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Abstract: As society continues to develop, the demand for, and dependence on, energy
for production and daily life activities are constantly increasing. Driven by environmental
awareness and limited land resource, people have begun to reduce their dependence on
fossil fuels and turn to the ocean for energy. Oceans contain vast and abundant energy
resources, such as waves, tides, temperature differences and salinity gradients, all of
which can be used for power generation. These resources are clean, efficient, renewable
and inexhaustible, making them reliable “blue energy sources”. In addition, they are
also generally not limited by land use areas, meeting the need for sustainable energy
development. This article summarizes the technical characteristics of ocean energy, such as
wave, tidal curre1nt, tidal, temperature difference and salinity gradient energies, and combs
through the technological forms of different ocean energies, respectively. It also summarizes
the development status of the ocean energy industry, and analyzes the industrial maturity
of wave energy, tidal energy, etc, predicts future ocean energy development trends, and
highlights the influence of ocean energy on sustainable development. We hope that this
article provides a reference for scholars and institutions that dedicated to the research and
development of ocean energy.

Keywords: ocean energy; renewable energy; energy development; sustainability

1. Introduction
The ocean not only provides humanity with shipping, food and minerals but also

contains renewable energy that is inexhaustible and endlessly available. As society evolves
rapidly, the demand for energy increases annually. The pollution and non-renewability
of traditional fossil fuels no longer meet the sustainable development needs of human
society in the new era. Therefore, clean, pollution-free, renewable, widely distributed and
land-non-occupying ocean renewable energy has become an important means of alleviating
the problems caused by fossil fuels and satisfying the high-quality development needs of
society [1,2].

Ocean renewable energy refers to the generation of electricity through the utilization
of kinetic energy, temperature differences, salinity gradients and other resources contained
within the ocean. They mainly include wave energy, tidal current energy, tidal energy,
temperature difference energy and salinity gradient energy (Figure 1) [3,4]. Owing to
the renewable nature and environmentally non-polluting advantages of ocean renewable
energy, as well as its immense potential for development and utilization, it has garnered
worldwide attention and has become a global research focus.
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Figure 1. Classification of ocean renewable energy technology.

After long-term exploration and research by enterprises and institutions, ocean renew-
able energy power generation technology has generally reached the stage of demonstration
applications but has not yet completely achieved large-scale commercial application. More-
over, the technological pathways and forms of ocean energy utilization is various and
different, and progress in development and application is out of sync. Overall, the ocean
renewable energy industry is in an accelerated development stage. This article provides
a systematic summary of the development of ocean energy technologies. It summarizes
the classification, technical characteristics and current applications of ocean energy tech-
nologies. While this article also analyzes the policies, economic viability, markets and
operational aspects of the ocean energy industry. Furthermore, it concludes with a discus-
sion of development bottlenecks and trends of ocean renewable energy, highlighting the
importance of ocean energy to sustainability and offering suggestions for development.
It is hoped that this article will provide support for technological research and industrial
development of ocean renewable energy.

2. Overview of the Development of Ocean Renewable Energy Technology
Ocean renewable energy is renewable and environmentally friendly. The forms of

energy that utilize ocean kinetic energy, such as wave and tidal energy, exhibit certain
natural fluctuations. Seawater has a higher mass density than air and therefore contains
more kinetic energy. Consequently, the power-generation capacity should be higher than
that of wind energy theoretically. Temperature and salinity difference for power genera-
tion, have relatively less variability. However, the industry chain is not yet ready at the
current stage, and the initial construction costs are high, thus, ocean energy has not been
applied on a large scale. With continuous in-depth research and long-term investments
by research institutions, ocean energy technology is becoming increasingly mature. After
overcoming the challenge in present demonstration application stage and achieving certain
technological breakthroughs, it will be applied on a large scale.
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Progress in the development of different ocean renewable energy technologies varies
significantly. Wave energy, tidal current energy and tidal energy have developed rapidly to
be mature. The large-scale applications are expected soon. However, temperature difference
energy and salinity gradient energy technologies still require further development before
they can meet the standards for industrial applications.

2.1. Wave Energy

Wave energy devices transform the kinetic and potential energies of surface waves
into another form of energy [5]. These energies mainly originate from the wind blowing
on the sea surface. Wave energy generation devices capture the horizontal, vertical or
rotational movement of waves and convert this mechanical energy into electrical energy.
Wave energy generation has tremendous application potential, particularly in coastal areas
which are rich in wave resources. It can provide electricity to isolated islands, offshore
facilities and coastal communities, results in reducing dependence on fossil fuels.

2.1.1. Working Principle and Classification of Wave Energy

The basic principle of wave energy technology (Figure 2) is as follows. The conversion
of wave energy from energy capture to electricity generally involves three stages. The
first stage is the conversion of the wave energy into the energy forms required by the
transmission system, through the motion of the energy-capturing mechanism under the
waves. The second stage is the conversion of the energy captured by the energy-capturing
mechanism through the transmission system into the energy form required by the generator.
The third stage is the output of energy in the form of electrical power through devices such
as generators [6,7].

Figure 2. Schematic diagram of the basic principle of wave energy power generation devices.

Wave energy can be classified into fixed and floating types based on the installation
form. Installation locations can be categorized as shore-based, nearshore or offshore wave
energy [8–10].

Based on different first-level energy conversion systems, wave energy can be divided
into oscillating water columns (OWC), oscillating bodies and overtopping types as shown
in Table 1. The OWC-type wave energy power generation device utilizes the rise and fall of
waves to drive the oscillation of the water column with air compressed and flowed in the
air chamber. The airflow causes the turbine to rotate, which, in turn, drives the generator
to produce electricity. The OWC-type wave energy power generation device is mainly
composed of basic components such as air chamber, turbine and generator, etc. This device
is adaptable to waves of different frequencies and amplitudes, and at the same time, the
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device does not produce greenhouse gas during operation, which has less impact on the
marine ecological environment. Moreover, its structure is partly hidden underwater and
has less impact on the marine landscape, and it can be combined with marine infrastructure
such as harbors and breakwaters, which improves the utilization rate of marine space. An
oscillating body is a device that converts wave energy into mechanical energy using a
single or multiple degree-of-freedom motion of the energy-capturing mechanism under
waves. Oscillating body type wave power generation device mainly consists of oscillating
floats, transmission system and generator and other components. Compared with some
other types of wave power generation device, oscillating body type wave power generation
device has higher energy conversion efficiency, and can adapt to harsh sea conditions. At
the same time, this type of power generation device is relatively easy to maintain, and the
corresponding costs are relatively low [11,12]. The overtopping type mainly uses the wave-
focusing effect and overtopping action to convert wave energy into electrical energy The
overtopping type wave energy power generation device mainly consists of wave gathering
structure, water reservoir, turbine and generator, etc., which has the characteristics of steady
power generation and high stability, and the parts of the device, such as wave gathering
structure and water reservoir, are relatively sturdy and not easy to be affected by impacts
and damages of waves, which reduces the possibilities of failures due to damage of the
parts [13–16].

Table 1. Classification of common wave energy generation technologies.

Classification Technical Form

Working principle Oscillating water column type, Oscillating body
type and Overtopping type

Installation form Fixed type, Floating type
Installation position Shore-based type, Nearshore type and Offshore type

Wave energy absorption type Attenuator type, Point absorption type and
Terminator type

Energy transfer mode Pneumatic type, Hydraulic type, Mechanical type
and magnetic type

Second-level energy conversion systems can be divided into pneumatic, hydraulic,
mechanical and magnetic types. The pneumatic type uses the pressure difference generated
by the motion of wave energy through pneumatic effects to drive gas circulation within a
device, thereby pushing turbines or generators to produce electricity. The hydraulic type
converts the captured wave energy into high-pressure hydraulic energy to drive hydraulic
motors that generate electricity using a generator. The mechanical type directly drives the
mechanical gears or linkages to convert the captured wave energy into mechanical energy
to drive the generator. A magnetic wave energy power generation device uses a permanent
magnet linear generator to directly convert the vertical kinetic energy of the wave energy
into electrical energy, bypassing intermediate energy conversion and improving the energy
conversion efficiency.

According to the types of wave energy absorption, wave energy can be divided
into the attenuator, point absorber and terminator types. Attenuator-type wave energy
converters typically attenuate energy when waves interact with device, during which the
wave’s energy is gradually converted or consumed, and the kinetic energy of the wave
is transformed into usable energy through an energy conversion mechanism. The point-
absorber type utilizes the vertical movement of one or more oscillating buoys under the
action of waves to capture wave energy. Terminator-type wave energy converters usually
consist of one or more floating bodies parallel to the direction of wave energy propagation,
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which perform a longitudinal reciprocating motion with the movement of the wave energy,
and capture the energy of the waves [17–19].

2.1.2. Characteristics of Wave Energy Technology

Wave energy, as an important part of ocean energy, has the following advantages. First,
the reserves of wave energy are abundant, with an estimated global wave energy potential
of approximately 2.5 billion kW. Second, as a clean renewable energy source, it does not
produce pollution. Third, wave energy does not occupy land space and is located offshore,
which can provide electricity to the islands. Fourth, wave energy has a high energy density
and is widely distributed for direct utilization [20,21].

From the formation mechanism of wave energy, it is known that the formation of wave
energy and its exploitability depend on external factors which influence the wave motion
period and the maximum wave crest height. Hence, wave energy power generation is not
stable. Wave energy also has the disadvantages of energy loss during the three-level energy
conversion to electrical energy. Seawater is corrosive, and water currents can impact and
damage the devices. Thus, there is a high requirement for the corrosion resistance and
stability of wave energy devices, and the cost of wave energy power generation is much
higher than that of wind, solar and other new energy power generations [22].

2.1.3. Overview of Wave Energy Applications

Currently, many countries have built wave energy devices that have been operated
continuously in marine environments. In 2019, the Finnish company AW-Energy deployed
the first 350 kW oscillating wave energy generation device, WaveRoller (Figure 3), in the
waters off Peniche, Portugal, and successfully connected it to the grid for power generation.
The entire device is 43 m long, 18 m wide and 12 m high, with a total weight of 600 tons.
The rated power of a single WaveRoller unit (one panel and one power-generation device
combination) is between 350 kW and 1000 kW. The estimated power generation can reach
624–813 MWh [23].

 
Figure 3. Swing wave energy generator WaveRoller. Adapted from ref. [24].

In early 2021, the Institute of Ocean Engineering at Tsinghua University completed the
development of China’s first 30-kW WaveLoong pneumatic wave energy power generation
device prototype (Figure 4). The WaveLoong pneumatic wave energy power generation
device is 23.6 a long, 10 m wide, 9 m high with tonnage of 170 tons. In the second
half of 2021, the device accomplished sea performance testing at the National Ocean
Energy Comprehensive Test Site in the South China Sea. Starting in June 2023, six sets of
WaveLoong pneumatic wave energy power generation equipment were successively put
into operation. Currently, the technology of the six sets of pneumatic wave energy power
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generation devices is being iteratively upgraded with the goal of achieving a technology
readiness level of 9.

In June 2023, the world’s first MW-class floating-wave energy generation device, “Nan
Kun” had been conducted offshore trials off Wanshan, Zhuhai, and Guangdong (Figure 4).
Under full-load conditions, it can generate 24,000 kWh of electricity per day, which is
sufficient for providing green power to approximately 3500 households. “Nan Kun” has
a planar area of more than 3500 square meters and a total weight of more than 6000 tons.
The device includes a power-generation platform, hydraulic system, power-generation
system, monitoring system and anchoring system. It utilizes a “triangular” design of the
power generation platform to “absorb” waves, and through the electrical energy conversion
system which independently developed by China Southern Power Grid, completes the
three-level energy conversion from wave energy to hydraulic energy and to electrical
energy finally, thereby achieving stable power supply to the grid [25,26].

 
Figure 4. WaveLoong pneumatic wave energy generation device (left in the figure), “Nan Kun” wave
energy generation device (right in the figure). Adapted from ref. [26].

The PowerBuoy wave energy conversion device developed by Ocean Power Technolo-
gies (OPT) is a representative point-absorption-type wave energy converter as shown in
Table 2. Denmark’s Wavedragon wave energy device is representative of overtopping wave
energy technology [27].

Table 2. Wave energy generation devices and parameters. Adapted from refs. [23–27].

Technical Institute Project
Name

Installation
Time Technical Form Installed

Capacity
Length

(m)
Width

(m)
Height

(m)

Denmark Wave Dragon 2003 Overtopping type 1.5–2 MW 57 27 −
American Ocean Power

Company Power Buoy 2008 Point absorption
type 30 kW − − −

AW-Energy Wave Roller 2019 Hydraulic type 350 kW 43 18 12

Tsinghua University Wave
Loong® 2021 Pneumatic type 30 kW 23.6 10 9

Guangzhou Institute of
Energy Conversion Nan Kun 2022 Hydraulic type About 1 MW 92 36 27

2.2. Tidal Current Energy

Tidal current energy conversion devices transform the kinetic energy of directed
seawater flow into another form of energy (such as electrical energy) (Figure 5). At present,
the technology readiness level of tidal current energy technology has reached levels 7–8,
where issues of primary energy capture structure technology, unit control technology,
machine-electric conversion technology and grid-connected/isolated operation technology
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have been essentially resolved. The core critical technologies that tidal current energy
needs breakthrough now are high-reliability operation of the energy transmission system
and long-term underwater stability and reliability.

 

Figure 5. Schematic diagram of tidal energy generation.

The technical forms of tidal current energy mainly include the primary energy cap-
ture structure technology, which refers to the use of turbine technology in tidal current
energy units to convert the kinetic energy of tidal currents into the mechanical energy of
rotor rotation. Energy transmission technology primarily involves converting low-speed,
high-torque rotors into high-speed, low-torque rotors through an energy transmission
system, enabling low-speed rotors to drive the generators. For machine-electric conversion
technology, the generators for electromechanical conversion technology include permanent
magnet synchronous generators, excited synchronous generators and cage asynchronous
generators. Grid-connected/isolated operation, unit control, sealing and anti-corrosion,
real-sea operation and maintenance technology are also of significance to tidal current
energy [28–32].

2.2.1. Classification of Tidal Current Energy

Tidal current power generation devices consist of five subsystems: an offshore sup-
porter, generator, power conversion and control system, energy capture device and load
system with a power transmission system. They are primarily classified according to their
working principles. Among the turbine types, there are horizontal-axis and vertical-axis
turbines, and other types include the oscillating hydrofoil, helical blade, Savonius and
Venturi types [33,34].

Horizontal-axis turbines are tidal current turbines in which the direction of the water
flow is parallel to the rotation axis of the rotor. These are water turbines with relatively
mature modern technology. Horizontal-axis turbines primarily include structures such
as blades, hubs, nacelles, brake compartments, brakes, transmission structures, sealing,
generators, transmission mechanisms and tower [35,36]. There are many representative
types of this kind of turbine, such as the MeyGen project, currently the world’s largest tidal
energy project developed by the British SIMEC Atlantis Energy (SAE) company.

A vertical-axis water turbine is a tidal-energy water turbine that uses the direction of
water flow perpendicular to the rotation axis of the impeller. They primarily rely on the
lift and drag forces of the airfoil blades to extract the kinetic energy of the fluid, and there
are two main forms: straight blades and helical blades. The projects of this type of device
mainly includes the EXIM turbine designed by the Swedish company Sea Power, as well
as the first vertical-axis turbine “Wan Xiang II” 40-kW seabed tidal current experimental
power station developed by Harbin Engineering University [12,37,38].
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2.2.2. Characteristics of Tidal Current Energy Technology

Since the beginning of the 21st century, tidal current energy technology has developed
rapidly, achieving significant breakthroughs both in technology and in terms of installed
capacity, and it has certain advantages over other sustainable energy sources. First, the
tidal current energy has strong regularity and predictability. Second, tidal current energy
does not emit pollutants, making it an environmentally friendly energy source. Third,
current tidal energy devices are generally installed on the sea floor or floating on the sea
surface, eliminating the need for large dams, which have a minimal impact on the marine
environment and do not occupy land resources. Fourth, compared with wind and solar
energy, tidal current energy has a higher energy density, approximately four times that of
wind energy and 30 times that of solar energy [39,40].

The development of tidal current energy also suffers unfavorable factors. For example,
the energy density of tidal current energy varies periodically with the speed of ebbing
and flowing tides. Hence, the electrical energy output of tidal current energy generators
is unstable and requires subsequent improvement before it can be applied to commercial
electricity generation. Tidal current energy development devices operate in seawater, where
is a harsh environment, imposing strict requirements on the corrosion resistance, wave
resistance, and leakage prevention of the devices. Installation at sea requires advanced
construction technology and the corresponding marine engineering equipment, leading to
high overall development costs [41–43].

2.2.3. Overview of Tidal Current Energy Applications

Countries with advanced tidal current energy technologies, such as the UK and France,
have nearly commercialized their horizontal-axis tidal-current energy technology, with
several MW-class units already used for construction or long-term marine demonstration
operations as shown in Table 3. Taking the development of tidal current energy in the UK
as an example, the first phase of the MeyGen tidal current power station had an installed
capacity of 6 MW and was grid-connected in 2016 (Figure 6). By the end of 2021, the
cumulative power generation will exceed 45 million kWh [44].

 

Figure 6. MeyGen tidal current power generation device. Adapted from ref. [45].

In recent years, milestone progress has been made in China’s tidal current energy
technology. By 2021, the total installed capacity of China’s tidal current energy demonstra-
tion projects would reach 3130 kW, with a cumulative grid-connected power generation of
approximately 4.83 million kWh. Currently, approximately 40 units have completed sea
trials, with a maximum single unit power of 650 kW. Some units have achieved long-term
demonstration operations, making China one of the few countries in the world that have
mastered the technology for large-scale development and utilization of tidal current energy.
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However, most of China’s tidal current energy projects are still in the experimental stage
and have not yet reached a large scale for commerce, and there is no unified standard for
calculating tidal current energy electricity prices [46,47].

Table 3. Tidal current power generation device and its parameters [44–50].

Technical Unit Project Name Installation
Time

Installed
Capacity

Atlantis Resources,
Edinburgh, UK MeyGen 2016 6 MW

Zhejiang Zhoushan United
Kinetic Energy New Energy

Development Co., Ltd.,
Zhejiang, China

LHD “Fen Jin Hao” 2016 2.7 MW

Harbin Electric Machinery
Factory, Harbin, China

Ha Electric Ocean Energy
Test Power Station 2019 600 kW

In February 2022, the single-unit 1.6-MW tidal current energy generator “Fen Jin Hao”
from Zhejiang Zhoushan United Kinetic New Energy Development Co., Ltd. was loaded
into the second phase of the LHD Tidal Current Energy Power Project’s integrated platform.
“Fen Jin Hao”, which was launched this time, is the fourth-generation unit of LHD Tidal
Current Energy (Figure 7). “Fen Jin Hao” unit weighs 325 tons and is designed to generate
an annual power output of 2 million kWh. The annual power generation duration was
approximately 1250 h [48].

With the support of “earmarked funds” in 2013, Harbin Electric Machinery Co., Ltd.
developed a 600 kW semi-direct drive horizontal-axis tidal current energy unit [50]. In
August 2019, the unit underwent sea trials in the waters off the Zhairuo Mountain Island. As
of January 2020, it had accumulated more than 3000 h of operation, with a unit conversion
efficiency of approximately 37% and cumulative power generation of 12,000 kWh.

 
Figure 7. LHD “Fen Jin Hao”. Adapted from ref. [49].

2.3. Tidal Energy

Tidal power plants are usually built in estuarine areas, where a barrage is constructed
at the mouth of a river to form a reservoir behind the dam and low-head turbines are used
for power generation.

In principle, tidal power generation is similar to conventional hydroelectric power
generation. It utilizes the difference between high and low tide levels to drive the rotation
of turbines, which in turn drives generators to produce electricity. The difference lies in the
fact that seawater is different from river water. In addition, the stored seawater does not
have a large head difference but have a large flow rate and is intermittent. Therefore, the
structure of tidal power turbines must have a low head and high flow characteristics [51].
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2.3.1. Classification of Tidal Energy

Tidal energy is primarily generated by the periodic rise and fall of seawater owing to
gravitational forces from the moon and sun. It includes periodic vertical and horizontal
seawater flows. The vertical movement component is the potential energy of the tides,
which is known as tidal range energy. Tidal energy is primarily divided into barrage type
and open type (Figure 8) [52,53].

 
Figure 8. (a) Barrage tidal energy, (b) open tidal energy. Adapted from ref. [54].

1. Tidal barrage power stations
Barrage type tidal energy consists of a barrage, sluice gate and generator set, which

utilizes a concrete/earth and rock dam across the bay to create a water level difference to
generate electricity, which has the advantages of high efficiency and stability, but suffers
from high cost, ecological damage and sediment siltation problems. Barrage tidal power
generation technology has matured, and tidal power plants have been in operation for
decades. The Francis bulb turbine generator unit is the most widely used tidal energy
unit [12,55].

Barrage tidal power stations can be divided into the following three basic types:
Single-reservoir unidirectional power station: there is only one reservoir, and power

is generated only during flood or ebb tides, such as at the Shashan Tidal Power Station in
Wenling City, Zhejiang Province, China (Figure 9a).

Single-reservoir bidirectional power station: there is one reservoir that can generate
power during both the flood and ebb tides, except when the water levels inside and
outside the reservoir are the same, such as the Jiangxia Tidal Power Station in Wenling City,
Zhejiang Province, China (Figure 9b).

Double-reservoir bidirectional power station: There are two reservoirs, one filled with
water during the flood tide as the upper reservoir, and the other releasing water during
the ebb tide as the lower reservoir. The turbine generator units are located within the dam,
separating the two reservoirs, and the two reservoirs maintain a water level difference,
allowing power generation throughout the day (Figure 9c) [56,57].

 

Figure 9. (a) Single-reservoir unidirectional power station, (b) single-reservoir bidirectional power
station, (c) double-reservoir bidirectional power station.

2. Open-type tidal power station
To avoid the disadvantages of barrage tidal power stations, such as occupying coast-

lines and estuary enclosures, domestic and international research has turned to open-type



Sustainability 2025, 17, 5648 11 of 32

tidal energy technologies in recent years, such as tidal lagoons and dynamic tidal energy.
Open-type tidal energy adopts underwater or floating turbines with buoys and mooring
systems to generate electricity, which is flexible, environmentally friendly and easy to
maintain, but is greatly affected by tidal fluctuations, and suffers from shortcomings such
as corrosion of equipment, attachment of organisms and low conversion efficiency [58].

Barrage tidal energy generation technology has reached a maturity level 9, and the
development and construction of tidal power stations are mainly limited by factors such
as the occupation of coastlines and their impact on the marine ecological environment.
Open-type environmentally friendly tidal energy technologies have promising application
prospect [59–61].

2.3.2. Characteristics of Tidal Energy Technology

Tidal energy is one of the most important renewable energy sources. As a green energy
source, it has the following advantages. First, tidal energy is a renewable resource with a
large reserve and low operating costs, and it has a minimal environmental impact, with
no emissions of exhaust gases, waste, or wastewater during power generation. Second,
the reservoirs for tidal power are built using estuaries or bays, and they do not occupy
large areas of land, such as river hydropower stations or thermal power stations. Third,
tidal power generation is not affected by hydrological factors, such as floods or dry sea-
sons, and the dams of tidal power stations are lower, easier to construct, and require less
investment [62,63].

Tidal energy power generation also has disadvantages. For example, tidal energy
power generation is unstable, and tidal energy mechanical and electrical equipment often
come into contact with seawater, salt mist, and marine organisms, which call for anti-
corrosion and anti-fouling technologies. Tidal power plants also have some environmental
impact issues: tidal power stations can change the tidal range and tidal currents, as well
as the temperature and water quality of the seawater, which may bring adverse effects on
groundwater and drainage, and can also cause coastal erosion. Tidal power stations would
also affect the growing environment and survival of bird and fish [64].

2.3.3. Current Status of Tidal Energy Applications

The La Rance power station in France, built in 1966 (240 MW) (Figure 10a), and the
Sihwa Lake tidal power station in South Korea, built in 2011 (254 MW) (Figure 10c), are the
two tidal power stations currently in international operation. Both use single-bulb Francis
turbine units that exceed 20 MW as show in Table 4 [65,66].

Table 4. Domestic and international tidal energy power generation devices and parameters. Adapted
from refs. [65–69].

Technical Institute Project Name Installation Time Installed Capacity Operation Mode Rated Power

France La Rance power station
in France 1966 240 MW Single-reservoir

bidirectional 10 MW

China Zhejiang Jiangxia tidal
test power station 1980 4.1 MW Single-reservoir

bidirectional 0.5 MW

Korea Sihwa Lake power
station in South Korea 2011 254 MW Single-reservoir

unidirectional −

In addition to traditional barrage tidal energy technology, research institutions in
countries such as the UK and Netherlands have conducted research on open-type tidal
energy development and utilization technologies, proposing new types of tidal energy tech-
nologies with environmentally friendly characteristics such as tidal lagoons and dynamic
tidal power (DTP).
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The tidal power stations currently in operation in China are the Jiangxia Tidal Experi-
mental Power Station and Haishan Tidal Power Station, both located in Zhejiang Province
(Figure 10b). The Jiangxia Tidal Power Station, with a total installed capacity of 4.1 MW,
has been operating for over 40 years and currently ranks third in the world in terms of
installed capacity [67].

 
Figure 10. (a) La Rance tidal power station in France, (b) Jiangxia tidal experimental power station in
Zhejiang, (c) Sihwa Lake tidal power station in South Korea. Adapted from refs. [68,69].

2.4. Temperature Difference Energy

Temperature difference energy, also known as ocean thermal energy, refers to the
heat energy stored in the temperature difference between surface seawater and deep
seawater. The utilization of this heat energy can achieve a thermodynamic cycle and
generate electricity [70,71].

2.4.1. Classification of Temperature Difference Energy

Ocean thermal energy conversion (OTEC) is a renewable energy technology that
utilizes the temperature difference between the ocean’s surface warm water and deep cold
water to generate electricity. OTEC includes three conversion methods: open, closed and
hybrid cycle (Figure 11) [72].

Figure 11. (a) Open cycle, (b) closed cycle, (c) hybrid cycle.

1. Open cycle
In the open-cycle conversion process, warm surface seawater is instantaneously vapor-

ized in a vacuum chamber. Steam acts as the cycle working fluid, which passes through the
turbine and is then condensed by cold deep seawater. Through an open cycle, desalinated
water can be obtained as a byproduct of OTEC power generation [71].
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2. Closed cycle
The thermal efficiency of the closed-cycle was higher than that of the open-cycle. In the

closed cycle, warm surface seawater is drawn into a heat exchanger to vaporize the working
fluid (such as ammonia, propane, or chlorofluorocarbons), producing high-pressure steam
that drives the turbine. The steam is then condensed back into a liquid state by cooling
with seawater. Closed-cycle turbines are smaller than open-cycle turbines because they
operate at higher working pressures with secondary working fluids [73,74].

3. Hybrid cycle
The hybrid cycle combines the working characteristics of open and closed cycles using

instantaneously evaporated seawater vapor as the heat source and ammonia or other media
as the working fluid for the closed cycle [75].

Both the Guohai cycles and the Uehara cycle are circulatory systems used for ocean
temperature difference power generation. The Guohai cycles mainly utilizes warm water
pumps to transport seawater with higher surface temperature to the evaporator, where
liquid ammonia absorbs the energy from the warm seawater and then boils into ammonia
gas, which pushes the turbine to rotate and work, and then enters the condenser where
the gas is condensed by the cold seawater in deep layers into liquid ammonia. Then the
liquid is pumped back to the evaporator and circulates in a closed loop. The Uehara cycle
is a mixture of ammonia and water as the working medium, by linking the two circulatory
systems, with the help of surface seawater heat to make the ammonia boil, and the ammonia
steam to drive the turbine to generate electricity. Ammonia vapor is cooled by the deep
seawater to become a liquid again, and the difference in seawater temperature will be
converted into electricity [76,77]. The problem of power cycle technology for OTEC has
already been solved. In terms of cycle efficiency metrics, the Uehara cycle, which is widely
applied internationally, has an efficiency of approximately 4%, whereas the Guohai cycle
developed by China has superior efficiency compared to the Uehara cycle.

2.4.2. Characteristics of Temperature Difference Energy Technology

The energy for OTEC power generation primarily comes from the average annual
temperature difference of approximately 20 ◦C between the surface seawater and the
undersea water [78]. This method of power generation is clean, environmentally friendly
and green, with no emissions of carbon dioxide or other harmful gases throughout the
process. The power generation from OTEC has minimal fluctuations, high equipment
utilization rates and stable power output. Moreover, the conversion process does not
require mechanical moving parts or additional drives and transmission systems, thus
avoiding vibrations and noise. Ocean thermal energy power generation also has some
beneficial environmental effects. For example, they can pump nutrient-rich deep-sea
water into the upper layers, which is advantageous for the growth and reproduction of
marine organisms.

The biggest challenges in OTEC power generation are small temperature differences
and low energy density. The key to improving OTEC conversion is to enhance the heat and
mass transfer technologies. The power generation efficiency is relatively low, generally not
exceeding 40%.

2.4.3. Current Status of Temperature Difference Energy Application

High-efficiency aerodynamic turbines are the central equipment in OTEC systems.
Mainstream research focuses on optimizing the aerodynamic characteristics of turbines
and sealing studies to achieve the optimization of high-efficiency turbines under small
temperature differences. The technical bottlenecks for the large-scale application of ocean
thermal energy include high power, small temperature differences, high-efficiency tur-
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bine technology, cold seawater pipe materials, manufacturing and marine engineering
application technology.

OTEC power stations have been constructed worldwide as show in Table 5. For
instance, Japan’s 50 kW OTEC integrated utilization power station and the United States’
100 kW OTEC power station have been in operation for many years (Figure 12). South
Korea has conducted offshore test of a 1 MW OTEC power generation system, achieving a
power generation capacity of 370 kW under sea trial condition. Concurrently, the United
States and Japan have initiated research and demonstration of comprehensive utilization
technologies such as OTEC cold seawater aquaculture and refrigeration, whereas India has
completed the construction of a demonstration OTEC desalination power station.

 
Figure 12. 50 kW OTEC demonstration power station in Okinawa, Japan. Adapted from ref. [79].

Table 5. OTEC power generation devices and parameters. Adapted from refs. [79–81].

Technical Unit Project Name Installation
Time

Installed
Capacity

Okinawa, Japan 50-kW OTEC demonstration
power station in Okinawa, Japan 2013 50 kW

China Geological Survey
Guangzhou Marine
Geological Survey,
Guangzhou, China

20-kW ocean floating
thermoelectric power generation

device
2023 20 kW

Zhanjiang Bay Laboratory,
Zhanjiang, China

50-kW temperature difference
energy generation system

onshore joint commissioning
2023 50 kW

On 17 August 2023, the domestic first set of “50-kW OTEC power generation system
onshore joint commissioning” undertaken by the Zhanjiang Bay Laboratory was success-
fully completed at the Longwangwan Park of the laboratory (Figure 13). This marks an
important progress in China’s ocean thermal energy research from theoretical studies to
practical applications [80].

In September 2023, a 20-kW marine floating OTEC power generation device developed
by the Guangzhou Marine Geological Survey of the China Geological Survey successfully
completed its first sea trial aboard the “Haiyang Dizhi 2” vessel in the South China Sea
(Figure 13). The trial was conducted in an area with a water depth of 1900 m in the South
China Sea and a total power generation time of 4 h 47 min, achieving a maximum power
output of 16.4 kW. This marks the first time that China has achieved principal verification
and engineering operation of OTEC power generation under ocean conditions, signifying a
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crucial step for China in the development and utilization of ocean thermal energy, from
land-based testing to offshore engineering applications [81].

At present, the thermal efficiency of the ocean temperature difference energy thermal
cycle is still at a relatively low level. The efficiency of the traditional Rankine cycle is about
3%, and although it has been raised to more than 5% in the Uehara cycle and the Guohai
cycles through ameliorative measures, the overall efficiency still needs to be improved.

The reasons for this are as follows. The first is that the thermodynamic limitation,
the temperature difference energy conversion process follows the Carnot cycle principle,
and its thermal efficiency is proportional to the temperature difference between the low
temperature heat source and the high temperature heat source. And the temperature
difference between the surface layer of the ocean and the deep seawater is usually small,
usually around 20 ◦C, which limits the theoretical thermal efficiency. Secondly, in terms
of heat exchange loss, in the actual temperature difference energy conversion system, the
heat exchanger is the key component, responsible for realizing the transfer of heat energy.
However, due to the efficiency problem of the heat exchanger and the various heat losses
existing in the system, such as heat dissipation from piping and heat dissipation from the
surface of the equipment, the actual conversion efficiency is much lower than the theoretical
value. Finally, there are issues of system design and operation, such as the selection of the
working fluid, the size of the heat exchange area, and the pressure and temperature control
of the system, if which is not properly designed, can lead to an increase in energy loss and
a decrease in thermal efficiency [82,83].

Figure 13. 50-kW OTEC power generation system onshore joint commissioning (left in the figure),
20-kW marine floating OTEC power generation device (right in the figure). Adapted from ref. [83].

2.5. Salinity Gradient Energy

In estuaries where rivers encounter the sea, there is a difference in salinity between
freshwater and seawater. Seawater has osmotic pressure against fresh water as well as
concentration gradient energy, such as dilution heat, absorption heat and concentration
difference potential energy, which can be utilized for conversion into electrical energy [84].

2.5.1. Classification of Salinity Gradient Energy

Pressure-retarded osmosis (PRO) and reverse electrodialysis (RED) are representative
methods currently used to utilize salinity gradient energy (Figure 14) [85,86].
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Figure 14. Schematic diagram of the RED principle.

1. Pressure-Retarded Osmosis
Pressure-retarded osmosis, first proposed in the 1970s, utilizes the osmotic pressure

generated between two liquids with different salinities to convert chemical potential energy
into a pressure difference chemical reaction. Seawater and freshwater have a strong
mixing tendency. Before entering the PRO membrane module, seawater is pressurized
to approximately half of the osmotic pressure (approximately 1.2 to 1.3 MPa). In the
membrane module, freshwater passes through a thin film into pressurized seawater. The
resulting brackish water is divided into two parts, with one third used for power generation
by a turbine and the remaining portion used to pressurize the newly entering seawater
through a pressure exchanger [87].

2. Reverse electrodialysis
Reverse electrodialysis (RED) utilizes the chemical potential difference between sea-

water and freshwater. Seawater and freshwater come into contact through a series of
alternating cation- and anion-exchange membranes. Voltage is generated on each reverse
osmosis membrane, and the total voltage of the entire system is the sum of the chemical
potential differences across all membranes [88,89].

2.5.2. Characteristics of Salinity Gradient Energy

Salinity gradient energy is a renewable energy source with the highest energy density
among ocean energies, and many countries in the world are conducting research on oceanic
salinity gradient energy, although this field is generally in its infancy. Overall, salinity
gradient energy has the following advantages. First, the power generation potential is
enormous due to the salinity differences between freshwater and saltwater in the ocean,
which are predictable and stable. Salinity gradient energy is highly efficient, and with
proper system design and working principles, high energy conversion efficiency can be
achieved. Additionally, the process of salinity-gradient energy generation does not produce
greenhouse gases or other pollutant emissions [90,91].

Salinity gradient energy also has certain disadvantages compared with other forms
of ocean energy. For instance, it suffers technical challenges, and the technology for
harnessing salinity gradient energy from seawater is still in its early stages of development,
encountering issues such as high costs, low energy density and material performance.
However, as salinity gradient energy relies on the salinity difference between freshwater
and saltwater, it can only achieve significant salinity differences in specific geographic
locations (such as estuaries and the confluence of lakes and oceans), which also leads to
multiple challenges in the scaling up of salinity gradient energy. On the technical level, the
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conversion efficiency is low, and the performance of the key materials is unsatisfactory, and
the semi-permeable membrane is easy to be contaminated and aging. At the same time, the
system integration is complex, and the synergistic control of the components is difficulty.
On the economic level, high cost of construction, equipment maintenance lead to a long
return on investment cycle, results into the difficulty to attract large-scale investment. On
the environmental level, large-scale development of salinity gradient energy will change the
salinity of the water body and the water flow, threatening biodiversity, and the improper
treatment of concentrated brine will also bring the risk of estuaries and other special areas.
Moreover, the equipment is hardly adapted to complex environment, which increases the
cost and risk of maintenance [92].

2.5.3. Current Status of Salinity Gradient Energy Application

The world’s first salinity gradient power demonstration system was a 10 kW salinity
gradient demonstration device built by Norway’s Statkraft in 2009 (Table 6), utilizing
PRO technology [93]. In October 2013, the Dutch company REDStack and Japan’s Fujifilm
Corporation collaborated to build a 50 kW salinity gradient demonstration power station
based on the RED principle at the Afsluitdijk sea barrier in the Netherlands. Currently, this
is the only salinity gradient demonstration power station in operation [94].

At present, due to the limit of mechanical properties, stability performance, ion
selectivity and the shortcomings of materials, such as ion-selective membranes used for salt
differential energy power generation, the development and utilization of salt differential
energy is restricted. Conventional ion-selective membrane materials, such as some polymer
membranes, have certain limitations in their molecular structure and properties. For
example, they have limited mechanical strength and are susceptible to be damaged by
mechanical stress during long-term application. At the same time, the size and shape of
their ion-transport channels are less than optimal, resulting in a mutually constraining
relationship between ion selectivity and permeability. Salinity gradient energy generation
usually needs to be applied in complex environments such as seawater and river water,
where factors such as salinity, acidity and alkalinity, and temperature can have an impact
on membrane materials, accelerating membrane aging and performance degradation.

Table 6. Salinity gradient energy generation devices and parameters. Adapted from refs. [93,94].

Technical Unit Project Name Installation Time Installed Capacity Working Principle

Statkraft, Oslo, Norway 10-kW salt difference energy
demonstration device 2009 10 kW PRO

REDStack, Sneek,
The Netherlands 50-kW RED device 2013 50 kW RED

3. Current Development Status of Ocean Energy Industry
By the end of 2020, the global cumulative installed capacity of ocean energy had

exceed 515 MW. More than 98% of this capacity is in operation with 501.5 MW from two
large tidal barrage projects. By 2024, the newly added global installed capacity for ocean
power generation is 624.6 MW, which is mainly located in Europe, particularly along the
coast of Scotland.

According to IRENA forecasts, the global installed capacity of ocean energy is expected
to reach 10 million kW by 2030. In recent years, countries in Europe and the United States
have increased their support for ocean energy technology and demonstration, aiming to
gain pioneering advantages in the international ocean energy industry [95,96]. For instance,
the European Union (EU) has maintained its investment in ocean energy, with over EUR
850 million in public funds from 2007 to 2019, leveraging EUR 2.7 billion in private funds
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for ocean energy technology research and development, demonstrations and power station
construction. The United States “Marine and Hydrokinetic Program” has continued to
increase its support for ocean energy technology and demonstrations, with the annual
budget increasing to over USD 100 million in 2020.

China has made significant progress in the development of tidal currents and wave
energy, with a cumulative installed capacity of approximately 4 MW, which accounts for
approximately one-quarter of the global installed capacity for these kinds of ocean energy.
The global ocean energy market is predicted to reach a scale of USD 560 million by 2029.
An analysis from IRENA indicated that by 2030, the global cumulative installed capacity of
ocean energy will exceed 70 GW, and it will surpass 350 GW by 2050.

3.1. Ocean Energy Industry Policy

Internationally, the European Union, United States, United Kingdom, and others
are actively deploying research and development for efficient and reliable tidal currents,
waves, and ocean thermal energy technologies based on the characteristics of ocean energy
resources and are committed to promoting a rapid decrease in the LCOE for tidal current
and wave energy. Since 2007, the European Union has provided over EUR 850 million for
ocean energy technology research, development and demonstration, with approximately
87% of funds allocated to tidal current and wave energy technologies. While since 2008,
the United States has provided over USD 560 million for ocean energy research and
development, with approximately 60% of funds dedicated to develop tidal current and
wave energy technologies. Since 2020, the U.S. Department of Energy’s annual budget
for ocean energy research and development has exceeded USD 100 million, showing an
increasing annual trend [97–99].

To achieve carbon neutrality goal by 2050, the European Union established the core
objectives of the Green Deal in the form of law. In April 2021, the draft of the “European
Climate Law” reached a provisional agreement and was submitted to the European Con-
ference to ensure the development targets proposed by the “Offshore Renewable Energy
Strategy”: 60 million kW of offshore wind power and 1 million kW of ocean energy will
be installed by 2030, and 300 million kW of offshore wind power and 40 million kW of
ocean energy will be installed by 2050 (Table 7). In 2021, the European Ocean Energy
Industry received an investment of 70 million euros, representing a year-on-year increase
of 55% [100].

The United States has repeatedly revised the relevant legislation to support the de-
velopment of ocean energy. In February 2021, the National Renewable Energy Laboratory
released a report titled “Opportunities for Ocean Energy Development in the United States.”
In April 2021, the National Hydropower Association released the “Marine Energy Industri-
alization Strategy”, which set forth the medium- and long-term development goals for U.S.
ocean energy: to reach 50 MW by 2025, 500 MW by 2030, and 1000 MW by 2035. In recent
years, the United States has successively amended several acts, including the Marine Energy
Research and Development Act (2019), Marine Clean Energy Act (2019), and Infrastructure
Investment and Jobs Act (2021), to increase investment and policy incentives about ocean
energy research and development, promoting the development of ocean energy technology
towards low-cost and large-scale deployment [101].

The UK Renewable Energy Association has appealed to the goal that ocean energy
would be competitive with other renewable-energy generation technologies by 2030. In
May 2021, the UK Renewable Energy Association published a report suggesting that the
UK government propose renewable energy development targets for 2030 at the 26th United
Nations Climate Change Conference: 40 million kW of offshore wind power (including
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2 million kW of floating wind power), 5 million kW of renewable energy for hydrogen
production, and 1 million kW of ocean energy.

China’s related ministries continue to support the independent innovation and demon-
stration application of ocean renewable energy technology, introduce policy measures and
launch key national research as well as development programs for ocean renewable energy.
By 2021, the national and related ministries had issued multiple policies involving the
utilization of ocean renewable energy, including the “14th Five-Year Plan for National
Economic and Social Development of the People’s Republic of China”, the “Action Plan for
Carbon Dioxide Peaking Before 2030”, and “Opinions on Comprehensively, Accurately, and
Fully Implementing the New Development Philosophy to Do a Good Job in Carbon Peaking
and Carbon Neutrality Work”, continuously strengthening guidance on the development
of ocean renewable energy utilization.

In terms of investment incentives, the European Union has provided strong financial
support for the development of marine renewable energies through the establishment of a
special fund, while the European Union has also provided low-interest loans through the
European Investment Bank (EIB), which further reduces the cost of financing for enterprises
and improves the economic viability of projects. The United States, on the other hand,
has attracted private capital into the marine renewable energy sector through policies
such as tax credits and accelerated depreciation. Enterprises developing and utilizing
solar, wind, geothermal and tidal power generation are given a 25 per cent corporate
income tax credit on the amount of investment, as well as a 30 per cent investment tax
credit on the cost of equipment. China has established a dual market mechanism of
“Green Power Trading + Carbon Trading”, which provides an additional source of revenue
for marine renewable energy projects. Through green power trading, marine renewable
energy power generators can sell their green power certificates to companies that in need
of them, gaining additional income. Meanwhile, companies can sell their reduced carbon
emission credits, realizing the value of their carbon assets [102].

In terms of tariff formation mechanism, the United Kingdom has implemented the
joint mechanism of Contract for Difference (CfD) and capacity market, which provides
a stable tariff guarantee for marine renewable energy power generation. Under the CfD
mechanism, the government signs long-term contracts with power generation compa-
nies on a fixed price for electricity. The U.S. adopts a compound pricing model of
“fixed price + floating premium”, which takes into account the cost recovery and mar-
ket risk of power generation enterprises. The European Union is committed to promot-
ing the construction of cross-border power trading platforms, promoting the consump-
tion of offshore wind power, and forming reasonable electricity prices through market
mechanisms [103].

Under the current global economic and political climate, feed-in tariffs (FIT) and
subsidy policies are still feasible. In the economic aspect, policies can guide capital in-
vestment in renewable energy, promote energy transformation, drive the development of
new energy industry and upstream and downstream, generate employment opportunities,
boost the economy, and costs to achieve grid parity can be reduced in the long run with the
expansion of industrial scale and technological progress. In the political aspect, FIT and
subsidy can help countries to fulfill international climate commitments such as the Paris
Agreement and strengthen international cooperation. At the same time, they are in line
with the domestic energy strategy to optimize energy structure and ensure energy security.
However, this policy is also facing challenges. There are problems such as heavy financial
burdens and inefficient subsidies due to imperfect market mechanisms, resistance from
traditional energy interest groups, international trade frictions and protectionism, which
have affected the formulation, implementation and effectiveness of the policy.
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The ocean energy industry policies introduced by governments around the world aim
to ensure energy and environment security which needs clean energy diversification, and
promote the sustainable development of economics and energy, bringing extensive social
and scientific research benefits.

Table 7. International Ocean Energy Policy.

Region Development Goals Investment Incentives Tariff Formation Mechanism

European Union

By 2030, the installed capacity of
marine energy will reach

1 million kW. By 2050,
40 million kW.

Establishment of a special
fund; low-interest loans
through the European
Investment Bank (EIB)

Promoting the construction of
cross-border electricity trading

platforms

United States
By 2025, the installed capacity will

reach 50,000 kW; by 2030,
500,000 kW; by 2035, 1 million kW.

Use policies such as tax credits
and accelerate depreciation to

attract private capital.

Adoption of “Fixed Price +
Floating Premium” Composite

Pricing Model

United Kingdom
By 2030, the installed capacity of

marine energy will reach
1 million kW.

−

Implementation of a joint
mechanism for Contracts for

Difference (CfD) and capacity
markets

China By 2030, 400,000 kW of ocean
energy will be installed.

Dual market mechanism
“Green Power Trading +

Carbon Trading”
−

3.2. Maturity of Marine Energy Industry

Among the different types of marine energy, tidal energy technology has the highest
level of maturity, as the barrage tidal energy technology achieving commercial operation
decades ago. Current tidal energy technology is developing rapidly, with countries such
as the UK, the Netherlands, and France achieving grid-connected operation of MW-class
units, which are very close to industrialization. Wave energy power generation technology
with different principles are at the stage of demonstrations in real sea condition. There are
a few demonstration projects for power generation and comprehensive utilization of ocean
thermal energy conversion technology, and only a small number of demonstration projects
for salinity gradient energy [104].

China’s ocean energy has developed from the equipment research to the application
demonstration phase. According to the International Energy Agency’s estimates, China has
about 1.03 million kW of ocean energy generation capacity in operation or under construc-
tion, with wave energy accounting for 1260 kW, 4730 kW for tidal current energy, 4350 kW
for tidal energy, and the annual grid-connected electricity generation is approximately
7 GWh [105].

Wave energy is considered one of the most reliable sources of energy because it can be
predicted with considerable accuracy, with a power generation potential of approximately
29,000 TWh/yr [57]. In the worldwide, there are more than 200 different wave energy
technological concepts. At present, wave energy lacks clear technological integration, and
most devices are of the point-absorption type. Wave energy power generation technology
has entered the pre-commercialization phase, with a global installed capacity of 2.5 MW
(Table 8). However, the size and power rating of wave energy devices are continuously
increasing, and approximately 100 MW of power is expected to be installed in the next
few years.

Tidal power generation is currently a key field in the development and utilization
of ocean renewable energy resources, with equipment technology nearly maturity and
many pre-commercial projects underway. Europe is home to 41% of current global tidal
energy developers, primarily located in the Netherlands and France. Other countries such
as the United States, the United Kingdom and Norway also have high involvement in tidal
current energy equipment technology.
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Tidal energy is one of the most advanced and commercially available form of ocean
energy. Tidal energy technology accounts for the majority of the globally installed ocean
energy capacity of approximately 512 MW. Owing to the theoretically low power-generation
potential of tidal energy with only approximately 1200 TWh/yr, only a few countries have
deployed this technology.

Among all ocean energies, OTEC possesses the largest resource potential, with an
annual capacity of approximately 44,000 TWh. By 2021, more than 20 commissioned OTEC
projects are under construction or planned, with rated power ranging from 15 to 20 MW
and a total installed capacity exceeding 150 MW. Countries such as the United States, Japan,
France, South Korea and China have conducted extensive research on OTEC technology
and built demonstrated OTEC power stations.

Currently, the maturity of salinity gradient energy technology is the lowest in marine
energy, and it is still in the laboratory research stage. Countries such as the United States,
the Netherlands, Norway and Sweden are relatively advanced in research on salinity
gradient energy technology, whereas China and Japan have also conducted related studies.
Currently, the 50 kW pilot project of the Dutch company REDstack is the world’s first
salinity gradient power generation facility and has been operating continuously since 2014.

Table 8. Comparison of technological maturity of international ocean energy equipment. Adapted
from ref. [106].

Classification Global Installed
Capacity (MW) Typical Project The Maturity of

Technology

Tidal energy 521.5 La Rance Power
Station in France Commercialization stage

Tidal current energy 10.6 MeyGen Pre commercialization
stage

Wave energy 2.31 Nankun Express Research–Pre
commercialization Phase

Temperature-
difference energy 0.23

50-kW OTEC
Demonstration Power

Station

Engineering
Demonstration–Pre

Commercialization Stage
Salinity gradient

energy 0.05 Dutch 50-kW RED
device Study phase

3.3. Economic Analysis of Ocean Energy

Countries such as the United Kingdom and Canada, have been promoting the large-
scale development of ocean energy through the establishment of incentive-based FIT
policies. Since 2015, the UK government has supported renewable energy generation
technologies through a CfD policy. Nova Scotia, Canada, has established a fixed FIT pol-
icy for tidal energy that is applicable to developers of single generator units or arrays
exceeding 500 kW. Both domestic and international technologies can be applied if power
stations are deployed in the province. For approved tidal energy demonstration projects,
the electricity price support period can be as long as 15 years. For projects with an an-
nual power generation lower than 16 million kWh, electricity was purchased at a rate of
530 Canadian dollars per MWh (approximately 2.85 CNY per kWh), and any excess was
purchased at a rate of 420 Canadian dollars per MWh (approximately 2.26 CNY per kWh).

The construction costs of ocean energy devices are high because of various factors.
For example, wave energy devices need to be resistant to wind and waves, corrosion
and maintenance difficulties, thus the construction and maintenance costs are both high.
Tidal energy equipment submarine construction is complex, but the maintenance cost is
slightly lower than that of wave energy. Tidal energy initially needs to invest in large-
scale hydroelectric buildings and generator sets, and the later maintenance costs are lower.
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Temperature difference energy relies on deep-sea pipelines and complex heat exchange
systems, and immature technologies results in the low energy efficiency and high cost.
Salinity gradient energy is still in the experimental stage, and the research and develop-
ment cost focuses on semi-permeable membrane materials and system optimization, and
the limited application scale further restricts the cost reduction. According to IRENA
estimates, the current levelized cost of energy (LCOE) for tidal energy is approximately
USD 0.20–0.45 per kWh, and for wave energy, it is about $0.30–0.55 per kWh. The LCOE
for tidal energy is expected to reach USD 0.11 per kWh between 2022 and the early 2030s,
while wave energy is predicted to reach USD 0.22 per kWh by 2025 (Table 9) [92,107,108].

Table 9. Comparison of LCOE for ocean energy equipment technologies. Adapted from refs. [91,106,107].

Equipment Technology Type LCOE/($/kWh)

Wave energy 0.30–0.55
Tidal current energy 0.2–0.9

Tidal energy 0.20–0.45
Temperature-difference energy 0.03–0.38

Salinity gradient energy 0.11–2.37

3.4. Operation and Maintenance of Ocean Energy

The operation and maintenance (O&M) of ocean energy is critical to ensure the long-
term and stable operation of ocean energy equipment. This involves the installation,
debugging, monitoring, maintenance, and repair of equipment. Ocean energy devices are
typically deployed in harsh marine environments and thus require a high level of reliability
and durability.

The intelligent operation and maintenance (IOM) of ocean energy is rapidly developing
and includes technologies such as smart sensing, edge computing, and robotics. These
technologies enable intelligent perception, monitoring, analysis and decision making for
the operation and maintenance of ocean energy.

Preventive maintenance strategies involve regular inspections of ocean energy power
generation equipment to identify potential malfunction promptly. Based on historical
operational data and experience, preventive repairs have been performed to reduce the
occurrence of failures. A maintenance plan for the equipment is established, including
cleaning, lubrication and tightening, to ensure that the equipment is in good condition.

Fault diagnosis and troubleshooting methods involve monitoring the operational
parameters and abnormal signals of the equipment to identify the type and cause of
equipment failure. The faults were locked with fault diagnosis techniques and tools, and
the specific failure sites were determined. Depending on the category and location of the
fault, the corresponding repair measures are taken to resolve these faults promptly.

The application of remote monitoring technology, such as THE Internet of Things
(IoT) technology, enable real-time remote monitoring of ocean energy power generation
equipment and capture operational data and status information. By processing and an-
alyzing data, useful information can be extracted to provide a basis for fault diagnosis
and preventive maintenance. Through a remote monitoring system, the equipment can be
remotely controlled and operated to achieve remote diagnosis and maintenance.

4. Discussion and Analysis
4.1. Ocean Energy Conversion Efficiency

In marine energy conversion devices, the conversion efficiency and single unit power
of each type of energy have their own characteristics. The conversion efficiency of wave
energy is generally around 30–50%. The efficiency of different types of devices varies
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with wave characteristics, device structure and other factors, and the single-unit power is
relatively small, which is usually between dozens of kilowatts and hundreds of kilowatts.
Tidal energy conversion efficiency is high with a range between 40–60% due to the stable
flow rate. The high energy density and the mature conversion equipment technology, and
the single-unit power is between dozens of kilowatts and megawatts. Tidal energy power
generation technology tend towards maturity, and the efficiency can reach 70–80% which
is similar to traditional hydropower. The single unit power can reach up to megawatts
or even higher. Temperature difference energy conversion efficiency is low with a range
between 3–7%, and energy density is low as there are still technical problems need to be
solved, but the single unit power can be from dozens of kilowatts to a few megawatts.
Salt difference energy theoretical conversion efficiency is between 20–30%, but due to the
problems such as semi-permeable membranes, the efficiency is only 10%. The current salt
difference energy generations, which are mostly in the experimental demonstration stage,
are relatively small, and generally from a few watts to tens of kilowatts [109].

4.2. The Bottlenecks of the Development of Ocean Energy

In recent years, significant progress has been made in ocean energy power generation
with experimental power stations to be put into commercial operations. However, owing
to the harsh operating environment and difficulties in operation and maintenance, there
are still technical and policy challenges in the process of scaling-up.

1. First, ocean energy encompasses a wide variety of complex and diverse technologies
that pose significant challenges to research and development. Issues related to grid
connections, operation and maintenance under harsh maritime conditions are particu-
larly pronounced. There is a lack of testing of equipment functionality, performance
and reliability under real ocean environmental conditions. At the same time, with
the advancement of technology, ocean energy can also be developed in areas with
harsh marine conditions, and there is an urgent need to solve the problems in wind
and wave-resistant floating body technology, anti-marine corrosion technology and
bio-attachment technology.

2. In the aspect of economy, the operation and maintenance of ocean energy is difficult,
and requires substantial investment in technological research, development and
equipment manufacturing. Moreover, ocean energy technology is not yet mature and
has less price competitiveness with conventional energy generation.

3. In terms of policy, incentive policies during the industrial development of ocean en-
ergy are not well developed, and the incentives and support measures are insufficient
to meet the growth needs of the ocean energy industry. It still needs a considerable
amount of time to achieve a cost-competitive advantage for grid connection. Ad-
ditional funds for renewable energy tariffs mainly are restricted to wind and solar
energy, and do not cover ocean energy.

4.3. Trends of Ocean Energy Development

With continuous promoted by institutions and researchers, ocean energy technology is
constantly developing to be mature, and the initial construction, operation and maintenance
costs also have opened up a channel for reduction. In the future, ocean energy may exhibit
the following developmental trends:

1. Development of distributed or upsized systems. To meet the demand for large-
scale power generation, ocean energy plants will adopt the development path of
arrayed distributed or upsized units. For example, wave energy has already shown a
development route towards array-type and MW-level units.
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2. Development of multifunction-coupled systems. To make full use of ocean resources,
ocean energy has been integrated with fisheries, offshore mining, wind power genera-
tion and photovoltaic power generation to form a complementary pattern of industrial
and multi-energy generation.

3. Focus on power supply for remote islands. In the mid-to-long term, the cost of gener-
ating power for ocean energy is higher than that of mature power generation tech-
nologies such as thermal power. Therefore, they cannot be massively grid-connected
to supply power to large cities in the short term. However, it is suitable for islands
that are far from the mainland power grid and do not have thermal power plants.
Compared with the cost of diesel power generation (including fuel and transportation
costs) on most islands, ocean energy power generation has an economic advantage
and is suitable for providing electricity to remote islands.

Distributed ocean energy systems and multi-energy complementary systems have a
very bright future, and with the growing global demand for clean energy and the contin-
uous advancement of technology, these two areas are expected to occupy an important
position in the future energy market. Taking Qingdao 500 kW ocean energy independent
power system demonstration project as an example, the demonstration project is led by
China National Offshore Oil Corporation, with ocean current energy device as the main
part, supplemented by wind energy and solar energy, including three sets of 300 kW tidal
current energy device, as well as 150 kW wind turbine and 50 kW solar energy device,
which is focused on solving the bottlenecks such as poor reliability and maintainability of
the ocean energy equipment, and unstable power generation, etc., and realizes indepen-
dent, micro-grid and micro-grid system of ocean energy, which is expected to occupy the
future energy market. It realizes independent, micro-grid and intelligent power supply for
ocean energy.

In terms of market potential, according to the International Energy Agency (IEA), the
global ocean energy market is expected to exceed $50 billion by 2030, with a compound
annual growth rate of more than 15%. In terms of multi-energy complementary systems,
its share in the overall energy market is expected to exceed 30%. With the diversification
of energy demand and the improvement of energy stability requirements, multi-energy
complementary system can integrate various forms of energy, realize complementary
advantages, which can meet the needs of different users, so it has huge market development
potential. For example, the “Huanghai No. 1” floating photovoltaic platform for wind
energy integration, which is invested and constructed by Huaneng Shandong Company and
independently researched and developed by Huaneng Qingneng Institute, is the first set of
non-waveable deep-distant sea floating photovoltaic platform in China. The platform is a
truss steel structure, hexagonal in shape, with a main scale of 25 m × 25 m × 9 m, an empty
ship weight of 320 tons, and a total installed capacity of 300,000 kilowatts. “Huanghai
No. 1” realizes offshore wind power and photovoltaic in the same field, makes effective
use of space resources, and pushes the development of offshore energy to the deep and
distant sea.

In terms of technology trends, the application of nanomaterials is expected to signifi-
cantly improve equipment efficiency. Nanomaterials have unique physical and chemical
properties, such as high strength, high toughness, high conductivity and corrosion resis-
tance, etc., and their application in ocean energy generation equipment can effectively
improve the energy conversion efficiency and reliability of the equipment.

Blockchain technology will also play an important role in the field of energy transac-
tions. Blockchain has the characteristics of decentralization, non-tampering, traceability,
etc., which can provide a safe, transparent and efficient platform for energy transactions.
In distributed ocean energy systems and multi-energy complementary systems, real-time
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monitoring, metering and trading of energy can be achieved through blockchain technol-
ogy, optimizing the allocation of energy resources and improving ocean energy utilization
efficiency [110–112].

4.4. The Ocean Energy and Sustainable Development

As an important component of renewable energy, ocean energy, such as tidal energy
and wave energy, has zero or low-carbon emission characteristics and can replace fossil
energy, significantly reducing greenhouse gas emissions in the energy field and helping to
achieve the “dual-carbon” goal. Its development process emphasizes ecological protection
and is coordinated with the sustainable use of marine ecosystems. Not only that, with
the advancement of technology, the levelized cost of electricity of ocean energy continues
to decrease, and gradually become competitive in the market. At the same time, ocean
energy can drive the synergistic development of high-end equipment, marine engineering,
digital technology and other fields, creating a large number of high value-added jobs.
Ocean energy can provide stable power for coastal and remote islands, improve local
livelihoods and narrow the energy gap between urban and rural areas. In terms of policy,
countries have reduced investment risks and guided capital flows to sustainable areas
through subsidy mechanisms, green finance and cross-industry collaboration [113].

The development and utilization of ocean energy has the following important signifi-
cance for alleviating the global energy crisis and reducing environmental pollution:

1. Ocean energy is a clean energy that can be used to reduce pollution. As an abundant
renewable resource, it provides an effective solution for transformation of energy
framework. Its development and utilization can decrease the use of non-renewable
resource and reduce pollution, helping to protect the ecosystem and biodiversity.

2. Developing clean energy to alleviate energy shortages. The effective development
and utilization of ocean energy can not only meet the demands such as the green
energy supply for offshore production activities, electricity and seawater desalination
for residents on isolated islands, but can also replace fossil fuels to provide a green
power for marine equipment.

3. Promoting sustainable energy development. In recent years, ocean energy has been
increasingly endowed with the profound connotations of green, clean, safe, and
sustainable. The development and utilization of ocean energy are important ways
to conduct and interpret the new concept of ocean development. With technological
development, the utilization of ocean energy is expected to become a new hotspot for
the green and sustainable development of the ocean economy.

4.5. Suggestions for the Development of Ocean Energy

1. Governments should lay down top-level design for the guidance and promotion of
ocean energy. The scale of financial support for ocean energy should be extended and
the support methods should be optimized. Adjustments to ocean energy electricity
subsidy policies and the establishment of incentive-based feed-in tariff policies are
required to promote the large-scale development of ocean energy.

2. Enhance reliability and efficiency of ocean energy equipment. Ocean energy tech-
nology is still in the developing stage, and the reliability and efficiency affect its
market size and commercialization progress. Therefore, it is important to improve
the durability, safety, operability and stability of ocean energy devices in marine
extreme environments.

3. Reduce the operation and maintenance costs of ocean energy equipment. The key
point of lowering the O&M costs of ocean energy is to ensure the endurance and
function of ocean energy equipment in seawater. Integrated ocean energy systems
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with monitoring module and automatic control module not only help to enhance the
performance of ocean energy equipment but also reduce operational costs.

4. Extension the application fields of ocean energy. Applications in various fields, such
as seawater desalination and cooling, hydrogen production from seawater, deep-sea
development, island development and offshore energy supply should be actively
extended. By constructing a multi-energy complementary ocean energy system and
ocean energy transmission network on land, which can promote the clean ocean
energy to be as a guarantee for remote islands and deep-sea activities.

5. Developing marine energy in remote areas. In terms of logistics, the modular equip-
ment design is adapted to small ships, helicopters and other transportation modes,
combined with intelligent remote operation and maintenance, material reserves of
regional operation and maintenance centers, and training of local operation and
maintenance talents, as well as reserving materials in advance and developing a
local supply chain to guarantee supplies. In terms of finance, the company leverages
governmental support and green financial financing, reduces costs by technological
research and development, increases revenues by industrial integration, and realizes
risk-sharing by using commercial insurance and risk funds.

6. Environment friendly development. The development and utilization of marine
energy may have many adverse impacts on the ecological environment. For example,
the noise from the operation of equipment interferes with the behaviour of marine
organisms, and it also creates spatial competition with the traditional marine industry.
To this end, targeted countermeasures can be taken: scientific planning and site
selection, avoiding sensitive areas through comprehensive ecological assessment.
Promoting technological innovation, research and development of low-noise, biophilic
equipment and real-time monitoring of environmental impacts. Strictly enforcing
environmental protection standards, and strengthening international cooperation to
reduce the negative impacts of development activities on the ecological environment
and to realize the sustainable development of the marine environment.

4.6. Initiatives to Optimize Ocean Energy Development

1. Scale development: through the plan and construction of large-scale ocean energy
power generation projects to achieve scale advantages, make full use of marine
resources, reduce the construction cost per unit of installed capacity, and enhance
the bargaining power of operation management and equipment procurement. At the
same time, promote the development of ocean energy industry clusters, promote the
upstream and downstream of the industrial chain to collaborate and cooperate, share
resources such as technology, talents and infrastructure, realize the specialization of
division of labor, and enhance the industrial production and innovation.

2. Enhance equipment reliability: strengthen research and design on the reliability of
ocean energy equipment to reduce the probability of equipment failure and mainte-
nance costs. For example, make use of advanced sensors and monitoring technology
to monitor the operating status of equipment in real time, identify potential problems
in advance and carry out preventive maintenance. Meanwhile, optimize the struc-
ture and sealing design of equipment to improve its ability to withstand the harsh
marine environment.

3. Improvement of conversion efficiency: strengthen research and development of more
efficient marine energy conversion technologies, such as improving the design of tidal
energy generators to enhance their power generation efficiency under different water
speeds. Optimize the structure of wave energy conversion devices so that they can
more efficiently convert the kinetic and potential energies of waves into electrical
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energy, which can obtain more power output under the same conditions and reduce
the cost of the unit of electrical energy.

4. Policy and market measurement: the government has introduced relevant policies
such as financial subsidies, tax incentives and price support to encourage the con-
struction and operation of marine energy development and utilization projects. It has
implemented phased subsidies and risk compensation funds to reduce investment
risks, promoted technology migration in the oil and shipbuilding industries, con-
structed regional testing centers to accelerate technology verification, and broadened
financing channels with the help of carbon pricing mechanisms and green financial
instruments such as blue bonds.

5. Global knowledge and resource sharing: through active international cooperation,
introduce foreign advanced marine energy technology and management experience,
and co-operate with international scientific research institutions and enterprises to
overcome key technical problems and accelerate technological progress and cost re-
duction. At the same time, deeply participate in the formulation of international
marine energy standards, promote the domestic industrial standards to meet inter-
national standards, enhance the versatility and interchangeability of equipment, and
reduce the cost of manufacturing and maintenance.

5. Summary
Ocean renewable energy is abundant and can provide electricity to coastal areas,

islands and offshore facilities. With the continuous in-depth research and demonstration
application of ocean energy, the ocean renewable energy industry shows a rapid devel-
opment trend. In particular, tidal energy has begun to be commercially installed on a
large scale. However, some ocean energy technologies are still in the experimental stage
with relatively lagging commercial applications and low industry maturity, which calls
for further technological breakthroughs. This article summarizes and analyzes the devel-
opments of wave energy, tidal current energy, tidal energy, temperature difference energy
and salinity gradient energy. Then the technical characteristics and current development
status of ocean energy are summarized. This article also assesses the current state of in-
dustrial development and provides a general summary of the construction, operation and
maintenance of marine renewable energy projects. Furthermore, the development trend
and the importance of ocean energy to sustainability are illustrated. In the future, ocean
renewable energy is expected to develop toward the fields of long-term maintenance-free,
unmanned operation and maintenance, high reliability, highly environmental adaptability
and multi-energy complementary structures. It is hoped that this article will provide
references and inspiration for researchers and institutions of marine renewable energy, and
contribute to the development of renewable energy.
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