
www.jzus.zju.edu.cn; www.springer.com/journal/11582
E-mail: jzus_a@zju.edu.cn

Journal of Zhejiang University-SCIENCE A (Applied Physics & Engineering)   2023 24(2):91-108

Advanced ocean wave energy harvesting: current progress and 
future trends

Fang HE*, Yibei LIU, Jiapeng PAN, Xinghong YE, Pengcheng JIAO*

Ocean College, Zhejiang University, Zhoushan 316021, China

Abstract: With a transition towards clean and low-carbon renewable energy, against the backdrop of the fossil-energy crisis and 
rising pollution, ocean energy has been proposed as a significant possibility for mitigating climate change and energy shortages 
for its characteristics of clean, renewable, and abundant. The rapid development of energy harvesting technology has led to 
extensive applications of ocean wave energy, which, however, has faced certain challenges due to the low-frequency and unstable 
nature of ocean waves. This paper overviews the debut and development of ocean wave energy harvesting technology, and 
discusses the potential and application paradigm for energy harvesting in the “intelligent ocean.” We first describe for readers 
the mechanisms and applications of traditional wave energy converters, and then discuss current challenges in energy harvesting 
performance connected to the characteristics of ocean waves. Next, we summarize the progress in wave energy harvesting 
with a focus on advanced technologies (e.g., data-driven design and optimization) and multifunctional energy materials (e.g., 
triboelectric metamaterials), and finally propose recommendations for future development.
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1  Introduction 

Nearly 40% of global population and 70% of in‐
dustrial capital are located within 100 km of marine 
coastlines (UN, 2017). Because of proximity to these 
sites with high energy demand, ocean energy is recog‐
nized as a significant potential means of mitigating 
climate change and energy shortages. It is clean, re‐
newable, and abundant (IRENA, 2020). Among the 
major ocean energy resources, wave energy has the 
outstanding merits of high density and wide distribu‐
tion, which opens up the possibility of generating 
electrical power in most marine environments with a 
small converter unit volume (Khan et al., 2017). Wave 
energy suitable for harvesting is predominantly from 
wind-generated waves, whose average annual power 

flux ranges from 10 kW/m to 100 kW/m (Mei, 2012). 
Wind-generated waves are dominated by gravity and 
inertial forces. Thus, they can propagate a long way 
with low energy decay and continuous wind drive, 
meaning that wave energy is a stable renewable energy 
source (Folley, 2017). The global wave energy capacity 
is theoretically 29500 TWh per year, which would 
be sufficient to meet the entire global energy demand 
(Mørk et al., 2010). Wave energy distribution is gener‐
ally consistent with that of wind energy, which is pow‐
erful in the latitudes of 30°‒60° and weak near the 
equator and poles (Gunn and Stock-Williams, 2012).

Although the French granted the first wave energy 
converter (WEC) patent as early as 1799, wave energy 
harvesting did not receive much attention until the 
first oil crisis. Salter (1974) published a paper titled 
“Wave Power” in the prestigious journal Nature, im‐
mediately generating enthusiasm in the academic com‐
munity. The first large-scale WEC, called Kaimei 
(Miyazaki and Masuda, 1980), the integration of WEC 
into breakwaters in Sakata (Goda et al., 1991) and 
Trivandrum (Ravindran and Koola, 1991), and the 
overtopping WEC prototype TAPCHAN (Mehlum, 
1986), all emerged in this period. Since entering the 
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21st century, the coastal countries have continued to 
actively deploy policies and funding for wave energy 
harvesting to fuel further development. The European 
Marine Energy Center in Orkney, Scotland, is now 
the most authoritative international testing and cer‐
tification institution for marine energy installations 
(EMEC, 2020). The USA released the United States 
Marine Hydrokinetic Renewable Energy Technology 
Roadmap in 2010, and launched the construction of a 
national wave energy testing facility named PacWave 
in 2016 (DOE, 2016). Australia is also a maritime 
power with massive potential for wave energy har‐
vesting, where the MK1, MK2, and MK3 developed 
by Oceanlinx have been connected to the grid success‐
fully (Falcão and Henriques, 2016). China has achieved 
some important technologies, such as a wave energy 
aquaculture cage called Penghu and a 500 kW WEC 
called Zhoushan. Portugal, Japan, India, and Ireland 
are also at the frontier of wave energy harvesting (IEA-
OES, 2021).

Wave energy is a high-grade energy source that 
contains both kinetic and potential energy, allowing 
almost any transmission mechanism to be feasible for 
wave energy conversion. Consequently, thousands of 
WECs have been invented (Kofoed, 2017), but few 
have seen successful commercialization. The current 
progress of wave energy harvesting faces certain chal‐
lenges, mainly due to the trade-off dilemma between 
technology and cost. First, WECs are designed to 
resonate in order to maximize energy conversion; this 
leads to large motions that cause critical reliability and 
survivability issues. Next, ocean wave frequencies are 
generally low, so the matching natural frequency of a 
WEC should also be low; the relatively large equip‐
ment sizes required for this are expensive. In addition, 
waves are random and unstable, while WECs are de‐
signed for specific sea conditions; therefore, the large 
variations in waves cause critical efficiency issues. 
These challenges make the design considerations for 
WECs different from those for traditional offshore 
engineering structures. Many studies have been done 
on WECs to reduce costs and enhance performance, 
which is vital for promoting commercialization. Be‐
sides large-scale power production, specialized appli‐
cations of wave energy harvesting are another option 
for achieving economic viability. On the one hand, 
WECs could be deployed at small islands, marine 
buoys, offshore construction sites, and other locations 

where traditional energy is expensive, unavailable, or 
inaccessible (Fadaeenejad et al., 2014; McLeod and 
Ringwood, 2022). On the other hand, they could be 
integrated into breakwaters, offshore wind farms, and 
fish culture, where multiple functions could share the 
cost and space (He et al., 2019; Nguyen et al., 2020).

There have been many review papers covering 
various aspects of wave energy harvesting, including 
its mechanisms and classification (Drew et al., 2009; 
Falcão, 2010; López et al., 2013), power-take-off (PTO) 
system and control strategies (Wang LG et al., 2018; 
Ahamed et al., 2020), modeling methods (Li and Yu, 
2012; Penalba et al., 2017; Windt et al., 2018), reli‐
ability and survivability (Clark and DuPont, 2018; 
Coe et al., 2018), integration with offshore infrastruc‐
tures (Pérez-Collazo et al., 2015; Mustapa et al., 2017; 
Clemente et al., 2021), mooring system (Davidson 
and Ringwood, 2017; Qiao et al., 2020), economic 
analysis (Astariz and Iglesias, 2015; Bhuiyan et al., 
2022), and status of particular country/continent 
(Clément et al., 2002; Lehmann et al., 2017; Qiu et al., 
2019). It must be acknowledged that traditional wave 
energy harvesting is not yet fully mature and needs a 
breakthrough that would enable it to handle the essen‐
tial characteristics of sea conditions. In this regard, some 
advanced technologies have emerged in recent years. 
Triboelectric nanogenerators (TENGs) are a typical 
example that has significant advantages for collecting 
low-frequency energy, strengthening its practicality for 
wave energy harvesting (Wang et al., 2017; Zhang QY 
et al., 2021). Wang et al. (2015) reported a spherical 
TENG and Xu et al. (2019) designed a tower-like TENG 
with high power density for direction-independent 
energy acquisition. Artificial intelligence (AI)-based 
performance-oriented optimization has been used to 
realize the ideal theory-based control. With the devel‐
opment of metamaterials and AI techniques, many 
novel mechanisms and research methods have been 
applied to improve wave energy harvesting perfor‐
mance. Means of achieving high-efficiency wave 
energy harvesting include phase control or resonance 
formation. For example, Zou et al. (2022) found that 
deep reinforcement learning (DRL) control outper‐
formed model-based control in the power production 
of direct-drive WEC systems. This review aims to in‐
form readers about the mechanisms and applications 
of traditional WECs, existing challenges due to the na‐
ture of ocean waves, current progress in wave energy 
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harvesting with a focus on advanced technologies and 
energy materials, and recommendations for future 
development.

2  Mechanisms of ocean waves and traditional 
applications 

2.1  Mechanisms and characteristics of ocean waves

Although monochromatic waves have been com‐
monly accepted for WEC performance testing, ocean 
waves are random and irregular. Generally, irregular 
wave theories are employed to reproduce real sea con‐
ditions, as follows:

η(x t)=∑
n = 1

¥

an cos(kn x -ωnt + εn ) (1)

where the foot marker n presents the nth partial wave, an 
the wave amplitude, kn the wavenumber, ωn the angular 
frequency, x the distance, t the time, and εn the initial 
phase angle ranging in [0, 2π]. Wave characteristics 
vary significantly by season and region, making wave 
energy assessments increasingly important (Arinaga and 
Cheung, 2012). These assessments mainly depend on 
ocean buoy and satellite altimeter data in the early 
stages, and advanced wave models in the later stages. 
Rapidly developed wave models make it possible 
to accomplish local refinement assessments, even in 
marine areas without observation information (Gunn 
and Stock-Williams, 2012), which contribute con‐
siderably to pre-site selection of nearshore wave energy 
harvesting.

2.2  Applications of ocean waves in energy harvesting

As mentioned above, thousands of WECs have 
been invented so far. The working principles, opera‐
tion modes, structural features, and deployment loca‐
tions of WECs are remarkably diverse. Aside from a 
few exceptions, the conversion process in a WEC 
generally consists of three stages, and performance 
depends heavily on ocean wave conditions. Here, we 
will follow the classification method of Falcão (2010), 
which is widely accepted by the academic commu‐
nity. Most WECs can be categorized into three types: 
oscillating water column, oscillating body, and over‐
topping system. For three categories, wave energy is 
converted into pneumatic, kinetic, and potential energy, 

respectively, in the first conversion stage; accordingly, 
the PTO mechanism is mainly air turbine, hydraulic 
motor, and low head hydraulic turbine in the second 
conversion stage. As illustrated in Fig. 1, each category 
can be further divided into floating and fixed, and 
some WECs listed have undergone pilot or prototype 
testing.

2.2.1  Oscillating water column WECs

The oscillating water column (OWC) WEC was 
the earliest one developed, dating as far back as 1940. 
As illustrated in Fig. 2, a typical OWC WEC consists 
of a hollow pneumatic chamber with a large opening 
below water level. Air is trapped inside the hollow 
chamber above the internal water column to act as the 
conversion medium. Incoming waves cause the inter‐
nal water column to oscillate and convert wave energy 
into pneumatic energy of trapped air. Then the oscillat‐
ing pressure of the trapped air can drive an air turbine 
at the chamber top as the PTO and convert pneumatic 
energy into mechanical energy for electricity produc‐
tion (He et al., 2012, 2013; Heath, 2012). The oscillat‐
ing trapped air is reciprocating. If traditional one-
way turbines are used, complex valve systems are 
needed and will cause considerable energy loss, so 
self-rectifying turbines are more suitable and widely 
employed. The Wells turbine and impulse turbine are 
the two most commonly used self-rectifying turbines 
for OWC WEC (Falcão and Henriques, 2016).

Due to their operating principle and structural 
simplicity, OWC WECs have the most refined design, 
and are suitable for both stand-alone and integrated 
use (He and Huang, 2014, 2016, 2017; He et al., 2023). 
OWC WECs which have undergone pilot or proto‐
type testing include the Sakata in Japan (Goda et al., 
1991), the Might Whale in Japan (Ogata et al., 2002), 
the Pico in Portugal (Falcão et al., 2020), the LIMPET 
in the UK (Alcorn and Beattie, 2001), the LeanCon in 
Denmark (LEANCON, 2015), the OE Buoy in Ireland 
(Alcorn et al., 2014), the MK3 in Australia (Falcão 
and Henriques, 2016), the Mutriku Plant in Spain 
(Torre-Enciso et al., 2009), the SparBuoy in the UK 
(Falcão and Henriques, 2014), the GreenWAVE in 
Australia (Appleyard, 2015), the Yongsoo plant in 
Korea (Liu et al., 2016), the REWEC3 in Italy (Arena 
et al., 2013), the Uniwave200 in Australia (WSE, 2021), 
and the Drakoo in China (Hann-Ocean, 2022).
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2.2.2  Oscillating body WECs

A rigid body can move in six degrees of free‐
dom. The oscillating body is a broad concept. As illus‐
trated in Fig.3, the oscillating body in this WEC de‐
sign can have diverse shapes and move in various de‐
grees of freedom. Incoming waves cause the body to 
oscillate and convert wave energy into kinematic energy 
of the body. Then, the motions of the oscillating body 
can drive a hydraulic motor as the PTO and convert 
kinematic energy into mechanical energy for electricity 
production (Xu et al., 2022). Based on its relationship 
to wave direction and motion modes, the oscillating body 
can be subcategorized as point absorber, attenuator, 

and oscillating water surge converter. The motions 
of oscillating bodies are random and unstable, so hy‐
draulic motors and transmission systems are generally 
employed to achieve continuous and stable mechanical 
energy (Albert et al., 2017).

Although their long-term operability and durabil‐
ity are in doubt due to the movable components in the 
seawater, oscillating body WECs are considered some 
of the most economical and efficient (Li and Yu, 2012; 
Guo et al., 2021). Those which have undergone pilot 
or prototype testing include the Wavebob in Ireland 
(Tarrant and Meskell, 2016), the AquaBuOY in the 
USA (Weinstein et al., 2004), the AWS in Portugal 
(Prado and Polinder, 2013), the Pelamis in the UK 
(EMEC, 2004), the OPT PowerBuoy in the USA (Gerber 
and Taylor, 2003), the Sigma in Montenegro (SIGMA-
ENERGY, 2018), the bioWAVE in Australia (Zhang 
and Aggidis, 2018), the Wavestar in Denmark (Wave 
Star, 2012), the DEXA in Denmark (Zanuttigh et al., 
2013), the Oyster in the UK (Whittaker and Folley, 
2012), the Langlee Robusto in Spain (LANGLEE, 
2013), the ISWEC in Italy (ENI, 2022), the CETO6 in 
Australia (Carnegie, 2017), the WaveRoller in Portugal 
(AW-ENERGY, 2022), the WM9.1 in Cyprus (SWEL, 
2022), the Eco Wave in Gibraltar (EWP, 2016), the 

Fig. 1  Classification of WECs. Reprinted from (Falcão, 2010), Copyright 2010, with permission from Elsevier

Fig. 2  Schematic diagram of OWC WEC (SWL: still water 
level)
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C4 in Sweden (CorPower Ocean, 2018), and the Eagle- 
Zhoushan in China (IEA-OES, 2021).

2.2.3  Overtopping system WECs

The overtopping system is unique in various WECs 
and the principle is more similar to that behind hydro‐
electric power. As illustrated in Fig. 4, a typical over‐
topping system WEC consists of a reservoir with a 
sloping access. Incoming waves climb up the sloping 
access into the reservoir and convert wave energy into 
potential energy in the water stored in the reservoir. 
Then the head difference between internal and exter‐
nal water levels can drive a low head hydraulic turbine 
as the PTO and convert potential energy into mechani‐
cal energy for electricity production (Contestabile et al., 
2017). The overtopping process is highly nonlinear. 
Occurrences of wave runup and breaking cause large 
energy loss, so the conversion efficiency of this design 
is low. However, overtopping system WECs can con‐
vert the random and unstable energy of waves into 
stable potential energy in the reservoir (Pérez-Collazo 
et al., 2015), and can use the mature axial flow tur‐
bines of hydroelectric power stations.

Overtopping system WECs have high require‐
ments for reservoir capacity and deployment topogra‐
phy, so there are relatively few of them in operation. 
Models which have undergone pilot or prototype 
testing include the TAPCHAN in Norway (Mehlum, 

1986), the Wave Dragon in Denmark (Tedd and Ko‐
foed, 2009), and the SSG in Norway (Margheritini 
et al., 2009).

2.3  Performance and comparison

To date, none of the existing WECs has achieved 
economic viability. There is no predominant WEC 
design like the three-bladed horizontal-axis turbine in 
the wind energy sector. The wave energy sector is still 
making great efforts towards more efficient technolo‐
gies and economic applications (Aderinto and Li, 2018). 
There is a wide variety of WEC concepts, with highly 
individual manufacturing, transportation installation, 
and operation costs. Due to the lack of data, it is hard 
to quantitatively compare different WEC concepts within 
the same framework at this time, and only a relatively 
general assessment can be obtained. In terms of effi‐
ciency, Babarit (2015) set up a database of capture 
width ratio (CWR) for WECs and performed a statisti‐
cal analysis on the mean CWR for each type of WEC, 
as shown in Table 1. In order to carry out a compre‐
hensive evaluation of performance, the scarce and pre‐
cious data from some WECs that have undergone sea 
trials were collected by Xie et al. (2017) and Zhang YX 
et al. (2021). The latter group proposed a multi-index 
evaluation model including aspects of energy capture, 
technology-cost economics, reliability, environmental 
friendliness and adaptability. Their evaluation indicated 
that the oscillating body WEC offered the most benefits, 

Table 1  Mean CWR and main issues for each type of WEC

Type of WEC

Oscillating water 
column

Oscillating body

Overtopping system

PTO

Air turbine

Hydraulic motor

Low-head hydraulic 
turbine

CWR

29%

16% (translation); 
37% (rotation)

17%

Main issues

Multiple chambers; air 
compression; efficiency 
of air turbine

Reliability; multiple 
degrees of freedom

Design of sloping access 
and reservoir; parameter 
optimization of outlet 
pipe and PTO

Integration; array layout 
optimization; mooring 
system; control strategy local 
adaptation; environmental 
implications

Fig. 3  Schematic diagram of oscillating body

Fig. 4  Schematic diagram of overtopping system WEC
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owing to its efficiency and environmental friendliness. 
The major drawback of the OWC WEC, on the other 
hand, is clearly the weak performance of the air 
turbines.

However, the economic feasibility of a WEC 
depends more on the local wave energy resources in 
most cases, and thus, local adaptation is essential to 
design. By way of example, 25 kW/m is the represen‐
tative wave energy flux along the coasts of Europe 
and the USA, while it may be much smaller in China 
(Mustapa et al., 2017). Amrutha and Sanil Kumar (2022) 
investigated the performance of a few WECs in the 
wave conditions of the Indian shelf seas, and recom‐
mended a kind of pontoon (oscillating body) WEC. 
Castro-Santos et al. (2020) found that the Wave Dragon 
(overtopping system) WEC offered good value in the 
wave conditions of the north of Spain. Xie et al. 
(2017) preferred a point absorber or duck-type (oscil‐
lating body) WEC for areas with low wave energy 
flux, like China. Focusing on the areas with the world’s 
highest wave power, Rusu and Onea (2017) made a 
performance assessment of ten WECs based on their 
technical specifications. In addition to local adaptation, 
control strategy plays a significant role in the perfor‐
mance optimization of WECs in random and unstable 
wave conditions (Ringwood et al., 2014; Li et al., 
2021). Damping control, reactive control, latching/
unlatching, and model predictive control are the most 
common control strategies; they can be used to adjust 
the dynamic response of WECs and greatly improve 
energy harvesting performance of WECs (Maria-
Arenas et al., 2019).

Many studies have been done on the oscillating 
water column, oscillating buoy, and overtopping sys‐
tem. A comprehensive evaluation of the performance 
of various existing WECs has become critical. It will 
help significantly in converging on a predominant model 
for WECs and focus further in-depth research.

3  Current progress in ocean wave energy 
harvesting 

In this section, we review the promising direc‐
tion of data-driven exploration as well as applications 
of advanced multifunctional materials and structures 
in ocean wave energy harvesting. We also give an over‐
view of the emerging integrated ocean wave energy 

harvesting systems. Data-driven technique, in principle, 
takes advantage of given data to unveil the relation‐
ships behind complex inputs and corresponding out‐
puts; this relies greatly on algorithms to accomplish 
tasks in material exploration and application with‐
out step-by-step instructions (Himanen et al., 2019; 
Schleder et al., 2019; Qu et al., 2021). Ever since its 
debut in the context of rapid development of computer 
technologies, data-driven technique has been exten‐
sively used in various fields such as material explora‐
tion (Tian et al., 2021; Cai et al., 2022) and structural 
optimization (Barri et al., 2021; He et al., 2021; Wei 
et al., 2021; Da et al., 2022; Jiao et al., 2023). In the 
specific domain of ocean wave energy harvesting, 
data-driven technique has demonstrated its superiority 
in predicting energy harvesting performance and effi‐
ciency by using AI algorithms (Gioia et al., 2022). 
Due to its ability to identify the unknown connections 
between inputs and outputs, AI has become an effec‐
tive alternative to traditional statistical tools. AI algo‐
rithms are superior to these tools in computational 
efficiency, especially for issues in exploring and apply‐
ing energy materials (Li et al., 2020; Sha et al., 2020; 
Liu Y et al., 2021). Therefore, AI has been applied to 
address the current questions surrounding new energy 
materials and performance prediction (Jha et al., 2017; 
Chen et al., 2020; Rahman et al., 2021; He et al., 
2022). Three main contributions of AI have been 
reported in exploring and applying energy materials, 
including material discovery (Cai et al., 2020; Lu, 
2021), structural optimization (Wang et al., 2015; Yu 
et al., 2019; Dudem et al., 2020), and performance-
oriented inverse design (Peng et al., 2019).

3.1  Exploration and application paradigms of 
advanced energy materials

To this end, the typical application paradigms of 
AI in advanced energy materials can be categorized 
into data collection and representation, algorithm de‐
termination, and model development (Zhou et al., 2019; 
Barnett et al., 2020; Das et al., 2020), as shown in 
Fig. 5. In order to collect and represent data, AI algo‐
rithms are trained by the existing data on ocean wave 
energy harvesting. It is therefore necessary to main‐
tain the quality and quantity of the data pool. For ex‐
ample, ocean waves typically consist of tens of thou‐
sands of low frequency cyclic fluctuations, which 
usually create 30% waste data (i.e., data noise) in the 
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pool (Jiao, 2021). Thus, initial data preprocessing is 
important in exploring energy materials by AI (Gibert 
et al., 2016; Epps et al., 2021). Identifying and cor‐
recting errors is critical to reducing the possibility of 
misleading AI models. During algorithm determina‐
tion, the raw data are preprocessed due to the huge 
amount of data collected in ocean wave energy harvest‐
ing strongly influencing the accuracy and efficiency 
of AI models. Given its high error-tolerance when han‐
dling noisy and incomplete data, AI is able to estab‐
lish nonlinear relationships between inputs and out‐
puts, and therefore, determine the dominant parame‐
ters of energy materials, in order to obtain advanced 
energy materials with high energy harvesting efficiency 
for ocean wave environment (Kalidindi et al., 2016; 
Gomes et al., 2019). During model development, AI 
is able to unveil the featurization between the input 
and output variables and develop a suitable model 
to guide the discovery of energy materials; and, more 

importantly, improve their applications in ocean wave 
energy harvesting. In general, the more suitably the 
raw data are represented and the more effectively the 
AI algorithms are determined, the more accurately and 
efficiently advanced energy materials can be explored 
(Sahu et al., 2018; Jiao and Alavi, 2021).

3.2 Data-driven design and optimization of energy 
devices

Due to the structural complexity of energy devices, 
data-driven tools have been extensively used in their 
structural design and optimization. The frequency and 
amplitude of ocean waves make it necessary to take 
advantage of structure to trigger energy materials for 
high efficiency energy harvesting, as shown in Fig. 6a. 
For example, starting with arbitrary population of 
initial designs, evolutionary computation compares and 
optimizes the designs with respect to the predefined 

Fig. 5  Application paradigms of AI in advanced energy materials: (a) data collection and representation; (b) algorithm 
determination; (c) model development. OWEH: ocean wave energy harvesting

Fig. 6  Data-driven design and optimization of energy devices: (a) structural design to assist in efficiently triggering 
energy materials in response to ocean waves; (b) illustration of AI-enabled inverse design of energy devices in ocean 
wave energy harvesting
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fitness evaluation function of ocean wave energy 
harvesting performance, and the designs with the best 
energy performance have the best chance to be the 
design parents for the next generation (Sirigu et al., 
2020; Yang et al., 2022). Next, the selected designs 
are arbitrarily transformed into new designs based on 
crossover, recombination, or mutation operations. Even‐
tually, the fittest design with the best energy harvest‐
ing response is determined from millions of possible 
designs generated during the evolutionary process.

While existing data-driven design and optimiza‐
tion studies have primarily focused on determining the 
best structural designs with respect to the evaluation 
function of ocean wave energy harvesting performance, 
the entire concept of AI for performance-oriented 
inverse design of novel energy devices is still in its in‐
fancy (Tang et al., 2020). One of the most vital issues 
in optimizing the energy harvesting performance of 
these devices is finding a way to establish appropriate 
predictor variables; and the next step toward AI-
enabled inverse design of energy devices is to obtain 
optimal structures by directly considering the required 
energy harvesting performance response, as shown in 
Fig. 6b. In this strategy, a set of design constraints 
can be passed to a topology-optimization algorithm to 
generate the initial energy device geometries, and AI 
then explores a suite of new designs that outperform 
the initial patterns used for its training. As a conse‐
quence, AI-based structural design and optimization 
significantly enhance the experiential nature of design 
prototyping (Salehi and Burgueño, 2018; Wu et al., 
2021).

3.3  Data-driven integrated ocean wave energy har‐
vesting systems

Integrated ocean wave energy harvesting systems 
driven by advanced data technology have four layers: 
environment, software, hardware, and application, as 
shown in Fig. 7. The environment layer refers to 
external ocean wave conditions that can be used to 
trigger the energy harvesting system. Although data-
driven technique cannot control these ambient condi‐
tions, it can design and optimize the materials and 
structures in the energy devices to assist in tailoring 
the entire energy harvesting system, which is impor‐
tant as ocean waves are typically low frequency and 
low amplitude. To trigger the energy materials under 
certain external excitations (e.g., ocean waves) and 
effectively generate electrical power, AI can be used 
to analyze the environment characteristics of ocean 
waves in this layer (Candella, 2019; Lou et al., 2021). 
Second, the software layer performs data preprocess‐
ing and AI model development. The raw energy har‐
vesting data for certain energy materials and structures 
under ocean waves must first be processed through 
signal preprocessing, mining, and/or amplifying to 
improve data quantity and quality. AI models can then 
be developed after data analysis and interpretation 
to predict the generated electrical voltage (Mellit and 
Kalogirou, 2008; Hossain et al., 2017). The third layer, 
hardware, consists of designing and optimizing the 
structure of the energy harvesting devices under ocean 
waves. Due to the technological issues in energy har‐
vesting from ocean waves, it is generally necessary to 

Fig. 7  Data-driven integrated ocean wave energy harvesting systems: (a) environmental, software, hardware, and 
application layers; (b) extended functions in energy platforms and networks. Freq: frequency; amp: amplitude; envrn: 
environment; mater: material; struct opt: structural optimization
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optimize energy devices for low frequency and low 
amplitude ocean wave excitations. In addition, it is nec‐
essary to protect the hardware package from the harsh 
ocean environment (Akyildiz et al., 2005; Calvente, 
2018). Finally, the application layer refers to power 
storage, management, and real-time charging. One must 
store the generated electrical power for energy short‐
age in situ. Ocean equipment is typically designed 
with multifunctional devices (e.g., for monitoring, 
wireless communication, and computation), which 
requires in situ energy shortage management of these 
devices and functionalization of real-time charging 
(Shi et al., 2019; Cao et al., 2021).

Note that integrated ocean wave energy harvest‐
ing systems are commonly designed with multiple 
components over a relatively large application zone, 
which critically relies on data communication through 
wireless technologies such as wireless gateways, the 
internet-of-things (IoT), or the intelligent cloud (Shaikh 
and Zeadally, 2016; Sanislav et al., 2018). Further‐
more, there is significant power dependence because 
energy harvesting systems are connected with human-
computer interaction or with certain terminal software 
such as user interfaces (UIs), user portals, or custom‐
ized cloud interfaces. In general, novel functionalities 
of integrated ocean wave energy harvesting systems 
require electronic devices, which results in more severe 
energy shortage.

4  Future trends of ocean wave energy 
harvesting in the intelligent ocean 

Ocean engineering, especially large-scale equip‐
ment and construction, relies heavily on electrical power. 
Therefore, it consumes large amounts of electricity and 
also provides the most application scenarios for energy 
harvesting technologies (Zuo and Tang, 2013; Wang 
Y et al., 2020). Reliable green energy is viewed as a 
key issue that critically affects sustainable development 
of the entire domain of ocean engineering. To address 
this energy shortage, energy harvesting has opened a 
promising venue for next-generation electrical power. 
Ocean waves are seen as an excellent source of elec‐
tricity energy, which has led to extensive research and 
practical directions for ocean wave energy harvesting. 
However, as explained above, ocean waves have cer‐
tain limitations that cause technological challenges for 

energy harvesting, i.e., low frequency and low ampli‐
tude fluctuation (Safaei et al., 2019; Wang et al., 2021). 
Energy harvesting efficiency is inadequate under typi‐
cal conditions. Data-driven material exploration and 
structural design are powerful tools to address the 
challenges of ocean waves, and therefore, we believe 
that enhancement of ocean wave excitation will be a 
future trend in ocean wave energy harvesting. AI has 
attracted significant research attention in ocean wave 
energy harvesting in recent years, mainly due to the 
inadequacy of physics-based models developed using 
first principles (Dong et al., 2020; Jiang et al., 2021). 
In physics, modeling of materials through what is 
known as first principles has become a major research 
area. The approach involves putting in place only 
certain basic physical constants to obtain the funda‐
mental properties of a system, rather than using exper‐
imental parameters. However, the nature of first prin‐
ciples results in potential oversimplification or assump‐
tions, as otherwise the entire system is likely to be too 
complex to model or solve. Compared to traditional 
modeling approaches that typically use physical prin‐
ciples to design energy devices for use in ocean waves, 
AI has the capability to comprehend and handle high 
dimensional feature spaces (Wang T et al., 2020). Ac‐
cording to the objectives and applications, AI in ocean 
wave energy harvesting can be categorized into the 
fields of technology (i.e., AI model design and optimi‐
zation) and utility (i.e., AI-enabled energy harvesting 
performance) (Khorsand et al., 2020; Liu L et al., 
2021). The former is mainly achieved using machine 
learning (ML) algorithms (Kibria et al., 2018; Guo 
et al., 2021), and the latter includes the functionalities 
of reasoning, programming, artificial life, evolutionary 
computation, and constraint satisfaction (Erden et al., 
2008; Gottlob and Szeider, 2008; Lu et al., 2018; Zhan 
et al., 2022). The application paradigms of AI ocean 
wave energy harvesting can be divided into three steps. 
The first is identifying the key indicators that domi‐
nate the performance of the energy device; the second 
is processing the energy harvesting data and establish‐
ing the AI model accordingly; and the final step is 
conducting performance-oriented inverse design to 
determine the structural and material properties of the 
energy device.

“Intelligent ocean” refers to not only internet-
based information technologies, but also green energy 
solutions that are customized, portable, efficient, and 
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sustainable, such as ocean wave energy harvesting 
(Ahmadi et al., 2019; Zhang Q et al., 2021). Wave 
energy is a critical energy source in the intelligent 
ocean, and has been used to power various marine de‐
vices and equipment for both ocean engineering and 
ocean technology (Rui et al., 2020; Zhao et al., 2021). 
From an ocean engineering perspective, ocean struc‐
tural health monitoring (O-SHM) systems are joint 
applications of various advanced sensors, control sys‐
tems, and communication technologies in the intelli‐
gent ocean. They require reliable power to remotely 
charge these sensors and monitor control platforms, 
while continuously analyzing the generated big data 
(Zhang et al., 2017; Xi et al., 2019). Efficiently charg‐
ing the sensors for the specific working environment 
(e.g., type and amplitude of mechanical energy) ensures 
precise monitoring of the real-time working conditions 
of ocean engineering structures (Wang XF et al., 2015; 
Wang LG et al., 2018; Zhang YX et al., 2021; Li 
et al., 2022). From an ocean technology perspective, 
ocean wave energy is one of the main power sources 
for maintaining the functionality of various marine 
equipment and devices, such as deep sea mining equip‐
ment, wind energy equipment, and ocean exploration 
devices. Wireless communication systems play an im‐
portant role in maintaining connection and communi‐
cation in the intelligent ocean, and they need highly 
reliable power supplies to maintain the processing of 
massive data (Liserre et al., 2010; López et al., 2013; 
Li et al., 2019). Ocean wave energy harvesting can be 
used to generate electrical power for the relatively high 

energy consumption needed for wireless communica‐
tion. Fig. 8 illustrates the potential applications of ocean 
wave energy in ocean engineering and technology for 
the intelligent ocean. The traditional immobile, cen‐
tralized energy supply systems have become incom‐
patible with the current requirements of customized 
remote equipment and devices (Bandodkar et al., 2016; 
Guk et al., 2019). As a consequence, ocean wave energy 
is anticipated to serve as an important and powerful 
component in the intelligent ocean. Potential applica‐
tions are envisioned in the ocean engineering domain, 
such as road detection (e.g., roads, bridges, and facili‐
ties), smart supervision systems (e.g., self-diagnosing 
wireless local area network (WLAN), smart surveil‐
lance closed-circuit television (CCTV), and smart traffic 
signal systems), and all-in-one portable devices for 
real-time feedback on working conditions. Potential 
applications have also been proposed in the ocean tech‐
nology domain, for example self-powered unmanned 
aerial vehicles (UAVs) (Khoshnoud et al., 2020), auton‐
omous underwater vehicles (AUVs) (Townsend, 2016), 
mining equipment (Jasiulek et al., 2016), wind energy 
equipment (Pan et al., 2019), and ocean exploration 
equipment (Valdez et al., 2011).

5 Conclusions 

Ocean wave energy has attractive potential for 
generating electrical power from the marine environ‐
ment, and this potential has been exploited by different 

Fig. 8  Vision for ocean wave energy harvesting in the intelligent ocean
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energy harvesting devices in recent years. However, 
traditional wave energy converters face certain chal‐
lenges due to their intrinsic characteristics as well as 
the low frequency and unstable nature of ocean waves, 
leading to a trade-off dilemma between technology 
and cost. This review article provides readers with an 
overview of the mechanisms and applications of tradi‐
tional wave energy converters, the existing challenges 
in energy harvesting performance, and current prog‐
ress on next-generation ocean wave energy harvesting 
driven by the advanced energy materials and technolo‐
gies. We first covered the mechanisms of traditional 
wave energy converters: the oscillating water column, 
oscillating body, and overtopping system; and described 
cases, whether fixed or floating, that have undergone 
pilot or prototype testing. Next, we summarized the 
research direction of AI-based exploration and the po‐
tential applications of advanced multifunctional mate‐
rials and structures in ocean wave energy harvesting. 
The description of various applications of AI concluded 
with material discovery, structural optimization, and 
performance-oriented inverse design. Integrated ocean 
wave energy harvesting systems enabled by advanced 
energy materials and structures involve four develop‐
ment stages: environment, software, hardware, and 
application. Eventually, we envision future develop‐
ment trends that involve applying ocean wave energy 
harvesting in the intelligent ocean from perspectives 
of ocean engineering and ocean technology. Intelli‐
gent ocean engineering relies heavily on joint applica‐
tion of various advanced sensors, control systems, 
and communication technologies in ocean structural 
health monitoring systems. Ocean wave energy har‐
vesting can efficiently charge sensors for the specific 
working environment, allowing precise monitoring of 
real-time working conditions of structures. Intelligent 
ocean technology is dependent on power sources to 
maintain the functionality of various marine equip‐
ment and devices, and ocean wave energy harvesting 
could be a powerful alternative to generate electrical 
power.
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