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HcTopus cratbu

[Toctynuna B penakuuto: 13 utomns 2025 r.
Jopa6otana: 11okTa6ps 2025 r.
IMpunsra k my6auxaruu: 20 okts0ps 2025 T.

3asBileHHE 0 KOH(JIUKTE HHTEPeCcoB

ABTOp 3asB1s1€T 00 OTCYTCTBUU
KOH(IMKTa UHTEPECOB.

AHHoTanus. TexHonorus miaBy4ux OyeB CTPEMHUTENBHO Pa3BUBAETCS U CTAHO-
BUTCSI BAYKHBIM KOMIIOHEHTOM MOPCKHX HAaY4HBIX HCCIIEIOBaHHUH, cOOpa BO300-
HOBJIIEMOM OHCPTUH U DKOJIOTUYCCKOT0O MOHUTOPHUHTIA. B stom HUCCICI0BAaHUHU
0000111eHBI OCIIEJTHHE HHHOBAIIMY B KOHCTPYKLUH OyeB, TEXHOJIOTHUAX MPe0d-
pa30BaHUs SHEPIUU M WHTErpaly TMOpUAHBIX cucteM. KirtoueBble NOCTHIKe-
HUS BKJIIOYAIOT B ¢€051 MOIYJIbHYIO KOHCTPYKINIO, OMOMHCTIEKIIHIO ¥ THAPOIH-
HaMHUYECKYIO ONTHMH3ALHIO IS OBBIIEHHS CTAOMILHOCTH U 2P (HEeKTHBHOCTH,
a TaK)Ke HOBbIE MEXaHU3MbI cOOpa PHEPIUH, UCIIOIBL3YIOMNE KOIEOIIOMIHUECs
Oyu, Mbe303JIeKTPHYECKHE U TPHOOIIEKTPHYECKHE CUCTEeMbI. MIHTerpanus mia-
By4ux OyeB ¢ THOPUAHBIMU IUIaTHOPMaMH, TAKUMH KaK IJIaBy4re BOJIHOPE3BI U
MOpPCKHE BETpSIHbIE TypOUHBI, IEMOHCTPUPYET 3HAYUTEIILHBIN IMOTEHIMAN IS
pacnperneneHus 3aTpar 1 MOBIIIEHHS IPOM3BOANTENbHOCTH. HecMoTps Ha 3Ha-
YUTENBHBIA MPOrPecC, OCTAIOTCS HEpelIeHHBIE BOIPOCHI, TaKWE KaK HaJexX-
HOCTb pabOTBl B PEaNbHBIX YCIOBHUSX, MAcCIITA0MPYyEeMOCTh M KOMILUIEKCHAs
OLICHKa BO3AEHCTBHUS Ha OKpY>XKaloUlylo cpely. B HacToseMm uccienoBaHUM
BBISIBIICHBI 3TH MPOOEJbl 1 HAMEUYeHbl OyIylHe HanpaBlieHHs, CIIOCOOCTBYIO-
Me MIMPOKOMY BHEIPEHHIO TEXHOJIOTHH IaByunx Oyes. IIpencraBieHHbIe
BBIBO/IbI UMEIOT pelIaroliee 3HaYeHUe Ui pyKOBOJCTBA JAIbHEHITUMHU HHHO-
BaIlMsIMH, yCTPAHEHHSI CYIIECTBYIONINX OTPAHUUESHUH U ITOICPKKHA HHHULATHB
YCTOHYMBOTO pa3BUTHSI FOIY00i SKOHOMHKH.

KiroueBble ci10Ba: TEXHOJIOTWH IUIAaBYYHX OyeB, IpeoOpa3oBaHHE SHEPTHU
BOJIH, THOPHIHBIC MOPCKHE CHCTEMBI, SKOJIOTHIECKHAIl MOHHTOPHUHT, cOOp BO3-
OOHOBIISIEMO SHEPTUU

(I)l/lHaHCI/IPOBaHl/le

HccnenoBanue npoBeneHoO nmpu GUHAHCOBOW mojiepxkke JlenmapraMeHTa HaAyKH U TEXHOJIOTWI npoBuHIMK ba Pua — ByHr
Tay (ubiHe JlemapTaMeHT HAYKU U TEXHOJIOTHH ropoja XOUIMMHH), B paMKax HCCIIEIOBATENbCKOro mpoekta «OIeHKa U H-
JIOTHAsI pean3alys CUCTEMbI cOOpa MIaBarOIEro Mycopa BI0JIb IPUOPEIKHOM 30HbI T. ByHrray» (2024—2026 1T.).
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Introduction

research has focused on optimizing buoy designs
to improve stability, enhance energy harvesting

Floating buoy technology has evolved signi-
ficantly and has become indispensable in modern
marine science, renewable energy solutions, navi-
gation, and environmental monitoring. These
floating structures serve diverse roles, including
wave energy conversion, oceanographic data col-
lection, weather monitoring, and offshore wind
and aquaculture platform support [1-10]. Recent

efficiency, and enable integration with hybrid
systems, such as floating breakwaters and wind
turbines [4-8; 11-14].

Technological advances have benefited from
innovations in material science, modular construc-
tion methods, and enhanced power systems, inclu-
ding piezoelectric and triboelectric harvesters,
solar panels, and hybrid energy modules. These
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developments have enabled buoys to operate auto-
nomously and reliably under harsh marine con-
ditions [10; 15-18]. Moreover, amid the rising
global demand for high-resolution oceanographic
data and renewable marine energy, environmental
sustainability, cost-effectiveness, and scalability
have become critical considerations [19-21].

Despite significant progress, the literature
highlights persistent gaps in long-term operational
reliability, environmental impact assessments, and
scalable deployment solutions for diverse marine
settings. This review aims to synthesize current
advancements in floating buoy technology, identify
existing knowledge gaps, and outline future
research directions to support the broader adoption
of these systems. The ultimate goal is to promote
innovation while advancing sustainable practices
in the global ocean economy.

1. Methodology

A systematic and comprehensive literature
review was conducted using the Semantic Scholar
and PubMed databases. The search queries covered
foundational concepts, applications, design optimi-
zation, interdisciplinary perspectives, and adjacent

Identification
N = 1046

Screening
N = 642

o

Identified 1046 papers Removed papers with
that matched 21 missing abstracts
searches |
+1046 identified '
Removed duplicates
- 404 removed

o

technologies relevant to floating buoy systems.
The review was limited to peer-reviewed journal
articles published within the last five years to ensure
relevance and currency.

A multi-stage filtering process was employed:

1. The initial search identified approximately
1,046 articles using targeted keywords related
to buoy design, wave energy harvesting, environ-
mental impact, and hybrid systems.

2. Articles were first screened based on their
titles and abstracts, narrowing the selection to
642 relevant studies.

3. A full-text evaluation further reduced the
pool to 597 eligible papers.

4. The 50 most rigorous and high-quality
studies were selected based on criteria such as
experimental validation, advanced simulation tech-
niques, methodological rigor, and publication in
Q1/Q2 journals indexed in the SCOPUS or Web of
Science databases.

A flow diagram of the literature identification,
screening, eligibility assessment, and inclusion pro-
cess is shown in Figure 1. This visual representation
outlines the structured approach to refining the
initial pool of 1,046 studies to the 50 most relevant
and high-quality papers selected for this review.

Included
N=50

Eligibility
N =597

—

Selected the top 50
highest quality papers
after final ranking
- 547 removed

Removed papers with
low semantic relevance
to each search

- 45 removed

Figure 1. Flow diagram of the literature search and selection process
Source:byN.T. Pham.

The selected papers were categorized into key
themes: design principles, energy harvesting tech-
nologies, practical applications, environmental
concerns, and hybrid-system integration. The ex-
tracted data included research methods, key
findings, scalability assessments, and identified
gaps. A thematic synthesis and comparative
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analysis were conducted to highlight trends, com-
monalities, divergences, and research needs in the
current state of buoy technology.

A bibliometric analysis complemented this
thematic classification to identify the most fre-
quently cited authors and journals in the selected
studies. Figure 2 visualizes the key contributors,
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showing that scholars such as Cheng et al., Zhang
et al., and Du et al. are among the most prominent
authors. Additionally, journals such as Energy,

Cheng et al. |
Zhang et al. |
Duetal. |

Sunetal. f

Applied Energy, and Ocean Engineering appeared
most frequently, reflecting the interdisciplinary
and energy-focused nature of the field.

Top Contributing Authors

Energy

Applied Energy |

Renewable & Sustainable Energy Reviews
Ocean Engineering |

Journal of Marine Science & Eng. |

Sensors

2 3 4 5
Number of Appearances

Top Journals Cited

0 1

2 3 4 5 6
Number of Appearances

Figure 2. The authors and journals that appeared most frequently in the included papers.
Source:byNgocT. Pham.

2. Results

The analysis identified several major themes
representing the current trends and innovations in
floating buoy technology:

1. Design principles and structural innova-
tions. Recent research has highlighted advance-
ments in modular construction, composite materials,
and hydrodynamic optimization. Novel buoy
shapes, such as teardrop, turbinate, and top-shaped,
have significantly reduced drag forces and im-
proved energy capture efficiency [22-26]. Bio-
inspired features, such as water lily shaped sta-
bilizers, have contributed to buoy resilience in
dynamic ocean environments.

2. Energy harvesting and conversion techno-
logies. Wave energy conversion remains a central
focus, with oscillating buoy systems and hybrid

devices incorporating oscillating water columns
showing substantial performance improvements.
Innovations include multi-degree-of-freedom har-
vesters, piezoelectric and triboelectric generators,
and dual-mode devices that combine wave and
tidal energy [15—18; 27-31]. By integrating floating
breakwaters with energy converters, hybrid systems
also demonstrate cost efficiency and enhanced
coastal protection [4-8].

3. Applications in oceanography, monitoring,
and renewable energy. Buoys are widely used in
ocean monitoring, weather forecasting, navigation
support, and integration with offshore wind and
aquaculture systems [32-36]. Advances in sensor
technologies, wireless communication, and self-
sustaining power systems have significantly
improved data quality and system longevity [33;
36-37].
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4. Challenges, limitations, and environmental
considerations. These include optimizing energy
capture in low-energy seas, maintaining operational
stability under extreme conditions, reducing system
costs, and addressing environmental impacts [28;
38]. The need for robust mooring, reliable data
transmission, and sustainable materials is frequently
emphasized [32; 37]. Environmental impact assess-
ments remain limited, particularly for large-scale
deployments [19— 21].

The key claims and their corresponding evi-
dence strength are summarized in Table 1 to syn-
thesize insights from the reviewed literature. The
table categorizes the level of empirical support,
ranging from strong evidence validated by multiple
studies to areas where the evidence is weak or
emerging.

This structured framework clarifies the maturity
of research themes and highlights areas that require

further validation.

Table 1. Summary of key claims and the strength of supporting evidence

. Evidence .
Claim Strength Reasoning Papers

Hybrid WEC-breakwater systems enhance both Strong Multiple experimental and simulation studies showed 1[21 232 1203
energy conversion and wave attenuation superior performance over single devices 2‘5 3:0] ’
Optimized buoy geometry and array configurations Strong Simulation and laboratory experiments confirmed | [2, 17, 21,
significantly improve wave energy capture up to 50% efficiency gains with optimized designs 39, 49, 50]
Piezoelectric and triboelectric harvesters enable Moderate Prototypes and field tests demonstrated reliable [4, 15, 44]
self-powered, autonomous buoy operation power for sensors and data transmission T
Modular and eco-friendly buoy designs are Moderate Design studies and prototypes demonstrated cost- [19, 27,
feasible and scalable for large deployments effectiveness and environmental benefits 31, 33]
Real-world, long-term performance data for Most studies are laboratory-based or short-term | 45 54

R Weak field trials, and few long-term deployments have
advanced buoy systems is limited been reported 31,41, 42]
The environmental impacts of large-scale buoy Weak Limited research on ecological effects and sustain- | [2, 34, 39,
deployments require further investigation ability at scale 50]

Source:byNgocT. Pham.

3. Discussion

Recent advancements in floating buoy tech-
nology have significantly expanded their role in
marine energy harvesting, environmental moni-
toring, and multi-platform hybrid systems. The
reviewed literature highlights significant improve-
ments in buoy design optimization, energy
harvesting mechanisms, and integration with other
marine structures, such as floating breakwaters and
offshore wind turbines. These innovations enable
buoys to serve as multifunctional platforms for
sustainable ocean observation and renewable-
energy production.

Despite these achievements, several know-
ledge gaps remain. Long-term real-world perfor-
mance data for many advanced buoy systems are
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limited. Although informative, laboratory and short-
term field trials do not fully capture the operational
challenges in harsh and dynamic marine environ-
ments. Similarly, the environmental sustainability
and scalability of buoy deployments require further
research. Modular and eco-friendly designs are
promising; however, their ecological impacts and
long-term viability for widespread implementation
remain untested.

Interdisciplinary collaboration is essential to
address these gaps. Future research should prioritize
large-scale, long-duration field trials and compre-
hensive assessments of environmental impacts.
The development of adaptive mooring solutions
and robust communication networks is critical for
improving the reliability and resilience of floating
buoy systems under extreme conditions.
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To illustrate ongoing efforts in advancing
buoy-based observation systems, Figure 3 (adapted
from Zhang et al. [50]) presents the conceptual
design of the Mooring Buoys Observation System
for Benthic with Electro-Optical-Mechanical Cable
(MBOSBC).

This hybrid system integrates surface buoys
and seafloor nodes through an Electro-Optical-
Mechanical (EOM) cable, enabling simultaneous
data and power transmission. The surface buoy is
powered by wind and solar energy. It communicates
via satellite, wireless radio, and acoustic links,
whereas the benthic node collects environmental
data such as temperature, pressure, salinity, and
video imagery. The modularity of the system
and its ability to coordinate with other under-
water platforms (e.g., AUVs and landers) exemplify
a next-generation approach to ocean observation.
MBOSBC represents a transitional design that
bridges traditional buoy networks and fully cabled
observatories, offering enhanced monitoring capa-

n'J

Real Time ¢ * g

bilities with greater deployment flexibility. Floating
buoy technology can evolve into an integral com-
ponent of intelligent, sustainable ocean networks
by incorporating hybrid observation platforms
and novel energy-harvesting devices. Addressing
current limitations through long-term trials and
environmental studies and integrating multi-sensor,
energy-autonomous systems will pave the way
for scalable and eco-friendly solutions in the blue
economy.

To further illustrate the state of research cove-
rage and gaps, Table 2 presents a matrix that maps
key research topics to five critical study attributes:
lab-scale prototypes, field trials, long-term deploy-
ments, environmental impact, and hybrid integ-
ration.

The table shows that although wave energy
conversion has received extensive lab-based study,
there is a notable deficiency in real-world vali-
dations and environmental research, particularly
for sustainable design and long-term deployment.

Real Time
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Figure 3. Concept design of mooring buoys observation system
Source:by AliAzam et al. [50].

127



Pham N.T. RUDN Journal of Engineering Research. 2026;27(1):122-130

Table 2. Research coverage matrix by topic and study attribute

Topic /Atibute | Sabectle | poatias | dongiems | Enveonmental | Hybrid
Wave Energy Conversion 18 7 3 2 10
Oceanographic Monitoring 8 6 2 3 1
Offshore Wind / Aquaculture 4 2 1 1 2
Power / Data Transmission 5 2 1 1 GAP
Environmental Sustainability 3 1 GAP 2 GAP

Source:byNgocT. Pham.

Conclusions

This study reviewed the key innovations,
challenges, and future directions in floating buoy
technology. Based on this analysis, the following
conclusions can be drawn:

1. Floating buoy technology has significantly
improved, particularly in marine application design
optimization, material engineering, and hybrid
system integration.

2. Modular construction, bio-inspired hydro-
dynamics, and smart sensor integration have im-
proved performance, enabling buoys to operate
autonomously under harsh marine conditions.

3. Hybrid systems combining buoys with
breakwaters or wind turbines demonstrate strong
potential for cost efficiency and energy yield but
require further real-world validation.

4. Major challenges remain in the long-term
deployment of data, operational reliability under
extreme sea states, and insufficient environmental
impact assessments.

5. Future research should prioritize scalable
designs, interdisciplinary collaboration, and com-
prehensive ecological assessments to enhance the
role of buoys in a sustainable blue economy.
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