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The article presents an extensive summary of the literature published recently and a prospective evalu-
ation of the future outlook of biofuels to continue the marine transportation, which delivers more than
90% of global products and 3% of the global GHG emissions. With the issues of climate change being
of global interest and countries planning to address the negative impacts of climate change, the industry
is bound to be forced to utilize alternative fuels. Among potential alternative fuels, biofuels has found
favor of a vast array of communities due to its tremendous emission reduction potential and the use of
renewable feedstocks although there are numerous issues regarding economic viability, availability of
secure and sustainable feedstock and the absence of matured technologies to overcome these challenges.
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1. Introduction.

With the world society trying to address the rising climate
change concerns, the maritime transport industry that transacts
about 90% of the world trade is increasingly being pressurized
to go green. According to Bouwer (2019), the maritime indus-
try contributes an almost three percent to the total GHGs in the
entire world, implying that the industry takes the great respon-
sibility of the climate change issue and that alternative solu-
tions are urgently needed. Biofuels are also among the most
feasible alternatives to reduce the GHGs and meet the low car-
bon transition targets. However, the introduction of biofuels
into maritime transport is associated with a number of com-
plex challenges that require a complex approach to address and
take advantage of the opportunities provided by them. Being
one of the potential solutions to reduce GHGs, biofuels made
out of organic materials, e.g., plants and waste, play a great
role in reducing the carbon footprint of maritime shipping and
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demonstrated their promising potential in meeting the interna-
tional climate targets and developing a low carbon economy.
Their extensive application would be likely to reduce greatly
the CO2 and other greenhouse gases emissions, hence result-
ing in better air quality and environment. Also, biofuels can be
produced locally and therefore it would be anticipated to reduce
reliance on imported fossil fuels and consequently enhance the
energy security.

Despite the potential that has been seen in biofuels and their
use in maritime transport reduction of carbon footprint, there
are various challenges that can be considered as major barri-
ers to their integration in maritime transport. The foremost one
is the economics. In the present scenario, biofuels are not as
cheap to produce and run compared to the traditional marine
fuels and it is a significant impediment to their large-scale use.
The distance between is even greater in the case of biofuel dis-
tribution and storage that would need massive investment to be
in place so that the infrastructure becomes developed. It would
be difficult to overcome this barrier until the production and op-
eration costs are lowered through developments and appropri-
ate government support policy is offered. Another critical one is
sustainability. Although mass production of biofuel feedstock,
particularly food crops can be problematic to the global food
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security and increase the conflict between land use and land
use, the effects of its production on the environment, including
the intensive use of fresh water as well as forest ecosystems de-
struction, should not be condoned. Thus, the studies of sustain-
able biofuel feedstock (including waste materials or non-food
plants) are urgently needed.

The other important factor in the adoption of biofuels in the
maritime transport industry is adaptation of technology. Ships
are usually built to use fossil fuels and the change of fuel could
demand some modification of ships as biofuel has a different
chemical structure and energy density to the conventional fuel.
The technological obstacles and expenses incurred in retrofitting
ships and redesigning engines may be colossal. In addition,
the biofuel should be able to satisfy the high safety and per-
formance requirements in the maritime transport. Although
the above challenges have been cited, the biofuels nonetheless
hold a promising future in the shipping industry to decarbonize
the industry and speed up the process of becoming sustainable,
which can all be achievable through the great backing of the
industry players, the government policies and the cooperation
between the research institutes and market participants. The
operations cost will be lowered with the help of subsidies, tax
incentives, policies, research and innovation to hasten the de-
velopment and adoption of biofuels. With proper strategy and
research, the challenges should be minimized and benefits of
biofuel in maritime transport are expected to be maximized in
the future as suggested by Ltkepohl (2021).

2. Literature Review.

The contemporary Maritime and Transport industry is be-
ing influenced by a combination of technological changes, en-
vironmental needs and economic pressures. In an attempt to
achieve environmental sustainability and reduce carbon emis-
sions, a host of green fuels, such as biofuels, hydrogen, am-
monia and synthetics, become more and more considered as
vital. According to the recent cycle of studies by Oloyede et al.
(2024) and Kumar et al. (2025), despite the high environmental
value, green fuels are economically problematic to be used in
large amounts because of their high cost of production, current
infrastructural needs, and unstable policies. Another alternate
fuel discussed by Das (2024) is biomass energy and its mer-
its and disadvantages-availability of feedstock, and conversion
efficiency of biomass energy.

The introduction of future technologies such as digitization,
automation and AI based systems in the Maritime sector are
perceived to be at the core of efficiency and general sustain-
ability (Alamoush and ler, 2025 and Mba, 2024). High start-
up price, the current regulatory environment and the need to
hire skilled employees are significant challenges that should be
overcome. This has also resulted in the environmental compli-
ance pressures that come with the modernization of the Mar-
itime industry as defined by Ali (2025). Naval and commer-
cial shipping using alternative fuels is a compounded choice
that requires a trade-off between operational and safety and en-
vironmental standards as pointed out by Hodgson (2024) and

Saxena (2024). Karakas et al. (2024) position Maritime sus-
tainability in the context of Circular Economy, emphasizing the
efficiency of the resources. The theme of energy transition in
the transport sector including aviation has been revisited, and
the general problem of technological maturity, economic via-
bility and policy coordination has been reported in articles such
as those of Dui et al. (2024) and Lohawala and Wen (2024),
and Ebrahimi and Gholamzadeh provide a framework to ad-
dress future challenges in the Maritime industry with flexible
approaches.

3. The Necessity of the Sustainable Solutions.

The maritime shipping, which has caused a sizable portion
of the global trade, is nowadays getting more attention because
of the enormous environmental footprint of the industry. The
shipping industry, that is responsible for the transportation of al-
most 90% of goods, is the main cause for GHG emissions, pro-
ducing nearly 3% of the total global amount (Ltkepohl, 2021).
The CO2 emitted by ships is getting increased attention given
the increasing focus on the reduction of world warming to less
than 2 degrees Celsius, and the achievement of the goals of the
Paris Agreement. Ship engines burning heavy fuel oil (HFO)
and marine diesel oil (MDO) are the major contributors of GHG
in maritime transport. These fossil fuels, even though cheap
and very energy efficient, release a lot of co2, SOx, NOx and
particulates matter, which leads to global warming as well as
health issues along the coastline and in port cities. To mitigate
the effect on health and climate change, IMO has controlled the
amount of sulfur in marine fuel by the IMO 2020 sulfur cap,
which establishes the new international standard of sulfur in
marine fuel at not more than 0.5 per cent, as opposed to 3.5 per
cent before. The economic and regulatory factors are driving
the maritime transport sector to find greener alternatives. By
2030 and 2050, IMO targets a minimum of 40 percent and 50
percent decrease in carbon intensity and overall yearly GHG
emission respectively, relative to the figure in 2008. The ne-
cessity to achieve these targets is essential, and otherwise the
shipping industry will face the threat of sanctions and possi-
ble loss of operation licenses. Besides, the increasing customer
and investor awareness and demand compel the companies to
be environmentally friendly. Failure to meet the sustainability
requirements will result in the growth of negative publicity and
loss of market share.

The implementation of sustainability measures in maritime
transport is associated with technological and logistical chal-
lenges. The existing vessels and infrastructure do not accom-
modate alternative fuels hence retrofit and maintenance of alter-
native fuels is costly and challenging. A great diversity of ship
types, age and size is existing, therefore a common solution is
not always possible. The most trendy one at the moment is to
substitute HFO/MDO marine fuel with biofuel, which helps a
lot in cutting GHGs emissions, since it is produced out of re-
newable resources in the form of plant oils, animal fats, and
wastes and processed without causing any harm to the environ-
ment, and its carbon footprint is less than that of fossil fuels.
Higher quality biofuels such as those obtained with the help of
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algae or lignocellulosic biomass have more positive effects on
the environment and do not pose a threat to food security. The
key issue with the use of biofuels in the maritime transport is
its cost and scale because at the present stage of its develop-
ment the technology of biofuel production is still young and the
prices of production are still high. Nevertheless, further tech-
nological advancement will assist in realizing reduced costs of
production and the government subsidies and policies may de-
crease its price in the market in a medium-term.

The adoption of biofuels as maritime transport fuels requires
an international cooperation and supporting policies to be suc-
cessful. International standards and regulations can be harmo-
nized and contribute to the increased global acceptance of bio-
fuels, and collaborative research can enhance the rate of tech-
nological development. Its stakeholders in the industry, govern-
ment of nations, and International Maritime Organization ought
to work together in ensuring the availability of sustainable mar-
itime fuels. The necessity of maritime transport sustainability is
obvious and pressing, due to the environmental and economic
needs and regulations to change the existing application of fos-
sil fuels to other forms. Depending on the development of tech-
nology and the international and national policy implementa-
tion, biofuels have a great potential in the sector with regard to
greenhouse gas reduction and a sustainable future of the mar-
itime transport can be established.

4. Biofuel Adoption opportunities: Adopting Technological
Advances.

To use biofuels in cleaner maritime transport, there are a
number of opportunities to tap the full potential of biofuels.
One of the most important ways of introducing this alterna-
tive into the everyday practice is to further the technology in
different spheres of biofuel production, integration with renew-
able energies, and making the biofuel more efficient. By taking
advantage of the latest technological advances the maritime in-
dustry will be able to evolve its use of cleaner energy sources,
thereby reducing carbon emission and helping to achieve the
global climate change targets, at the same time which will be
sustainable and profitable to the industry.

4.1. Technologies of advanced biofuels.

The development of the technological sphere of bio fuel
production has been quite quick in recent years and it offers the
special opportunities which justify its application in maritime
transportation. Non-food (2G) biofuels derived out of foresty
residues, agricultural waste, and genetically modified energy
crops are proving to be of particular importance. The produc-
tion of 2G biofuels does not affect the availability of food, un-
like the first-generation biofuels which use food as their source
of production, hence, there is no competition of land use be-
tween food production and production of biofuels. Hydroly-
sis and fermentation have been greatly enhanced by enzyme
activities to make biofuel production more efficient. In these
processes the lignocellulosic biomass is converted into sugars
and then further into biofuel (e.g. Bioethanol) by fermenting

the sugars in the process. Better performing enzymes and im-
proved fermentation processes result in low cost of production
and therefore these biofuels are significantly more competitive
to fossil fuels.
Another major breakthrough has been on the third generation
(3G) biofuels in which algae are the source of production. The
benefit of the 3G biofuels compared to the previous generations
is that they can yield larger volumes of lipids which can be fur-
ther used to generate biodiesel and that it can be grown on non-
arable land using wastewater or other salty water in their place.
The advancements in the photobioreactors have played a ma-
jor role in boosting production of algae. The process is more
enclosed and manageable under a source of light that enables
improved levels of growth and harvests. New harvesting meth-
ods (like dewatering of the biomass) can further increase the
cost efficiency and environmental friendliness of 3G biofuels
production as well. These considerations make algae a viable
source of energy to be used in marine vessels.

4.2. Coexistence with Renewable Energy Sources.

Another highly important innovation that helps in main-
taining sustainability is the integration of biofuel production
processes with renewable energy sources, including solar and
wind. Using the excess energy produced by renewable sources
to power the biofuel manufacturing facilities will give an oppor-
tunity to minimize greenhouse gas (GHG) emissions generated
throughout the biofuel production process (Smith and Johnson,
2022). Where renewable energy production is more than the
actual demand, it is probable that such energy will go to waste
and the energy could be used in producing biofuels instead. Re-
cent developments in battery technologies offer the storage of
this excess energy, and the introduction of renewable energy
sources into the current systems has become easier with the de-
velopment of the smart grid technologies. This allows relying
on renewable energy when it is available and reliable (Davis,
2023) and, consequently, enhances the overall sustainability of
the energy mix and further decreases the reliance on fossil fuels
(Brown et al., 2023; Lee and Chen, 2024; Garcia, 2024).

4.3. Improved Biofuel Performance and Efficiency.

There are a lot of technological improvements that are be-
ing achieved in the efficiency of biofuels. They are enhanced
with new blending technologies and additives that enhance their
combustibility and fuel properties like energy density and sta-
bility. The difference between the chemical makeup of bio-
fuels and conventional marine fuels is technically challenging
and new engines are currently being designed that can handle
such differences. The currently available engines can also be
modified and fitted with more advanced fuel injection systems,
which will maximize the use of biofuel. Other new technolo-
gies are directed at the minimization of emissions formed dur-
ing the combustion of biofuels such as carbon monoxide (CO),
nitrogen oxides (NOx), and particulate matter. It is aimed at re-
ducing the general rates of pollution during maritime transport
and promoting the use of clean energy (Adams, 2023; Miller et
al., 2024; Wilson and Thompson, 2022).
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4.4. Policy Support and Incentives.

The use of biofuels in the maritime sector is a promotional
activity which involves the government policies and incentive
schemes. This is supported by enacting legislation to promote
the use of sustainable fuel, and by an array of fiscal and finan-
cial policies to reduce expenses. Carbon taxes imposed on car-
bon emissions reflecting the economic cost of climate damage
will make biofuels a more appealing economic option as will
policies to encourage renewable fuels like mandates and subsi-
dies. The increased prices in the biofuels will also be alleviated
and the biofuels will become more economically viable as com-
pared to the expensive fossil fuel substitute. This serves as an
economic booster and investment in biofuel technology and in-
frastructure. Policy coordination between the governments of
countries and international agreements are also essential to de-
velop unified standards that will make global trade in biofuels
more possible and will also develop viable markets.

5. Overcoming Challenges.

The industry needs to overcome the challenges posed by the
introduction of biofuels into the maritime transport in order to
achieve the sustainability objectives. Production costs, techni-
cality and sustainability factors should be conquered in order to
generate effective implementation. A set of various policies will
have to be combined, and these will include taking advantage
of technology, proper policies, and International cooperation.
The reduction in production costs, optimizing of technology,
sustainable resources and transborder cooperation are the ma-
jor strategies that the sector requires to attain a cleaner future.

5.1. Improving Economic Viability.

The process of lowering the cost of production is one of the
factors that will make biofuels cost-effective in the maritime in-
dustry. The technology in the production process has also been
very influential, with improvements in technologies. These in-
volve enzyme developments, fermentation method and in the
generation of biofuels out of micro-algae. The better these pro-
cesses, the better the yields and the resultantly reduced cost of
production are. The production volumes of biofuels will also
reduce the prices per unit volume through the economies of
scale, and the availability of more production and storage fa-
cilities will provide the supply of biofuels on a continuous ba-
sis. Government subsidies or tax breaks, introduction of carbon
taxes and cap and trade systems, which add the environmental
cost to fuel prices, can also enhance the economic viability.

5.2. Dealing with Technological Challenges.

Engine and infrastructure developed in modern times are mainly
geared towards fossil fuels. Adapted and/or new engines that
accept biofuels by the way of optimized combustion chambers
and better fuel injection systems need therefore to be developed.
Biofuel distribution and storage infrastructure will also have to
be adapted similarly, to deal with its new properties, which is
an investment in the fuel type and the future of clean transporta-
tion. It is necessary to invest in new technologies and processes

and this is done through research and development on how ef-
ficiency can be enhanced and costs minimized. To test biofuels
in the real-life scenario, testing and development projects will
be essential.

5.3. Ensuring Sustainability.

By using non-food biomass to produce biofuels, there will
be no need to have land use conflicts between food production
and fuel production. The utilization of waste products or the
utilization of by-products of other industries like agriculture or
forestry assists in making biofuels sustainably. Algae and lig-
nocellulosic biomass are of particular interest since they can be
cultivated without affecting food security, or increasing the total
number of other negative environmental impacts like deforesta-
tion. Life-cycle of the biofuel should be assessed to consider
energy and water usage throughout the lifetime of the biofuel
and management processes are needed to reduce the possible
environmental damages. Such measures will make sure there is
a net positive impact on the environment.

5.4. International Cooperation Promotion.

The International cooperation should be strengthened in case
the widespread biofuel adoption is to be reached. The research,
development and production of biofuels have been going through
international collaboration, which can contribute to the faster
rate of technological innovation, boost production efficiency
and lower the cost of biofuels economically. The spread of
knowledge and resources can help other countries to break the
barriers that will prevent further progress and advancement of
markets and trade relations. The trade facilitating agreements
may then be used to increase biofuels accessibility across the
globe, as well as to set standards.

Conclusions.

Implementation of biofuels in the maritime transport indus-
try is a good opportunity to have better sustainability, and to re-
duce the overall environmental impact of the sector. Among the
key factors to enable successful transition, as it is of paramount
importance, the issue of enhanced economic competitiveness
of biofuels can be mentioned. With the enzyme technology,
fermentation, and the growth of algae, the production cost of
biofuels can be lower and therefore they can be able to com-
pete effectively with fossil fuels. In addition, economic incen-
tives, which include the subversion of the government and tax-
ation of carbon, also help make biofuels more competitive, thus
encouraging investment in required technology and infrastruc-
ture. Biofuels also present technical challenges which should
be overcome. The existing marine engines and infrastructures
were mainly developed to burn fossil fuels, so there is a lot of
adaptation to be made to maximize their performance with bio-
fuels. This is through technological innovations like optimized
engine combustion, refined injection and new engine designs.

The ongoing research and development efforts are a pre-
condition to a better and efficient technology that is required
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and pilots projects might assist in offering the required experi-
ence of technology in real operating conditions. The produc-
tion of biofuels is also based on sustainability. It is good that
biomass sources do not lead to any conflict in food production
or environmental degradation. This aspect can be reduced to
a minimum, and the environmental factors can be controlled
through non-food biomass resources, which are based on the
utilization of residues of agricultural processes and algae culti-
vation. Biofuels need policy support in their adoption. Govern-
ment subsidies and financial incentives can boost the demand
and curb economic difficulties through the use of renewable
fuels, which is mandatory. International regulations in agree-
ment would promote international trade and develop the suit-
able market to promote international biofuel exchange. Lastly,
they should work together in terms of technical development
of biofuels and to enhance market availability, at research and
agreement level of trade. In this respect, the world maritime
sector can be brought into a better, and resilient, energetic fu-
ture through efforts. To conclude, through innovation, favor-
able policy environment and proper international cooperation,
the shipping industry will be in a position to implement biofu-
els successfully and eventually achieve the climate objectives.
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