of combined resources for the
four indicators, this study utilizes the indexes from Section 2.2.1,
and the resulting graph is shown in Figure 3. As illustrated in
Figure 3a, the total power index uses Equation (2), revealing that
the southern region is more resourceful than the northern. Par-
ticularly noteworthy are the zones with the most potential for
development, including the city of Rongcheng in Weihai

(100× 107–120× 107 kW), the sea area to the north of Weifang
(80× 107–100× 107 kW), and the sea area to the south of Qingdao
(60× 107–90× 107 kW). As shown in Figure 3b, Equation (8) was
used to calculate the overall change characteristics, revealing that
the sea area north of Weifang has the highest ST index as high as
1.3. Conversely, the ST index of the resources east of Rizhao is the
lowest at about 0.6. It’s noteworthy that there’s a decreasing
trend in the ST index of the two resources from north to south,
indicating that the southern sea area is more conducive to the
development and utilization of resources. As shown in Figure 3c,
it is evident that the resource availability increases as one moves
further away from the peninsula, with the highest percentage of
availability still near the Weihai Rongcheng sea area (0.7–0.8). As
shown in Figure 3d, this article focuses on the instantaneous CO
coefficient (c (0)) [32], which is calculated using Equation (10). It
is observed that the two resources exhibit complete CO in the
northern sea area of Weifang, and they must coexist with a strong
CO (C(t)= 1), which is due to the dominance of waves relative to
winds. In contrast, other areas have a relatively small CO (C(t)≤
0.5) with decreasing CO coefficients as one moves away from the
shore, and the northern has a smaller CO coefficient than the
southern. This leads to a reduction in the correspondence
between the two resources, ensuring stable power output from
the combined wave and wind farms. That is to say that if wave
energy exceeds the maximum power generation, wind energy can
make up for the demand for power output.

Based on the marine pastures application scenario, the range of
potential development areas is between 10 and 30km in accordance
with Section 3.1.1. Because of the overlapping areas of different
marine pastures, those with common areas grouped into large
potential development areas (Figure 4). Considering the proximity
of adjacent marine pastures, there is resource sharing between
them, and the distribution of wave and wind energy resources is
also generally similar. Therefore, we consider adjacent marine pas-
tures as larger study areas. In this article, a total of seven larger study

TABLE 2 | Individual parameters of the WECs and WTs.

Devices SIEMENS VESTAS ENVISION

WTs

Rated power (kW) 7000 8000 4200

Cut-in speed (m/s) 3 4 3

Rated speed (m/s) 13 13 12

Cut-off speed (m/s) 25 25 25

Rotor swept area (m2) 18600 21164 13273

Wave Star Oyster CETO

WECs

Rated power (kW) 600 800 260

Suited water depth (m) 10–30 15 20–50
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FIGURE 3 | (Continued)
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areas (A–G) were delineated. Among these areas, there are three
marine pastures in areas A and C, two marine pastures in areas B
andE, and onemarine pasture in areas D andG.Within these larger
study areas, we will select a site to deploy devices and provide
power to all marine pastures. The benefit is better management
of energy supply and the ability to share energy transmission
infrastructure, thereby reducing construction and operational
costs.

To select the most advantageous areas for developing the
resources. The FUCOM methodology mentioned in Section 2.1
was used in this study. Smaller study sites measuring
0.125× 0.125 were established in each larger study area. Within

each larger study area, the JZC value of each smaller research site
is calculated first, and then the sum of all JZC values of the
smaller research sites is taken as the final result for that study
areas. The number of smaller study sites within each larger study
area was contingent upon the dimensions of the seven larger
study area. To ensure comparability among study areas with
the same research dimensions and to reduce biases introduced
by differences in the number of sites, we separated the analysis
into two groups based on different site quantities. This approach
allows for a more accurate assessment of the characteristics and
outcomes of each area. After calculating the 17 smaller sites in
regions A, C, and F, and 11 sites in B, D, E, and G for evaluation,
respectively, the weights of the four indexes in different potential

39˚N
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FIGURE 3 | Exploitable area: (a) total installed capacity (IC), (b) stability index (ST), (c) availability ratio (AR), and (d) correlation index (CO).
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FIGURE 4 | Potential development area.
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development areas can be calculated. The specific results (two
decimal places reserved) are shown in Table 3.

The results show that C (JZC: 10.98) and A (JZC: 8.62) are selected
among A, C, and F, D (JZC: 5.99) and E (JZC: 8.49) are selected
among four areas, B, D, E, and G. Four areas, A, C, D, and E, were
identified as critical development areas.

However, what we needmore is to identify themost optimal sites for
the deployment of WECs andWTs in the critical development areas.
In thisarticle, we use the VIKORmethodmentioned in Section 2.1 to
rank all the smaller study areas in each of the dominant areas, priori-
tizing the locations. The different sites are named sequentially in
order from top to bottom and left to right. The VIKORmethod result
value Q and the final location alternatives are shown in Table 4.

According to the ordering of each site in the four regions, this article
selects one site as key site in each region respectively, which are A7

(119.75°N, 35.5°E), C6 (122°N, 36.75°E), D10 (122.5°N, 37.125°E),
and E5 (121.5°N, 37.625°E). The specific locations are shown in
Figure 5.

3.2 | The Synergy Between Offshore Wind and
Wave Energy at the Key Sites

The synergy between the two resources reduces the uncertainty
when relying on a single energy source and enhances the efficiency
and reliability of energy utilization. The cross-CO factor quantifies
the relationship between two resources. If there is a low CO or time
lag between the two at zero time, utilizing the complementary
advantages between the two can effectively reduce the variability
in power output. As shown in Figure 6, the CO between wave
height and wind speed at different times was calculated. It can be
seen from the figure that the CO between the four stations at zero

TABLE 3 | Weights of each indicator.

Potential development area a b c d JZC

A 0.33 0.20 0.33 0.14 8.62

C 0.19 0.55 0.14 0.12 10.98

F 0.26 0.20 0.32 0.23 7.87

B 0.29 0.29 0.17 0.26 5.84

D 0.18 0.31 0.21 0.31 5.99

E 0.27 0.22 0.60 0.15 8.49

G 0.32 0.21 0.21 0.26 5.33

TABLE 4 | Ranking of sites alternatives.

Region

A C D E

Key sites Q Key sites Q Key sites Q Key sites Q

Top1 A7 0.021 C6 0.000 D10 0.028 E5 0.000

Top2 A8 0.022 C7 0.007 D9 0.147 E8 0.443

Top3 A9 0.053 C10 0.014 D3 0.458 E9 0.444

Top4 A12 0.069 C11 0.025 D4 0.468 E6 0.852

Top5 A16 0.097 C12 0.029 D5 0.479 E1 0.855

Top6 A15 0.100 C8 0.128 D8 0.496 E7 0.858

Top7 A17 0.114 C13 0.134 D11 0.595 E2 0.859

Top8 A2 0.771 C9 0.141 D1 0.630 E3 0.862

Top9 A1 0.784 C14 0.146 D2 0.731 E11 0.863

Top10 A3 0.817 C3 0.156 D7 0.774 E10 0.995

Top11 A5 0.834 C4 0.158 D6 1.000 E4 0.999

Top12 A6 0.841 C2 0.211 — — — —

Top13 A4 0.851 C5 0.224 — — — —

Top14 A11 0.862 C15 0.287 — — — —

Top15 A10 0.868 C16 0.300 — — — —

Top16 A14 0.957 C17 0.304 — — — —

Top17 A13 1.000 C1 1.000 — — — —

10 of 18 International Journal of Energy Research, 2026

 ijer, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/er/8816271 by B

attelle M
em

orial Institute Pacific N
orthw

est D
ivision, W

iley O
nline L

ibrary on [27/08/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



time is low, with the lowest observed at E5 sites. All stations have a
time delay phenomenon and reach themaximumvalue around 4h,
before gradually decreasing over time.

In addition, wind and wave direction are critical for the deployment
of WECs and WTs, ensuring optimal capture of corresponding
energy.Wind rose diagrams andwave rose diagramswere employed
to analyze the directional patterns of wave energy and wind power
density distribution at four sites (Figure 7). As depicted, at site D10,
more than 20% of wave energy is concentrated in the north (N),
while at the remaining three sites, energy is mainly concentrated in
the south (S) and south–southeast (SSE). Among these, Site A7 has a
relatively concentrated energy distribution, but Site C6 has a more
dispersed distribution, with a maximum value of only 16%.

Regarding wind speeds, at all sites, wind energy exceeding 20%
predominantly originates from the north (N) or north–northwest
(NNW). Except for D10, thewave energy andwind energy directions
at the other three sites at the same location are not consistent, which
brings the benefit that devices can absorb energy from multiple
directions.

Wave condition analysis is pivotal in wave andwind energy develop-
ment, enhancing energy capture efficiency and equipment safety.
Scatter plots for waves (Figure 8a) and energy curves for wind
(Figure 8b) were generated. In Figure 8a, the color scale represents
percentages, with colors corresponding to different percentages,
and the numbers indicate the frequency of occurrences per year
within various wave height and wave period ranges. The most
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FIGURE 5 | Key site location.
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FIGURE 6 | The cross-correlation between significant wave height (Hs) and wind speed (V) and t the time lag.
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common sea conditions have Hs ranging from 0 to 2.5m and Te
ranging from 3 to 8 s. Additionally, sea conditions with Hs
between 1 and 2m and Te between 4 and 6 s contribute more
than 12% to the total wave energy distribution (Figure 8a).
From Figure 8b, it can be observed that at the selected location,
the most common wind speeds range from 6 to 12m/s (>20%).
This wind condition contributes more than 30% to the total wind
energy distribution.

The availability of these two energy sources in different seasons can
be understood by analyzing the monthly average wave energy flux
and wind power density. As shown in Figure 9, for wind power, all
four sites aremost active in January, February, October, November,
and December, exceeding 0.5 kW/m2. For wave energy resources,
site D10 shows a similar phenomenon, exceeding 10kW/m2. For
the other three sites, the most active seasons for wave energy
resources are in July and August and November and December.

3.3 | Determining the Optimal Device and Power
Generation With Different Combinations at the Key
Sites

This article employed the average power output and the capacity
factor to determine the most suitable WECs and WTs
(Equations (11)–(14)). First, we determine the most appropriate
WECs, and the results of the suitability evaluation indexes of each
device on the key site are shown in Table 5. This article takes into
account devices that are suitable for the specific water depth at
each site, where symbols “——” indicate that the water depth of
the sites is not suitable for WECs. The highest average power

output and capacity factor was obtained for Wave Star at all sites,
with the average power outputs were 46.92kW, 65.39 kW, 69.99
kW, and 63.99 kW, respectively, and the capacity factors were
7.82%, 10.09%, 11.67%, and 10.67%, respectively. Thus, Wave
Star was the most appropriate WEC for all sites.

The most suitable WTs are determined, and the results of the suit-
ability evaluation indexes of WTs on the key sites are shown in
Table 6. The highest average power output and capacity factor
was obtained for the SIEMENS (SWT-7.0-154) in sites A7, C6,
and E5, where the average power output was 432.40 kW, 63.99
kW, and 645.40kW, respectively, the capacity factor was 7.19%,
13.03%, and 13.33%, respectively. When assessing capacity factor
at site D10, ENVISION (EN130-4.2) appears to be the optimal
device, with a capacity factor of 23.01%. When assessing average
power output, VESTAS (V164 8MW) appears to be the optimal
device, with an average power output of 1256.80 kW. Similarly,
the site has lower capacity factor values, so priority is given to
average power output. Finally, SIEMENS (SWT-7.0-154) was the
most suitable WTs at sites A7 C6, and E5, and VESTAS (V164 8
MW) was the most suitable WTs at sites D10.

After theWEC andWT are deployed at the key sites, one of the key
points to focus on is the distribution of power generation. If the
equipment is consistently operating at low power output, its utility
value significantly decreases. Therefore, it is necessary to analyze
the duration of time that a certain power output is generated.

In this study, the analysis method involves determining the IC for
four sites, according to the inter-annual generation capacity of one
marine pasture as specified in Section 2.2.2, the total IC of areas A,
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FIGURE 8 | (a) Distributions of total wave energy flux according to significant wave height and wave period for each site. (b) Curve denoting wind

speed and the corresponding wind energy density.
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C, D, and E was specified as 84MW, 84MW, 42MW, and 84MW,
respectively. Then six different scenarios (com1–com6) for the
share of two resources are identified. The first combination
(com1) consists of 100% wave energy capacity (independent wave
farm), and the last combination (com6) consists of 100% wind
energy capacity (independent wind farm). In the remaining combi-
nations (com2–com5), wave energy is increased by 20%, and wind

energy is reduced by 20%. Finally, we analyze the time proportion
of power production for different combinations. The results of the
calculations for each site is shown in Figure 10.

The x-axis represents six different combinations, and the y-axis repre-
sents the proportion of time that specific power outputs occur. Each
combination is depicted with a bar graph showing specific power
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FIGURE 9 | Monthly mean of Pwa and Pwi at four sites.

TABLE 5 | Evaluation indicators for WECs.

WECs A7 C6 D10 E5

Wave Star

Pe wa (kW) 46.92 65.39 69.99 63.99

Cf wa (%) 7.82 10.9 11.67 10.67

Oyster

Pe wa (kW) 6.13 12.57 23.33 12.54

Cf wa (%) 0.77 1.57 2.92 1.57

CETO

Pe wa (kW) — 9.07 10.18 8.96

Cf wa (%) — 3.49 3.92 3.44
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TABLE 6 | Evaluation indicators for WTs.

WTs A7 C6 D10 E5

SIEMENS

Pe wi (kW) 432.40 749.30 1099.70 645.40

Cf wi (%) 7.19 13.02 17.26 13.33

VESTAS

Pe wi (kW) 494.20 856.30 1256.80 737.60

Cf wi (%) 5.39 10.92 19.54 9.02

ENVISION

Pe wi (kW) 328.70 562.40 799.50 487.00

Cf wi (%) 8.72 15.65 23.01 11.02
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FIGURE 10 | Time distribution of the power produced.
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outputs ranging from 0 to 100% of the IC. The graph illustrates that
compared to standalone wave and wind power plants, combined
wave and wind power plants can effectively reduce low-capacity
power outputs (0%–10%). This reduction is most evident at sites C6
and E5, where the Com2 combination decreases the low-capacity
output by 25% and 22%, respectively. Additionally, in wind farms,
certain specific power outputs have a duration of zero; by incorpo-
rating wave energy, power output at all levels can be achieved.

4 | Conclusions

This study analyzed the potential for combined development of
wave energy and wind energy in the coastal areas around the
Shandong Peninsula over the past 15 years. Evaluation indicators
were established to assess the combined resources of two. Based on
this indicator along with considerations of site distances, a meth-
odology for selecting station location is proposed. Meanwhile, a
cooperative operational mode for the two resources was examined
based on their distribution. Furthermore, the distribution of power
generation times for various combinations of WEC andWT at each
site was analyzed. The conclusions are as follows:

1. This article proposes a unified criterion to assess the abun-
dance situation of wave and wind energy. This addresses a
key limitation of previous studies that relied on disparate
evaluation systems. Finally, constructing JZC based on four
metrics of potential IC, stability, AR, and CO, using the
FUCOM method in the Shandong Peninsula national-level
marine pasture. The JZC, with its innovative inclusion of
indicator weights derived from FUCOM and consideration
of optimal station construction distance, significantly
enhances the precision and applicability of site selection. It
can identify potential development areas. Through analysis,
Qingdao andWeihai are more advantageous for the develop-
ment of both types of energy. Among them, regions A, C, D,
and E are the preferred areas for joint development of wave
and wind energy resources. Second, to determine the optimal
sites for powering all marine pasture within each potential
development areas, this study employs the VIKORmethod to
identify the most suitable sites for installing devices. This
approach effectively balances multi-criteria conflicts, leading
to robust and practical site recommendations. Through anal-
ysis, site A7 (119.75°N, 35.5°E) is preferred for marine
ranches of Ruizi, the Sea Area of Qingdao Zhaitang Island
(01), Taoshengyijiu, the Sea Area of Qingdao Lingshan Bay
(02) and Taoshengyijiu, the Sea Area of Qingdao Lingshan
Bay (03). Site C6 (122°N, 36.75°E) is preferred for marine
pasture of Xinhong the Sea Area of Rocheng Jinghai Bay
(06), Taoyuan, the Sea Area of Rongcheng Sushan Island
(07) and Dongxing, the Sea Area of Rocheng Boge Island
(08). Site D10 (122.5°N, 37.125°E) is preferred for marine
ranch of the Sea Area of Rocheng Chudao Island (09). Site
E5 (121.5°N, 37.625°E) is preferred for marine ranch of Yutai
the Sea Area of Weihai ShuangdaoBay (10) and Kongji East-
ern Sea Area of Yantai Yangma Island (11). Installing wave
and wind energy devices at these four sites will supply power
to all marine pasture within each advantageous area, maxi-
mizing resource utilization.

2. At four sites, the two resources exhibit low CO and a 4-h time
lag, which will be beneficial for a more stable power output

when the resources are combined. The monthly volatility of
these two resources at key sites is high, with October, Novem-
ber, and December being the most active months for these
two resources. The most prevalent wave direction is south-
ward, while the most prevalent wind direction is northward.
Additionally, the key sites have a significant wave height (Hs)
between 1 and 2m and wave energy period (Te) between 4
and 6 s, while wind speeds 6–12m/s are the most frequent.

3. Wave Star is identified as the most suitable WEC for deploy-
ment at four sites. ForWT, Siemens (SWT-7.0–154) is themost
appropriate for sites A7, C6, and E5, while Vestas (V164 8MW)
ismost suitable for siteD10. Compared to a standalonewave or
wind farm, specific proportions of installed wave and wind
energy capacity can effectively reduce the occurrence of low
power periods across the entire energy field.

5 | Discussion

This article selects the most suitable site for the joint development of
wave and wind energy in marine pastures off the Shandong Penin-
sula and analyzes the optimal development model for devices at this
site. Compared to existing evaluations of these two energy sources
conducted separately, the overall resource distribution trends are
similar [14–16]. However, our work significantly advances previous
research by addressing several critical limitations.With environmen-
tal preservation as a priority.We standardized the evaluation criteria,
conducted an in-depth analysis of the benefits brought by the com-
bination of the two energy sources, and, by considering specific
application scenarios, conducted a comprehensive analysis of various
indicators. By constructing a JZC, we further optimized the scientific
selection of energy sites and ultimately proposed amore targeted and
practical solution. This integrated approach offers a more holistic
understanding of resource development potential, moving beyond
conventional individual resource assessments.

However, the limitations of this work should not be overlooked.
In future research, efforts should focus on optimizing the opera-
tional and maintenance costs of wave and wind power plants, as
well as the planning of infrastructure to improve economic effi-
ciency. At the same time, research and development of related
technologies and supporting equipment should be prioritized,
alongside strengthening fault prediction capabilities and improv-
ing maintenance efficiency. Furthermore, the introduction of
advanced data processing algorithms, such as machine learning
or deep learning, should be emphasized to further enhance the
scientific level of site selection.
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Appendix A

The FUCOM method’s basic steps are as follows:

The following are the steps for the calculation of FUCOM: whereC1C2C3C4

represent the four indicators of richness, potential installed capacity, stabil-
ity, the availability ratio, and the correlation.

Step 1: Ranking of predefined indexes C¼fC1;C2;……;Cng :

The ranking is based on the highest significance of the criterion to the
lowest, therefore, the criterion of ranking according to the expected value
of the weight coefficients, the equation is shown:

Cj 1ð Þ ≥ Cj 2ð Þ ≥… ≥ Cj pð Þ ðA:1Þ

where jdenotes the priority.

The predefined ranking of indicators for each region is CðAÞ: ¼fC3;C1;C2;
C4g :CðBÞ: ¼fC3;C1;C2;C4g :;CðCÞ: ¼fC2;C1;C3;C4g :;CðDÞ: ¼fC3;C1;C2;
C4g :;CðEÞ: ¼fC3;C1;C2;C4g :;CðFÞ : ¼fC3;C1;C4;C2g:;CðGÞ: ¼fC1;C4;C2;
C3g :

Step 2: Prioritize comparisons of evaluation criteria between attributes
ϕp=ðpþ1Þ; p¼ 1…N

The comparison priority equation for the evaluation criterion ϕp=ðpþ1Þ ¼
CjðpÞ=Cjðpþ1Þ. The comparison is scaled by mapping the data between
[1,9], which ultimately leads to a comparison priority vector of evaluation
criteria with the expression shown:

ϕ¼ ϕ1
2
; ϕ2

3
;…;ϕ p

pþ1

� �
ðA:2Þ

The value of ϕ for each region ϕðAÞ: ¼ð1; 1:67; 1:4Þ:;ϕðBÞ: ¼ð2; 1; 1Þ:;ϕðCÞ
: ¼ð3; 1:33; 1:13Þ:;ϕðDÞ: ¼ð1; 1:5; 1:17Þ :;ϕðEÞ: ¼ð1:33; 1:25; 1:4Þ:, ϕðFÞ: ¼
ð1:20; 1:17; 1:14Þ:, ϕðGÞ : ¼ð1:25; 1:20; 1Þ:

Step 3: Calculate the final value of the evaluation criteria weight
ðw1; w2; …; wnÞT

The conditions satisfied by the weighting factors are as follows:

wp

w pþ1ð Þ
¼ ϕ p

pþ1
ðA:3Þ

wp

w pþ2ð Þ
¼ ϕ p

pþ1
⊗ ϕkþ1

kþ2
ðA:4Þ

Determine the final model based on the defined (A.5)

minχ
vj pð Þ

wj pþ 1ð Þ
���� − φ p

pþ1
≤χ;∀jj

vj pð Þ
wj pþ 2ð Þ
���� − φp= pþ1ð Þ ⊗ φ pþ1ð Þ= pþ2ð Þ ≤χ; ∀jj

∑
n

j¼1
wj ¼ 1; ∀j

wj ≥ 0;∀j

ðA:5Þ

Based on the above constraints on the optimal value, the weights for the
four indicators are determined in the end. The potential development
areas are finally selected.

Appendix B

A VIKOR method’s basic steps are as follows:

Step 1: Standardize the data and identify the ideal solution.

Beneficial indexes:

rij ¼
aijffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑m

i¼1a
2
i j

q ðB:1Þ

Costly indexes:

rij ¼
1
aijffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑m
i¼1 1=aij

À Á
2

q ðB:2Þ

aij is the jth evaluation indexes in the ith sites. In this paper, the positive
ideal solution and the negative ideal solution are both specified as 1: f −j ¼ 1,
fþj ¼ 1

Step 2: Calculate the group benefit value and individual regret value.

Take the positive ideal solution as an example:

Sþi ¼ ∑
n

j¼1
ωj

fþj − rj
fþj − fj

i¼ 1; 2;…;m; j¼ 1; 2;…; ne
Rþ
i ¼maxωjf

þ
j − f −j

i¼ 1; 2;…; ns

ðB:3Þ

largest group utility and the smallest individual:

Si ¼
Sþi
Si

i¼ 1; 2;⋯ ;ms

Ri ¼
Rþ
i

Ri

i¼ 1; 2;⋯ ;ms

ðB:4Þ

Step 3: Calculate the ratio. a denotes the compromise coefficient (a= [0,1]),
which is taken as a¼ 0:5 in this paper.

Qi ¼ a
Si − Simin

Simax − Simin
þ 1 − að Þ Ri − Rimin

Rimax − Rimin
i¼ 1; 2;⋯ ;no

Þ ðB:5Þ

Step 4: Sorting the alternatives

Sort them in descending order according to Qi.
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