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Abstract: The present study seeks to select the most important articles and reviews from the Web of
Science database that approached alternative fuels towards the decarbonization of the maritime sector.
Through a systematic review methodology, a combination of keywords and manual refining found a
contribution of 103 works worldwide, the European continent accounting for 57% of all publications.
Twenty-two types of fuels were cited by the authors, liquefied natural gas (LNG), hydrogen, and
biodiesel contributing to 49% of the mentions. Greenhouse gases, sulfur oxide, nitrogen oxide, and
particulate matter reductions are some of the main advantages of cleaner sources if used by the
vessels. Nevertheless, there is a lack of practical research on new standards, engine performance, cost,
and regulations from the academy to direct more stakeholders towards low carbon intensity in the
shipping sector.
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1. Introduction

In past centuries the maritime sector has proved to be the most important means
of transport of world goods, transporting more than 1 billion tons of products by sea
worldwide, growing at an average rate of 3% per year since 1970 [1]. Although sea
transportation is the best indicator of the world economic growth, the side effect has been
the impact regarding the complexity of decarbonization measures.

Nowadays, maritime fossil fuel consumption accounts for around 2.2 million barrels
of oil equivalent (MBOE), which represents almost 1000 million tons of equivalent carbon
dioxide (MtCO2eq), reflecting 3% of global emissions [2]. Moreover, the so-called bunker
fuel has a very low quality, impacting high emissions of sulfur oxide (SOx), nitrogen oxide
(NOx), and particulate matter (PM) [3,4].

The Sulfur Emission Control Areas (SECA) entered into force in 2015 to reduce the
sulfur content from 4.5% to 0.1% in the Baltic Sea and American coast and 0.5% elsewhere
in 2020. The NOx emission reduction regulations have also been in place since 2016 [5].

The demand for low emissions for such compounds triggered a trend toward cleaner
fuels, as well as the concerns over the greenhouse gases (GHG) emission reductions, which
have drawn the attention of governments worldwide.
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Since 2011, the International Maritime Organization (IMO) has implemented a reg-
ulatory measure of energy efficiency requirements for all ships globally to reduce gas
emissions from the shipping sector, through programs such as the Energy Efficiency Design
Index Standards (EEDI) and the Ship Energy Efficiency Management Plan (SEEMP) [6–9].
However, several measures are still needed to achieve the target of 50% lower emissions by
2050 [9].

The International Energy Agency scenario proposed a number of activities that must
enter into force immediately to meet the expected targets, which includes the use of
alternative fuels.

There are currently several studies and research connecting the maritime sector to low
emissions. Nevertheless, only LNG has been widely discussed while other alternatives are
hardly mentioned. Therefore, the systematic review emerges as an important methodology
to quantify the number of research, regions, and authors that are addressing low carbon
options for the maritime sector.

The systematic review methodology is frequently used in clinical research and social
sciences. However, it has been constantly used in other research fields as well [10–12]. We
looked up several papers and reviews in the Web of Science (WoS) database with specific
selected keywords related to low carbon fuels in the maritime sector to understand the
proposed research questions (RQ) in statistical terms: What is the number of alternative low
carbon fuel publications? (RQ1); What are the largest country contributors? (RQ2) Who
have been the most important authors? (RQ3); Which journal has contributed the most in
number of publications? (RQ4); and What have been the most cited alternative fuels (RQ5).

This study assesses the main publications (articles and reviews) in the currently
available literature on the Web of Science (WoS) database to identify the most relevant
cleaner alternative fuels as decarbonization sources in the maritime sector, highlighting
their advantages and disadvantages as well as identifying the gaps to overcome in future
research. Moreover, we will make a descriptive statistical analysis of the selected paper
to identify the most influential and productive authors, regions, and journals that have
contributed highly to this hot topic over time. The article is arranged as follows. Section 2
presents the general review of vessel types, current fuel grades used, and the emissions
concerns of IMO. Section 3 sets out the methodology to perform the review, delineating the
keywords and refining procedure. Section 4 presents the analysis executed, highlighting
the production over time, main journals, regions, countries’ collaborations, most cited
alternative fuels as low carbon options, and the barriers to be overcome. Section 5 presents
the conclusions, discussion, and suggestions for the future.

2. General Review of Vessel Types and Current Fuels
2.1. Cargo Ship Classification and Propulsion

Nowadays, around 52,000 cargo ships transport goods across the world. They are bulk
carriers, oil tankers, and container ships [12]. Marine diesel engines are fundamentally
the same as that of road vehicles, yet they are commonly bigger and work with higher
efficiency. About 75% of all marine diesel engines are four-stroke; notwithstanding, 75%
of the introduced power is delivered by two-stroke engines [13,14]. All of these ships
represent 500 GW of engine capacity [12], more than all installed renewable (428 GW)
and fossil (365 GW) power in Europe [15]. In order to comprehend the dimension of the
shipping sector which has an exclusive demand for fossil fuels, Figure 1 compares the
different sources of the European electricity capacity (renewable and nonrenewable) versus
the world maritime engine capacity.
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Figure 1. World maritime engine power compared to European installed power (The figure was
constructed based on data captured from Balcombe et.al (2019) [12] and Statista (2020) [15].

There are essentially three categories of marine engines: slow speed, medium speed,
and high-speed, normally classified in knots (15–25 knots) [12,16]. The category choice
depends on the size, engine speed, and purpose. Moderate speed engines regularly function
under 350 revolutions per minute (rpm) and have exceptionally low fuel utilization. As
far as size is concerned, slow-speed engines are the largest engines on the planet that use
heavy fuel oil (HFO) for ignition [13,17].

2.2. Marine Bunker Classification

Marine fuel can be classified as distillate, intermediate, and residual (Table 1). The
distillate classes are named marine gas oil (MGO) or marine distillate oil (MDO) which
have different grades (DMA, DMB, DMX, DMZ). The letters “A”, “B” . . . “Z”, refer to the
particular properties under the product specification, ISO 8217:2017 [18,19].

Table 1. Classification of marine fuels (the table was constructed based on data available in studies of
Mohd Noor et al. (2018) [13] and Vermiere (2021) [19]).

Marine
Fuel Fuel Type Fuel Grade Common Industrial

Name Definition

MGO
Distillate DMX, DMA, DMB,

DMZ
Gas oil or marine gas oil,

marine diesel oil

Identical to automotive diesel

MDO It contains a mixture of heavy fuel oil and
a higher proportion of marine gas oil.

IFO Intermediate IFO 180, 380 Intermediate fuel oil such as marine diesel oil, a mixture of a
higher proportion of HFO with MGO.

HFO Residual RMA, RMB, RMD,
RME, RMG, RMK Fuel oil or residual fuel oil

The lowest grade of marine fuel. It is a
residual oil, high-viscosity, and requires

preheating before use.
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The intermediate fuel oil (IFO) is divided into grades 180 and 380, these numbers
correspond to the maximum kinematic viscosity of the residual fuel, in square millimeters
per second (mm2/s) at 50 ◦C [19].

Residual fuels, also called residual marine fuels (RMA, RMB, RMD, RME, RMG, RMK)
or heavy fuel oil (HFO), in particular, are of very low quality, lower cost, and are the most
used, and in different grades [19]. As the distillate class, the letter refers to their properties
under International Organization for Standardization (ISO) 8217:2017 [19].

2.3. International Shipping Emissions: Current and Forecast Scenarios

Most CO2 emissions from international shipping are produced by bulk carriers, con-
tainer ships, and oil tankers (15%, 18%, and 11% of the total shipping emissions, respec-
tively). The high emissions of these vessels are directly connected with the long journeys
for delivering their cargo across seas and continents [12,20].

The share of consumption by fuel type is 72% of HFO, 26% of marine gas oil, and 2%
of LNG [12,21]. The main concern of HFO consumed by the shipping sector is the sulfur
content estimated at 13% of the world’s sulfur emissions [12,22]. SOx emissions contribute
to several environmental problems, such as acidification of the water and soil, and human
health issues [12,23].

The new regulations already in force imposed by Annex VI of the IMO have limited
the sulfur content in Emission Control Areas (ECA) (0.1%) (0.1% m/m) and non-ECA areas
(0.5% m/m), replacing the HFO with MGO or LNG [12]. The ECA areas are comprised
of the Baltic Sea, North Sea, East and West coasts of the United States, and the Caribbean
Sea within a distance of 200 nautical miles [24], while non-ECA areas represent the rest of
the world.

Concerning NOx emissions, Tier I came into force in 2000 with standards ranging from
approximately 10 to 17 g/kWh, according to speed engines, Tier 2 (in 2011) fostered 20%
NOx reduction below Tier 1, and Tier 3 standards applied to the NOx Emission Control
Area (NECA) (The same regions of ECA areas as sulfur control) for engines installed after
1 January 2016, with 80% NOx reduction below Tier 1 [25]. Regulation 13 of Marpol Annex
VI stipulates that the emission control for all ship engines is designed for powers above
130 kilowatts (kW) [26]. Although regulations regarding SOx and NOx are stricter, the CO2
emission reduction measures are still weak and insufficient.

The International Renewable Energy Agency (IRENA) [27] recently published a report
projecting the fuel demand in the shipping sector in 7.9–12.4 EJ by 2050, listing the most
relevant contributing factors: global economic growth, economic growth in emerging
markets, shift toward cleaner cooking fuels, strong growth in the petrochemical sector,
regional trade agreements, and cleaner energy transition.

2.4. Maritime Sector and CO2 Emissions

CO2 emissions in the maritime sector are forecast to reach values two-fold higher
than current levels by 2050. This scenario raised IMO concerns to plan effective measures
against the uncontrolled emissions of the sector. The 72nd Marine Environment Protection
Committee (MEPC) resolution of the IMO set the goal of reducing emissions by half in the
next three decades [24].

The scenarios in Figure 2 predict the GHG emissions by 2050, those data were con-
structed by the IMO in the Third Greenhouse Gases Study of IMO [20], following the
assumptions below:

• Combinations of the Representative Concentration Pathways (RCP) (the RCPs (RCP2.6,
RCP4.5, RCP6, and RCP8.5) are projections adopted by the Intergovernmental Panel
of Climate Change (IPCC) which represents the range of radiative forcing caused by
the GHG emissions in the year 2100 (2.6, 4.5, 6, and 8.5 W/m2, respectively) [20]), and
the Shared Socioeconomic Pathway (SSP) (the SSPs are projections until the year 2100
utilized by the IPCC which forecasts social-economic global changes and draws the
GHG emissions in five scenarios with different climate policies: SSP1 (sustainability),
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SSP2 (intermediate challenge), SSP3 (regional rivalry), SSP4 (inequality), and SSP5
(fossil-fueled development) [20]) in all scenarios.

• Scenarios 1–4 were simulated by combining the RCP and SSP with high penetration of
liquefied natural gas (LNG) and high improvement in energy efficiency (60%) over
the 2012 fleet average by 2050.

• Scenarios 5–8 were simulated by combining the RCP and SSP with high penetration of
LNG and lower improvement in energy efficiency (40%) over the 2012 fleet average
by 2050.

• Scenarios 9–12 were simulated by combining the RCP and SSP with low penetration
of LNG and high improvement in energy efficiency (60%) over the 2012 fleet average
by 2050.

• Scenarios 13–16 are the business as usual scenario (BAU) which were simulated by
combining the RCP and SSP with low penetration of LNG and lower improvement in
energy efficiency (40%) over the 2012 fleet average by 2050.

• The dotted line is the ambitious target of 438 MtCO2eq by 2050 proposed by IMO.
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Figure 2. GHG long-term scenario (The figure was adjusted on data available in Third Greenhouse
Gas Study 2014) [20].

Recently the IMO assumed that the measures to reduce emissions must be imple-
mented as early as possible for this century, setting ambition levels and guiding princi-
ples [24].

GHG reductions are still only based on the Energy Efficiency Design Index (EEDI)
and the Ship Energy Efficiency Management Plan (SEEMP), which are in line with the
technical and operational categories [28,29]. Technical measures focus on design and
improvement in energy efficiency, propulsion, power system, and low carbon fuels. Some
actions can be implemented through retrofitting of existing ships, while others only in
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new ships [28]. Even so, alternatives are required and the sector has turned its attention to
alternative options.

Next, we outline the methods of the approach and the most recent studies that cite al-
ternative sources as one of the decarbonizing measures to be applied in the maritime sector.

3. Material and Methods

At the moment there are several studies regarding low carbon alternative fuels, never-
theless few of them apply to the maritime sector.

To highlight important articles and reviews, a systematic analysis was made of the Web
of Knowledge online database service by Thomson Reuters Inc. Studies were adapted [30]
from the similar study already available in the literature [31]. Based on a combination
of words to find papers which mention cleaner fuels as an alternative to decarbonize the
maritime sector.

Refining

The refining method will be elaborated on in 3 steps. The 1st step is taken in the
advanced search by applying the field tag displayed in Table 2 below.

Table 2. Keywords refining.

1st Step of Refining Keyword Research

TS = (renewable energy or biofuels or advanced biofuel or alternative fuels or low carbon fuel or
biomethanol or bioethanol or biodiesel or methyl ester or biogas or bio LNG or bio liquefied

natural gas or Hydrotreated Vegetable oil or renewable fuel or pyrolysis oil or Fischer Tropsch or
hydrogen or hydrothermal liquefaction or batteries or state of the art technologies) and

TS = (decarbonization or low carbon emissions or decarbonize or greenhouse gases reductions or
GHG reductions or greenhouse gases emissions or GHG emissions) and TS = (Maritime sector or

shipping sector or international shipping sector or maritime transportation or decarbonize
international maritime or alternative fuel for marine applications or marine diesel engines)

TS represents the topic and the binary variables OR, AND relate the keywords with
the intention of finding papers on the Web of Science database.

The 2nd step is to relate only papers and reviews, in the English, during the period
from January 2000 to January 2022.

The 3rd step is conducted manually, the papers which approach alternative fuels as
cleaner sources for the maritime decarbonization.

4. Result and Discussion
4.1. Selected Papers and Descriptive Statistics

Figure 3 displays the three steps suggested, as well as their research criteria. The first
selected studies reached an overall combination of 328 articles, reviews, proceedings papers,
and book chapters, with papers and reviews accounting for 91% of the total. Nevertheless,
it was necessary to carry our manual refining for the decarbonization of the maritime sector
and alternative and low carbon fuels.

After manual refining, the RQ1 can be answered, where 91 papers and 12 reviews
(Figure 3) were selected as a baseline for part of the state of the art. The growth in
publications in 2018 (Figure 4) was evident, from only 3 (2.91% of total) in 2017 to 29 (28.16%
of total) in 2021. The years from 2020 to 2022 correspond to 65% of the papers concerned,
driven by the IMO’s recent mandatory requirements for greenhouse gas emissions which
gained prominence due to real intentions of reduction recently.
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Figure 4. Publications over the years.

We find the answer to RQ2 in the selected works, which highlight the high contribution
of the European countries (57%) (Table 3), probably driven by the strict rules in place since
2015 in the Baltic, the North Sea, and North American coast regarding SOx and NOx.
Moreover, Europe has a high energy dependence, thus there is a commitment to reduce not
only the emissions associated with fossil sources used in the maritime sector but also to
reduce the dependence on external energy. Regarding the ranking by country, 41 countries
showed contributions, the first 5 countries accounting for 49% of the total. England and the
USA accounted for the highest proportion (18%), followed by China and Norway (14%),
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Germany and Sweden (12%), and the Netherlands (5%). The remaining countries accounted
for 4% or less.

Table 3. Number of studies per country.

Rank Countries % Countries % Position Region %

1st
England 9 Greece 1 1st Europe 57

USA 9 Northern Ireland 1 2nd Asia 21

2nd
China 7 Poland 1 3rd North America 12

Norway 7 Japan 1 4th South America 4

3rd
Germany 6 Austria 1 5th Oceania 3
Sweden 6 Bosnia 1 6th Africa 2

4rd Netherlands 5 Cyprus 1 7th Middle East 1

5th
Singapore 4 Denmark 1

Spain 4 Iceland 1
Brazil 4 Lithuania 1

6th
Turkey 3 Malta 1

Italy 3 Montenegro 1
Canada 3 Scotland 1

7th

South Korea 2 Serbia 1
Taiwan 2 Saudi Arabia 1
Croatia 2 United Arab Emirates 1
Finland 2 Fiji 1
Ireland 2 South Africa 1

Australia 2 Nigeria 1
8th India 1 Egypt 1

Malaysia 1 Total 100%

Concerning authors (RQ3), a total of 446 authors wrote 103 articles (Appendix A). Four
percent of the articles were written by individual authors, while 19.42% were written by
two authors, 16.50% by three authors, and 60.19% involved a team of four or more authors
(Table 4). Furthermore, Table 5 shows the list of the most productive authors. Linstad, E.
and Xing, H. wrote 3 articles each. At the same time, the other authors published either
two papers or one paper each. Therefore, Bouman, EA. and Balcombe, P. have the most
cited papers—7% and 14% respectively—out of a total of 1600 cited papers.

Table 4. Number of authors per paper.

Number of Authors per
Paper Number of Papers %

13 1 1
12 1 1
11 1 1
10 3 3
9 1 1
8 1 1
7 9 9
6 9 9
5 11 11
4 25 24
3 17 16
2 20 19
1 4 4

Total 103 100
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Table 5. Most productive and cited authors.

Authors Number of
Papers % Times

Cited % Citations
per Paper Authors Number of

Papers % Times
Cited % Citations

per Paper

Lindstad, E 3 3% 26 2% 9 Law, L 1 1% 0 0% 0
Xing, H 3 3% 37 2% 12 Liu, J 1 1% 0 0% 0

Ampah, JD 2 2% 6 0% 3 Mallouppas, G 1 1% 5 0% 5
Bach, H 2 2% 19 1% 10 Mukherjee, A 1 1% 2 0% 2

Balcombe, P 2 2% 109 7% 55 Mwangi, JK 1 1% 29 2% 29
Carvalho, F 2 2% 1 0% 1 Nabi, MN 1 1% 8 1% 8
Gabina, G 2 2% 35 2% 18 Nair, A 1 1% 2 0% 2

Lin, CY 2 2% 39 2% 20 Nikolic, D 1 1% 2 0% 2
Muller-Casseres, E 2 2% 5 0% 3 Nine, RD 1 1% 3 0% 3

Percic, M 2 2% 26 2% 13 Nuchturee, C 1 1% 26 2% 26
Sari, A 2 2% 1 0% 1 Ogunkunle, O 1 1% 16 1% 16

Shannina, M 2 2% 28 2% 14 Ortiz-Imedio, R 1 1% 3 0% 3
Armstrong, VN 1 1% 45 3% 45 Pan, HS 1 1% 32 2% 32

Atilhan, S 1 1% 22 1% 22 Peng, WH 1 1% 8 1% 8
Awoyomi, A 1 1% 4 0% 4 Petzold, A 1 1% 53 3% 53

Ayvali, T 1 1% 0 0% 0 Pfeifer, A 1 1% 13 1% 13
ben Brahim 1 1% 14 1% 14 Popp, L 1 1% 0 0% 0

Bicer, Y 1 1% 30 2% 30 Prasad, RD 1 1% 2 0% 2
Bouman, EA 1 1% 226 14% 226 Prussi, M 1 1% 14 1% 14
Cassar, MP 1 1% 0 0% 0 Righi, M 1 1% 38 2% 38
Chen, ZS 1 1% 0 0% 0 Rizzo, AM 1 1% 0 0% 0

Chiong, MC 1 1% 1 0% 1 Rodriguez, CG 1 1% 0 0% 0
Choi, W 1 1% 16 1% 16 Schonsteiner, K 1 1% 10 1% 10

Christodoulou, A 1 1% 1 0% 1 Serra, P 1 1% 15 1% 15
Corbin, JC 1 1% 14 1% 14 Spoof-Tuomi, K 1 1% 11 1% 11
Cortez, L 1 1% 0 0% 0 Styhre, L 1 1% 68 4% 68

Czermanski, E 1 1% 4 0% 4 Taccani, R 1 1% 4 0% 4
Elkafas, AG 1 1% 3 0% 3 Tan, ECD 1 1% 1 0% 1

Gallo, M 1 1% 5 0% 5 Tanzer, SE 1 1% 20 1% 20
Garcia, B 1 1% 0 0% 0 Torres-Garcia, M 1 1% 11 1% 11
Ghenai, C 1 1% 43 3% 43 Trivyza, NL 1 1% 0 0% 0
Gilbert, P 1 1% 71 4% 71 Tvedten, IO 1 1% 0 0% 0

Gonzalez-Arias, J 1 1% 0 0% 0 Tzannatos, E 1 1% 5 0% 5
Gysel, NR 1 1% 11 1% 11 Ushakov, S 1 1% 7 0% 7
Hagos, DA 1 1% 29 2% 29 van der Kroft 1 1% 0 0% 0
Hansson, J 1 1% 29 2% 29 Wahl, J 1 1% 0 0% 0

Helgason, R1 1 1% 11 1% 11 Wang, H 1 1% 4 0% 4
Herdzik, J 1 1% 0 0% 0 Wang, ZC 1 1% 2 0% 2

Hirdaris, SE 1 1% 47 3% 47 Winebrake, JJ 1 1% 5 0% 5
Horvath, S 1 1% 33 2% 33 Winnes, H 1 1% 86 5% 86
Hwang, SS 1 1% 6 0% 6 Wu, P 1 1% 17 1% 17

Inal, OB 1 1% 26 2% 26 Yildirim Peksen, D 1 1% 0 0% 0
Kesieme, U 1 1% 27 2% 27 Yusuf, AA 1 1% 0 0% 0
Khan, MY 1 1% 23 1% 23 Zahraee, SM 1 1% 0 0% 0
Kistner, L 1 1% 1 0% 1 Total 103 100% 1600 100%

Table 6 highlights the frequency of the papers published in the journals (RQ4). The
Journal of Cleaner Production, Sustainability, and Transportation Research Part D stand out, with
twenty-one percent of all published papers (21%), followed by Energies and Energy (12%),
the International Journal of Hydrogen Energy, and Renewable & Sustainable Energy Reviews
(10%). The remaining journals published only four papers or less.

The first ten papers (10% of the total) listed in Table 7 corresponded to 768 citations
(48% of the total) which is almost half of the selected documents, probably for the reason
they are one of the first references for alternative fuel use as an option to reduce GHG
emissions and other pollutant gases. The major findings from those studies are summarized
in sequence (Table 7).
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Table 6. Journals with most publications.

Journal Number of
Papers % Journal Number of

Papers %

Journal of Cleaner Production 7 7 Environmental Pollution 1 1

Sustainability 7 7 Environmental Science and Pollution
Research 1 1

Transportation Research Part D 7 7 Environmental Technology 1 1
Energies 6 6 Etransportation 1 1
Energy 6 6 Frontiers in Energy Research 1 1

International Journal of Hydrogen
Energy 5 5 Fuel Processing Technology 1 1

Renewable & Sustainable Energy
Reviews 5 5 Industrial Engineering Chemistry

Research 1 1

Journal of Marine Science and
Engineering 4 4 International Journal of Sustainable

Energy 1 1

Applied Energy 3 3 International Journal of Transport
Economics 1 1

Environmental Science Technology 3 3 International Shipbuilding Progress 1 1
Marine Policy 3 3 Iscience 1 1

Energy Conversion and Management 2 2 Johnson Matthey Technology Review 1 1
Energy Fuels 2 2 Journal of Environmental Law 1 1

Energy Research Social Science 2 2 Journal of Environmental Science 1 1
Fuel 2 2 Journal of ETA Maritime Science 1 1

Ocean Engineering 2 2 Journal of Power Sources 1 1
Transaction on Maritime Science Toms 2 2 Journal of Ship Production and Design 1 1

Aerosol and Air Quality Research 1 1 Journal of the Energy Institute 1 1
Atmospheric Environment 1 1 Marine Technology Society Journal 1 1

Atmospheric Pollution Research 1 1 Research in Transportation Business and
Management 1 1

Brodogradnja 1 1 Resources Basel 1 1
Case Studies in thermal Engineering 1 1 Sustainable Energy Fuels 1 1

Clean Technologies 1 1 Sustainable Production and
Consumption 1 1

Climate Policy 1 1 Transactions of the ASAE 1 1
Current Opinion in chemical

Engineering 1 1 Waste Management 1 1

Energy Reports 1 1 Total 103
Energy Sustainability and Society 1 1

Table 7. Most important studies and major findings.

Rank Article Title Citations (%) Year Major Findings

1

State-of-the-art technologies,
measures, and potential for

reducing GHG emissions from
shipping—A review [28]

14% 2017

A combination of several studies identified a
reduction in GHG by around 75% by 2050, based on

current technologies. Technical and operational
measures in energy efficiency added to alternative
fuels indicate a factor of 4-6 in GHG reductions per

freight unit transported.

2
How to decarbonize international

shipping: Options for fuels,
technologies and policies [12]

7% 2019

The LNG has a potential reduction of 20–30% of
GHG as well as reduces SOx emissions with

favorable costs. Nevertheless, the benefits are cut due
to the methane slip. Other sources, such as biofuels,

hydrogen, and nuclear, could increase shipping
decarbonization, on the other hand, economic and

public acceptance are considerable barriers to
overcome. Strong financial incentives are required to

reach the expected by 2050.
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Table 7. Cont.

Rank Article Title Citations (%) Year Major Findings

3 Reducing GHG emissions from
ships in port areas [32] 5% 2015

The study assessed the reduction of ships’ emissions
from efforts implemented by ports areas, and analyze
the projections by 2030 in three scenarios (alternative
fuel, ship design, and operation). The CO2eq could

increase 40% in the BAU scenario, and a reduction of
10% was identified in an operation scenario, thanks

to the energy-saving.

4
Assessment of full life-cycle air

emissions of alternative shipping
fuels [33]

4% 2020

The study presents a life cycle assessment concerning
six emissions species: sulfur oxide, nitrogen oxide,

particulate matter, GHG, methane, and nitrous oxide.
The greenhouse gases reduction of fuels, such as

hydrogen or other synthetic fuel, depends on the full
life cycle analysis to validate their renewability

5
Greenhouse gas emissions from
ships in ports—Case studies in

four continents [34]
4% 2017

The paper identifies the GHG emissions per year in
their operations while in the port base in four

different continents in a model developed by the
Swedish Environmental Research. The ports of
Gothenburg, Long Beach, Osaka, and Sydney

emitted 150,000, 240,000, 97,000, and 95,000 tonnes of
CO2eq annually respectively. The main reductions

measures discussed were: reduced speed in fairway
channels, on-shore power supply, reduced

turnaround time at berth, and alternative fuel use.

6 Vessel optimisation for low carbon
shipping [35] 3% 2013

The slow steaming strategy well-elaborated among
all the stakeholders of the shipping sector could be

favorable to the GHG reductions in the
shipping sector

7

Hybrid solar PV/PEM fuel
Cell/Diesel Generator power
system for cruise ship: A case

study in Stockholm, Sweden [36]

3% 2019

The paper approached an optimal design and
performance analysis for the renewable energy

(proton exchange fuel cell membrane (PEM) and
photovoltaic panel (PV)) use in a hybrid system in

cruise ships. The total energy from the PV and PEM
could provide 13.83% of the total shipping energy

demand contributing to 9.84% of the GHG and
PM emissions.

8

Considerations on the potential
use of Nuclear Small Modular
Reactor (SMR) technology for

merchant marine propulsion [37]

3% 2014

The paper analyzes the past and recent works in
nuclear marine propulsion applying small and

medium nuclear reactors in the current ocean vessels
as an alternative fuel for decarbonization of the

shipping sector. The work concluded that the option
could be feasible, however, strict regulations must

be addressed.

9

Operation of Marine Diesel
Engines on Biogenic Fuels:

Modification of Emissions and
Resulting Climate Effects [38]

3% 2011

Emissions of CO2eq and NOx per kWh were similar
using fossil fuel or biogenic fuels (palm oil, soybean
oil, sunflower oil, and animal fat). PM was reduced

when using MGO. Lower GHG emissions from
biogenic fuels depend on LCA to analyze all the

supply chain
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Table 7. Cont.

Rank Article Title Citations (%) Year Major Findings

10
Climate Impact of Biofuels in

Shipping: Global Model Studies
of the Aerosol Indirect Effect [39]

2% 2014

A bottom-up algorithm was used to calculate
potential emissions of NOx, CO, SO2, black carbon,

organic matter, and sulfate from different fuels
(MGO, palm oil, and soybean oil). The study

concluded that all of them can be considered a
substitute for HFO, and 40–60% of the sulfate aerosol
could be reduced in port areas. Furthermore, such a
reduction in the aerosol could decrease the indirect
global aerosol effect of the international shipping by

a factor of 3–4.

Total 48%

4.1.1. Alternative Fuels

The current SOx, NOx, and GHG regulations have pressured international maritime
transportation to adopt lower-emission fuels. Alternative fuels have received strong atten-
tion due to the fact they can be cleaner and environmentally friendly and, in some options,
similar to the HFO and MGO used [5,40,41].

In the present study, the 103 selected papers cited 22 different types of alternative
sources to replace the current conventional fossil fuels (Figure 5). Out of a total of
234 mentions, the 10 first alternative fuels contain 90% of citations, with particular ref-
erence to LNG (18.8%), hydrogen (16.2%), and biodiesel (14.5%) (Figure 5), where the first
two can be obtained from renewable and non-renewable sources (RQ5).
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4.1.2. Biodiesel

Biodiesel is highlighted as the main option to replace HFO and MGO due to the
fact they have similar properties [33,40,42,43]. However, their sustainability depends on
the feedstock used, which might increase problems associated with competition for land,
food/feed production, and indirect land use.

In the studies by Lin (2013) [44], the biodiesel blend stood out as an important source of
reducing the sulfur content when applied up to 20%, in line with the current specifications.
However, the author did not mention GHG emissions.

In another publication by Lin (2013) [45], the author raised concerns about the main
obstacles to introducing biodiesel into the maritime sector, such as high production to
meet maritime demand, high feedstock cost, and lack of standards for biodiesel applied to
marine engines. To overcome some barriers the author put forward some strategies.

• establishing a standardized marine-grade biodiesel
• comprehensive field testing of the biodiesel blend in maritime transportation
• enhancing price competitiveness of marine-grade biodiesel by reducing manufacturing costs
• expanding the use of biodiesel in marine diesel engines by reducing feedstock costs
• applying suitable methods or technologies to improve the low-temperature fluidity of

biodiesel blends
• reducing biodiesel costs by generating additional income from the production of

purified glycerol for use in cosmetics, pharmaceuticals, and other relevant industries.

4.1.3. LNG

The LNG has been pointed out as the best fossil option to replace HFO and MGO,
with 30% less GHG emissions and free from SOX and NOX [46]. The first LNG vessel was
built in 2000, but there are currently 55 worldwide. Their activities are more concentrated
in Europe (57%) and North America (38%) due to the ECA regulations [12].

LNG-powered engines use internal combustion and the gas must be stored at minus
162 ◦C [12,47]. However, LNG is still mainly obtained from fossil sources.

Bio-LNG has been discussed in the literature as a potential renewable source of
decarbonization. Biomass can be transformed into biomethane in two ways: Anaerobic
digestion called bio-methane, and thermochemical gasification called bio-synthetic natural
gas (bio-SNG) [48,49] followed by the liquefaction process to be stored in tanks and used in
the LNG terminals.

Anaerobic digestion has been successfully demonstrated worldwide, mainly in Europe
and North America. Nevertheless, the thermochemical route through the gasification
process is still under development [4,40].

The environmental concerns about the bio liquified natural gas (bio-LNG) pertained
to the unburned losses. Methane’s global warming potential is 25 times more powerful
than CO2 [4]. The methane slip can be partially fixed with the oxidation catalyst, but this
technology is only described in the literature [4,50].

An environmental advantage is the impact of possible LNG spills, which can be lower
compared to heavy fuel oil spills and they do not remain on the water surface [30,39].

4.1.4. Methanol

Methanol has emerged as a cleaner alternative source, with seven methanol ships
operating to date. The emissions can be reduced to 99% SOX, 60% NOX, 95% PM, and
25% CO2, in line with ECA regulations [12,51]. However, methanol is obtained from fossil
sources mainly from natural gas through catalytic hydrogenation. The current study found
that 10.7% cited methanol as an alternative source.

Bio-methanol can be obtained from gasification and Fischer–Tropsch conversion. There
are plenty of studies on bio-methanol production. Nevertheless, there is a lack of infor-
mation in the current literature. Some studies are modestly mentioning it as a promising
source, albeit only in the long run [4], due to the fact that conversion technologies are still
highly expensive in comparison with consolidated routes of biofuels and fossil marine fuel.
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4.1.5. Pyrolysis Oil

Pyrolysis oil has been considered as a substitute alternative to HFO in the maritime
sector and can be burned directly in low and medium-speed combustion engines. Moreover,
it is compatible with the current diesel infrastructure [12]. Some experts suggested upgrad-
ing processing of bio-pyrolysis oil might be made in the current refinery infrastructure.
However, the possibility of using pyrolysis oil in the maritime sector comes up against
some specifications [4].

Pyrolysis oil has some negative characteristics, such as acidity, low calorific power
17–23 gigajoule per tonne (GJ/t) of fuel, which is about half of the HFO. It cannot be stored
for a long time due to phase separation, the amount of water can reach around 30%, and
the stage of development of the transformation route is also very low [4]. Due to all of the
constraints mentioned above, pyrolysis oil can be used as a substitute, albeit with many
restrictions, and the lack of testing for use in ship engines makes its use impossible at the
moment. The disadvantages cited before can probably explain the small number of studies,
i.e., 5.1% of all studies mentioned.

4.1.6. Fischer-Tropsch Diesel

In recent studies, Horvath et al. (2018) [52] analyzed the production of FT-diesel
from seawater electrolysis in a 2030–2040 scenario, among other options. In the studies
by Carvalho et al., (2021) [43] FT-diesel simulations in four different continents had costs
ranging between 30 and 60 EUR/GJ.

The publication by Tanzer, Posada, Geraedts, and Ramírez (2019) [53] crafted a simula-
tion of FT-diesel derived from biomass in Brazil and Sweden in an integrated screening
model to estimate fuel prices and environmental impacts of 33 marine biofuel supply chains.
FT-diesel presented the worst option due to the economic results led by the high equipment
costs and the gas cleaning process.

Balcombe et al. (2019) [12] only cited FT-diesel as an option for future replacement of
fossil fuels in a long-term period and made available the GHG indicator of around 50 g of
equivalent carbon dioxide per kilowatt-hour (gCO2eq/kWh).

Although Fischer–Tropsch diesel is derived from old technology, mostly used in
World War 2 by the German army and in South Africa in the 1950s during the Apartheid
embargo [54,55], FT-diesel derived from biomass still lacks technology that made it highly
expensive with a long way to go as far as research and development (R&D) is concerned to
become feasible. Only 4.3% of the mentions in the present study cited this as an alternative
source to be used in the maritime sector.

4.1.7. Hydrogen

Fuel cells operating with hydrogen have been widely discussed among experts from
industry and academy due to indirect GHG emissions [56]. Hydrogen is an energy carrier
capable of being produced from renewable resources through electrolysis of natural gas
reforming or biomass gasification [12,46].

Hydrogen represents the second-highest rate of mentions (16.2%) by the authors as a
potential source for the maritime sector. Currently, there are a few projects of hydrogen
fuel cell ships operating in the world, including a civilian ship called Viking Lady that has
been retrofitted with an LNG internal combustion engine (ICE) with the support of fuel
cells that use methanol or hydrogen [12,57].

One of the bottlenecks in the storage capacity of hydrogen is the pressure of the storage
tanks (under 700 PSA) [12].

Another negative point is that hydrogen may not be transported under the Interna-
tional Code for Construction and Equipment of Ships Carrying Liquefied Gases in Bulk
(IGC code). Thus, the nations which want to operate with this source must enter into an
international agreement [46,58]

High investment costs in production and infrastructure are the major barriers to
hydrogen implementation on international maritime cargo ships. The current retail cost of
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hydrogen is 1.5–6 times higher than conventional HFO, thus making use of this resource
unfeasible [12,59].

4.1.8. Ammonia

Recently, ammonia (NH3) has been widely discussed as an alternative fuel due to the
fact that it does not have direct CO2 emissions [60]. It is capable of being used in internal
combustion engines (ICE) or fuel cells [61–63]. However, ammonia is mostly produced
from fossil sources.

Studies on international shipping have assessed the possibility of using hydrogen com-
bined with ammonia as a potential source of 70% CO2 emission reduction by 2035 [63,64].
While Hansson et al. (2020) developed a scenario of carbon neutrality for Danish maritime
cargo until 2050 [65,66]. Nevertheless, Hanssson et al. (2020) mentioned some factors that
must be considered, such as safety distribution and development of fuel cells [66].

Hansson et al. (2020) [66] explored the multi-criteria decision analysis (MCDA) and
concluded that reduction in CO2 emissions using hydrogen in the maritime sector can
be more cost-effective than ammonia in the long term. The MCDA methodology used
by the author is based on the analytic hierarchy process (AHP), assessing four different
criteria (economic, technical, environmental, and social) on a scale of 1 (lowest value) to
4 (highest) consulting different stakeholders (ship-owners, engine manufacturers, fuel
producers, Swedish government authority representatives, and relevant researchers).

Yusuf (2018) [42] concluded that ammonia use in dual-fuel marine engines can decrease
to 33.5% of the total GHG emissions (using geothermal-based ammonia). However, the
concern is high NOx emissions [66]. Furthermore, the study concluded that not only
ammonia, but hydrogen use in maritime transportation could significantly impact GHG
emission levels. Ammonia accounted for 9.8% of the total mentions in the selected papers.

4.1.9. HVO, SVO and Ethanol

Hydrotreated vegetable oil (HVO), straight vegetable oil (SVO), and bioethanol are
mentioned as the main biofuel options in the short and medium-term with 3.8%, 3.4%, and
3.4% mentions, respectively. These biofuels are already commercialized on a large scale
and can use the current marine fossil fuel infrastructure. However, there are sustainability
concerns for HVO, SVO, and bioethanol in their large-scale production feedstock, need-
ing considerable croplands area sizes which can constrain deforestation in some regions,
compete with food and feed production and road transport, which already use this fuel
source [31].

4.1.10. GHG Impacts

International shipping is the most problematic sector to apply any policy or regulation
due to the fact that the oceans are international areas and each region is governed by
individual rules. Moreover, there is strong resistance to new options for the decarbonization
of the sector.

The current big merchant ships are designed to use liquid fossil fuels only in their
engines. Including alternative fuels as an option could balance the emissions [12,67]. Nev-
ertheless, a carbon footprint assessment of those cleaner sources must take into account
measuring other powerful gases, such as methane (CH4), nitrous oxide (N2O), and fluo-
rinated gases, which must be included to assess their direct or indirect global warming
potential (GWP) on a temporal scale [67].

Conventional biofuels, such as SVO, biodiesel, and HVO, have considerably lower
GHG impacts (Table 8) and could certainly reduce the problems associated with their use.
However, the main concern is the feedstock (food and feed) and CO2 emissions of direct
and indirect use on land [12].
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Table 8. GHG emissions of different fuels (the table was constructed based on data available in
Balcombe et.al (2019) studies [12].

Fuel Types gCO2eq/kWh

LNG 580–870
Hydrogen 113–997
Biodiesel 90–430
Methanol 50–290

Pyrolysis Oil 250–340
FT-diesel 50

HVO 210–400
Ethanol 140–250

SVO 290

Advanced biofuels, such as advanced bio-methanol, bio-methane, FT-diesel, and
pyrolysis oil can impact the CO2eq carbon footprint further (Table 8) due to the fact that
they do not compete with food and feed production since the feedstock comes mainly from
waste [12].

The studies by Bouman et al. (2017) [28] presented biofuels as displaying the biggest
potential for reducing GHG emissions in the maritime sector. Furthermore, their biodegrad-
ability is an advantage regarding accidental spills [12,68]. Serra and Fancello (2020) [69]
cited the advantages of biofuels in connection with their biodegradability. However, the
authors highlighted the attention of constraints on the emissions associated with direct and
indirect land use.

In studies by Law et al. [70] the importance of the life cycle assessment (well-to-wake)
over the alternative fuel use is mentioned. The entire supply chain must ensure that all the
impacts some fuels can cause and a well-to-wake energy assessment of marine fuels still
lacking consideration in literature be accounted for. From several biofuel types and routes,
biodiesel and bio-methanol were cited as good options in terms of costs, availability, and
level of technology. However, the main problems concern NOx, SOx, and PM. The author
also concluded that hydrogen and ammonia are the worst options due to the overall energy
consumed and high costs of production.

Prussi et al. [71] also mentioned that zero-emission in alternative fuels only occurs
from a tank-to-wake perspective, since many emissions and impacts may occur before their
production and other GHG methodologies must be used (well-to-tank). The author also
commented that if alternative options do not come from a renewable basis, the carbon
footprint can be higher than the conventional fossil sources already used.

The supply chain of alternative fuels assessment is a determinant to verify how clean
some fuels can be, and the full life cycle assessment is the most important tool cited by
some authors to quantify the many impacts caused by different energy source options.

4.1.11. Maritime Biofuel Use and Barriers

The new mandatory rules concerning maritime transport can increase the cost consid-
erably for the sector by around USD 60 billion per annum. The fuel expenditure represents
almost half of the operating cost, and it can reflect an increase of 10% of the equivalent of
the twenty-foot unit (TEU) cost transported [69,72].

Only a few alternative options are currently available and LNG appears to be the
best transitory option. However, the paradigm is in bunker suppliers, who do not want to
make investments until sufficient demand is guaranteed, and the ship-owners do not make
investments if there are no refueling points [69,73]. This observation can also apply to the
alternative fuel options.

The search for new and mandatory measures has awakened the concerns about the
rebound effect they can produce [69,74]. For example, some studies suggest that, if the
new ECA regulations are applied in the Mediterranean Sea, they can increase the cost
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of maritime transport by about 6.95 EUR/GJ [69,75,76] and foster a modal shift to land
transport, contributing to increasing CO2 emissions [64,69].

Another real problem is the split of incentives between shipowners and charterers.
The cost of investments in cleaner alternatives is only feasible if the former directly operate
their ships or make better agreements with charterers, splitting the economic advantages
and disadvantages of greener decisions.

As agreed between ship-owners and the port operators, GHG emission reduction is
subject to three main kinds of risks: business, technical, and external [69,77]. The first
concerns the payback period, the second is attributed to the lack of reliability of the rules
applied, and the third refers to the cost of fuel, policy, and regulations.

An important observation has been made by Machado (2019) in Brazil [78]. The
implementation of the new rules concerning 0.5% less sulfur emissions can impact the cost
of the diesel used in road transport. Due to this fact, distilled marine fuel is similar to
the diesel used in road transportation. The high demand can impact the lack of fuel and
consequently increase the price.

It can have the same impact on first-generation biofuel, which is already being used in
blends for road transport in many parts of the world.

This concern mentioned before opens up the way for advanced biofuels and alternative
fuel exploration. However, the low development of this source makes it highly expensive
and discourages its use.

5. Conclusions and Suggestions for the Future

The study selected high-standard papers in the Web of Science database to identify
the contribution of academia in the literature to the use of alternative fuels in the shipping
sector as a low carbon option. Several assessments was done to analyze factors as number
of papers, the most authors, the main regions and how cited those articles and reviews
have been employed to contribute to reduce the GHG emissions in maritime sector.

The research was important for understanding which resources have contributed most
to the scenario, how they have developed, what is expected for the future, and why they are
important. Based on keyword combination, 103 articles were found that mention biofuels
or low carbon alternatives used in the maritime sector.

The LNG is undoubtedly the main low carbon alternative with many ships already
operating with this source in the world. Eighty-eight percent of the papers referred to
LNG as an important source in the maritime sector for GHG reduction. Moreover, it can
significantly reduce other emissions, such as SOx, NOx, and PM. Nevertheless, the methane
slip (methane that escapes into the atmosphere) is one of the drawbacks due to its high
GHG potential. Bio-LNG could be a potential option, but production is still too low to meet
the high demand in the shipping sector.

Hydrogen is one of the most cited options (16.2%). In a tank-to-wheel assessment, H2
from fossil sources has nil GHG emissions, which can also be highly carbon-intensive when
analyzed from a well-to-wheel perspective. Renewable hydrogen or green hydrogen has
been widely discussed for the medium- and long-term, but the current stage of development
and use in the shipping sector is still low.

Biodiesel is a renewable and low carbon source, which represented 14.5% of total
mentions. This option, together with HVO (3.8%) and SVO (3.4%) are sources that can be
blended into the current marine engines without further modification. Nevertheless, the
main feedstock comes from food/feed sources and from deforested areas, which can raise
other issues.

Methanol accounted for 23.8% of mentions in the assessed studies. The largest barrier
is its production, which is consolidated only through fossil resources, and a modest number
of vessels are already running on this alternative fuel.

A new recent resource widely discussed in academia is ammonia. This fuel (fossil
or renewable) is capable to be employed in ICE or full cells. The resource received 9.8%
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of mentions in the assessed papers. However, it still appears as a promising hope for the
future since it is still limited to the research field.

The advanced route of alternative fuel production had an expressionless contribution.
Pyrolysis oil and Fischer–Tropsch diesel accounted for 5.1 and 4.3% of citations, respectively,
in the selected papers. Although they have an expressive contribution to GHG emission
reductions, the drawback is the low development level of those technologies, lack of
standards, and high cost of production.

In all cases mentioned before, the cleaner fuels are still not sufficiently representativity
in the maritime sector. Probably due to the lack of incentives from the production and
consumer demand. Moreover, there is a lot of resistance from the shipping industry. The
study concluded that several barriers, such as low technology development, cost and
accessibility, shipping industry, charterer acceptance, and lack of homogeneous regulations
over international waters, hamper the development of new fuel sources.

Some alternatives can be used as a blend in current fuels, such as LNG, biodiesel,
and methanol. Moreover, lignocellulosic residues can increase their availability without
constraining food and feed production, nor the competition with biofuels already used in
the road sector [63].

In terms of trends, Ampah et al. [31] concluded, that LNG has been the most inves-
tigated alternative source, mainly driven by the fact that it is an abundant cleaner fuel;
furthermore, their production, transportation, storage, and final use hold consolidated
technologies with cost-competitiveness. However, the author also concluded that there is a
new research tendency over methanol, ammonia, and hydrogen.

Top experts believe that implementation may be difficult due to the associated high
cost. Nevertheless, high cost compared to what? It is clear that fossil fuel still accounts for
expressive subsidies in the world, and the maritime sector uses the cheapest fuel compared
to other transport modes. Consequently, the question one must ask is what price will we
pay in the future? This study has been important to show the lack of in-depth studies on
cleaner fuel options in the maritime sector. The private sector and governments must start
acting now to stimulate research and development, which, consequently, will soon spread
to the shipping industry.

The study review herein has not included practical studies on the alternative produc-
tion and tests, where all of them are limited only in theory. Practical studies are essential to
gain the reliability and confidence of the shipping industry.

Other studies, i.e., on the break-even level of oil price, could be carried out to assay at
which price level of oil would the cleaner sources be comparable to the current fossil fuels.
The development of the carbon market will also be an important measure for stimulating
maritime sector decarbonization.
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RMF Residue marine Fuel
RMG Residual marine oil G
RMK Residual marine oil K
RPM Revolution per minute
RQ Research question
s Second
SECA Sulfur Emissions Control Area
SEEMP Ship Energy Efficiency Management Plan
SOx Sulfur oxide
SVO Straight vegetable oil
SSP Shared socio-economic pathway
t Tonne
TEU Twenty equivalent units
USA United States of America
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Appendix A

Table A1. Selected articles.

Number Article Title Authors

1 Retrofitting towards a greener marine shipping future: Reassembling ship fuels and
liquefied natural gas in Norway [79]

2 Study on characteristics of marine heavy fuel oil and low carbon alcohol blended fuels
at different temperatures [80]

3 Life cycle assessment of diesel and hydrogen power systems in tugboats [81]

4 Carbon abatement cost of hydrogen-based synthetic fuels-A general framework
exemplarily applied to the maritime sector [82]

5 Decision support methods for sustainable ship energy systems: A
state-of-the-art review [83]

6 Biogas upgrading to biomethane as a local source of renewable energy to power light
marine transport: Profitability analysis for the county of Cornwall [84]

7 Blending of Hydrothermal Liquefaction Biocrude with Residual Marine Fuel: An
Experimental Assessment [85]

8 Possibilities of Ammonia as Both Fuel and NOx Reductant in Marine Engines: A
Numerical Study [86]

9 Influence of waste oil-biodiesel on toxic pollutants from marine engine coupled with
emission reduction measures at various loads [87]

10 Global futures of trade impacting the challenge to decarbonize the international
shipping sector [88]

11 Prospects for carbon-neutral maritime fuel production in Brazil [89]

12 A Comparison of Alternative Fuels for Shipping in Terms of Lifecycle Energy and Cost [70]

13 Reduction of maritime GHG emissions and the potential role of E-fuels [90]

14 Particle-Gaseous pollutant emissions and cost of global biomass supply chain via
maritime transportation: Full-scale synergy model [91]

15 Reviewing two decades of cleaner alternative marine fuels: Towards IMO’s
decarbonization of the maritime transport sector [31]

16 Challenges and opportunities of marine propulsion with alternative fuels [92]

17 Techno-economic and Environmental Comparison of Internal Combustion Engines
and Solid Oxide Fuel Cells for Ship Applications [93]



Energies 2022, 15, 3571 21 of 30

Table A1. Cont.

Number Article Title Authors

18 A Study into the Availability, Costs and GHG Reduction in Drop-In Biofuels for
Shipping under Different Regimes between 2020 and 2050 [94]

19 Environmental impact assessment of hydrogen-based auxiliary power system onboard [95]

20 Biofuels for Maritime Transportation: A Spatial, Techno-Economic, and Logistic
Analysis in Brazil, Europe, South Africa, and the USA [96]

21 Perspective Use of Fast Pyrolysis Bio-Oil (FPBO) in Maritime Transport: The Case
of Brazil [97]

22 Power-to-Ships: Future electricity and hydrogen demands for shipping on the Atlantic
coast of Europe in 2050 [98]

23 How can LNG-fuelled ships meet decarbonisation targets? An environmental and
economic analysis [46]

24 Technical reliability of shipboard technologies for the application of alternative fuels [99]

25 Decarbonization of Marine Fuels-The Future of Shipping [100]

26 Biofuel Options for Marine Applications: Technoeconomic and Life-Cycle Analyses [101]

27 Alternative fuel options for low carbon maritime transportation: Pathways to 2050 [102]

28
The Position of Ammonia in Decarbonising Maritime Industry: An Overview and

Perspectives: Part I Technological advantages and the momentum towards
ammonia-propelled shipping

[103]

29 Blending new and old in sustainability transitions: Technological alignment between
fossil fuels and biofuels in Norwegian coastal shipping [104]

30 Liquefied Natural Gas as Ship Fuel: A Maltese Regulatory Gap Analysis [105]

31
Can Market-based Measures Stimulate Investments in Green Technologies for the

Abatement of GHG Emissions from Shipping? A Review of Proposed
Market-based Measures

[106]

32 Decarbonization in Shipping Industry: A Review of Research, Technology
Development, and Innovation Proposals [107]

33 Potential and limiting factors in the use of alternative fuels in the European
maritime sector [71]

34 Production of alternative marine fuels in Brazil: An integrated assessment perspective [43]

35 Green hydrogen as an alternative fuel for the shipping industry [108]

36 Net Zero for the International Shipping Sector? An Analysis of the Implementation
and Regulatory Challenges of the IMO Strategy on Reduction of GHG Emissions [109]

37 Analysis and Modeling the Energy System of a Chemical Tanker by LEAP [110]

38 Fuel Cell Power Systems for Maritime Applications: Progress and Perspectives [111]

39 Energy efficiency of integrated electric propulsion for ships—A review [112]

40 Life-cycle cost assessment of alternative marine fuels to reduce the carbon footprint in
short-sea shipping: A case study of Croatia [113]

41 A comprehensive review on countermeasures for CO2 emissions from ships [114]

42 Numerical analysis of economic and environmental benefits of marine fuel conversion
from diesel oil to natural gas for container ships [115]

43 A Perspective on Biofuels Use and CCS for GHG Mitigation in the Marine Sector [116]

44 Decarbonizing Maritime Transport: The Importance of Engine Technology and
Regulations for LNG to Serve as a Transition Fuel [117]

45 Renewable Ammonia as an Energy Fuel for Ocean Exploration and Transportation [118]
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46 Exhaust emissions and engine performance analysis of a marine diesel engine fuelled
with Parinari polyandra biodiesel-diesel blends [119]

47 Comprehensive analysis of the air quality impacts of switching a marine vessel from
diesel fuel to natural gas [120]

48 Decarbonising the critical sectors of aviation, shipping, road freight and industry to
limit warming to 1.5–2 ◦C [121]

49 Implementing maritime battery-electric and hydrogen solutions: A technological
innovation systems analysis [122]

50 Life-cycle cost assessments of different power system configurations to reduce the
carbon footprint in the Croatian short-sea shipping sector [123]

51 Investigation to meet China II emission legislation for marine diesel engine with diesel
methanol compound combustion technology [124]

52 Life Cycle Assessment of Alternative Ship Fuels for Coastal Ferry Operating in
Republic of Korea [125]

53 Characterization of Biomethanol-Biodiesel-Diesel Blends as Alternative Fuel for
Marine Applications [126]

54 Assessment of fuel cell types for ships: Based on multi-criteria decision analysis [127]

55 An evaluation of the cost-competitiveness of maritime fuels—a comparison of heavy
fuel oil and methanol (renewable and natural gas) in Iceland [128]

56 Vegetable oils as renewable fuels for power plants based on low and medium speed
diesel engines [129]

57 Process and Economic Evaluation of an Onboard Capture System for LNG-Fueled
CO2 Carriers [130]

58 Sustainability in Maritime Sector: Waste Management Alternatives Evaluated in a
Circular Carbon Economy Perspective [131]

59 The Potential Role of Ammonia as Marine Fuel-Based on Energy Systems Modeling
and Multi-Criteria Decision Analysis [66]

60 Towards the IMO’s GHG Goals: A Critical Overview of the Perspectives and
Challenges of the Main Options for Decarbonizing International Shipping [69]

61 LNG and Cruise Ships, an Easy Way to Fulfil Regulations-Versus the Need for
Reducing GHG Emissions [132]

62 Environmental and Economic Evaluation of Fuel Choices for Short Sea Shipping [133]

63 Decarbonization of Maritime Transport: Analysis of External Costs [56]

64 Challenges and opportunities of zero emission shipping in smart islands: A study of
zero emission ferry lines [134]

65 Hybrid fuel cell and battery propulsion system modelling and multi-objective
optimisation for a coastal ferry [135]

66 Characterization of particulate matter emitted by a marine engine operated with
liquefied natural gas and diesel fuels [136]

67 High energy density storage of gaseous marine fuels: An innovative concept and its
application to a hydrogen powered ferry [137]

68 Pathways to climate-neutral shipping: A Danish case study [65]

69 Lignocellulosic marine biofuel: Technoeconomic and environmental assessment for
production in Brazil and Sweden [53]

70 Hybrid solar PV/PEM fuel Cell/Diesel Generator power system for cruise ship: A case
study in Stockholm, Sweden [36]
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71 Pollution Tradeoffs for Conventional and Natural Gas-Based Marine Fuels [138]

72 Biofuel as an alternative shipping fuel: technological, environmental and economic
assessment [4]

73 Fuel demand and emissions for maritime sector in Fiji: Current status and low-carbon
strategies [139]

74 How to decarbonise international shipping: Options for fuels, technologies and policies [12]

75 Performance of marine diesel engine in propulsion mode with a waste oil-based
alternative fuel [140]

76 Well-to-wheel assessment of natural gas vehicles and their fuel supply
infrastructures—Perspectives on gas in transport in Denmark [141]

77
Well-to-wheel greenhouse gas emissions of battery electric vehicles in countries

dependent on the import of fuels through maritime transportation: A South Korean
case study

[142]

78 Alternative fuels for shipping : Optimising fleet composition under environmental and
economic constraints [143]

79 Techno-economic analysis of a decarbonized shipping sector: Technology suggestions
for a fleet in 2030 and 2040 [52]

80 Environmental impact categories of hydrogen and ammonia driven transoceanic
maritime vehicles: A comparative evaluation [42]

81 Assessment of full life-cycle air emissions of alternative shipping fuels [33]

82 Application of Alternative Maritime Power (AMP) Supply to Cruise Port [144]

83 Global energy scenarios and their implications for future shipped trade [145]

84 Greenhouse gas emissions from ships in ports—Case studies in four continents [34]

85 State-of-the-art technologies, measures, and potential for reducing GHG emissions
from shipping—A review [28]

86 Waste oil-based alternative fuels for marine diesel engines [146]

87 Evaluation of pollutant emissions from two-stroke marine diesel engine fueled with
biodiesel produced from various waste oils and diesel blends [147]

88 Sustainable transport by use of alternative marine and aviation fuels-A well-to-tank
analysis to assess interactions with Singapore’s energy system [148]

89 Reducing GHG emissions from ships in port areas [32]

90 Emission Reductions of Nitrogen Oxides, Particulate Matter and Polycyclic Aromatic
Hydrocarbons by Using Microalgae Biodiesel, Butanol and Water in Diesel Engine [149]

91 Effect of hydrogen addition on criteria and greenhouse gas emissions for a marine
diesel engine [150]

92 Impact of Sugarcane Renewable Fuel on In-Use Gaseous and Particulate Matter
Emissions from a Marine Vessel [151]

93 Considerations on the potential use of Nuclear Small Modular Reactor (SMR)
technology for merchant marine propulsion [37]

94 Vessel optimisation for low carbon shipping [35]

95 Effects of Biodiesel Blend on Marine Fuel Characteristics for Marine Vessels [44]

96 Strategies for promoting biodiesel use in marine vessels [45]

97 Natural gas as a fuel alternative for sustainable domestic passenger shipping in Greece [152]

98 Emission characteristics of GTL fuel as an alternative to conventional marine gas oil [153]
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99 Impact of Algae Biofuel on In-Use Gaseous and Particulate Emissions from a Marine
Vessel [154]

100 Investigation of engine performance and emissions of a diesel engine with a blend of
marine gas oil and synthetic diesel fuel [155]

101 Operation of Marine Diesel Engines on Biogenic Fuels: Modification of Emissions and
Resulting Climate Effects [38]

102 Climate Impact of Biofuels in Shipping: Global Model Studies of the Aerosol Indirect
Effect [39]

103 Use of soy-derived fuel for environmental impact reduction in marine engine
applications [156]
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