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A B S T R A C T

The maritime sector, which contributes approximately 3 % to the total global greenhouse gas (GHG) emissions, is 
under increasing scrutiny to meet the decarbonization targets set forth by the International Maritime Organi
zation (IMO) for the year 2050. Biodiesel, characterized by its renewable attributes and potential to diminish 
GHG emissions by as much as 80 %, emerges as a plausible alternative to traditional marine fuels. This research 
conducts a comprehensive analysis of the significance of biodiesel in the context of marine decarbonization, 
accentuating its benefits, which include reductions in Nitrogen oxide (Nox) emissions by up to 40 % and en
hancements in fuel efficiency ranging from 3 % to 5 %, achieved through advancements such as nanoparticle 
additives and hybrid engine technologies. The study identifies challenges associated with biodiesel, including its 
10 % to 12 % lower energy density and suboptimal cold flow characteristics, while proposing solutions that 
encompass innovative additives and thermal management strategies. The discourse further encompasses policy 
implications, logistical considerations of the supply chain, and the exploration of emerging feedstocks, notably 
algae-derived biodiesel. These insights establish biodiesel as a pragmatic, scalable, and ecologically sustainable 
fuel alternative for the maritime sector while delineating avenues to mitigate technological and operational 
challenges.

1. Introduction

The maritime industry accounts for approximately 3 % of global 
carbon dioxide (CO₂) emissions, surpassing an annual figure of 900 
million metric tons. Considering the IMO’s ambitious objective to curtail 
GHG emissions by 50 % by the year 2050, the sector is under significant 
pressure to undertake decarbonization measures [1]. Initiatives such as 
IMO 2020, which impose restrictions on sulfur content in marine fuels to 
a maximum of 0.5 %, have intensified the quest for sustainable alter
natives to traditional marine fuels. In this framework, biodiesel is 
positioned as a viable renewable fuel, presenting compatibility with 
existing marine engines while facilitating substantial reductions in 
emissions [2]. Empirical studies indicate that biodiesel blends, including 
B20 (20 % biodiesel, 80 % conventional diesel) and B100 (100 % 

biodiesel), have the potential to diminish GHG emissions by as much as 
80 %, particulate matter (PM) emissions by 60 %, and carbon monoxide 
(CO) emissions by 50 % when contrasted with conventional marine fuels 
[3].

Notwithstanding its merits, biodiesel encounters multiple obstacles 
that impede its broader implementation in marine contexts. A principal 
constraint is its energy density, which is approximately 10–12 % inferior 
to that of conventional marine diesel [4]. This discrepancy results in 
augmented fuel consumption, thereby necessitating larger storage ca
pacities. Moreover, the cold flow characteristics of biodiesel, which in
fluence its efficacy in low-temperature scenarios, may precipitate 
operational interruptions in frigid regions [5]. Nevertheless, innovations 
in engine design and fuel systems are effectively mitigating these issues. 
Technologies such as dual-fuel engines enable vessels to transition 
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seamlessly between biodiesel and conventional diesel, thereby 
enhancing fuel reliability and operational adaptability. Furthermore, 
enhancements in fuel injection systems have exhibited thermal effi
ciency improvements ranging from 3 to 5 %, thereby rendering biodiesel 
a more feasible alternative for marine applications [6].

In addition to biodiesel, alternative marine fuels such as hydrogen 
and ammonia are increasingly coming into focus. Hydrogen presents the 
advantage of producing zero carbon emissions during combustion; 
however, its storage and transportation necessitate specialized infra
structure, and the production process frequently entails substantial en
ergy consumption unless derived from renewable sources [7]. Ammonia, 
another low-carbon alternative, holds promise as a marine fuel but 
raises safety concerns due to its toxicity and necessitates considerable 
modifications to pre-existing engines and storage systems. In contrast, 
biodiesel provides immediate scalability owing to its compatibility with 
current marine infrastructure, thus positioning it as a pragmatic solution 
for short-term decarbonization initiatives [8].

Innovations in biodiesel-blended hybrid technologies are paving 
novel avenues for mitigating the maritime sector’s carbon footprint [9]. 
Hybrid systems amalgamate biodiesel with renewable energy sources 
such as wind and solar, thereby enhancing overall energy efficiency and 
diminishing reliance on fossil fuels. These systems bolster operational 
resilience and align with sustainability aspirations. For instance, hybrid 
marine vessels that integrate biodiesel with solar panels have demon
strated considerable reductions in emissions while sustaining opera
tional dependability [10].

Another noteworthy advancement is the utilization of algae-based 
biodiesel, which presents a sustainable feedstock characterized by 
high yields and minimal land utilization compared to traditional biofuel 
sources [11]. Ongoing research into the cultivation, extraction, and 
processing of algae-based biodiesel is progressing, addressing scalability 
challenges while concurrently reducing costs. Additionally, the explo
ration of nanoparticle additives is being pursued to enhance combustion 
efficiency and further lower emissions, especially nitrogen oxides (NOx) 
[12].

This scholarly review concentrates on the incorporation of biodiesel 
within marine technology, scrutinizing its compatibility with existing 
systems, the associated technical challenges, and the latest advance
ments in the field. Through a comprehensive analysis of its function in 
conjunction with other alternative fuels and hybrid systems, this 
investigation emphasizes biodiesel’s substantial potential to play a 
pivotal role in the decarbonization of the maritime sector while simul
taneously addressing the technological obstacles that must be sur
mounted for its widespread implementation.

2. Biodiesel and ocean technology: key properties and 
compatibility

2.1. Systematic review process

This comprehensive review adopts a systematic methodology to 
assess the potential of biodiesel in the context of marine decarbon
ization, accentuating its feasibility and efficacy. The selection of studies 
was predicated upon their pertinence to emission reduction capabilities, 
scalability, and technological viability. Research that underscored the 
mitigation of GHG, PM, and NOx emissions was given precedence [13]. 
Furthermore, studies that examined the scalability of biodiesel for 
extensive marine applications and its compatibility with pre-existing 
infrastructure were included in the analysis. The comparative evalua
tion scrutinized the performance of biodiesel relative to alternative 
marine fuels such as hydrogen and ammonia, with an emphasis on en
ergy efficiency across diverse engine loads, emission characteristics, and 
infrastructural prerequisites for production, storage, and distribution. 
Data were meticulously extracted from peer-reviewed scholarly articles, 
technical reports, and industry case studies to guarantee a thorough and 
trustworthy evaluation [14].

Recent innovations, encompassing nanoparticle additives, hybrid 
power systems, and algae-derived biodiesel feedstocks, were integrated 
to confront challenges such as diminished energy density and subopti
mal cold-flow properties [15]. By systematically examining these vari
ables, the review elucidates a profound comprehension of biodiesel’s 
function in the decarbonization of the marine sector, underscoring its 
immediate scalability and compatibility with contemporary technolo
gies while pinpointing deficiencies and prospective avenues for future 
research. This systematic approach facilitates a balanced and insightful 
evaluation, positioning biodiesel as a credible alternative to conven
tional marine fuels [16].

2.2. Fuel compatibility with marine engines

Biodiesel offers both advantages and obstacles in marine engine 
applications. Biodiesel can be employed in compression ignition engines 
often used in maritime vessels, but it possesses a 10–12 % lower energy 
density than traditional marine diesel. This may result in heightened fuel 
consumption and diminished range per fuel load [17]. Research in
dicates that blends like B20 (20 % biodiesel, 80 % diesel) can be utilized 
in marine engines with minimum modifications, whereas B100 neces
sitates more substantial alterations due to its increased viscosity and 
reduced volatility [18]. The cetane number of biodiesels, an essential 
measure of combustion quality, often ranges from 50 to 65, surpassing 
that of petroleum diesel (about 40 to 50), resulting in enhanced com
bustion efficiency and reduced ignition delay. Storage stability poses a 
significant concern, especially in marine conditions, where water con
tact may result in fuel breakdown and microbial proliferation, thereby 
compromising engine performance [19].

2.3. Impact on ocean sensors and autonomous vessels

The utilization of biodiesel in maritime boats, encompassing auton
omous underwater vehicles (AUVs) and other oceanic sensors, has 
distinct obstacles. The elevated oxygen concentration of biodiesel (up to 
10–12 % by weight) facilitates cleaner combustion. Yet, it may heighten 
the risk of oxidation in fuel systems, adversely affecting the functionality 
of sensitive remote sensing apparatus. Moreover, the biodegradability of 
biodiesel—usually decomposing within 28–30 days in aquatic ecosys
tems—can provide ecological advantages, yet it also prompts appre
hensions over fuel stability during extended operations. Recent 
evaluations of AUVs utilizing B20 blends revealed a 40 % reduction in 
PM emissions and a 50 % decrease in CO emissions; nevertheless, these 
enhancements resulted in a marginal increase in fuel consumption (by 
3–5 %) attributable to the lower energy density of biodiesel [20].

2.4. Biodiesel properties and the oceanic environment

Biodiesel is esteemed for its biodegradability, rendering it a prefer
able choice in marine areas susceptible to the catastrophic effects of 
unintentional spills. Research indicates that biodiesel spills decompose 
four times more rapidly than traditional diesel, markedly diminishing 
the potential for prolonged environmental harm. In marine operations, 
the low sulfur content of biodiesel (often below 0.0015 % in B100) 
mitigates acid rain and ocean acidification, enhancing overall ocean 
health [21]. Nonetheless, biodiesel may interfere with underwater 
sensors, flowmeters, and propulsion systems because of its elevated 
viscosity (about 1.9–6.0 cSt at 40 ◦C), resulting in fuel management and 
flow complications. Certain studies indicate that using biodiesel in 
propulsion systems may lead to heightened wear and tear due to its 
superior lubricity, thereby complicating the long-term operation of 
oceanographic research vessels and platforms. Notwithstanding these 
limitations, biodiesel’s minimal CO₂ emissions, elevated flash point 
(100–170 ◦C), and diminished environmental toxicity render it a 
compelling choice for sustainable oceanographic endeavors [22].

Table 1 elucidates the principal characteristics of biodiesel in 
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juxtaposition with traditional marine diesel, establishing a framework 
for assessing its viability in maritime applications. The diminished en
ergy density of biodiesel, generally ranging from 10 to 12 % lower than 
that of marine diesel, represents a well-documented constraint that may 
result in heightened fuel consumption. Nevertheless, recent advance
ments in technology have markedly alleviated these performance dis
crepancies. Innovations, such as the incorporation of nanoparticle 
additives, have been evidenced to enhance combustion efficacy by 
facilitating improved fuel atomization and fostering complete 
combustion.

For instance, dual-fuel engines that have been optimized for bio
diesel blends confer considerable environmental advantages by realizing 
reductions in NOx emissions of up to 40 %, thereby aligning with 
stringent regulatory frameworks such as the IMO Tier III standards. 
These engines adeptly transition between biodiesel and conventional 
diesel, ensuring operational dependability while concurrently mini
mizing emissions. Furthermore, the oxygen content inherent in biodiesel 
promotes enhanced oxidation during combustion, which subsequently 
leads to a further decrease in PM and CO emissions.

Even with these benefits, challenges pertaining to cold flow prop
erties and long-term storage stability persist. The resolution of these 
concerns through the incorporation of advanced additives and hybrid 
systems has positioned biodiesel as a viable alternative to marine diesel. 
The attributes delineated in Table 1 furnish a thorough comprehension 
of biodiesel’s potential in facilitating marine decarbonization while 
pinpointing areas necessitating continuous technological advancements.

3. Emission reductions and environmental impact

3.1. Carbon footprint of marine operations

The transition to biodiesel-powered marine vessels can significantly 
reduce the carbon impact of maritime activities. Studies demonstrate 
that using biodiesel can reduce GHG emissions by up to 80 % compared 
to conventional marine fuel. A thorough investigation of biodiesel ap
plications in the shipping sector revealed that implementing B20 blends 
led to an average decrease of 15–20 % in CO₂ emissions, with several 
boats documenting reductions as significant as 25 % under optimal 
operational circumstances. Furthermore, the combustion of biodiesel 
reduces emissions of other detrimental pollutants, such as PM and NOx, 
which are essential for alleviating air pollution in coastal areas where 
marine activities are prevalent. Within the wider framework of oceanic 
industries, these reductions fulfill national and international objectives 
for air quality and climate change mitigation [27].

3.2. Impact on marine ecosystems

The reduced sulfur content of biodiesel, often below 0.0015 % in 
pure biodiesel (B100), markedly diminishes sulfur oxide (SOx) emis
sions, which are principal factors in acid rain and ocean acidification. 
The transition from conventional marine fuels to biodiesel can reduce 
SOx emissions by 90 %, enhancing air quality and safeguarding marine 
biodiversity. Diminished acidification may enhance vital marine spe
cies’ survival and growth rates, such as coral reefs, which are especially 
sensitive to pH variations [28]. A study examining the effects of bio
diesel on coastal ecosystems indicated that marine settings employing 
biodiesel experienced a 10–15 % increase in biodiversity, illustrating the 
beneficial impact of reduced emissions on marine organisms. Further
more, the biodegradability of biodiesel, which disintegrates within 
28–30 days in marine environments, mitigates the long-term effects of 
spills, enhancing marine ecosystems [29].

3.3. Lifecycle analysis of biodiesel in oceanic operations

A lifetime analysis of biodiesel reveals significant emission re
ductions across its production chain. The carbon intensity of biodiesel, 
encompassing feedstock cultivation, fuel production, and consumption, 
is markedly lower than that of fossil fuels. Studies demonstrate that 
producing biodiesel from algal oil can provide a net carbon reduction of 
up to 80 % compared to traditional diesel fuels [30]. In the fishing fleet 
sector, vessels employing biodiesel blends have demonstrated a reduc
tion of up to 20 % in fuel consumption and associated emissions during 
operations, leading to decreased operating costs and enhanced sustain
ability. The use of biodiesel in maritime research vessels has achieved a 
30 % decrease in GHG emissions over the fuel’s lifecycle, thereby 
improving the environmental impact of scientific research activities. 
Table 2 elucidates that biodiesel presents considerable environmental 
advantages in contrast to petroleum diesel, with B20 facilitating a 
reduction in greenhouse gas (GHG) emissions by 15–20 % and a 
decrease in particulate matter by as much as 60 %. In comparison, B100 
can attain a reduction of up to 80 % in GHG emissions and a 90 % 
reduction in sulfur oxides (SOx) due to its minimal sulfur content. Both 
blends contribute positively to the health of marine ecosystems by 
promoting accelerated biodegradability and lower carbon intensity, 
thereby rendering them a sustainable alternative for applications 
involving marine and research vessels. Petroleum diesel, serving as the 
baseline, does not exhibit such reductions, resulting in sustained higher 
emissions and associated environmental risks.

4. Technological innovations in ocean systems for biodiesel 
utilization

Recent developments in marine engine technology have facilitated 

Table 1 
Performance characteristics of biodiesel in marine applications [23–26].

Parameter Biodiesel (B20) Biodiesel (B100) Petroleum Diesel

Energy Density ~10–12 % lower 
than petroleum 
diesel

~10–12 % lower 
than petroleum 
diesel

~35.8 MJ/L

Cetane Number 50–60 50–65 40–50
Combustion 

Efficiency
Improved due to 
higher cetane 
number

Enhanced, reduced 
ignition delay

Standard 
combustion 
efficiency

Storage Stability Moderate 
concerns 
(oxidation risk)

Significant 
concerns (higher 
risk of microbial 
growth)

Generally stable

Oxygen 
Concentration

10–12 % by 
weight

10–12 % by weight Not applicable

Biodegradability Decomposes in 
28–30 days

Decomposes in 
28–30 days

Much longer 
decomposition 
time

PM Emission 
Reduction

40 % reduction N/A Baseline

CO Emission 
Reduction

50 % reduction N/A Baseline

Fuel Consumption 
Increase

3–5 % increase Higher due to 
lower energy 
density

Standard baseline

Viscosity ~1.9–6.0 cSt at 
40 ◦C

Higher (may 
complicate flow 
management)

Lower viscosity

Sulfur Content <0.0015 % (in 
B100)

<0.0015 % (in 
B100)

~0.0015 % 
(varies)

Flash Point 100–170 ◦C 100–170 ◦C ~60–80 ◦C
Environmental 

Impact of Spills
Decomposes 
four times faster 
than diesel

Decomposes four 
times faster than 
diesel

Much slower 
decomposition

Wear and Tear on 
Engine 
Components

Potentially 
increased wear 
due to lubricity

Increased wear 
due to lubricity

Standard wear 
rate

Effect on 
Underwater 
Sensors

Possible 
interference due 
to viscosity

Possible 
interference due to 
viscosity

Minimal 
interference
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the efficient incorporation of biodiesel as both a primary and blended 
fuel source. The advancement of hybrid propulsion systems, integrating 
traditional diesel engines with electric power, has markedly enhanced 
fuel efficiency and diminished emissions. Furthermore, contemporary 
marine engines utilize technology such as variable geometry turbo
charging and common rail fuel injection systems to enhance combustion 
efficiency while utilizing biodiesel [35]. Research indicates that these 
advances can enhance fuel efficiency by 10–15 % relative to conven
tional engines that depend exclusively on fossil fuels. Moreover, 
dual-fuel engines enable warships to effortlessly alternate between 
biodiesel and diesel, offering adaptability while significantly reducing 
pollution. Studies indicate that dual-fuel engines can decrease NOx 
emissions by 30 % and CO₂ emissions by 25 % when operating on bio
diesel mixes. This integration improves engine performance and pro
longs the lifespan of marine engines by minimizing wear and tear caused 
by high sulfur concentrations in conventional fuels [36]. Fig. 1 de
lineates the proportional enhancements in fuel efficiency (18.5 %), the 
diminution of CO₂ emissions (37.0 %), and the reduction of NOx emis
sions (44.4 %) realized through innovations such as sophisticated fuel 
injection mechanisms, hybrid technologies, and emission mitigation 
strategies including EGR and SCR systems. These advancements are 
congruent with the objective of sustainable marine decarbonization [37,
38].

4.1. NOx emissions

The incorporation of biodiesel into marine propulsion systems yields 

considerable reductions in CO and hydrocarbon (HC) emissions, pre
dominantly attributable to its oxygenated composition, which facilitates 
a more comprehensive combustion process. Nevertheless, a notable 
challenge linked to the utilization of biodiesel is a slight elevation in 
NOx emissions. This increase can be ascribed to the elevated in-cylinder 
temperatures that occur during the combustion of oxygen-rich fuels such 
as biodiesel [39].

In response to this issue, sophisticated emission control technologies 
have been devised and put into operation. Exhaust gas recirculation 
(EGR) represents a commonly employed technique that diminishes peak 
combustion temperatures by reintroducing a fraction of the exhaust 
gases into the combustion chamber, consequently constraining NOx 
generation. Furthermore, selective catalytic reduction (SCR) systems 
proficiently convert NOx into innocuous nitrogen and water through the 
injection of a urea-based solution into the exhaust stream. These tech
nological advancements ensure the alignment of biodiesel utilization 
with the IMO Tier III emission standards, thereby guaranteeing adher
ence to rigorous environmental regulations [40].

The synergistic integration of biodiesel with these advanced emis
sion control technologies underscores its potential to function as a sus
tainable and environmentally compliant marine fuel. By alleviating NOx 
emissions while preserving the advantages of diminished CO and HC 
emissions, biodiesel establishes itself as a viable substitute for tradi
tional marine fuels [41].

Table 2 
Emission reductions and environmental impact of biodiesel in marine operations [31–34].

Category Parameter Biodiesel (B20) Biodiesel (B100) Petroleum Diesel

Carbon Footprint GHG Emissions Reduction 15–20 % reduction Up to 80 % reduction Baseline (0 % reduction)
CO₂ Emissions Reduction Up to 25 % in optimal conditions Significant reduction Baseline (0 % reduction)
PM Emissions Reduction Up to 60 % reduction Up to 90 % reduction Baseline (0 % reduction)
NOx Emissions Reduction 5–10 % reduction Up to 30 % reduction Baseline (0 % reduction)

Impact on Marine 
Ecosystems

Sulfur Content <0.0015 % <0.0015 % ~0.5–3.5 %
SOx Emissions Reduction 90 % reduction 90 % reduction Baseline (0 % reduction)
Increase in Marine Biodiversity 10–15 % increase Similar benefits 

expected
Baseline (0 % increase)

Biodegradability 28–30 days 28–30 days Varies (longer degradation)
Lifecycle Analysis Carbon Intensity (g CO₂/kWh) Up to 80 % lower Up to 80 % lower Baseline (higher carbon 

intensity)
Fuel Consumption Reduction in Fishing Fleet Up to 20 % reduction N/A Baseline (0 % reduction)
GHG Emissions Reduction in Research 
Vessels

30 % reduction over lifecycle N/A Baseline (0 % reduction)

Fig. 1. Performance improvements and emission reductions in marine engine technology.
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4.2. Marine infrastructure compatibility

The compatibility of marine infrastructure with biodiesel is crucial 
for its extensive use in maritime transport networks, encompassing 
cargo ships, research vessels, and offshore platforms. Ports are adapting 
their refueling infrastructure to support biodiesel, evidenced by a 
notable rise in establishing specialized biodiesel storage tanks and 
refueling stations. Numerous European ports have established biodiesel 
refueling stations, aiding the shift for ships navigating regional seas 
[42]. Alterations in cargo and research vessels encompass improved fuel 
handling equipment engineered to accommodate biodiesel’s increased 
viscosity and susceptibility to microbial proliferation. Research in
dicates that integrating biodiesel into current fuel systems can be ach
ieved with little retrofitting expenses, estimated at 2–5 % of total 
shipbuilding costs. The utilization of biodiesel in offshore platforms has 
been enabled by adopting biofuel-compatible materials for pipelines and 
storage tanks, thereby ensuring safety and durability in maritime envi
ronments [43].

Fig. 2 elucidates the financial ramifications associated with en
hancements in biodiesel efficiency within marine technologies, delin
eated into immediate cost escalations and enduring cost diminutions. 
Regarding fuel expenditures, an initial short-term augmentation of 
approximately 40 % is observed, succeeded by long-term reductions 
reaching up to 60 %. Operational expenses exhibit a 50 % increase in the 
short term, mitigated by a substantial 70 % decrease in the long term. 
Infrastructure expenditures undergo a pronounced initial surge of 80 %, 
counterbalanced by a complete 100 % reduction in long-term costs. 
Maintenance expenditures reflect a short-term rise of 60 %, moderated 
by a long-term decrease of 120 %. Environmental compliance expen
ditures experience an initial increase of 30 %, ultimately resulting in a 
long-term reduction of 90 %. These statistics accentuate the economic 
viability of embracing biodiesel, with long-term advantages prevailing 
over short-term financial challenges [44–46].

4.3. Advanced biofuel integration with ocean power grids

The amalgamation of biodiesel with marine power grids signifies a 
notable advancement in improving the overall efficacy of maritime 

technologies. Hybrid fuel systems integrating biodiesel with renewable 
ocean energy sources, including wave and tidal energy, provide a so
lution for sustainable marine operations. Recent experiments have 
shown that integrating biodiesel generators with wave energy con
verters can result in a 20 % enhancement in energy output and increased 
reliability of power supply for marine platforms [47]. This synergistic 
method optimizes the utilization of renewable resources while stabiliz
ing energy production, mitigating the intermittent characteristics of 
ocean energy sources. Furthermore, systems that integrate biodiesel 
with energy storage technologies, such as lithium-ion batteries, can 
enhance operational efficiency by utilizing biodiesel for peak power 
requirements and depending on stored energy during periods of low 
demand. Studies indicate that these integrated systems can decrease 
operational expenses by 15–20 %, enhancing marine enterprises’ eco
nomic viability and environmental sustainability [48].

Table 3 illustrates that marine technological advancements such as 
hybrid propulsion systems, dual-fuel engines, and variable geometry 
turbines (VGT) enhance fuel efficiency by 10 % to 30 % while simul
taneously curtailing emissions by as much as 25 %. Furthermore, ad
vancements in infrastructure, which encompass biodiesel-compatible 
refueling stations and materials, facilitate safe integration into existing 
systems. The implementation of hybrid systems that amalgamate bio
diesel with renewable energy sources yields a 20 % increase in output, 
with initial investment costs mitigated by substantial long-term envi
ronmental and economic advantages.

5. Challenges in biodiesel adoption in ocean engineering

5.1. Technological barriers

The integration of biodiesel within marine applications faces 
numerous pivotal technological obstacles that necessitate resolution to 
facilitate extensive adoption and ensure operational dependability. A 
principal challenge is attributed to the storage stability and resilience of 
biodiesel in marine settings, where its susceptibility to moisture and 
variable temperatures renders it vulnerable to oxidation and microbial 
contamination. Empirical research suggests that biodiesel may deterio
rate within a timeframe of 6–12 months under unfavorable conditions, 

Fig. 2. Economic effects of biodiesel efficiency in maritime technologies.
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resulting in heightened acidity levels and the accumulation of deposits 
that impede fuel filters and injectors. The implementation of sophisti
cated storage solutions, including temperature-regulated tanks and the 
incorporation of antioxidants, is imperative to bolster its stability and 
avert operational complications [52].

An additional notable constraint is the cold flow characteristics of 
biodiesel, as its elevated viscosity can result in gelling and obstruction of 
fuel systems in cold environments with temperatures ranging from − 10 
◦C to − 15 ◦C. Although interventions such as cold flow improvers and 
insulated fuel systems can alleviate these challenges, they simulta
neously elevate costs and introduce complexity. The compatibility of 
materials also presents a significant concern, given that the chemical 
properties of biodiesel can compromise engine components, including 
seals and gaskets, thereby necessitating alterations to materials and 
design specifications. Moreover, the reduced energy density of biodiesel 
in comparison to marine diesel mandates the recalibration of engines 
and adjustments to systems to sustain performance levels. Hybrid sys
tems that synergistically combine biodiesel with hydrogen represent a 
promising avenue, enhancing combustion efficiency and minimizing 
emissions while addressing energy density deficiencies [53].

Collaborative research and innovation, which emphasize the devel
opment of advanced fuel formulations, hybrid technologies, and 
enhanced storage systems, are fundamental to surmounting these chal
lenges. Such initiatives will facilitate the emergence of biodiesel as a 
sustainable and feasible alternative, thereby supporting the maritime 
sector’s decarbonization objectives [54].

Table 4 identifies pivotal challenges associated with the adoption of 
biodiesel, which encompass cold flow phenomena, storage stability 
concerns, infrastructural expenditures, integration with renewable en
ergy sources, and compatibility with engine systems. These challenges 
may be mitigated through various strategies such as the incorporation of 
low-pour-point fuels, the development of sophisticated storage solu
tions, the establishment of public-private collaborations, the optimiza
tion of hybrid systems, and advancements in materials science. The 
implementation of these strategies serves to enhance operational reli
ability, prolong the lifespan of both fuel and engine components, 
decrease overall costs, and elevate energy efficiency.

5.2. Fuel performance in harsh oceanic conditions

The efficacy of biodiesel in harsh maritime environments is a 

significant topic for marine engineers. In extreme settings marked by 
strong winds, waves, and temperature variations, biodiesel may display 
inconsistent combustion properties, impacting the efficiency and 

Table 3 
Overview of technological innovations in ocean systems for biodiesel utilization [49–51].

Category Innovation Technical Details Performance 
Improvements

Fuel Compatibility Environmental Impact Cost Considerations

Marine Engine 
Innovations

Hybrid Propulsion 
Systems

Combines diesel 
engines with electric 
power

10–15 % increase in 
fuel efficiency

Compatible with 
B20-B100

Reduces GHG 
emissions by up to 25 
%

Initial investment cost 
for hybrid systems

Variable Geometry 
Turbocharging (VGT)

Adjusts turbocharger 
output to optimize 
fuel

Enhanced 
combustion 
efficiency

Compatible with 
biodiesel blends 
(B20)

Lowers emissions by 
optimizing 
combustion

Moderate retrofitting 
costs

Common Rail Fuel 
Injection

Precisely controls 
fuel injection timing

Optimizes biodiesel 
combustion

Works with biodiesel 
blends (B20-B100)

Improves engine 
efficiency, reduces PM

Low maintenance costs

Dual-Fuel Engines Switches between 
biodiesel and diesel

30 % NOx 
reduction, 25 % CO₂ 
reduction

Compatible with 
B20, can adapt to 
B100

Reduces NOx CO₂ 
emissions significantly

Higher upfront cost but 
long-term savings

Marine Infrastructure 
Compatibility

Biodiesel-Specific 
Refueling Stations

Specialized storage 
and refueling for 
biodiesel

Ports adapting 
infrastructure

Works with all 
biodiesel blends (B5- 
B100)

Reduces risk of spills 
and environmental 
damage

Minimal retrofitting 
costs for ports

Biofuel-Compatible 
Materials for Pipelines 
& Tanks

Resistant to 
microbial growth and 
viscosity issues

Safe integration into 
offshore platforms

Compatible with 
high-viscosity 
biodiesel (B100)

Reduces risk of fuel 
contamination and 
spills

Material upgrades may 
add to infrastructure cost

Advanced Biofuel 
Integration with 
Ocean Power Grids

Hybrid Systems 
(Biodiesel + Wave/ 
Tidal Energy)

Combines biodiesel 
with renewable 
ocean energy

20 % energy output 
increase, stable 
power

Compatible with 
B100 in biodiesel 
generators

Reduces reliance on 
fossil fuels, lowers CO₂

Cost of renewable energy 
integration

Energy Storage 
Integration (Lithium- 
Ion Batteries)

Stores energy for 
peak and low 
demand periods

Improved 
operational 
efficiency

Compatible with 
hybrid biodiesel 
systems

Supports emission-free 
power storage

Initial battery storage 
cost reduces operational 
costs long-term

Table 4 
Challenges and proposed solutions [55–57].

Challenge Analysis Proposed Solutions Impact of 
Solutions

Cold Flow 
Issues

Fuel gelling and 
clogging under 
low temperatures 
impede engine 
performance.

Blend biodiesel 
with low-pour- 
point fuels (e.g., 
kerosene or 
conventional 
diesel) and use cold 
flow additives.

Enhanced 
reliability of 
biodiesel in colder 
climates and 
reduced engine 
blockages.

Storage 
Stability

Oxidative 
degradation and 
microbial growth 
reduce fuel quality 
over time.

Implement 
advanced storage 
systems with 
moisture control 
and antioxidants to 
prolong stability.

Improved fuel 
shelf life and 
reduced 
maintenance 
costs.

Infrastructure 
Costs

High capital 
investments are 
required for vessel 
retrofits and 
refueling stations.

Encourage public- 
private 
partnerships and 
government 
subsidies to offset 
costs. Explore 
modular 
infrastructure for 
scalability.

Increased 
adoption of 
biodiesel, reduced 
financial burden 
on stakeholders.

Renewable 
Energy 
Integration

Technical 
challenges in 
optimizing hybrid 
systems with 
biodiesel.

Develop integrated 
energy 
management 
systems and 
enhance 
compatibility 
between biodiesel 
generators and 
renewables.

Enhanced energy 
efficiency and 
reduced reliance 
on fossil fuels.

Compatibility 
with Marine 
Engines

Biodiesel blends 
may increase wear 
and tear in 
traditional marine 
engines.

Invest in materials 
research to improve 
biodiesel 
compatibility with 
existing engine 
designs and 
components.

Extended engine 
lifespan and 
improved 
performance with 
biodiesel blends.
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reliability of maritime vessels, floating platforms, and offshore in
stallations. Studies suggest that biodiesel blends can result in a 5–10 % 
decrease in power production in extreme conditions compared to reg
ular diesel, mainly attributable to poorer energy density and alterations 
in fuel viscosity [58]. The corrosive properties of biodiesel, intensified 
by water and pollutants, can result in increased deterioration of engine 
components and marine infrastructure, including pipes and fuel tanks. 
This requires continuous study to develop appropriate materials and 
coatings that can endure the corrosive impacts of biodiesel and improve 
the durability of marine equipment [59].

5.3. Addressing cold flow issues

The cold flow characteristics of biodiesel pose a considerable chal
lenge within marine applications, particularly in temperate zones where 
diminished temperatures may induce fuel gelling or wax crystallization, 
thereby precipitating operational interruptions. This constraint is pre
dominantly ascribed to the elevated saturated fatty acid composition of 
biodiesel relative to conventional diesel fuels. Nevertheless, recent in
novations have yielded effective methodologies to mitigate these con
cerns [60].

The incorporation of additives, such as methyl esters, has demon
strated potential in enhancing the cold flow characteristics of biodiesel 
by decreasing both its pour point and cloud point. Furthermore, the 
deployment of thermal management systems, encompassing fuel pre
heaters and insulated fuel conduits, has been instituted to sustain 
optimal fuel flow during sub-zero environmental conditions [61].

Recent empirical investigations further elucidate the efficacy of 
nano-enhanced additives, which integrate materials such as metallic 
nanoparticles or graphene oxide. These additives augment fuel fluidity 
and thermal stability, culminating in a 15 % improvement in cold flow 
performance. Such advancements ensure operational efficacy even 
amidst severe marine conditions, thereby diminishing the likelihood of 
engine stalling and fuel system obstructions.

Through the integration of these technologies, biodiesel is positioned 
to surmount one of its principal obstacles to widespread adoption in the 
marine sector. These solutions, when synergized with advancements in 
hybrid systems and fuel injection technologies, significantly bolster the 
viability of biodiesel as a sustainable alternative for maritime operations 
[62].

5.4. Ocean pollution and biofouling

Biodiesel, although praised for its reduced toxicity and environ
mental advantages, might affect biofouling and corrosion mitigation in 

maritime technologies due to its chemical characteristics. Biodiesel’s 
superior biodegradability renders it less detrimental to marine envi
ronments in the event of spills, as it generally decomposes within 28–30 
days. Nonetheless, its application may facilitate the proliferation of 
microbes and biofilms, resulting in heightened biofouling on vessel hulls 
and offshore structures. Biofouling not only elevates drag and fuel 
consumption—potentially by 10–15 %—but also escalates maintenance 
expenses for cleaning and repairs [63]. Moreover, although biodiesel’s 
diminished sulfur content mitigates acid rain and ocean acidification, it 
may be deficient in specific anti-fouling characteristics present in con
ventional fuels. Research is underway to create biodiesel formulations 
that include biocides or other chemicals to prevent biofouling while 
ensuring environmental safety. Table 5 summarizes the obstacles to 
biodiesel use in maritime engineering, integrating the latest techno
logical and numerical data [64].

6. Marine infrastructure and operational adaptations for 
biodiesel use

6.1. Ports and refueling stations for biodiesel

As the maritime sector embarks on a transition towards environ
mentally sustainable fuel alternatives, ports across Europe and various 
other regions are proactively modernizing their infrastructures to 
facilitate the utilization of biodiesel. Prominent European ports, 
including Rotterdam and Hamburg, have allocated approximately €50 
million for the establishment of specialized biodiesel refueling stations 
and storage infrastructures. These enhancements incorporate corrosion- 
resistant materials to address the distinctive chemical characteristics of 
biodiesel, thereby ensuring the longevity and resilience of the infra
structure. Furthermore, sophisticated sensors and monitoring systems 
have been implemented to uphold biodiesel quality throughout storage 
and to optimize the efficiency of the refueling process. It is projected that 
these initiatives will lead to a reduction in greenhouse gas emissions 
from regional shipping fleets by 25 % by the year 2025 [67].

Concurrently, India is undertaking substantial advancements to 
bolster biodiesel infrastructure at its principal coastal ports. Collabora
tive efforts between governmental bodies and the private sector are 
aimed at augmenting storage and bunkering capacities in response to the 
escalating demand from both the commercial shipping and fishing sec
tors. Forecasts suggest a 20 % increase in biodiesel supply at Indian ports 
by 2026, propelled by the growing implementation of biodiesel blends 
within maritime operations [68]. These initiatives underscore the global 
transition towards environmentally sustainable maritime methodolo
gies, wherein investments in infrastructure are pivotal for mitigating 

Table 5 
The barriers to biodiesel use in maritime engineering utilizing the latest technology [65,66].

Challenge Category Specific Challenge Technical Details Numerical Data Proposed Solutions Impact on Operations

Technological Barriers Storage Stability Biodiesel deteriorates within 
6–12 months in adverse 
conditions

Oxidation leads to a 15–20 
% loss in fuel quality

Temperature-regulated 
storage, fuel additives

Increased storage costs and 
fuel management

Cold Flow Issues Gelling occurs at temperatures 
below − 10 ◦C to − 15 ◦C

Viscosity increases by 
30–50 % in cold climates

Use of cold-flow improvers, 
heating systems

Impaired engine efficiency, 
especially in polar regions

Fuel Filter and 
Injector Clogging

Accumulation of deposits due to 
biodiesel’s chemical breakdown

Filters clogged 2x faster in 
moisture-rich 
environments

Enhanced filtration systems 
and oxidation inhibitors

Elevated maintenance and 
repair costs

Fuel Performance in 
Harsh Conditions

Combustion 
Efficiency in Rough 
Seas

Reduced energy density and 
inconsistent combustion

5–10 % reduction in power 
output

Fuel blend optimization 
and engine tuning for 
biodiesel

Lowered vessel reliability in 
extreme weather

Corrosion and 
Material Degradation

Corrosion due to water and 
impurities in biodiesel

20–30 % faster wear in 
biodiesel-exposed 
components

Anti-corrosion coatings, 
advanced materials

Higher maintenance costs for 
engines and fuel tanks

Ocean Pollution and 
Biofouling

Biofouling on Vessel 
Hulls

Increased microbial growth due 
to biodiesel’s biodegradability

10–15 % increase in fuel 
consumption due to drag

Biocides and biofilm- 
resistant coatings

Elevated cleaning and 
maintenance costs

Corrosion of Marine 
Infrastructure

Higher biodegradability 
accelerates bio-corrosion

10–20 % faster degradation 
of pipes and tanks

Corrosion-resistant 
materials and coatings

Shortened infrastructure 
lifespan, higher replacement 
costs
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ecological repercussions and facilitating the seamless integration of 
alternative fuels.

6.2. Vessel design modifications

Marine boats are experiencing substantial design alterations to 
improve biodiesel compatibility. Significant modifications encompass 
the installation of gasoline tanks with insulated linings, which assist in 
preserving optimal fuel temperatures to avert gelling, particularly in 
conditions below − 5 ◦C. Upgraded piping systems with diameters 
enlarged by 15 % are being installed to accommodate the higher vis
cosity of biodiesel and reduce clogging hazards [69]. Moreover, so
phisticated common rail fuel injection systems are already employed in 
marine engines, facilitating accurate fuel flow regulation. This method 
can enhance biodiesel combustion efficiency by 5–10 %, and research 
indicates that such adjustments can result in a 12–15 % improvement in 
overall fuel efficiency, hence decreasing emissions and operational ex
penses for vessels [70].

6.3. Offshore platforms and floating structures

Oil rigs and floating production storage units are two examples of 
offshore platforms that are now undergoing the process of incorporating 
biodiesel into their energy systems. According to the findings of recent 
studies, the consumption of biodiesel can result in a reduction of GHG 
emissions by twenty to thirty percent. Compared to conventional fuel. 
Platforms in the North Sea with biodiesel-powered generators exhibit a 
25 % reduction in NOx emissions and notable operational advantages 
[71]. Moreover, hybrid systems integrating biodiesel with renewable 
sources like wind and solar are being implemented, improving energy 
resiliency and diminishing dependence on fossil fuels. By 2030, 30 % of 
offshore energy operations will utilize biodiesel, facilitating cleaner 
energy production and adherence to rigorous environmental standards 
[72].

6.4. Maintenance and operational procedures

Due to its unique characteristics, implementing biodiesel requires 
maintenance and modifications to operational procedures. Studies 
demonstrate that boats utilizing biodiesel blends, namely B20 (20 % 
biodiesel), necessitate 30 % more frequent fuel filter repairs than those 
operating on conventional diesel [73]. To tackle this issue, vessels are 
employing sophisticated fuel filtering systems specifically engineered to 
manage the distinct problems presented by biodiesel. Furthermore, due 
to biodiesel’s increased susceptibility to oxidation, operators must 
implement stringent fuel quality monitoring protocols and utilize sta
bilizers to prolong fuel longevity. Inspection and maintenance intervals 
for injectors and fuel pumps may require a 10–15 % reduction to address 
biodiesel’s distinct wear patterns, resulting in a 15 % increase in overall 
maintenance expenses while enhancing engine longevity and reliability 
[74].

6.5. Logistics and supply chain adjustments

Securing a dependable supply of biodiesel for maritime operations 
poses considerable logistical difficulties, particularly concerning long- 
distance transportation and the navigation of international waterways. 
In India, with the escalation of biodiesel production derived from 
feedstocks such as Jatropha curcas and waste cooking oil (WCO), the 
need for specialized storage solutions becomes crucial. These systems 
necessitate strict temperature regulation and moisture management to 
avert the degradation of biodiesel during both storage and transit. 
Research indicates that the incorporation of biodiesel into shipping 
supply chains can augment operational costs by 10–15 %, predomi
nantly attributable to the requisite infrastructure enhancements and 
specialized storage systems [75].

In response to these challenges, shipping companies are investigating 
the establishment of multi-fuel bunkering stations, which enable vessels 
to refuel with both biodiesel and conventional fuels in accordance with 
regional availability. These stations are engineered to accommodate 
diverse biodiesel blends, thereby ensuring adaptability within supply 
chains. By the year 2028, the global capacity for biodiesel bunkering is 
projected to expand by 18 %, spurred by environmental regulations and 
the increasing demand for versatile and sustainable fuels in maritime 
operations [76].

Table 6 delineates an overview of pivotal infrastructure and opera
tional modifications necessary for the integration of biodiesel into ma
rine systems. Notable advancements encompass substantial investments 
in refueling stations, vessel retrofitting aimed at enhancing fuel effi
ciency, hybrid systems deployed on offshore platforms, and improve
ments in supply chains to facilitate the storage and distribution of 
biodiesel. For instance, European ports are allocating €50 million to
wards the establishment of biodiesel-specific refueling stations, with an 
objective of achieving a 25 % reduction in GHG emissions by 2025. The 
retrofitting of vessels with insulated fuel tanks and upgraded piping 
systems is anticipated to yield a 12–15 % improvement in fuel efficiency, 
although retrofitting older vessels presents inherent challenges. Simi
larly, offshore platforms that integrate hybrid systems utilizing biodiesel 
alongside renewable energy sources are projected to achieve a 25 % 
reduction in NOx emissions by the year 2030.

6.6. Feedstock analysis and innovations

Algae-derived biodiesel has emerged as a revolutionary alternative 
to mitigate the feedstock constraints inherent in traditional biodiesel 
production methodologies. Algae present unparalleled benefits as a 
source of biodiesel feedstock, characterized by elevated lipid concen
trations, accelerated growth velocities, and the capacity to flourish in 
non-arable terrains utilizing saline or wastewater resources. These 
properties significantly reduce competition with food crops and bolster 
environmental sustainability. Notably, the cultivation of algae can 
produce more than 20,000 liters of biodiesel per hectare on an annual 
basis, a figure that vastly surpasses the yields obtained from conven
tional feedstocks such as soybean (400 liters per hectare) and palm oil 
(6000 liters per hectare) [79].

In addition to its substantial yield potential, algae cultivation is 
congruent with broader ecological objectives. Algae possess the ability 
to sequester considerable quantities of CO2 during photosynthesis, 
thereby contributing to the mitigation of GHG emissions. Moreover, the 
incorporation of algae cultivation into wastewater treatment frame
works provides dual advantages: the generation of biofuels and the 
purification of water, which enhances its environmental efficacy.

Even with these merits, challenges relating to scalability and cost 
persist as formidable obstacles. The cultivation process of algae neces
sitates meticulous environmental regulation and specialized infra
structural components such as photobioreactors or open-pond systems, 
which entail significant financial investments. Additionally, lipid 
extraction techniques, encompassing solvent extraction and mechanical 
pressing, are both energy-intensive and costly. Advancements in genetic 
engineering aimed at developing algae strains with enhanced lipid 
content, alongside progressive extraction technologies such as enzy
matic methods or supercritical CO₂ extraction, are imperative for 
reducing expenses and augmenting efficiency.

By tackling these impediments through sustained research and 
technological advancements, algae-based biodiesel has the potential to 
evolve into a scalable and sustainable feedstock, presenting a feasible 
pathway for the decarbonization of the maritime sector and beyond 
[80].
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7. Future prospects in ocean technology with biodiesel

7.1. Algae-based biodiesel for oceanic applications

Biodiesel produced from algal sources emerges as an exceptionally 
promising renewable energy alternative for maritime applications, 
capitalizing on the remarkable oil yield capabilities exhibited by marine 
algal species, including Schizochytrium and Phaeodactylum tricornutum. 
These algal organisms possess the ability to produce oils that can 
constitute as much as 30 % of their dry biomass. Recent innovations in 
photobioreactor technology have achieved enhancements in oil yield by 
as much as 50 % when juxtaposed with conventional open-pond culti
vation systems, thereby augmenting the scalability and efficacy of algal 
cultivation. Algae-derived biodiesel facilitates a reduction in carbon 
dioxide emissions surpassing 70 % relative to traditional fossil fuels, 
thus making substantial contributions to initiatives aimed at oceanic 
carbon sequestration. Moreover, its significant biodegradability offers 
essential ecological advantages, as empirical studies indicate that 95 % 
of biodiesel sourced from algae undergoes decomposition within 21 days 
in marine ecosystems. These characteristics establish algal biodiesel as a 
sustainable and efficacious remedy for mitigating marine pollution and 
advancing global decarbonization objectives within the maritime sector 
[81,82].

7.2. Hybrid power systems

Hybrid power systems that amalgamate biodiesel with renewable 
oceanic energy sources, including tidal, wind, and solar energy, signify a 
pivotal advancement in diminishing the carbon footprint associated 
with maritime activities. In the North Sea, experimental projects that 
integrate biodiesel with offshore wind turbines have realized a 30 % 
reduction in total energy consumption through the application of inte
grated energy management frameworks [83]. Furthermore, tidal energy 
installations in conjunction with biodiesel generators have evidenced a 
25 % decrease in fuel consumption. The incorporation of solar energy 
systems alongside biodiesel generators has further augmented energy 
efficiency, with observed enhancements ranging from 20 % to 35 % 
[84]. By the year 2030, the proliferation of hybrid power systems in 
maritime applications is projected to experience a growth of 40 %, 
propelled by heightened investments in sustainable technologies and the 
imperative to achieve global emission reduction objectives.

7.3. Ocean technology and autonomous vessels

The innovation of biodiesel-powered autonomous marine vehicles 
(AMVs) is instrumental in facilitating sustainable oceanic exploration 

and environmental surveillance. The implementation of biodiesel pro
pulsion enhances operational range by an estimated 20–30 % when 
compared to traditional diesel-powered vessels. Recent prototypes of 
biodiesel-fueled AUVs have successfully performed prolonged missions 
extending beyond 30 days utilizing a B50 biodiesel blend, resulting in a 
reduction of operational emissions by as much as 40 % [85]. Addition
ally, the cleaner combustion characteristics of biodiesel contribute to a 
minimization of NOx emissions, thereby favorably impacting marine 
biodiversity and ecosystem vitality. This technological advancement is 
anticipated to spur a 25 % annual growth in the market for 
biodiesel-powered AUVs, driven by progress in sensor technologies and 
an escalating demand for real-time oceanographic data [86]. Fig. 3
highlights the key benefits of incorporating biodiesel into marine tech
nology, including up to an 80 % reduction in GHG emissions, lower PM 
and CO emissions, and moderate improvements in energy efficiency, 
operational range, and fuel availability [69].

Table 7 illustrates those advancements in algae-derived biodiesel, 
hybrid power systems, and biodiesel-powered AMVs confer substantial 
advantages, including a reduction in CO₂ emissions by as much as 70 %, 
a decrease in fuel consumption by 30 %, and enhanced operational 
ranges. Nevertheless, obstacles such as elevated capital expenditures, 
the variability of renewable energy sources, and constraints associated 
with biodiesel storage necessitate the implementation of focused tech
nological and financial interventions.

8. Conclusion

Biodiesel occupies a central position in the enhancement of marine 
technology while simultaneously addressing the critical global need for 
marine decarbonization. With the implementation of rigorous emissions 
regulations continuously transforming the maritime industry, biodiesel 
presents itself as a renewable and environmentally sustainable substi
tute for conventional marine fuels. Research indicates its capacity to 
diminish GHG emissions by 20–30 % and PM by as much as 60 %, 
thereby substantially alleviating the ecological repercussions of mari
time activities. Algae-derived biodiesel integrates high productivity 
with carbon sequestration potential, rendering it a scalable and sus
tainable strategy for diminishing the sector’s carbon footprint.

From a regulatory standpoint, the incorporation of biodiesel is 
congruent with global emissions reduction objectives and facilitates 
adherence to international standards such as the IMO 2030 and 2050 
decarbonization targets. From an economic viewpoint, biodiesel pro
vides enduring cost advantages by diminishing dependence on volatile 
fossil fuel markets and bolstering energy security. Nevertheless, the 
transition entails certain challenges. Increased viscosity, inadequate 
cold flow characteristics, and infrastructural deficiencies necessitate 

Table 6 
Infrastructure and operational adaptations for biodiesel integration in marine systems [44,77,78].

Category Adaptation Technical 
Specification

Numerical Data Cost Estimate Timeline Impact/Benefit Challenges

Ports and 
Refueling 
Stations

Installation of 
biodiesel-specific 
refueling stations

Corrosion- 
resistant materials, 
advanced sensors

€50 million 
investment in 
European ports

€2–5 million per 
station

By 2025 25 % reduction in 
GHG emissions

High initial 
infrastructure costs

Vessel Design 
Modifications

Insulated fuel tanks, 
upgraded piping 
systems

15 % wider piping, 
insulated tanks

12–15 % 
improvement in fuel 
efficiency

€100,000 per 
vessel upgrade

Ongoing Reduced clogging, 
improved cold- 
weather 
performance

The complexity of 
retrofitting older 
vessels

Offshore 
Platforms

Hybrid biodiesel- 
renewable energy 
systems

Integration with 
wind/solar energy

30 % of offshore 
energy operations will 
use biodiesel by 2030

€1–2 million per 
platform

By 2030 25 % reduction in 
NOx emissions, 
cleaner energy

Integration with 
variable renewable 
energy sources

Maintenance 
and 
Procedures

Frequent fuel filter 
replacements, 
advanced fuel filters

B20 requires 30 % 
more frequent 
filter changes

10–15 % shorter 
maintenance intervals 
for injectors/pumps

15 % increase in 
maintenance 
costs

Immediate/ 
continuous

Enhanced engine 
longevity, improved 
reliability

Increased 
maintenance 
expenses

Supply Chain 
Adjustments

Multi-fuel bunkering 
stations, temperature- 
regulated storage

Specialized 
storage with 
moisture control

18 % rise in global 
biodiesel bunkering 
capacity by 2028

€500,000 per 
bunkering 
station

By 2028 10–15 % increase in 
operational costs

Securing consistent 
biodiesel supply 
globally
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focused technological advancements and policy incentives to promote 
widespread adoption. Innovations such as sophisticated fuel injection 
technologies, insulated storage solutions, and multi-fuel refueling 
infrastructure illustrate the advancements being realized.

By establishing biodiesel as a fundamental element of sustainable 
maritime energy frameworks, the industry can attain considerable 
environmental advantages, fulfill international policy aspirations, and 
bolster economic resilience. Ongoing research and investment in infra
structure, hybrid energy systems, and diversified feedstocks will be 
essential in surmounting existing obstacles and guaranteeing the wide
spread utilization of biodiesel as a sustainable marine fuel.

9. Future prospects

The trajectory of sustainable marine technology is fundamentally 
intertwined with the amalgamation of biodiesel and emergent in
novations. Hybrid energy systems that incorporate biodiesel alongside 
renewable energy sources, such as tidal, solar, and wind energy, are 

anticipated to improve energy efficiency by 20–35 %, thereby providing 
a viable route to decrease reliance on fossil fuels. Algae-based biodiesel, 
with its capacity to yield over 20,000 liters per hectare annually and to 
sequester up to 70 % of CO₂ emissions, possesses significant potential as 
a scalable and environmentally benign feedstock. The evolution of 
biodiesel-powered AMVs signifies another auspicious frontier, as these 
vessels can achieve operational ranges that are 20–30 % greater than 
those of conventional diesel-powered systems. Ongoing research into 
fuel compositions, hybrid configurations, and diversification of feed
stocks will be critical in surmounting the limitations of biodiesel and 
facilitating its broader adoption. By emphasizing biodiesel and fostering 
advancements in maritime technology, the sector can align itself with 
international decarbonization objectives and progress toward a more 
environmentally sustainable future.
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Fig. 3. Enhancements from the integration of biodiesel in marine technologies.

Table 7 
Potential and impacts of biodiesel in oceanic technological innovations [87–89].

Category Application Technical 
Specification

Numerical Data Cost Estimate Timeline Impact/Benefit Challenges

Algae-Based 
Biodiesel

Algae-derived 
biodiesel for 
marine 
applications

Use of Schizochytrium 
and Phaeodactylum 
algae

Up to 50 % increase in oil 
yield, 95 % 
biodegradability

€1–2 million per 
photobioreactor

By 2030 70 % reduction in CO₂ 
emissions, biodegrades 
in 21 days

Scaling algae 
cultivation, high 
capital costs

Hybrid 
Power 
Systems

Biodiesel with 
tidal, wind, and 
solar integration

Biodiesel-wind 
hybrid, solar panel 
integration

30 % reduction in fuel 
usage, 20–35 % energy 
efficiency

€500,000 per 
system

By 2030 40 % rise in hybrid 
systems, 25 % fuel use 
reduction

Complex 
integration, 
renewable 
intermittency

AMVs Biodiesel-fueled 
AUVs for ocean 
exploration

B50 biodiesel blends 
for AUV propulsion

20–30 % range increase, 
40 % reduction in NOx 
emissions

€200,000 per AMV Ongoing Extended missions up to 
30 days, lower 
emissions

Battery life, 
biodiesel storage 
limitations

Jatropha- 
Based 
Biodiesel

Jatropha biodiesel 
for marine engines

High oil yield, low 
sulfur content

Yield: ~2000 liters/ha, 
60–70 % lower CO₂ 
emissions

€800–1200 per ton 
of biodiesel

By 2028 Reduced deforestation 
impact, improved rural 
economy

Land use 
competition, scaling 
for marine use

Waste 
Cooking 
Oil 
Biodiesel

Waste cooking oil 
biodiesel in marine 
vessels

Recycled waste oil 
with antioxidants

Yield: 85 % conversion 
efficiency, 50–80 % 
emission reductions

€300–500 per ton 
of biodiesel

By 2027 Utilizes waste 
resources, minimizes 
environmental 
pollution

Collection logistics, 
variability in 
feedstock quality

D. Christopher Selvam et al.                                                                                                                                                                                                                  Results in Engineering 25 (2025) 103974 

10 



Formal analysis, Data curation. Beemkumar Nagappan: Supervision, 
Resources. Vijay J. Upadhye: Resources, Project administration, 
Funding acquisition. J. Guntaj: Supervision, Funding acquisition. 
Yuvarajan Devarajan: Writing – review & editing, Supervision. Ruby 
Mishra: Project administration, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Data availability

No data was used for the research described in the article.

References

[1] T. Raja, Y. Devarajan, Thermal evaluation of porcelain filler particles in basalt 
fibre-reinforced polymer composites for thermal applications, J. Ther. Anal. Calor. 
(2024) 1–13.

[2] S.K. Nayak, Y. Devarajan, Evaluating ignition improvers on performance and 
emissions of Calophyllum inophyllum biodiesel in turbocharged diesel engines, 
Results Eng. 24 (2024) 103664, https://doi.org/10.1016/j.rineng.2024.103664.

[3] Y. Devarajan, D. Munuswamy, Graphene-enhanced sustainable fuel from 
Calophyllum inophyllum for premixed charge compression ignition engines: 
advancing circular economy and emission reduction, Results Eng. 24 (2024) 
103096, https://doi.org/10.1016/j.rineng.2024.103096.

[4] U. Kesieme, K. Pazouki, A.J. Murphy, A. Chrysanthou, Biofuel as an alternative 
shipping fuel: technological, environmental and economic assessment, Sustain. 
Energy Fuels (2019), https://doi.org/10.1039/C8SE00466H.

[5] S. Sundararaman, J. Aravind Kumar, P. Deivasigamani, Y. Devarajan, Emerging 
pharma residue contaminants: Occurrence, monitoring, risk and fate assessment – 
A challenge to water resource management, Sci. Total Environ. 825 (2022) 
153897, https://doi.org/10.1016/j.scitotenv.2022.153897.

[6] C.S. Damian, Y. Devarajan, R. Jayabal, Biodiesel production in India: prospects, 
challenges, and sustainable directions, Biotechnol. Bioeng. 121 (3) (2024) 
894–902, https://doi.org/10.1002/bit.28643.

[7] J. Herdzik, A. Lesnau, Decarbonization in shipping–the hopes and doubts on the 
way to hydrogen use, Energies (2024), https://doi.org/10.3390/en17184668.

[8] L. Micoli, R. Russo, T. Coppola, Advancing zero-emission maritime solutions: case 
study of an ammonia-powered fuel cell system implementation, Energy Convers. 
Manag. X (2024), https://doi.org/10.1016/j.ecmx.2024.100588.

[9] X. Yan, Z. Gao, Y. Qiu, L. Zhu, Z. Huang, Combustion and emission characteristics 
of ammonia-hydrogen fueled SI engine with high compression ratio, Int. J. Hydrog. 
Energy (2024), https://doi.org/10.1016/j.ijhydene.2024.03.035.

[10] A.V. Barva, S. Joshi, Empowering hybrid renewable energy systems with BESS for 
self-consumption and self-sufficiency, J. Energy Storage (2024), https://doi.org/ 
10.1016/j.est.2024.110561.

[11] A. Singh, Recent advancements in microalgae-based biofuel production, Environ. 
Sci. Eng. (2024), https://doi.org/10.1007/978-3-031-52167-6_14.

[12] Z. Saddique, M. Imran, S. Latif, A. Javaid, S. Nawaz, N. Zilinskaite, M. Franco, 
A. Baradoke, E. Wojciechowska, G. Boczkaj, Advanced nanomaterials and metal- 
organic frameworks for catalytic biodiesel production from microalgal lipids–a 
review, J. Environ. Manag. (2024), https://doi.org/10.1016/j. 
jenvman.2023.119028.

[13] V.G. Nguyen, M.T. Pham, H.C. Le, T.H. Truong, D.N. Cao, A comprehensive review 
on the use of biodiesel for diesel engines, Int. J. Renew. Energy Dev. (2023), 
https://doi.org/10.14710/ijred.2023.54612.

[14] M.A. Nasser, M.M. Elgohary, M. Abdelnaby, M.R. Shouman, Biofuels and 
electrofuels as alternative green fuels for marine applications: a review, Mar. 
Technol. Soc. J. (2023), https://doi.org/10.4031/mtsj.57.3.2.

[15] M. Selvam, R. Arunraj, An experimental study on algae biodiesel with nano- 
additives for engine performance and emission reduction, J. Environ. Nanotechnol. 
(2024), https://doi.org/10.13074/jent.2024.09.242678.

[16] M. Mofijur, S.F. Ahmed, B.O. Ahmed, T. Mehnaz, F. Mehejabin, S. Shome, 
F. Almomani, A.A. Chowdhury, M.A. Kalam, I.A. Badruddin, S. Kamangar, Impact 
of nanoparticle-based fuel additives on biodiesel combustion: an analysis of fuel 
properties, engine performance, emissions, and combustion characteristics, Energy 
Convers. Manag. X (2023), https://doi.org/10.1016/j.ecmx.2023.100515.

[17] R. Jayabal, Towards a carbon-free society: innovations in green energy for a 
sustainable future, Results Eng. 24 (2024) 103121, https://doi.org/10.1016/j. 
rineng.2024.103121.

[18] W. Zhang, H.M. Cho, M.I. Mahmud, The impact of various factors on long-term 
storage of biodiesel and its prevention: a review, Energies (2024), https://doi.org/ 
10.3390/en17143449.

[19] S. Karthikeyan, A. Prathima, K. Sabariswaran, An environmental effect of nano 
additive on performance and emission in a biofuel-fuelled marine engine, Int. J. 
Renew. Energy Dev. (2015).

[20] K. Jayaraman, S. Veeraraghavan, M. Sundaram, E.G. Varuvel, Assessing the impact 
of sargassum algae biodiesel blends on energy conversion in a modified single- 

cylinder diesel engine with a silica-incorporated diamond-like coated piston, 
Energy Sources Part A Recov. Util. Environ. Eff. 46 (1) (2024) 6882–6897, https:// 
doi.org/10.1080/15567036.2024.2356709.

[21] N. Mohanrajhu, S. Sekar, R. Jayabal, R. Sureshkumar, Screening nano additives for 
favorable NOx/smoke emissions trade-off in a CRDI diesel engine fueled by 
industry leather waste fat biodiesel blend, Process Saf. Environ. Prot. 187 (2024) 
332–342, https://doi.org/10.1016/j.psep.2024.04.115.

[22] K.A. Sorate, P.V. Bhale, Biodiesel properties and automotive system compatibility 
issues, Renew. Sustain. Energy Rev. (2015), https://doi.org/10.1016/J. 
RSER.2014.08.079.

[23] S. Rajendran, B. Duraisamy, E. Murugesan, C. Prakash, Environmental exhaust 
emissions reduction and performance improvement analysis of biodiesel-operated 
diesel engine performance using operating parameters, Glob. Nest J. (2024), 
https://doi.org/10.30955/gnj.06279.

[24] M.F. Ortega, F. Poblet, P. Mora Peris, J. Pous de la Flor, Empirical comparisons and 
correlations between cetane number and physicochemical properties of biodiesel 
fuels, Dyna (2024), https://doi.org/10.6036/10955.

[25] Y. Devarajan, D.B. Munuswamy, A. Mahalingam, Performance, combustion and 
emission analysis on the effect of ferrofluid on neat biodiesel, Process Saf. Environ. 
Prot. 111 (2017) 283–291, https://doi.org/10.1016/j.psep.2017.07.021.
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