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Executive Summary

The Blue Economy is defined as the sustainable use of available ocean resources
for economic growth [1]. Within this context, the concept of Powering Blue Econ-
omy (PBE) applications refers to energy solutions and technological innovations that
enable the development and operation of key economic activities in the ocean. PBE
applications require reliable and autonomous energy sources, as many operate in re-
mote environments far from the traditional power grid. Integrating marine energy,
such as wave energuy, at the required location can enhance energy autonomy and
security while reducing or eliminating the dependence on traditional energy sources
such as diesel.

This report provides an overview of wave energy conversion technologies and their
applications within the blue economy context. It reviews the main types of Wave
Energy Converters (WECs) and Power Take-Off (PTO) systems, highlighting their
operating principles and implementation contexts. It also addresses key reference
projects, identifies opportunities and challenges for marine energy applications, and
examines suitable WEC–PTO combinations for different energy demands.

In the first part of this report, a review of the most commonly used WECs is
presented, based on their operating principles and installation locations. Next, the
Reference Model Project (RMP), sponsored by the US Department of Energy (DOE),
is introduced, where Reference Models (RMs) 3, 5, and 6 were studied (RM3, RM5,
and RM6, respectively), which focus on the conversion of wave energy. RM3 rep-
resents a two-body Point Absorber (PA) design, RM5 is an Oscillating Surge Wave
Converter (OSWC), and RM6 is an Oscillating Water Column (OWC) device. While
the DOE RMs (RM3, RM5, and RM6) were developed for grid-connected utility-
scale installations, they can also be scaled down for PBE applications. The section
concludes with a summary table presenting the main lessons learned from each RM,
particularly regarding the reproducibility of numerical simulations and experimental
results.

In the next chapter, a general description of the most commonly used PTO sys-
tems in combination with WECs is given. A comparative table that gathers the main
characteristics and features of each PTO system is made as a reference to be used
in future sections of this report. The studied PTO systems are the Hydraulic Motor
Based (HMB), Direct Mechanical Drive (DMD), Direct Electrical Drive (DED) and
Air Turbines (AT).
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In addition, opportunities and challenges associated with the implementation of
WECs in Powering Blue Economy (PBE) applications are presented, followed by an
overview of the energy requirements of each sector. For this report, the following
applications are considered: Offshore Marine Aquaculture; Desalination; Ocean Ob-
servation and Autonomous Vehicle Charging; as well as a brief description of the
implementation of WECs in Isolated Remote Communities.

Finally, three WECs (OWC, OSWC, and PA) are matched with every key PBE
application, in addition to the studied PTO systems (AT, MDD, EDD, and HMB).
The functional combinations of WECs and PTO systems are selected on the basis of
the requirements previously outlined, ensuring optimal performance, efficiency, and
compatibility with each PBE application energy demands.
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Wave Energy Converters (WECs)

3.1 Introduction

In this chapter, a review of the most commonly used WECs is presented. It begins
with a general classification of the devices based on their operating principles and
installation locations, illustrated in Figure 3.1. This is followed by an overview of
examples of the main types of WECs, highlighting their key characteristics. The
Reference Model Project (RMP), sponsored by the US Department of Energy (DOE)
[2], is then introduced. The RMP consists of six open-source utility-scale Marine
Hydrokinetic (MHK) energy converters designs, developed to support the advance-
ment of marine energy technologies, with adaptability for different strategic offshore
locations. For this report, Reference Models 3, 5, and 6 (RM3, RM5, and RM6,
respectively) are studied, which focus on the conversion of wave energy. RM3 rep-
resents a single Point Absorber (PA) design, RM5 represents an Oscillating Surge
Wave Converter (OSWC), and RM6 represents an Oscillating Water Column (OWC)
device. At the end of the section, a summary table is provided, presenting the main
lessons learned from each reference model, particularly regarding the reproducibility
of numerical simulations and experimental results.

3.2 Types

There are different types of WECs, each based on the various ways in which wave
energy can be captured and converted. In 2010, Falcão et al. categorized these tech-
nologies according to their operating principles and installation locations, as shown
in Figure 3.1 [3]. A general overview of each type of device can be found in [4],
which served as a reference for this Section. The principal types of WECs devices
are described as follows, focusing on fundamental operating principles and key char-
acteristics.

• Oscillating Water Column (OWC): OWC devices operate by capturing the
kinetic energy of waves. The device features a submerged inlet that allows the
water free surface to oscillate vertically in response to wave action, and an upper
air duct through which the pressurized air expands and contracts bidirection-
ally. This oscillating airflow drives a self-rectifying air turbine coupled to an
electrical generator. Since the air velocity through the turbine duct remains
below Mach 0.3, the airflow can be treated as incompressible, which simplifies
the aerodynamic analysis and is a standard assumption in OWC modeling [5].
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Figure 3.1: Diagram of the main concepts by operating principle and installation
location of Wave Energy Converters [3].

• Point Absorbers (PAs): The PAs are devices that operate based on the
vertical oscillation of one or two bodies (heave motion). These devices are
typically designed to capture wave energy from multiple directions, making
them well suited for offshore environments or exposed coastal areas. A standard
two-body PA device consists of two main components: the wave follower, which
moves with the wave motion, and the absorber unit, which converts the relative
motion between the wave follower and a fixed or semi-fixed reference structure
into usable mechanical or electrical energy.

• Attenuator: Attenuator devices, an oscillating floating system, generate en-
ergy by using the angular motion (pitch rotation) of one or more floating bod-
ies. These devices operate in response to wave-induced motion, which makes
the bodies oscillate. Typically, an attenuator is partially submerged and is posi-
tioned parallel to the main direction of the incoming waves. As waves pass along
the length of the device, the motion between its connected segments creates me-
chanical energy. This energy is then converted into electricity using hydraulic
or mechanical transmission systems. The floating segments are connected by
flexible joints—often called universal joints—which both secure the structure
and allow the necessary movement between parts.
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• Oscillating Surge Wave Converter (OSWC): An OSWC is a submerged
device that operates using a pitching motion, similar to an inverted pendulum
hinged to the seabed. As waves pass over the device, they cause a back-and-
forth (reciprocating) rotation of a large flap. This motion is then converted into
usable energy through a hydraulic system, which transforms the mechanical
movement into electricity.

• Overtopping Device: Overtopping structures generate energy by using the
wave overtopping principle. The waves are directed into a reservoir located
above sea level, where the water is temporarily stored. As water flows down due
to gravity, its potential energy is converted into mechanical energy by a turbine,
similar to low-head traditional hydro turbine, which is then transformed into
electrical energy using a generator.

Another study [6] classified WECs not only by these five working principles but
also by their location, listing onshore, nearshore, and offshore devices. A simplified
illustration of the differentiation among the various types of Wave Energy Converters
(WECs) based on their installation location is presented in Figure 3.2, where different
experimental and commercial devices are also provided as examples.

• Onshore devices: These devices are installed directly on the shoreline, often
in shallow waters or even above sea level. Their main advantages include easy
access for maintenance and installation, as they are located on land. In addition,
they typically do not require mooring systems or long subsea cables to connect to
the power grid. However, waves at the shoreline carry less energy due to seabed
interactions, and the availability of suitable coastal sites is limited, which can
make deployment challenging.

• Nearshore devices: They are located a few hundred meters from the coast in
moderate water depths (10–25 meters). These systems are usually mounted on
the seabed, avoiding the need for moorings. However, they must be structurally
strong to withstand the forces generated by passing waves.

• Offshore devices: They are deployed in deep waters (over 40 meters), far
from the shore. These systems are generally floating or submerged structures
moored to the seabed. Due to their location, they can harness the higher wave
energy available in the open ocean. At the same time, their exposure to harsh
ocean conditions poses challenges for durability and reliability. Maintenance
operations are also more complex and expensive because of their distance from
the shore.
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Figure 3.2: Classification of WECs per type and operation site [6] (modified with
images from [7]).

3.3 Reference Models (RMs)

The Sandia National Laboratories (SNL) Reference Model Project (RMP) was created
to provide publicly available, standardized designs for various MHK energy devices
[2]. The project developed a set of detailed conceptual designs defined as RMs.
These models cover 6 types of MHK devices, including tidal turbine, river turbine,
ocean current turbine, and three types of WEC. Each RM, developed in collaboration
with the National Renewable Energy Laboratory (NREL), includes comprehensive
documentation of the device mechanical design, hydrodynamic modeling, structural
analysis, and economic evaluation. In this report, the focus is on RMs that relate to
wave energy conversion, RM3, RM5 and RM6. These WEC RMs represent different
approaches to harnessing the power of ocean waves, each offering a unique mechanism
to capture and convert wave energy into usable electrical power. The main dimensions
of the RMs are shown in Figure 3.3, followed by a diagram of the mooring system. In
addition, a summary of the main features of the RMs is presented in Table 3.1. While

12



Figure 3.3: RMs main dimensions and mooring diagrams [2]. RM3 (Top) [8], RM5
(Center) [9] and RM6 (Bottom) [10].

the DOE RMs (RM3, RM5, and RM6) were developed for grid-connected utility-scale
installations, they can also be scaled down for PBE applications.

• Reference Model 3 (RM3): RM3 describes a two-body PA system, where
a wave-following floating buoy moves relative to a submerged structure under
the action of ocean waves. The resulting relative motion is used to drive an
hydraulic PTO system (this kind of system is described in detail in Section 4)
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[8]. The concept design was inspired by Ocean Power Technologies’s PowerBuoy
[11].

• Reference Model 5 (RM5): RM5 describes an OSWC device that captures
energy from the horizontal motion of ocean waves near the surface. This model
consists of a large submerged oscillating flap that is hinged on a moored sub-
merged platform [9]. As waves pass through the device, the surge motion of the
water forces the flap to oscillate. This mechanical motion is then transferred to
a PTO system, which converts it into electrical energy.

• Reference Model 6 (RM6): RM6 describes an OWC device of the backward
bent buoyant duct variety, where the wave motion induces the increase and
fall of the water columnu inside the capture chamber, which conducts the air
through an Air Turbine (AT),0 activating a Power Take-Off (PTO) system [10].

3.4 Lessons Learned from Reference Models

Starting with the RMs is a valuable first step, as they provide well-defined baselines for
understanding WEC performance. It is important to recognize that these models are
designed as utility scale WECs for specific locations, reflecting local wave cli-
mates, water depths, and environmental conditions. Consequently, many of the design
choices, experimental scales, and numerical assumptions are location-dependent,
and care must be taken into consideration when interpreting or extrapolating these
specific devices.

• Model Scaling and Experimental Limitations: Experimental scales are
constrained by wave tank dimensions and device size. Smaller devices (e.g.,
RM3 PBEs) are tailored for use cases that require lower power, while submerged
platforms (RM5) are sensitive to tank depth. Experimental datasets are often
limited, inconsistent, or not fully aligned with specific RM configurations,
making direct validation of numerical models difficult.

• Dimensionless Numbers and Similarity Parameters: Proper selection of
dimensionless numbers (Keulegan–Carpenter, Froude, Reynolds) to characterize
the device behavior is crucial for maintaining similarity between experiments
scale and numerical simulations.

• PTO Modeling and Linearization: Linear wave theory-based numerical
models (e.g., WEC-Sim and BEM methods) require PTO systems to be char-
acterized with linear parameters. Air-pressure-based PTOs (RM6) are difficult
to linearize and add complexity to numerical modeling.

• Numerical Modeling Complexity: Some systems, such as floating OWCs
(RM6), require high-fidelity models (e.g., 7 DOF) to capture full motion,
increasing computational cost. Simplifications such as linearization and DOF
reduction improve computational efficiency but may reduce model fidelity.

14



Table 3.1: Review of the main features of the RM3, RM5, and RM6 devices. These
RMs were originally designed for specific locations and wave climates, all correspond-
ing to the coastal area of Eureka in Humboldt County, California, where the char-
acteristic wave heights are given by Hs, the peak periods by Tp, and the local water
depths by h.[2].

RM#
[type]

WAVE AND SITE
CONDITIONS

POWER
OUTPUT

KEY FEATURES AND
NOTES

RM3
[PA]

Sea states with Hs

0.5–6 m, Tp 5–18 s, wa-
ter depths 40–100 m [2].

Two-body PA WEC
for offshore designed
for offshore deep-water
conditions [2].

Rated power 300 kW
(numerical simulations,
capacity factor 30%) [2].

Estimated annual
energy production 700
MWh/unit [2].

Efficiency: 5.6–32%
[12]. Efficiency de-
creases with increasing
mass (oscillatory mo-
tion challenges).

Adaptable across wide sea states
[13].

Compact, flexible design for opti-
mization [13].

Experiments: UC Berkeley 2010
(scale 1:100, locked PA, extreme waves)
[14]; UC San Diego 2011 (scale 1:33,
heave-only FPA, power performance)
[14]; UC San Diego 2011 (scale 1:33,
locked PA, extreme waves) [14].

Simulations: WEC-Sim (UC Berke-
ley & Sandia 2014), validated against
ANSYS-AQWA, WaveDyn, OrcaFlex,
and tank data [15].

RM5
[OSWC]

Sea states with Hs

0.75–6 m, Tp 5–18 s, wa-
ter depths 40–100 m [2].

Two-body OSWC de-
signed for large opera-
tional waves [2].

Rated power 360 kW
(numerical simulations,
capacity factor 30%) [2].

Estimated annual
energy production 882
MWh/unit [2].

Efficiency: 20–60%
[12].

Experiments: OSU 2016 (double flap
device, hosted at Sandia) [16].

Simulations: NREL & Sandia 2014
(bottom-hinged OSWC) [17]; NREL &
Sandia 2014 (floating OSWC with 4
flaps) [17].; NREL & Sandia 2020 (Pas-
sive Yaw development in WEC-Sim)
[18].

RM6
[OWC]

Sea states with Hs

0.75–6 m, Tp 5–18 s, wa-
ter depths 60 m [2].

Offshore OWC de-
signed for deep-water
operations [2].

Rated power 103 kW
[2].

Efficiency: 2–60% [12].

Experiments: University College
Cork 2014 (scale 1:50), focused on
RAO performance and irregular wave
spectra [19].

Simulations: OSU 2020 (OWC mod-
eled as point absorber in WEC-Sim).
WEC-Sim setups exist for floating
OWC with air-turbine PTOs, but lack
experimental validation [20].

• Overall Observations: Reference models provide valuable benchmarks for
testing control strategies, numerical methods, and device designs. Limitations
include location-specific assumptions, insufficient experimental valida-
tion, and scaling constraints, which need to be considered when applying
these models to other designs or sites. However, a significant caveat is that
none of the WEC RMs have been demonstrated at full scale, i.e., the designs
and power production cannot be considered as ”validated designs”.
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3.5 Conclusions

This chapter presented the main classifications of WECs according to their operating
principles and site-specific deployment. In this context, SNL, in collaboration with
DOE, developed a set of RMs for MHK systems, referred to as the RMP. Among
these, RM3, RM5, and RM6 are based on different wave energy conversion principles
and correspond to PA, OSWC, and OWC devices, respectively. These models were
designed to operate under realistic offshore conditions representative of the U.S. West
Coast, particularly near Eureka, California. Each configuration provides an estimated
power output derived from local wave conditions and serves as a theoretical bench-
mark for comparative analysis and further numerical development.

The RMs present several challenges, including the limited extension of their ap-
plicability to broader scenarios, such as smaller scale energy generation for PBE
applications. Although significant progress has been made in developing numeri-
cal schemes to estimate device performance and expected power output—commonly
based on linear wave theory and potential flow approaches (e.g., BEM codes and
WEC-Sim)—experimental validation remains limited, specifically, none of the three
WEC RMs have been validated at full scale. When performed, such validation must
account for scaling constraints associated with dimensional analysis, which define the
relationship between the model and its full-scale prototype.

In summary, the analysis conducted in this chapter regarding WECs and RMs
provides an initial foundation for exploring the applicability of WEC technologies in
PBE applications. This serves as a preliminary step toward assessing their perfor-
mance, adaptability, and potential for integration into smaller-scale energy generation
systems. The identified limitations will be taken into account in future research to
enhance the understanding and feasibility of WEC implementation in PBE applica-
tions.
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Power Take-Off (PTO) Technologies

4.1 Introduction

PTO system of a WEC is the mechanism responsible for converting the energy ab-
sorbed by the primary converter into usable electrical energy. The performance of
the PTO system has a direct impact on the overall dynamics and energy conversion
efficiency of the device [21]. Accurate numerical modeling of the PTO in the early
stages of development is a critical step in the successful design of any WEC project.
This section provides a general description of the most commonly used PTO systems
in combination with WECs, which are: the Hydraulic Motor Based (HMB) system,
Direct Mechanical Drive Based (DMD) system, Direct Electrical Drive Based (DED)
system and Air Turbines Based (AT) system. Finally, a comparative table is provided
that summarizes the main characteristics and features of each PTO system to be used
as a reference in future chapters of this report.

4.2 Types

This section will discuss the general types of PTO systems, which partially draws on
the work of Amélie Tétu in the “Handbook of Ocean Wave Energy” [21] providing
a comprehensive overview of wave energy conversion and introducing PTO systems
in a clear and accessible manner. A more in-depth analysis is presented by Ahamed
et al. (2020) [22], which describes the most common PTO configurations and their
operating principles. Their study also includes a database of both commercial and ex-
perimental models, offering valuable insights into the current state of PTO technology.

Figure 4.1, adapted from Ahamed et al. [22], presents a general diagram illus-
trating the typical flow of energy from ocean waves to electricity, categorizing seven
types of PTO systems. For the purposes of this report, and to align with the objec-
tives of PBE applications, only four systems will be briefly discussed in the following
sections: Hydraulic Motor-Based systems (HMB), Direct Mechanical Drive systems
(DMD), Direct Electrical Drive systems (DED) systems, and Air Turbine (AT) sys-
tems. These four types were selected based on their direct relevance to the studied
WECs designs and their level of technological maturity in both experimental and
commercial applications. The discussion will highlight the main advantages and chal-
lenges associated with each system. Note that WECs can also be used as water pump
with a pure hydraulic PTO, e.g., Kimball et al 2025 [23] which will not be discussed
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further in this report. In Figure 4.2, a simplified schematic illustrates the energy
conversion workflow within these systems.

OCEAN
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WATER FLUX HYDRO TURBINE

PISTON
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TRIBOLECTRIC (TB) SYSTEM

HYBRID (HYB) SYSTEM

Figure 4.1: The working principles of the PTO system [22].

• Hydraulic Motor Based (HMB): The HMB PTO system typically consists
of key components such as a hydraulic cylinder or ram, a hydraulic motor, an
accumulator, and an electric generator. In general, an oscillatory motion acts
on the hydraulic cylinder, which compresses a working fluid (usually hydraulic
oil). This pressurized fluid ,with assistance of valves, is then directed through
the hydraulic motor, converting the stored hydraulic energy into mechanical
rotational energy. Finally, this mechanical energy is used to drive an electric
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generator, producing electrical power [22]. The accumulator plays a critical role
in smoothing out pressure fluctuations and storing excess energy temporarily,
enhancing system stability and efficiency. Due to their capacity to handle high
loads and isolate the power conversion components from direct wave forces,
hydraulic PTOs are particularly suitable for high-energy marine environments.

• Direct Mechanical Drive Based (DMD): The DMD system generates en-
ergy by directly converting the motion induced by ocean waves into electrical
power. This is typically achieved using a gearbox that transfers the oscillatory
or rotational motion of the WEC to an electric generator [22]. These systems
are characterized by their mechanical simplicity and high efficiency, as they
minimize the number of intermediate energy conversion steps. However, they
also require robust design and materials to withstand the highly dynamic and
corrosive marine environment.

• Direct Electrical Drive Based (DED): The DED system relies on the inter-
action between a translator and a stator, acting like a linear generator, produc-
ing electricity through electromagnetic induction. This approach eliminates the
need for intermediate mechanical or hydraulic conversion systems. DED sys-
tems offer the advantage of fewer moving parts and reduced mechanical losses,
making them potentially more reliable and easier to maintain in harsh marine
environments. However, they also require precise control systems and advanced
power electronics to manage the variable power output.

• Air Turbines Based (AT): In AT systems, commonly used in OWC devices,
air is alternately compressed and decompressed within a sealed chamber due to
the vertical motion of the water column caused by incoming waves. These pres-
sure variations drive airflow through a bidirectional air turbine, which in turn
drives an electric generator. These turbines are designed to rotate in a single
direction regardless of the airflow, making them ideal for OWC applications.
This system is advantageous as there is no direct contact between seawater and
the turbine, reducing the risk of corrosion. However, its efficiency can be lim-
ited by the aerodynamic performance of the turbine and the variability of the
airflow.

4.3 Main Features for PTO Systems

The selection of an appropriate PTO system is a critical aspect of designing and
parameterizing a WEC. This choice depends on various factors, including the type
of WEC, maintenance requirements, service life, overall efficiency, and requirements
of each PBE application. For the four PTO systems discussed in this report, a
comparative summary is provided in Table 4.1, highlighting key data to support their
alignment with specific PBE applications in the next section (Chapter 5).
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Figure 4.2: Schematic of PTO Systems. Top left, Hydraulic Motor Based system
(HMB) [6]. Top right, Direct Mechanical Drive system (DMD) [22]. Bottom left,
Direct Electrical Drive system (DED) [22]. Bottom right, Air Turbine system (AT)
[22].

4.4 Conclusions

A PTO system is the subsystem of a WEC responsible for transforming the mechan-
ical energy captured from ocean waves into a useful output, such as electricity. The
PTO plays a central role in the overall performance, efficiency, and cost-effectiveness
of WECs. This chapter analyzes four PTO systems (HMB, DMD, DED, and AT),
which represent the main design options among the most common wave energy con-
version devices.

The AT system is used almost exclusively in OWC devices, with its main draw-
back being its low mechanical efficiency. For OSWC and PA devices, the most com-
monly used PTO systems are DMD, DED, and HMB. The DMD system provides
high mechanical efficiency but faces challenges related to scalability in experimental
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Table 4.1: Main features of PTO systems. Abbreviations: AT – Air Turbines, DMD
– Direct Mechanical Drive, DED – Direct Electrical Drive, HMB – Hydraulic Motor
Based.

PTO
SYSTEM

MAIN FEATURE

AT

For OWC, the most common PTO system is the one based on ATs [24].
Does not have environmental impact since the fluid work is air [24].
High axial thrust and high noise [25, 24].
It can be located in an easily accessible area, facilitating maintenance [24].
Wells turbines reach peak efficiencies of approximately 65–70%; however, under

realistic oscillating flow conditions, the time-averaged efficiency drops significantly
[25, 24].

DMD

Short lifetime and high maintenance cost [22].
The size of the gearbox is a parameter to consider in the design, and it is difficult

to scale it to experimental model in wave tanks [22].
More efficient than the hydraulic motor based, due to the reduced friction. High

performance, over the 95% of mechanical efficiency [26]. When coupled with a rotary
permanent magnet generator, electrical efficiencies can exceed 90%, though actual
performance depends heavily on the operating speed range and wave conditions [22].

DED

Without having a mechanical intermediate, avoid the associated energy losses
[27].

Continuous force control through power electronics [28].
Low linear velocities, and low power-weight ratio [28].
Unequal generated voltage due to variable-speed induced by the waves [27].
The main electrical losses in linear generators are copper losses and core losses;

these reduce electrical efficiency to a typical range of 70–85% for iron-cored designs
and up to 90% for optimized semi iron-cored or air-cored configurations [29, 27].

HMB

Suitable for low frequency operations and large power density [30, 22].
The hydraulic motor can be used to control the WEC device, to maximize and

regulate energy output [30].
Highly scalable to experimental models since the hydrodynamical response in-

duced for the PTO can be modeled as linear loads [31].
The fluid work (generally hydraulic oil) can generate leakage due to the compres-

sion and decompression work, polluting the water [32].
Need regular maintenance due to the number of parts of the system [22].
Lower mechanical efficiency, which can result in a loss of electrical power. The

overall claimed efficiency of the system varied from 69% to 80%, but in the real
world could be lower [32].

testing. The DED system has no mechanical efficiency losses but presents consid-
erable challenges in maintaining consistent output power. Finally, the HMB system
offers advantages in design simplicity and experimental scalability, although it has
limitations in mechanical efficiency.

In conclusion, the application of each PTO system should be carefully studied
for each WEC, considering the energy requirements of the location where they are
installed. The proper matching of PTO technology to WEC is essential to optimize
energy extraction and ensure the feasibility and efficiency of the wave energy system.
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Powering Blue Economy (PBE) Ap-
plications

5.1 Introduction

This chapter presents a summary of the main opportunities and challenges associated
with implementing WECs in each PBE application of interest, followed by an overview
of the application’s energy requirements. To that end, the study considered the
following applications: Offshore aquaculture, desalination, seawater mining, ocean
observation and navigation, and autonomous underwater vehicle charging, as well as
a brief description of the implementation of WECs in remote communities. The first
four can be generally grouped under power at sea applications, while the last fall
under community scale applications. Some PBE applications identified by the DOE
are not addressed in this report. For example, marine algae is considered within the
broader offshore aquaculture application due to their synergy and potential for co-
location. Similarly, the coastal resilience and disaster recovery application is excluded
because its objectives differ from the primary focus of this study, which is to examine
the implementation of WECs and PTO devices for meeting energy demand.

5.2 PBE applications

The blue economy is defined as the sustainable use of available ocean resources for
economic growth [1]. Within this context, the concept of Powering Blue Economy
Applications (PBE applications) refers to energy solutions and technological inno-
vations that enable the development and operation of key economic activities in
the ocean. PBE applications require reliable and autonomous energy sources, as
many operate in remote environments far from the traditional power grid. These
systems often rely on diesel generators, which poses challenges for energy security,
fuel transport, and the associated costs. Integrating ocean energy at the required
location can enhance energy autonomy and security while reducing or eliminating
the dependence on diesel. For that, the DOE established key PBE applications,
where the marine energies can be developed to decrease the energy consumption
costs [1].
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Figure 5.1: Marine energy technologies, co-located with offshore aquaculture opera-
tions. (Illustration by Clemente et al, Interdisciplinary Centre of Marine and Envi-
ronmental Research, CIIMAR) [33]

5.2.1 Offshore Aquaculture

Aquaculture refers to the cultivation of marine species such as fish, crustaceans,
mollusks, algae, and others, either in fresh or salt water environments. To improve
production while ensuring the conservation and maintenance of coastal areas, the
aquaculture industry is increasingly moving toward offshore locations. Offshore
aquaculture operations require energy to support feeding systems, instrumentation,
and sensors associated with safety, navigation, and maintenance. These energy
demands can be partially or fully supplied through the use of marine energy.

The offshore aquaculture industry presents a great opportunity for synergy and
co-location with WECs. Some WEC designs have been adapted to the location of
aquaculture farms, taking into account different types and configurations to satisfy
farm demand [34] [23]. Table 5.1 presents a summary of the main opportunities and
challenges associated with the implementation of WECs in the offshore aquaculture
industry. It is followed by an overview of the sector’s energy requirements based on
fish farm production volumes, along with current industry values.

It should be noted that feeding systems and instrumentation sensors differ by
orders of magnitude in their power requirements — the former being significantly
higher and the latter considerably lower — which implies that WECs may need to
operate at different scales depending on the application.
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Table 5.1: Opportunities and Challenges for Co-Locating WECs within Offshore
Aquaculture Farms and Corresponding Farm Power Demand (Range and Real-World
Examples).

OPPORTUNITIES
[34]

CHALLENGES
[34]

RANGE OF
POWER

DEMAND [34]

REPORTED
POWER

DEMAND [34]

Reduced energy costs
via shared platforms.

Synergy with multi-
use operations.

Lower environmental
footprint

WECs provide partial
wave shelter to the fish
farms for the waves.

Few technologies
suited for offshore
deployment.

High investment and
operating costs.

Safety risks and un-
clear permitting.

Low tech-
nology readi-
ness/commercialization.

Small-Scale Farms:
10 kW – 50 kW
Power demand: Ba-
sic feeding, instrumen-
tation and sensors, aer-
ation.
Medium-Scale Farms:

50 kW – 500 kW
Power demand: Auto-
mated feeding, lighting,
instrumentation and
sensors.
Large-Scale Farms:

500 kW – 5 MW+
Power demand: Auto-
mated feeding, lighting,
instrumentation and
sensors.

Chilean Farms: 100-
250 kW generators, 370
kWh/day.
Scottish Farms: 1,000

tonnes production, 730
kWh/day.
Norwegian Farms:

3,120 tonnes produc-
tion, 700 kWh/day.
Feeding systems con-
sume over half of total
energy.

5.2.2 Ocean Observation and Navigation

Considering that 80% of the ocean is inadequately studied and mapped, research,
mapping and monitoring instruments become essential. Instruments such as meteo-
rological buoys, profiling instruments, or tsunami warning devices operate in isolated
areas of the ocean, where their power demand is limited by technical parameters
such as battery capacity, data storage, and data transmission/collection (from the
shore). Hence, the wave energy conversion emerges as a viable candidate to meet
the power requirements of these instruments, offering the possibility of co-locating
WECs in the operational sites or even integrating them directly into the observation
and navigation devices. Table 5.2 presents a summary of the main opportunities and
challenges associated with the implementation of WECs in the Ocean Observation
and Navigation application. It is followed by an overview of the sector’s energy
requirements along with current industry values.
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Figure 5.2: Example of a potential ocean observing network that uses multiple tech-
nologies to gather data. (Illustration by Thomas Haessig, OceanOps) [35]

Table 5.2: Opportunities and Challenges for Co-Locating WECs within Ocean Obser-
vation and Navigation devices and Corresponding Power Demand (Range and Real-
World Examples).

OPPORTUNITIES
[1] [36]

CHALLENGES
[36]

RANGE OF
POWER

DEMAND [37]

REPORTED
POWER

DEMAND [36]

Ocean instrumenta-
tion is often limited by
battery capacity, data
storage, and transmis-
sion.

Small WECs can pro-
vide sufficient power for
instruments, enhance
sensing and commu-
nication, and reduce
reliance on batteries.

Combining wave and
solar energy may pro-
vide the best offshore
power solutions.

Buoys and instru-
ments need to operate
globally, so there may
not be a standard de-
vice for all regions.

Wave energy use de-
pends on site-specific
ocean parameters.

Power demand ranges
from 1 W to 20 W for
different instruments.

Drifting profiling
floats: 1–5 kWh.

Tsunami detection
stations: <1 W.

Weather buoys: aver-
age 5 W per day.

NDBC global net-
work of weather buoys.

Deep Ocean Tsunami
Detection Stations.

Drifting profiling
floats and other oceano-
graphic instruments.
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Table 5.3: Opportunities and Challenges for Co-Locating WECs within Autonomous
Underwater Vehicle (AUV) Chaging platforms and Corresponding Power Demand
(Range and Real-World Examples).

OPPORTUNITIES
[1] [36]

CHALLENGES [1]
[36]

RANGE OF
POWER [37]

REPORTED
POWER

DEMAND [36]

Powering AUVs with
docking stations is a
promising opportunity
to implement WEC de-
vices.
Incorporating a WEC

as a power source would
potentially extend the
seasonal operability and
geographical range.

Underwater docking
stations are under de-
velopment and not yet
available commercially,
and the feasibility,
effectiveness and effi-
ciency of underwater
charging stations needs
to be demonstrated.
One of the biggest

challenges is integrating
WEC systems into
charging stations.
WECs are located at or
near the water surface;
however, docking sta-
tions would be typically
located lower in the
water column or on the
seafloor.
The system should be

able to operate over a
wide depth range that is
estimated to be between
50 and 1,000 m.

The average con-
sumption of an AUV is
between 100 to 300 W,
with a typical maximum
mission duration of 24
hours.

The AUV dock
system developed by
WHOI and deployed on
the OOI Coastal Pio-
neer Array is designed
to charge an AUV
equipped with a single,
or optionally a second,
5.4 kWh battery pack,
with a listed charging
duration of 24 hours.

5.2.3 Autonomous Underwater Vehicle (AUV) Charging

AUVs are a cost-effective alternative to traditional vessels for the study of the
ocean, but battery capacity and data storage remain a limiting factors. Docking
and recharge stations can extend the mission duration of AUVs by recharging their
batteries while at sea, as well as providing a secure platform to dock vehicles between
missions, reducing the need to recall vehicles to the surface and increasing the geo-
graphic range of operation. Table 5.3 presents a summary of the main opportunities
and challenges associated with implementing WECs in the Underwater Vehicle
Charging application, followed by an overview of the sector’s energy requirements.
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Figure 5.3: Diagram of implementation of WECs in desalination plants (Illustration
by CETO Technology, Carnegie Clean Energy.) [39]

5.2.4 Desalination

Desalination is the process by which salt and other minerals are removed from
seawater to make it potable. Desalination has become a key solution to address
water scarcity in arid coastal regions with limited access fresh water or urban areas
whose demands cannot be met by local water service. Among the most common
techniques are reverse osmosis and distillation, both with challenges related to
energy consumption and environmental impact. For example, to produce 1000 cubic
meters of water per day, it requires about 10000 tons of fossil fuel per year [38];
hence, replacing a portion of this with marine energy could significantly reduce the
fuel costs. Thus, the implementation of WECs in areas near desalination plant
sites is a viable option. It should be noted that this would constitute a utility-scale
application when serving a larger population, or a community-scale application
when serving smaller, remote communities. Table 5.4 presents a summary of the
main opportunities and challenges associated with implementing WECs in the
Desalination application.
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Table 5.4: Opportunities and Challenges for Co-Locating WECs within Desalination
Plants and Corresponding Power Demand (Range and Real-World Examples).

OPPORTUNITIES
[38]

CHALLENGES [1] RANGE OF
POWER [40]

REPORTED
POWER

DEMAND [41]

Wave energy could
be used to directly pres-
surize seawater without
generating electricity
for a reverse-osmosis
system, eliminating
one of the largest cost
drivers to produce
desalinated water.

Marine energy re-
sources are inherently
located near potential
desalination water sup-
plies and high pop-
ulation concentrations
along the coast; there-
fore, areas that have
unreliable grid connec-
tions or water infras-
tructure may receive
dual benefits from ma-
rine energy systems.

One of the most sig-
nificant technical chal-
lenges will be seasson-
ally matching the wave
energy resource with
water demand. Typ-
ically, the most en-
ergetic conditions take
place during the win-
ter months and the low-
est energetic conditions
occur during the sum-
mer months. The mag-
nitude of the demand
and resource availabil-
ity will drive storage re-
quirements.

For 2016, the av-
erage consumption for
each cubic meter of wa-
ter production was ap-
proximately 4 kWh, but
it is projected to de-
crease in the next 10
years to almost half.

The most expanded
technique to desalinate
water is Reverse Osmo-
sis (RO). Since 1980,
freshwater production
using RO has gone
from less than 100,000
to over 500,000 cubic
meters per day in a
single Desalination
plant in recent years.

5.2.5 Mining Seawater Minerals and Gasses

Mining seawater minerals dissolved in small quantities in the ocean is an activity
still under development. In view of this, a possible synergy between Desalination
and this PBE application is proposed, making use of the waste from desalination
plants (concentrated brine) and optimizing the process of obtaining minerals. As in
the previous case, the information relevant to this PBE application is presented in
Table 5.5.
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Table 5.5: Opportunities and Challenges for Co-Locating WECs within Mining Sea-
water Minerals and Gasses Systems and Corresponding Power Demand (Range and
Real-World Examples).

OPPORTUNITIES
[1]

CHALLENGES [1] RANGE OF
POWER

REPORTED
POWER

DEMAND [1]

Intermittency of
power is acceptable
for the extraction of
minerals and gasses
from seawater for pe-
riods of time of a few
days. Storage backup
can help to maintain
adequate power for
essential parts of at-sea
systems like navigation
lights and safety gear.

The power from the
marine energy system
could be used to oper-
ate any mechanical or
electrochemical systems
that the seawater ex-
traction system would
require.

Extracting elements
in low concentrations
from seawater requires
processing large vol-
umes of water, which
can be energy-intensive
and potentially cost-
prohibitive.

However, the cou-
pling of marine energy
and seawater extraction
technologies would also
require extensive devel-
opment, deployment in-
vestigations, and poten-
tial design evolutions.

Seawater contains
large amounts of dis-
solved ions and the
four most concentrated
metal ones (Na, Mg,
Ca, K) are being com-
mercially extracted
today. However, all of
the other present metal
ions exist at much lower
concentrations.
The range of power

required for the ex-
traction varies depend-
ing on the mineral.
For Lithium extraction
the energy consumption
goes from 0.3–1.5 kWh
per kg of LiCO [42], for
Magnesium 5–20 kWh
per kg of Mg [43], for
Uranium 200–600 kWh
per kg of U [44], for
Potassium 4–12 kWh
per kg of KSO [45] and
for Bromine 1–3 kWh
per kg of Br [46]

No commercial or pi-
lot operations are cur-
rently in use.

There is a synergy
opportunity with de-
salination plants, where
the waste product from
the desalination opera-
tion (brine) would be-
come a resource for min-
eral extraction, thereby
lowering the overall cost
of the production of
fresh water.

5.2.6 Isolated Power Systems

Throughout the United States, there are isolated communities that are generally
disconnected from the power grid, so their energy supply depends on diesel gener-
ators. Although diesel fuel has a high energy density, it presents operational and
logistical challenges, which increases its cost in these areas. In isolated coastal
locations exposed to constant waves, wave energy is emerging as a viable alternative
to diesel. Although the implementation of WECs in these locations is a viable
option, each case requires an independent analysis, taking into account the conditions
and requirements of each community. Table 5.6 summarizes key information on
implementing wave energy in this PBE application.
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Table 5.6: Opportunities and Challenges for Co-Locating WECs within Isolated
Power Systems and Corresponding Power Demand (Range and Real-World Exam-
ples).

OPPORTUNITIES
[1]

CHALLENGES [1] RANGE OF
POWER [1]

REPORTED
POWER

DEMAND [1]

The advantage of this
market for developing
marine energy technolo-
gies is that the cost
of generated electricity
for isolated communi-
ties is high; therefore,
the cost and perfor-
mance requirements of
marine energy technol-
ogy must meet are less
difficult than the gen-
eral electric utility mar-
ket.

The main challenge
remains in the specific
conditions and avail-
ability of marine energy
resources of each region.

Wave energy con-
version devices need
prototype testing to
determine the ef-
fectiveness of the
various WEC config-
urations that have
been designed. Some
WEC types (espe-
cially floating-point
absorbers) may not
scale well because of
resonant wave period
response requirements.
The survival of WEC
devices in this envi-
ronment needs to be
demonstrated.

Remote communities
typically have microgrid
power systems from 200
kW to 5 megawatts
(MW), with high relia-
bility being a key ob-
jective. First adopters
are expected to be en-
vironmentally conscious
resorts, small villages,
and military bases.

An example of WEC
for islolated Power
Systems was propposes
for Yakutat on the
Gulf of Alaska. A
bottom-mounted flap-
ping WEC. This type
of WEC scales well
and can be deployed
in the size range that
fits Yakutat’s small
load. That project was
ultimately not funded.

5.3 Conclusions

This chapter presents a summary of the main opportunities and challenges associated
with implementing WECs in several PBE application of interest, followed by an
overview of the application’s energy requirements. To that end, the study considered
the following applications listed by the DOE: offshore aquaculture, desalination,
seawater mining, ocean observation and navigation, and autonomous underwater
vehicle charging, as well as a brief description of the implementation of WECs in
isolated communities. The diverse nature of these applications highlights the broad
potential for WEC technology to support various sectors of PBE applications.

The energy demand varies significantly across different PBE applications,
influencing the design and deployment of WECs. Offshore aquaculture typically
requires power on the order of less than 100 kW up to the megawatt scale, depending
on the scale of operations. Desalination processes demand approximately 4 kWh
per cubic meter of water produced, reflecting the energy intensity of freshwater
production. Seawater mining energy requirements are highly dependent on the
specific element being extracted, reaching over 20,000 kWh per kilogram for the
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most energy-intensive materials. Ocean observation and navigation devices generally
require modest power, typically up to 20 kW in the most extreme cases, while
autonomous underwater vehicle charging systems can demand up to 300 kW.
Additionally, WEC implementations in isolated communities span a broad power
range, from around 200 kW to 5 MW, according to recent studies. These varied
energy needs underscore the necessity for tailored WEC and PTO designs that
optimally meet the specific requirements of each application.

Among these applications, seawater mining and isolated communities present the
highest energy demands, followed by autonomous underwater vehicle charging and big
scale offshore aquaculture. Ocean observation and navigation have the lowest power
requirements, making the integration of WECs particularly feasible in these sectors.
Medium and small scale offshore aquaculture also presents a promising opportunity
for WEC deployment due to its moderate power needs and potential for sustainable
energy use.
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Consideration of WECs and PTOs
for PBE

6.1 Introduction

In this chapter, three WECs, (OWC, OSWC, and PA) are matched with every key
PBE application considering all the information given in the previous sections. Ad-
ditionally, these WECs are then paired with suitable PTO systems (AT, MDD, EDD
and HMB). The functional combinations of WECs and PTO systems are selected
based on the previously outlined requirements, ensuring optimal performance, ef-
ficiency, and compatibility with each PBE application energy demand. The PBE
applications discussed in this section include Offshore Marine Aquaculture, Ocean
Observation and Navigation, Autonomous Underwater Vehicle (AUV) charging, and
Desalination.

6.2 WEC and PTO Selection for PBE Applica-

tions

6.2.1 Offshore Aquaculture

Table 6.1 presents a comparative evaluation between different types of WECs and
PTO systems, considering criteria such as energy efficiency, ease of maintenance, cost
of implementation, technological maturity and adaptability to Offshore Marine Aqua-
culture operating conditions. This selection seeks to identify the most appropriate
combination to maximize the performance and sustainability of the system according
to the specific needs of the sector.

6.2.2 Ocean Observation and Navigation

Ocean Observation and Navigation instrumentation require reliable, autonomous and
adaptable power solutions for highly dynamic environments such as the ocean. In this
context, the correct selection of WEC and PTO devices is crucial to ensure continuous
power supply to measurement, communication and navigation systems at sea. The
Table 6.2 presents a comparative evaluation between different types of WECs and
PTO systems, considering the criteria mentioned in the previous chapter.
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Table 6.1: WEC and PTO Selection for offshore aquaculture Applications

WEC PTO CONSIDERATION REAL WORLD EXAM-
PLES

OWC AT As the water depth increases, the efficiency
of the OWC decreases, limiting its expansion
to nearshore areas.
The AT is the most suitable option for this

device and has no environmental impact on
the ocean since it operates with air, prevent-
ing pollution of the surrounding waters near
fish farms. It can be placed in strategic lo-
cations for easy maintenance. However, its
high axial thrust, and noise levels could neg-
atively affect fish health.

PA DMD,
DED,
HMB

The adaptability of PAs to offshore con-
ditions, based on their design and the
parametrization of physical and mass proper-
ties, makes them a promising technology for
this PBE application.

For the PTO system, DMD, DED, and
HMB can be implemented on PAs, with
DMD and HMB being the most common
choices.

For DMD, the gearbox size is a key design
parameter for PAs.

For DED, the main challenges are the low
power-weight ratio and the unequal voltage
generation.

For HMB, the working fluid (typically hy-
draulic oil) may leak due to compression and
decompression cycles, potentially polluting
the water and affecting fish production.

SINN Power. Shrimp
and prawn aquaculture and
wave energy – Cabo Verde
[34].

Aqua Power Technolo-
gies Nearshore finfish aqua-
culture and wave energy –
Scotland [34].

Carnegie Clean Energy
Offshore aquaculture and
wave energy – Australia
[34].

OSWC NONE Since OSWECs are designed for nearshore
use in water depths of less than 20 m, they
are not a suitable choice for offshore aqua-
culture applications.

6.2.3 Autonomous Underwater Vehicle Charging

The continued operation of Autonomous Underwater Vehicles (AUVs) is highly de-
pendent on the availability of efficient and reliable recharging solutions in remote
marine environments. In this regard, the proper selection of WEC and PTO devices
is essential to ensure a constant power supply compatible with the recharging needs
of AUVs. Table 6.3 presents a comparative evaluation between different types of
WECs and PTO systems, considering the criteria mentioned in the previous chap-
ter. This selection aims to identify the most suitable combinations to maximize the
operational autonomy of the AUVs and ensure the continuity of their missions in
demanding environments.
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Table 6.2: WEC and PTO Selection for Ocean Observation and Navigation Applica-
tions

WEC PTO CONSIDERATION REAL WORLD EXAM-
PLES

OWC NONE
PA DMD,

DED,
HMB

Considering that this PBE application re-
lates to offshore regions (higher depths), the
PA is the best option for this purpose.

The PA can be integrated into moored
buoys, ocean tsunami detection stations, and
drifting profilers, considering the low power
requirements of these devices, which can be
fully supplied by small WECs housed within
them.

Power Buoy 3 supplies
continuous power to on-
board payloads or equip-
ment located on the seabed
while also providing real
time data transfer and com-
munication to remote shore
facilities [11].

OSWC NONE

Table 6.3: WEC and PTO Selection for Autonomous Underwater Vehicle Charging
Applications

WEC PTO CONSIDERATION REAL WORLD EXAM-
PLES

OWC NONE
PA DMD,

DED,
HMB

Similar to the Ocean Observation and Nav-
igation application, and considering that this
PBE application is related to offshore regions
(greater depths), the PA is the most suitable
option for this purpose.

WECs are typically located at or near the
water surface, where most of the wave en-
ergy is concentrated; however, docking sta-
tions are usually positioned deeper in the wa-
ter column or on the seafloor.

AUV dock system de-
veloped by WHOI and de-
ployed on the OOI Coastal
Pioneer Array, to charge an
AUV which includes a sin-
gle or optional second 5.4
kWh Li-ion battery pack for
a listed duration of 24 hours
[36].

OSWC NONE

6.2.4 Desalination

Desalination can benefit from wave energy due to the high energy demand of this
industry. In this context, the proper selection of WEC and PTO devices is critical
for the correct co-location and synergy with the desalination plant.Table 6.4 presents
a comparative evaluation between different types of WECs and PTO systems, con-
sidering the criteria presented in the previous chapter.
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Table 6.4: WEC and PTO Selection for Desalination Applications

WEC PTO CONSIDERATION REAL WORLD EXAM-
PLES

OWC AT The main advantage of OWC devices is
their adaptability to nearshore and shore
platforms.

PA DMD,
DED,
HMB

The PA devices can be installed in plants
installed in exposed areas. Furthermore,
some arrangements of PAs can be used to dis-
sipate wave energy around the coastal struc-
tures of desalination plants.

Choppy waters for wave
desalination (CETO) [39].

OSWC HMB Since OSWC operates in shallow waters,
it is considered an efficient option for these
plants.

6.3 Conclusions

For each PBE application discussed in this section-offshore marine aquaculture, ocean
observation and navigation, AUV charging, and desalination-the selection of a com-
patible WEC device (OWC, OSWC, PA) and PTO system (AT, DMD, EDD, HMB)
was guided by the energy demands of the application. In the case of Offshore Marine
Aquaculture, the review indicates that the PA device is the most suitable due to its
adaptability to various offshore conditions. The main challenge lies in selecting the ap-
propriate PTO system, which requires further investigation in future work. For Ocean
Observation and Navigation, the PA device is again preferred, primarily because of its
compatibility with the small-scale instrumentation used in this sector (e.g., buoys).
Given the low power requirements of these instruments, mechanical efficiency is less
critical, and the key criterion for PTO selection is ease of maintenance. In the AUV
Charging application, deploying deck-based charging stations presents a significant
opportunity for integrating WECs to meet the power demand of AUVs. Considering
the operational depths of AUVs, the PA device is the most suitable option. However,
since the power requirements of AUVs exceed those of other research instruments,
the PTO system must be efficient enough to satisfy these higher charging demands.
Finally, for Desalination, all three WEC options (OWC, OSWC, PA) are potentially
suitable due to their applicability in nearshore environments. For PA and OSWC
devices, some commercial models are already available, making implementation more
feasible.
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Ongoing and Future Work

Task 3.4 of IIJA/BIL Activities at the Atlantic Marine Energy Center (AMEC) aims
to develop a tunable Wave Energy Converter Reference Model (WEC-RM) of a two-
body PA tailored for specific applications under the PBE initiative. This report ad-
dresses the first sub-task: Literature review and lessons learned from existing reference
models (RMs), WEC designs, main parameters, PTO systems, and PBE applications.
The ongoing and short-term future work (1 year) include:

Second Sub-Task: Define Scope and PBE Applications

• Select specific PBE application(s) for which the WEC-RM will be designed:
offshore aquaculture farm.

• Design WEC and PTO systems to meet the PBE application energy require-
ments.

• Estimate small-scale fish farm energy demand.

• Assess the site-specific energy potential.

• Conduct experimental WEC scaling using Froude scaling; determine alternative
scaling methods for PTO.

• Begin hydrodynamic simulations using Capytaine BEM with RM3.

Third Sub-Task: Develop Analytical, Numerical, and Physical Models

• Parametrize device dimensions and finalize analytical and numerical models of
the tunable RM in Capytaine.

• Develop an automated algorithm to evaluate 2-body PA WEC response.

• Determine the appropriate scale for testing in the UNH wave tank.

• Identify and model a suitable PTO system in WEC-Sim, aligned with the tun-
able WEC-RM.
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[21] Amélie Têtu. Power Take-Off Systems for WECs, pages 203–220. Springer
International Publishing, December 2016.

[22] Raju Ahamed, Kristoffer McKee, and Ian Howard. Advancements of wave energy
converters based on power take off (pto) systems: A review. Ocean Engineering,
204:107248, May 2020.

[23] Chelsea Kimball, M. Robinson Swift, and Martin Wosnik. Wave-powered water
pump for upwelling in aquaculture: Numerical model and ocean test. Renewable
Energy, 239:122040, 2025.

[24] António F.O. Falcão and João C.C. Henriques. Oscillating-water-column wave
energy converters and air turbines: A review. Renewable Energy, 85:1391–1424,
2016.

[25] Tapas Kumar Das, Paresh Halder, and Abdus Samad. Optimal design of air tur-
bines for oscillating water column wave energy systems: A review. International
Journal of Ocean and Climate Systems, 8(1):37–49, 2017.

[26] Markel Penalba and John V. Ringwood. A review of wave-to-wire models for
wave energy converters. Energies, 9(7):506, 2016.

[27] Raju Ahamed, Kristoffer McKee, and Ian Howard. A review of the linear gen-
erator type of wave energy converters’ power take-off systems. Sustainability,
14(16):9936, 2022.

[28] M. Blanco, J. Torres, M. Santos-Herrán, L. Garćıa-Tabarés, G. Navarro,
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