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Abstract— Maritime transportation decarbonization plays a 

pivotal role in eliminating carbon emissions from the 

transportation sector, one of the significant contributors to global 

greenhouse gas (GHG) emissions. The maritime transportation 

industry, traditionally reliant on fossil fuels, is experiencing a 

rapid transformation by adopting alternative fuels and renewable 

energy sources to drive sustainable practices in the shipping 

sector. This paper aims to provide insight into emerging 

technologies to achieve decarbonization, such as alternative fuels, 

alternative energy sources (onshore power supply, wind energy, 

solar energy, fuel cell), and operational approaches (speed 

optimization, voyage optimization). Moreover, we present these 

technologies' benefits and challenges, recent progress, and future 

directions.  

Keywords—decarbonization, maritime transportation, 

sustainability, alternative fuels, alternative energy sources, shipping 

emissions  

I. INTRODUCTION 

Greenhouse gas emissions significantly trigger climate 
change and various environmental problems. Although global 
emissions decreased by 6% in 2020 due to the Covid-19 
pandemic, it is projected to rise dramatically in next three years 
[1].  Maritime shipping sector plays a crucial role in emitting 
greenhouse gas emissions. Particularly, port operations (road 
vehicles, port facility energy usage, non-road mobile 
machinery) and vessel operations (vessels in port, vessels at 
sea) play a larger role in air pollution in maritime shipping 
sector [2]. Considering the emissions of shipping industry 
including international, domestic, and fishing, there was an 
increase in GHG emissions by 9.6% from 2012 to 2018 [3]. 
International Maritime Organization (IMO) introduced an 
initial GHG strategy in 2018 [4] so as to curb the increase of 
the shipping emissions. This strategy sets a target of a minimum 
50% reduction in total annual GHG emissions from 
international shipping by 2050 as compared to the levels in 
2008 [4]. Some countries have devised plans and strategies to 
fulfil this purpose [5,6]. For instance, during Cop26, Clydebank 
Declaration was endorsed by 22 countries to establish a 
minimum of six green zero emission routes connecting ports by 
2025, with the plans for further expansion prior to 2030 [7]. 
 

 There are numerous benefits of the decarbonization of 
shipping industry. Besides combatting the imminent threat of 
climate change and protecting the maritime ecosystems, it can 
also contribute to reducing air pollution in the environment, 
which can positively affect the health of people living and 
commuting near ports. 

Due to its the policy-level relevance, the decarbonization of 
the maritime industry has been increasingly investigated in the 
recent literature. For instance, Mallouppas and Yfantis [8] 
highlight the importance of radical technological improvements 
as well as social pressure and financial incentives in order to 
reach the aim of IMO. Psaraftis and Kontovas [9] conclude that 
achieving the target of IMO in 2050 requires taking a huge step 
forward in terms of energy-saving technologies and alternative 
fuels. Likewise, Ampah et al. [10] indicate that accomplishing 
IMO’s strategy is an issue that requires effort, and using cleaner 
alternative fuels can be preferred to decarbonize maritime 
transportation. Molavi et al. [11] research how the performance 
of ports regarding operations, environment, energy, and safety 
can be enhanced via the integration of microgrids. 

To decarbonize the shipping industry, it is evident that low-
carbon technological improvements are necessary. The aim of 
this paper is to provide insights into the current state of 
decarbonization of the shipping industry and to present 
technological advancements, with a focus on alternative fuels, 
renewable energy sources, and onshore power supply in the 
literature to achieve the goal of decarbonization in maritime 
transportation.   

The subsequent sections of this paper are arranged as 
follows. Section 2 covers emerging technologies to decarbonize 
the shipping industry, such as alternative fuels and alternative 
energy sources. Section 3 presents a discussion and provides 
insight into the benefits and barriers of emerging technologies, 
the latest progress, and future trends to reduce emissions and 
enhance sustainability in the maritime sector. Section 4 draws a 
conclusion. 

II. EMERGING TECHNOLOGIES FOR DECARBONIZATION 

In this section, we review some of the most promising 
emerging technologies, such as alternative maritime fuels, 
renewable energy sources, and onshore power supply to reduce 
the carbon footprint of the marine shipping industry. 
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Furthermore, some relevant studies in the literature are 
presented. 

A. Alternative fuels 

Switching from traditional maritime fuels to the use of 
alternative fuels plays a crucial role in reducing emissions in the 
shipping industry by replacing marine diesel oil and heavy fuel 
oil with much cleaner energy carriers, like hydrogen, ammonia, 
liquid natural gas (LNG), biofuels, electricity (via storage), 
wind, and nuclear. According to Fourth IMO GHG Study [12], 
heavy fuel oil, one of the significant fuel sources in maritime 
transportation, decreased by 7% in 2018, while marine diesel oil, 
LNG, and methanol consumption increased. 

Hydrogen is one of the promising sustainable solutions for 
the shipping sector. It has no carbon dioxide or sulfur oxide 
emissions and only leads to an insignificant amount of nitrogen 
oxide [13]. Thus, using hydrogen as a fuel provides 
environmental benefits for maritime transportation. To this end, 
Bicer and Dincer [14] conduct a life cycle assessment to 
investigate the environmental impact of using hydrogen and 
ammonia instead of diesel and heavy fuel oils in maritime 
transportation. The results of this study demonstrate that the 
utilization of ammonia as a dual fuel in ship engines has the 
potential to result in a reduction of up to 34.5% in total GHG 
emissions per tonne-kilometer. On the other hand, it is 
worthwhile mentioning that there are some challenges to 
adopting hydrogen as a fuel in terms of fuel availability, 
infrastructure, safety, and energy cost [15]. 

LNG is another attractive solution to combat climate change 
and provide environmental benefits in the shipping sector. 
Livaniou and Papadopoulos [16] compare conventional fuels 
and LNG by conducting a case study in a Greek port. Their 
results highlight that LNG is an effective alternative fuel to 
achieve decarbonization in the ports. Moreover, LNG is a fuel 
that is accessible globally. The price of LNG is relatively low 
compared to other alternative fuels, although it is not stable. 
However, there are some barriers regarding bunkering 
infrastructure, and its investment can be costly in comparison to 
other traditional fuels [15]. 

B. Alternative energy sources 

1) Onshore power supply 
Onshore power supply (OPS) or cold ironing is a technology 

that enables ships with the capability to turn off their engines 
and utilize grid electricity to get power during the berth. 
According to World Ports Sustainability Report [17], 66 ports in 
sixteen countries have adopted high-voltage OPS technology. In 
addition, ESPO Environmental Report [18] highlights that the 
number of ports providing OPS technology in Europe has 
increased. 

There are some crucial environmental benefits of adopting OPS 
in the ports. It contributes to mitigating air emissions as well as 
reducing the noise of ships [13]. Enhancing air quality, thanks 
to OPS, also profoundly affects the health of people living or 
commuting in port areas. Stolz et al. [19] conclude that using 
OPS from the national grids instead of auxiliary engines in some 
major UK ports would help reduce overall shipping emissions 
by 2.2%. Likewise, Gutierrez-Romero et al. [20] demonstrate 

OPS using renewable sources is an approach that helps reduce 
emissions. According to their study implemented in Cartagena 
Port, Spain, more than 10,000 tons of carbon dioxide emissions 
would be reduced annually by implementing OPS technology 
from renewable energy sources. Wang et al. [21] present a 
bilevel economic approach to help the decisions of the 
regulatory agency and port entities so as to increase the adoption 
of OPS technology and mitigate the ships' emissions at berth. 
Zhang et al. [22] offer a two-stage model focusing on assessment 
of berth locations and the optimal scheduling of a port microgrid 
by using of the OPS technology. The proposed model 
contributes to improving system efficiency and reliability as 
well as the reduction in emissions. According to the case study 
considering tax and economic incentives implemented by 
Molavi et al. [23], OPS is an effective solution to alleviate 
emissions.  

It is vital to consider some barriers to adopting OPS 
technology. Tseng and Pilcher [24] address undesirable 
installation costs, different power requirements based on ship 
type, size, etc., and the lack of international regulations for its 
adoption as the challenges for implementing OPS. 

2) Solar power 
Solar energy is an environmentally friendly option to reduce 

carbon footprint and fuel consumption. The use of Photovoltaic 
(PV) cells is one of the ways to convert solar energy into 
electricity in maritime shipping. Thus, ships can utilize 
electricity for their operations, such as air conditioning and 
lighting. 

Hussein and Ahmed [25] show that using PV cells provides 
benefits, such as low maintenance cost, zero emissions and 
noise, and no difficulties in installation and refurbishment. 
Karatuğ and Durmuşoğlu [26] propose a new approach to 
designing an onboard solar system, and they implement a case 
study to test the layout. Their results demonstrate that the 
proposed solar design significantly contributes to reducing fuel 
consumption and GHG emissions. Additionally, high 
productivity via solar systems is observed in summer compared 
to the winter season. Perčić et al. [27] conduct a comparative 
analysis between a diesel engine-powered ship and a ship that 
integrates PV cells in the Croatian shipping sector. Their results 
demonstrate that the ship adopting PV cell battery reduced 
almost €4,653,100 in the total cost and 47.76 kg CO2-eq/nm in 
emissions compared with the ship with a diesel engine. 

It is worth noticing that meteorology can affect the efficiency 
of this technology. A simulation-based case study conducted by 
Park et al. [28] indicates that weather parameters and power 
production methods of countries affect solar PV's efficiency. 
Therefore, this technology is a more appropriate investment for 
ships operating in areas close to the equator [13]. Inclement 
weather conditions also might have an adverse effect on the 
efficiency of this technology. Another barrier to adapting solar 
PV is that it requires a large surface to install and harvest 
sufficient energy [29]. 

3) Wind power 
Wind power is another promising pathway toward 

decarbonization in maritime transportation. Wind energy in 
maritime shipping has been used more widely compared to the 
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past since energy efficiency increases with the advancement of 
technology (digitalization, automation, sensors, and so on) and 
emission reduction targets [2]. It is estimated that this 
technology can help mitigate carbon emissions by 1-50% [30] 
in the shipping sector.  

Wind power generation and wind-assisted propulsion are 
some of the representative ways to harness wind power in 
vessels. Wind-assisted propulsion technology is much more 
energy-efficiency as compared to wind power generation [31]. 
Using wind turbines to generate power is also effective in 
reducing and eliminating emissions.  

However, there are also barriers to using wind power in the 
maritime sector. The speed ratio of vessels affects the efficiency 
of wind power. For instance, race boats can benefit from wind 
power more efficiently than cargo ships [29]. Trip duration, 
wind speed, wave height, seasonal variations, optimization of 
routes, and trade pattern are other indicators affecting the 
performance of wind-assisted ship propulsion systems [32]. 
There are some economic barriers, including technical risk, 
hidden cost of the technology for the widespread adoption of 
wind power [33]. Moreover, Talluri et al. [34] provide an 
evaluation approach from an economic and environmental 
perspective for wind-assisted propulsion systems. Based on the 
assessment, the efficiency of the vertical installation of two wind 
turbines on the ship's deck is affected by the environment and 
routes. 

4) Fuel cells 
Fuel cells are a maturing technology that generates 

electricity by harnessing chemical energy in the fuel. There are 
different types of fuel cells categorized according to electrolyte 
used, such as alkaline fuel cells, proton exchange membrane fuel 
cells, solid oxide fuel cells, molten carbonate fuel cells [35]. 
Because of increased energy efficiency and high-power density, 
the usage of hydrogen in fuel cells is probably an attractive 
solution for the future [36]. On the other hand, Perčić et al. [37] 
conclude that fuel cell technology with green hydrogen is an 
expensive option even though it ranks first in terms of 
environmental sustainability. 

 Reduction of emissions, noise and vibration, flexible 
design, high efficiency, and reduced maintenance are possible 
benefits of adopting fuel cells in maritime shipping [1, 38]. 
Despite these advantages, there are challenges of using fuel cells 
in terms of economic cost (investment cost, stack costs, cost of 
auxiliary systems and components, etc.), power capacity, safety, 
operability, durability, reliability in maritime transportation 
[35]. 

There are research projects in many countries (ShipFC 
(2020-2024), Maranda (2017-2022), Nautilus (2020–2024), 
HyShip (2021–2024), RiverCell (2015–2022), etc.) related to 
adopting fuel cell technologies [39]. Di Micco et al. [40] conduct 
a feasibility analysis adopting a fuel cell utilizing a polymer 
electrolyte membrane and hydrogen instead of a diesel engine in 
maritime transportation. The fuel cell system on board ships 
provides an opportunity to have less volume and mass than the 
diesel engine. İnal and Deniz [41] implement a case study by 
gathering a chemical tanker's real-life data and comparing the 
environmental performance of molten carbonate fuel cell with a 
traditional diesel engine. In addition to achieving a reduction of 

over 99% in SOx, PM, and NOx emissions, there is a significant 
reduction of 33% in emissions via the fuel cell technology. 

Based on the research covering 150 studies in the literature 
of Bouman et al. [30], potential carbon dioxide emissions 
reductions are presented in Table I. In addition, it should be 
noted that some critical barriers to the extensive utilization the 
alternative energy sources should be considered. Table II 
summaries benefits and barriers of adopting these technologies 
in maritime shipping. 

TABLE I.  POTENTIAL CARBON EMISSIONS REDUCTION [30] 

Alternative 

Energy Sources 

Potential ��� Emissions 

Reduction 

Onshore Power 
Supply 

3-10% 

Solar Power 0.2-12% 

Wind Power 1-50% 

Fuel Cells 2-20% 

 

C. Operational approaches 

1) Speed Optimization 
Engine power plays a vital role in vessels' fuel consumption, 

and the speed of ships considerably affects the engine power. 
Therefore, speed optimization of vessels during their voyage 
dramatically contributes to reducing fuel consumption and 
carbon footprint in sea transportation. Based on the research 
covering 150 studies in the literature of Bouman et al. [30], 
speed optimization has the potential to reduce carbon emissions 
by 1-60%, which is a significant share among other alternative 
technologies. In addition, one of the outstanding advantages of 
speed optimization is that it is energy efficient. This is mainly 
because ships with higher speeds can complete their routes in a 
shorter time, leading to less energy consumption. These 
advantages make this approach an attractive option. 

It is worth pointing out that there are some drawbacks to 
adopting this operational approach. According to a research 
survey [42], key challenges hindering the implementation of 
speed optimization include operational challenges, conflicts 
with charter party requirements, technical risks, and safety 
concerns. Psaraftis and Kontovas [43] review concepts and 
models for the speed optimization of vessels. Fuel price, the 
correlation between fuel consumption and payload, market state 
and the inventory cost of cargos are identified as baseline 
parameters in speed optimization models [43].  

There are some studies in the literature that establish a speed 
optimization model [44-48]. Tzortzis and Sakalis [44] offer a 
dynamic optimization method using weather forecasts that 
minimizes total fuel consumption in order to determine the 
optimal speed of ships based on the specified route. The 
outcomes of the case study applied to an actual container ship 
route indicate a reduction in fuel consumption by 2%. Li et al. 
[45] develop a speed optimization model for a container ship 
along a particular route, considering the option of voluntary 
speed reduction. This model aims to minimize both the fuel 
consumption of the main engine and the operating cost of the 
vessel. This research demonstrates that voluntary loss speed and 
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time window considerably have a crucial impact on speed 
optimization. 

Speed regulations can be implemented so as to help reduce 
fuel consumption and address climate change for future greener 
ports. Policies related to speed reduction can be regulated 
depending on whether the regulations might be voluntary or 
mandatory, covering global or regional scope, determining 
average or maximum speed, and varying ship size and type [49]. 
Some organizations have been developing strategies to achieve 
decarbonization for future greener ports. Emission Control Area 
(ECA), Vessel Speed Reduction Incentive Program (VSRIP), 
Virtual Arrival (VA), and carbon tax policy are some of the 
policies for this purpose. Significant efforts should be made to 
comply with these regulations, and some environmental-
friendly technologies and approaches should be adopted. Han 
et al. [50] suggest a speed optimization model based on a 
quantum genetic algorithm to evaluate these policies that aim to 
enhance sustainability in port areas. They highlight that 
considering different policies together (VSRIP, ECA, carbon 
tax) might not provide a better outcome compared to 
implementing only one policy. 

ECA is one of the widely recognized strategies aiming to 
alleviate greenhouse gas emissions of ships. Some studies 
present a speed optimization model considering ECAs [51-54]. 

 
2) Voyage Optimization 

Voyage optimization helps determine the most appropriate 
routes for vessels to increase energy efficiency, reduce costs, 
and enhance safety. Many factors, such as weather conditions 
and sea/ocean currents, can affect the determining of the most 
efficient routes of vessels.  

Selecting the most efficient routes significantly saves fuel 
consumption and increases the utilization of energy. It is 
estimated that voyage optimization can potentially reduce 
carbon emissions up to 48% [30]. 

Yu et al. [55] present a comprehensive review article about 
voyage optimization. They conclude that many factors affect 
the fuel consumption of vessels, including berth allocation, 
weather conditions, speed of voyage, time period of voyage, 
fuel price, and policies related to emission control areas. 

Some researchers present voyage optimization models in 
the literature for specific aims such as minimizing emissions, 
minimizing fuel consumption, maximizing ship safety, or 
minimizing travel time. Wang et al. [56] offer an approach for 
optimizing voyages that relies on the utilization of a genetic 
algorithm and dynamic programming. Based on the case study 
applied for a chemical tanker, the presented method provides a 
reduction in fuel and air emissions by 3.4% as compared with 
the deterministic approaches. Additionally, some studies 
develop models or approaches that consider both voyage and 
speed optimization [54, 57]. 

III. DISCUSSION AND DIRECTIONS OF FUTURE WORKS 

This section aims to address the benefits and barriers of 
emerging technologies, the latest progress, and future trends to 
reduce emissions and enhance sustainability in the maritime 
sector.  

• For alternative fuels: When considering alternative fuels, 
it is important to highlight that the extensive adoption of 
hydrogen requires infrastructural innovations as well as 
investments. However, adopting alternative fuels 
significantly helps decarbonize sea transportation. 
Therefore, necessary infrastructure and investment costs 
should be considered to enable the massive implementation 
of this technology for the future low-carbon maritime 
sector. With the necessary steps taken in terms of fuel 
availability, infrastructure, safety, and technological 
advancements, it is likely that there will be an increase in 
the utilization of hydrogen, LNG, and ammonia as fuels in 
maritime transportation. 

• For OPS technology: reducing air pollution and emissions 
could make this technology a more attractive and practical 
solution in the maritime sector in the future. The future of 
OPS technology looks promising, although further 
research is needed regarding pricing and operational 
frameworks, technical advancements, and regulatory 
policies. The lack of international regulations and varying 
power requirements depending on ship size and type can 
be considered crucial drawbacks for the broad-scale 
adoption of the technology. Therefore, to ensure the 
widespread adoption of OPS technology on a global scale, 
it is essential to implement standard regulations covering 
voltage/power specifications, electrical connectivity, 
safety, and security issues. In terms of technological 
progress, integrating smart microgrids into port areas will 
significantly increase the efficiency of OPS 
implementation, as power distribution and energy demand 
can be effectively managed through these grids. Moreover, 
taking steps to enhance resilience and reliability in port 
areas, such as improving infrastructure, strengthening 
cybersecurity systems, and adopting artificial intelligence 
and the Internet of Things, will considerably contribute to 
the operational effectiveness of OPS. For example, the 
Internet of Things can enable remote performance 
monitoring and control for ship decision-makers, allowing 
them to regulate power usage and manage operations 
effectively for OPS.  

• For renewable generation: it is critical to mention that 
solar and wind power are sensitive to weather conditions. 
Therefore, achieving a high level of efficiency from solar 
power systems is highly significant. To that end, advanced 
design solar power systems should be developed to 
increase energy efficiency. These systems can include 
innovative designs of photovoltaic cells, solar windows, 
and smart solar cells. In the coming years, it is likely that 
cutting-edge designs will be developed, and novel 
materials will be used for solar power systems. 

• For speed optimization: since there are many factors such 
as ocean/sea currents, severe weather conditions, and 
policies that affect the speed of vessels, determining the 
optimal speed of ships might be a challenging problem to 
handle. On the other hand, technological advancements, 
data analytics, and machine learning are likely to provide 
significant guidance in determining optimal ship speeds in 

227

Authorized licensed use limited to: University of Houston. Downloaded on November 16,2023 at 16:57:38 UTC from IEEE Xplore.  Restrictions apply. 



the future. Incorporating large-scale data, including sensor 
data, records of historical voyages, meteorological data, 
traffic information, accident data, emission targets, 
regulations, and fuel prices, can lead to more realistic 
results in speed optimization. For speed optimization and 
other crucial issues, the adoption of big data analytics in 
maritime shipping can provide valuable information to 
ships' decision-makers. Additionally, the utilization of 
smart machines that operate similarly to the human brain 
in big data analytics can shed light on the decarbonization 
of maritime transportation. 

• For voyage optimization: researchers have been solving 
these problems by establishing deterministic and heuristic 
approaches through simulation. It is likely that the future 
of voyage optimization will be driven by data mining and 
technological advancements. Adopting artificial 
intelligence technologies and IoT sensors can make a 
significant contribution to the development of voyage 
optimization. For instance, adopting advanced 
technologies, including digital maps, automatic 
identification systems, and weather forecasting systems, in 
voyage optimization would provide high energy 
efficiency. Through these advancements, the efficiency 
and safety of voyages can be enhanced, and the 
environmental impact of maritime transportation can be 
significantly reduced. 

In conclusion, it is obvious that the targets set by the 
International Maritime Organization (IMO) for the 
decarbonization of maritime transportation have had a positive 
impact on efforts, studies, and research in this field. It is also 
worth noting that achieving widespread adoption of 
environmentally friendly technologies may require further 
research and measures to overcome existing barriers. 

 

IV. CONCLUSION 

Maritime shipping sector is a significant source of GHG 
emissions that leads to climate change. To help reach the goal 
set by climate leaders and IMO, the aim of this paper is to offer 
an overview of emerging technologies such as alternative 
energy sources, alternative fuels, and operational approaches. 
The benefits and challenges of adopting these technologies are 
presented. Additionally, we share some of the future trends 
related to the transition towards a low-carbon maritime 
shipping. 

 
 
 
 
 
 
 
 
 
 
 
 

TABLE II.  BENEFITS AND BARRIERS OF ADOPTION ALTERNATIVE 
ENERGY SOURCES IN MARITIME SECTOR 

Alternative 

Energy 

Sources 

Benefits and Barriers 

Benefits Barriers 
Reference 

Studies 

Onshore 
power 
supply 

-mitigating air 
emissions  
-reduction noise 
of ships 

-undesirable installation 
costs 
-different power 
requirements based on 
ship type, size, etc.  
-lack of international 
regulations 
 

[13,24] 
 

Solar 
Power 

-zero emissions 
and noise  
-cheap and 
abundant 
-low 
maintenance 
cost 
-no difficulties 
in installation 
and 
refurbishment 

-zero emissions and noise  
-cheap and abundant 
-low maintenance cost 
-no difficulties in 
installation and 
refurbishment - 
weather conditions might 
have an effect on the 
efficiency of the 
technology 
- requiring a large area to 
get sufficient energy 

 
[13,25, 
29,58] 

 

Wind 
power 

-mitigating 
emissions 

- trip duration, wind 
speed, wave height, 
seasonal variations,  
optimization of routes, 
trade pattern are factor 
affecting the performance 
of wind power 
- economic barriers 
including technical risk, 
hidden cost of the 
technology 

[30,32, 
33] 

 

Fuel Cells 

-emission 
reduction  
-high efficiency 
-reduction in 
noise and 
vibration 
-flexible design  
-reduced 
maintenance 

-economic cost 
(investment cost, stack 
costs, cost of auxiliary 
systems and components 
etc.) 
-power capacity 
-safety 
-operability  
-durability 
-reliability 

[1,35, 
38] 
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