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Abstract - The maritime industry is under increasing pressure to reduce its environmental impact,
particularly its greenhouse gas (GHG) emissions. The adoption of renewable energy technologies on
board ships is seen as a crucial step toward achieving this goal. This review article provides an in-depth
analysis of the current state of renewable energy integration on ships, focusing on the technologies
available, their applications, and the challenges faced. It also explores the future potential of these
technologies and their role in meeting international environmental regulations. The article concludes
with recommendations for further research and development in this field.
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1.0 INTRODUCTION

The maritime industry contributes significantly to global GHG emissions, accounting for nearly 2.5%
of the world’s total carbon dioxide (CO2) emissions (Fun-sang Cepeda et al., 2019). Figure 1 shows
global GHG emission contribution by the maritime industry. This has led to a growing emphasis on the
need to reduce the environmental footprint of ships, particularly through the adoption of renewable
energy technologies. The integration of renewable energy on board ships not only supports global
environmental goals but also offers economic benefits by reducing fuel consumption and operating
costs (Wang et al., 2023).
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Fig. 1. Global GHG emissions contribution by the maritime industry (Yoo et al., 2022)
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The primary sources of renewable energy considered for maritime use include wind, solar, and biofuels.
These technologies have the potential to significantly reduce the dependency on fossil fuels and lower
GHG emissions (Pan et al., 2021). However, the integration of these technologies on board ships
presents several technical, economic, and regulatory challenges that need to be addressed (Animah et
al., 2023). Table 1 shows the overview of renewable energy technologies used in maritime applications.
There are several benefits and challenges for each technology that uses renewable energy. This review
aims to explore these challenges and provide a comprehensive overview of the current state of
renewable energy integration in the maritime industry.

Table 1: Overview of renewable energy technologies used in maritime applications (Huang et al., 2022)

Applications in

Technology Description Maritime Benefits Challenges
Industry
Space constraints
Utilizes Used for Reduces fuel on ships,
photovoltaic (PV) auxiliary power consumption and  efficiency varies
Solar Energy panels to convert  on ships, lighting, emissions, with sunlight
sunlight into and electricity especially in availability and
electricity. generation. sunny regions. weather
conditions.

Wind Energy

Biofuels

Hydrogen Fuel

Cells

Hybrid Systems

Harnesses wind
power using sails,
rotors, or kites
for propulsion
and electricity
generation.

Renewable fuels
derived from
biological
sources like
algae, waste oils,
and agricultural
residues.

Converts
hydrogen into
electricity
through a
chemical
reaction,
producing only
water as a
byproduct.

Combines
multiple energy
sources, such as
solar, wind, and
conventional

Wind-assisted
ship propulsion,
including rigid
sails, Flettner
rotors, and Kites.

Can be used in
existing marine
engines with
minimal
modifications.

Used in
combination with
electric
propulsion
systems for zero-
emission ships.

Hybrid power
systems for
fishing vessels,
cargo ships, and
passenger ships.

Significant fuel
savings and
emissions
reductions,
especially on
long ocean
voyages.

Reduces GHG
emissions and
can be produced
from waste
materials.

Zero emissions,
high efficiency,
and can be
produced from
renewable energy
sources.

Increased
reliability,
reduced fuel
consumption, and
flexibility in

Dependence on
wind conditions,
integration with
existing
propulsion
systems.

High production
costs,
availability, and
potential
competition with
food production.

Storage and
handling of
hydrogen, high
costs, and limited
infrastructure.

Complex
integration and
high initial
investment.
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fuels, to optimize energy
energy use. management.

Enhances energy

Used to store .
efficiency,

Stores energy

generated from erergy for provides backup L|m|t(_ad qurahge
Battery Storage  renewable electric. power, and capacity, high
propulsion and AT costs, and weight
sources for later auxiliary svstems reduces reliance considerations
use. y sy on conventional '

on ships. fuels.

2.0 RENEWABLE ENERGY INTEGRATION IN THE MARITIME INDUSTRY.

The maritime industry, a key player in global trade, is exploring renewable energy sources to reduce
greenhouse gas emissions and transition towards more sustainable operations. Technologies such as
wind-assisted propulsion, solar energy systems, and biofuels offer promising alternatives to traditional
fossil fuels. Wind energy, used for centuries, has seen modern advancements in rotor sails and kite sails,
which can significantly cut fuel consumption. Solar panels provide an efficient way to generate
electricity on ships, reducing reliance on diesel engines. Biofuels derived from organic materials also
offer a renewable alternative, though their large-scale adoption faces challenges. Together, these
innovations hold the potential to reshape the maritime sector into a cleaner, more sustainable industry.

2.1 Wind Energy

Wind energy has been harnessed by the maritime industry for centuries, but modern advancements in
wind technology offer new opportunities for reducing emissions. The use of wind-assisted propulsion
systems, such as rotor sails and Kite sails, can significantly cut fuel consumption and emissions (Seddiek
& Ammar, 2021). These systems are particularly effective on routes with consistent wind patterns,
providing a viable complement to traditional engines. Despite its potential, wind energy integration on
ships faces several challenges. The variability of wind conditions can affect the reliability of these
systems, and their installation may require significant modifications to the ship's design (Thies &
Ringsberg, 2023). Moreover, the economic feasibility of wind-assisted propulsion depends on the
specific operational profile of the ship, including its speed and route (Mason et al., 2023).
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Recent case studies demonstrate the effectiveness of wind energy systems in reducing fuel consumption
by up to 20%, with a corresponding reduction in CO2 emissions (Svendsen et al., 2022). However,
widespread adoption remains limited due to the high initial costs and the need for further technological
advancements (Veers et al., 2023). Future research should focus on improving the efficiency and
reliability of wind energy systems to make them more viable for large-scale maritime applications.
Figure 2 shows the floating offshore wind turbines that are commonly used nowadays.
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Fig 2: Floating offshore wind turbine (Yu et al., 2022)
2.2 Solar Energy

Solar energy is another promising source of renewable energy for the maritime industry. Solar panels
can be installed on the deck and superstructures of ships to generate electricity for auxiliary systems,
reducing the load on diesel generators and cutting emissions (Serris et al., 2023). Solar energy is
particularly attractive because of its reliability and low maintenance requirements.

However, the integration of solar panels on ships is limited by space constraints and the efficiency of
current photovoltaic technology. The amount of energy generated depends on the surface area available
for panel installation and the amount of sunlight received, which varies with the ship’s location and
weather conditions (Tuswan et al., 2022). Additionally, the initial investment cost for solar panel
installation is high, which may deter shipowners from adopting this technology (Esmailian et al., 2019).

Despite these challenges, solar energy has been successfully implemented on several ships, resulting in
significant fuel savings and emission reductions. For instance, the MS Tdranor PlanetSolar, a solar-
powered catamaran, demonstrated the viability of solar energy for maritime applications by completing
a round-the-world voyage in 2012 (Tuswan et al., 2022). Table 2 shows the comparison of energy
generation and efficiency of different solar technologies on ship. Future developments in photovoltaic
technology and energy storage systems could further enhance the potential of solar energy on board
ships.
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Table 2: Comparison of energy generation and efficiency of different solar technologies on ships
(Dawoud et al., 2023)

Solar Technology

Energy Generation
Efficiency

Key Findings

Applications on
Ships

Conventional
Photovoltaic (PV)

Solar-Thermal
Systems

Hybrid
PV/Diesel/Battery
Systems

Hybrid Solar
PV/PEM Fuel
Cell/Diesel

Efficiency varies
based on latitude and
orientation, typically
around 15-20%.

Efficiency depends on
the design; typically,
lower than PV but
useful for heating.

Efficiency depends on
the balance of
components; typically,
around 20-30%.

Varies with
conditions, high
efficiency in optimal
setups

PV systems on ships
reduce fuel
consumption and
GHG emissions
significantly. PV
output fluctuates with
ship movement, but
hybrid systems can
smooth these
fluctuations.

Solar-thermal systems
are effective for
reducing reliance on
fossil fuels for heating
on ships but require
specific design
adaptations due to the
movement of the ship.

Hybrid systems
combining PV with
diesel and batteries
significantly reduce
fuel consumption and
GHG emissions,
offering a reliable and
cost-effective solution
for ships operating on
various routes.

Integration of solar PV
with PEM fuel cells
and diesel generators
provides a cleaner and
more efficient power
generation method,
reducing dependency
on fossil fuels and
minimizing emissions.

Commonly used for
auxiliary power on
ships. Can be
combined with diesel
generators and
batteries.

Can be integrated with
ship systems for
thermal energy
demands.

Optimal for reducing
GHG emissions and
ensuring power
reliability.

Ideal for cruise ships
and vessels requiring
continuous power.
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2.3 Biofuels

Biofuels offer a renewable alternative to conventional marine fuels, with the potential to reduce GHG
emissions significantly. Figure 3 shows biofuel production process and its environmental impacts.
These fuels, derived from biological sources such as algae, waste oils, and agricultural residues, can be
used in existing ship engines with minimal modifications (Mukherjee et al., 2020). The use of biofuels
aligns with the IMQ’s strategy to reduce CO2 emissions from international shipping by at least 40% by
2030(Sullivan & Rossi, 2023).

However, the adoption of biofuels in the maritime industry is hindered by several factors. The
availability and cost of biofuels remain significant challenges, as large-scale production is required to
meet the energy demands of the shipping industry (Mukherjee et al., 2020). Additionally, the
sustainability of biofuels is a concern, as the production process can have environmental impacts,
including deforestation and competition with food production (Tudge et al., 2021).

Despite these challenges, there have been successful trials of biofuels on ships, demonstrating their
potential to reduce emissions. For example, Maersk conducted a pilot project using algae-based biofuel,
which resulted in a 90% reduction in CO2 emissions compared to traditional marine fuel (Xiao et al.,
2022). Continued research and development are needed to improve the efficiency and sustainability of
biofuels for maritime use.

Fig 3: Biofuel production process and its environmental impacts (Malode et al., 2021)

3.0 CHALLENGES AND FUTURE PROSPECTS

The integration of renewable energy technologies on board ships is not without its challenges. Technical
limitations, high initial costs, and regulatory barriers are significant obstacles that need to be addressed.
The lack of standardized guidelines for the implementation of these technologies further complicates
their adoption (Pan et al., 2021). Additionally, the maritime industry’s conservative nature and
resistance to change may slow the transition to renewable energy (Issa et al., 2022).

To overcome these challenges, coordinated efforts from industry stakeholders, including shipowners,
technology providers, and regulatory bodies, are essential. Policies and incentives that encourage the
adoption of renewable energy technologies on ships can play a crucial role in accelerating this transition.
Furthermore, continued research and development are necessary to enhance the efficiency, reliability,
and cost-effectiveness of these technologies (Pan et al., 2021).
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The future of renewable energy on board ships looks promising, with several innovative technologies
on the horizon. Advances in wind and solar energy systems, coupled with the development of
sustainable biofuels, could significantly reduce the maritime industry’s environmental impact (Issa et
al., 2022). However, achieving widespread adoption will require overcoming the existing challenges
and fostering a culture of innovation and sustainability within the industry. Table 3 shows the key
challenges and solutions for renewable energy integration on ships.

Table 3: Key challenges and solutions for renewable energy integration on ships

Challenge

Description

Potential Solutions

References

Technical
Limitations

Space
Constraints

High Initial Costs

Regulatory
Barriers

Energy Storage

Maintenance and

Durability

Economic
Feasibility

Renewable energy systems
like solar and wind are
dependent on environmental
conditions and can be less
reliable than conventional
systems.

Limited space on ships for
installing large solar panels or
wind turbines.

Significant upfront
investment is required for the
installation of renewable
energy systems on ships.

standardized
guidelines and  varying
regulations across regions
make the adoption of
renewable technologies more
complex.

Lack of

Efficient storage of energy
generated from renewable
sources is challenging due to
the intermittent nature of
these sources.

Renewable energy systems
require regular maintenance
and may be more vulnerable
to harsh marine environments.

The cost-effectiveness  of
renewable energy systems
may be questioned, especially
in the face of fluctuating fuel
prices.

Develop hybrid systems that
combine renewable energy
with  conventional  power
sources to ensure reliability
and consistent energy supply.

Optimize the design and
placement of renewable
energy systems to maximize
efficiency within the available
space.

Provide financial incentives,
subsidies, or low-interest
loans to reduce the initial cost
burden for shipowners.

Develop international
standards and regulations to
streamline  the  adoption
process and ensure

consistency across regions.

Invest in advanced energy
storage technologies, such as
high-capacity batteries, to
store excess energy for later
use.

Design  renewable energy
systems with marine-grade
materials and invest in
preventive maintenance
strategies to enhance
durability.

Conduct  thorough  cost-
benefit analyses and highlight
the long-term savings and
environmental benefits of
renewable energy systems.

(Pan et al.,
2021)

(Salem &
Seddiek,
2016)

(Issa et al.,
2022)

(Stevens et
al., 2015)

(Pense &
Akinoglu,
2020)

(Nuchturee et
al., 2020)

(Bach et al.,
2021)
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Integrating new renewable Develop modular renewable

technologies with existing energy systems that can be (Ling-Chin &
ship systems can be complex more easily integrated with Roskilly,

and may require significant existing infrastructure on 2016)
retrofitting. ships.

Integration with
Existing Systems

Invest in greener

The production of renewable -
manufacturing processes and

Environmental energy technologies, sych as recycling programs to (Bach et al.,
Impact of solar panels and batteries, can A .
- ! . minimize the environmental ~ 2021)
Production have its own environmental .
X impact of renewable energy
footprint. .
technologies.
Conclusion

The integration of renewable energy solutions for marine vessels is a vital step toward reducing the
maritime industry's environmental footprint, particularly its GHG emissions. As demonstrated in this
review, renewable technologies such as wind-assisted propulsion, solar energy, biofuels, hydrogen fuel
cells, and hybrid systems present viable alternatives to fossil fuels, each offering distinct advantages
and challenges. While wind and solar energy have shown promise in reducing fuel consumption and
emissions, space constraints, variable environmental conditions, and high initial investment costs
remain significant barriers. Biofuels, although offering a renewable solution, face challenges related to
production sustainability and cost.

For renewable energy technologies to gain widespread adoption in the maritime industry, coordinated
efforts from ship owners, regulators, and technology providers are essential. Incentives and
international regulations can help address financial and regulatory challenges, while continuous
research and development will improve the efficiency, durability, and cost-effectiveness of these
systems. As advancements in energy storage and hybrid systems continue to evolve, the future of
maritime sustainability looks promising. However, overcoming the existing barriers requires a
concerted effort to foster innovation and a long-term commitment to environmental stewardship within
the industry.
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