
 

 
© 2026 The authors. This is an open access article under the Creative Commons Attribution 4.0 International License 
(https://creativecommons.org/licenses/by/4.0/). 

Review 

The Future of Environmentally Powered 
Gliders: Emerging Prospects and Trends 
Shuo Zhao 1,2, Runfeng Zhang 1,2,3,*, Ruize Pan 1,2 and Shishuai Niu 4 

1 Tianjin Key Laboratory for Advanced Mechatronic System Design and Intelligent Control, School of Mechanical 
Engineering, Tianjin University of Technology, Tianjin 300384, China; zhaoshuo@stud.tjut.edu.cn (S.Z.); 
jack8862025@stud.tjut.edu.cn (R.P.) 

2 National Demonstration Center for Experimental Mechanical and Electrical Engineering Education (Tianjin University of 
Technology), Tianjin 300384, China 

3 Tianjin Wybotics Inc., Tianjin 300457, China 
4 School of Ocean Energy, Tianjin University of Technology, Tianjin 300384, China; niushishuai@stud.tjut.edu.cn (S.N.) 

* Corresponding author. E-mail: zhangrunfeng@tju.edu.cn (R.Z.) 

Received: 31 December 2025; Revised: 6 March 2026; Accepted:27 March 2026; Available online: 31 March 2026 

 
ABSTRACT: To address the endurance limitations of traditional electrically driven underwater gliders, 
which are constrained by onboard battery energy density, harnessing marine renewable energy for 
propulsion or supplemental power has emerged as a critical approach to overcoming their operational 
endurance bottleneck. This paper systematically reviews the research progress on underwater gliders 
powered by environmental energy sources, such as thermal and solar. It provides an in-depth analysis of 
the utilization mechanisms, core technologies, and current challenges associated with each energy type, 
with a focused exploration of technical pathways for achieving energy synergy and enhancing system 
endurance through multi-energy integration and intelligent energy management. Furthermore, this study is 
the first to establish a comprehensive technical evaluation framework for environmentally powered gliders 
from three dimensions: energy coupling, system design, and mission adaptability, offering a systematic 
reference for subsequent research. The paper also explores the application potential of this technology in 
advanced scenarios, such as long-term ocean observation and dynamic environmental monitoring. Future 
efforts should prioritize efficient multi-energy hybridization, dynamic energy management, and mission-
adaptive control to comprehensively enhance the endurance and operational reliability of gliders in complex 
marine environments. 

Keywords: Underwater glider; Environmental energy propulsion; Endurance enhancement; Long-term 
ocean observation 
 

1. Introduction 

With the growing global demand for marine resource exploration, environmental monitoring, and 
security assurance, unmanned underwater vehicles (UUVs) have become core equipment for executing 
long-term scientific missions. Among these, underwater gliders, with their unique buoyancy-driven 
propulsion mechanism, achieve low-power consumption and long-range sawtooth gliding movements. 
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They demonstrate irreplaceable application value in both military and civilian fields, including physical 
oceanography surveys, biogeochemical process observations, and underwater target monitoring [1]. 

However, the performance of underwater gliders remains fundamentally constrained by one critical 
factor: energy supply. Endurance, payload power, and mission flexibility all strictly depend on limited 
onboard energy resources. To establish a quantitative baseline, the control system and steering mechanisms 
of a typical glider serve as primary power-consuming units, requiring approximately 1.79 W and 5.5 W, 
respectively [2]. Current mainstream solutions rely on high-energy-density batteries, whose technological 
advancement faces significant challenges. Despite researchers’ efforts to employ data fusion and multi-
objective optimization techniques to maximize energy efficiency [3–5] (such as recent studies on “Fixed-
time backstepping control of attitude tracking in 3D space for an autonomous underwater glider”, “Event-
triggered model predictive control for trajectory tracking of underwater gliders in currents”, “Finite-time 
prescribed performance with fixed-time disturbance rejection for underwater glider heading control”, and 
“Fixed-time trajectory tracking control for underwater glider: theory and experiment”) [6–9] hese 
optimizations typically yield limited realistic gains—for example, advanced control allocation can reduce 
the energy consumption for a single diving profile by only about 5.6% (approximately 2.04 kJ) [4]. These 
optimizations essentially redistribute resources within a fixed energy envelope and cannot overcome the 
physical upper limit imposed by the battery’s total capacity [10]. Compared to traditional ship-based 
monitoring and conventional propeller-driven AUVs, underwater gliders already provide an exceptional 
platform for unattended, extended observation over large spatio-temporal scales. However, to push beyond 
their current operational envelopes and to support increasingly power-intensive sensor payloads, 
overcoming the finite nature of onboard battery capacity remains a key developmental frontier. 

To overcome reliance on finite stored energy, harnessing abundant, sustainable in-situ renewable 
energy sources within the marine environment has become imperative. Ocean-based thermal gradients and 
solar energy theoretically offer nearly limitless propulsion or power replenishment for gliders [11]. 
Although tidal energy offers highly predictable power, as systematically reviewed in “State-of-the-art 
review and future trends of development of tidal current energy converters in China” [12,13], the 
engineering challenges of miniaturizing such systems for gliders remain largely unresolved. Consequently, 
this review will focus on the more mature solar, thermal, and hybrid platforms. However, any single energy 
conversion system carries inherent limitations: thermohaline-driven efficiency heavily relies on stable, 
pronounced vertical thermocline structures. Solar energy harvesting faces severe constraints from diurnal 
cycles, seasons, weather conditions, and seawater transparency [14]. These spatio-temporal uncertainties 
make it challenging for gliders reliant on a single energy source to ensure stable, reliable operation across 
diverse global ocean regions and climatic conditions. 

Therefore, hybrid energy systems integrating multiple environmental energy sources and synergizing 
with energy storage units represent the most promising solution for achieving truly long-term, reliable, and 
intelligent underwater glider operation. Their core lies in overcoming the intermittency and geographical 
limitations of single energy sources through multi-source complementarity. For instance, thermoelectric 
hybrid systems combine thermoelectric engines with batteries to balance ultra-long endurance and high 
maneuverability. Furthermore, developing comprehensive system models and advanced power 
management strategies is essential for the effective integration and coordination of multi-energy carriers 
onboard these platforms [10,15]. Historically, underwater gliders evolved from profiling floats. They 
fundamentally utilize the same source code and internal firmware, but innovatively leverage the kinetic 
energy generated by their wings to achieve forward gliding. Building on this shared architecture, significant 
pioneering work has been conducted in the United States. Notably, Seatrec [16] has successfully developed 
ocean thermal energy conversion technologies, including the SOLO-TREC platform, to provide persistent 
power for profiling floats and underwater gliders. Typical environmentally powered underwater gliders are 
illustrated in Figure 1. 
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Figure 1. Environmental energy-powered underwater gliders. The concentric circles illustrate the hierarchical classification of 
current technologies: the inner circle denotes the overarching category of environmental energy propulsion; the middle ring 
specifies the respective energy source (Solar, Thermal, or Hybrid); and the outer ring identifies representative glider models and 
their corresponding developing institutions. The concentric circles illustrate the hierarchical classification of current technologies: 
the inner light-blue ring denotes the energy source, the middle orange ring specifies representative glider models, and the outer 
dark-blue ring identifies the developing institutions. 

This paper systematically summarizes research progress on environmental energy propulsion 
technologies for underwater gliders. By analyzing the limitations of traditional energy sources and 
comprehensively reviewing and comparing thermal gradient energy, solar energy utilization schemes, and 
hybrid system integration strategies, it aims to establish a practical decision-making analysis framework. 
This framework integrates specific mission requirements with environmental characteristics of operational 
waters, providing theoretical justification and technical guidance for energy system selection and 
configuration across diverse application scenarios. 

2. Environmental Energy Propulsion Technologies 

2.1. Solar-Powered Underwater Gliders 

As long-endurance ocean observation platforms, underwater gliders require self-sustaining energy 
systems and precise motion control—core research areas where technologies have progressed from 
conceptual exploration to sea trial validation. Regarding energy systems, solar propulsion technologies have 
undergone long-term marine testing. The inaugural solar-powered unmanned underwater vehicle (SAUV), 
designated SAUV-I, was jointly developed by the Autonomous Underwater Systems Institute (USA) and the 
Russian Academy of Sciences. Initial assessments demonstrated that under conditions of 2000 Wh/m2 daily 
solar irradiance, the system could achieve a daily travel distance of approximately 24 km [17]. Its successor, 
SAUV II, equipped with a 2 kWh lithium-ion battery and two 85 W solar panels, provided concrete evidence 
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of realistic endurance gains. During a 240-h field test, the vehicle operated continuously for 194 h while 
requiring only 4 h of dedicated surface charging [18], and also revealed engineering issues, such as battery 
management system reading accuracy. Foldable or retractable solar charging unit designs effectively balance 
the requirements for recharging during ascent and reducing drag during deep dives [19]. While early 
prototypes like SAUV II laid the foundational proof-of-concept for solar propulsion over two decades ago, 
recent research over the past five years has heavily focused on integrating flexible solar panels, optimizing 
hydrodynamic profiles, and employing multi-modal locomotion to enhance both energy capture and 
maneuverability. 

Regarding technological advancements and system design, flexible amorphous silicon solar cells 
demonstrate significant advantages in underwater energy harvesting, achieving conversion efficiencies as 
high as 59.7% at specific depths (e.g., 2 m) [20]. Research indicates that the red and infrared portions of the 
underwater spectrum are strongly absorbed, rendering traditional silicon-based cells unsuitable. In contrast, 
wide-bandgap materials (such as InGaP and amorphous silicon) hold greater potential underwater, enabling 
higher conversion efficiencies while maintaining power densities greater than 5 mw/cm2 [21]. Furthermore, 
bifacial photovoltaic modules demonstrate significant performance gains in marine applications. By utilizing 
reflected surface irradiation, they can increase irradiance exposure by up to 55% compared to monofacial 
modules on calm water surfaces [22]. In terms of system structural configuration, foldable or retractable solar 
charging units have become a research focus, aiming to balance the requirements for charging during descent 
and reducing drag during deep dives. For instance, a novel solar-powered AUV employs a foldable charging 
unit design: charging panels deploy during descent for gliding, then retract upon reaching operational depth 
to minimize drag and ocean current effects, thereby enhancing motion stability and depth control performance 
[19]. Gliders integrating solar power with biomimetic motion modes have also been proposed. The multi-
mode submersible glider (SBUG), for instance, combines gliding, paddling, and flapping motions. Its hull is 
covered with flexible solar cells, extending operational duration and enhancing maneuverability [23]. Table 
1 summarizes the key developmental milestones of solar-powered underwater gliders. For energy 
management, intelligent charging strategies based on maximum power point tracking (MPPT) are widely 
adopted to optimize photovoltaic panel efficiency and prevent battery overcharging or over-discharging [24]. 
For multi-AUV collaborative missions, solar-powered systems can integrate with underwater networking 
protocols to support extended cooperative monitoring and adaptive sampling [25]. 

Fundamentally, the power availability for these solar-driven platforms is intrinsically linked to total solar 
irradiance, a critical environmental variable that has been extensively monitored and studied through global 
satellite missions [26]. To optimize energy harvesting and maneuverability, researchers have continuously 
refined the structural configurations of solar-powered gliders. For example, the SORA prototype (Figure 2a) 
maximizes its energy-harvesting area by integrating amorphous silicon solar panels across both its wings and 
cylindrical hull, while employing externally mounted dual thrusters to enhance navigation control [27]. 
Building upon these geometric refinements, subsequent models have been intricately tailored for specific 
observation payloads. A prime example is the Tonai60 (Figure 2b), whose structural schematic highlights a 
specialized oil-filled hybrid solar panel and an integrated network camera. In practical applications, the 
Tonai60 successfully operated at depths of 60 m, utilizing these visual and fluorescence identification 
technologies to enable automated, shallow-water coral monitoring [28]. This demonstrates the efficacy of 
such solar-powered platforms for shallow-water ecological monitoring. 
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Figure 2. Representative solar-powered underwater gliders. (a) The SORA prototype integrates amorphous silicon solar panels 
across its wings and hull, utilizing dual thrusters for navigation [28]. (b) The Tonai60 is designed for shallow-water coral monitoring, 
featuring an oil-filled hybrid solar panel and an integrated network camera for automated fluorescence identification [27]. 

For passive acoustic monitoring, solar-powered autonomous surface stations (SASVs) can carry 
underwater acoustic arrays for long-term marine mammal observation and collision avoidance warning [29]. 
Additionally, field evaluations of a specific solar-powered prototype have revealed several engineering 
challenges during long-term operations. These include biofouling, reducing solar panel power output to 
approximately 47% after 30 days, wave interference decreasing energy harvesting efficiency by about 30% 
under Sea State 3 conditions, and actual system drag coefficients often exceeding design expectations [14]. 
These findings provide clear directions for subsequent system optimization and technological improvements. 

Table 1. Developmental milestones of solar-powered underwater gliders. 

Year
Glider 
Model 

Institution Key Features and Highlights 

1997 SAUV-I 
AUSI (USA) and RAS 
(Russia) 

The 90 kg SAUV-I (first solar UUV) with 60 W flat panels and Ni-Cd cells traveled 24 
km/day at 2000 Wh/m2, completed 48 dives using two 30 W panels; biofouling reduced 
output to 47% after 30 days [14,17]. 

2003 SAUV-II 
AUSI (USA) and RAS 
(Russia) 

The SAUV-II (32 V/2 kWh Li-ion, 1 m2 solar panels) completed a 30-day endurance 
test, operating for 194 h with only 4 h of surface charging (>97% duty cycle) [25]. In 
Narragansett Bay, it measured dissolved oxygen concentrations of 2.4–6.0 mg/L 
[18,25]. 

2011 SORA Arima et al. 
The SORA (0.7 m, 3.48 kg) incorporated dual thrusters and amorphous silicon solar 
panels. Under 50,000 lux illumination, it achieved 20 g thrust; charging for 5 min 
enabled 46 s of gliding [28]. 

2013 Tonai60 Arima et al. 
Designed for coral monitoring; operates at depths up to 60 m. Maximum operating 
depth of 60 m. Utilizes UV light to excite coral fluorescence for automatic 
identification. Capable of operating in low-light environments [27]. 

2019 SBUG 
Northwestern 
Polytechnical 
University (China) 

SBUG features flexible solar cells and combines gliding with flapping motions. It 
achieves a flapping speed of 0.56 m/s and a paddling speed of 0.35 m/s. Dimensions: 
650 × 1010 mm, weight: 7.4 kg [23]. 

2.2. Thermal Energy Drives Underwater Gliders 

Ocean thermal energy conversion (OTEC) is a renewable energy source that harnesses the stable 
temperature gradient between surface and deep seawater for energy conversion. Its concept traces back to 
D’Arsonval’s 1881 proposal [30], with the fundamental principle involving the conversion of temperature 
differences into mechanical or electrical energy through thermodynamic cycles [31,32]. In tropical and 
subtropical seas worldwide, surface water temperatures often exceed 25 °C, while depths of 500–1000 m 
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maintain temperatures between 4–8 °C, creating a vertical temperature gradient of approximately 20–25 °C 
that underpins the application of such technologies [33]. Estimates suggest the global theoretical annual ocean 
thermal energy reserve is approximately 1.09 × 1019 million Joules (MJ). Assuming a thermal efficiency of 
7%, the technically exploitable amount reaches 7.63 × 1017 MJ [34]. Compared to other marine energy forms, 
thermal energy offers advantages such as strong environmental adaptability and sustained, stable energy 
supply, making it particularly suitable for powering long-endurance unmanned underwater vehicles [35,36]. 
However, the system also faces challenges such as low energy conversion efficiency and high material and 
construction costs [37]. While ocean thermal energy conversion (OTEC) presents a theoretical Carnot 
efficiency of approximately 6.7%, practical thermodynamic cycles typically achieve lower efficiencies 
between 2.5% and 5.4% due to the limited 20 °C temperature gradient (typically found between the surface 
and depths of 500–1000 m) [33,36]. 

To make the most of the relatively narrow ocean temperature gradient, the energy conversion process in 
these systems strictly follows closed-cycle thermodynamic principles, typically based on the Rankine cycle 
(as illustrated in Figure 3). In a standard closed-cycle OTEC system (such as the R717 ammonia power cycle, 
Figure 3b), warm surface seawater is pumped into an evaporator to vaporize a low-boiling-point working 
fluid (such as ammonia). The resulting high-pressure vapor expands through a turbine, converting thermal 
energy into mechanical work to drive a generator. Subsequently, the low-pressure vapor enters a condenser, 
where it is cooled and liquefied by cold deep-ocean water. A pump then pressurizes the liquid working fluid 
and returns it to the evaporator, completing the cycle. 

 

Figure 3. The working principle of ocean thermal energy [31]. (a) A diagram of Geo-ocean thermal energy conversion. (b) R717 
OTEC power cycle. Numbers 1–13 in (b) denote the thermodynamic state points of the working fluid along the circulation path. 

To further overcome the efficiency limits imposed by the small 20 °C ocean temperature difference, 
advanced configurations like Geo-Ocean Thermal Energy Conversion (Geo-OTEC) introduce supplementary 
heat sources. By utilizing geothermal energy via a superheater, the temperature and enthalpy of the vaporized 
working fluid are further elevated before entering the turbine. This hybrid thermodynamic design significantly 
increases the turbine’s pressure drop and overall work output, providing a robust theoretical foundation for 
miniaturizing and applying high-efficiency thermal engines to underwater gliders. 

At the specific system level for underwater gliders, phase change material (PCM) based conversions have 
demonstrated a total energy conversion efficiency of 0.396%, where a 6 kg PCM module can generate 6696 
J of electrical energy per diving profile [38]. Despite these relatively low conversion rates, the absolute 
generated power is substantial for low-power gliders. For instance, a dual-tube thermal engine utilizing 
isostatic pressure techniques achieved an average power output of approximately 124 W and a volumetric 
change rate reaching 89.2% of its theoretical value during typical diving profiles [37]. The realistic endurance 
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gains enabled by this technology have been robustly validated at sea. In 2013, the Petrel II thermal glider 
operated continuously for 27 days in the South China Sea, covering a distance of 677 km and successfully 
completing 113 profile measurements [35,39]. Furthermore, compared to purely electrically driven gliders 
(EG), which consume 0.2936 J/kgꞏm, thermal-electric hybrid gliders (TEG) significantly optimize energy 
economy, achieving a lower unit mass energy consumption of 0.2235 J/kgꞏm [10]. 

Phase change material-based thermal energy conversion technology represents one of the most mature 
and extensively researched approaches to date. Its core principle involves harnessing the volume effect 
accompanying the solid-liquid phase transition of PCMs during temperature changes to directly drive 
buoyancy regulation mechanisms [40]. Typically, the system comprises a PCM container, hydraulic oil circuit, 
and external bladder: in warm surface seawater, PCM absorbs heat, melts, and expands, forcing hydraulic oil 
into the outer bladder to reduce overall volume. This decreases the vehicle’s net buoyancy, initiating descent. 
In cold, deep seawater, PCM solidifies and contracts, causing hydraulic oil to flow back and restoring the 
bladder’s volume. The increased net buoyancy then drives ascent [40]. This process is entirely driven by 
environmental temperature differences, requiring no onboard battery power consumption, thereby enabling 
ultra-long endurance operations. 

In recent years, research in this field has focused on key materials, thermodynamic modeling, and the 
optimization of system integration. Regarding materials, composite PCMs have been demonstrated to 
enhance volumetric change rates and thermodynamic output capabilities significantly [41]. In modeling and 
simulation, coupled numerical models encompassing phase-change heat transfer, hydraulic transmission, and 
overall machine motion have been established. These models highlight the dominant role of natural 
convection in phase-change processes and emphasize the importance of using time-varying boundary 
conditions in simulations [35,42]. At the system level, thermoelectric hybrid drive architectures combine 
thermoelectric engines with batteries, preserving the long endurance of pure thermal propulsion while 
enhancing maneuverability and controllability. Relevant energy consumption models and sea trials 
demonstrate that such hybrid systems exhibit favorable energy efficiency across various sea conditions [10]. 

In the United States, Webb Research Corporation pioneered the feasibility of thermal gradient propulsion 
with the Slocum Thermal glider (Figure 4a). Although the early thermal cycle efficiency was relatively low 
(approximately 3%), it demonstrated the potential to extract propulsive energy from the environment, 
achieving theoretically unprecedented endurance [43]. Meanwhile, in France, collaborative efforts between 
enterprises like ACSA and institutes such as CNRS have made significant progress in low-power design and 
energy management. Their SeaExplorer platform (Figure 4b), utilizing an innovative wingless design and 
rechargeable battery technology, set world records for multisensor UUVs by achieving 60 days of continuous 
endurance covering 1183 km [44,45]. Concurrently, researchers at Tianjin University, China, have focused 
on optimizing the volumetric change rate and mechanical output of localized thermal engines. For example, 
a thermally driven glider prototype equipped with an optimized phase-change engine achieved an average 
power output of 124 W and completed a 677-km continuous voyage during sea trials [38]. Comparatively, 
the US models pioneered the conceptual viability of thermal propulsion [43], the French platforms excel in 
holistic energy efficiency and endurance records [44,45], while the Chinese platforms offer distinct 
engineering solutions to maximize thermal engine mechanical output [38]. Because thermal engines operate 
entirely underwater and rely on stable vertical temperature gradients, they are inherently suited for long-term, 
deep-sea basin-scale profiling missions, overcoming the weather-dependence of solar platforms. 
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Figure 4. Representative thermal-driven underwater gliders: (a) Slocum Thermal [43]; (b) SeaExplorer [44,45]. 

To further enhance adaptability, approaches have been explored to optimize gliding trajectories and 
displacement for regions with shallow thermoclines or minimal temperature gradients [46]. Attempts have 
also been made to use heat pipes to recover waste heat from thermal engines to improve battery performance 
in low-temperature environments [47]. Nevertheless, this technology still faces challenges such as low energy 
conversion efficiency and power density, as well as insufficient motion stability in areas with significant 
thermocline variations [48]. 

Ocean thermal energy conversion (OTEC) serves as a significant renewable energy source, offering a 
highly promising solution for enabling long-term, autonomous observation by unmanned underwater 
platforms such as gliders. Among the various OTEC technologies, phase change material-based conversion 
systems are the most mature, having been validated through multiple sea trials. Future efforts should focus 
on enhancing energy conversion efficiency and system power density, improving adaptability and reliability 
in complex marine environments, and achieving true energy autonomy and sustained operations for 
underwater mobile observation platforms through multi-source integration with solar and wave energy, 
coupled with intelligent energy management.Table 2 summarizes the developmental milestones of thermal-
powered underwater gliders. 

Table 2. Developmental milestones of thermal-powered underwater gliders. 

Year
Glider 
Model 

Institution Key Features and Highlights 

2007 
Slocum 
Thermal 

Webb Research Corp. 
(USA) 

The Slocum Thermal, the first operational thermal glider, is directly powered by 
ocean temperature gradients, achieving ~3% thermal efficiency and theoretically 
unlimited endurance [1]. 

2013 SeaExplorer ALSEAMAR (France) 
The wingless SeaExplorer achieved 60-day endurance, 1183 km range, and 1168 
profiles with 18% battery remaining [44]. Its ADCP measures currents with ~2 
cm/s RMS error vs. shipboard [45]. 

2018 Petrel II 
Tianjin University 
(China) 

The Petrel II optimized PCM mechanism for high-efficiency thermal conversion, 
achieving 27-day endurance, 677 km range, 113 profiles (max depth 960 m), with 
thermal engine delivering 124 W and 89.2% volumetric efficiency [37]. 

2021 TEG  
Zhejiang University 
Tianjin University 
(China) 

TEG prototype achieves 0.2235 J/kgꞏm energy consumption (24% lower than 
electric gliders). With 8.4 kg battery: 677 km range (Petrel-II: 13.1 kg for 915 km). 
PCM volumetric change rate: 11.77% [10]. 

2.3. Hybrid Environmental Energy System Utilization 

As the application scenarios of underwater gliders expand and mission complexity increases, single-
energy-source propulsion systems increasingly reveal limitations in stability, power density, and 
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environmental adaptability. To overcome these constraints, hybrid energy propulsion technologies integrating 
two or more energy conversion and utilization mechanisms have emerged as a cutting-edge approach to 
enhance glider endurance, mission reliability, and environmental adaptability. The core of hybrid systems lies 
in combining sustained low-power-density energy sources with high-power or highly controllable energy 
sources to achieve complementary and synergistic optimization of energy supply. Its advantages are primarily 
reflected in three aspects. First, energy complementarity effectively mitigates the intermittency and variability 
of single energy sources. For instance, wave energy or stored thermal energy can provide supplementation 
during periods without sunlight. Second, performance enhancement: incorporating high-power units like 
propulsion modules significantly boosts the glider’s maneuverability, speed, and station-keeping capability 
in strong currents. Third, mission adaptability: dynamically adjusting energy allocation strategies based on 
mission phases—such as long-range cruising, detailed observation, or stationary monitoring—maximizes 
overall energy efficiency [15,49]. 

Current research on hybrid-powered underwater gliders primarily focuses on two technical pathways. 
The first is thermoelectric hybrid propulsion, integrating ocean thermal energy conversion engines with 
electrochemical batteries. Studies indicate that such systems combine the long endurance of purely thermally 
driven gliders with the controllability advantages of purely electrically driven gliders. By optimizing 
navigation parameters, their overall endurance can be significantly enhanced, and comparative sea trials have 
validated their superior energy efficiency [11]. To illustrate the specific mechanisms of multi-source synergy, 
Figure 5a details the energy flow within a thermal-electric hybrid glider (TEG) [10]. Unlike pure thermal 
gliders, the TEG features parallel energy conversion pathways. During the vertical profiling cycle, the thermal 
engine harvests heat from the ocean temperature gradient, causing the phase-change material (PCM) to 
expand. This expansion stores mechanical potential energy in a high-pressure hydraulic accumulator, which 
is subsequently released to drive the buoyancy engine and generate kinetic energy for gliding. Concurrently, 
the onboard battery supplies electrical energy to the control system, sensors, and an auxiliary electric pump. 
This dual-drive architecture ensures that when the environmental thermal gradient is insufficient, the electric 
pump can seamlessly compensate for the required buoyancy adjustments, thereby balancing ultra-long 
endurance with reliable maneuverability. The second approach combines buoyancy-driven propulsion with 
propellers to enhance the maneuverability and speed of traditional gliders. Related studies have established 
dynamic models for such (including works like “Dynamic modeling and analysis of underwater glider in the 
ocean environment” and “An Optimal Passive Buoyancy Compensation System for Deep-sea Gliders Based 
on GA”) systems and validated the effectiveness of advanced controllers [15]. Practically, hybrid-driven 
gliders integrated with waterjet propulsion modules have been developed and tested at sea, achieving speeds 
up to 2.31 m/s and significantly improving operational capabilities in complex sea conditions [49]. 

Similarly, hybrid systems harvesting surface wave energy have been developed to significantly enhance 
energy autonomy. The foundation of this technology traces back to the original Wave Glider pioneered by 
Liquid Robotics [50]. Building on this paradigm, Figure 5b depicts the physical model of a specific Wave 
Energy Converter-Glider (WEC-Glider) [51]. This system consists of a surface float connected to an 
underwater glider body via an umbilical cable. As incident ocean waves induce heave and pitch motions in 
the surface float, this mechanical energy is transmitted downward. The hydrofoils on the underwater glider 
passively convert this vertical oscillation into forward kinetic thrust. Simultaneously, a Power Take-Off (PTO) 
mechanism—typically integrating a mechanical transmission, such as a ball screw, with a permanent magnet 
synchronous generator—captures the relative reciprocating motion between the float and the glider, 
converting it into electrical energy. This dual-pathway conversion allows the WEC-Glider to achieve 
simultaneous forward propulsion and continuous battery charging in dynamic sea states. This multi-source 
complementarity allows hybrid systems to support power-hungry sensors and provide emergency burst thrust. 
Consequently, they are uniquely capable of executing complex, high-energy missions such as typhoon current 
monitoring, where overcoming strong ocean currents is mandatory [10,51]. 
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Figure 5. Energy Flow and Model. (a) The energy flows of underwater gliders [10]. (b) Physical model of WEC-Glider [51]. 

Despite promising prospects, hybrid energy propulsion technology faces multiple challenges. High 
system integration complexity arises from the potential increase in glider structural weight, hydrodynamic 
drag, and reliability risks due to the superposition of multiple energy harvesting and conversion devices. This 
necessitates comprehensive trade-offs through innovative configuration design and hydrodynamic 
optimization [52]. Intelligent energy management demands urgent attention, requiring adaptive algorithms 
that dynamically assess energy status, mission requirements, and environmental conditions. Data-model 
fusion frameworks for energy consumption prediction and optimization offer promising approaches [7]. 
Furthermore, ensuring long-term reliability and cost-effectiveness of hybrid systems in harsh marine 
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environments remains to be fully validated, necessitating technological iteration and standardization to reduce 
manufacturing costs. 

Future research in this field will advance toward deep integration and intelligent collaboration. Key 
breakthroughs for constructing ultra-long-endurance, adaptive marine autonomous observation networks will 
include: deeply integrating energy prediction with mission planning through AI algorithms; developing 
pluggable, reconfigurable modular energy pods; and exploring dynamic energy coordination and 
replenishment mechanisms among multi-glider clusters [53,54]. Simultaneously, intelligent hybridization and 
coordinated management of multiple energy sources—such as solar, wave, and wind energy systems—have 
proven effective in addressing the intermittency of single energy sources and enhancing overall system 
adaptability under variable sea conditions [55,56]. This represents a significant trend toward improving the 
environmental universality of underwater gliders.Based on the operational characteristics and engineering 
constraints discussed in the preceding sections, the optimal application scenarios for various environmental 
energy propulsion systems are systematically compared in Table 3. This summary highlights how the inherent 
thermodynamic advantages and limitations of each power source directly dictate their suitability for specific 
missions, ranging from shallow-water ecological monitoring to extreme typhoon current observation. 

Table 3. Quantitative Comparison and Application Scenarios of Renewable Energy Sources. 

Energy 
Source 

Quantitative Parameters Advantages and Limitations Applications and Justification 

Solar 
Energy 

Efficiency: 15–22% (surface); rapidly 
decays underwater. 
Power Density: 150–200 W/m2. 
System Weight: Light (1–3 kg for 
thin-film panels). 
Bulkiness: Requires large surface 
area (0.5–1.0 m2), limiting optimal 
hydrodynamic shape. 

Advantages: High mature conversion 
efficiency at surface; scalable by 
increasing panel area; highly renewable. 
Limitations: Relies strictly on sunlight; 
prolonged surface time interrupts 
continuous diving and increases 
biofouling risks. 

Shallow-water ecological monitoring: 
Gliders can frequently surface to 
recharge while continuously 
monitoring upper water column algal 
blooms or coral reefs. 

Thermal 
Energy 

Efficiency: Carnot 6.7%; Actual 
system total 0.3–5.4%. 
Energy Density: Latent heat ~200 
kJ/kg; electrical output ~1.1 kJ/kg. 
System Weight: Heavy (15–25 kg for 
PCM tubes, accumulators, and 
bladders). 
Bulkiness: External tubes 
significantly increase vehicle 
diameter and hydrodynamic drag. 

Advantages: Operates entirely 
underwater (stealthy). theoretically 
unlimited endurance; immune to surface 
weather conditions. 
Limitations: Extremely low 
thermodynamic efficiency; strict 
dependence on strong vertical 
temperature gradients (thermoclines); 
slow energy extraction rate. 

Deep-sea basin-scale profiling: Ideal 
for months-long, slow-paced 
hydrographic data collection across 
deep oceans where strong 
thermoclines naturally exist. 

Hybrid 
Systems  

Efficiency: Offsets low thermal 
efficiency with high electric 
efficiency (80–90%). 
Energy Density: Blends PCM (1.1 
kJ/kg) with Li-ion batteries (150–250 
Wh/kg).  
System Weight: Heaviest 
configuration; adds multi-source 
modules. 
Bulkiness: Increases overall vehicle 
length and volume, requiring 
sophisticated internal packaging. 

Advantages: Multi-source 
complementarity balances extreme 
endurance with high maneuverability; 
capable of supporting power-hungry 
sensor payloads. 
Limitations: High mechanical 
complexity and integration cost; 
increased vehicle weight; demands 
sophisticated intelligent energy 
management controllers. 

Typhoon current monitoring and 
complex missions: The electric 
auxiliary drive provides emergency 
burst thrust to overcome strong ocean 
currents, ensuring survivability in 
extreme dynamic sea states. 
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3. Application Scenarios and Typical Applications 

3.1. Typical Application Scenarios for Underwater Gliders 

The integration of environmental energy systems has transformed underwater gliders from periodic 
data collection tools into intelligent, persistent observation platforms capable of undertaking long-term, 
complex missions. Their typical application scenarios encompass four primary directions. First, in long-
term continuous scientific observation, sensor-equipped gliders can conduct cross-seasonal and annual 
continuous profiling to reveal seasonal variations in biogeochemical processes such as carbon cycling in 
key marine areas [57], or utilise their ultra-long endurance to study oceanic thermohaline structures and 
water mass movements [39,40]. Second, in monitoring extreme and dynamic environments, ‘virtual moored’ 
observation networks formed by glider arrays have successfully captured detailed dynamic processes in the 
upper ocean during typhoon passages [58], while hybrid propulsion systems significantly enhance their 
manoeuvrability and operational capability in strong current zones [49]. Thirdly, within acoustic monitoring 
and security applications, their low-noise characteristics render them exceptional mobile acoustic platforms. 
Their efficacy in monitoring marine mammal acoustic signals has been validated [27], while noise-
reduction designs have enhanced the precision of acoustic detection and stealth [59]. Fourthly, within 
adaptive collaborative observation networks, multi-vehicle path planning methods based on holistic 
optimisation achieve efficient coverage of target areas [60]. Furthermore, control strategies proposed for 
hybrid formations comprising wave gliders and underwater gliders lay the technical foundation for 
constructing intelligent, distributed three-dimensional observation networks. Collectively, these application 
scenarios propel underwater gliders to play an irreplaceable core role in marine scientific research, 
environmental conservation, and security assurance. 

3.2. Future Research Directions 

Future research will focus on four core directions to achieve truly sustainable and intelligent operation 
of environmental energy underwater gliders: Firstly, deep integration and intelligent management of 
multiple energy sources, requiring the development of highly efficient integrated hybrid energy systems 
(combining thermal gradient energy [39,40], solar energy [20], wave energy [61], etc.), alongside the 
creation of intelligent energy management algorithms based on data and model fusion for energy 
consumption prediction [7]. This will enable dynamic optimisation of resource allocation and facilitate low-
power emergency operation [2]. Secondly, enhancing decision-making with Machine Learning (ML), 
particularly through approaches such as meta-reinforcement learning, represents a pragmatic future trend. 
Because environmentally powered gliders are inherently under-actuated and lack continuous propeller-
based thrust, their maneuverability is restricted. Consequently, ML applications on these platforms should 
not overreach into complex spatial maneuvers, such as dynamic formation control or high-frequency 
adaptive path planning. Instead, the focus must firmly remain on energy-aware decision-making and 
sensory pattern recognition. For instance, onboard ML models can be utilized to analyze real-time sensory 
data (identifying specific oceanographic features) to autonomously adjust buoyancy schedules, thereby 
optimizing the sampling resolution within target water layers [54]. Furthermore, predictive ML algorithms 
can be leveraged to forecast environmental energy availability and fluid dynamics, helping the glider 
optimize its energy-harvesting cycles and manage its stringent power budget more efficiently [60]. Fourthly, 
novel materials, mechanisms and cross-domain integration focus on developing high-performance energy 
conversion materials [20,41,62] and biomimetic structures [63]. Through multidisciplinary optimisation, 
this ultimately propels gliders towards a new generation of ocean observation paradigms characterized by 
energy autonomy, high intelligence, and swarm collaboration. Fifthly, strengthening cross-disciplinary 
system optimization and standardized validation by integrating methodologies from marine engineering, 
materials science, control systems, and artificial intelligence. This establishes a complete technological 
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chain from modelling and simulation to in-situ sea trials, accelerating the evolution towards reliable, 
practical next-generation ocean observation platforms. Furthermore, while directly utilizing tidal or ocean 
current energy for glider propulsion remains purely speculative today due to severe miniaturization 
constraints, future breakthroughs in micro-scale turbine technologies could potentially open new avenues 
for auxiliary power generation in strong-current environments. 

4. Conclusions 

Traditional electrically powered underwater gliders face limitations in meeting the demands of long-
term, continuous ocean observation missions due to constraints on onboard battery energy density. 
Consequently, harnessing abundant, sustainable in-situ renewable energy sources within the marine 
environment—such as thermal gradient energy, solar energy, and tidal energy—for propulsion or power 
augmentation has emerged as a critical direction for overcoming endurance limitations and enabling 
persistent intelligent operations. This paper provides a systematic review of research progress, technical 
challenges, and application prospects for environmentally powered underwater gliders. 

Currently, significant advances have been made in individual environmental energy propulsion 
technologies. Solar-powered gliders utilise photovoltaic cells and flexible designs to provide continuous 
power replenishment for electronic systems, though energy harvesting remains constrained by sunlight 
availability and seawater transparency. Thermohaline-driven gliders, based on phase-change material 
thermo-engines, directly convert vertical oceanic temperature gradients into buoyancy-regulating 
propulsion. These have demonstrated ultra-long endurance capabilities exceeding hundreds of kilometres, 
yet their efficiency and stability heavily depend on pronounced thermocline structures. Tidal energy, owing 
to its highly regular and predictable nature, presents a potential option for in-situ energy replenishment in 
specific strong-current marine areas. Nevertheless, any single energy source exhibits temporal and spatial 
intermittency or regional dependency, making it challenging to ensure stable, reliable long-term operation 
across the world’s variable marine environments. 

Consequently, developing multi-energy complementary hybrid propulsion systems represents an 
inevitable trend for enhancing the environmental adaptability, mission reliability, and overall energy 
efficiency of underwater gliders. By integrating multiple energy sources such as thermoelectric, solar, and 
wave power, and coordinating these with energy storage units and intelligent management algorithms, the 
volatility inherent in single energy sources can be effectively mitigated, balancing the requirements for 
extended endurance and high manoeuvrability. System architectures such as thermoelectric hybrids and 
buoyancy-propulsion hybrids have been validated through sea trials, demonstrating superior energy 
efficiency and operational capabilities. 
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