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ABSTRACT This paper studies the latest and state-of-the-art underwater thermal energy harvesting
algorithms and techniques designed in the latest decade (2014-2024). The techniques are classified based on
their unique operations for energy harvesting. This classification includes thermal energy harvesting using
a phase change material (PCM), thermoelectric generator (TEG) and multi-source harvesting. Every class
of techniques is described by its operation using a schematic diagram and a mathematical model to fully
understand its working principle. Moreover, every individual technique is also described in terms of its
operation, amount of harvested energy/power and the aspect(s) where margin of further improvement exists.
Also, a comparative analysis of the classified algorithms is performed with each other as well as with other
underwater energy harvesting techniques (solar, piezoelectric, wave) to highlight their effectiveness and
feasibility in a diverse set of underwater and various other applications. The classified techniques are also
compared in terms of harvested output to indicate their harvesting efficiency. Furthermore, the publications
made in the latest decade in terms of thermal energy harvesting using PCM, TEG and multi-source methods
are also graphically depicted. Such a description of the studied techniques and classified methods is unique
from the already existing underwater energy harvesting reviews in literature where an in-depth and thorough
analysis is absent, rather onlymarginal description is given. The harvesting results indicate that hybrid (multi-
source) and PCM methods have the greatest amount of harvested power and energy, respectively. Finally,
the research challenges in underwater thermal energy harvesting are specified and areas of further research
are highlighted for future investigation.

INDEX TERMS Multi-source, phase change material, temperature gradient, thermoelectric generator,
underwater thermal energy harvesting.

I. INTRODUCTION
Underwater wireless sensor networks are used to acquire
information about the aquatic environment, which is per-
formed by deployment of nodes and data collection
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strategies [1]. While collecting data, some sensor networks
utilize mobile devices to cover a wide area of the network and
ensure a large amount of data collection [2]. Researchers have
always investigated strategies to cope with the challenges
associated with the exploration and study of the underwater
environment [3]. One of the challenges associated with
the underwater environment is that the involved devices
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operate with limited battery power, which restricts the
lifetime of the devices [4]. This necessitates the design and
development of strategies to address the issue of limited
battery power [5], [6].
Energy harvesting in the underwater environment has the

inherent capability of providing extra power to the limited
battery power of operating devices. This, in effect, not only
enhances the battery lifetime of the harvesting devices but
also ensures their battery-less operation when a sufficient
amount of energy is harvested [7], [8]. This harvested energy
originates from a number of sources. These sources, for
instance, include piezoelectric [9], solar [10], kinetic energy
of water flow, waves, tides and vibrations [7], [11], wind
on water surface [12], marine life, motion of autonomous
underwater vehicles (AUVs) and their paths tracking [13] and
thermal energy due to temperature variations [14].

Underwater thermal energy is harvested from temperature
variations in different parts of the underwater environ-
ment [15]. The temperature variations are usually input to
a thermoelectric generator (TEG) [100] or a phase change
material (PCM) [15]. The TEG is a semiconductor device
in which the charge carriers are excited by the temperature
variations to constitute an electric current and, therefore,
generate electric power. The PCM is usually used with an
underwater vehicle that dives fromwater surface (where PCM
is usually in the liquid phase) and as it moves down the water
surface, the pressure increases and the PCM solidifies [16].
When the vehicle moves upward and comes back to water
surface, the solid PCM changes to liquid phase due to
decreasing pressure and this causes its volume to expand
that (usually) drives an electric motor to generate power. The
thermal energy harvested in the underwater environment is
of critical significance in that it is more stable in response to
day-light cycle than solar radiations [17]. Also, it does not
require acoustic vibrations and wave motion as needed in the
piezoelectric and wave energy harvesting methods [18], [19],
respectively. Moreover, thermal energy is easy to integrate
with underwater vehicles and floating devices [15].

The underwater thermal energy harvesting can be used
along with other underwater harvesting methods to power
devices for a diverse set of applications. These applications,
for instance, include path planning and navigation for
underwater ships and autonomous vehicles [20], [21], [22],
water quality monitoring [23], [24], [25], precious materials
detection [26], [27], [28], seismic monitoring [29], [30],
[31], debris detection of crashed planes [32], [33], [34],
underwater research investigation [35], [36], [37], Tsunami
detection [38], [39], [40], coastal areas monitoring [41], [42],
[43], military surveillance andwarfare [44], [45], [46], hidden
mines detection [47], [48], [49] and prediction of general
underwater environment characteristics with time [50], [51],
[52], to mention a few.

Underwater thermal energy harvesting has been addressed
in literature. The authors in [14] provide a review of
various underwater energy harvesting techniques: solar,

thermal, piezoelectric, wave, marine life and hybrid. They
highlight the extent of the harvested energy by the addressed
techniques. However, it lacks an in-depth and thorough
investigation of the way energy is harvested and its limita-
tions and future investigations for each harvesting method.
Although, the authors in [53] provide a review of underwater
energy harvesting techniques, the harvested energy is limited
mostly to low power devices operating in the milliwatt
power range. In addition, for devices operating at high
power, only the solar radiations and inductive power transfer
techniques are considered. However, the former technique
struggles in the absence of sunlight in deep water and the
later technique requires the presence of certain conditions for
optimal performance. Moreover, it does not incorporate the
underwater thermal energy harvesting that can drive devices
requiring high power consumption such as an AUV [14].
To overcome the aforementioned limitations of the

available underwater energy harvesting studies, this paper
provides a thorough and in-depth study of the underwater
thermal energy harvesting techniques developed in the latest
decade (2014-2024). The energy harvesting techniques are
classified into TEG, PCM and multi-source harvesting
methods. Every energy harvesting class of algorithms is
described by its mathematical model and schematic diagram
of operation for the best understanding. The working prin-
ciple, harvested amount of power/energy and the demerit(s)
of each studied individual algorithm are described that
further provides an insight to operation understanding and
margin of improvement in subsequent investigation. The
applications of the harvested energy in various underwater
applications are also given. Moreover, the description of the
classified algorithms in terms of energy harvesting in various
applications for the latest decade is also given by publication
count that provides an insight to their future trends in various
applications. In addition, a comparative analysis of the
classified underwater thermal energy harvesting techniques
is also given that provides a foundation for improvement in
further research. Finally, research challenges associated with
the underwater thermal energy harvesting are highlighted
and directions for future investigation are specified. The
real world implementation of this work is threefold. First,
the proposed work can be used by researchers to choose
one of the described harvesting methods for powering
underwater devices depending upon the power requirement,
which has been shown by the power harvesting capability
of each method. Second, it can be used to overcome
the shortcomings of the described energy/power harvesting
algorithms in future investigation, which will further enhance
the harvesting output in practical implementation. Third, the
given directions for future investigation can be utilized by
researchers to propose, design, model and implement new
strategies for an overall enhanced harvested output.

The rest of this paper is organized as follows. Section II
classifies and describes the underwater thermal energy har-
vesting techniques. The comparison of the energy harvesting
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FIGURE 1. Schematic diagram of energy harvesting by PCM.

extent of the classified techniques is performed in Section III
while Section IV performs a comparative analysis with other
energy harvesting techniques. The challenges of underwater
thermal energy are addressed in Section V while the
conclusions are drawn in Section VI. Finally, Section VII
highlights the future research directions.

II. UNDERWATER THERMAL ENERGY HARVESTING
TECHNIQUES
This section classifies the underwater thermal energy harvest-
ing methods based on the use of a phase change material,
thermoelectric generator or multi-source harvesting. Each
of the classified categories is discussed in detail in the
following lines and the algorithms in each category are
analyzed based on harvesting methods, harvested output and
merits/achievements and demerits.

A. THERMAL ENERGY HARVESTING USING A PHASE
CHANGE MATERIAL
The concept of using a PCM for thermal energy harvesting
was first given as a patent [54], [55]. A PCMmaterial releases
or absorbs energy when it changes phase [56]. The phase
change occurs due to temperature variations and this property
can be utilized to harvest and store energy [57], [58], [59].
Underwater temperature variations are used to harvest energy
from the PCM materials to drive autonomous underwater
vehicles and other devices utilizing them [60].

As shown in Figure 1, the PCM changes state from
liquid to solid (towards low temperature) and vice versa that
causes the released pressure (expanded volume) to drive a
generator (or a mechanical device) and harvest electrical
energy. A PCM state transition takes place between the liquid
and solid phases. The material is moved from the liquid
phase at a higher temperature to the solid phase at a lower
temperature (within water) by some underwater device such
as an underwater autonomous vehicle. It is then allowed to
transform itself from solid to liquid phase by moving towards
water surface. This process releases the pressure (expanded
volume) to drive a connected device such as an electric
generator to harvest energy. The state transformation of the

PCM material in liquid form is generally modeled as [16]:

1V = C(T ) log
(1 + 1P)
B(T )

, (1)

where 1V = V1(T ) − V2(T ,P), 1P = P2 − P1, V1 is the
volume of the PCM material in cubic meters at atmospheric
pressure level P1 in MPa (MegaPascal), and V2 is its specific
volume at pressure P2. The empirical parameters B and C
are measured in units of MPa and m3/kg (cubic meter per
kilogram), respectively and vary with temperature T , which
is measured in ◦C (degree Celsius). Considering Pentadecane
as a liquid PCM, these parameters are computed for the
temperature range of greater than 10 ◦C and less than 35 ◦C
as [61]:

B(T ) = 762.8 − 4.805×(T − 79.4)

+ 0.0116×(T − 79.4)2, (2)

B(T ) = 0.2058×V1(T ) (3)

where V1(T ) is modeled in [62] as:

V1(T ) = [1.0307 × 103 − 1.2596

× (T + 273.15) + 1.8186×10−3

+ (T + 273.15)2 − 1.9555×10−6

× (T + 273.15)2]−1. (4)

The rest of this section describes the methods of underwater
thermal energy harvesting using a PCM.

The authors in [63] harvest energy using a new thermal
buoyancy engine with a turbine. The engine provides more
kinetic energy to the turbine that converts it into electrical
energy and does not increase the mass of the involved
PCM. The process of energy conversion from the engine to
the turbine is optimized with parameters of the turbine for
enhanced harvesting. The various parameters of a designed
thermal engine, such as the thickness of the wall, thermal
resistance and the materials used to harvest energy, are
described in [64] to achieve an optimal energy harvesting.
The mathematical model of the engine is provided with
miniaturized conversion of thermal to electrical energy.
A non-linear model linking the pressure and rate of phase
change is given in [65]. Factors that affect the system pressure
and storage capability are analyzed as well. The authors
in [66] adjust the height to radius ratio of a proposed
heat exchanger in an ocean thermal engine. It consists of
several circular regions that divide the inner region of the
exchanger. With these strategies, the heat transfer process is
enhanced that reduces the melting time of the PCM by 34%
resulting in an enhanced harvesting efficiency. An analysis
of the PCM is performed in [67] for thermal to electrical
energy conversion. First, temperature variations are stored
in the form of potential energy in an accumulator and then
electric motor, generator and other components are used to
transform it into electrical energy. The parameters affecting
the harvesting efficiency are also thoroughly analyzed and
the prototype is tested. The authors in [68] study various
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parameters of the phase change materials and the external
factors affecting its harvesting efficiency. They conclude that
the melting time of the phase change material in the thermal
engine reduces by reducing the temperature of the outer wall
of the engine. In addition, the melting of the PCM is also
affected by the distribution of velocity in the liquid phase.
The process of heat to electrical energy conversion is modeled
in [69] as a quasi-static process for a volumetric pump.
In addition, the effect of various parameters on the efficiency
of the pump is analyzed and a model of the heat exchanger is
presented with various performance parameters.

The authors in [70] argue that the traditional gliders use
PCM materials that do not effectively change phase with the
motion of the glider due to low thermal conductivity. This
reduces the thermal energy conversion efficiency. To deal
with this problem, vertical speed and drift time are computed
for the energy conversion process during melting process
of the PCM (higher to lower temperature) while speed
and functional depth are included during the solidification
process. Energy is harvested in [71] in harvesting and
sampling intervals of eight hours duration and making a
glider to dive over a depth of 500 meters for a trial duration
of 1.5 years. The authors use a phase change material that
expands with a temperature difference during the movement
of the float from a colder to a warmer location. This process
expands the tube containing the PCM that causes its internal
oil to act upon an under pressure piston. This oil is collected
in the piston, heated and pressurized to run a hydraulic motor
that generates power in generator connected with it. For
enhanced harvested output, a gearbox mechanism is used to
speed up the motor rotation. The authors in [72] propose a
quasi-static model of the volumetric pump used in the thermal
glider. It consists of a PCM that converts thermal energy
into mechanical energy that is then governed by a hydraulic
accumulator to convert and save in the form of electrical
energy. The range and energy storage system of the harvested
thermal energy is improved in [73]. It first uses the PCM
material to harvest energy and then utilizes it to control the
buoyancy of the engine instead of an electrical pump.

A PCMmaterial is used in [74] to control and optimize the
buoyancy characteristics and parameters driven by the ocean
thermal energy to ensure optimal storage and expenditure
of the consumed energy. The counterweight, hydrodynamic
and heat transfer characteristics of a PCM-based float are
analyzed in [75] and modifications are made in the existing
designs to obtain optimal power harvesting results. The time
of heat transfer from sea to the harvesting device is optimized
and reduced in [76] that enhances the time in which the
energy is harvested. Multiple air chambers are utilized and air
flow is introduced in [77] along with adjusting buoyancy of
the harvesting device by adding PCM between the chambers
and shell of the harvesting device as well as utilizing
miniaturization of the devices collecting energy. Also, the
overall structure of the harvesting buoy is also optimized
for optimal energy harvesting results. The authors in [78]
design a hybrid PCM that involves buoyancy regulation

FIGURE 2. Schematic diagram of energy harvesting by TEG.

and storage to drive unmanned underwater vehicles in long
missions, such as a mission comprising of 3000 km in
one deployment. It develops a basic model of a hydraulic-
to-electric conversion that is validated by experimental
investigation to power vehicles.

B. ENERGY HARVESTING USING A THERMOELECTRIC
GENERATOR
In 1821, Thomas Johann Seebeck reported the possibility
of creating electric potential energy from the temperature
difference across two materials of different nature [79]. This
coupled the thermoelectric energy generation with the term
Seebeck effect. A thermoelectric generator consists of many
thermoelectric modules, whereas a single thermoelectric
module consists of serially connected p-type and n-type
semiconductor materials of different thermal conductivities.

As shown in Figure 2, a temperature difference 1T
between the two materials generates a voltage difference
1V across a thermoelectric element. Heat flow from the
hotter to the colder surface causes electrons to move from the
n-type material towards the p-type material in the circuit and
constitute a current. The harvested voltage is modeled as [80]:

1V = α1T , (5)

where α is the Seebeck co-efficient measured in V/K (Volts
per Kelvin). The power P that a single element generates in
W (Watts) is represented by [80]:

P = αI1T − I2R, (6)

where I is the current flowing in the element and R is the
external load resistance. The maximum generated power is
computed as [80]:

P = (αI1T )2. (7)

The power generation capability of a TEG is determined by
the dimensionless thermoelectric figure of merit Z , which is
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modeled as:

Z =
α2σ

k
, (8)

where σ is the electrical conductivity in S/m (Siemens per
meter) and k is the thermal conductivity in W/m.K (Watts per
meter Kelvin). The rest of this section discusses the methods
of underwater thermal energy harvesting using a TEG.

A device mounted on an underground water pipe harvests
energy from the temperature difference of the pipe and soil
and uses it to operate attached sensors and perform data
processing and communication [81]. An ionogel material
is designed in [82] with properties designed for harvesting
thermal energy in a water body and during rain by using
the properties such as water-resistance, stability, durability
and tolerance. The authors in [83] model a TEG and analyze
its heat transfer process and the harvesting capabilities of
different harvesting materials. The generator provides better
harvesting results when a phase change material is used
instead of sea water or stainless steel in the harvesting
process. A heat pipe used in [84] harvests energy from the
sea floor with a pipe that is then converted into electrical
energy by a TEG. The proposed system is tested to power
a light emitting diode and also uses a data logger system
to monitor the harvested current and voltage. In addition,
the heat pipe is kept safe from the deposition of the sea
minerals that reduces its efficiency. A Titanium foil with
O-rings is applied on the colder side of the TEG in [85] as
a sealing element that decreases the thermal resistance and,
therefore, increases the harvesting efficiency. Moreover, the
surface of the TEG is insulated to further reduce the heat
loss and enhance its efficiency. A hydrothermal cap in [86]
uses a conduction pipe to harvest thermal energy from the
sea and the thermodynamic fluid, which is then converted into
electrical energy using a TEG.

A computational fluid dynamic analysis of the TEG
is performed in [87]. Analysis of temperature difference
between the external sea water and the inner hot hydraulic
oil is simulated. Parameters such as inclusion of a heat sink
at the hotter side of the system, using oil with high thermal
conductivity and temperature in the enclosure are considered.
The authors in [88] perform a theoretical analysis for the
orientation of heat exchangers of thermal gliders harvesting
energy. They conclude that keeping in view the efficiency of
the glider and its static stability, the optimal orientation for
the heat exchangers is to mount them under the hull. The
temperature difference between hot and cold water pipes is
transformed into electrical energy in [89] using a cold mini
plate. The authors in [90] use an array of large Seebeck
material under a ship body below the water line. It gets
heat from the exhausted engine or generator of the ship and
converts it into electrical power with the help of a TEG.
One end of a TEG is heated with solar radiations and the
other end is cooled with water from a waterfall to generate
the desired temperature difference for electricity generation
in [91].

C. MULTI-SOURCE ENERGY HARVESTING STRATEGIES
The multi-source energy harvesting strategies combine
multiple underwater energy harvesting methods with thermal
energy harvesting to design a hybrid energy system. The
most common underwater energy harvesting methods that
are combined with thermal harvesting include piezoelectric
(wave) and solar radiations at the water surface. To harvest
energy from piezoelectric effect, a cantilever beam is usually
used, which harvests voltage V in Volts when excited by
ocean waves. This voltage is then converted into electrical
power by the relationship P = IV or P =

V 2

R , while the
harvested energy equals the amount of harvested power times
the time in which the power is harvested. A cantilever beam
made up of a macro fiber composite material having length L,
width W and height H in meters generates an output voltage
that is given by [92]:

V =

∑
∞

r=1×
Cem
Cp

jmω3frω0
ω2
r+ω2+2jξωrω∑

∞

r=1
Cem
Cp

×
jωCem

ω2
r−ω2+2jξωrω

+
Cem
RCp

+ jω
, (9)

where Cem is the electromechanical coupling co-efficient, Cp
is the capacitance of the piezoelectric beam in Farads, j is
the imaginary number, ω and ωr are the excitation and r-th
order undamped natural frequencies in radians per second,
respectively, ξ is the modal mechanical damping ratio, f (r) is
the modal force co-efficient and R is the electric resistance of
the beam in Ohms.

In solar radiations, a solar photovoltaic (PV) panel that
usually consists of many solar cells connected in series and
parallel arrangements generates an output current I , which is
given by [93]:

I = Np × Iph − Np × Id (10)

where Np is the number of solar cells connected in parallel
in the PV module, Iph is the photons generated current when
solar radiations fall on the PV module and Id is the diode
current flowing through the diode, which is calculated as [93]:

Id = I0(e
qv
nKT − 1) (11)

where I0 is the saturation current, V is the voltage applied
to a diode (solar cell), q is the magnitude of the electronic
charge that is equal to 1.6 × 10−19 C (Coulombs), T is the
temperature in K (Kelvin), n is the ideality factor with a value
between 1 and 2 and K is the Boltzman constant that equals
1.38 × 10−23 J/K (Joules/Kelvin). The current and voltages
are usually measured in milliAmpere (mA) and milliVolt
(mV) units, respectively. The rest of this section discusses
the algorithms harvesting power/energy using multi-source
methods.

A hybrid scheme combining solar and TEG for energy
harvesting is utilized in [94] for a floating node. It harvests
8.375 Wh energy from sunlight and an energy of 0.425 Wh
from the thermoelectric generator and uses 6.6216 Wh
energy for full day operation. The authors in [95] combine
piezoelectric, wave and thermoelectrically harvested ener-
gies. Solar radiations are made concentrated and allowed to
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fall on a parabolic dish to heat up the associated circuitry
in [96]. A water tank acts as a cold temperature reservoir
during daylight to generate the temperature difference for
energy harvesting. During night time, temperature difference
is created by the water tank and the atmosphere. A floating
sensor device is designed in [97] that is capable of harvesting
energy from solar radiations and the temperature difference
between the water surface and the materials receiving
sunlight. It is capable to float onwater surface for several days
and functionwithout sunlight. The authors in [98] combine an
electromagnetic generator with a TEG for irrigation system.
The electromagnetic generation part consists of magnets
attached to water pipes that induce voltage in a coil when
rotated by a turbine. The thermoelectric part harvests the
temperature difference between water pipes into electrical
energy. An energy harvesting scheme utilizing solar, thermal
and piezoelectric models is proposed in [99] that establishes
electrical and mechanical designs of the proposed method.
It harvests an energy of 22.3 kJ within 24 hours. Energy
is harvested from the body heat and the motion of marine
mammals in [100]. A micro TEG harvests energy from the
temperature difference between the body and the ambient
temperature and a triboelectric nanogenerator harvests energy
from the mechanical movement of the mammals.

Table 1 summarizes themerit(s)/achievement(s), the amount
of power/energy harvested, the depth at which the output is
harvested, the demerit(s) and the year of the publication of
each of the studied harvesting methods. These algorithms
harvest energy using a PCM [63], [64], [65], [66], [67],
[68], [69], [70], [71], [72], [73], [74], [75], [76], [77], [78],
TEG [81], [82], [83], [84], [85], [86], [87], [88], [89],
[90], [91] and multi-source [94], [95], [96], [97], [98], [99],
[100] harvesting. The achievement/merit of every algorithm
highlights its main benefit. The demerit of each algorithm
indicates the potential parameter(s) to work for further
improvement in future work. The depth value at which the
output is harvested indicates the use of a harvesting method
and its capability to be deployed either at or under the water
surface. The harvested output of each method shows the
maximum harvested and recorded amount of energy/power
mentioned in the studied paper. The symbol x shows that
a parameter is not specified in the original paper by the
researchers.

III. COMPARISON OF THE HARVESTING CAPACITY OF
THE CLASSIFIED THERMAL ENERGY HARVESTING
TECHNIQUES
Figures 3 and 4 show the top ten maximum harvested power
and energy values in W and kJ (kiloJoules), respectively,
taken from Table 1. The Logarithmic scale is used to conve-
niently express the minimum as well as the maximum values,
that are otherwise difficult to express on a non-logarithmic
scale. The reason of separately depicting power and energy
plots is that in the studied papers, some researchers have
expressed their harvested output in terms of power while
others have used energy as a parameter of representation.

Figure 3 shows that the multi-source method harvests the
maximum power due to the combination of various sources.
It is followed by PCM harvesting method. The lowest
power is harvested by the TEG due to being sensitive to a
certain temperature difference range. Figure 4 shows that the
maximum energy is harvested by the PCM followed bymulti-
source harvesting. The TEG again harvests the minimum
output. A comparative analysis of underwater thermal energy
harvesting using TEG, PCM and multi-source strategies as
well as kinetic and piezoelectric energy harvesting methods
is shown in Table 2. It shows that the phase change material
is utilizable in a diverse number of applications and is
independent of the day-night cycle but its performance varies
from one material to another and some materials are toxic as
well. The TEG harvesting is fast in response due to the use of
semiconductor materials but they have low output power due
to being sensitive to a certain range of temperature.

The kinetic energy harvesting uses wavesmotion to harvest
energy, which is usually easily available. However, due to
varied amplitude of thewaves, the harvested output is variable
and is also affected by seasonal and geographical variations.
The piezoelectric harvesting uses the vibrations and stress of
water pressure to harvest energy.

IV. COMPARATIVE ANALYSIS OF THE HARVESTING
TECHNIQUES WITH OTHER HARVESTING METHODS
Figure 5 shows the number of publications for one decade:
2014-2024, for the three classified thermal energy harvesting
methods: PCM, TEG andmulti-source. It shows that the PCM
is mostly utilized worldwide for thermal energy harvesting.
There are a number of possible and likely reason for this
trend. Firstly, there is a diversity in the existence of phase
change materials with different thermal and physical proper-
ties such as thermal conductivity, melting and solidification
points, variety of existence and the diversity in cost. These
points ensure the selection of a specific PCM according
to the global harvesting conditions and environments. As a
result, the PCM is mostly utilized for underwater thermal
energy harvesting. Moreover, the phase change materials are
usually utilized within a specific temperature range without
negative environmental effects that enhances their scope in
underwater thermal energy harvesting. Also, the trend in the
use of PCM for thermal energy harvesting is increasing in the
recent years as is evident from the corresponding increasing
publications count trend. The multi-source energy havering
technique comes second in terms of utilization for thermal
energy harvesting followed by the TEG harvesting.

Figure 6 classifies the discussed algorithms in terms of
extent of the harvested output power/energy. The first class
of algorithms harvests power or energy with an extent smaller
than or equal 1 W or 1 J. This class of algorithms is enough
to power low power underwater devices such as sensor nodes.
The second class of algorithms harvests an amount of power
or energy that is greater than 1 W or 1 J but less than 1000 W
or 1000 J. This class is capable to power devices requiring low
to medium power/energy while algorithms used to operate
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FIGURE 3. Power harvested by PCM, TEG and multi-source methods on Logarithmic scale.

FIGURE 4. Energy harvested by PCM, TEG and multi-source methods on Logarithmic scale.

high power demanding devices are characterized by their
harvesting capability of greater than 1000 W or 1000 J.
There are also algorithms that have not shown (measured) the
harvested output in the description and are categorized in the
undetermined category.

V. CHALLENGES IN UNDERWATER THERMAL ENERGY
HARVESTING AND FUTURE INVESTIGATION
There are a number of challenges related to underwater
thermal energy harvesting that require to be further addressed.
They are:

• Low Harvesting Efficiency. The extent of thermal
harvested energy is usually low, especially the energy
harvested by the TEG. This challenges the perpetual
operation of devices, especially devices requiring power
higher than milliWatt range.

• Requirement of a Significant Temperature Differ-
ence. The TEG devices require a constant source of
heat to maintain a threshold temperature difference to
harvest energy. In a similar fashion, the phase change
materials also require a specific temperature difference
to transform physical states and harvest energy. This
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FIGURE 5. Publications count on the classified energy harvesting techniques: PCM, TEG and multi-source in the latest decade: 2014-2024,
searched on https://app.dimensions.ai/.

FIGURE 6. Classification of algorithms based on extent of harvested output power/enrgy.

limitation adversely affects the energy harvested for
device operation at a low depth, as the temperature
difference in a water body increases with increasing
depth. Therefore, in such conditions, the harvested
energy many not be sufficient to power the involved
devices.

• Geographical and Seasonal Variations in Water
Temperature. The temperature of water bodies varies
with locations and seasons. This affects the harvested
amount of energy, especially in conditions when the
temperature difference is low, such as during the winter
season.

• Materials and Processes-dependent Harvesting.
Since the temperature difference in a water body exists
up to a certain limit, the energy harvesting becomes
dependent, to a significant extent, on the materials
and processes involved in harvesting. This, in effect,

demands sophistication in these steps to harvest the
maximum possible energy.

• Diversity in PCM Properties Varies its Harvest-
ing Capability and Environment-friendliness. The
thermal properties of the phase change materials vary
significantly from one material to another. This results
in corresponding variations in the harvested extent.
Moreover, the toxicity of some of these materials poses
a significant danger to the marine life.

• High Cost of PCM. Some of the PCM materials are
expensive so their use in the energy harvesting processes
will increase the harvesting cost.

• Complexity of Integration of Multi-source Harvest-
ing. Since multi-source energy harvesting involves
various energy harvesting techniques, it has a high
complexity of operation and integration of the individual
sources.
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• Special Design and High Cost of Materials Mainte-
nance. Since the underwater environment is harsh and
unpredictable, the thermal energy harvesting devices
working in it require special design to withstand the
environmental effects such as bio-fouling, extreme
temperature, humidity, salinity, effects of oxygen and
other reactive and toxic materials in water. Moreover,
these devices require constat monitoring that increases
the maintenance cost.

VI. CONCLUSION
The latest and state-of-the-art techniques and algorithms
developed in the latest decade (2014-2024) for underwater
thermal energy harvesting are studied, analyzed and classified
in terms of operation for harvesting energy. The classes of
algorithms included phase change materials, thermoelectric
and multi-source based harvesting. The algorithms are
analyzed and compared in terms of energy efficiency and
applications in the underwater environment and in various
other applications. The publications count of the algorithms
in underwater and general thermal energy harvesting in the
latest decade are highlighted. The harvesting results indicate
that hybrid (multi-source) and PCM methods have the
greatest amount of harvested power and energy, respectively.

The conducted study is helpful and useful for the
researchers in marine environment to utilize the described
techniques for powering devices in a diverse set of underwater
and offshore applications. Moreover, it provides a foundation
for further working on the existing loopholes for enhanced
thermal harvesting efficiency.

VII. FUTURE WORK
The points for future research investigation towards enhanced
thermal harvesting efficiency are:

• SophisticatedTechniques andMaterials for Enhanced
Efficiency. Since the efficiency of thermal energy
harvesting is inherently low, future investigation
requires the development of sophisticated materials
and methods to enhance the efficiency. For instance,
reducing the value of temperature difference at which
a TEG or PCM starts to detect the temperature change
and harvests, which can be accomplished by altering
the properties of the existing materials and developing
advanced materials and processes. For instance, the
heat exchange process can be optimized for enhanced
efficiency [115], [116].

• Multi-source Energy Harvesting and Integration.
Themulti-source energy harvesting and its integration as
a unified system requires further research to efficiently
harvest and store the total energy. This will not
only enhance the harvesting efficiency but the storage
efficiency as well.

• PCM as a Thermal Energy Storage Element. The
PCM is mainly used as an energy harvesting element
in the thermal engine of the harvesting devices. The

capability of the PCM to ensure thermal energy storage
can be investigated in future research endeavors.

• Energy Harvesting Feasibility Prediction of Under-
water Sites using Machine/Deep Learning. The com-
putation of parameters involved in energy harvesting
prediction such as water pressure and temperature
variations with depth, density, speed and salinity for
underwater sites can be accomplished first. Then, these
parameters can be used to evaluate the energy harvesting
feasibility of underwater sites by predicting the har-
vested extent using deep/maching learning algorithms.
This will provide a prediction of the possible harvesting
capacity of an underwater site.

• Use of Optimization Algorithms for Operation,
Storage and Geometry Optimization for Enhanced
Harvesting Efficiency. The operation, storage and
geometries of the harvesting devices can be optimized
with the latest optimization algorithms for enhanced
energy harvesting efficiency.

REFERENCES
[1] M. Chaudhary, N. Goyal, A. Benslimane, L. K. Awasthi, A. Alwadain,

and A. Singh, ‘‘Underwater wireless sensor networks: Enabling technolo-
gies for node deployment and data collection challenges,’’ IEEE Internet
Things J., vol. 10, no. 4, pp. 3500–3524, Feb. 2023.

[2] S. C. Dhongdi, ‘‘Review of underwater mobile sensor network for ocean
phenomena monitoring,’’ J. Netw. Comput. Appl., vol. 205, Sep. 2022,
Art. no. 103418.

[3] S. Fattah, A. Gani, I. Ahmedy, M. Y. I. Idris, and I. A. T. Hashem,
‘‘A survey on underwater wireless sensor networks: Requirements,
taxonomy, recent advances, and open research challenges,’’ Sensors,
vol. 20, no. 18, p. 5393, Sep. 2020.

[4] H. Khan, S. A. Hassan, and H. Jung, ‘‘On underwater wireless sensor
networks routing protocols: A review,’’ IEEE Sensors J., vol. 20, no. 18,
pp. 10371–10386, Sep. 2020.

[5] K. M. Awan, P. A. Shah, K. Iqbal, S. Gillani, W. Ahmad, and Y. Nam,
‘‘Underwater wireless sensor networks: A review of recent issues and
challenges,’’ Wireless Commun. Mobile Comput., vol. 2019, pp. 1–20,
Jan. 2019.

[6] W. Tian, Y. Zhao, R. Hou, M. Dong, K. Ota, D. Zeng, and J. Zhang,
‘‘A centralized control-based clustering scheme for energy efficiency
in underwater acoustic sensor networks,’’ IEEE Trans. Green Commun.
Netw., vol. 7, no. 2, pp. 668–679, Feb. 2023.

[7] A. Hatfield, B. Zhao, M. Tomovic, and T.-B. Xu, ‘‘Advanced power
take-off and conversion system for submerged ocean wave energy
convertors,’’ in Proc. OCEANS, Hampton Roads, VA, USA, Oct. 2022,
pp. 1–5.

[8] R. Guida, E. Demirors, N. Dave, and T. Melodia, ‘‘Underwater ultrasonic
wireless power transfer: A battery-less platform for the Internet of
underwater things,’’ IEEE Trans. Mobile Comput., vol. 21, no. 5,
pp. 1861–1873, May 2022.

[9] Y. Ma and C. Li, ‘‘A piezoelectric energy harvester used for underwater
propeller detection,’’ in Proc. 17th Symp. Piezoelectricity, Acous-
tic Waves, Device Appl. (SPAWDA), Chengdu, China, Nov. 2023,
pp. 1–6.

[10] C. Liu, Z. Sun, C. Huang, S. Wang, H. Xing, S. Guo, W. Liu, and H.
Li, ‘‘A novel solar tracker with a foldable solar harvesting mechanism
for an amphibious robot,’’ in Proc. IEEE Int. Conf. Mechatronics Autom.
(ICMA), Guangxi, China, Aug. 2022, pp. 1257–1262.

[11] Z.-Q. Lu, L. Zhao, H.-L. Fu, E. Yeatman, H. Ding, and
L.-Q. Chen, ‘‘Ocean wave energy harvesting with high energy density
and self-powered monitoring system,’’ Nature Commun., vol. 15, no. 1,
p. 6513, Aug. 2024.

[12] A. Friebe, M. Olsson, M. Le Gallic, J. L. Springett, K. Dahl, and
M. Waller, ‘‘A marine research ASV utilizing wind and solar power,’’ in
Proc. OCEANS, Aberdeen, U.K., Jun. 2017, pp. 1–7.

174382 VOLUME 12, 2024



A. Khan et al.: Underwater Thermal Energy Harvesting: Frameworks and Future Investigation

[13] B. Chen, J. Hu, Y. Zhao, and B. K. Ghosh, ‘‘Finite-time observer
based tracking control of uncertain heterogeneous underwater vehicles
using adaptive sliding mode approach,’’ Neurocomputing, vol. 481,
pp. 322–332, Apr. 2022.

[14] A. Khan, M. Imran, A. Alharbi, E. M. Mohamed, and M. M. Fouda,
‘‘Energy harvesting in underwater acoustic wireless sensor networks:
Design, taxonomy, applications, challenges and future directions,’’ IEEE
Access, vol. 10, pp. 134606–134622, 2022.

[15] H. Ouro-Koura, H. Jung, J. Li, D.-A. Borca-Tasciuc, A. E. Copping, and
Z. D. Deng, ‘‘Predictive model using artificial neural network to design
phase changematerial-based ocean thermal energy harvesting systems for
powering uncrewed underwater vehicles,’’ Energy, vol. 301, Aug. 2024,
Art. no. 131660.

[16] G. Wang, ‘‘An investigation of phase change material (PCM)-based
ocean thermal energy harvesting,’’ Ph.D. dissertation, Dept. Aerosp. Eng.,
Virginia Polytech. Inst. State Univ., Blacksburg, VA, USA, May 2019.

[17] K. A. Mahmoodi and M. Uysal, ‘‘Energy aware trajectory optimization
of solar powered AUVs for optical underwater sensor networks,’’ IEEE
Trans. Commun., vol. 70, no. 12, pp. 8258–8269, Dec. 2022.

[18] G. Sui, X. Shan, C. Hou, H. Tian, J. Hu, and T. Xie, ‘‘An underwater
piezoelectric energy harvester based on magnetic coupling adaptable to
low-speed water flow,’’Mech. Syst. Signal Process., vol. 184, Feb. 2023,
Art. no. 109729.

[19] A. Barua and M. S. Rasel, ‘‘Advances and challenges in ocean wave
energy harvesting,’’ Sustain. Energy Technol. Assessments, vol. 61,
Jan. 2024, Art. no. 103599.

[20] Z. Chu, Y. Wang, and D. Zhu, ‘‘Local 2-D path planning of unmanned
underwater vehicles in continuous action space based on the twin-delayed
deep deterministic policy gradient,’’ IEEE Trans. Syst., Man, Cybern.,
Syst., vol. 54, no. 5, pp. 2775–2785, May 2024.

[21] J. Singh, R. Malik, and P. K. Maurya, ‘‘Rope augmented path following
and control of remotely operated underwater vehicle using vision for
stilling basin surveillance,’’ in Proc. IEEE Appl. Sens. Conf. (APSCON),
Goa, India, Jan. 2024, pp. 1–4.

[22] E. Tosello, P. Bonel, A. Buranello, M. Carraro, A. Cimatti, L. Granelli,
S. Panjkovic, and A. Micheli, ‘‘Opportunistic (Re)planning for long-term
deep-ocean inspection: An autonomous underwater architecture,’’ IEEE
Robot. Autom. Mag., vol. 31, no. 1, pp. 72–83, Mar. 2024.

[23] J. B. Fernandes, B. Gopi, M. A. Shariff, M. R. Pasha, S. Srinivasan, and
S. P. Maniraj, ‘‘Reliable and efficient routing for water qualitymonitoring
in underwater WSN,’’ in Proc. 2nd Int. Conf. Comput., Commun. Control
(IC), Indore, India, Feb. 2024, pp. 1–5.

[24] Q. Quevy, M. Lamrini, M. Chkouri, G. Cornetta, A. Touhafi, and
A. Campo, ‘‘Open sensing system for long term, low cost water quality
monitoring,’’ IEEE Open J. Ind. Electron. Soc., vol. 4, pp. 27–41,
Jan. 2023.

[25] S. Shakhari and I. Banerjee, ‘‘Clustering-based water quality exploration
and visualization in municipal water supply,’’ in Proc. IEEE Int. Conf.
Interdiscipl. Approaches Technol. Manage. Social Innov. (IATMSI),
Gwalior, India, vol. 2, Mar. 2024, pp. 1–5.

[26] G. Wang, J. Gao, Y. Chen, X. Wang, J. Li, K.-H. Chew, and R.-P.
Chen, ‘‘Polarization-enhanced underwater detection method for multiple
material targets based on deep-learning,’’ IEEE Photon. J., vol. 15, no. 6,
pp. 1–6, Dec. 2023.

[27] J. Tang, Z. Chen, H. Xie, and M. Chen, ‘‘Unbalanced underwater sonar
image target detection based on weak contrast feature enhancement,’’
in Proc. IEEE 7th Inf. Technol. Mechatronics Eng. Conf. (ITOEC),
Chongqing, China, Sep. 2023, pp. 367–373.

[28] C. Wang, Y. Cui, X. Song, Y. Zhang, and Z. Yuan, ‘‘A novel
underwater target detection method based on low-frequency magnetic
signal generated by portable transmitter,’’ IEEE Sensors J., vol. 23, no. 8,
pp. 8459–8465, Apr. 2023.

[29] W. Li, L. Li, Z. Guan, J. Xu, L. Zhou,W. Fang, andY.Wang, ‘‘Research on
underwater seismic observation based on distributed fiber optic sensing
technology,’’ in Proc. IEEE 7th Adv. Inf. Technol., Electron. Autom.
Control Conf. (IAEAC), Chongqing, China, Mar. 2024, pp. 1623–1626.

[30] S. Aoi, T. Takeda, T. Kunugi, M. Shinohara, T. Miyoshi, K. Uehira,
M. Mochizuki, and N. Takahashi, ‘‘Development and construction
of Nankai trough seafloor observation network for earthquakes and
tsunamis: N-net,’’ in Proc. IEEE Underwater Technol. (UT), Tokyo,
Japan, Mar. 2023, pp. 1–5.

[31] B. Chen, J. Gong, H. Huang, W. Hu, S. Hu, and X. Peng, ‘‘Study
on the seismic characteristics of piers considering site conditions and
hydrodynamic effect,’’Ocean Eng., vol. 293, Feb. 2024, Art. no. 116622.

[32] F. Zocco, T.-C. Lin, C.-I. Huang, H.-C. Wang, M. O. Khyam, and
M. Van, ‘‘Towards more efficient EfficientDets and real-time marine
debris detection,’’ IEEE Robot. Autom. Lett., vol. 8, no. 4, pp. 2134–2141,
Apr. 2023.

[33] W. Zhou, F. Zheng, G. Yin, Y. Pang, and J. Yi, ‘‘YOLOTrashCan: A deep
learning marine debris detection network,’’ IEEE Trans. Instrum. Meas.,
vol. 72, pp. 1–12, 2023.

[34] J. Liu and Y. Zhou, ‘‘Marine debris detection model based on the
improved YOLOv5,’’ in Proc. 3rd Int. Conf. Neural Netw., Inf. Commun.
Eng. (NNICE), Guangzhou, China, Feb. 2023, pp. 725–728.

[35] X. Mogeng, T. Xin, F. Yu, and W. Yi, ‘‘Research and application of
key technologies on scientific marine data integration, submission and
credible sharing,’’ in Proc. IEEE 14th Int. Conf. Softw. Eng. Service Sci.
(ICSESS), Beijing, China, Oct. 2023, pp. 301–307.

[36] Y. Zhang, S. Tan, X. Li, and D. Xu, ‘‘Marine ecological environment
monitoring and management system based on sensor technology,’’ in
Proc. Int. Conf. Integr. Circuits Commun. Syst. (ICICACS), Raichur, India,
Feb. 2024, pp. 1–6.

[37] K. Reilly, P. Gaughan, and C. Loughlin, ‘‘The role of research
infrastructures in supporting the sustainable development of the blue
economy,’’ in Proc. OCEANS, Limerick, Ireland, Jun. 2023, pp. 1–10.

[38] T. Sampurno, F. Ayuningtyas, M. J. Riski, S. Shaleha, A. Santosa,
V. Pragesjvara, and M. Gunawan, ‘‘Improvement of DART algorithm
teletsunami detection response through lengthening the prediction time,’’
in Proc. Int. Conf. Comput., Control, Informat. Appl. (IC INA), Bandung,
Indonesia, Oct. 2023, pp. 19–24.

[39] M.-J. Hao and W.-X. Hsu, ‘‘Image tracking and prediction of offshore
tsunami with particle filters,’’ in Proc. 25th Int. Conf. Mechatronics
Technol. (ICMT), Kaohsiung, Taiwan, Nov. 2022, pp. 1–4.

[40] S. Gokulnath, R. Sumathi, J. Yuvaraj, C. Poorani, and K. L. Priya,
‘‘Analysis of early warning tsunami prediction system using the Arduino
uno R3 and DNN,’’ in Proc. 6th Int. Conf. Electron., Commun. Aerosp.
Technol., Coimbatore, India, Dec. 2022, pp. 369–374.

[41] A. Sozio, V. M. Scarrica, P. P. C. Aucelli, G. Scicchitano, A. Staiano, and
A. Rizzo, ‘‘Comparing Meanshift/SVM and mask-RCNN algorithms for
beach litter detection on UAVs images,’’ in Proc. IEEE Int. Workshop
Metrol. Sea, Learn. Measure Sea Health Parameters (MetroSea),
La Valletta, Malta, Oct. 2023, pp. 483–487.

[42] A. Ilvonen, O. Velten-Lomelín, A. Bennett, N. Bandt, and
M. Triantafyllou, ‘‘Design and testing of a long endurance coastal
monitoring robotic platform,’’ in Proc. OCEANS, Limerick, Ireland,
Jun. 2023, pp. 1–9.

[43] G. Ludeno, G. Esposito, I. Catapano, F. Soldovieri, and G. Gennarelli,
‘‘Short range K-band radar for maritime security,’’ in Proc. IEEE
Conf. Antenna Meas. Appl. (CAMA), Genova, Italy, Nov. 2023,
pp. 30–33.

[44] P. C. Jacob and A. Thomas, ‘‘Trans-domain sea-air integrated robot,’’ in
Proc. IEEE Int. Conf. Recent Adv. Syst. Sci. Eng. (RASSE), Kerala, Inida,
Nov. 2023, pp. 1–5.

[45] A. Rodrigues Dias, N. Pessanha Santos, and V. Lobo, ‘‘Implementation of
a passive acoustic barrier for surveillance,’’ in Proc. OCEANS, Limerick,
Irelanad, Jun. 2023, pp. 1–6.

[46] D. Unal, K. Enhos, E. Demirors, and T. Melodia, ‘‘Field experiments
with Doppler compensation in high-frequency underwater acoustic
communication system,’’ in Proc. IEEE Int. Conf. Commun., Rome. Italy,
Jun. 2023, pp. 2185–2190.

[47] M. S. Ram, P. S. Navyatha, R. L. A. Ashitha, and S. A. J. Kumar,
‘‘Machine learning based underwater mine detection,’’ in Proc. 7th Int.
Conf. Intell. Comput. Control Syst. (ICICCS), Madurai, India, May 2023,
pp. 47–50.

[48] S. Sahoo, R. K.Mohanta, P. P. Pani, S. K. Mohapatra, and S. Chakravarty,
‘‘A multi-faceted approach for underwater sonar rock vs mine clas-
sification using machine techniques,’’ in Proc. 1st Int. Conf. Cognit.,
Green Ubiquitous Comput. (IC-CGU), Bhubaneswar, India, Mar. 2024,
pp. 1–5.

[49] Y. Zhao, X. Shang, E. Zhao, X. Deng, Z. Wang, and J. He, ‘‘Automatic
detection algorithm of mine detection based on improved YOLOv5 in
complex underwater environment for AUV,’’ in Proc. 5th Int. Symp. Auto.
Syst. (ISAS), Hangzhou, China, Apr. 2022, pp. 1–6.

VOLUME 12, 2024 174383



A. Khan et al.: Underwater Thermal Energy Harvesting: Frameworks and Future Investigation

[50] Z. Guo, R. Gai, S. Qin, and P. Wang, ‘‘CNN-BiLSTM for water quality
prediction method based on attention mechanism,’’ in Proc. IEEE Smart
World Congr. (SWC), Portsmouth, U.K., Aug. 2023, pp. 1–6.

[51] J. Bi, Y. Li, X. Chang, H. Yuan, and J. Qiao, ‘‘Hybrid water quality
prediction with frequency domain conversion enhancement and seasonal
decomposition,’’ in Proc. IEEE Int. Conf. Syst., Man, Cybern. (SMC),
Honolulu, OH, USA, Oct. 2023, pp. 5200–5205.

[52] M. Fang, L. Lyu, N. Wang, X. Zhou, and Y. Hu, ‘‘Application of
continuous time link prediction in traceability of water environment
pollution,’’ in Proc. 12th Int. Conf. Inf. Commun. Technol. (ICTech),
Wuhan, China, Apr. 2023, pp. 266–270.

[53] O. Alamu, T. O. Olwal, and K. Djouani, ‘‘Energy harvesting tech-
niques for sustainable underwater wireless communication networks:
A review,’’ e-Prime-Adv. Electr. Eng., Electron. Energy, vol. 5, Sep. 2023,
Art. no. 100265.

[54] M. T. Hossain, M. A. Shahid, M. Y. Ali, S. Saha, M. S. I. Jamal,
and A. Habib, ‘‘Fabrications, classifications, and environmental impact
of PCM-incorporated textiles: Current state and future outlook,’’ ACS
Omega, vol. 8, no. 48, pp. 45164–45176, Dec. 2023.

[55] J. A. Jones, Y. Chao, and T. I. Valdez, ‘‘Phase change material thermal
power generator,’’ U.S. Patent US8 689 556 B2, Apr. 8, 2014.

[56] D. I. Berrocal, J. B. Rodriguez, M. D. L. A. O. D. Rosario, I. Harris,
and A. M. J. Rivas, ‘‘Heat transfer enhancement assessment in hot water
generation with phase change materials (PCMs): A review,’’ Energies,
vol. 17, no. 10, pp. 1–35, May 2024.

[57] K. Du, J. Calautit, Z. Wang, Y. Wu, and H. Liu, ‘‘A review of the
applications of phase change materials in cooling, heating and power
generation in different temperature ranges,’’ Appl. Energy, vol. 220,
pp. 242–273, Jun. 2018.

[58] I. A. Laghari, M. Samykano, A. K. Pandey, Z. Said, K. Kadirgma, and
V. V. Tyagi, ‘‘Thermal conductivity and thermal properties enhancement
of Paraffin/Titanium oxide based nano enhanced phase change materials
for energy storage,’’ in Proc. Adv. Sci. Eng. Technol. Int. Conferences
(ASET), Dubai, United Arab Emirates, Feb. 2022, pp. 1–5.

[59] B. K. Choure, T. Alam, and R. Kumar, ‘‘A review on heat transfer
enhancement techniques for PCM based thermal energy storage system,’’
J. Energy Storage, vol. 72, Nov. 2023, Art. no. 108161.

[60] Y. Chen, Z. Yao, B. Chen, C. Yang, G. Muhammad, and Q. Xia,
‘‘Efficiency and power density analysis on phase change material-based
ocean thermoelectric generator for underwater vehicle,’’ J. Energy
Storage, vol. 89, Jun. 2024, Art. no. 111686.

[61] G. Wang, D. Ha, Y. Chao, and K. G. Wang, ‘‘Modeling and
characterization of PCM-based thermal energy harvesting,’’ in Proc.
ASME Int. Mech. Eng. Congr. Expo., Tampa, FL, USA, Nov. 2017,
p. V006T08A091.

[62] G. Wang, D. S. Ha, and K. G. Wang, ‘‘Harvesting environmental thermal
energy using solid/liquid phase change materials,’’ J. Intell. Mater. Syst.
Struct., vol. 29, no. 8, pp. 1632–1648, Nov. 2017.

[63] H. Hou, A. Arredondo Galeana, Y. Song, G. Xu, Y. Xu, and W. Shi,
‘‘Design of a novel energy harvesting mechanism for underwater gliders
using thermal buoyancy engines,’’ Ocean Eng., vol. 278, Jun. 2023,
Art. no. 114310.

[64] Y. Yang, Y.Wang, Z. Ma, and S.Wang, ‘‘A thermal engine for underwater
glider driven by ocean thermal energy,’’ Appl. Thermal Eng., vol. 99,
pp. 455–464, Apr. 2016.

[65] Z. Ma, Y. Wang, S. Wang, and Y. Yang, ‘‘Ocean thermal energy
harvesting with phase change material for underwater glider,’’ Appl.
Energy, vol. 178, pp. 557–566, Sep. 2016.

[66] Z. Yao, Y. Chen, G. Muhammad, Q. Xia, and C. Yang, ‘‘Comprehensive
investigation of a novel multi-segment heat exchanger for PCM/MF
based ocean thermal engine: Numerical analysis, model reduction
and experimental work,’’ Appl. Thermal Eng., vol. 248, Jul. 2024,
Art. no. 123103.

[67] G.Wang, Y. Yang, S. Wang, H. Zhang, and Y.Wang, ‘‘Efficiency analysis
and experimental validation of the ocean thermal energy conversion with
phase change material for underwater vehicle,’’ Appl. Energy, vol. 248,
pp. 475–488, Aug. 2019.

[68] X.Wang, H. Sha,M. Li, T. Liu, M. Sun, T. Liu, H. Huang, J.Wang, and D.
Jiang, ‘‘Numerical and experimental investigations on thermal-to-work
conversion process in thermal engine for thermal underwater gliders,’’
J. Energy Storage, vol. 73, Dec. 2023, Art. no. 109113.

[69] J. F. Carneiro and F. G. de Almeida, ‘‘Model of a thermal driven
volumetric pump for energy harvesting in an underwater glider,’’ Energy,
vol. 112, pp. 28–42, Oct. 2016.

[70] Z. Ma, Y. Liu, Y. Wang, and S. Wang, ‘‘Improvement of working pattern
for thermal underwater glider,’’ in Proc. OCEANS, Shanghai, China,
Apr. 2016, pp. 1–6.

[71] Y. Chao, ‘‘Autonomous underwater vehicles and sensors powered by
ocean thermal energy,’’ in Proc. OCEANS, Shanghai, China, Apr. 2016,
pp. 1–4.

[72] J. F. Carneiro and F. G. de Almeida, ‘‘Quasi-static model of a thermal
driven volumetric pump for an underwater glider,’’ in Proc. 11th Int.
Conf. Ecol. Vehicles Renew. Energies (EVER), Monte Carlo, Monaco,
Apr. 2016, pp. 1–8.

[73] C. D. Haldeman, O. Schofield, D. C. Webb, T. I. Valdez, and J. A. Jones,
‘‘Implementation of energy harvesting system for powering thermal
gliders for long duration ocean research,’’ in Proc. OCEANS-MTS/IEEE,
Washington, DC, USA, Oct. 2015, pp. 1–5.

[74] Q. Xia, G. Muhammad, B. Chen, F. Zhang, Z. Zhang, S. Zhang, and
C. Yang, ‘‘Investigation of self-driven profiler with buoyancy adjusting
system towards ocean thermal energy,’’Appl. Sci., vol. 11, no. 15, p. 7086,
Jul. 2021.

[75] H. Zhang, X. Ma, and Y. Yang, ‘‘An external ocean thermal energy power
generation modular device for powering smart float,’’ Energies, vol. 15,
no. 10, p. 3747, May 2022.

[76] X. Wu, X. Wang, and B. Wang, ‘‘Test and analysis of the heat exchanger
for small ocean thermal energy power generation devices,’’ Energies,
vol. 16, no. 22, p. 7559, Nov. 2023.

[77] R. Dong, X. Lin, J. Liu, M. Hu, Z. Liu, J. Yang, and L. Du, ‘‘Experimental
study on the efficiency of dynamicmarine thermal energy generator based
on phase change compensation,’’ J. Mar. Sci. Eng., vol. 11, no. 5, p. 988,
May 2023.

[78] Z. Daniel Deng, H. Jung, H. Ouro-Koura, A. Salalila, B. Friedman, J. Liu,
and A. Copping, ‘‘Efficient hydraulic-to-electric energy conversion for
PCM-based ocean thermal gradient energy system to power uncrewed
underwater vehicles,’’ in Proc. OCEANS, Limerick, Ireland, Jun. 2023,
pp. 1–4.

[79] C. Cekdin and M. S. A. Amin, ‘‘A mathematical loading model in the
power generator of thermoelectric generator,’’ Turkish J. Comput. Math.
Educ., vol. 12, no. 13, pp. 5350–5366, Jun. 2021.

[80] L. S. Hewawasam, A. S. Jayasena, M. M. M. Afnan,
R. A. C. P. Ranasinghe, and M. A. Wijewardane, ‘‘A review paper
on use of thermo-electric materials for future energy harvesting in
automobile sector,’’ in Proc. 8th Int. Conf. Power Energy Syst. (ICPES),
Colombo, Sri Lanka, Dec. 2018, pp. 157–160.

[81] M. Boebel, F. Frei, F. Blumensaat, C. Ebj, M. L. Melj, and A. Rust,
‘‘Batteryless sensor devices for underground insrastructure—A long-term
experiment on urban water pipes,’’ Low Power Electron. Appl., vol. 13,
no. 2, pp. 1–23, Apr. 2023.

[82] L. Li, H. Li, J. Wei, R. Li, J. Sun, C. Zhao, and T. Chen, ‘‘Water-resistant
thermoelectric ionogel enables underwater heat harvesting,’’ Polymers,
vol. 15, no. 7, p. 1746, Mar. 2023.

[83] J. F. Carneiro and F. G. de Almeida, ‘‘Model and simulation of the energy
retrieved by thermoelectric generators in an underwater glider,’’ Energy
Convers. Manage., vol. 163, pp. 38–49, May 2018.

[84] Y. Xie, S.-J. Wu, and C.-J. Yang, ‘‘Generation of electricity from deep-sea
hydrothermal vents with a thermoelectric converter,’’ Appl. Energy,
vol. 164, pp. 620–627, Feb. 2016.

[85] S. Wu, X. Gai, C. Yang, Y. Sun, and Y. Zheng, ‘‘Titanium foil-sealed
thermoelectric generator for seafloor hydrothermal vent,’’ Thermal Sci.
Eng. Prog., vol. 48, Feb. 2024, Art. no. 102383.

[86] Y. Xie, S.-J. Wu, and C.-J. Yang, ‘‘A thermoelectric cap for seafloor
hydrothermal vents,’’ Energy Convers. Manage., vol. 109, pp. 166–174,
Feb. 2016.

[87] G. Tang, S. M. Rabeek, and M. A. Arasu, ‘‘Thermal design and
temperature gradient analysis for a thermoelectric energy harvest device
in off-shore and marine application,’’ in Proc. IEEE 18th Electron.
Packag. Technol. Conf. (EPTC), Singapore, Nov. 2016, pp. 648–652.

[88] Y. Yang, Y. Wang, Z. Wu, Y. Liu, H. Zhang, and S. Wang, ‘‘Heat
exchanger layout for a thermal underwater glider,’’ in Proc. Oceans, St.
John’s, NL, Canada, Sep. 2014, pp. 1–4.

[89] T. Yajima, K. Tanaka, and K. Yazawa, ‘‘Thermoelectric on-spot energy
harvesting for diagnostics (don’t short) of water service pipelines,’’
in Proc. 17th IEEE Intersociety Conf. Thermal Thermomechanical
Phenomena Electron. Syst. (ITherm), San Diego, CA, USA, May 2018,
pp. 881–888.

174384 VOLUME 12, 2024



A. Khan et al.: Underwater Thermal Energy Harvesting: Frameworks and Future Investigation

[90] Y. Armenakis and S. Chatzis, ‘‘Waste heat recovery and electrical power
production on vessels by means of TEG arrays attached on the hull below
the underwater line,’’ in Proc. IEEE Electric Ship Technol. Symp. (ESTS),
Washington, DC, USA, Aug. 2019, pp. 430–437.

[91] J. Singh, P. Kuchroo, H. Bhatia, and E. Sidhu, ‘‘Floating TEG
based solar energy harvesting system,’’ in Proc. Int. Conf. Autom.
Control Dyn. Optim. Techn. (ICACDOT), Pune, India, Sep. 2016,
pp. 763–766.

[92] R. Huang, J. Zhou, J. Shen, J. Tian, J. Zhou, and W. Chen, ‘‘Research
and design of energy-harvesting system based on macro fiber composite
cantilever beam applied in low-frequency and low-speed water flow,’’
Materials, vol. 17, no. 12, p. 3033, Jun. 2024.

[93] Vinod, R. Kumar, and S. K. Singh, ‘‘Solar photovoltaic modeling and
simulation: As a renewable energy solution,’’ Energy Rep., vol. 4,
pp. 701–712, Nov. 2018.

[94] W.-K. Lee, M. J. W. Schubert, B.-Y. Ooi, and S. J. Ho, ‘‘Multi-source
energy harvesting and storage for floating wireless sensor network nodes
with long range communication capability,’’ IEEE Trans. Ind. Appl.,
vol. 54, no. 3, pp. 2606–2615, May 2018.

[95] A. Espírito-Santo, B. J. F. Ribeiro, C. G. M. Lima, S. Ambrósio, and
J. Bonifácio, ‘‘Self-powered smart sensors in the management of water
infrastructures,’’ in Proc. IEEE 16th Int. Conf. Ind. Informat. (INDIN),
Porto, Portugal, Jul. 2018, pp. 1024–1029.

[96] M. M. A. Karim, M. H. Tomal, A. Paul, and A. A. K. Sazid, ‘‘Archetype
of energy generation system from concentrated solar power and thermal
gradient of water bodies and atmosphere,’’ inProc. 7th Int. Conf. Develop.
Renew. Energy Technol. (ICDRET), Dhaka, Bangladesh, Mar. 2024,
pp. 1–6.

[97] W.-K. Lee, S. J. Ho, and M. Schubert, ‘‘Multi-source energy harvesting
and storage for floating wireless sensor network nodes,’’ in Proc.
IEEE Ind. Electron. Appl. Conf. (IEACon), Kota Kinabalu, Malaysia,
Nov. 2016, pp. 67–72.

[98] H. Liu, J. Zhang, Q. Shi, T. He, T. Chen, L. Sun, J. A. Dziuban, and C. Lee,
‘‘Development of a thermoelectric and electromagnetic hybrid energy
harvester fromwater flow in an irrigation system,’’Micromachines, vol. 9,
no. 8, p. 395, Aug. 2018.

[99] S. Arora, G. Nijhawan, and G. Verma, ‘‘A solar, thermal, and
piezoelectric based hybrid energy harvesting for IoT and underwater
WSN applications,’’ Int. J. Sensors, Wireless Commun. Control, vol. 12,
no. 9, pp. 651–660, Nov. 2022.

[100] C. Liu, G. Qu, B. Shan, R. Aranda, N. Chen, H. Li, Z. Zhou, T. Yu,
C. Wang, J. Mi, and M. Xu, ‘‘Underwater hybrid energy harvesting
based on TENG-MTEG for self-powered marine mammal condition
monitoring system,’’ Mater. Today Sustainability, vol. 21, Mar. 2023,
Art. no. 100301.

[101] H. Yang, M. Li, Z. Wang, F. Ren, Y. Yang, B. Ma, and Y. Zhu, ‘‘Per-
formance optimization for a novel two-stage thermoelectric generator
with different PCMs embedding modes,’’ Energy, vol. 281, Oct. 2023,
Art. no. 128307.

[102] S. K. Pathak, V. V. Tyagi, K. Chopra, R. Rejikumar, and A. K. Pandey,
‘‘Integration of emerging PCMs and nano-enhanced PCMs with dif-
ferent solar water heating systems for sustainable energy future: A
systematic review,’’ Sol. Energy Mater. Sol. Cells, vol. 254, Jun. 2023,
Art. no. 112237.

[103] D. G. Atinafu, Y. S. Ok, H. W. Kua, and S. Kim, ‘‘Thermal properties of
composite organic phase change materials (PCMs): A critical review on
their engineering chemistry,’’ Appl. Thermal Eng., vol. 181, Nov. 2020,
Art. no. 115960.

[104] B. Lu, J. Yu, W. Su, and Y. Zong, ‘‘An application review of PCM-based
thermal storage in buildings towards carbon neutrality: Modeling,
forecasting and optimal control with AI,’’ in Proc. Int. Conf. Artif.
Intell. Comput. Inf. Technol. (AICIT), Yichang, China, Sep. 2022,
pp. 1–6.

[105] Z. Sun, Y. Guo, C. Zhang, H. Xu, Q. Zhou, and C. Wang, ‘‘A novel
hybrid battery thermal management system for prevention of thermal
runaway propagation,’’ IEEE Trans. Transport. Electrific., vol. 9, no. 4,
pp. 5028–5038, Oct. 2022.

[106] M. Calati, K. Hooman, and S. Mancin, ‘‘Thermal storage based on
phase change materials (PCMs) for refrigerated transport and distribution
applications along the cold chain: A review,’’ Int. J. Thermofluids, vol. 16,
Nov. 2022, Art. no. 100224.

[107] M. Renard, W. Machnowski, and A. K. Puszkarz, ‘‘Assessment of ther-
mal performance of phase-change material-based multilayer protective
clothing exposed to contact and radiant heat,’’ Appl. Sci., vol. 13, no. 16,
p. 9447, Aug. 2023.

[108] M. Kabir, E. Preller, R. Mohammed, C. Tarau, B. Yang,
A. Alvarez-Hernandez, and J. Xu, ‘‘Investigation of an additively
manufactured two-phase heat exchanger with built-in thermal storage,’’
in Proc. 22nd IEEE Intersociety Conf. Thermal Thermomechanical
Phenomena Electron. Syst. (ITherm), Orlando, FL, USA, May 2023,
pp. 1–7.

[109] S. Nagar and P. K. Singh, ‘‘A short review on the industrial applications of
phase change materials,’’ in Proc. IOP Conf., Mater. Sci. Eng., Mathura,
India, vol. 1116, Dec. 2020, Art. no. 012006.

[110] R. Ben-Abdallah, D. Leducq, H. M. Hoang, L. Fournaison, O. Pateau,
B. Ballot-Miguet, and A. Delahaye, ‘‘Experimental investigation of the
use of PCM in an open display cabinet for energymanagement purposes,’’
Energy Convers. Manage., vol. 198, Oct. 2019, Art. no. 111909.

[111] F. L. Rashid, M. A. Al-Obaidi, A. Dulaimi, L. F. A. Bernardo,
Z. A. A. Redha, H. A. Hoshi, H. B. Mahood, and A. Hashim, ‘‘Recent
advances on the applications of phase change materials in cold thermal
energy storage: A critical review,’’ J. Compos. Sci., vol. 7, no. 8, p. 338,
Aug. 2023.

[112] J. Hollis, D. J. Sharar, and T. Bandhauer, ‘‘Effect of phase change
material on dynamic thermal management performance for power
electronics packages,’’ J. Electron. Packag., vol. 143, no. 4, Nov. 2021,
Art. no. 041111.

[113] M. He, Y. Wang, D. Li, M. Zhang, T. Wang, F. Zhi, X. Ji, and D. Ding,
‘‘Recent applications of phase-change materials in tumor therapy and
theranostics,’’ Biomaterials Adv., vol. 147, Apr. 2023, Art. no. 213309.

[114] H. Jouhara, A. Żabnieńska-Góra, N. Khordehgah, Q. Doraghi, L. Ahmad,
L. Norman, B. Axcell, L. Wrobel, and S. Dai, ‘‘Thermoelectric generator
(TEG) technologies and applications,’’ Int. J. Thermofluids, vol. 9,
Feb. 2021, Art. no. 100063.

[115] T. Yasunaga, T. Noguchi, T. Morisaki, and Y. Ikegami, ‘‘Basic heat
exchanger performance evaluation method on OTEC,’’ J. Mar. Sci. Eng.,
vol. 6, no. 2, p. 32, Apr. 2018.

[116] Y. Xie, S.-J. Wu, C.-J. Yang, and S.-S. Fan, ‘‘Heat transfer characteristics
of a hydrothermal energy converter,’’ in Proc. OCEANS, Genova, Italy,
May 2015, pp. 1–5.

ANWAR KHAN received the M.Sc. degree in
electronics from the Department of Electronics,
University of Peshawar, in 2006, the M.Phil.
degree in electronics from Quaid-i-Azam Univer-
sity, Islamabad, Pakistan, in 2009, and the Ph.D.
degree in electronics from the Department of Elec-
tronics, Quaid-i-Azam University, in 2018, with
a focus on underwater wireless sensor networks.
He remained as a Distinguished Researcher with
Quaid-i-Azam University. He has been with the

Department of Electronics, University of Peshawar, since 2009, as a Faculty
Member. He has published articles with IEEE, Springer, Elsevier, Taylor
and Francis, KSII Transactions on Internet and Information Systems, and
MDPI, to mention a few. He is also a reviewer with these publishers
and one of the members of the technical program committee of several
conferences. He has supervised various graduate and post-graduate scholars
that are working with various research groups across the globe. His current
research interests include underwater wireless sensor networks, relayed
communications, energy harvesting, traffic flow prediction in intelligent
transportation, and game-theoretic optimization.

SANTOS GRACIA VILLAR received the Industrial
Engineering degree in energy techniques and
the Ph.D. degree in industrial engineering from
the Polytechnic University of Catalonia. He is
currently the Director of the Master Degree in
Design, Management, and Project Management.
He is an Expert in international cooperation
projects.

VOLUME 12, 2024 174385



A. Khan et al.: Underwater Thermal Energy Harvesting: Frameworks and Future Investigation

LUIS ALONSO DZUL LOPEZ received the
bachelor’s degree in civil engineering from
the AutonomousUniversity of Campeche, in 1999,
the master’s degree in engineering from the
National Autonomous University of Mexico,
in 2004, and the Ph.D. degree in project
engineering from the Polytechnic University of
Catalonia, in 2009. He is currently a Professor
with Universidad Internacional Iberoamericana.
He specializes in project engineering. His research

interests include project management, engineering projects, quality costs,
consulting, fault detection, and artificial intelligence.

ABDULAZIZ ALMALEH received the master’s
and Ph.D. degrees in information science from
the University of Pittsburgh. He is currently a
renowned academic and a Researcher of infor-
mation science, specializing in machine learning,
smart cities, and smart infrastructure. He has
established himself as an expert in his domain,
with a strong understanding of emerging technolo-
gies and research methodologies. Throughout his
academic journey, he has demonstrated a deep

commitment to advancing the field of information science, focusing on
the practical applications of machine learning and its implications for the
development of smart cities and infrastructure. His research interests include
data analytics, artificial intelligence, the Internet of Things (IoT), and the
integration of these technologies into urban planning and development
processes. He has an impressive publication record that attests to his
dedication and expertise in his chosen field. His numerous works have
been published in well-respected journals and conference proceedings,
contributing to the collective knowledge and understanding of machine
learning applications in the creation of intelligent urban environments.
His research findings have greatly influenced the way in which advanced
technologies are applied to urban planning, offering practical solutions to
the modern challenges faced by cities around the world.

ABDULLAH M. ALQAHTANI received the B.Sc.
degree in communication and network engi-
neering from King Khalid University, Abha,
Saudi Arabia, in 2012, the M.Sc. degree in dig-
ital communications networks engineering from
Southern Methodist University, Dallas, Texas,
USA, in 2016, and the Ph.D. degree from the
School of Electronic and Electrical Engineering,
University of Leeds, Leeds, U.K., in 2023. He is
currently an Assistant Professor with the College

of Engineering and Computer Science, Jazan University. His research
interests include optimization techniques of edge computing, the Internet of
Things (IoT), artificial intelligence, and optical access networks.

RAJA’A ALNAIMI received the degree from
Jordan University, in 2019. Began her career as a
Faculty Member with Petra University, where they
have been contributing to the academic community
ever since. Currently, she is a Distinguished
Mathematician and an academic. Her research
primarily delves into the fields of complex analysis
and operator theory, with a specialized focus on
Toeplitz operators on the complex Bergman space.
She has published articles in renowned journals,

such as Springer and Elsevier and served as a reviewer for various
conferences.

174386 VOLUME 12, 2024


