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Autonomous profiling floats, such as the Argo floats, predominantly rely on
battery power for their energy supply. However, the limited energy storage
capacity of batteries imposes significant constraints on their operational lifespan,
observation frequency, and the integration of advanced sensors, which has
emerged as a critical bottleneck hindering long-term autonomous
observations. To address this issue, researchers have explored two primary
technical routes: optimizing energy consumption and harvesting energy. This
review first systematically analyzes the research progress concerning the energy
consumption characteristics of autonomous profiling floats. It then summarizes
the key technical strategies and advancements in current energy consumption
optimization efforts across four domains: hydraulic system, sensor system,
satellite communication system, and control algorithm. Subsequently, the
paper reviews the developments and challenges associated with self-powered
autonomous profiling floats, with a particular focus on the application of phase-
change-material (PCM)-based thermal energy harvesting technology. Finally, the
paper proposes that future endeavors should concentrate on advancing energy
management and energy development technologies. These include the
adoption of Edge Artificial Intelligence (Edge Al) technology for intelligent
energy management, flexible solar cells and underwater photovoltaic
technologies, Triboelectric Nanogenerator (TENG) technology for wave energy
harvesting, novel thermal energy harvesting techniques, and hybrid energy
harvesting solutions. By promoting energy diversification and enhancing
efficiency, these innovations can strengthen the energy security for
autonomous profiling floats and meet the increasing demands for
scientific observation.
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1 Introduction

Autonomous profiling floats (hereafter referred to as profiling
floats) are compact, expendable disposable monitoring devices
capable of autonomously collecting ocean profile data. These
floats are lightweight, easily deployable, and operational all year
round across most global oceans. Since its inception in the 1990s,
the Argo (Array for Real-time Geostrophic Oceanography)
program has significantly advanced the development of this float
technology (Gould, 2005). As of March 2025, 4,153 Argo floats (the
profiling floats used in the Argo program) are in operation
worldwide, and more than three million data archives have been
publicly released." These data provide extensive three-dimensional
ocean observations for oceanographic research, climate studies,
weather forecasting, and ecosystem monitoring (Riser et al., 2016;
Johnson et al., 2022; Johnson and Fassbender, 2023; Liu et al.,
2023c). Consequently, Argo has been recognized as the “crown
jewel” of ocean observing systems (National Oceanic and
Atmospheric Administration, 2024).

Most profiling floats exhibit similar design characteristics and
operational principles (Swift and Riser, 1994; Langebrake et al.,
2002; Schwithal and Roman, 2009; Ward et al., 2014; Zhu et al.,
2015; Viswanathan and Taher, 2016; Leymarie et al., 2018; Le Meézo
et al., 2020; Chen et al., 2022; Moum et al., 2023; Babic et al., 2024).
Structurally, profiling floats are primarily cylindrical. However,
those designed for deep-sea operations, typically beyond 4,000
meters, are often spherical to enhance pressure resistance while
maintaining generally consistent internal components. Taking the
core Argo float as an example, it can be divided into six
components: satellite communication system, sensor system,
control system, hydraulic system, battery, and shell (Figure 1).
The float relies on a hydraulic system for movement, with an
internal reservoir storing oil. A hydraulic pump enables the
transfer of oil between the internal reservoir and the external
bladder, thereby altering the bladder’s volume to control the
float’s ascent or descent in seawater. An antenna facilitates
satellite communication, enabling data transmission, position
determination, and mission updates. High-precision
oceanographic sensors, such as CTD sensors, are installed at the
top of the float.

Profiling floats operate in a cyclical mode. For instance, a core
Argo float completes a cycle in approximately ten days (Figure 2). It
sinks to a drift depth of 1,000 meters for about 9 days, drifting with
deep ocean currents. Subsequently, the float sinks to its profile
depth of 2,000 meters or greater. During its ascent to the surface, it
measures key environmental parameters, such as conductivity,
temperature, and pressure. At the surface, the float performs
satellite positioning and data transmission before sinking again to
repeat the cycle.

Currently, most profiling floats rely entirely on battery power.
Their limited energy capacity necessitates strategies such as
reducing sampling frequency (Argo data management, 2022),
restricting deep-sea profiling cycles (Le Reste et al., 2016), and

1 https://argo.ucsd.edu/about/status/.
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extending drift durations to prolong operational lifespan. Given the
high costs associated with deployment and recovery, the majority of
profiling floats are not retrieved or maintained after deployment,
and the floats cease to function once their battery power is
exhausted. Argo floats typically operate for four to five years
before their battery depletes, causing them to sink. To sustain the
Argo observation network, international organizations deploy 500
to 600 additional floats annually. Each Argo float costs between
$25,000 and $185,000, with the program’s annual expenditure
exceeding $40 million.”

With the growing demand for scientific observations, the
integration of additional sensors has become increasingly urgent,
further intensifying energy consumption (Johnson et al., 2009;
Roemmich and The Argo Steering, 2009; Johnson and Claustre,
2016). Consequently, minimizing the operational power
consumption of profiling floats and enhancing their energy
harvesting capabilities to ensure a reliable energy supply have
emerged as critical challenges hindering advancements in
profiling float technology. Thus, addressing these challenges is
essential to support additional sensors and extend operational
lifespan (Roemmich et al., 2019a). This paper provides a
comprehensive review of current research on profiling float
energy management, focusing on two primary aspects: optimizing
energy consumption and harvesting energy. Based on the
information presented, potential future directions for profiling
float energy management and harvesting are discussed. In
essence, ensuring a sufficient energy supply will enhance the
observation capabilities (Muthuvel et al., 2018), reduce costs, and
mitigate the environmental impact of float abandonment.

2 Research progress on low-power
consumption strategies for
autonomous profiling floats

2.1 Analysis of energy consumption in
autonomous profiling floats

The work cycle of profiling floats can be divided into four
phases: descent, drift, ascent, and communication (Figure 2,
Table 1). During the drift phase, the control system transitions to
sleep mode, while other systems are temporarily powered off.
Consequently, power consumption during this phase is minimal
and it is often omitted from motion energy analysis.

Statistical analysis indicates that the primary energy
consumption of profiling floats during a work cycle (Figure 2) is
mainly allocated to hydraulic drive, satellite communication, sensor
measurement, and system control (Table 2). Accordingly, the
research on low-power consumption strategies has been primarily
focused on these four aspects (Figure 3). Among these, the
hydraulic system constitutes the most energy-intensive
component, thereby becoming a major focus of optimization
efforts. For APEX floats, which are the most widely deployed type

2 https://argo.ucsd.edu/about/.
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in the Argo program, the hydraulic system consumes approximately
28% of the total energy consumption, whereas, for Deep SOLO

<«—— Antenna floats operating at depths of up to 6,000 meters, this proportion
reaches as high as 78% (Roemmich et al., 2019b).

As an autonomous platform, the energy consumption of each
component of the profiling float is interdependent to a certain
extent (Figure 3). For example, increasing sensor sampling
frequency not only raises the power consumption of individual
sensors but also generates larger volumes of observational data. This
increase in data volume imposes additional processing
requirements on the control system (e.g., for data compression)
and increases the burden on satellite communication. Given the
. limited bandwidth of satellite communications, transmitting large
Internal reservoir . .

volumes of data may necessitate extended communication
durations, thereby significantly increasing the energy
consumption of the satellite communication system.
Consequently, effective energy management requires a system-
Hydraulic pump level approach to minimize overall power consumption.
To develop the low-power strategy, it is typically necessary to

first analyze the motion model of the float and subsequently

; External bladder
Batteries construct an energy consumption model to analyze the factors

affecting energy consumption under different motion states of
profiling floats (Yang et al., 2019). When constructing a motion
model, most researchers tend to simplify the analysis by

FIGURE 1 . . . :
Schematic of the basic components of a core Argo float (Morris disregarding the influence of lateral currents or the vertical
etal, 2024). variation of seawater density, focusing primarily on the forces of
gravity, buoyancy, and drag in the vertical direction (McGilvray and
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FIGURE 2

Operational workflow of a core Argo float (Wong et al.,, 2020).
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TABLE 1 Operational status of float systems during a working cycle.

10.3389/fmars.2025.1598701

SR Hydraulic Communication & Control Auxiliary CTD & Other
Phase System Positioning System System Sensors Scientific Sensors
Descent [0} v X v v X
Drift @) 3 x o X X
Ascent ® v X v v v
Communication ® X v v X X

v: Operational x: Inactive O: Sleep mode. This table is synthesized from the literature (Liu et al., 2019b; Si et al., 2020).

Roman, 2010; Barker, 2014; Dologlonyan and Grekov, 2018; Zou
etal, 2018; Yang et al., 2019; Guo, 2020; Liu et al., 2020; Wang et al.,
2020b; Wu, 2021; Wen et al., 2022). However, due to
inhomogeneous mass distribution within the float, lateral flow
perturbations induce an inevitable tilt angle. In this regard, Si
et al. constructed a single-profile energy consumption model for
the 4000-m Deep-Argo Otarriinae, incorporating 19 parameters (Si
et al., 2020). It was found that the gliding angle, diving depth, and
gliding speed had the greatest impact on energy consumption, while
the influence of other parameters was relatively limited (Si et al,
2020). Therefore, applying a simplified model that neglects the
effects of horizontal flow may lead to significant errors when
researching optimizing float energy consumption.

2.2 Low-power consumption strategies for
hydraulic systems

Commercially available profiling floats typically utilize a highly
reliable hydraulic system as the buoyancy engine to achieve ascent
and descent. This system mainly consists of an internal reservoir
and external bladder, solenoid valves, a hydraulic pump, and
pipelines. During the float’s movement, the hydraulic pump
drives oil to flow between the internal reservoir and the external
bladder, thereby changing the float’s volume to achieve ascent or
descent. Due to the need for the hydraulic system to actively
discharge oil to counteract the high pressure of the deep sea
during the ascent phase, energy consumption during this phase is

TABLE 2 Statistical analysis of energy consumption in various autonomous profiling floats.

Float Models APEX-UW NKE PROVOR
Energy APEX Deep
. SOCCOM CTS4 rem Ocean  SOLO Il FUXING
Consumption (7553) SOLO
. BGC-Argo BGC-Argo
Categories
Profiles 262 374 327 - - - 150 150
Depth (m) 2000 2000 2000 2000 6000 4000 2000 4000
Buoyancy Engine 642K 401K 10.25k] 355 211K 59.57k] 30k 59%
(Hydraulic System)
Controller 1.99k] 1.39k] 5.42Kk] 0.5k] - 9.6k] - 10%
Satellite Communication 2.5k] 1.94k] 1.13kJ - 0.6k] 1.32kJ 7.8Kk] 2%
CTD sensor 3.04k] 2.8k] 4.56k] 0.5-4.5k] 5.2k] 19.2k] 0.648k] 26%
Nitrate sensor 3.62k] 2.97k] 0.8kJ - - - - -
Oxygen sensor 0.1kJ 0.09k] 0.62k] - - - - -
FLBB sensor* 0.16k] - 2.13kJ - - - - -
pH sensor 1.28Kk] - - - - - - -
3%
Battery Self-discharge 0.7k] 0.7k] 1.15k] - - - - (idle
mode)
Total Energy Use 19.81k] 13.9K] 26.28k] 4-10.4k] 26.9K] 89.69k] 43K 100%
} (King et al., (Roemmich (Wang (Muthuvel | (Le Reste
. (Gordon, o
Reference (Riser et al., 2018) 2017) (Bittig et al., 2019) 2017; Jung et al., et al., et al., et al.,
et al, 2022) 2019b) 2022) 2023) 2016)

*The FLBB sensor refers to the WET Labs ECO Puck FLBB-CD sensor installed on Argo floats.
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FIGURE 3
Overview of low-power consumption strategies for profiling floats.
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greater than in others. Therefore, researchers have often focused on
modeling and analyzing the energy consumption of the hydraulic
system during the ascent phase.

When constructing an energy consumption analysis model for
hydraulic systems (Table 3), studies generally employ numerical
analysis methods such as the Runge-Kutta method, to solve
differential equations and obtain solutions that minimize power
consumption (Chen et al, 2017; Zou et al, 2018; Wang et al,,
2020b). Some researchers have also developed simulation models
(Dologlonyan and Grekov, 2018; Yang et al., 2019; Guo, 2020) and
applied the Non-dominated Sorting Genetic Algorithm II (NSGA-
II) (Liu et al.,, 2019b) for energy consumption analysis.

After conducting an energy consumption analysis of the
hydraulic system, researchers primarily focused on low-power
technology in areas such as controlling operating speed,
managing oil discharge frequency, and optimizing the hydraulic
system’s structural design.

2.2.1 Optimal speed intervals-based low-power
oil discharge strategy

According to the energy consumption analysis, factors such as
gliding angle, diving depth, and gliding speed significantly impact
the energy consumption of profiling floats (Si et al, 2020). The
gliding angle is determined by the float’s mechanical properties and
the environment, the diving depth by observation requirements,
and the gliding speed mainly by the float’s oil discharge strategy.
Therefore, researchers have often controlled operating speeds to
achieve low-power movement.

Wen et al. used the calculus of variations method and found
that in areas with small seawater density changes, uniform motion
could achieve the best energy-saving effect when the initial and final
speeds during ascent were the same, given the same ascent time and
distance (Wen et al, 2022). However, in hydraulic systems,
discharging oil requires a certain amount of time, resulting in a

Frontiers in Marine Science 05

lag in speed changes, making it challenging to consistently maintain
a specific speed (Dologlonyan and Grekov, 2018). Therefore, the
design of low-power oil discharge strategies must ensure that oil
discharge is regulated to maintain the float’s operating speed within
the optimal speed interval [Up,;n, Umay] at all times (Chen et al., 2017;
Wang et al., 2020b). It has been suggested that under conditions
where the sensor’s normal operation for data acquisition is
maintained, reducing the minimum speed threshold (u;,) could
decrease energy consumption (Wang et al., 2020b).

Upon the determination of the optimal speed interval, closed-
loop feedback control for oil discharge is commonly utilized (Wen
et al,, 2022). In cases where speed dips below the minimum
threshold (u,;,), oil discharge is boosted to reach maximum
speed (Upax), thus guaranteeing continuous operation within the
set range. It has been demonstrated that a reasonable optimal speed
interval can achieve a balance between energy saving and time
saving. Chen et al’s strategy reduced the motor energy
consumption during the ascent phase of the deep-sea profiling
float by approximately 51.16% (Chen et al., 2017). Nevertheless, an
improper setting of the speed interval may result in the frequent
activation of motors and pumps, heightening the risk of equipment
wear (Wang et al., 2020b).

2.2.2 Optimal frequency-based low-power oil
discharge strategy

Since the float’s movement is achieved through both oil
discharge and return operations, directly controlling the change
in oil volume is simpler than controlling the movement speed. In
2013, Petzrick proposed that pumping in small increments during
ascent could minimize energy loss when pumping oil under high
pressure in deep-sea conditions (Petzrick et al, 2013). Other
researchers found that, for the same oil discharge volume, total
power consumption exhibited a nonlinear relationship with the oil
drainage frequency (Mu et al., 2018; Wang et al., 2020b, 2022). By

frontiersin.org
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TABLE 3 Energy consumption analysis method for the hydraulic system.

Depth

Object of Analysis = Method Reference
Coastal profiling float 7 Simulati (Sohn, 2013)
oastal profiling floaf imulation ohn, 2017
protiing (700 psi)
Fourth-order .
. (Chen
Deep-sea profiling float 4500 Runge-
et al., 2017)
Kutta method
Profiling float driven by i
X Numerical (Mu
variable volume buoyancy 4000 .
. solution et al., 2018)
regulation system
Profiling float equipped with 4000 Runge- (Zou
a nitrogen gas accumulator Kutta method et al., 2018)
Runge- (Dologlonyan
Argo float 4000 and
Kutta method N
Grekov, 2018)
Deep- 1f- ini Li
eep-sea s-e sustaining 4000 NSGAIL (Liu
profiling float et al., 2019b)
Deep Argo Otarriinae Sobol’ sensitivity (Si
i 4000 .
profiling float analysis method et al., 2020)
Fourth-order w
Jan
Argo float 2000 Runge- &
et al., 2020b)
Kutta method
AMESim and
If-devel A
 Self-developed Argo 4000 MATLAB (Guo, 2020)
intelligent profiling float . .
joint simulation
Cylindrical deep-sea Calculus (Wen
: 2000 .
profiling float of variations et al., 2022)

employing numerical calculations (Mu et al., 2018), simulation
analyses (Wang et al, 2020b; Wang, 2020), multi-objective
optimization (Liu et al., 2019b), adaptive genetic algorithms (Zhi
etal., 2021), and experimental measurements (Wang et al., 2022) to
determine the optimal discharge frequency, significant reductions
in power consumption were achieved. For instance, the staged oil
discharge strategy established through simulation analysis saved
approximately 24.2% more energy compared to a single discharge
(Wang, 2020). Considering the increase in static energy
consumption, the oil discharge strategy obtained through NSGA-
IT reduced dynamic energy consumption during the floating process
by 28.9% within 2 hours (Liu et al., 2019b). Sea tests revealed that
the discharge strategy determined through the reliability testing
saved approximately 22.5% of the total energy consumption of the
FUXING float (Wang et al., 2022).

It is worth noting that while controlling the frequency of oil
discharges reduces the difficulty of control, each oil discharge causes
a sudden increase followed by a decrease in the speed of the float.
Additionally, variations in seawater pressure at different depths lead
to differing speed changes. Therefore, in practical applications, it is
essential to set an appropriate amount of oil discharge and
discharge frequency to ensure that sampling during the ascent
process remains as uniform as possible while avoiding equipment
wear caused by frequent oil discharges.
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2.2.3 Structural design optimization-based low-
power consumption technology for hydraulic
system

The installation of hydraulic accumulators is a key technology
for energy saving in most hydraulic systems (Rydberg, 2005).
Currently, the most commonly used type in hydraulic circuits is
the hydropneumatic accumulator (Costa and Sepehri, 2023). When
the system pressure is high, the accumulator converts hydraulic
energy into the internal energy of the gas for storage. When the
system pressure is low, it converts the internal energy of the gas
back into hydraulic energy for release, thereby reducing the
frequent start-up of the hydraulic pump and minimizing energy
loss, which improves the overall energy efficiency of the system. In
Argo floats such as the Webb N2 APEX and SOLO floats, similar
principles of accumulators are employed, using air pumps or
nitrogen gas canisters in conjunction with the hydraulic system to
reduce energy consumption (Davis et al, 2001; Roemmich
et al., 2009).

The hydraulic pump, as the core component of the hydraulic
system, directly affects the performance and energy consumption of
the entire system. Profiling floats primarily use plunger pumps as
the power source. Improving the volumetric efficiency of plunger
pumps can not only reduce energy waste but also extend the service
life of the equipment. It has been found that hydraulic systems in
deep-sea high-pressure environments are prone to airlock
phenomena (i.e., small vacuum bubbles entering the circuit
causing the pump to malfunction) and a significant decrease in
the volumetric efficiency of plunger pumps, which can be overcome
by introducing air pumps (Wang et al, 2022) or adjusting the
hydraulic design parameters (Zhao, 2019). Additionally, it has been
found that optimal buoyancy, determined by precise oil transfer
through ballast weight, can lead to more effective energy
consumption (Veeraragavan et al.,, 2022).

2.3 Low-power consumption strategies for
sensor system and satellite communication
system

The energy consumption of the sensor system and satellite
communication system of profiling floats occurs during the
processes of data generation, processing, and transmission. Thus
far, low power consumption has been primarily achieved by
reducing data volume and decreasing working time.

The sensors on profiling floats can be divided into ocean observation
sensors and auxiliary operational sensors. The latter typically utilize
mature micro-sensors, which consume minimal power. However, the
continuous operation of ocean observation sensors during the ascent
process can lead to increased energy consumption. For instance, the
energy consumption ratio of the sensors on the SOCCOM APEX float,
equipped with multiple biogeochemical sensors can reach as high as
41.4% (Riser et al,, 2018). Furthermore, the volume of data collected
during observations is directly related to the energy consumption of
subsequent satellite communications.

frontiersin.org
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The observation sampling frequency of profiling floats depends
on their design, sensor type, and task requirements, and different
floats may have different sampling frequencies at varying depths. To
reduce power consumption, it was proposed that extracting a set of
characteristic values from multiple groups of data measured within
a certain depth interval to represent the true values within that
interval would decrease the subsequent data transmission volume
(Liu, 2020). However, reducing the volume of data may lead to the
inability to observe high-frequency changes in the ocean and the
omission of critical ocean data. To balance data recording and
energy consumption, the Argo program suggests some sampling
strategies for several float types (Argo data management, 2022). For
the Provor Bio 5.0 Argo float equipped with a Seabird CTD and
Wetlab Saraover optical sensor, the primary sampling (CTD
sampling) is typically set to occur every 25 dbar from the bottom
to 200 dbar and every 10 dbar from 200 dbar to the surface, while
the secondary sampling (chlorophyll sampling) is typically set to
occur every 10 dbar from 1000 to 300 dbar and every 1 dbar from
300 dbar to the surface (Argo data management, 2022).

Once the data collection of the profiling floats is completed,
communication and positioning are conducted on the sea surface.
During this phase, energy consumption is primarily influenced by
the transmission efficiency of the satellite system, operational
duration, and hardware power consumption. Initially, the
profiling floats primarily utilized the ARGOS satellite system
(0.06 kByte/min) to obtain location and transmit data. Its
unidirectional transmission mechanism necessitated prolonged
sea surface floating durations (6-12 hours) for data transmission
and positioning operations, thereby significantly elevating the risk
of encountering surface obstructions (such as ships, sea ice, or
flotsam) by 3-6 times (Morris et al., 2024). Since 2005, the profiling
floats have adopted GPS for location acquisition and have utilized
Iridium satellites for bidirectional communication in either SBD
(approximately 1 kByte/min) or RUDICS (approximately 12 kByte/
min) mode (Andre et al, 2020). This significantly reduced
communication time, with the transmission of 1000 temperature/
salinity (T/S) standard profile data taking only about 7 minutes
(Gruber et al, 2007). For instance, an APEX Argo (7553) float
equipped with the Daytona 9522A Iridium module had a power
consumption of 42 W during communication connection, was
capable of transmitting 160 bytes per second, and its GPS module
had a power consumption of 0.221 W, with a typical GPS
positioning time of 120 seconds (Gordon, 2017). As of February
2025, the usage of the Iridium communication system in the global
Argo observation network had reached 97.54%.’

The COPEX float, HM2000 float, and FUXING float developed
in China all utilize the BeiDou Navigation Satellite System as their
communication method, which features positioning, navigation,
timing, and short message communication services (Lu et al., 2016;
Liu et al.,, 2019a; Wang et al,, 2022). Currently, the latest BeiDou-3
system provides a short message communication service capable of
handling 10 million communications per hour for China and
surrounding regions, with a receiver transmission power of 1-3

3 https://www.ocean-ops.org/board?t=argo.
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W, and supports a maximum of 14,000 bits per single
communication, while the global short message communication
service supports a maximum of 560 bits per single communication
(China Satellite Navigation Office, 2019). Furthermore, a low-
energy transmission terminal based on the BeiDou system was
developed for Argo floats through strategic power-state modulation.
By deactivating hardware components during non-transmission
intervals and leveraging multi-stage STOP-mode transitions, the
system demonstrated a 77.282% decrease in single communication
energy demand compared to continuous power-dissipation
configurations (Li et al., 2024).

Due to the limited satellite bandwidth, transmitting large
volumes of data typically necessitates a prolonged transmission
period, thereby leading to increased energy consumption.
Researchers have frequently employed lossless data compression
methods to enhance transmission efficiency while maintaining data
integrity and accuracy. For example, a lossless compression rate of
26% was achieved using the LZSS method (Xie, 2020), and a 25.9%
compression rate was realized with a Differential coding-Huffman
method (Li et al., 2024). Additionally, a novel block-wise lossless
compression method was developed for Argo floats data,
integrating bidirectional LSTM networks, multi-head self-
attention mechanisms, and multilayer perceptrons. This method
achieved a compression rate of 12.11% on both PC and Jetson Nano
platforms (Guo et al.,, 2024).

2.4 Control algorithm optimization-based
low-power consumption strategy

Profiling floats are autonomously operated instruments, and
control algorithms are required to achieve precise buoyancy
adjustment, motion control, data collection and transmission
management, and energy allocation.

The most classic control algorithm employed is proportional-
integral-derivative (PID) control (Borase et al., 2021), especially in
control systems that require maintaining a set point. It is simple and
easy to use, thus widely utilized in the depth control of underwater
vehicles (McGilvray and Roman, 2010; Morales-Aragon et al.,
2025). However, the PID algorithm parameters are fixed, while
the float experiences fluctuations in pressure and flow during the
diving process. Therefore, a fixed-parameter PID controller may
not be able to adjust the control signal in some situations, leading to
slower system response, overshoot, and increased energy loss (Mu
et al,, 2019; Li et al., 2023). In addition, there is a trade-off between
power consumption optimization and operational performance
metrics during the hydrodynamic adjustment phases (Carneiro
et al., 2024). The PID controller is typically optimized for a single
objective, making it difficult to achieve global optimization and thus
unable to attain the best energy-saving effect.

Some research efforts have focused on developing control
algorithms to further reduce energy consumption. Studies have
shown that advanced control algorithms based on PID have yielded
limited improvements in energy efficiency (Mu et al., 2019; Yang
et al., 2019). Therefore, alternative control algorithms have been

frontiersin.org


https://www.ocean-ops.org/board?t=argo
https://doi.org/10.3389/fmars.2025.1598701
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Yu et al.

proposed. For example, motion planning based on genetic
algorithms was implemented for a 4000-meter profiling float,
reducing energy consumption to 1/50 of that of dual closed-loop
fuzzy PID control and RBF-PID methods, while maintaining the
same accuracy (Zheng et al., 2021). A speed closed-loop control
strategy was proposed for a 4000-m profiling float, resulting in an
18% improvement in energy efficiency compared to the traditional
control strategy when the set speed was 1 m/s (Liu et al., 2020).

3 Research progress in energy
harvesting technology for
autonomous profiling floats

While low-power strategies can extend the operational lifespan
of floats, the inherent limitations of battery-based energy supplies
remain. Traditional alkaline batteries in Argo floats have been
replaced with lithium batteries (Johnson and Fassbender, 2023),
achieving an average lifespan of 1,396 days by March 1, 2025.* The
development of environmental energy harvesting technologies and
self-powered autonomous profiling floats represents a key strategy
to overcome these limitations, integrate additional observation
sensors, and further extend the float’s lifespan.

Currently, self-powered autonomous profiling floats are not
widely commercially available, with most research still in the
prototype stage. Energy harvesting technologies primarily focus
on ocean thermal energy (Chao, 2016), ocean current energy (Wu
et al., 2018), and energy recovery (Xue et al., 2020). Among these,
ocean thermal recharging profiling floats, which exploit the
substantial temperature gradients between surface and deep ocean
layers to generate power, have become a major research focus due to
their high seasonal and diurnal stability (Wang et al., 2020a). Over
the past two decades, phase-change-material (PCM)-based thermal
recharging profiling floats have been predominantly developed and
studied. The technology’s increasing maturity is demonstrated
through practical implementations such as SOLO-TREC and
Navis-SLI.

3.1 Developments in PCM-based thermal
recharging profiling floats

The PCM system stores thermal energy through phase
transitions: at the ocean surface, warmer seawater causes the
PCM to transition from solid to liquid, thereby storing thermal
energy. As the float descends into colder waters, the PCM returns to
its solid state. This cyclical phase change drives a hydroelectric
generator through pressure differentials created by volume changes,
facilitating the conversion of thermal to electrical energy (Wang
etal., 2019b). Alkanes are extensively adopted as PCMs due to their
superior volumetric latent heat capacity, substantial solid-to-liquid
volumetric expansion coefficients, and inherent chemical inertness,

4 https://www.ocean-ops.org/board?t=argo.

Frontiers in Marine Science

10.3389/fmars.2025.1598701

which eliminates phase segregation risks and material corrosion
concerns (Wang et al., 2020a).

3.1.1 Historical evolution of PCM-based thermal
recharging profiling floats

Under the leadership of Yi Chao et al. at the Jet Propulsion
Laboratory, a thermoelectric generator was developed based on the
buoyancy engine concept of the Slocum glider (Chao, 2016). This
system harnesses pressure from PCM phase-change expansion and
two composite nitrogen bottles to drive 840 mL of high-pressure oil
through a 1.5 cm® hydraulic motor (Figure 4A). A gearbox amplifies
the rotational speed fourfold, enabling the attached generator to
produce approximately 200 W over 30 seconds. By integrating this
technology into a SOLO profiling float, SOLO-TREC, the world’s
first thermal recharging profiling float prototype, was developed.
SOLO-TREC is 50% longer and has a weight/volume ratio
approximately twice that of battery-powered SOLO floats,
incorporating 10 heat exchange tubes (Buis, 2010; Chao, 2016).
During sea trials from November 2009 to June 2011, SOLO-TREC
completed three daily profiling measurements, generating 1.7 Wh
per dive and collecting more than one thousand vertical profiles of
temperature and salinity (Chao, 2016).

Building on SOLO-TREC, Seatrec Inc. released its first
commercial product, the Navis-SL1 thermal recharging profiling
float, in 2019. This float can generate 2.2 Wh of energy per dive at a
maximum operating depth of 1,000 meters (Seatrec Inc, 2020). In
2023, Seatrec launched the infiniTE"" thermal recharging profiling
float, a modular platform with “plug-and-play” sensors, such as an
echosounder, hydrophone, and CTD sensor. The infiniTE™" can
conduct three profiling analyses per day at a depth of 1,000 meters
and generate more than 3 Wh of energy per dive (Seatrec Inc, 2023).

Currently, there is a significant disparity in the technological
maturity of thermal recharging profiling floats. SOLO-TREC, a
representative achievement in this field, has undergone extensive
sea trials and achieved commercial upgrades, while most other
prototypes remain at the conceptual design or short-term sea trial
verification stage (Figure 5). Several innovative designs have been
proposed to improve energy conversion efficiency, such as
optimizing the heat exchange system parameters (Wang et al,
2017a, 2018), refining key configuration parameters (Tian et al,
2014; Wang et al., 2024), enhancing the buoyancy driving system
(Xia et al, 2021), and developing external power generation
modules (Zhang et al., 2022a). The feasibility of these designs has
been demonstrated through simulation analysis and experimental
validation. However, most studies lack long-term sea trial
verification and require further optimization to enhance stability
and reliability in real marine environments (Tian et al., 2014; Xia
et al,, 2021; Wang et al., 2024).

3.1.2 Challenges in the development of PCM-
based thermal recharging profiling floats

Although the PCM-based thermal recharging profiling float has
been successfully commercialized, the energy collection system of
the most advanced SOLO-TREC series float generates only 1.7 to 3
Wh of electricity per dive (Chao, 2016; Seatrec Inc, 2023), which is
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SOLO-TREC and commercial thermal recharging profiling floats: (A) Power generation principle of SOLO-TREC (Valdez et al., 2011); (B) SOLO-TREC

prototype (Valdez et al., 2011).

insufficient to power multiple observation sensors and enable
deeper observation. Furthermore, several challenges have emerged
during the research process, hindering the advancement of PCM-
based thermal harvesting technologies. These challenges are
discussed below.

3.1.2.1 Limited temperature gradients in the marine
environment

The ocean is characterized by relatively small temperature
gradients. In high-latitude regions beyond 60° north and south,
sea surface temperatures typically fall below 5°C, while in low-
latitude areas between 20° north and south, they can exceed 25°C
(Herbert et al.,, 2016). Except for certain marginal seas (e.g., the
Mediterranean Sea, Red Sea, and Sulu Sea), temperatures in most
deep-sea areas below 2,000 meters are generally below 4°C
(Yasuhara and Danovaro, 2016). Consequently, the distribution of
thermal energy in the ocean is uneven. Even in tropical regions, the
vertical temperature gradient is typically less than 30°C, resulting in
low thermal conversion efficiency. This limitation restricts the
applicability of thermoelectric systems that require a temperature
gradient greater than 20°C.

3.1.2.2 Low energy conversion efficiency

The energy conversion process in PCM-based thermal energy
harvesting systems involves three phases: thermal-to-hydraulic (n;
~ 0.7%), hydraulic-to-kinetic (n, = 40%-50%), and kinetic-to-
electrical energy conversion (1; = 50%-60%) (Brown et al., 2014;
Haldeman et al., 2015; Shi et al., 2016; Kim et al., 2018; Wang et al.,
2019a). As a result, the overall energy conversion efficiency of PCM-
based unmanned underwater vehicles (UUVs) remains below 0.6%
(Jung et al., 2022), constrained primarily by material properties,
structural design, and energy harvesting strategies.
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3.1.2.2.1 Thermodynamic modeling of PCM-Based energy
conversion

To identify efficiency-limiting factors, a thermodynamic model
for PCM-based thermal energy conversion was developed, focusing
on the solid-liquid phase change process (Wang et al., 2018b),
revealing that environments with small temperature gradients
benefit from stiffer structures and PCMs with higher solid/liquid
density ratios (Wang et al., 2018b). An innovative theoretical model
utilizing the effective heat capacity method was proposed,
incorporating the effects of PCM porosity in the solid state (Xia
et al., 2018). This model addresses the limitations of traditional
approaches in describing the phase change process of PCM mixed
with an insoluble liquid by analyzing the volumetric change rate
and melting/solidification times (Xia et al., 2018).

3.1.2.2.2 Limitations in the thermal properties of PCM
materials

Alkanes, widely used as PCMs, exhibit limitations such as low
thermal conductivity and thermal delamination, which hinder
volumetric expansion and reduce energy conversion efficiency
(Wang et al., 2020a). Strategies such as structural optimization,
the addition of lightweight high-conductivity materials, and the
development of PCM composites have been proposed to accelerate
phase transitions and enhance thermal performance (Fan and
Khodadadi, 2011; Xia et al., 2018; Wu et al., 2020; Muhammad
et al,, 2024; Prasad et al, 2024). For example, a recent study
demonstrated that a PCM composite reduced the phase change
temperature by 0.9-1.6°C and the volumetric change rate by 16-
40% (Muhammad et al., 2024). Structurally, dividing the heat
exchanger into smaller segments enabled nearly independent
internal circulation, reducing melting time by 34% over the
original design (Yao et al., 2024).
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et al, 2022a).

3.1.2.2.3 Inadequate thermal-mechanical coupling design
optimization

The simultaneous occurrence of PCM thermal conversion and
float motion creates a coupling between thermal cycling and
kinematic behavior (Wang et al., 2020a). To enhance the
performance of the thermal recharging profiling float,
optimization studies have focused on its shape design, structure
design, and control system. For instance, a genetic algorithm was
developed for the multi-objective optimization of the float’s shape,
resulting in an 8.9% improvement in motion performance at
maximum speed (Zhou, 2023). A teardrop-shaped thermal
recharging profiling float employing a neural-network-assisted
genetic algorithm reduced hydrodynamic resistance by 9.2% at a
speed of 0.5 m/s (Zhao et al., 2024).

Frontiers in Marine Science

Hydraulic accumulators have also been employed to
accumulate gradual PCM expansion and release it collectively
upon phase change completion, thereby enhancing both the
volume change rate and thermal conversion efficiency (Wang
et al., 2017b; Wang, 2018; Wang et al., 2019b). A hydraulic
accumulator with a PCM-based energy collector achieved a 0.6%
conversion efficiency within a 1-20°C temperature range without
increased pressure (Wang et al., 2019b). Increasing the
accumulator’s volume and pre-charge pressure was shown to
improve energy storage power (Zhang et al.,, 2022b; Chen et al,,
2024). Additionally, employing a multiple energy storage strategy in
the accumulator has been demonstrated to accelerate the melting
process, increasing maximum storage power by 41.52% compared
to the single storage system (Chen et al.,, 2024).
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To ensure the optimal operation of the power generation
system, the application of the maximum efficiency point tracking
(MEPT) control strategy is critical. A MEPT strategy designed using
the grey wolf algorithm enhanced energy conversion efficiency by
25.89% under a 0.5Q load (Zhou, 2023). An RBFNN-PSO-PID
hybrid method further improved system efficiency from below
19.05% to over 34.3% while maintaining stability under variable
loads (Xia et al., 2020). Furthermore, system behavior, including the
mechanical efficiency of the hydraulic motor, overall system
efficiency, and DC generator load current, is influenced by the
pressure gradient and rotational speed when the motor and outlet
pressure are fixed (Chen et al, 2020). Therefore, speed can be
regulated via current to maintain peak operating efficiency (Chen
et al., 2020).

In summary, overcoming the intrinsic limitations of PCM-
based thermal recharging profiling floats necessitates a system-
level approach that addresses interdependent material, structural,
and control factors. Future research should prioritize a
comprehensive investigation of heat transfer mechanisms,
including improvements in PCM properties and the structural
optimization of thermal-to-hydraulic energy converters, to
increase thermal conversion efficiency. Developing an integrated
energy conversion efficiency model is also essential for guiding
component-level optimization, minimizing energy losses across all
conversion phases, and establishing a theoretical foundation for
more effective system design. Additionally, the use of advanced
materials and technologies, such as high thermal conductivity
lightweight additives or PCM composites, should be explored to
accelerate phase transition dynamics and enhance volumetric
expansion. Optimizing thermal-mechanical coupling designs or
incorporating active control of the energy conversion process can
further improve the efficiency of hydraulic-to-electrical energy
transfer. Finally, integrating buoyancy regulation with energy
harvesting and storage systems may enable more efficient
utilization of thermal energy in marine environments (Haldeman
et al., 2015).

3.2 Recent advances in alternative energy
harvesting technologies

In addition to thermal energy harvesting technology, the
integration of other energy harvesting technologies with profiling
floats has also been explored. However, unlike PCM-based thermal
recharging profiling floats, these technologies remain in the
conceptual and preliminary validation phases.

In recent years, wave energy has been recognized as a high-
density (2-3 kW/m?) renewable energy source that is readily
accessible (Lopez et al., 2013). Several patents have been granted
for the integration of hydraulic turbines (Liu et al., 2023b) and
inertial electromagnetic power generation technology (Ren et al.,
2019b) with profiling floats to capture energy from their wave-
induced oscillations on the sea surface. An innovative profiling float
design utilizing near-surface wave energy has been proposed
(Figure 6A). Unlike traditional profiling floats, which rely
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primarily on hydraulic systems for buoyancy adjustment, this
design harnesses wave-induced motion through a heave plate
connected to turbines via stiff and elastic tethers (Shomberg et al.,
2022). These components generate power through the flow induced
by the pod’s oscillations and enable depth adjustment by
modulating drag to facilitate data collection (Shomberg et al,
2024). This concept has been experimentally validated,
demonstrating an electrical output of 10 W under simulated
conditions (Shomberg et al., 2024).

In addition to harnessing wave energy at the sea surface, a
current energy converter was designed for deep-sea profiling floats
(Figure 6B). This system employs a spiral involute blade to capture
radial current energy in shallow waters and axial relative current
energy generated by the float’s autonomous vertical motion (Wu
et al, 2018). The turbine’s minimum self-starting flow speed is
approximately 0.3 m/s, while stable operation requires speeds
greater than 0.6 m/s. Higher flow speeds, smaller load factors,
and smaller buoy inclinations could improve performance, but they
also amplify load fluctuations and increase the probability of
damage (Wu et al, 2018). Therefore, load and speed must be
optimized to ensure stable self-starting and sustained operation
(Wu et al., 2018).

As a different development direction, multiple patents have
described conceptual designs for solar-powered profiling floats
(McCoy, 1993; Wang et al., 2006; Ren et al., 2019a). For instance,
McCoy proposed a self-powered autonomous profiling float that
integrates solar and thermal energy harvesting (McCoy, 1993). In
this design, solar cells are installed within the float’s transparent
housing to facilitate solar energy collection. Additionally, a
thermoelectric device is positioned inside the float, with one side
in thermal contact with a thermal mass(e.g., water or ethylene
glycol) and the other in thermal contact with the surrounding water
medium, creating a temperature gradient that facilitates electricity
generation through the Peltier effect (McCoy, 1993). However, to
date, there are no existing reports documenting the actual
fabrication of solar-powered profiling floats.

In addition to harvesting external energy, the integration of a
hydraulic motor into the buoyancy-driven system has been
proposed to enable energy recovery for Deep Argo (Xue et al,
2020). It has been demonstrated that this design can recover 11.35%
of the energy consumed by the hydraulic pump and reduce its
energy consumption by 2.77% (Xue et al., 2020). However, several
challenges remain, including mitigating inertia-induced
fluctuations in the hydraulic motor’s rotational speed and output
torque during energy recovery (Xue et al., 2020). Given the limited
amount of energy recoverable by profiling floats in this process,
extending its operational lifespan through energy recovery may be
less effective than through energy harvesting.

4 QOutlook

To address energy supply constraints in autonomous profiling
floats, extensive research on low-power technologies has been
conducted, focusing on the hydraulic system, sensor system, satellite
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Conceptual designs of environmental energy-powered profiling
floats: (A) Near-surface wave energy-powered profiling float
(Shomberg et al,, 2024); (B) Marine current energy-powered
profiling float (Wu et al., 2018).

communication system, and control algorithms to enhance the
sensor-carrying capacity and extend service life. For the hydraulic
system, which accounts for the highest energy usage, consumption
was reduced by 22.5%-51.16% through optimized design and low-
power oil discharge strategies (Chen et al., 2017; Wang et al., 2022). To
minimize communication duration and reduce satellite system energy
consumption, lossless data compression algorithms have been
employed, achieving compression rates of 12.11%-26% (Xie, 2020;
Guo et al,, 2024). Regarding the control system, various low-power
control algorithms that balance energy efficiency and motion have
been proposed. However, most studies to date have focused primarily
on battery-powered profiling floats, employing idealized motion and
energy consumption models that often disregard horizontal ocean
currents and variations in seawater pressure. Additionally, studies
have largely centered on individual systems, modules, or factors,
overlooking the complex coupling relationships between different
components in the energy consumption process. Consequently,
most low-power technologies remain in the preliminary validation
phase, with limited practical implementation, highlighting the need
for system-level energy optimization and broader application across
various profiling floats.

To address the limitations of battery power, Yi Chao’s team
developed PCM-based thermal energy harvesting technology,
advancing the commercialization of thermal recharging profiling
floats. This innovation enables the generation of over 3 Wh of
electricity per dive to depths of 1,000 m, enhancing energy supply
and operational capability (Seatrec Inc, 2023). Nevertheless, several
challenges persist, such as the small temperature gradient in the
marine environment and the relatively low energy conversion

efficiency. Other types of environmental energy harvesting
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technologies remain largely in the conceptual design stage when it
comes to their application in profiling floats.

The increasing demand for ocean observation intensifies the need
for higher sensor-carrying capacity and enhanced energy supply in
profiling floats. Therefore, optimizing energy management strategies
and integrating emerging energy harvesting technologies are essential
to overcoming these challenges.

4.1 Leverage edge Al for advanced
intelligent energy management

Edge Artificial Intelligence (Edge AI) enables intelligent
management in resource-constrained devices such as profiling floats.
Unlike traditional AT, which relies on cloud-based data processing, Edge
AI deploys algorithms and models directly onto low-power
microcontrollers and edge devices (e.g., Nvidia Jetson Nano), utilizing
techniques such as model compression, pruning, and optimization
(Gibbs and Kanjo, 2023), thereby ensuring efficient operation on
constrained hardware. For more demanding tasks, dedicated Al
accelerators can be integrated. For instance, an RNN architecture
implemented on a Lattice ICE40UP5K FPGA was shown to consume
only 360 uW at a clock frequency of 146 kHz (Bartels et al., 2023). The
combination of Edge AI's computational efficiency and low power
consumption makes it particularly suitable for energy management,
data processing, and intelligent decision-making in profiling floats, with
significant potential for advancing autonomous ocean observation.

In intelligent energy consumption prediction and management,
Edge AI enables real-time forecasting of energy usage, dynamically
adjusting computing resource allocation and power distribution based
on environmental variations and data collection frequency
(Nammouchi et al, 2021; Lv et al., 2023). This capability facilitates
the optimal scheduling of component operation and energy
consumption in profiling floats. For data processing, Edge AI can
locally analyze seawater parameters such as temperature, salinity, and
dissolved oxygen, enabling real-time anomaly detection and accurate
trend identification (Tran et al., 2022; Zhao et al., 2022). Furthermore,
in response to the complex and variable marine environment, Edge AI
can enhance autonomous decision-making by integrating multi-sensor
data to adjust sampling depth, data transmission frequency, and other
parameters, allowing profiling floats to operate independently under
diverse conditions (Wang et al., 2019¢). These capabilities not only
enhance system responsiveness and stability but also significantly
reduce communication costs and energy consumption, providing a
viable approach for the long-term, efficient, and autonomous operation
of profiling floats with broad application potential.

4.2 Facilitate research and applications of
flexible solar cells and underwater
photovoltaic technologies

Traditional solar cells face challenges in profiling float
applications due to their large space requirements and
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susceptibility to corrosion (McLeod and Ringwood, 2022).
However, recent advancements in flexible solar cell technology
have opened new possibilities for integration into profiling floats.
These novel solar cells are lightweight, portable, and flexible while
exhibiting good bending cycle stability (Liu et al., 2023a). In
addition, an autonomous underwater vehicle (AUV) design
incorporating flexible solar cells has been proposed (Byford and
Wood, 2019). Power generation performance was estimated, with
outputs ranging from 424-1700Wh/m*/day at a depth of 1 ft below
the surface, thereby validating the feasibility of this conceptual
approach (Byford and Wood, 2019).

However, traditional solar energy harvesting methods remain
predominantly constrained to surface or near-surface operations,
thereby limiting their efficacy for underwater applications. Indeed,
recent studies have demonstrated that solar energy is still accessible
underwater, with irradiance values reaching approximately 130 W/
m? even at a depth of 20 m (Qian et al., 2024; Lv et al., 2025).
Consequently, underwater photovoltaic (PV) technology has
garnered increasing attention. Accordingly, extensive research has
been conducted on the selection and fabrication of solar cells
optimized for underwater light conditions (Enaganti et al., 2020;
Enaganti and Goel, 2021; Rohr et al., 2023). It has been
demonstrated that wide-bandgap solar cells, particularly gallium
indium phosphorus (GaInP) and organic solar cells with bandgaps
exceeding 1.5 eV, outperform silicon solar cells (1.1 eV) (Rohr et al.,
2023). These cells have exhibited operational efficiencies of 14% or
higher even under low-light underwater conditions (Rohr et al.,
2020, 2022; Samantaray et al., 2023; Qian et al., 2024). Furthermore,
their low cost, high efficiency, and flexibility make them well-suited
for underwater environments. However, at present, underwater
photovoltaic technology has predominantly garnered attention
within the field of photovoltaic materials. Future research will
need to further explore its potential for powering underwater
marine equipment, with particular emphasis on shallow-
water applications.

4.3 Advance wave energy harvesting
technology based on triboelectric
nanogenerator principles

Wave energy harvesting technology enables the conversion of
mechanical energy from seawater vibrations into electrical energy
through various mechanisms, including electromagnetic,
electrostatic, and piezoelectric methods. Among these,
electromagnetic generators (EMGs) are the most widely used,
characterized by high power output and operational stability (Xu
et al., 2022). However, EMGs generally exhibit low efficiency under
mild wave conditions at sea (Xu et al., 2022).

Given that profiling floats are generally characterized by their
small size and limited oscillation range, these constraints highlight
the need for more compact and efficient systems. Triboelectric
Nanogenerators (TENGs), characterized by their potential for
miniaturization, simple design, affordability, high power density,
and strong adaptability to low-frequency waves (Choi et al., 2023),
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have emerged as a promising solution for profiling floats. TENGs
operate on the principle of the triboelectric effect, where charge
transfer occurs between two distinct materials, generating an
electric potential that can be harnessed as they make contact and
subsequently separate (Shan et al., 2024).

In 2019, a high-output multilayered TENG was integrated into a
self-powered intelligent buoy system to harvest wave energy on the
surface, successfully providing a steady DC voltage of 2.5 V to the
load (Xi et al,, 2019). Additionally, a hybridized energy harvesting
system integrating TENGs and EMGs was designed and evaluated
on a buoy in the Jialing River and an AUV in the Huanghai Sea
(Gao et al., 2020). It was found that the device’s resonance
frequency was reached exclusively at a water wave frequency of 1
Hz, yielding peak voltages of 11.15 V for the TENG and 3.1 V for
the EMG, respectively (Gao et al., 2020). Moreover, TENG units
demonstrated the ability to sense angular attitude changes based on
variations in output energy (Gao et al, 2020). However, most
TENGs remain at the prototype stage and are currently
undergoing laboratory examination.

4.4 Explore novel thermal energy
harvesting technologies

PCM-based thermal recharging profiling floats have been
commercially introduced. However, challenges remain, including
low energy conversion efficiency, the poor thermal conductivity of
PCM, and its substantial weight (Wang et al., 2020a). In addition,
the power generation process requires the coordinated operation of
multiple modules, including the hydraulic system, mechanical
system, and batteries, which increases system complexity and
vulnerability to malfunctions (Wang et al., 2020a). Additionally,
the reliance on temperature gradients for phase transitions imposes
operational limitations on PCM-based thermal recharging profiling
floats, particularly in shallow waters and high-latitude regions.

In response to these limitations, alternative thermal energy
harvesting technologies, such as shape memory alloys (SMAs),
thermoelectric generators (TEGs), and thermodynamic cycles,
have been actively explored. These technologies, along with their
potential applications in UUVs, have been extensively reviewed
(Wang et al, 2020a; Jung et al, 2022). Key features of these
technologies are summarized as follows:

(1) SMA-based thermal energy harvesting technology
capitalizes the ability of SMAs to deform at low
temperatures and return to their original shape upon
heating. This approach involves fewer energy conversion
steps, offering higher theoretical reliability (Wang et al,
2020a), which makes it suitable for compact and reliable
systems. However, the technology remains at the laboratory
or conceptual design stage, with high material costs posing
a significant barrier.

(2) TEG-based thermal energy harvesting technology directly
converts thermal energy into electrical energy through the
Seebeck effect (Tang et al, 2016). Although this method

frontiersin.org


https://doi.org/10.3389/fmars.2025.1598701
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Yu et al.

provides smooth and straightforward thermoelectric
conversion (Amara-Madi et al., 2013; Lee et al., 2018), its
efficiency is limited by the relatively small oceanic
temperature gradient, which constrains its applicability to
early-stage research and development.

(3) Thermodynamic cycle-based thermal energy harvesting
technology theoretically achieves higher efficiencies, with
reported values reaching up to 4% (Yoon et al, 2017).
While primarily implemented in large-scale thermal power
plants (Wang et al.,, 2015), this technology remains at the
theoretical research stage for UUV applications (Yuan et al.,
2013). The complexity of the system and high costs
continue to hinder its practical implementation (Wang
et al., 2019a).

In summary, while these technologies offer promising
alternatives, they are still in the conceptual and theoretical stages
for UUVs. To date, no studies have explored their application in
profiling floats. Consequently, further research and development
are required to evaluate their potential in this context.

4.5 Engineer hybrid power generation
systems for enhanced energy security and
reliability

Given the complexity and variability of the marine
environment, power generation technologies based on a single
energy source or operating principle often exhibit limited
effectiveness under fluctuating sea conditions. For instance, the
performance of solar cells is significantly diminished during cloudy
weather and at night, while the efficiency of thermal energy
conversion is constrained by the magnitude of the temperature
gradient. To address these limitations, the integration of multiple
energy harvesting technologies(e.g., solar, wave, and thermal
energy) can offer a more stable and continuous power supply,
independent of transient environmental conditions (Wang et al.,
2020a). Furthermore, as the spatial distribution of energy resources
varies across different marine regions, with some areas being more
suitable for wave energy harvesting while some for thermal energy,
a multi-source power generation system can optimize energy
harvesting by dynamically selecting the most appropriate energy
source based on geographic and environmental characteristics,
thereby enhancing overall efficiency.

In 2022, a hybrid nanogenerator (TPEPT-HG) was proposed,
integrating TENG, PV, EMG, piezoelectric nanogenerator (PENG),
and thermal energy (TG) units (Xue et al., 2022). This system was
deployed on an intelligent ocean buoy for sustainable energy
generation. Laboratory evaluations demonstrated that at an
excitation frequency of 2.4 Hz, the maximum peak-to-peak power
outputs of the TENG, PENG, and EMG reached 0.25 mW, 1.58
mW, and 13.8 mW, respectively (Xue et al., 2022). Additionally, the
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PV unit achieved a maximum open-circuit voltage of 1.33 V and a
short-circuit current of 49 mA, while the TG unit produced 5 V and
15 mA (Xue et al.,, 2022).

Compared to single-source energy conversion systems, hybrid
power generation technologies mitigate the temporal and
environmental constraints associated with individual energy
sources, thereby significantly improving overall energy harvesting
efficiency. However, the practical deployment of such systems
necessitates addressing key challenges related to energy integration,
system coordination, and real-time power management. The
development of advanced energy management strategies is crucial
for ensuring efficient regulation, seamless switching among different
power sources, and the reliable operation of hybrid power generation
systems in complex marine environments.

In summary, the energy limitations of autonomous profiling
floats are expected to be addressed through advancements in
system-level energy consumption optimization, the integration of
intelligent technologies, and breakthroughs in solar, thermal, and
wave energy harvesting, coupled with the enhanced capabilities of
hybrid power generation technologies. These developments will
drive ocean observation toward greater efficiency, intelligence,
and sustainability.
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