
 Corresponding author: Christopher Chuks Egbuna 

Copyright © 2025 Author(s) retain the copyright of this article. This article is published under the terms of the Creative Commons Attribution Liscense 4.0. 

Wireless power transfer and energy harvesting solutions for preventing downtime in 
critical subsea equipment  

Saheed Remi Kareem 1, Taiwo Oluwole Sobiyi 2, Christopher Chuks Egbuna 3, *, Raphael Oluwatobiloba Lawal 4 and 
Bamidele Ajanaku 5 

1 Department of Business Administration, Nexford University, Washington, DC, USA. 
2 Chevron Nigeria Limited, Lekki, Lagos, Nigeria.  
3 Shell Petroleum and Development Company, Lagos, Nigeria. 
4 Department of Mechanical Engineering, University of Ibadan, Ibadan, Nigeria. 
5 Department of Mechanical Engineering, College of Engineering and Technology, Ladoke Akintola University of Science 
and Technology, Ogbomosho, Nigeria. 

GSC Advanced Research and Reviews, 2025, 22(02), 071-079 

Publication history: Received on 01 January 2025; revised on 04 February 2025; accepted on 07 February 2025 

Article DOI: https://doi.org/10.30574/gscarr.2025.22.2.0042 

Abstract 

Subsea infrastructure represents a critical component of global energy and technological systems, with operational 
reliability directly impacting economic and environmental outcomes. This comprehensive review examines the 
transformative potential of wireless power transfer (WPT) and energy harvesting technologies designed to prevent 
downtime in critical subsea systems. We conduct an in-depth analysis of innovative power transmission methodologies, 
encompassing electromagnetic, acoustic, optical, and hybrid wireless power transfer techniques, while evaluating their 
potential to revolutionize underwater operational equipment reliability. 

The research synthesizes current technological advancements, addressing key challenges in underwater power 
delivery, including signal attenuation, material durability, and environmental constraints. By critically examining 
emerging technologies, we demonstrate how advanced WPT solutions can mitigate power-related failures, reduce 
maintenance costs, and significantly improve the resilience of subsea infrastructure. Empirical evidence suggests that 
cutting-edge WPT technologies can potentially reduce equipment downtime by up to 40%, extend operational lifespans, 
and create more sustainable marine technological ecosystems. 

Our findings highlight the interdisciplinary nature of subsea power technologies, emphasizing the need for collaborative 
research approaches that integrate materials science, electrical engineering, marine technology, and advanced 
computational modeling to address the complex challenges of underwater power transmission.  
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1. Introduction

The global demand for offshore energy resources continues to escalate, driven by increasing energy consumption and 
the transition towards more complex underwater exploration and production systems [1]. Critical subsea equipment, 
including sensors, monitoring devices, and autonomous underwater vehicles (AUVs), face significant challenges in 
maintaining consistent power supply, which directly impacts operational efficiency and reliability [2]. 

http://creativecommons.org/licenses/by/4.0/deed.en_US
https://gsconlinepress.com/journals/gscarr/
https://doi.org/10.30574/gscarr.2025.22.2.0042
https://crossmark.crossref.org/dialog/?doi=10.30574/gscarr.2025.22.2.0042&domain=pdf


GSC Advanced Research and Reviews, 2025, 22(02), 071-079 

72 

Traditional power delivery methods for subsea equipment, primarily relying on hardwired connections and battery-
dependent systems, have inherent limitations. These include susceptibility to mechanical failures, high maintenance 
costs, and restricted operational durations [3]. Wireless Power Transfer (WPT) and energy harvesting technologies 
emerge as transformative solutions to address these fundamental challenges, offering unprecedented opportunities to 
enhance subsea infrastructure reliability [4]. 

This review paper aims to provide a comprehensive analysis of recent developments in WPT and energy harvesting 
technologies specifically tailored for critical subsea applications. By examining innovative power transmission 
methodologies, material advancements, and integration strategies, we seek to illuminate the potential of these 
technologies in preventing equipment downtime and improving overall subsea operational efficiency. 

2. Wireless Power Transfer Technologies for Subsea Applications 

2.1. Electromagnetic Wireless Power Transfer 

Electromagnetic WPT represents a promising approach for underwater power transmission, leveraging magnetic 
resonance coupling techniques to facilitate efficient energy transfer across water mediums. Recent studies have 
demonstrated electromagnetic systems achieving power transfer efficiencies of up to 65% in controlled underwater 
environments [5]. 

Innovative design configurations, including metamaterial-enhanced electromagnetic coils and adaptive coupling 
mechanisms, have shown potential in overcoming traditional limitations such as signal attenuation and environmental 
interference. These advanced designs can maintain stable power transmission across distances of up to 10 meters, 
significantly expanding the operational range of wireless power systems in subsea settings [6]. 

2.2. Acoustic Wireless Power Transfer 

Acoustic power transfer technologies utilize sound wave propagation to transmit energy underwater, offering unique 
advantages in complex marine environments [7]. By converting electrical energy into acoustic signals and subsequently 
reconverting them to electrical power, these systems can operate effectively in challenging underwater conditions. 

Recent developments have focused on improving acoustic transmission efficiency and developing robust transducer 
technologies. Prototype systems have achieved power transfer rates of 40-50% at distances ranging from 5-15 meters, 
demonstrating significant potential for large-scale subsea applications [8]. 

2.3. Optical Wireless Power Transfer 

Optical wireless power transfer represents an emerging technology with unique potential for subsea applications, 
leveraging light-based energy transmission mechanisms [9]. By utilizing specialized optical transmission systems, 
researchers have developed innovative approaches that can potentially overcome some limitations of electromagnetic 
and acoustic power transfer methods. 

Advanced optical power transfer systems employ high-efficiency laser diodes and sophisticated optical receivers 
designed to operate in challenging underwater environments. Prototype systems have demonstrated promising results, 
with some experimental configurations achieving power transfer efficiencies of up to 55% over short to medium 
distances, particularly in clear water conditions [10]. 

2.4. Hybrid Wireless Power Transfer Systems 

Hybrid wireless power transfer approaches combine multiple transmission technologies to create more robust and 
reliable power delivery solutions for subsea equipment. These integrated systems leverage the unique advantages of 
different power transfer mechanisms, addressing individual technological limitations through complementary 
approaches. 

Recent research has focused on developing adaptive hybrid systems that can dynamically switch between 
electromagnetic, acoustic, and optical power transfer methods based on real-time environmental conditions [11]. 
Preliminary studies suggest that such hybrid approaches can improve overall power transmission reliability by up to 
35%, providing a more versatile solution for critical subsea infrastructure [12]. 
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3. Energy Harvesting Strategies 

Energy harvesting strategies represent a critical approach to addressing power sustainability in subsea environments, 
offering innovative solutions that leverage the unique characteristics of marine ecosystems [13]. These technologies 
aim to convert ambient environmental energy into usable electrical power, providing alternative and supplementary 
power sources for critical underwater equipment. 

3.1. Hydrodynamic Energy Harvesting 

Hydrodynamic energy harvesting represents a sophisticated approach to power generation in marine environments, 
capitalizing on the constant motion of ocean currents and wave dynamics [14]. Advanced piezoelectric technologies 
have emerged as particularly promising, utilizing sophisticated materials that can convert mechanical stress from water 
movements into electrical energy with unprecedented efficiency. 

Recent research has demonstrated remarkable advancements in piezoelectric generator designs specifically tailored 
for underwater applications [15]. These innovative systems incorporate complex geometric configurations and 
advanced material compositions that maximize energy conversion rates, with some prototype designs achieving 
conversion efficiencies of up to 45% in controlled marine environments [16]. The potential for large-scale 
implementation of these technologies could revolutionize power generation strategies for subsea infrastructure. 

3.2. Thermal Gradient Energy Harvesting 

Thermal gradient energy harvesting exploits the significant temperature differentials existing within marine 
environments, particularly between deep ocean waters and surface layers [17]. Thermoelectric generators have 
emerged as a sophisticated mechanism for converting these temperature gradients into electrical energy, leveraging 
advanced semiconductor materials that can efficiently transform thermal differentials into usable power [18]. 

The technical complexity of thermal gradient energy harvesting extends beyond simple temperature conversion. 
Researchers have developed intricate thermoelectric generator designs that incorporate multi-junction semiconductor 
materials, nano-structured thermal interfaces, and adaptive heat exchange mechanisms. These advanced systems can 
potentially generate consistent electrical output in marine environments, with some experimental configurations 
demonstrating sustained power generation capabilities of 10-15 watts per square meter of thermal interface [19]. 

3.3. Piezoelectric Energy Harvesting 

Piezoelectric energy harvesting represents a sophisticated approach to power generation in marine environments, 
utilizing advanced materials that can convert mechanical stress and vibration into electrical energy. These systems 
capitalize on the constant motion and structural vibrations present in subsea equipment and surrounding marine 
environments [20]. 

Innovative piezoelectric designs incorporate complex material compositions and geometric configurations specifically 
optimized for underwater applications. Advanced prototype systems have demonstrated the ability to generate 
meaningful electrical power from minimal mechanical inputs, with some experimental configurations achieving energy 
conversion efficiencies of up to 50% in controlled marine settings [21]. 

3.4. Biochemical Energy Harvesting 

Emerging research explores the potential of biochemical energy harvesting techniques that leverage microbial 
processes and marine biological systems to generate electrical power [22]. These innovative approaches investigate the 
possibility of extracting energy from marine microorganisms, biochemical gradients, and organic matter present in 
underwater environments. 

Cutting-edge research has developed prototype biochemical energy harvesting systems that utilize specialized 
microbial fuel cells designed to operate in marine conditions [23]. While still in early stages, these technologies show 
promising potential for generating supplementary power sources for subsea equipment, with some experimental 
configurations demonstrating the ability to produce small but consistent electrical outputs. 
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4. Challenges in Subsea Wireless Power Implementation 

4.1. Technical Challenges 

4.1.1. - Signal Propagation and Attenuation 

Underwater environments present unprecedented challenges for wireless power transmission due to complex signal 
propagation characteristics. Water's unique physical properties dramatically alter electromagnetic and acoustic wave 
transmission, creating significant attenuation and distortion challenges [24]. Marine environments introduce multiple 
signal interference mechanisms, including salinity variations, temperature gradients, and geological formations that 
compromise power transfer efficiency. 

4.1.2. - Material Performance and Durability 

Subsea wireless power systems must withstand extreme environmental conditions characterized by high pressures, 
corrosive saltwater, and significant temperature fluctuations [25]. Traditional engineering materials rapidly degrade 
under these conditions, necessitating advanced material development strategies. Researchers are exploring innovative 
solutions including ceramic-metal hybrid composites, self-healing polymer technologies, and nano-engineered 
protective layers designed to maintain structural and functional integrity in hostile marine environments. 

4.2. Operational Challenges 

4.2.1. - Environmental Complexity 

The marine ecosystem presents a dynamic and unpredictable operational environment for wireless power technologies 
[26]. Complex interactions between underwater currents, marine life, geological structures, and existing infrastructure 
create significant challenges for consistent power transmission. These environmental variables require sophisticated 
adaptive systems capable of real-time performance optimization. 

4.2.2. - Reliability and Performance Constraints 

Ensuring consistent and reliable power transmission in subsea environments demands advanced technological 
solutions. Traditional power delivery methods prove inadequate, with existing technologies struggling to maintain 
stable energy transfer across varying underwater conditions [27]. Critical subsea equipment requires power systems 
that can guarantee uninterrupted operation under challenging and often unpredictable marine circumstances. 

4.3. Economic and Strategic Challenges 

4.3.1. - Implementation Cost Barriers 

The extraordinary development and implementation costs associated with marine-grade wireless power transfer 
technologies often exceed traditional power delivery methods [28]. Comprehensive economic analyses must consider 
not just initial implementation expenses but potential long-term operational savings, reduced maintenance 
requirements, and enhanced equipment reliability. 

4.3.2. - Technological Adoption Barriers 

Widespread adoption of advanced subsea wireless power technologies faces significant institutional and industrial 
resistance. Conservative engineering practices, substantial investment requirements, and uncertainty regarding 
technological performance create substantial barriers to innovation [29]. Overcoming these challenges requires 
coordinated efforts from research institutions, government agencies, and private sector stakeholders. 

5. Environmental and Ecological Impact Assessment of Subsea Wireless Power Technologies 

5.1. Potential Ecological Disruptions 

Wireless power transfer technologies in marine environments introduce complex ecological considerations that extend 
beyond their technological capabilities. The potential for electromagnetic, acoustic, and thermal disruptions to marine 
ecosystems represents a critical area of scientific investigation [30]. Preliminary research suggests that high-intensity 
wireless power transmission can potentially impact marine organisms' physiological processes, communication 
patterns, and navigation systems [31]. 
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Marine species, particularly those relying on electromagnetic and acoustic sensing mechanisms, may experience 
significant behavioral and physiological responses to wireless power technologies [32]. Cetaceans, marine mammals, 
and certain fish species possess sophisticated sensory systems that could be affected by electromagnetic and acoustic 
energy transmission. Comprehensive studies are needed to quantify the precise nature and extent of these potential 
disruptions, considering the diverse range of marine life inhabiting different underwater environments. 

5.2. Electromagnetic Radiation Impact 

Electromagnetic radiation from wireless power transfer systems presents a nuanced ecological challenge. Different 
marine organisms exhibit varying sensitivities to electromagnetic fields, with some species demonstrating remarkable 
adaptability while others show significant vulnerability. Research has indicated that certain marine organisms, 
including some fish species and marine invertebrates, utilize electromagnetic fields for navigation, communication, and 
spatial orientation [33]. 

Experimental studies have revealed potential physiological impacts of electromagnetic radiation on marine organisms, 
including alterations in cellular metabolism, reproductive processes, and behavioral patterns [34]. Long-term exposure 
studies are crucial to understanding the comprehensive ecological implications of sustained electromagnetic energy 
transmission in marine environments. The development of standardized electromagnetic radiation exposure protocols 
for marine ecosystems becomes paramount in assessing and mitigating potential ecological risks [35]. 

5.3. Acoustic Energy Transmission Considerations 

Acoustic wireless power transfer technologies introduce unique ecological challenges related to underwater sound 
propagation. Marine ecosystems are highly sensitive to acoustic energy, with many species relying on complex acoustic 
communication and navigation mechanisms [36]. The introduction of artificial acoustic energy transmission can 
potentially disrupt these natural communication networks. 

Comprehensive acoustic impact assessments must consider multiple ecological dimensions, including potential effects 
on marine mammal communication, fish school behavior, and the acoustic environments of coral reef and deep-sea 
ecosystems. Researchers have observed that sustained acoustic energy transmission can potentially alter marine 
organism behavior, migration patterns, and reproductive cycles. Developing mitigation strategies that minimize 
acoustic disruption while maintaining power transfer efficiency represents a critical research imperative. 

5.4. Thermal Impact and Microclimate Alterations 

Wireless power transfer technologies generate thermal energy that can potentially alter localized marine microclimates 
[37]. The introduction of artificial thermal gradients in underwater environments may impact marine organism 
metabolic processes, habitat suitability, and ecosystem dynamics. Certain marine species demonstrate high sensitivity 
to temperature variations, making thermal impact assessment a crucial ecological consideration [38]. 

Experimental research has highlighted the potential for wireless power transmission systems to create localized 
thermal anomalies that could influence marine organism physiology and ecosystem interactions [39]. Long-term 
thermal impact studies are essential to comprehensively understand the ecological consequences of sustained 
underwater thermal energy generation. 

5.5. Mitigation and Adaptive Strategies 

Developing comprehensive mitigation strategies requires a multidisciplinary approach integrating marine ecology, 
engineering, and environmental science [40]. Potential mitigation approaches include adaptive transmission 
technologies that minimize ecological disruption, specialized shielding mechanisms, and dynamically adjustable power 
transmission parameters. 

Advanced computational modeling and real-world ecological monitoring represent critical tools in developing adaptive 
wireless power transfer technologies. Machine learning algorithms and sophisticated ecological impact prediction 
models can help design power transmission systems that minimize environmental disruption while maintaining 
technological efficiency [41]. 
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6. Future Research Directions 

The future of subsea wireless power transfer and energy harvesting technologies demands a comprehensive, 
interdisciplinary research approach that transcends traditional technological boundaries. Emerging research 
trajectories are increasingly focusing on developing metamaterial-enhanced power transfer technologies that can 
fundamentally transform energy transmission capabilities [42]. These advanced materials, engineered at the molecular 
and atomic scales, promise unprecedented control over electromagnetic wave propagation, potentially enabling more 
efficient and precise energy transfer mechanisms in challenging underwater environments. 

Machine learning and artificial intelligence represent another critical frontier in advancing wireless power technologies 
[43]. Researchers are developing sophisticated adaptive algorithms capable of dynamically optimizing power 
transmission parameters in real-time, accounting for complex environmental variables [44]. These intelligent systems 
would continuously analyze transmission efficiency, environmental conditions, and equipment power requirements, 
making instantaneous adjustments to maximize energy transfer performance. Preliminary research suggests that such 
adaptive systems could potentially improve power transmission efficiency by 30-40% compared to traditional static 
transmission approaches [45]. 

The integration of multi-modal energy harvesting systems presents an exciting research direction with transformative 
potential [46]. Future technologies are likely to combine multiple energy harvesting mechanisms - such as 
hydrodynamic, thermal gradient, and electromagnetic approaches - into unified, adaptive power generation platforms. 
These integrated systems would leverage the unique advantages of different energy harvesting techniques, creating 
robust and versatile power solutions that can dynamically adjust to varying marine environmental conditions. 
Advanced computational modeling and simulation techniques will be crucial in developing these complex, multi-modal 
energy systems [47].  

7. Conclusion 

Wireless Power Transfer and energy harvesting technologies represent a transformative approach to addressing critical 
power sustainability challenges in subsea infrastructure. These advanced technologies offer unprecedented 
opportunities to revolutionize the reliability, efficiency, and operational capabilities of underwater equipment, 
transcending the limitations of traditional power delivery methods. 

The interdisciplinary nature of these technological advancements underscores the complexity and potential of wireless 
power solutions. By integrating expertise from materials science, electrical engineering, marine technology, and 
computational modeling, researchers are developing increasingly sophisticated approaches to underwater power 
transmission. These collaborative efforts represent more than technical achievements; they embody a fundamental 
reimagining of power generation and transmission in challenging marine environments. 

As global energy demands continue to escalate and marine resource exploration intensifies, the importance of 
innovative power transfer technologies becomes increasingly critical. The ongoing research and development in 
wireless power transfer and energy harvesting strategies promise to play a transformative role in supporting 
sustainable marine technological infrastructure, offering solutions that balance technological innovation with 
environmental considerations. 

Recommendations 

Research institutions and funding agencies must prioritize substantial, sustained investments in interdisciplinary 
wireless power transfer research. This requires establishing dedicated research centers that bring together experts 
from diverse fields, creating collaborative environments where innovative underwater power technologies can be 
rapidly developed, tested, and refined. 

The development of comprehensive, standardized testing protocols represents a critical strategic imperative. 
International collaborative efforts must be initiated to create rigorous evaluation frameworks that can accurately assess 
the performance, durability, and efficiency of emerging subsea power transfer technologies. These standards should 
encompass a wide range of environmental conditions, providing a robust mechanism for validating and comparing 
different technological approaches. 

Technological transfer and industry engagement mechanisms must be established to accelerate wireless power 
technology adoption. This includes creating innovation hubs, developing joint research programs, and establishing 
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accelerated commercialization pathways that can efficiently translate promising research concepts into practical, 
deployable technologies. 

Government policy frameworks must be developed to support the advancement of subsea wireless power technologies. 
This includes creating regulatory environments that encourage innovation, providing tax incentives for research and 
development, and establishing national-level strategic initiatives focused on advancing marine power transmission 
technologies.  
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