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Thermal gradient energy-generation technologies for powering unmanned underwater vehicles (UUVs) or
autonomous sensing systems in the ocean are mainly in the research development phase or commercially
available at a limited scale, and salinity-gradient energy-generation technologies have not been adequately
researched yet. The demand for self-powered UUVs suitable for long-term deployments has been growing, and
further research related to small-scale ocean gradient energy systems is needed. In this study, we conducted a
comprehensive review about harvesting energy from ocean thermal or salinity gradients for powering UUVs,
focusing on gliders and profiling floats. Thermal gradient energy systems for UUVs based on phase change
materials (PCM) cannot provide the energy required for powering autonomous sensing systems because of the
systems’ low energy conversion efficiency. Besides reducing energy consumption by developing more efficient
electrical-mechanical systems, enhancing the thermal conductivity of the PCMs may help address this challenge
by increasing the power generation rate of the UUVs. Several other emerging technologies, such as thermo-
electric generators, shape memory alloys, and small-scale thermodynamic cycle systems, have shown potential
for powering UUVs, but they are still only at the laboratory testing or conceptual design phase. The most
advanced power generation technologies based on salinity gradients, reverse electrodialysis and pressure-
retarded osmosis, are still not economically viable for large-scale deployment, mainly because of the high cost
of the components required to operate in harsh saline environments. Our feasibility evaluation showed that
existing salinity gradient power generation technologies are not directly feasible for powering UUVs in the open
ocean.

UUV and is otherwise simply drifting with the ocean currents (Fig. 2)
[6]. A profiling float spends most of its time passively drifting with the
ocean currents at a specific depth.

1. Introduction

There is increasing demand for unmanned underwater vehicles

(UUVs) that are capable of long duration deployments (e.g., several
years) for ocean observation [1-4]. Gliders and profiling floats are two
examples of UUVs that use changes in buoyancy to drive vertical pro-
pulsion. The key difference between these two UUVs is the rate at which
they ascend/descend. Gliders have hydrofoils, or underwater wings,
which allow them to exploit the vertical motion resulting from the
buoyancy change to glide in the forward direction (Fig. 1) [5]. A
profiling float uses the buoyancy change to merely alter the depth of the

* Corresponding author.
E-mail address: Zhiqun.deng@pnnl.gov (Z.D. Deng).

https://doi.org/10.1016/j.rser.2022.112283

The service life of gliders and profiling floats is critically important
for sustainable and reliable ocean observation. However, the average
service life of float-type UUVs is only approximately 135 vertical
profiling cycles, which necessitates limiting vertical profiles to a typical
rate of once every 9 days to obtain a typical service life of between 3 and
5 years [7]. This limited service life results in increased environmental
monitoring program costs because the floats typically fail at depth
necessitating replacement at a cost of more than $20K [2,8]. Even if the
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floats can be serviced, the ship and crew time can still result in costs
ranging from $3K to $15K per servicing and present risk to human life
[1,2]. If the service life could be increased, not only would program costs
decrease but it would allow for more demanding applications; for
example, in the case of vertically profiling floats there is a need to profile
to deeper depths and to increase the sensing capabilities, for instance, by
adding biogeochemical sensing capabilities [2].

Ocean gradient energy is a promising solution to extending the ser-
vice life of UUVs. Since 1995, thermal gradient energy has been
researched for powering UUVs [9], and phase change material
(PCM)-based UUVs are commercially available at a limited scale.
However, the energy requirement for powering autonomous sensing
systems in UUVs has been increasing over time because of increasing
sensing needs [9]. Powering UUVs using naturally occurring salinity
gradients (between the surface and subsea) would offer new ways of
extracting marine renewable energy. While extensive research on
salinity-gradient energy in coastal areas has been conducted, the feasi-
bility of using small salinity gradients to power UUVs in the open ocean
away from mouths of rivers has not been sufficiently explored to date.

To evaluate the feasibility of using ocean gradients to increase the
service life of UUVs, we conducted a comprehensive review of the
literature about generating power from thermal or salinity gradients. In
this paper, we describe relevant technologies and document their cur-
rent status and limitations. In addition, we present a preliminary eval-
uation of the energy output for the most advanced of these technologies
for powering UUVs in low-salinity gradients.

2. Energy use

The total energy use per profile of float and glide-type UUVs varies
from 1.1 to 14.7 Wh, depending on the diving depth, speed, and total
weight of the UUV. The total energy consumption of the glider-type
UUVs ranges between 1.5 and 14.7 Wh, which is higher than the en-
ergy used by the float-type UUVs (1.1-7.4 Wh), because of their heavy
weight and fast diving speed. Table 1 shows the energy use of the
components of selected float and glider-type UUVs with their diving
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depths, speeds, and total weights. A fast diving speed requires a large
volume change in the UUV, thus the buoyancy engine would require
high power [10]. The diving speed and total weight of the float-type
UUVs are 8-10 cm/s and 18-45 kg, respectively [3,4,11-13]. In the
case of the glider-type UUVs, the diving speed and total weight are
24-38 cm/s and 52-65 kg, which are 2-4 times and 2-3 times higher
than the float-type UUVs, respectively [8,10,14,15]. The glider-type
UUVs also require a pitch regulation motor for attitude regulation. For
example, the pitch regulation motor of the Petrel-II glider achieves
attitude regulation by moving a battery pack along the glider’s central
axis [10]. The power consumption of the pitch regulation motor is 4W
[101, which greatly affects the energy consumption of the glider-type
UUVs. Nevertheless, glider-type UUVs moving at low speeds, consume
less energy. Recently, Bruvik et al. described the low-power Seaglider
that dives with slow speed (5 cm/s) and minimum volume change [2].
This glider used 1.5 Wh of energy per profile. The number of sensors,
and the power consumption of the different sensors onboard the UUV
also affect its total energy requirements. The reported energy use per
profile of the University of Washington-Built SOCCOM Apex float (5.5
Wh) is almost two times higher than that of the SOLO II [3,4], largely
due to the 2.2 Wh sensors’ power consumption. The period of activity of
the sensors also affects the total energy requirement of the UUVs. In fact,
Hockley reported that for the Seaglider, when the sensors are activated
for 100% of the profile time, the total energy use is 7.4 Wh [14]. This
energy does not consider the effect of sensor scheduling (duty cycle). In
the case of the Deep SOLO float [12], the conductivity, temperature, and
pressure (CTD) sensors (SBE61, Sea-bird scientific) are operated in a
mode to collect continuous profiles from the sea surface to a depth of
2000 m, but the sensors were used in discrete mode at 10 m intervals
from 2000 m to the ocean bottom (6000 m). This strategy can result in a
reduction of energy consumption of the sensors. The selection of the
sensor model can also impact the total amount of energy used by a UUV.
King et al. reported different combinations of sensors (Model: SBE CTD
and RBR CTD) and buoyancy engine (Model: S2A and S2H) for the SOLO
II float. Based on the combinations, the range of the total energy con-
sumption of the SOLO II float is 1.1-2.9 Wh [4].
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Fig. 1. Example of glider-type UUV motion during operation [5].
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Of the total energy required by the UUVs, 28-78% is consumed by
the buoyancy engine (Table 1). For example, for a deep dive (6000 m) of
the Deep SOLO float, the buoyancy engine consumes 5.8 Wh, which
accounts for 78% of the energy used [12]. As a result, this is the most
energy-hungry component in float and glider-type UUVs, so reducing
the energy consumed by the buoyancy engine is key to extending UUV
mission durations. To effect a net change in buoyancy, a buoyancy en-
gine within a UUV has internal and external bladders that are connected
to an electric pump that transports hydraulic oil between them. The
electric pump is the part that requires significant power. To reduce the
power consumption of the electric pump, Asakawa et al. designed a
bidirectionally functioning electric pump (Fig. 3a) that can draw oil
from an external oil bladder in addition to pumping the oil into the
bladder [16]. When the oil in the external bladder, under high pressure,
flows into the oil reservoir the electric pump acts as an electric generator
and the output power to a damping resistor is 30 W with 100 bars of
hydraulic pressure.

Zhou et al. modeled the hybrid buoyancy regulating system (HBRS)
to reduce the buoyancy engines energy consumption [17]. HBRS con-
sists of an electric pump, external bladder, and an accumulator con-
taining pre-charged compressed nitrogen gas (Fig. 3b). At the surface of
the ocean, the valve between the external bladder and the accumulator
opens, then the highly pressurized oil inside the external bladder com-
presses the nitrogen gas as it flows into the accumulator, thus accumu-
lating energy. At depth in the ocean, the compressed nitrogen gas causes
the hydraulic oil to flow back to the external bladder, which helps the
electric pump increase the buoyancy. Simulation results of HBRS by
Zhou et al. demonstrated that there can be a 30% reduction for the UUV
overall energy requirement [17].

3. Thermal gradient energy
A brief description of thermal gradient-based energy-generation

technologies is provided in this section and a summary of the state of the
art is included in Table 4 (at the end of the section).
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3.1. Phase change material-based UUVs

3.1.1. Buoyancy regulation

PCM-based buoyancy regulation UUVs can use PCM as a thermal
engine to store ocean thermal energy to later be converted to mechanical
energy, thereby providing a power source for vertical propulsion during
profiles. Fig. 4 shows the mechanism of the buoyancy regulation system
in a UUV [18]. The accumulator is filled with pressurized oil when the
UUV is at the surface, and the thermal material (PCM) maintains a liquid
state at a temperature above the PCM’s melting point (Fig. 4a). By
opening solenoid valve A, the buoyancy of the glider is changed from
positive to negative (Fig. 4b) and by transferring the oil from the
external bladder to the internal one. As the UUV descends to deeper
depths the water temperature decreases gradually. Once the threshold
temperature where the PCM is converted from liquid to solid is passed,
the PCM draws the oil to the thermal engine from the internal bladder
(Fig. 4c). By opening solenoid valve B, oil is transferred from the accu-
mulator to the external bladder and as a result the buoyancy of the glider
is changed from negative to positive (Fig. 4d). The water temperature
gradually increases as the UUV ascends toward the surface. Once the
PCM’s melting temperature is passed, as heat flows into the thermal
engine the PCM pressurizes the oil causing it to fill the accumulator
(Fig. 4a). The entire cycle repeats when harvesting the thermal gradient
energy to produce the vertical force needed for gliding.

The total efficiency of a PCM-based buoyancy regulation type UUV
was defined using two conversion steps: thermal-to-hydraulic energy
conversion and hydraulic-to-kinetic energy. Wang et al. stated that the
total efficiency of a PCM-based buoyancy regulation type UUV was
about 0.29-0.33% (Table 4) [9]. Since 1995, several field tests of
PCM-based buoyancy regulation type UUVs have been conducted
[18-23]. The first deployment of a buoyancy regulation type UUV was
performed in the Sargasso Sea in October 1995 by the Sea Education
Association. Over a period of 240 days, the UUV performed 120 suc-
cessful dive cycles before experiencing failure [19]. Yang et al. devel-
oped a thermal engine with a double-layer structure for a buoyancy
regulation type UUV (Fig. 5) and increased the rate of volumetric change
of the thermal engine by applying the isostatic pressing technology to
improve its performance [18]. The authors deployed the prototype in
the South China Sea in 2015 and reported that the actual rate of
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Fig. 2. Example of a profiling float-type UUV’s motion during operation [6].
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Table 1
Energy use of UUVs and their component parts, per diving profile.
SOCCOM APEX PROVOR Float SOLO II Float Deep Low-power Seaglider Petrel-II Glider Solcom
APEX Float Float (remOcean NKE SOLO Seaglider Glider
(7553) CTS4) Float (sg564)
Depth (m) 2000 1050 2000 6000 1000 1000 200-1500 1000
Total Weight (kg) 40-45 18 27 52 68.9 52
Speed (cm/s) 8-10 9 (vertical) 5 (vertical) 8.5 34.9 24-38
(vertical) (horizon) (horizontal)
Buoyancy Engine 6.42 kJ 4.01 kJ 10.25 kJ 3.0-5.5kJ 21.1kJ 1.633 kJ 9.96 kJ Power: 28-55W  Power:3-26
w
Attitude control 0.414 kJ Power: 4W Power: 2W
(Attitude: 45°)
Controller 1.99 kJ 1.39kJ 5.42 kJ 0.5kJ 2.028 kJ Power: 2W
Satellite 2.5kJ 1.94 1.13 kJ 0.6 kJ 1.014 kJ N/A Power: 4.5W
Communication
CTD sensor 3.04 kJ 2.8kJ 4.56 kJ 0.5-4.5kJ 5.2 kJ 0.321 kJ 16.9 kJ Power: 0.2 W Power: 0.1 W
Nitrate sensor 3.62 kJ 2.97 kJ 0.8 kJ
Oxygen sensor 0.1kJ 0.09 kJ 0.62 kJ
FLBB sensor 0.16 kJ 2.13 kJ
PH sensor 1.28 kJ
Radiometry 0.22 kJ
Altimeter Power: 1.9W
Battery Self- 0.70 kJ 0.7 kJ 1.15kJ
discharge
Total energy use 19.8 kJ (5.5 13.9kJ 26.3 kJ (7.3 Wh) 4.0-10.5 kJ 26.9kJ 5.4kJ (1.5 Wh) 26.8kJ (7.5 23.0-53.2 kJ
Wh) (3.8 Wh) (1.1-2.9 Wh) (7.4 Wh) Wh) (6.4-14.8 Wh)
Reference [3] [11] [13] [4] [12] [2] [14] [10] [15]
(a)
47 Q -
r————f——-Fn
E,:;,cttnc | Damping : Power
otor I Resistor | == I Supply
Driver Controller I
| T .
L .|
DSR 50/5
Oil Bladder Ball Valve il Reservoir
Check Valve | ‘
Hydraulic Pump
Pressure-tight Housing
b - . )
( ) !/" \ /" Nitrogen Gas
Energy Nitrogen gas \ PISSSOrS
accumulator
Piston
Hydraulic oil
M W] T T T .
: aRliva WL, |
I \ 1 )
External | ! | I
. — | — |
bladder | | )
l ] Seawater S
\ y; B
¥~ \ pressure
Surfacing Submerging Floating

Fig. 3. Schematic of (a) bidirectionally functioning buoyancy engine [16] and (b) hybrid buoyancy regulating system [17].



H. Jung et al.

Exlcmal]
Bladder

Internal
Bladder

Renewable and Sustainable Energy Reviews 160 (2022) 112283

o _V;rc;
| s

\\
&R \
\

|

Thermal /
Material /*

Fig. 4. The mechanism of a buoyancy regulation system [18].
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Fig. 5. A thermal engine with a double-layer structure in a buoyancy regula-
tion type UUV; upper) section view; lower) cross-cutting view [18].

volumetric change for the thermal engine reached 89.2% of the theo-
retical value in the field test, and the thermal engine provided 124 W of
hydraulic output power to control buoyancy. The hydraulic output
power is defined as power released by the accumulator, which can last 4
min in each energy cycle profile [24].

The performance of a UUV with PCM-based buoyancy regulation can
be evaluated in terms of mission capabilities such as diving depth and
mission range. In the literature [18-21], the diving depth and mission
range of buoyancy regulation type UUVs in field tests were reported to
be 150-1400 m and 677-3000 km, respectively (Table 4). Material
availability and durability for PCM engines are critically important for
PCM-based buoyancy regulating UUVs. Kuznik et al. and Shamberger

and Bruno listed 32 PCM elements for fabricating the PCM materials [25,
26], and Pilon et al. listed 500 commercially available PCMs [27].
Harikrishnan et al. reported an estimated average service life for PCM
composites of approximately 13-14 years, considering 5000 thermal
cyclic operational conditions for buildings application (Table 4) [28].
However, the lifetime of PCMs in UUV applications has not yet been
adequately researched. Without factoring in the cost of a PCM-based
buoyancy regulation engine, the anticipated cost of a profiling float
UUV is over $20K and the cost of a glider-type UUV is over $50K [2,29].
Five PCMs were tested and compared for oceangoing UUVs in laboratory
environments, and dodecane (C;2Hge) was shown to have the highest
thermal-to-hydraulic conversion efficiency of 4.36% [30]. Based on the
material price of dodecane ($152/kg), the raw material cost for a PCM
that would be used in a buoyancy regulation engine (3.6 kg) for a glider
is approximately $547, which is insignificant compared to the overall
cost of a PCM engine or UUV (Table 4) [18,31].

3.1.2. Electrical energy storage

Buoyancy regulation can provide mechanical power for vertical
propulsion of the UUVs, but electrical power is still required to power
the sensors in UUVs. The number and variety of sensors in UUVs have
increased to meet the need for improved ocean observations, thereby
increasing the UUV electrical power requirement. Since the 2000s, re-
searchers have studied electrical energy storage for UUVs based on
PCMs which utilize ocean thermal-electricity conversion technologies
[9]. Fig. 6 shows the mechanism of the electrical energy storage system
in a UUV; it is similar to the buoyancy regulation type, but the hydraulic
motor, electric charging system, and battery are additionally used in
mechanical-to-electrical conversion to power the buoyancy regulation
system, sensors, and wireless communication systems [24].

At the surface, PCM in the thermal engine maintains a liquid state
where surface temperature is higher than melting point of PCM, and a
bladder is filled with hydraulic oil (Fig. 6a). As the PCM-based UUV
descends, the water temperature decreases gradually. As the PCM’s
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Fig. 6. Schematic of PCM-based electrical energy storage [24].

freezing point is passed, the oil in the bladder passes into the thermal
engine (Fig. 6b). When the PCM-based UUV ascends, the water tem-
perature gradually increases. When the PCM’s melting point is passed,
the PCM exerts pressure on the oil causing it to flow into the accumu-
lator that is storing the hydraulic energy (Fig. 6¢). When the predefined
maximum pressure in the accumulator is reached, the solenoid valve is
opened and the oil flows from the accumulator into the hydraulic motor.
The hydraulic motor in turn converts the hydraulic energy into rota-
tional mechanical energy to rotate the generator. The generator pro-
duces electrical energy to charge the battery (Fig. 6d). When the
predefined minimum pressure in the accumulator is reached, the sole-
noid valve is closed, completing one energy-generation cycle.

For PCM-based electrical energy storage type UUVs, the energy
conversion process consists of three steps: thermal-to-hydraulic energy
conversion, hydraulic-to-kinetic energy conversion, and kinetic-to-
battery energy conversion [24]. The total energy conversion efficiency

(@

Battery & Controller

(thermal-to-battery energy) of electrical energy storage type PCM-based
UUVs is 0.14-0.59% [9,24,32,33]. Reported energy outputs (Table 4)
are 1.7-2.2 Wh in each energy cycle profile and, considering the mass of
PCM, energy storage densities (defined as the ratio of generated elec-
trical energy to weight of PCM) are 0.17-0.31 Wh/kg (Table 4) [9,24,32,
34,35]. Field tests of PCM-based electrical energy storage type UUVs
have been conducted since 2009. The NASA Jet Propulsion Laboratory
(JPL) attempted to develop a SOLO-TREC profiling float that would
generate electricity from ocean thermal energy [36]. The device was
deployed near Hawaii and operated without failure from November
2009 to June 2011. The second-generation of the JPL glider (Slocum--
TREC glider) that was developed with Teledyne Webb Research was
deployed on June 9, 2015 off the coast of the U.S. Virgin Islands [32].
Field test results from the Slocum-TREC glider show that it dove to 1200
m and generated 1.8 Wh per dive. Tianjin University developed an
electrical-storage type glider (OTEC-PCM) and conducted a field test in

Fig. 7. (a) Section view of OTEC-PCM [24] and (b) deployment of Navis-SL1 [37].
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the South China Sea [24]. Using a low PCM mass of (6 kg), during each
energy cycle profile their prototype generated 1.86 Wh demonstrating
excellent performance (Fig. 7a) [24]. The Navis-SL1 profiling float-type
UUV developed by SEATREC Inc, is commercially available (Fig. 7b),
and generated 2.2 Wh per dive at a maximum operating depth of 1000 m
in a field test [37]. In the literature [24,32,34,38], the diving depth and
mission range of electrical energy storage type PCM-based UUVs in field
tests were reported to be 150-1200 m and 3280 km, respectively
(Table 4).

3.1.3. Thermal conductivity of PCMs

A PCM-based UUV has been demonstrated to travel 3000 km per
deployment in a field test [18]. However, the generated energy per
profile is only half of the energy consumption of a UUV (2.8-4.4 Wh per
profile). This challenge may be addressed by accelerating the phase
transition process so that a shorter time is needed to transfer the same
amount of stored energy and a higher volume expansion rate can be
achieved.

One of the challenges for the PCM used in UUV for ocean exploration
is that the thermal conductivities of PCM with appropriate melting
temperatures are low. For example, hexadecane (CjgHs4) has been
identified as a good PCM candidate for UUV application (melting tem-
perature 18 °C) and its thermal conductivity is 0.33 W/(m-K) at 5 °C and
0.14 W/(m-K) at 28 °C [39]. The two temperatures, 5 °C and 28 °C, are
for the seawater at 1000 m depth and at the surface [40]. Meanwhile, a
3.25% thermal-to-hydraulic conversion efficiency was achieved using
another n-alkane tetradecane (C14H3o) as the PCM for ocean thermal
energy conversion (OTEC) applications. However, tetradecane has a
thermal conductivity of 0.13 W/(m-K) at room temperature, which will
lead to a slower charging/discharging rate and a low generated energy
per cycle [24]. The thermal properties of some common n-alkane PCM
are summarized in Table 2.

The heat transfer rate can be improved by increasing the PCM’s
thermal conductivity. There are some extensive reviews for enhancing
the thermal conductivity for PCMs [45,46]. The tube-fin arrangement
has been used to improve the PCM’s effective thermal conductivity in
UUVs. An aluminum metal fin positioned radially in a container filled
with polyethylene glycol (PEG)-1000 was found to increase the effective
thermal conductivity of pure PEG-1000 by 42 times. A similar carbon fin
structure was found to increase the thermal conductivity by 33 times
[47]. However, a significant amount of mass (34-42 wt%) and volume
(23-25 vol%) will be occupied by the fin structure, which is an issue for
UUVs in which space and payload are limited.

Another method for increasing the thermal conductivity is to fabri-
cate a PCM composite where the PCM flows into the pores of the high
thermal conductivity supporting materials. PCM composites are usually

Table 2
Common n-alkane PCM candidate for UUV used in ocean exploration.
n-alkane PCM Approximate Thermal Enthalpy of Reference
Melting Conductivity at Phase
Temperature Melting Change
(°C) Temperature (solid to
(W/(m-K)) liquid) (kJ/
kg)
Tetradecane 6 0.13 215.7 [41]
(C14H30)
Pentadecane 10 0.147 161.3 [42]
(C15H32)
Hexadecane 18 0.146 234.5 [41,43]
(C16H34)
Heptadecane 22 0.146 164.2 [41,42]
(C17H36)
Octadecane 28 0.15 236.6 [41,43]
(C1gH3g)
Nonadecane 32 0.152 168.1 [43,44]
(C19H40)
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fabricated by embedding a PCM in a porous supporting matrix or
polymer to increase the thermal conductivity and overcome the leakage
issues during repeated melting and solidification processes [48]. Wang’s
group developed a series of PCM composites using oriented graphite
sheets, reticulated graphite nanoplatelets and copper foam to reduce the
junction thermal resistance between separated nanoparticles in the case
of simple mixing of PCM and additives with high thermal conductivity
[49-53].

Atinafu et al. encapsulated a myristic acid (MA)/stearic acid (SA)
mixture into an N-doped porous carbon matrix [54]. The formed com-
posite had a resulting thermal conductivity that doubles that of the
pristine PCM, as shown in Fig. 8. The introduction of the N heteroatom
changed the textural properties of carbon and is thought to be a key
component in the formation of a heat transfer network [54]. In many
other studies published on this topic, graphene, carbon nanotubes were
used as the encapsulation shells to enhance the thermal conductivity
[55-58]. This encapsulation strategy is suitable for energy storage ap-
plications of PCMs, where the thermal conductivity can be effectively
increased by the porous support and the leaking of PCMs can be mini-
mized by restricting the PCM inside the pores of the support. However,
encapsulating PCMs into porous support is not suitable for the applica-
tion of powering UUVs where the volume change of PCMs during
melting is needed for power generation.

The other method for increasing the PCM’s thermal conductivity is to
use additives (0D nanoparticles such as TiOy and 1D materials such as
graphite fiber and carbon nanotubes) that have high thermal conduc-
tivity to the PCMs. This addition helps to form a heat conduction
network, which can improve the thermal conductivity, while mini-
mizing the additional mass, by increasing the phonon mean free path.
TiO9 was added to paraffin in a study and resulted in a thermal con-
ductivity increase of 47.85% for the paraffin containing 3 wt percent (wt
%) of the TiO,. Sodium stearoyl lactylate was found to improve the
thermal stability of the TiOy/paraffin composite and to improve the
dispersion of the nanoparticles [59].

Multiwall carbon nanotubes (MWCNTSs) are another effective addi-
tive for increasing the PCM’s thermal conductivity. Warzoha and
Fleischer added MWCNTs of different diameters to IGI 1230A paraffin,
and the measured thermal conductivity enhancement results are sum-
marized in Fig. 9. The MWCNT/paraffin nanocomposites’ bulk thermal
conductivity increased from about 20% to 170% with loadings of
MWCNTs from 0.5 vol percent (vol%) to 5 vol%. Moreover, the
MWCNT/paraffin composites’ thermal conductivity enhancement was
demonstrated to increase as the diameter of MWCNTs increased,
because of the much higher contact areas between MWCNTs of larger
diameter. It is critical to have enough contact areas between the nano-
sized additives so that the interfacial resistances will not limit thermal
transport at nanoparticle junctions [60].

Many other studies report the enhancement of the thermal conduc-
tivities of PCMs using various additives [61-63]. PCMs with enhanced
thermal conductivity will have more efficient heat transfer during the
phase change, which can help increase the power output for a
PCM-based UUV. According to a parametric study, the time needed for
phase change can be reduced by 35% when the PCM’s thermal con-
ductivity doubles [64]. In another study, the liquid fraction of the
organic PCM was shown to have doubled at the same time with only 1-5
wt% additive of material that has high thermal conductivity [65]. It was
reported that the freezing rate of the stearic acid increased over 90%
when 5 vol% MWCNT was added with some dispersion agent such as
poly vinyl pyrrolidone (PVP) [66]. The power generation per profile of a
UUV using PCM technology may double if the PCM’s thermal conduc-
tivity can be increased 2-4 times using less than 5 vol% additives that
have high thermal conductivity.

3.2. Shape memory alloys-based UUVs

Shape memory alloys (SMAs) can be deformed at low temperatures
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but when heated to a critical temperature return to their original shape.
The buoyancy of a UUV can be directly controlled by the deformation of
an SMA (Fig. 10). In warmer surface water, the SMA contracts, making
the UUV negatively buoyant and causing it to dive. As the threshold
temperature where the SMA starts to elongate is passed, the UUV be-
comes positively buoyant causing it to ascend.

The laboratory tests of an SMA-based UUV have demonstrated that
by varying in the length of nitinol (NiTi) wire SMA, induced by tem-
perature differences, altered the devices buoyancy successfully [67].
Angilella et al. built a buoyancy engine prototype based on SMA
(Fig. 11) for a conceptual UUV, evaluated its performance in a labora-
tory water bath, and calibrated it relative to simulated
temperature-displacement behavior [68,69].

The estimated energy storage density of SMA-based UUVs is 0.33
Wh/kg (Table 4) [9]. However, there are no reported field tests of an
SMA-based UUV. The material selection availability and durability of
SMAs are key considerations for an SMA-based UUV. Barbarino et al.
described 16 elements for fabricating the SMA materials using various
compositions [70]. In the commercial market, over 20 commercial SMA
materials are available (Table 4) [71-77], with the most widely used
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Fig. 10. Schematic of an SMA system for UUVs [67].

SMA material being NiTi [78]. Yang et al. reviewed NiTi, an alloy that
features high corrosion resistance, and reported that NiTi showed the
highest maximum recoverable strain (8%) among the most popular
SMAs (NiTi, Cu-Al-Ni, and Cu-Zn-Al) [79]. Johnson Matthey Inc. re-
ported the thermal cycles of NiTi with different transformation strains,
which can be over 100,000 cycles as 4% of transformation strain is
applied (Table 4) [80]. However, the lifetime of SMAs in UUV applica-
tions has not yet been adequately researched. Angilella et al. reported
that 2 kg of NiTi SMA wire is required to dive up to a 1 km depth subsea
based on a preliminary laboratory test [68]. The SMA raw material cost
for the NiTi that would be used in a buoyancy regulation engine for a
UUV is approximately $1800 (Table 4), based on the material price of
NiTi SMA material ($900/kg, Nexmetal Corporation) [81].
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Fig. 11. Schematic of an SMA system for UUVs [69].

(Table 4) [87]. The lifespan of a thermoelectric module is 200,000 to
300,000 h, and a module can last for more than 100,000 h of continuous
operation (Table 4) [88-90]. However, the lifetime of TEGs in UUV
applications has not yet been adequately researched. Simulation results
of TEG-based UUVs over the temperature variations to depth of 1200 m
(from 26 °C to 4.2 °C), demonstrate that a mass of 28.9 kg of PCM
storage and a contact area of 0.05 m? for the TEG allow for the extraction
of the energy required per each 1200 m dive (6 kJ) [84]. Thus, 55 TEGs
(TEG1-1263-4.3, TECTEG, Canada) and 28.9 kg of PCM are required to
power a UUV, which would cost $1200 and $4,390, respectively, for the

3.3. Thermoelectric generator-based UUVs

Thermoelectric generators (TEGs) directly convert from thermal
energy to electrical energy using the Seebeck effect of thermoelectric
materials. A TEG-based UUV uses thermal storage such as PCM, which is
in indirect contact with the surrounding fluid, to generate a temperature
difference for power generation in the ocean (Fig. 12). At the surface of
the ocean (Fig. 12a), the upper side of a TEG has a higher temperature
than the bottom side that is in contact with the thermal storage. When
the UUV dives and reaches depth (Fig. 12b), the upper side of the TEG
has a lower temperature than the bottom side due to the thermal storage. raw components (Table 4) [91].
The thermal gradient between the stored, insulated material and the
exterior temperature at depth generates power for a UUV using the TEG.

The advantages of TEGs are reliability smooth operation, and 3.4. Thermodynamic cycle-based UUVs
3.4.1. Miniaturization of thermodynamic cycles used for OTEC

simplicity, but TEGs are only at the conceptual research phase for UUV
applications [82,83]. To study the feasibility of oceanic applications,
Carneiro and Almeida developed a conceptual design of a TEG-based The thermodynamic cycle system for OTEC is somewhat mature for
large-scale ocean thermal energy harvesting equipment. The miniatur-
ization of OTEC has been studied by several researchers [92,93], but for

UUV using theoretical calculations and subsea thermal profiles
(Fig. 13), and discussed the estimation of the efficiency, energy storage
density, and required TEG and PCM size [84]. UUV applications, thermodynamic cycle-based UUVs have not advanced
Carneiro and Almeida [84] reported the TEG-based UUV's total en- beyond the conceptual research phase. Howard designed a thermody-
ergy conversion efficiency in the simulation was 0.1% based on the namic cycle-based UUV using the Rankine cycle (Fig. 14) [94]. In their
energy conversion efficiency definition of TEG systems, which Dewan design, warm surface seawater and cold deep seawater are used as heat
etal. [85] defined as the ratio of electrical power to the heat flux through ~ Xchangers, and the thermal energy is stored using a thermal mass to
the thermoelectric module. Carneiro and Almeida also estimated the generate the temperature difference for power generation. The Brayton
energy storage density of a TEG-based UUV to be 0.058 Wh/kg cycle has many similarities to the Rankine cycle, with the exception of
(Table 4), which is the lowest energy density among the five thermal no phase change in the cycle’s working gas. A Brayton cycle-based UUV
gradient generators [84]. The material selection availability and dura- was conceptually designed and operates utilizing the temperature dif-
bility of TEGs are important considerations. Selvan et al. listed the 73 ference betf”?‘?n the surface air and def:p water [93]. .
available thermoelements for manufacturing the TEGs [86]. Wang et al. ) The .d?ﬁmtlfm of the.thermodynamls cycle system’s €nergy conver-
reported that the total thermal cycle of a TEG to be 42,000 before failure sion efficiency is the ratio between the input heat capacity and the net
power from the turbine. The thermodynamic cycle system for a large-
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Fig. 14. Conceptual design of a thermodynamic cycle system, using the Rankine cycle for UUVs [94].

scale power plant has a reported theoretical efficiency that is up to 4%
[95], but the efficiency in UUV applications has not yet been reported in
the literature. The estimated energy storage density of thermodynamic
cycle-based UUVs is 0.085 Wh/kg (Table 4) [9]. The lifetime of a ther-
modynamic cycle system is more than 20 years for a large-scale power
plant, but the lifetime of a thermodynamic cycle system in UUV appli-
cations has not yet been adequately researched [96]. The cost of a 50
MW thermodynamic cycle system for OTEC was reported ($75 M), but
there is no reported information regarding the cost of small-scale ther-
modynamic cycle systems suitable for UUVs [97].

3.4.2. Stirling engines for UUVs
A Stirling Engine converts thermal energy into mechanical work to
form a heat engine. Although Stirling Engines have not been developed

for UUV applications, they could potentially generate energy from the
thermal gradients in the ocean to power UUVs. There are many varieties
of Stirling Engine that use different geometric configurations, such as
alpha, beta, and gamma types. A gamma-type Stirling Engine is illus-
trated below (Fig. 15) and comprises the following components: a power
piston that is forced to move by the compression and expansion of the
gas and thereby generates power; a displacer piston that moves gas
between the hot side (in this case on the bottom of the engine) and the
cold side; a regenerator that recycles heat in the engine; an external heat
source; and an external heat sink. The two pistons are connected to
crankshafts that link to a flywheel; the flywheel’s momentum keeps the
engine running. The crankshafts are connected to different points on the
flywheel so that the displacer piston and power piston operate out of
phase with one other.

10
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Fig. 15. Illustration showing the geometry and operation principle of a gamma-type Stirling Engine [98].

To generate power from temperature differences that occur over a
large distance in the ocean, the Stirling Engine must include thermal
storage. The thermal storage can be used to act as either a heat source or
sink depending on the location of the UUV. PCMs are suitable for the
storage media since heat addition and removal from the Stirling Engine
is isothermal, as is the phase change of the PCM.

An example schematic of a Stirling Engine integrated with PCM
thermal storage is shown in Fig. 16. When the float is at the surface, the
warm water near the surface is used as the engine’s heat source and also
used to charge (melt) the hot PCM. The cold PCM is solid, having been
frozen earlier by cold seawater at depth, and is used as the heat sink.
When the float descends, the melted hot PCM is used as the heat source,
while heat is exchanged with cold seawater, which also cools/freezes the
cold PCM.

Stirling Engines have not been developed for ocean applications, and

11

systems referred to as “low-temperature difference” Stirling Engines
typically have heat source temperatures of around 100 °C and are
intended for applications such as waste heat recovery. These systems
typically have efficiencies in the range of 1-2% (Table 3). Martaj et al.
developed a Stirling Engine that operated with a temperature difference
of ~11 °C (which is similar to ocean thermal gradients) and obtained an
efficiency of 0.28% [99].

The performance of low-temperature difference Stirling Engines can
be estimated using simple thermodynamic models. The simplest model
assumes that compression and expansion occur isothermally and that
the main loss occurs in the regenerator, which is characterized by an
effectiveness ¢. The efficiency #;mermar 1 given by

y—1(r—1nr

Misothermal = G- D+ (1-e@-1) (€]
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Fig. 16. Example schematic of a Stirling Engine integrated with PCM thermal
storage that is charged by hot or cold seawater.

Table 3

Performance of low temperature difference Stirling Engines.
Tp, °C Te, °C HX Effectiveness ~ Volume Ratio Efficiency, % Reference
120 20 0.5 1.04 2.27 [100]
70 20 - 1.06 1.3 [101]
130 - - - 3.5 [102]
23.3 12.6 0.5 1.01 0.28 [99]

where y = ¢, /¢, is the ratio of specific heats, 7 = T, /T, is the ratio of the
heat source and sink temperatures, and r = Vingx/ Vmin is the compression
ratio.

This expression can be improved by noting that the compressions and
expansions that occur are unlikely to be isothermal and instead may be
adiabatic; i.e., the temperature will vary polytropically due to
compression and expansion. This assumption produces the expression:

t(1-1/7") =/ +1

t(1-1/7") +(r—1)(e—1) 2)

Nadiabatic =
An alternative model considered “endo-reversible” thermodynamics,

or finite-time thermodynamics [103]. Unlike Carnot analysis, which

Table 4
Summary of technologies that use thermal gradient energy to power UUVs.
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assumes that heat engines operate between the source temperature T},
and sink temperature T,, endo-reversible analysis acknowledges that
there must be a difference in temperature between the source temper-
ature and the actual temperature within the hot space of the Stirling
Engine in order for heat to be transferred to the engine. The same will
occur in the cold space. Therefore, the Stirling Engine actually operates
over a temperature range smaller than ¢ = T, /T.. The analysis presented
by Kaushik et al. calculates the efficiency 7,4, under the assumption that
the power output is maximized, which leads to the following expression
[103]:

|- VT
(1—¢) [1*M]

(y—Dlnr

Note, that in the case ¢ = 1, Eq. (3) reduces to the Chambadal-
Novikov efficiency (sometimes called Chambadal-Novikov-Curzon-
Ahlborn efficiency), which is the conventional result of applying endo-
reversible thermodynamics to a heat engine and is considered to be a
more accurate estimate of heat engine performance than the Carnot
efficiency.

These three models are compared in Fig. 17 for Stirling Engines using
air as the working fluid for a range of compression ratios and regener-
ator effectiveness. The temperature difference is 20 °C which is a value
that is possible in the ocean. The figure indicates that the performance is
sensitive to the value of regenerator effectiveness, which indicates the
design of this component is a key consideration. The isothermal and
endo-reversible models indicate that the maximum efficiency occurs at
infinite compression ratios, whereas the adiabatic model predicts an
optimal volume ratio. All three models show reasonably good agreement
at small compression ratios, but they differ significantly in their esti-
mates of the optimal efficiency which suggests further modelling efforts
are required. It should be noted that additional inefficiencies will occur
in real systems, so the results in Fig. 17 should be considered to be
optimistic. For the system illustrated in Fig. 16, it will be important to
understand any losses that arise from using PCM thermal storage as the
heat source and sink.

Nendo = 3)
1+

3.5. Current technology limitations

Currently, the technology to harvest the available temperature
gradient energy is inadequate for long-term powering of UUVs. The
maximum temperature difference in the Indian Ocean is 20 °C [9] Field
testing of a PCM-based thermal gradient system demonstrated the
feasibility of long-lasting mission of UUVs [11], but the output power is
not enough to power a UUV with an autonomous sensing system
(1.1-14.7 Wh per profile) [2-4,8,10-15]. The main drawback of a

Type Phase Change Material (PCM)-based UUVs Shape Memory Alloys Thermoelectric Generator (TEG)- Thermodynamic Cycle-based
A (SMA)-based UUVs based UUVs UUVs
Buoyancy Electrical Energy
Regulation Storage
Energy Generation N/A 1.7-2.2 N/A N/A N/A
(Wh)
Energy Storage Density ~ N/A 0.17-0.31 0.33 0.058 0.085
(Wh/kg)
Efficiency (%) 0.29-0.33 0.14-0.59 N/A 0.1 N/A
Field Test Y Y N (Lab test) N (Concept) N (Concept)
Depth (m)/Range (km)  150-1400/ 300-1200/3280 N/A N/A N/A
677-3000
Materials Selection >32 PCM elements >16 SMA elements >73 Thermoelements N/A

Availability

Durability (Lifetime) PCM: 13-14 years, >5000 cycles

Anticipated Raw PCM engine PCM engine
Material Costs materials ($547) materials ($912) ($1800)
Key Reference [18] [24] [68]

>100,000 Thermal cycles

SMA engine materials

TEG: 200,000-300,000 h, >42,000
thermal cycles,

TEG materials ($1200) + PCM thermal
storage ($4300)

[84]

Thermodynamic cycle system:
>20 years

Thermodynamic cycle engine
materials (?)

[94]
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Fig. 17. Efficiency of Stirling Engines using several thermodynamic models. Air is the working fluid, and T,-T. is 20 °C, recuperator effectiveness is (a) 0.5, (b) 0.9.

PCM-based system is its low efficiency. The thermal-electrical efficiency
is less than 0.6%, and the thermal-mechanical efficiency is less than
0.4% [20,24]. The challenges associated with PCM-based thermal en-
ergy harvesting technology are slow heat transfer rates and low energy
storage density (0.31 Wh/kg) compared to the energy storage density of
a battery cell (30-260 Wh/kg) [104]. Taking into account the need for
maintenance, PCM-based UUVs are complex systems that consist of a
hydraulic system, a mechanical and electrical system, and a storage
device, which raise the likelihood of failure [9]. In the case of a
TEG-based UUYV, the theoretical maximum efficiency using one of the
most efficient TEG material (BiyTes) is only 1.67%, for a deep sea
temperature of 4 °C and an ocean surface temperature of 27 °C [85]. In
the case of OTEC systems, a pump is required to move the deep seawater
to the ocean surface. As a result there is a significant reduction in
extractable energy [105]. The implementation of these cycles in UUVs
needs further investigation. The ocean thermal gradient energy systems
based on SMA are currently only at the lab testing stage. The ocean
thermal gradient energy systems based on TEGs and thermodynamic
cycle for UUVs are still at the early phase of demonstrating feasibility of
components in the laboratory and developing conceptual designs.

Table 5
Summary of technologies of energy generation from salinity gradients.

4. Salinity-gradient energy

Salinity gradient energy technologies can be broadly classified into
chemical to electrical or chemical to mechanical energy conversion
systems, and most approaches rely on extracting energy from salinity
gradients across a polymer membrane. A brief description of the various
salinity-gradient-based energy-generation technologies is provided in
this section and a summary of the state of the art is included in Table 5
(at the end of Section 4.5), following by a feasibility evaluation of
powering UUVs using salinity gradients (Section 4.7).

4.1. Pressure-retarded osmosis

Pressure-retarded osmosis (PRO) converts the osmotic pressure dif-
ference between two feed solutions into electrical energy using a turbine
and generator. PRO consists of a semi-permeable membrane that sepa-
rates the concentrated and dilute solutions, and the pressure generated
by the permeate (water) flow into the concentrated feed chamber results
in hydraulic pressure, which is used to mechanically drive a turbine and
generate electrical energy (Fig. 18). As a result, the electricity generated

Pressure-Retarded Osmosis (PRO)

Reverse Electrodialysis

Capacitive Mixing Microbial Reverse-Electrodialysis Cell

(RED) (CapMix) (MRC)
Power (W/m?, membrane 0.35-9 0.33-3.8 0.06-0.29 (Electrode area) 1.53-4.3
area)
Salinity gradient (gram/L) 34-35 29-35 29-35 29-35
Flow factor 1.0-32.0 L/m?*h! (Water flux) 0.56-4.2 cm/s (Velocity) 7.5-20.0 mL/min (Flow 0.01-0.037 cm/s (Velocity)
rate)
Efficiency (%)" 54-56 18-38 37-54 53-64
Field test Y (Power Plant) Y (Power plant) N (lab test) N (lab test)
Anticipated cost $65-125/MWh $90-120 /MWh N/A N/A
Viable saline sources Seawater, concentrated brines Seawater N/A Seawater
Environmental impact Discharge of chemical effluents, Discharge of chemical N/A Discharge of chemical effluents
noise effluents
Key reference [111] [114] [126] [133]

# PRO and RED efficiency [142,143]: Ratio of useful work, W to fraction of Gibbs free energy of mixing (AGpiy). CapMix efficiency [126]: Ratio of the output net
power production to pumping power and charging power, where the external field was generated and delivered to a cell. MRC efficiency [119,135]: Ratio of the

generated output power to maximum theoretical energy output by MRC.
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Fig. 18. Schematic of PRO technology [106].

by PRO is directly linked to the difference in concentrations between the
feed solutions. Most PRO research has focused on energy generation
from seawater and freshwater feeds and has not explored lower salinity-
gradient solutions.

PRO performance is generally normalized to the membrane area, and
for a seawater-freshwater PRO system, power densities of 0.35-9.0 W/
m? have been reported (Table 5) [107-109]. Water flux is an important
parameter for determining PRO performance because power output is
calculated using the differential pressure across the semi-permeable
membrane and the water flux through it. Reported water flux in PRO
systems ranges from 1.0 to 32.0 L/m>h (Table 5) [110,111].

PRO technology is fairly mature in the sense that a 10 kW PRO power
plant was successfully field tested in 2009 by Statkraft in Tofte, Norway
[112]. However, the system was decommissioned in 2013 because the
forecasted power cost of 0.12€/kWh was not competitive in the Euro-
pean power market. One approach to lowering the costs is to use more
concentrated brine feeds, such as desalination brine streams, to increase
the normalized power output of the semi-permeable membrane. Such
integration of PRO with reverse osmosis has been shown to lower the
energy consumption from 3.32 to 2.869 kWh/m?, and also to reduce the
propensity of fouling in PRO membranes [113].

4.2. Reverse electrodialysis

Reverse electrodialysis (RED) is a technology that relies on alter-
nating anion and cation exchange membranes (AEM and CEM) between
two electrodes to generate electricity from salinity gradients (Fig. 19).
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The difference in salinity between the two solutions across an ion ex-
change membrane results in an electric potential gradient that drives
anions and cations ions (across the AEM and CEM respectively) from
regions of high concentration to those of low concentration. The elec-
trodes then convert the ion flux to electric current by means of either
water splitting or a reversible redox reaction [114].

For mixing of freshwater and seawater, RED power densities
(normalized to membrane area) of 0.33-3.8 W/m? have been reported
(Table 5) [115-117]. Hydrodynamics and mass transfer in RED can be
affected by the mean fluid flow velocity inside a single channel and
reported velocities range from 0.56 to 4.2 cm/s (Table 5) [114,115,
117]. Increasing the feed flow velocity has clear impacts to RED per-
formance, a change in flow velocity from 0.7 to 1.1 cm/s has been shown
to result in significant increase in both open-circuit voltage (35%) and
power density (47%) [116].

RED is a relatively mature technology; a pilot-scale plant (50 kW)
was tested in Afsluitdijk, Netherlands, in 2014 by Fuyjifilm and the RED
stacks [118]. Unlike PRO, where the generated energy scales with the
feed salinity, RED is best operated with a seawater-freshwater mix,
because RED encounters reduced energy efficiency at higher salinities,
such as in brine streams [115]. Although fairly mature, RED practical
applications have had limited success due to inefficiencies of the pro-
cess, caused by electrode overpotentials, ohmic resistances, energy
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Fig. 20. Schematic of the CapMix technology. Reprinted with permission from
Ref. [121]. Copyright 2016 American Chemical Society.
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Fig. 19. Schematic of RED technology [114].
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required for pumping, and biofouling [119].
4.3. Capacitive mixing

In capacitive mixing (CapMix), electricity is generated by sequen-
tially exposing high surface area electrodes to high and low salinity
solutions, resulting in cycles of electrode charging and discharging
(Fig. 20). In a standard operational cycle, (1) flowing an electrical cur-
rent through the system in a high-salinity solution charges the elec-
trodes; (2) the high-salinity solution is replaced by a lower salinity
solution in an open circuit; (3) after closing the circuit an electrical
current flows in the direction opposite to the initial step, discharging the
electrodes; and (4) the higher salinity solution is returned to the cell for
the process to be repeated [120].

Unlike PRO and RED, CapMix is an emerging technology that can be
operated without a membrane, making it more attractive for seawater
harvesting [122]. However, to increase the potential change when so-
lutions are switched, and to increase the process’s overall efficiency,
studies have used ion exchange membranes in the system [120]. The
reported range of power density for seawater-river water mixing in
CapMix is 0.06-0.29 W/m? (Table 5) [123-128]. The power density of
CapMix increases with flow rate; reported flow rates range from 7.5 to
20.0 mL/min (Table 5) [124,127], with energy efficiencies of 37-54%
(Table 5) [126]. However, the energy efficiency significantly decreases
at higher salinities because the technology is plagued by undesirable
side reactions and electrode degradation. Currently, only laboratory
studies of CapMix are reported and, similar to RED, CapMix is best suited
for lower salinity sources. Given that CapMix is a cyclic process, the
membrane and electrode fouling issues in these systems are believed to
be better managed by regularly changing the salinity of the solutions
going through the system and by varying the operating conditions to
make it difficult for organisms to adapt and grow [129].

4.4. Microbial reverse-electrodialysis cell

Microbial reverse-electrodialysis cell (MRC) technology is a hybrid
system derived by combining a RED unit and a microbial fuel cell (MFC)
(Fig. 21). An MFC is a bioelectrochemical system that utilizes microbes
to generate electrical power from organic matter, from sources like
wastewater, while RED generates power from salinity gradients.

The integration of the MFC with RED has advantages in terms of
efficiency and power enhancement, as the combination overcomes the
limitations of the individual processes [119,131,132]. For example, in
an MRC, the RED compensates for the low voltage output of MFC while
the voltage generated from microbe-mediated spontaneous reactions in
MEFC contribute to offsetting energy losses at RED electrodes [133].
Reported power densities obtained by mixing seawater and river water
with MRC range from 1.53 to 4.3 W/m?[119,131,132,134,135]. Similar
to RED, flow rates determine the output power of an MRC system and

Renewable and Sustainable Energy Reviews 160 (2022) 112283

have been reported to be 0.01-0.037 cm/s (Table 5) [133]. MRC has
only been studied under laboratory conditions to date and no field tests
have been reported. However, in the context of energy extracted from
salinity-gradients, MRC is expected to be similar to that of RED, but MFC
components may need additional operational considerations, given the
challenges of managing biofilms in harsh marine environments.

4.5. Hydrogel Expansion

Hydrogel expansion (HEx) is membrane-free salinity gradient energy
harvesting method that relies on hydrogels that swell in freshwater and
shrink in saltwater, and the expansion/contraction can be used to
perform mechanical work (Fig. 22). In general, HEx systems have energy
recovery rates lower than PRO and RED [136], and research has been
limited to laboratory studies focused on hydrogel development. Various
polyelectrolyte hydrogels have been evaluated [136-140], with re-
ported potentials ranging from 0.83 J/g for poly (acrylic acid) to 102 J/g
for polysulfobetaine [138,139]. While this variability in energy gener-
ation potential is largely due to differences in the hydrogel chemistries,
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it can also be attributed to the specific system design (e.g., diameter and
length of tube holding the gel) used to characterize them. Models sug-
gest hydrogels that deform less can reduce energy loss associated with
pumping [141]. However, that would also lead to overall lower energy
production from the system—highlighting the need for further devel-
opment and optimization of HEx method. Given the limited studies on
HEx and its being a membrane-less method, clearly distinct from other
approaches described here, it is not included in Table 5.

4.6. Current technology limitations

Although demonstrated at powerplant scale, the PRO and RED
technologies remain too expensive for wide-spread adoption. The
anticipated cost of a PRO plant is USD 65-125/MWh [144], while the
RED system is estimated to cost USD 90-120/MWh [144,145]. The high
cost is largely due to the cost of the system components required to
operate in harsh saline conditions. For example, nearly all
salinity-gradient power generation technologies rely on ion exchange
membranes, which are vulnerable to scaling and fouling under operating
conditions [146]. Existing approaches to minimizing fouling rely on
pretreatment of feedwaters and regular chemical treatment of the
membranes [147]. Both of these practices add to the capital and oper-
ating expenditures of the process, and more importantly, they are not
viable strategies for technologies that are used to power UUVs, where
system size and weight are critical considerations. While research efforts
in the development of antifouling and more robust membranes have
been significant, there is not enough information about the fouling of
these membranes in ocean settings. Given the environmental and prac-
tical considerations surrounding chemical membrane defouling, devel-
opment of more robust membranes is critical. Similarly, electrode
materials that are inexpensive and can operate under marine conditions
are required for RED, CapMix, and MRC. Specific to HEx technology,
research and optimization of hydrogel polymers is essential. In general,
significant research and development of materials, device architectures,
operational schemes, and integration of ancillary equipment (pumps,
storage tanks, etc.) are necessary before these emerging technologies
can be used for extended periods in the ocean to power UUVs, because
currently most have only been tested in controlled laboratory
environments.

4.7. Salinity-gradient-powered UUVs

The Gibbs free energy of mixing is the theoretical upper bound for
the energy available for utilization from mixing two different salinity
sources [121]. While Gibbs free energy of mixing does not reflect real
losses that would occur in the energy transformations and storage, it is
an appropriate parameter to estimate the potential and feasibility of
extracting energy from salinity gradients. Unfortunately, all prior re-
ports on Gibbs free energy of mixing look at seawater-river water mix-
ing, which consists of a salinity gradient of up to 35 g/L. Given that for
UUVs operating in the middle of the ocean, the available salinity gra-
dients are just 2 g/L over 1 km depth, there is a need to perform feasi-
bility calculations for the low-salinity-gradient case relevant to UUVs.
To estimate the energy output from low-salinity gradients, we started
with a previously published framework for the calculation of the Gibbs
free energy of mixing [121]. For aqueous solutions of a strong electro-
lyte, the Gibbs free energy of mixing per mole of the system, AGp;ix Nt iS
defined as:
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where T is absolute temperature, Rg is universal gas constant, x; is the
mole fraction of species i in final mixture, and subscripts M, LC, and HC
correspond to mixture, low concentration and high concentration solu-
tion respectively. The term ¢ represents ratio of total moles in LC so-
lution to that in the system, while nonideal behavior of species i as
function of the solution composition, pressure, and temperature is
accounted for by y, the activity coefficient. Single electrolyte solutions
are defined as consisting of two species, water and dissociated salt ions
designated by subscripts w and s, and is represented as, Zxiln (yix;) =
Xyl (ywXw) + Xsln (ysXs).

Using the equation above, we calculated the AGpix for two sets of LC
and HC solutions within a 2 g/L gradient of seawater: (1) LC = 33 g/L
and HC = 35 g/L, and (2) LC = 35 g/L and HC = 37 g/L. The calculations
were performed over a range of ¢, a parameter that accounts for relative
volumes of LC and HC feed solutions. The results of the calculations are
shown in Fig. 23, and the numerical values for the low volume of LC (¢
= 0.1), equal volumes of LC and HC (¢ = 0.5), and excess LC (¢ = 0.9)
are provided in Table 6. For both sets of feed salinities, the AGp;x is
maximum when equal volumes of LC and HC (¢ = 0.5) are mixed.

For energy technologies based on salinity-gradients, the efficiency, n,
is defined as the fraction of Gibbs free energy of mixing (AGpix) con-
verted to useful work, W (n = W/AGp;x) [142]. For PRO and RED, the
two most advanced salinity-gradient technologies, the estimated n when
equal volumes of freshwater and seawater were mixed (¢ = 0.5) is 44%
and 18-38%, respectively [121]. The n for other technologies is not
available because they are in very early stages of development.

Using the calculated AGpiy values from Table 6 for ¢ = 0.5 and the
estimated fraction of AGpx energy converted to useful work reported in
the literature of 44% for PRO and 30% for RED, the useful work for the 2
g/L salinity gradient was calculated (Table 7).

The reported energy use in thermal gradient-powered UUVs ranges
from 2 to 4 Wh. Based on the useful work in Table 7, the minimum
volume and weight of water required to power a UUV using PRO and
RED technologies was estimated (Table 8).

The estimated volume of water required to generate the necessary
energy to power a UUV is large and not feasible for onboard storage and
application for a glider or profiler. However, given that these calcula-
tions were based on technologies designed and optimized for seawater-
river water mixing and for onshore operation, there may be opportu-
nities for new salinity-gradient technologies designed specifically for
powering UUVs. One approach to improving the energy output is adding
onboard desalination to increase the available salinity gradient. To
investigate the potential for desalination coupled with salinity-gradient
energy generation, we calculated the Gibbs free energy of mixing for
various salinity combinations with seawater (Fig. 24). In each case, the
HC solution is maintained at 0.6 M (seawater) and the concentration of
the LC solution is then varied from 1.5 mM (river water) up to 0.594 M.
The maximum Gibbs free energy is found in each case, as well as the
value of ¢ that optimizes it. Our results suggest a significant increase in
available energy with higher salinity gradients, and these results agree
with prior reports about seawater-river water mixing. The increased
energy output (up to 10,000x) could bring down the required water
volumes to power the UUVs.
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Table 6
AGnyix value for low, medium, and high values of ¢.

¢ (NLo/(Nic + AGix (kWh/m®) AGpix (kWh/m®)
Nuc) (LC=33g/LandHC=35g/ (LC=35g/Land HC=37g/
L) L)
0.1 1.192 x 107 1.131 x 107*
0.5 3.333 x 107 3.159 x 1074
0.9 1.208 x 107* 1.144 x 10~*
Table 7
Estimated useful work for ¢ = 0.5 for salinity gradient of 2 g/L.
Technology W (kWh/m>) W (kWh/m>)
(LC=33g/Land HC =35g/L)  (LC = 35 g/L and HC = 37 g/L)
PRO 1.47 x 107* 1.39 x 107*
RED 1.0 x 107* 9.48 x 107°
Table 8

Volume of water required to power a UUV.

5. Summary and future outlook

In the last two decades, thermal gradient energy harvesting systems
based on PCM for UUVs have been developed and field demonstrated
with over 3000 km of mission range for both buoyancy regulation and
electrical energy storage. State-of-the-art PCM-based thermal gradient
energy systems generated 1.7-2.2 Wh [9,24,32,34,35], which can suf-
ficiently power the Low-power Seaglider (1.5 Wh) or the SOLO II Float
(>1.1 Wh) [2,4]. However, those thermal gradient energy harvesting
systems based on PCM could not fully power high-energy—demanding
UUVs such as the SOCCOM Apex float (5.5 Wh) or PROVOR float (7.3
Wh) [3,13], which incorporate multiple sensors, and the Deep SOLO
(7.4 Wh) and Petrel-Il Glider (14.7 Wh) [10,12], which require a
high-power buoyancy engine for its deep diving operations. In many
cases, the buoyancy engine is the most energy hungry component of the
float and glider-type UUVs; therefore, reducing the buoyancy engines’
energy consumption is key to meeting the energy requirements of UUVs.
Development of regenerative electric motors in buoyancy engines is
required to reduce their energy consumption. In addition, research effort
is required to increase the efficiency of the PCM-based thermal gradient
energy systems. Optimization of energy conversion systems for highly
efficient conversion from thermal to electric energy is required. Hybrid
type (buoyancy regulation and electrical storage) PCM-based energy
harvesting systems also will be a possible solution for efficient operation
of the UUVs. These hybrid systems use the harvested thermal energy for
direct buoyancy change without an electric pump, as well as generating
the electrical energy necessary for UUV operation [32]. Volume
expansion in the PCM-based UUV is the key to achieve high power
output. Comparing to increasing the intrinsic thermal expansion of the
PCM molecules, to enhance the thermal conductivity of the appropriate
PCMs for UUV applications (C;4-Cg alkalines) can facilitate the melting
and volume expansion of the material, which will result in an increase
for the power generated per profile for a PCM-based UUV. Light weight

Technology  Energy Volume Water to Power Water Weight to Be
Output UUVs (2-4 Wh) Carried (¢ = 0.5)
Range
PRO 1x107* 20,000-40,000 L >10,000 kg
Wh/L 13,600-27,200 L >6800 kg
1.5 x 1074
Wh/L
RED 0.95 x 107* 21,100-42,200 L >10,550 kg
Wh/L 14,300-28,600 L >7150 kg
1.4 x 107*
Wh/L
025 (a) % 107!
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additives with high thermal conductivity that can be well dispersed in
the PCM materials are promising to enhance thermal conductivity
without adding significant mass and volume to the UUV.

Other emerging technologies such as TEG, SMA, and small-scale
thermodynamic cycle systems have potential for use in powering
UUVs. However, only limited laboratory tests have been conducted to
verify the performance of UUVs that utilize SMA. Thermodynamic cycle-
based TEG-based UUVs are only at the early phase of demonstrating
component feasibility under controlled conditions and developing sys-
tem conceptual designs using theoretical calculations and subsea ther-
mal profiles. Simulated results show that 0.05 m? of TEGs are needed,
while 28.9 kg of PCM are required for generating sufficient energy for
UUVs [84]. Further research is needed to improve the
thermal-to-hydraulic energy conversion efficiency for PCM-based sys-
tems for fully autonomous missions, while system integration and
feasibility demonstration in representative field conditions are required
for TEG, SMA, and thermodynamic cycle systems to move beyond con-
ceptual design phase.

Our preliminary evaluation suggests that the most advanced salinity-
gradient power generation technologies, PRO and RED, are not suitable
for powering UUVs. Given that these technologies are designed and
optimized for seawater-river water mixing and for onshore operation,
there may be opportunities for new salinity-gradient technologies
designed specifically for powering UUVs. However, the possibility of
new and emerging technologies being viable depends on successful
research and development of membranes, electrodes, and system com-
ponents suitable for operation under harsh marine conditions. Another
approach to increasing the power output of salinity-gradient technolo-
gies is to increase the available salinity gradient using onboard desali-
nation, but desalination technologies are also plagued with operational
inefficiencies and have membrane cost and lifetime issues, so we do not
anticipate this to be a viable path forward. Instead, we propose
exploring the use of higher salinity gradients in coastal and estuarine
regions where seawater mixes with freshwater for distributed coastal
monitoring. With recent advancements in sensing technologies and low
power data transfer networks, the feasibility of distributed, self-powered
sensing systems offers the promise of continuous data acquisition at low
cost, particularly in remote coastal areas where grid power or other
renewable sources are not available. Salinity gradients are well suited to
power such applications, but dedicated research and development of
small-scale, microfluidics-based salinity-gradient energy systems are
needed.
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