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SUMMARY: Carine Renewable Energy (MRE) is making use of many phenomena in the
ocean, such as waves, tides, currents, and thermal or salinity gradients, to supply stable and
reliable power for the transition to a low-carbon world. Review of various sources for
generating electricity and the current situation of important MRE types. Since no single MRE
technology can achieve the best efficiency on its own, integrated multi-energy systems are
being developed more and more frequently. The basic ideas and cooperative advantages of the
above systems are introduced to strengthen integration capacity, increase the stability of
power output, and improve resource utilisation efficiency. In addition, we have identified
several reasons why integrated MREs have not been widely deployed, such as the complexity
of system design, difficulties in coupled modelling, a lack of experimental verification,
problems with operational reliability, and barriers to grid connection. Finally, we will present
some ideas for developing integrated MRE systems in deep-sea exploration, industrial
convergence, and the transition to a sustainable energy future.

KEYWORDS: Marine renewable energy; offshore wind; wave energy; tidal energy; ocean
thermal energy conversion; salinity gradient energy

1 Introduction

With the increase in the world's population and industrialisation, the demand for energy
around the globe is rising at an average rate of 2.4% per year [1]. Although fossil fuels have
supplied the energy needs of society for a long time, their production and use have caused
problems such as resource depletion and environmental damage; over 71% of the Earth's land
and sea have been extensively utilized for energy production. The energy supplied by the
ocean can be classified as marine renewable energy (MRE), and offshore wind power, tidal
power, wave energy, and tidal current power are typical examples of this type of energy [2-5].
MRE has begun to address the problems of climate change and energy security at the same
time [6]. China is a large country with rich and diverse sea areas in the sea. However, the
present way of using marine renewable energy is focused on individual development projects.
Only offshore wind power has reached a stage suitable for large-scale deployment at present
[7-9]. However, the development of deep-sea areas is limited by the problems of power
transmission. The development and application of other types of ocean energy are still in the
early stages of commercialisation or are only at the research and experiment stage.

There are many problems in the areas of technology, economy and environment for the
development of single marine renewable energy (MRE) converters. Ocean thermal energy
converters (OTECSs) are limited to small-scale experimental projects at present [10-13]. Wave
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energy converters are susceptible to corrosion and fatigue; thus, they have a high cost and
irregular operation[3, 14-16]. Although tidal range technology is relatively advanced, it is
limited by geography and tidal cycle conditions, so the ideal deployment area is constrained
[17-19]. Only offshore wind and tidal range technologies are close to being commercially
viable; most MRE systems are still in the demonstration and validation stages, so large-scale
deployment has not been realised. MREs in the environment may harm marine life and reduce
the diversity of marine life [20].

The use of multiple MREs has high efficiency and low cost; thus, they can be combined
[1, 20-23]. In this way, multiple types of MRE can be used to exploit the different advantages
that wave, wind and tidal current energy have in terms of time scale, space distribution and
weather conditions [24]. Therefore, this joint deployment will help stabilise the system output
and alleviate the problems associated with grid connection in a single-source-of-power setup.
It can integrate all kinds of offshore energy consumption scenarios and use different sources
of energy externally in a multi-level, high-efficiency way. The new industrial model has
enhanced the energy utilisation efficiency of energy composition and promoted a
better-for-health development of the marine economy through increased utilisation efficiency.

This paper investigates the application of integrated marine renewable energy and
introduces multi-energy complementarity mechanisms and their corresponding technological
paths. We will conduct an all-encompassing study of the theoretical basis for the joint
development of marine renewable energy (MRE) and explore how different sources of energy
interact with each other in space and time, as well as how they respond to various weather
conditions. Synthesize representative engineering cases from China to deal with the technical
issues of multi-energy complementary systems. We can also consider the expected benefits
the system will bring, such as enhanced stability of production, extended extension of
integration, and a relatively low overall cost.

2 Generation Mechanisms and Utilization Technologies of
Marine Renewable Energy

To learn about the overall development and applications of marine renewable energy (MRE),
the following sections will be introduced to explore the generation mechanisms and utilization
technologies of the main types of MRE in detail.

2.1 Offshore Wind Energy

Offshore wind power is one of the first to be introduced and implemented in the field of
marine renewable energy (MRE) [25]. Offshore wind power is used to generate large amounts
of green electricity by utilising the strong and stable winds over the ocean at offshore wind
farms. It is a necessary and high-growth type of renewable energy that has reached a total of
64.3 GW around the world in 2022. Compared with onshore wind resources, offshore wind is
more available and stable, so it has good power generation efficiency and many development
prospects [26]. Primarily, the rotor blades of wind turbines capture wind energy and rotate
around a hub due to aerodynamic forces. The wind's kinetic energy is converted into
mechanical energy at this time and then delivered by a main shaft to the power-generating
device. Some turbines have added a gearbox to raise the rotational speed, and then connected
a generator to produce electricity. The generated electricity is converted and inverted by
converters, then stepped up through transformers for grid connection, and efficient conversion
and transmission of wind energy are achieved.
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The two main kinds of offshore wind turbines based on their support structures are
fixed-bottom type and floating type. As shown in Figure 1, fixed-bottom offshore wind
turbines are anchored to the seabed with gravity foundations, monopiles or jacket structures,
and are suitable for nearshore areas with water depths of less than 50 metres. It is an older
technology that has been used to build some large commercial buildings. Floating offshore
wind turbines are relatively large in size and generally installed at depths of 60 metres or
more. They have several good points: they can be built in areas without geological or depth
constraints, optimise wind energy collection, and are thus popular topics for research and
application. The following are types of floating turbines based on different types of floaters:
semi-submersible, spar-buoy and tension-leg platforms.
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Figure 1: Different types of offshore wind turbine foundation structures [25]
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2.2 Wave Energy Utilization Technology

Ocean wave energy converters (WECs) are in the process of producing large amounts of
kinetic and potential energy by converting wind action. Based on their energy-conversion
mechanisms, the three types of WECs are oscillating water column (OWC), overtopping, and
oscillating body systems [@ @ﬂ Figure 2 shows some representative wave power projects
in China. For example, the 100 kW demonstration plant of China in Shanwei, Guangdong
Province [@], IS a representative case of this category of WEC. Denmark's Wave Dragon and
the butterfly-shaped overtopping wave energy converter in China are examples of overtopping
types. At the same time, there are also oscillating body types, such as the "Hailing", a
combined oscillating floater by Ocean University of China [@], and the "Nankun", a
megawatt-class floating wave energy converter developed by the Guangzhou Institute of
Energy Conversion.

WECs are gradually being designed for large-scale and array configurations, and therefore,
optimisation of wave energy arrays to maximise power output is required [31, 32]. Some
reasons for the limited effectiveness of these arrays include wave characteristics, propagation
speed and geometric factors; others are device spacing, arrangement structure and orientation
of rows and columns. In addition, the angle of incidence of the waves, interactions between
radiation and scattering at the device level [@], and reflection from nearby coastlines all
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influence the total energy-harvesting efficiency. The Design of a mooring system may also
alter the resonance characteristics of the devices and thus affect the performance of the array.
As a result, many commercial wave energy projects have adopted point absorber wave energy
arrays and have been meticulously planned to promote constructive interference and improve
energy conversion efficiency.

a

Figure 2: Typical Wave Energy Converters [34]

2.3 Tidal Current Energy Utilization Technology
Tidal current converters generate power from the motion of water and drive underwater
turbines [@, @]. They can be divided into three types: horizontal-axis turbines are relatively
high in conversion efficiency and widely used [37]; vertical-axis turbines are adaptable and
less affected by changes in flow direction [40-41]; and other designs, such as oscillating
hydrofoils, have been proposed [42, 43]. Tidal current energy is relatively favourable
compared with other kinds of marine renewable energy sources because it has a constant flow
direction, is highly periodic, and has a high energy density (usually 2-4 m/s) @]; at the same
time, it also has a small environmental impact. Therefore, this has been selected as the
primary power source. However, many tidal current power technologies around the world are
still in the prototype and performance-testing stages, and only a few have been fully deployed
offshore.

Tidal power generation is related to the utilisation of power from tidal currents, and both
rely on changes in the sea level caused by the gravitational pulls of the Moon and Sun. The
two kinds of energy are regular and stable in time. Tidal range power generation uses the
change in sea level due to tides to produce electricity. Typically, tidal barrages are used to
collect water in this way, and then, during the ebb and flow of the tide, that water is released
through turbines to generate electricity. A typical case in China of this technology is the
Jiangxia Tidal Power Station [@, which has an installed capacity of 4.1 MW and uses a
single-basin power generation system, as shown in Figure 3.
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Figure 3: Schematic Diagram of the Principle of Ocean Tidal Current Energy Utilization
Technology [45]

2.4 Ocean Thermal Energy Converters

Ocean thermal energy conversion (OTEC) generates electricity by using the temperature
difference between warm surface seawater and cold deep seawater to operate a heat engine
, @]. The OTEC has heat exchangers filled with a phase-change material. The three types
of existing technical routes are open-cycle, closed-cycle and hybrid-cycle systems [M]. As
shown in Figure 4, open-cycle systems directly vaporise the surface seawater, and the
resulting steam powers a turbine for electricity generation before being condensed using cold
deep seawater. This way will generate electricity and make fresh water at the same time,
providing energy and drinking water [@]. However, problems such as low energy efficiency,
significant heat loss and high-sealing requirements for the equipment have not been
addressed.

Closed-cycle systems are low-boiling-point working fluid heat-transfer media, such as
ammonia [11, 49]. Heat and steam are produced by warming the seawater in heat exchangers,
and then these drive turbines for power generation [@\]. Then, they are condensed back into a
liquid state by cold seawater in a closed system. This Design is very suitable for installation in
remote areas of the ocean and will have better stability and conversion efficiency. A
hybrid-cycle system combines the advantages of both open-cycle and closed-cycle systems to
produce electricity and water simultaneously. However, they generally have more complex
structures and are relatively expensive to build and maintain.
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Figure 4: Schematic Diagram of the Ocean Thermal Energy Conversion Technology

2.5 Salinity Gradient Energy Utilization Technology

Salinity-gradient energy refers to the difference in salinity between freshwater and seawater,
and it is a type of renewable energy [51-53]; it generally occurs at the meeting point of a river
and the sea, a tidal inlet [54]. Chemical potential energy at different salinities can be
converted into electrical energy by a membrane-separator or electrochemical device.
Currently leading SGE conversion technologies are pressure-retarded osmosis (PRO), reverse
electrodialysis (RED), capacitive mixing (CapMix) and hybrid systems. As shown in Figure 5,
PRO technology is a semi-permeable membrane used to separate seawater and fresh water.
Osmotic pressure pushes water through the membrane on the side with low water content to
the side with high water content, and thus generates power. PRO has a relatively high
theoretical power density of up to 5 W/m=but it is not feasible to apply in practice due to
problems such as membrane fouling, reduced osmotic efficiency, and the complexity of
pressure systems. On the other hand, RED systems are selective ion-exchange membranes
that generate electricity by creating an electrical potential difference between freshwater and
seawater as they pass through a stack of membranes. Although RED has shown good results
in the lab, it is not yet commercially viable due to the high cost and instability of the
membrane. CapMix technology has also received some attention recently for extracting
energy by changing capacitance at the electrode interface. Although they have a relatively
small size, their power density is still relatively low and are only suitable for small-scale
sensor power supply.

SGE is still in the prototype and experimental validation stage, and many problems have
arisen, such as the long-term stability of the membrane material, cost control, etc. Further
research and development are to be carried out in the following areas: localisation of core
components, prevention and control of membrane fouling, and optimisation of operation.
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Figure 5: Schematic Diagram of the Principle of Salinity Gradient Conversion Technology
[55]
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2.6 Offshore Solar Photovoltaic Power Generation

Photovoltaic power generation is based on the semiconductor photovoltaic effect [56, 57],
and it converts solar energy into electricity. Traditional land-based photovoltaic systems are
generally built in hilly or open areas, thus consuming a large amount of land resources (a 1
MW photovoltaic system requires about 1.6 hectares of land) [58], and are subject to
problems such as high component operating temperatures, partial shading and dust
accumulation; all of which reduce the power generation efficiency. To address the scarcity of
land and enhance the power-generation capabilities, offshore photovoltaic technology has
begun to appear. As shown in Figure 6, offshore photovoltaic systems connect conventional
photovoltaic panels with floating marine platform foundations to conduct power generation
activities on the water surface [@I]. These systems are able to conserve land resources and, at
the same time, exploit water-cooling effects and strong light-absorption qualities to achieve
about a 10% improvement in power-generation efficiency over land-based systems @ @].

Several projects have already shown that offshore photovoltaic systems are feasible. For
example, DNV GL has put forward a SUNdy system with adjustable floating mats for
thin-film photovoltaic modules arranged in a hexagonal array, and it can be scaled up to tens
of megawatts in the future. Some studies have been conducted that directly attach
photovoltaic films to neoprene foam boards to reduce the need for buoy supports [45] and
thus lower the total weight and mooring load. The above studies show that flexible floating
structures are more suitable for handling various kinds of bad weather at sea, but research in
this field is still in its infancy.

Connections to Other Transmission
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Figure 6: Components of a Floating Photovoltaic System[@]

3 Integrated Marine Renewable Energy Utilization Practices

With the continuous progress of research on the application of integrated MRE, wave energy,
tidal energy, offshore wind energy and other types have all shown great development potential
and economic value [@I]. Recently, both at home and abroad, many institutions have launched
many projects to promote the integrated development and use of MRE [@ @\].

3.1 Wind-Wave Complementary Power Generation

Both wind and wave energy are due to changes in the motion of the wind field, but they are
expressed differently. Wind power generation systems are highly sensitive to changes in wind
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speed and have a strong fluctuating response. Wave energy systems are affected by the
long-term accumulation of changes in the wind field over time and space; thus, they have a
significant response lag and output discontinuity [@]. Temporally speaking, the two are
naturally complementary and have a sequential peak-shifting pattern: *Wind first, wave later"
and "wind subsides, wave continues".

Given the above complementary features, integrated wind-wave systems have attracted
the attention of many scholars [. Wind turbines and wave energy converters (WECSs) are
used together to form a structural synergy and a coordinated energy-collection system of a
hybrid energy platform with both spatial and temporal complementarity. At the foundation of
the theory of wind-wave complementarity is the dynamic accounting of different fluctuations
in wind and wave resources to achieve stable power output and improve the overall operating
efficiency of the system in supporting a stable and sustainable energy system.

Figure 7: 3D rendering drawing of the wind energy converter and wave energy converter

[68]

Currently, research on integrated wind-wave energy systems is in the early stages of
exploration around the world. Cheng et al. [@] based on the STC concept to replace the
horizontal-axis wind turbine with a vertical-axis wind turbine and built a fully coupled
aero-hydro-servo-elastic model in SIMO-RIFLEX software. Based on the above experiments,
the annual electricity generation of a combined floating wind turbine is 7% higher than that of
a standalone floating wind turbine. To further improve the power-capture efficiency of the
system, multi-column semi-submersible floating wind turbine platforms that can integrate
more WECs have begun to draw the attention of scholars. Wang and others [@] have
extended the SFC concept to build a coupled dynamic model of a multi-column
semi-submersible floating wind turbine integrated with a single heaving-type WEC. Based on
potential flow theory, they have studied the impact of various WEC damping parameters on
the power-capture efficiency of the integrated system. Based on the above research, the
optimal damping parameter (1500kN s/m) was selected to maximise power extraction, and it
was observed that both relative heave and pitch motions of the coupled structure increase
linearly with an increase in regular wave height.

The above studies show that while coupling WECs with wind turbines can increase the
efficiency of wind-wave energy harvesting, the motion characteristics of the wind turbine
platform are also modified. Most platforms have had a relatively small increase in platform
surge due to WECs. At the same time, most studies have shown that WECs tend to increase
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the heave motion of the platform substantially. This may be due to the widespread application
of heaving-type WECs in wind-wave coupling design, which need a large heave motion for
effective wave energy absorption and thus increase the heave amplitude of the platform.
Nevertheless, some research has also indicated that the performance and loads of the wind
turbine itself are not substantially changed due to an increase in platform heave motion and
acceleration [71].

In short, time-of-arrival alignment of wind and wave energy provides theoretical support
for building coupled power-generation systems. Many studies have confirmed the good effect
of combined wind-wave platforms in improving the stability of power generation and energy
collection efficiency. However, problems such as complex system-structure coupling, load
amplification effects and optimisation of Power Take-Off (PTO) parameters have not been
fully resolved.

3.2 Wind-Solar Hybrid Power Generation

A wind- and solar-combined power generation system is built that can also operate in
conjunction with both wind and solar resources. The foundation of this is mainly based on the
temporal complementarity of resources; that is to say, due to the different spatial and temporal
distribution characteristics of wind and solar energy, they can be used together. According to
the resource considerations mentioned in [72], wind power and solar power show significant
differences in day-to-day and night-to-night energy output due to the variation in atmospheric
pressure and topography for wind power, and other environmental factors for solar power. The
two are complementary in time: PV generation is relatively high in the daytime, and wind
power can be used at night or when there are clouds and rain to help stabilise the total output
power of the system. Wind- and solar-power are suitable for remote areas, microgrids and
off-grid systems, and can enhance the stability of power supply and reduce costs.

At home, researchers have focused more on the adaptability and control strategy
optimisation of wind-solar hybrid systems in practice. As early as 1992, China built its first
practical wind-solar hybrid system in a pastoral area of Inner Mongolia and achieved stable,
uninterrupted power supply. Later, studies have gradually expanded to cover system setup and
controller design/energy storage optimisation.

3.3 Complementary Electricity Generation from Wave and Tidal-
Current Energy

Wave energy and tidal energy are representative types of marine renewable energy that have
natural complementarity in their sources of energy, time characteristics and output stability
(Figure 8). Tidal power is caused by the pull of the Moon and Sun, so it is relatively constant
and can be used to provide continuous electricity for a long time. On the other hand, wave
energy is subject to the variation in wind fields and weather, has a relatively high
instantaneous energy density, but is also prone to fluctuation and thus less stable power output.
As a result, wave energy and tidal energy systems can be combined to create a "fluctuation
plus steady-state™ type of dynamic with stronger energy collection and a relatively stable,
reliable power output.

These energy sources are often located near each other in space, such as in coastal straits,
bays and continental shelf areas, and thus are suitable for joint development and cooperative
electricity generation. The above spaces will provide a strong theoretical support for unified
platform construction, multi-source integration and intensive resource allocation.

Research on the complementary electricity generation of wave and tidal energy is still in
its infancy, and a typical representative is the Hybrid Wave-Tidal Energy Conversion
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(HWTEC) system. Chen and Wu have systematically studied the current situation of HWTEC
technology in their research [\g\] and provided a basis for equipment design, coupling
modelling and testing. They indicate that current research is mainly in the form of linear
models, with a significant lack of studies on nonlinear dynamic responses and real-sea tests;
thus, improvements in the stability of power output and the design of power-capture systems,
such as PTO systems, are needed.

Muliawan et al. have proposed a TIWAG concept system that can deploy wave energy
converters and tidal turbines in parallel on the same platform, thus achieving dual-input
parallel generation mode [@]. According to the simulation results, the system has improved
output stability compared with that of a single-energy device and is therefore highly
promising for synergistic power generation. Saeed et al. [74] have developed a small-scale
hybrid energy-harvesting system that combines a buoy-type wave energy converter and a
vertical-axis tidal turbine, and in physical model tests, demonstrated its stable output even
under low-power conditions. This study provides experimental data and engineering support
for developing a small-scale wave-tidal hybrid power system at a marine monitoring station.

In short, although the joint development of wave and tidal energy is still in the initial
stages, some problems have been identified and certain future directions have been proposed
in previous studies. Chen and Wu offer the fundamental theory for this, and both the TIWAG
system and Saeed et al.'s hybrid system demonstrate that synergistic generation can be both
stable in output and energy-efficient. The above studies have provided a strong theoretical and
practical support for the development of high-stability, high-efficiency multi-source
complementary power generation systems.

Figure 8: Representative Multi-energy Complementary Platforms in China

4 Key Scientific and Technological Challenges

Although multi-energy complementary marine power generation systems show good
development prospects, they are limited by several factors, such as complex system design,
unclear coupling mechanisms, and weak operational support capabilities, and significant
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technical bottlenecks still exist overall. These can be specifically listed as the following
categories of main problems:

4.1 Operational Support and Economic Challenges

Although there have been significant developments in energy collection and device-level
technologies recently, downstream energy storage and grid connection are relatively
underdeveloped and have become serious constraints on the large-scale deployment of
integrated marine renewable energy (MRE) systems. Multi-energy systems are generally
unstable in power supply and have complex load -characteristics, thus requiring
high-efficiency and reliable support technologies.

Hydrogen energy storage is still in the research phase and has problems with corrosion,
high humidity and high-pressure environments at sea, and technical bottlenecks in
compression, liquefaction and transport [75]. Electrochemical storage needs to be
economically feasible and flexible for application. Marine Environments are detrimental to
battery life and require expensive protection. The storage configuration and battery selection
have not yet been optimized for the outputs of the multi-energy system, and high unit costs
prevent large-scale implementation.

At the grid connection point, the power characteristics of multi-energy systems are
non-linear and non-stationary; therefore, advanced control technologies are required. The
original converter has problems under these conditions and is therefore unstable. There are no
dynamic power-balancing mechanisms and intelligent energy-management strategies to
improve power quality and meet grid-code requirements.

It will also be difficult to run and maintain in the future. Manual inspection methods are
not feasible, and environmental impact assessments are still basic. Intelligent Operation and
Maintenance, along with a system of multi-dimensional environmental protection, will be
implemented. In the future, the following directions will be taken to construct integrated
frameworks of "structure, ecology, function and intelligence” through interdisciplinary
cooperation and overcome the current constraints to promote the high-quality and sustainable
development of multi-energy MRE systems.

4.2  Ecological Challenges

As the engineering application and multi-functional integration of the integrated MRE use
platform continue to develop, all kinds of environmental problems have also emerged and
need to be dealt with promptly.

Marine biofouling: The growth of organisms such as barnacles, mussels and algae on the
surface of the energy device increases surface roughness, changes the local flow field, and
thus reduces the energy conversion efficiency. The structure will also deteriorate; at the same
time, biofouling will alter sensor data and cause malfunctions in all parts of the equipment.
Current countermeasures include antifouling coatings, biocidal agents and mechanical
cleaning; they have achieved some control but are limited by a short service life, high labour
costs, high investment, and environmental risks. The above deficiencies are not suitable for
the operating conditions of a large-scale offshore platform.

Noise Interference and Wake Effects: Multi-energy systems produce relatively high levels
of noise and wake perturbations during operation. Wave energy converters, tidal turbines and
wind turbines are all mechanical and electromagnetic noise sources at various frequencies;
they can harm the behaviour of fish and marine mammals, and also interfere with nearshore
communication and navigation systems. A change in the flow regime of the array will change
the local ecosystem, alter sediment transport, and thus harm the life support system of other
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areas.

Cumulative Environmental Impacts: Large-scale construction of multi-energy facilities
may cause cumulative damage to the marine environment through various routes, such as
construction noise and electromagnetic fields in the underwater region, collision risks for
marine life, habitat alteration, and changes in coastal water supply and sediment flow. Few
comprehensive environmental impact assessments have been conducted for the new
multi-energy technologies. An all-around study needs to be conducted on the ecological
damage and the development of full-life-cycle monitoring plans and targeted countermeasures
for ocean energy development to promote sustainable development of the ocean energy
industry.

5 Future Development Trends and Prospects

The development of large-scale, rapid-progressing, and nearshore deployment multi-energy
complementary marine energy systems in China has been supported by strong industrial
foundations and favourable policies. At present, most of the first-tier projects are in the
nearshore wind-solar and wind-wave hybrid energy categories to expand island power supply
and promote high-quality economic development. The speed at which the demonstration
projects are being rolled out has been higher than in Europe and the US for similar projects. In
the areas of demonstration scale and multi-functional integrated use, especially in fishery
hybrids and nearshore platform construction, China has developed certain advantages and
shown some positive results in its early days.

European and American multi-purpose platform technologies are relatively advanced, and
development priorities have shifted to deep-sea and high-value applications. The above
systems have coordinated operation, functional differentiation and ecological sustainability.
The international projects have developed a system of strengths for dealing with the deep-sea
extreme environment, maintained a high standard of ecological protection, enabled
long-distance power transmission, and advanced high-end equipment manufacturing, resulting
in a clear lead in technical excellence and application depth.

At present, the technical path of domestic multi-energy systems generally follows the
pattern of "single-device validation - functional integration demonstration - multi-energy
integration exploration”. However, progress has been limited by insufficient industrial chain
coordination and the lack of a unified standard system, resulting in a fragmented approach to
laboratory research, testing platforms, offshore validation, and commercial application. On
the other hand, the projects in Europe and the United States have generally followed a more
regular pattern of "foundational theory - pilot platforms - long-term real-sea testing -
standardised application” and have achieved more integrated development.

China's policy and management model is mainly "special projects plus local pilots".
Although the government has paid more attention to it, there have been no standardised
national technical norms, unified ecological assessment criteria, and integrated sea-use
coordination mechanisms for large-scale implementation. The European Union has
established an all-encompassing policy system for promoting the synergy of technology and
the environment through the Horizon 2020 programme. In line with foreign standards and
supported by a simplified approval system, many large-scale cross-border projects have been
realised recently.

In short, China has laid a good foundation for the multi-energy complementary marine
energy power generation technology. In the future, the following tasks will focus on key areas
to accelerate the progress of technology development: showing deep-sea engineering,
improving coordinated control systems, and building all-round standards. Strengthen

12



INGEGNERIA SISMICA — INTERNATIONAL JOURNAL OF EARTHQUAKE ENGINEERING

cooperation with the outside world to obtain new technical expertise and other resources;
improve the design and manufacturing ability of the platform for integrated marine new
energy; and build an economic platform that supports a multi-energy circular economy. The
above are the requirements for promoting the high-quality development and large-scale
application of China's multi-energy complementary marine energy technology.

With strong support from the central government, the efficiency, intelligence and
environmental friendliness of multi-energy complementary systems for marine renewable
energy will all increase. In the future, integrated systems of "mooring-platform-multi-energy
devices" will gradually combine motion coupling effects with precise stability control. The
construction of new pilot platforms will help speed up the application of research and
development to increase the energy storage function and grid-integration adaptability of these
systems. New-generation technology will be introduced to enhance the operating efficiency
and environmental friendliness of the platform through robot inspection and real-time
monitoring. The above will promote the commercial operation of offshore renewable energy
projects, help ensure the long-term stability of the energy supply system, and support the
implementation of the national marine power strategy.

6 Conclusion

Systematically study the present situation of Marine Renewable Energy (MRE), such as
different types of energy and their technology maturity levels, and engineering application
directions. It has obvious shortcomings as a single-technology system, such as fluctuating
power output, resource constraints at a specific site, limited environmental conditions, and the
inability to develop a single-energy system; thus, in order to improve the stability and
efficiency of resource utilization in a power system, multiple energy sources need to be used.
Integrated configurations, such as wind-wave and wave-tidal and wind-solar hybrids, have
shown excellent synergy in many areas of the sea.

Based on a review of recent research abroad, a few advantages of multiple-energy
integrated platforms have been identified: higher overall energy utilization efficiency, reduced
levelized cost of electricity (LCOE) through shared facilities, lower operational and
maintenance costs, and extended functions beyond electricity production. These systems have
shown good results in applications such as island microgrid power supply and deep-sea
integrated energy islands, as well as multifunctional ocean platforms for energy production
combined with aquaculture, desalination or marine observation.

Despite the above prospects, several critical factors continue to limit the development of
these systems: The demand for high structural reliability in prolonged use under severe
conditions in the ocean; deficiencies in current methods for modeling complex coupled
systems; difficulties in intelligent dispatch and real-time control of diverse energy sources;
gaps in coordinated energy storage and grid integration technology; and the lack of
all-encompassing frameworks for evaluating cumulative ecological damage.

The future direction of research should focus on improving our understanding of
multi-energy coupling mechanisms, strengthening the modelling capability of complex
marine energy systems, and speeding up the progress from laboratory verification and
pilot-scale trials to large-scale engineering demonstration in a real-sea environment. In the
future, the integration of marine multi-energy complementarity will serve as the basis for
developing deep-sea energy and blue economy, reaching the goal of carbon neutrality. To
build a high-quality, all-weather and large-scale power system in the future, highly adaptable,
integrated and highly scalable marine power systems will be deployed strategically.
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