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Abstract: The naval sector holds paramount importance for the global economy, yet it entails
significant environmental impacts throughout the entire life cycle of ships. This review explores
the application of life-cycle assessment (LCA) in the naval sector, a methodology for evaluating the
environmental impacts associated with all the life stages of a product or service. LCA analysis in the
naval context is essential for identifying and mitigating environmental impacts, thus promoting more
sustainable development of the sector. This work provides a comprehensive overview of current LCA
applications in the naval sector, highlighting major environmental impacts, in particular focusing
on greenhouse-gas emissions and climate change. Additionally, this study integrates an analysis
of greenhouse-gas emissions using a normalization approach, which has enabled the comparison
of various types of fuels and ships, thereby enhancing our understanding of their environmental
impacts. Moreover, the limits and challenges to applying LCA in the naval sector are discussed,
offering insights for future research and developments in the field. This review aims to raise awareness
among policymakers, designers, and operators in the naval sector about the importance of adopting
LCA for more sustainable and responsible management of naval activities, thereby contributing to
the protection of the marine and global environment.

Keywords: life-cycle assessment; ship propulsion; environmental impact assessment; alternative

fuels; well to wake

1. Introduction
1.1. Overview

The expansion of maritime traffic continues to solidify its status as the primary mode
of global goods transportation, especially for long-distance shipments, which constitute
a significant portion of world trade. This enduring prosperity, spanning centuries, has
propelled water transportation to encompass nearly 90% of global trade [1,2]. The escalating
threat of global warming, induced by greenhouse gases (GHG), is emerging as a critical
environmental concern on a global scale. Carbon dioxide (CO;) emissions have garnered
escalating attention in recent years. Among all emission sources, transportation emerges
as a prominent contributor to climate change due to its substantial reliance on fossil fuels.
Towards the close of the twentieth century, the International Maritime Organization (IMO)
began to tackle the environmental consequences arising from maritime activities. This
initiative led to the implementation of MARPOL Annex VI [3], which sets limits on sulfur
oxides (SOx) and nitrogen oxides (NOx) emissions [4,5]. Feasible approaches to meet
the emission-reduction targets include the adoption of exhaust-gas treatment systems,
transitioning to cleaner alternative fuels [6], or implementing measures to enhance energy
efficiency [7,8].

Regulatory frameworks from influential organizations, such as the IMO and the
European Union (EU), are taking shape, compelling industry stakeholders to implement
plans that will shape decarbonization efforts for decades.
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The IMO has implemented measures to control emissions in the maritime sector due
to concerns about climate change. They have expanded global emission-control areas
and introduced regulations such as the Energy Efficiency Design Index (EEDI) since 2013
and the Energy Efficiency Existing Ships Index (EEXI) since 2023 [9,10]. Specifically, the
EEDI [11] applies to newly designed ships, representing the energy efficiency of the ship
based on certain technical and design criteria. The goal is to promote the construction of
more energy-efficient ships from the outset. On the other hand, EEXI [12] applies to existing
ships and is part of IMO regulations aimed at enhancing the energy efficiency of these
ships, with the objective of reducing GHG emissions by improving the energy efficiency of
ships already in service. These measures seek to assess and regulate the energy efficiency
of both new naval projects and existing ships, with the intention of significantly lowering
CO;, emissions from maritime vessels. The Carbon Intensity Indicator (CII) [13] is another
regulation introduced by the International Maritime Organization (IMO) to monitor and
decrease GHG emissions in the shipping sector. The CII provides an indication of the
carbon intensity of ships, calculated as the amount of CO, emitted per ton of shipping
and nautical miles traveled. Ships exceeding established CII limits may be subject to
the implementation of corrective measures, following regulations established to enhance
efficiency and reduce the environmental impact of maritime transport.

The 2020s are proving pivotal for carbon emission reduction in the shipping industry.
In July 2023, the IMO introduced the IMO GHG Strategy from Ships (RESOLUTION
MEPC.377(80)), significantly elevating aspirations for the global maritime sector beyond
its initial target of achieving a 50% reduction in GHG emissions by 2050. Using 2008 as a
baseline, the revised strategy now aims to reduce GHG emissions from well to consumption
by 20% by 2030 and by 70% by 2040, ultimately achieving net-zero emissions around
2050 [14]. This document also establishes guidelines for conducting a life-cycle assessment
(LCA). These guidelines aim to address the intensity and sustainability aspects of GHGs
throughout the entire life cycle, encompassing production, transportation, and usage
phases. These considerations specifically pertain to marine fuels and energy carriers used
for ship propulsion and onboard power generation. Relevant GHGs include CO,, methane
(CHy), and nitrous oxide (N,O).

It is crucial to note that these guidelines do not provide comprehensive guidance for an
IMO GHG inventory for international shipping. Excluded from consideration are emissions
resulting from the load, e.g., volatile organic compounds (VOC), or the use of refrigerants.
Furthermore, other short-term climate drivers and precursors, such as non-methane volatile
organic compounds (NMVOC), Sox, carbon monoxide (CO), particulate matter (PM), and
black carbon, fall outside the scope of these LCA guidelines [15].

The LCA establishes itself as an essential tool for analyzing environmental impacts
related to products or services throughout their entire life cycle, in accordance with inter-
national standards ISO 14040 [16] and ISO 14044 [17]. This method offers a holistic and
scientifically rigorous analysis, essential for understanding and mitigating the environmen-
tal effects associated with human activities.

The LCA process is structured in four key phases: goal and scope definition, life-cycle
inventory analysis (LCI), life-cycle impact assessment (LCIA), and interpretation of the
results. Through these phases, it is possible to identify and quantify resource consumption
and emissions, thus providing a solid foundation for the development of sustainable
improvement strategies. The methodology lends itself to application in all sectors of
industry, such as aerospace [18], manufacturing [19], automotive [20], biomedical [21],
and naval, which this article focuses on. In this context, the studies conducted can be
of a general nature, like those that will be analyzed in this review, but also very specific,
addressing the impact of particular activities, such as the impact of fishing [22-24] and
of fishing-specific fish species, such as tuna [25], bluefish [24,26,27], and others [28-30],
through an LCA. Other studies focus on the manufacturing methods of boats [31,32] and
the materials used [33].
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Regarding the goal and scope definition part, it is crucial to establish the boundaries of
the system studied. The overall approach involves a holistic study of the product, which is
called cradle to grave (CtG) [34]. This approach typically includes ship manufacturing [35]
(or only propulsion-system manufacturing), emissions during ship operation throughout
its entire life cycle, and includes activities such as dismantling and recycling.

In the context of maritime transport, the well-to-wake (WtW) [36] approach assumes
particular relevance. It focuses on the total emissions generated from the production
and distribution of fuel—well to tank (WtT)—to its use in the ship’s engine—tank to
wake (TtW) [37,38]. This distinction allows for a thorough examination of emissions
at each stage, highlighting how optimization in any of the segments can significantly
contribute to reducing the overall environmental impact of the maritime sector. The
WtW approach thus facilitates the identification of effective strategies for reducing GHG
emissions and pollutants, crucial for achieving sustainability goals in maritime transport.
Figure 1 schematically illustrates the WtT and TtW approaches.
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Figure 1. Schematization of the WtT and TtW approaches.

Once the system boundaries are established, it is possible to proceed with the inventory
analysis, considering all the processes and products that contribute to the product in terms
of input and output of materials and energy.

Regarding the analysis of environmental impacts, there are various standardized meth-
ods employed to assess and quantify the impact of human activities on the environment.
Among the most used are the methods from the Centre of Environmental Science (CML)
of Leiden University [39], ReCiPe [40], International Reference Life Cycle Data System
(ILCD) [41], Tool for the Reduction and Assessment of Chemical and other environmental
Impacts (TRACI) [42], and Eco-Indicator 99. These methods provide methodological frame-
works for the assessment of environmental impacts, offering diversified approaches that
cover a wide spectrum of impact categories.

The environmental impact categories [43] evaluated by these methods encompass a
range including climate change and Global Warming Potential (GWP) [44], focusing on
substances such as CO,, CHy, N;O, and SF6, which contribute to the greenhouse effect
and climate change. They also examine human toxicity and ecotoxicity [45-47] in various
environments, addressing the impact of chemical substances on both the environment and
human health. Moreover, these methods assess the acidification and eutrophication [48-51]
potential of emissions, which influence the acidity of soils and waters [52,53] and contribute
to nutrient enrichment, leading to excessive algae growth in aquatic environments.

Furthermore, the potential for ozone-layer depletion and the creation of photochemical
ozone [54], in addition to the impact of local pollutants like SOx, NOx, and particulate
matter, are analyzed. Other environmental impacts include the abiotic depletion of elements
and fossil fuels, land occupation, and the depletion of mineral resources and fossil fuels,
along with the potential for aerosol formation.

These impact categories offer a holistic understanding of the environmental effects of
human activities, providing a basis for comparative assessment and the identification of
critical areas for intervention. The application of these methods and categories in life-cycle
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analysis enables scholars and practitioners to identify effective strategies for minimizing
the negative impacts on the environment.

1.2. Scope

This review article aims to scrutinize studies employing the LCA method to evaluate
the environmental impact of maritime transport, with a particular focus on those utilizing
a WtW approach. The primary emphasis is on investigations encompassing various types
of fuels and propulsion technologies, ranging from traditional to alternative ones, with a
thorough examination of the results in terms of GWP. By normalizing the findings across
the analyzed studies in the scientific literature, this review article also seeks to facilitate
a comprehensive comparison, providing a broader analysis of the environmental impact
associated with maritime transport.

1.3. Outline

After the introductory section, this review article proceeds, in Section 2, to outline the
methodology employed for the literature review. This involved a strategic combination of
relevant keywords and the meticulous selection of documents deemed most pertinent and
compelling for the discussed theme. The subsequent section will showcase the bibliometric
and content analysis, complemented by informative graphs and a summary table featuring
selected articles, each accompanied by a concise description of its content.

Section 3 will commence with a synthesis of the selected articles, followed by a metic-
ulous comparative analysis of results derived from a specifically chosen subset of articles
within the scientific literature. This analysis was conducted employing a mathematically
formulated approach designed to facilitate the comparison of study results in terms of
GWPD, relative to a WtW approach.

In Section 4, the obtained results will be presented and thoroughly discussed. The
article will then conclude with final remarks.

2. Method

A systematic review of studies present in the scientific literature was conducted using
the Scopus database (search conducted on 13 December 2023), considered one of the
most important and comprehensive collections of scientific articles. The search involved
combining keywords (utilizing the logical operator “AND") searched within article titles,
abstracts, and keywords of scientific articles.

To determine the keywords, semantic fields, each containing four words, were chosen.
The first family pertains to the environmental impact analysis (life-cycle assessment, life-
cycle analysis, LCA, and environmental impact assessment), the second focuses on the
naval sector (ship, naval, maritime, and vessel), and the last addresses the energy aspect
(propulsion, engine, motor, and fuel). Figure 2 shows the adopted keywords. The selection
of keyword categories was made in order to obtain documents as relevant as possible to the
topic under investigation. Furthermore, the choice of individual keywords was influenced
by the authors” expertise and previous knowledge.

Life Cycle Assessment Ship Propulsion
& J
( N
Life Cycle Analysis Naval Engine
. J
e N
LCA Maritime Motor
S J
N Y
Environmental Impact Vessel Fuel
Assessment

Figure 2. Combination of keywords used to conduct this review article.



J. Mar. Sci. Eng. 2024, 12, 520

50f25

All possible combinations of keywords were searched, for example: “Life Cycle
Assessment” AND “Ship” AND “Propulsion”, or “Life Cycle Assessment” AND “Ship”
AND “Engine”, and so forth. The results of this search are shown in Tables 14, illustrating
the types and number of documents found for each combination of keywords.

Table 1. Keywords combination and number of documents with “Life Cycle Assessment” as the first.

Life-Cycle Assessment

Clo(;}{)viv:a:g(s)n Ship Naval Maritime Vessel
Propulsion  Engine Motor Fuel Propulsion  Engine Motor Fuel Propulsion  Engine Motor Fuel Propulsion  Engine Motor Fuel
No. Documents 52 78 10 163 9 8 5 11 18 32 2 87 24 52 13 130
Article 33 53 6 118 3 3 1 6 13 23 1 64 16 30 4 85
Conference Paper 14 11 2 27 3 2 2 3 2 1 0 13 6 11 4 31
Book Chapter 2 10 0 5 0 0 0 0 2 1 0 4 1 1 0 5
Review 3 4 2 12 3 3 2 2 1 7 1 5 1 10 5 9
Other 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0
Tot. 694
. . : uy : s :
Table 2. Keywords combination and number of documents with “Life Cycle Analysis” as the first.
Life-Cycle Analysis
CI::‘}]’:I:SZ“ Ship Naval Maritime Vessel
Propulsion  Engine Motor Fuel Propulsion  Engine Motor Fuel Propulsion  Engine Motor Fuel Propulsion  Engine Motor Fuel
No. Documents 96 119 23 190 23 15 8 18 25 40 2 73 53 74 22 167
Article 52 67 8 135 9 7 2 8 15 26 1 56 24 36 8 90
Conference Paper 33 27 9 40 10 4 4 8 6 4 0 11 22 19 6 63
Book Chapter 2 3 0 2 0 0 0 0 1 1 0 3 1 2 0 3
Review 9 22 6 13 4 4 2 2 3 9 1 3 6 17 8 10
Other 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
Tot. 948
. . : “ ” .
Table 3. Keywords combination and number of documents with “LCA” as the first.
LCA
CE:I}{";V::S(S]“ Ship Naval Maritime Vessel
Propulsion  Engine Motor Fuel Propulsion  Engine Motor Fuel Propulsion  Engine Motor Fuel Propulsion  Engine Motor Fuel
No. Documents 25 44 5 93 1 3 1 2 12 20 1 47 15 26 2 78
Article 16 33 5 75 0 1 0 1 8 15 1 34 11 19 1 67
Conference Paper 6 8 0 13 0 0 0 0 2 2 0 8 4 7 1 6
Book Chapter 1 1 0 3 0 0 0 0 1 2 0 3 0 0 0 4
Review 2 2 0 1 1 1 1 1 1 1 0 1 0 0 0 1
Other 0 0 0 1 0 1 0 0 0 0 0 1 0 0 0 0
Tot. 375
Table 4. Keywords combination and number of documents with “Environmental Impact Assessment”
as the first.
1 Impact A
Keywords Shi Naval Mariti Vessel
Combination ip ava aritime ‘essel
Propulsion  Engine Motor Fuel Propulsion  Engine Motor Fuel Propulsion  Engine Motor Fuel Propulsion  Engine Motor Fuel
No. Documents 86 115 18 257 11 8 2 18 28 44 7 131 45 80 11 191
Article 51 75 13 186 6 3 1 7 17 31 4 98 25 47 7 127
Conference Paper 23 24 3 48 3 1 1 5 7 8 1 20 14 16 0 38
Book Chapter 4 4 0 5 0 0 0 0 1 1 0 4 3 2 0 4
Review 8 12 2 17 2 4 0 6 3 4 2 9 3 14 4 21
Other 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 1
Tot. 1052

The total number of documents found amounts to 3069. It is important to note that
a single scientific document may appear in multiple combinations of keywords. Conse-
quently, the 3069 documents found do not represent unique entries, and some documents
are duplicates. The data was subsequently cleaned by removing repetitions, resulting in a
final count of 967 unique documents.

Among these documents, only peer-reviewed conference or scientific journal articles
and book chapters in English were chosen. Following an examination of the title, abstract,
and keywords, articles that seemed unrelated to the topic addressed in this review were
excluded. As a result, 51 scientific articles remained, and these were subjected to a more
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in-depth analysis. These articles span a 10-year period from 2015 to 2024. Figure 3 illustrates
both the number of publications and the corresponding citation counts for each year.

Published documents and citations

T T T T T T T T T 600

No. documents 16
Citations 500

20

400

300

Citations

200

100

15 2016 2017 2018 2019 2020 2021 2022 2023 2024
Publication Year

Figure 3. Number of documents and their citation per year.

It is evident that the number of articles found has increased over the last ten years,
reaching a peak of 16 articles in 2022. The citations are current as of January 2024, and
those identified for this year total 108, approximately one-fifth of the total recorded in 2023
(531 citations).

The following is a brief analysis of the 51 articles, aimed at creating bar charts illustrat-
ing the usage of database software employed for conducting LCA analysis, the methods
utilized, analysis categories (whole ship, propulsion system, and fuel), and the examined
ships. Note that, while for the analyzed categories, the sum of instances exactly adds up
to 51, for the other analyses, a higher total number will be found. This is because in some
studies, for instance, more than one database or various types of ships are used.

Figure 4 illustrates the primary software utilized for conducting an LCA in the selected
articles, listed in order as GREET, OpenLCA, GaBi, and SimaPro. The ‘Others’ category
encompasses software used to a lesser extent, and there are instances where studies do not
specify the software employed. The documents in which the software used has not been
specified have been grouped with the designation “not available” (N.A.).

Software Used
T T

Count

GaBi GREET OpenLCA SimaPro Others NA.
Software

Figure 4. Distribution of software usage: count of occurrences for each software.

As for the databases used in conducting the LCA analysis, the Ecoinvent database, in
its various versions, was predominantly employed in the articles, followed by the GREET
and GaBi databases. The ‘Others’ category encompasses additional databases or datasets
used to a lesser extent. Additionally, it includes articles that utilized other studies as
datasets or obtained information through companies. In 15 articles, it was not possible
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to identify univocally the database used. Figure 5 presents a graph that illustrates the
information discussed.

Dataset Used

Count

Ecoinvent GaBi GREET Others NA.
Dataset

Figure 5. Distribution of database usage: count of occurrences for each database.

Among the various LCIA methods, the most frequently employed in the selected
articles are CML, IPCC, ReCiPe, and ILCD. Additionally, other methods, such as Traci and
Eco-Indicator 99, were used. However, in 18 articles, it was challenging to clearly deduce
the specific method used for the LCA analysis. Figure 6 illustrates the frequency of usage
for each method.

LCIA Methods Used

20 T T

CML ILCD IPCC ReCiPe Others N.A.
Method

Figure 6. Distribution of LCIA method usage: count of occurrences for each method.

Irrespective of the investigated boundaries, certain articles analyze the entire ship,
encompassing its structure and propulsion system (internal combustion engines, electric
motors, etc.). Others focus on the propulsion system in conjunction with the fuel, while
some exclusively analyze the propulsion system, excluding considerations of the fuel.
Notably, the majority of the identified articles (30 over 51) solely examine the used fuel.
This information is meticulously depicted in Figure 7.

Analysis Categories
T

Ship, power system, and fuel  Power system and fuel Fuel
Categories.

Figure 7. Distribution of categories: count of occurrences for each category.

The articles investigated encompass a wide range of ship types. In this review, ships
were categorized into five groups: bulk (including unspecified cargo ships), container, ferry
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(encompassing passenger transport ships, Ro-Ro, and Ro-Pax), fishing, tank (irrespective
of the transported cargo type), and work vessel (encompassing tugs, frigates, dredgers,
and others). Notably, 15 articles lacked explicit references to the investigated vessel type.
Figure 8 provides a detailed breakdown of the frequency of various ship types in the

identified articles.

Type of Ship
T

20

Count

Bulk Container Ferry Fishing Tank

Type

Work vessel

NA.

Figure 8. Distribution of examined ships: count of occurrences for each type of ship.

Table 5 displays the selected papers along with a brief description of the boundaries

used and the ship types analyzed.

Table 5. Selected papers with publication year, boundaries used, and ship type analyzed.

Reference Boundaries Ship Type
Trillos et al. [55] (2021) WitW (Ship, power system, and fuel) RoPax Ferry
Kanchiralla et al. [56] (2022) WitW (Power system and fuel) RoPax Ferry

Wang et al. [57] (2021)

Zincir et Arslanoglu [58] (2023)
Seyam et al. [59] (2023)

Bicer and Dincer [60] (2017)
Fernandez-Rios et al. [61] (2022)
Ahmed et al. [62] (2023)

Hwang et al. [63] (2020)
Al-Aboosi et al. [64] (2021)
Yacout et al. [65] (2021)

Park et al. [66] (2022)

Wang et al. [67] (2022)

Cucinotta et al. [68] (2021)

Per¢i¢ et al. [69] (2021)

Balcombe et al. [70] (2021)
Taghavifar and Perera [71] (2022)
Manouchehrinia et al. [72] (2020)
Malmgren et al. [73] (2021)

Jang et al. [74] (2021)

Per¢i¢ et al. [75] (2022)

Bilgili [76] (2021)

Barbosa Watanabe et al. [77] (2022)
Lee et al. [78] (2022)

Dong and Cai [79] (2018)
Ling-Chin and Roskilly [80] (2016)
Wang et al. [81] (2019)

Chen and Lee Lam [82] (2022)
Tsang et al. [83] (2015)

Huang et al. [84] (2022)
Sharafian et al. [85] (2019)
Taghavifar and Perera [86] (2023)
Seithe et al. [87] (2020)

Percic et al. [88] (2020)

Wang et al. [89] (2023)

Gilbert et al. [90] (2017)

Krantz et al. [91] (2023)

Knight et al. [92] (2023)

Zincir [93] (2022)

CtG (Power system, and fuel)

Short-route ferry

WHW (Fuel) Ocean tanker model
WIT (Fuel) Tank

CtG (Ship, power system, and fuel) Tank and freight ship
CtG (Power system and fuel) N.A.

CtG (Ship, power system, and fuel) Tank

WIT, TtW, and WtW Coastal ferry

WIT and TtW N.A.

W1tW (Fuel) N.A.

WitW (Fuel) Short-route ferry
WIW and TtW (Fuel) Super Yacht

CtG (Ship, power system, and fuel)
WitW (Power system and fuel)

Cruise ferry
Cargo, passenger, and dredger

WtW (Fuel)

WitW (Fuel) Tank

WiW (Fuel) Ferry

WitW (Fuel) Ro-Pax

W1T and TtW (Fuel) Bulk, container, tank, and Ro-Ro
WtT and TtW (Power system and fuel) ~ Ro-Ro passenger

WHT, TtW, and WtW (Fuel) A.

WitW (Fuel) N.A.

WIT, WtW, and WtW (Fuel) Ferry

CtG (Ship, power system, and fuel) Bulk

CtG (Power system and fuel) Ro-Ro cargo

CtG (Power system and fuel) Ferry

CtG (Power system and fuel) Tugboat

WIT (Fuel) N.A.

W1T and TtW (Fuel) Tank

WIT and TtW (Fuel) N.A.

WiT and TtW (Fuel) N.A.

WitW (Fuel) Container, cruise, tanker, Ro-Pax
WitW (Power system and fuel) Ro-Pax

CtG (Ship, power system, and fuel)

Ferry, pelagic trawler, and tug

WIT and TtW (Fuel) A.

WitW (Fuel) N.A.

WiT and TtW (Power system and fuel) ~ Ferry

W1T and TtW (Fuel) General cargo
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Table 5. Cont.
Reference Boundaries Ship Type
Thomson et al. [5] (2015) WIW (Fuel) Container and tug
Masum et al. [94] (2023) WIHW (Fuel) N.A.
Tomos et al. [95] (2023) WitW (Ship, power system, and fuel) Tank, bulk, general cargo, container, and offshore vessels
Chalaris et al. [96] (2022) WIW (Fuel) Bulk
Zhang et al. [97] (2022) WitW (Ship, power system, and fuel) Bulk, container, and general cargo
Al-Douri et al. [98] (2021) WIHW (Fuel) Tank, container, bulk, and general cargo
Taghavifar et al. [99] (2023) WIT and TtW (Fuel) N.A.
Yan et al. [100] (2022) WHT and TtW (Power system and fuel)  Bulk
Mestemaker et al. [101] (2020) CtG (Power system and fuel) N.A.
Bilgili [102] (2021) WEW (Fuel) N.A.
Kori¢an et al. [103] (2022) WIT and TtW (Fuel) Fishing

Kim et al. [104] (2023)

WtT and TtW (Power system and fuel) ~ Fishing

The majority of documents found in the scientific literature focus on the fishing of
specific fish species. Indeed, the functional units used are mostly proportional to the
quantity of the catch. Only those documents were considered in which an LCA analysis
was conducted on fishing vessels with the aim of comparing emissions from different
engine systems and types of fuel.

3. Outcomes from the Literature Review

In this section, the analysis of the 51 selected scientific articles is conducted, with the
aim of presenting a comprehensive overview of the studies carried out in the field of LCA
of maritime transport. Subsequently, the normalized outcomes of the papers are illustrated.
The obtained data, resulting from the proposed methodology, provide a useful overview of
the environmental performance of different types of fuel and ships. The data normalization
makes it easier to perform a homogeneous comparison on an ecological level, offering a
comparative view of the environmental impact.

3.1. Articles Description

In the study conducted by Trillos et al. [55], an LCA was conducted on a Ro-Pax
ferry operating between Kirkwall and Shapinsay in the Orkney Islands, Scotland. The
analysis, adopting a cradle-to-end-of-use approach, covered the entire construction of the
ship, including its structure, power system, and the utilized fuel. Utilizing SimaPro 9.0
software in conjunction with the Ecoinvent 3.5 database and the ReCiPe 2016 method, the
emissions of a new prototype incorporating hydrogen and fuel cells were compared with
those of a diesel-configured ferry and a diesel-hybrid ferry. The functional unit chosen for
assessment was 1 km of crossing distance.

Kanchiralla et al. [56] conducted an LCA on fuel and propulsion systems for a Ro-Pax
ferry traveling from Gothenburg to Kiel. The analysis considered both the manufacturing
and use phases, utilizing the Ecoinvent database and the Environmental Footprint 3.0
LCA method. The study focused on various energy carriers such as electrolytic hydrogen,
electro-ammonia, electro-methanol, and electricity. Different configurations of propulsion
systems, including engines, fuel cells, and carbon-capture technologies, were evaluated.
The functional unit was defined as “one round trip from Gothenburg to Kiel and back
with the case study ship”, and the analysis aimed to assess the environmental impact and
associated costs of decarbonization strategies.

Wang et al. [57] aimed to evaluate the advantages and disadvantages of a marine
battery propulsion system through a comparative LCA. Adopting a CtG approach for
the ship’s power system, the study extensively assessed the performance of the proposed
battery system against its conventional counterpart (diesel powered). OpenLCA software
and the CML 2001 method were employed, with the functional unit set as the entire lifetime
of the ship.

Zincir et Arslanoglu [58] assessed the environmental impacts of various fuel options
using a WtW LCA method. The study considered fuels such as Fischer Tropsch diesel,
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ammonia, marine bio-oil, electro Fischer Tropsch diesel, pyrolysis oil, hydrogen, ultra-
low sulfur fuel oil (ULSFO), marine diesel oil (MDO), renewable diesel, electro-methanol,
liquefied natural gas, straight vegetable oil, bio-diesel, dimethyl ether, liquefied petroleum
gas, and Marine Gas Oil (MGO). A maritime tanker model from the GREET Model 2022 was
employed for life-cycle inventory analysis, and the assessment utilized the Environmental
Footprint Method 3.0 integrated into OpenLCA. The chosen functional unit for this study
was defined as the energy produced by burning one kilogram of ULSFO.

Seyam et al. [59] introduced an integrated hybrid tank marine engine, utilizing a gas
turbine, a solid oxide fuel cell, and two organic Rankine cycles. The LCA, conducted
through a WtW approach, compared this system with traditional fuels. GREET and
OpenLCA software, along with the Eco-indicator 99 and Traci 2.1 databases, were employed
in the analysis.

Bicer and Dincer [60] conducted an LCA using a CtG approach for two ships (a
transoceanic tank and a freight ship). The assessment covered the entire life cycle, from
construction to operation and dismantling, utilizing the GREET 2016 software and the
CML 2001 method. Emissions of proposed fuels (ammonia and hydrogen) were evalu-
ated in comparison with traditional heavy fuel oil (HFO), with the functional unit set as
1 ton—kilometer of marine transportation.

Fernandez-Rios et al. [61] carried out an environmental assessment of two marine
propulsion technologies: a hydrogen polymer electrolyte membrane fuel cell and a hydro-
gen internal combustion engine. Using a CtG approach and the CML 2001 LCA method for
the ship’s power system, the study aimed to compare emissions from these technologies
with traditional ones. The functional unit was defined as 1 kWh of produced energy, and
the analysis employed OpenLCA software, including the GaBi database and experimental
data from the scientific literature.

Ahmed et al. [62] assessed the environmental impacts and performance of a green
ammonia-fueled tanker designed for a route from Rotterdam to New York Harbor across
the Atlantic Ocean. The comprehensive whole-ship CtG LCA analysis employed IPCC,
Environmental Footprint, and ReCiPe midpoint Hierarchist methodologies. The study
scrutinized the environmental impacts of the green ammonia process and conducted a
comparative assessment of the environmental performance of HFO, liquefied natural
gas (LNG), blue ammonia, and green ammonia. OpenLCA software, coupled with the
Ecoinvent 3 database, was employed for the analysis, with the functional unit set as
1 ton—kilometer.

Hwang et al. [63] conducted an LCA to evaluate the environmental impacts of different
alternative ship fuels for a coastal ferry operating in the Republic of Korea. The comparative
analysis included natural gas (NG), MGO, and hydrogen, utilizing a WtW, TtW, and WtW
approach. The CML 2001 LCA method was employed, and the analysis was conducted
using the GaBi software, along with its associated database.

Al-Aboosi et al. [64] explored emerging trends in integrating renewable feedstocks
and energy into ammonia production, assessing their impact on the techno-economic and
environmental aspects of adopting green ammonia as a maritime transportation fuel. The
study employed a WtW and TtW LCA approach to compare ammonia with conventional
fuels, such as HFO, MGO, and marine diesel oil (MDO).

Yacout et al. [65] focused on biofuels, including forest-based biofuel, biodiesel, and
ethanol, comparing them to MDO and HFO using a fuel-only WtW LCA approach. SimaPro
software with the Ecoinvent 3.5 database was utilized, and the ILCD 2011 method was cho-
sen for environmental impact assessment. The functional unit was set as 1 ton—kilometer.

Park et al. [66] conducted a comparative analysis of three zero-carbon fuels (ammonia,
hydrogen, and inland electricity) using a WtW LCA approach. The study assessed environ-
mental impacts in comparison to MGO, focusing on 27 ferries operating on coastal routes
in Scotland. GaBi software was used, with the functional unit defined as the unit of energy
produced (kWh).
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The research of Wang et al. [67] investigated the ecological repercussions of low-
emission fuel alternatives for a super yacht, evaluating MGO, LNG, methanol, biodiesel,
and hydrogen over the vessel’s entire lifespan with a WtW approach. The analysis utilized
openLCA software, incorporating the ELCD 3.2 and Ecoinvent 3.7.1 databases, employing
the CML 2001 methodology. The chosen functional unit was the emissions associated with
the released fuel per km of ship operation over a 25-year lifecycle.

Cucinotta et al. [68] conducted an LCA study on two sister Norwegian ferries operating
in the Fjord Line, comparing a diesel system fueled by HFO with an Otto cycle engine fueled
by LNG. OpenLCA software with the Ecoinvent 3.3 database was utilized, employing the
ILCD 2018 methodology. The functional unit was based on the ship’s lifespan (25 years).

The research of Per¢i¢ et al. [69] investigated the Croatian inland waterway sector,
focusing on three vessel categories (cargo ship, passenger ship, and dredger) with different
designs and operational profiles. The LCA included a ship configuration propelled by
a diesel engine (using Eurodiesel Blue fuel) and two configurations employing battery
power (one with and one without a photovoltaic system). GREET 2020 software was used
for assessments, employing a WtW approach for the propulsion system, and the chosen
functional unit was the entire ship’s lifetime (20 years).

Balcombe et al. [70] conducted a comprehensive assessment of the environmental life
cycle and costs associated with using LNG as a maritime fuel, comparing it against HFO,
MDO, methanol, hydrogen, ammonia, biogas, and biomethanol. A CtG approach was
used, considering the entire fuel supply chain and combustion process. GaBi software with
Ecoinvent 3.3 as the dataset was employed, and the emissions were evaluated using the
IPPC AR5 LCA method, with 1 kWh of produced energy as the functional unit.

Taghavifar and Perera [71] performed an LCA (WtW) to compare the emissions of
various fuels, including HFO, low sulfur diesel (LSD), LNG, and methanol, from a tank.
GREET 2020 software was used, with 1 M] of energy produced by each fuel considered as
the functional unit.

In the study by Manouchehrinia et al. [72], they investigated the environmental impact
of NG for marine transportation in Vancouver, Canada, using a WtW LCA approach. They
compared emissions from four engine configurations (lean-burn Otto cycle, dual-fuel gas,
diesel cycle gas, and low-sulfur petroleum diesel (LSPD)) with the GHGenius software and
the IPPC AR5 method.

Malmgren et al. [73] evaluated the environmental impact of the operational phase
(WtW) of a proposed concept (HyMethShip) for a Ro-Pax ship, combining electro-methanol
energy storage, an onboard pre-combustion carbon capture system, and a dual-fuel internal
combustion engine. The OpenLCA software was used.

Jang et al. [74] introduced the “parametric trend LCA’, analyzing a large dataset
of 7000 ships with various scenarios using a WtW and TtW approach to compare the
environmental impact of LNG with that of HFO. The IPCC method was used, with a
specific mathematical function as a functional unit correlating basic ship information with
environmental impacts.

Perci¢ et al. [75] conducted an LCA of a Ro-Ro passenger ship, comparing traditional
diesel systems with electric ones using a WtW and TtW approach. GREET 2020 software
was utilized, and the functional unit considered was the total emissions over the entire
lifespan of the ship (20 years).

Bilgili [76] employed a WtW and TtW approach to conduct an LCA on four types of
fuel, i.e., HFO, LFO, very low sulfur fuel oil (VLSFO), and ULSFO. SimaPro software with
the ReCiPe 2008 method was used, and the chosen functional unit was 1 ton—kilometer.

Barbosa Watanabe et al. [77] conducted an LCA (WtW approach) in the marine sector,
comparing different fuels. The study examined the environmental impact of biofuels such
as Bio-SNG, fast pyrolysis, Fischer-Tropsch, and hydrothermal liquefaction, in comparison
to conventional fuels like HFO, LNG, and MDO. The Ecoinvent 3.6 database was adopted,
and the functional unit was defined as the energy unit.
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Lee et al. [78] conducted a comprehensive LCA focusing on a ferry, considering
the WtW, TtW, and WtW phases of the fuel. MGO, LNG, and hydrogen were the fuels
considered. GaBi software was used, along with the GaBi database, applying methodologies
such as CLM 2001, Environmental Footprint 2.0, and TRACI 2.1. The functional unit was
defined as the ship’s lifetime.

Dong and Cai [79] performed a CtG (whole ship) LCA on a bulk carrier with two
different configurations (P20 and P30), examining the entire life cycle of the ships fueled
by both HFO and low sulfur heavy fuel oil (LSHFO). The CLM 2001 methodology, GaBi
software, and the GaBi database were utilized, with the functional unit defined as the
transportation of one ton of bulk cargo.

Ling-Chin and Roskilly [80] conducted a CtG LCA focusing on engines for a Ro-Ro
cargo ship, considering HFO and MDO. GaBi software, along with data from Ecoinvent
2.2, was used, applying methodologies such as CML2001, ILCD, and Eco-Indicator99. The
functional unit was defined as the 30-year operation of the power system for the same
Ro-Ro cargo ship traveling on regular routes.

Wang et al. [81] performed a comprehensive evaluation of the environmental impact
with a CtG approach of the power system, specifically focusing on electric engines, both
with and without the incorporation of solar panels. The assessment employed the CML
methodology and GaBi software with the GaBi database. The functional unit was the entire
lifetime of the ship.

Chen and Lee Lam [82] conducted a CtG life LCA to evaluate the environmental
impact of two power systems (hydrogen fuel cells and diesel engines) for a tugboat. The
study compared the ecological footprint of these systems using the CML-IA methodology,
with Ecoinvent 3.6 as the dataset in SimaPro software. The functional unit focused on
a singular power system onboard a tugboat, supporting the vessel throughout its entire
20-year lifecycle and facilitating all towing operations.

Tsang et al. [83] conducted a WtW LCA focusing solely on the fuel aspect, comparing
biofuels (both soy based and algae based) to conventional diesel. TRACI v2.1 was employed
as the impact-assessment method, utilizing Ecoinvent in OpenLCA. The functional unit
was defined as one hour of operation of the marine vessel.

Huang et al. [84] conducted a study utilizing WtW and TtW assessments, specifically
focusing on the fuel aspect. The research investigated the environmental impacts of
LNG, methanol, and ammonia compared to MGO for a very large crude carrier operating
between the Middle East and China. The analysis considered the mass (tons) of the ship’s
fuel consumption over one year as a functional unit.

Sharafian et al. [85] conducted an LCA focused on WtW and WtW aspects, specifically
analyzing the environmental impact of LNG and HFO for marine shipping, compar-
ing emissions from domestic and imported LNG. They utilized the GREET software for
the analysis.

Taghavifar and Perera [86] conducted a WtW and tank-to-propeller LCA approach,
scrutinizing the environmental impact of LNG versus diesel (HFO and LSD) as marine
fuels. Utilizing the GREET software and its own database, the study quantified emissions
in grams per 1 MJ, providing a holistic view of the environmental performance of these
fuels across their entire life cycle (20 years).

Seithe et al. [87] focused on the well-to-propeller assessment, specifically considering
only the fuel aspect. The study compared HFO, LNG, and MDO for various vessel types, in-
cluding containers, cruise ships, tankers, and Ro-Pax. The ILCD method was employed for
the assessment, utilizing data from the Ecoinvent 2 database. The analysis was conducted
using SimaPro software, with the functional unit set as 1 ton—kilometer.

Per¢i¢ et al. [88] used a WtW and a TtW LCA approach, taking into account both
engine manufacturing and fuel usage. The study compared diesel, electricity, methanol,
dimethyl ether, NG, hydrogen, and biodiesel for a Ro-Pax vessel in Croatia. Utilizing the
GREET database and GREET 2019 software, the analysis focused on the carbon footprint of
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the power-system configuration released during the ship’s lifetime, presented in tons of
equivalent CO, over a period of 20 years.

Wang et al. [89] conducted a CtG LCA considering the entire ship. The study compared
hydrogen to diesel (MDO) for a mainland ferry, a pelagic trawler, a large tug ship, and an
interisland vessel. The CML method was employed, utilizing the ShipLCA database and
ShipLCA v1.4 software. The functional unit was defined as the transportation of cargo
per kilometer.

Gilbert et al. [90] investigated the WtW and TtW aspects, specifically considering the
fuel component. The study compared HFO and MDO against LNG, methanol, liquid hy-
drogen (LH;), biodiesel, straight vegetable oil (SVO), and bio-LNG. Utilizing the Ecoinvent
database and the ELCD method, the functional unit was defined as emissions per kilowatt
hour (kWh) of energy produced.

Krantz et al. [91] performed an LCA focusing solely on the fuel aspect, employing a
WtW approach. The study evaluated the environmental impact of various marine fuels,
including high-sulfur fuel oil (HSFO), VLSFO, MGO, LNG, biomethane, biomethanol,
fossil methanol, and hydro-treated vegetable oil. Utilizing the Ecoinvent 3.8 database and
SimaPro v.9.3 software, the research quantified the environmental footprint in the context
of 1 MJ of power output for propulsion, chosen as the functional unit.

Knight et al. [92] conducted a thorough LCA encompassing both WtW and tank-to-
wheel aspects, with a focus on hydrogen propulsion. The study specifically analyzed the
environmental impact of hydrogen as a marine fuel for a ferry. Utilizing the CML method
and the Gabi database, the research employed Gabi software to assess the environmental
footprint associated with hydrogen propulsion.

Zincir [93] conducted an LCA with both WtW and TtW approaches, comparing three
different types of ammonia (brown, blue, and green) with conventional diesel fuel (MDO)
in the context of a general cargo ship. The chosen functional unit for the assessment was a
round-trip journey.

In the study of Thomson et al. [5], an LCA focusing solely on the fuel aspect, with
a WtW approach, is performed. The work aims to compare the environmental impact of
LNG gas with that of traditional diesel fuels, considering container and tug vessels in its
analysis. Employing the GREET 2013 software, the research quantified the environmental
footprint in kilograms per route.

Masum et al. [94] undertook a WtW LCA of the fuel. The study aimed to compare the
environmental impact of diverse biofuels (biocrudes, bio-oils, diesel via Fischer—Tropsch
synthesis of landfill gas, and lignin ethanol oil) with traditional low-sulfur fuel oil (LSFO).
Applying the IPCC AR5 methodology and utilizing the GREET database with GREET
software, the research provided insights into the environmental footprint. The chosen
functional unit is 1 MJ of marine fuel.

Tomos et al. [95] performed a WtW LCA, comprehensively considering the entire ship,
to evaluate the environmental impact of alternative fuels such as hydrogen, ammonia,
methanol, and waste-derived biofuels. The study encompassed various vessel types,
including tankers, bulk carriers, general cargo, container, and offshore vessels. Utilizing
the ReCiPe 2016 and IPCC AR5 methodologies, the environmental impact assessment was
evaluated using data from the literature and the Ecoinvent 3.7.1 database. Sphere LCA
software was used to conduct the analysis. The chosen functional unit was the propulsion
energy requirement of the global fleet over one year, totaling 5.3 EJ /year.

Chalaris et al. [96] undertook an in-depth WtW LCA, exclusively considering the fuel
aspect of bulk carriers in different scenarios (51, S2, S3, 54, T1, T2, and T3). Applying
the CML 2001 methodology and utilizing the CEAS software, the research delved into
the diverse environmental implications associated with eight different ammonia types
in marine propulsion. The chosen approach for the functional unit involved employing
mathematical equations that establish connections between fundamental ship data and
environmental effects.
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Zhang et al. [97] conducted a WtW LCA that comprehensively considered the entire
ship’s life cycle, including construction. The focus was on MDO as the primary fuel,
analyzing its environmental impact. The study covered bulk carriers, containers, and
general cargo ships. IPCC 2007 LCA methodology is used, and the research assessed the
unit weight of cargo capacity transported per nautical mile over a 20-year period.

In the work of Al-Douri et al. [98], a WtW LCA approach with a specific emphasis
on the fuel aspect, considering LNG, is performed. The vessel types studied are tankers,
containers, bulk carriers, and general cargo ships. The methodology employed for the
assessment is IPCC AR4.

Taghavifar et al. [99] conducted a dual-stage LCA specifically focusing on the fuel
component, adopting a WtW and tank-to-propeller approach. The study compared the envi-
ronmental impacts of LNG and LSD as marine fuels. IPCC 1996 is the chosen methodology,
and the functional unit used for the assessment is 1 MJ of energy output.

Yan et al. [100] adopted a WtT and TtW LCA approach (including engine manufac-
turing) to evaluate the environmental impact of a bulk. The study evaluated various
marine fuels such as diesel, LNG hybrid, LNG, hydrogen, methanol, and ammonia. The
assessment adopted the IPCC guidelines and incorporated the GREET database, along
with information derived from literature sources, utilizing the GREET 2020 software for the
analysis. The chosen functional unit for the evaluation was the annual carbon emissions of
ships operating under different power scenarios.

Mestemaker et al. [101] conducted a CtG LCA that considered both the engines and
the fuel system of a hybrid propulsion system, specifically utilizing a combination of LNG
and MDO. The study adopted a comprehensive approach, assessing the entire life cycle of
the vessel.

In the study led by Bilgili [102], a WtW LCA was conducted, focusing exclusively
on the fuel aspect. The research aimed to compare the environmental impacts of various
marine fuels throughout their life cycles. The alternative fuels considered in the analysis
included ammonia, biogas, dimethyl ether (DME), ethanol, LNG, liquefied petroleum gas
(LPG), methanol, and biodiesel. The ReCiPe 2008 V1.09 methodology was employed for
impact assessment, utilizing data from the Ecoinvent database. SimaPro software was used
to perform the analysis, and the chosen functional unit for comparison was set at 1 ton or
an equivalent volume of each fuel type.

Korican et al. [103] conducted an LCA to evaluate the environmental impacts of differ-
ent alternative ship fuels and propulsion configurations (including their manufacturing
process) for a fishing trawler. The comparative analysis included diesel, battery, methanol,
LNG, ammonia, B20 (80% MDO and 20% biodiesel), and hydrogen, utilizing a WtW and
TtW approach. GREET 2021 software was employed to conduct the analysis together with
its related database. The functional unit used is the entire lifetime of the ship (20 years).

Kim et al. [104] adopted a WtT and TtW LCA approach to evaluate the environmental
impact of a shipping vessel. The study evaluated various marine fuels such as marine
diesel, gasoline, LPG, and two different bio-LPGs. The considered bio-LPGs are crude palm
oil (CPO) and refined, bleached, and deodorized (RBD). Three scenarios are investigated:
coastal, offshore, and other fishing zones. The assessment adopted GREET software and its
database for the analysis. The chosen functional unit for the evaluation was 1 MJ of energy.

3.2. Emission Normalization

The use of normalized emissions can be particularly important in the field of environ-
mental assessments, especially when comparing the performance of different vessels or
energy systems. This practice allows for a common basis for data that would otherwise
be difficult to compare due to variations in size, capacity, or operational modes. Nor-
malizing emissions, for example, per volume of transport or distance traveled, enables a
clearer identification of the most effective strategies for reducing the ecological footprint of
these systems.
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In this context, Favi et al. [105] analyzed the existing literature on the environmental
performance of specific categories of vessels, adopting a normalization approach focused on
the impacts related to GHG. Normalization is based on key parameters, such as the number
of passengers, the weight of the cargo transported, the distance traveled, the number of
trips made, and, for some vessels, the time spent navigating.

In this study, an emission normalization method for the naval sector was adopted,
focusing on annual emissions relative to the power (kW) installed on ships (Equation (1)).

Global Emissions (kg CO, — Eq.)
Installed Power (kW) = Lifetime (Years)

Normalized Emissions = (1)

This methodology uses the installed power as a parameter to assess the environmental
impact of the vessels. The underlying idea is that the installed power is a synthetic index
that can allow comparison even between ships that are very different in terms of size and
use, and it can be more effective than other parameters, such as capacity or the type of
service performed.

In this review, the normalization has been carried out on the GWP impact category,
but it could also be done on other categories of impact. The analysis focuses on the
emissions generated from the WtW phase, which includes both the emissions arising from
the production of the fuels and those associated with the operational phase on ships.

For the conduct of the study, 51 articles were initially selected. From the analysis
of these, only those that provided the complete set of data necessary to implement the
proposed specific methodology were chosen for normalization. This selective process
ensured the coherence and reliability of the analysis. Tables 6-10 present a comparative
analysis of GHG emissions using the WtW method for various categories of ships, focusing
on ferries, bulk carriers, oil tankers, and work vessels. By normalizing WtW emissions
against installed power (kW) and the operational lifespan of ships, these tables enable
comparative assessments of the environmental impact associated with the use of various
fuels. Each table explores a range of fuel options, from traditional HFO and MGO to more
sustainable alternatives like LNG, hydrogen, and biofuels. Documenting the engine power
of the analyzed ships, the tables provide a fundamental parameter for comparing emissions
across different ships, essential for evaluating the energy efficiency and environmental
impact of different propulsion solutions. The total environmental impact of each fuel
scenario is quantified, including all stages from fuel extraction to its end use, thus offering a
comprehensive view of associated CO,-equivalent emissions. At this stage, it is important to
emphasize that emissions are strongly dependent on the production process used to obtain
the fuel. Finally, by normalizing emissions with “kW x Year” (installed power multiplied by
years of operation), direct comparisons between various propulsion solutions are facilitated,
highlighting those with the least environmental impact for the maritime sector.

Table 6. Comparative overview including data on fuel consumption, engine power (kW), WtW
emissions (kg CO;-Eq.), and normalized emissions (kg CO,-Eq./kW X Year) for ferries.

Ref Fuel and Scenario Engine Power WtwW Normalized Emissions (kg
) (kW) (kg CO; Eq.) CO;z-Eq./kW x Year)
MGO 236 x 108 2.25 x 10°
LNG 2.28 x 108 2.44 x 10°
Hydrogen (from LNG and coal power) 4000.0 3.27 x 108 4.09 x 10°
[63] Hydrogen (from LNG and Nuclear Energy (SMR)) ’ 2.13 x 108 2.66 x 10°

) Hydrogen (from LNG and Renewable) Energy s 3
(SMR) 2.14 x 10 2.68 x 10

Hydrogen (from LNG and Electricity (SMR)) 2.77 x 108 3.46 x 10°
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Table 6. Cont.

Ref Fuel and Scenari Engine Power WtW Normalized Emissions (kg
et uel and scenarto (kW) (kg CO; Eq.) CO,-Eq./kW x Year)
MGO 2.05 x 107 1.83 x 10?
LNG 2.20 x 107 1.96 x 102
Methanol (from NG) 2.10 x 107 1.87 x 10?
[67] Biomethanol 4486.0 431 x 10° 3.84 x 10
Biodiesel (Soy) 1.66 x 107 1.48 x 102
Hydrogen (SMR) 2.25 x 107 2.00 x 10?
Hydrogen (Alkaline Water Electrolysis) 1.24 x 10° 1.11 x 10
[68] HFO 24,000.0 1.39 x 108 2.32 x 102
LNG 22,400.0 8.35 x 108 1.49 x 103
Eurodiesel Blue $76.0 4.40 x 10° 2.51 x 102
Electricity (Li-ion Battery) ‘ 229 x 10° 1.31 x 102
: 7 2
[75] Eurod.le'sel Bl.u'e 2604 4.30 x 107 8.26 x 102
Electricity (Li-ion Battery) 2.21 x 10 4.24 x 10
Eurodiesel Blue 55440 1.44 x 108 1.30 x 10°
Electricity (Li-ion Battery) : 7.50 x 107 6.76 x 102
MGO 3.05 x 107 1.41 x 103
1080.0 , 5
[78] LNG 3.02 x 10 1.40 x 10
Hydrogen 1200.0 3.37 x 107 1.40 x 10°
Diesel—Without solar panel 5.75 x 107 1.81 x 10°
[81] . . 1268.0 7 3
Diesel—With solar panel 547 x 10 1.73 x 10
Eurodiesel Blue 4.40 x 10° 251 x 102
Electricity (Li-ion Battery) 876.0 2.29 x 10° 1.31 x 102
Methanol : 3.04 x 10° 1.73 x 102
LNG 4.02 x 10° 2.30 x 10?
Eurodiesel Blue 4.30 x 107 8.26 x 102
.. .. 7 2
[88] Electricity (Li-ion Battery) 2.21 x 10 4.24 x 10
Methanol 2604.0 2.99 x 107 5.74 x 10?
LNG 3.96 x 107 7.61 x 102
Eurodiesel Blue 1.44 x 108 1.30 x 102
Electricity (Li-ion Battery) 5544.0 7.50 x 107 6.76 x 102
Methanol ’ 9.82 x 107 8.86 x 102
LNG 1.30 x 108 1.17 x 103
Table 7. Comparative overview including data on fuel consumption, engine power (kW), WtW
p g p gmne p
emissions (kg CO,-Eq.), and normalized emissions (kg CO,-Eq./kW x Year) for bulk carriers.
. . WtW Normalized Emissions (kg
Ref. Fuel and Scenario Engine Power (kW) (kg CO; Eq.) CO,-Eq./kW x Year)
HFO (P20) 3.04 x 107 1.72 x 102
7 2
- LSHFO (P20) 8830.0 2.88 x 10 1.63 x 10
HFO (P30) 3.11 x 107 1.17 x 102
LSHFO (P30) 2.95 x 107 1.11 x 10?
MDO 2.94 x 10° 1.00 x 10°
40% MDO—60% ammonia (from coal) 5.51 x 100 1.87 x 10°
40% MDO—60% ammonia (from oil) 3.76 x 100 1.28 x 10°
40% MDO—60% ammonia (from NG) 2.89 x 100 9.83 x 10%
40% MDO—60% ammonia (from NG + CCS) 2.15 x 100 7.31 x 10?
40% MDO—60% ammonia (from solar) 2.10 x 10° 7.14 x 10?
93] 40% MDO—60% ammonia (from wind) 2940.0 1.47 x 10° 5.01 x 102
5% MDO—95% ammonia (from coal) 7.00 x 10° 2.38 x 10°
5% MDO—95% ammonia (from oil) 424 x 100 1.44 x 10°
5% MDO—95% ammonia (from NG) 2.86 x 10° 9.71 x 10?
5% MDO—95% ammonia (from NG + CCS) 1.68 x 10° 5.73 x 10%
5% MDO—95% ammonia (from solar) 1.61 x 10° 5.46 x 10?

5% MDO—95% ammonia (from wind) 6.12 x 10° 2.08 x 10%
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Table 7. Cont.

Ref. Fuel and Scenario Engine Power (kW) (kg \(/:Vct)\;VE q) Nogng)azl_lé:t-:}lf;vn 1>5<51Y0er;i)(kg
LSD 1.81 x 10° 1.34 x 10°
LNG 1.52 x 10° 1.13 x 10°
CH, + LNG (S1) 1.50 x 106 1.11 x 103
CO; sequestration from H, gas production from NG: 141 x 106 1.05 x 10°

[99] carbon captu_reA (52) 1346.8
LNG + electricity (S3) 1.48 x 10° 1.10 x 10°
S4 1.56 x 10° 1.15 x 10°
LNG 90% + Diesel 10% (T1) 1.48 x 106 1.10 x 10°
LNG 90% + Diesel 10% (T2) 1.48 x 106 1.10 x 103
LNG 90% + Diesel 10% (T3) 1.51 x 106 1.12 x 103

Table 8. Comparative overview including data on fuel consumption, engine power (kW), WtW
emissions (kg CO;-Eq.), and normalized emissions (kg CO,-Eq./kW X Year) for tankers.

Ref. Fuel and Scenario Engine Power (kW) kg Zv(t)‘;vK.) Noélgzlj235lfxlis$ezi )(kg
MGO 8.91 x 107 4.05 x 103
LNG 7.25 x 107 3.29 x 10°
Methanol (from coal) 2.16 x 108 9.80 x 10°
Methanol (from NG) 1.12 x 108 5.09 x 10%
Methanol (from partial solar) 22,000.0 1.21 x 108 5.51 x 103
Methanol (from full solar and battery) 5.86 x 10* 2.66 x 10°
Ammonia (from coal) 236 x 108 1.07 x 10*
Ammonia (from NG) 1.79 x 108 8.14 x 10°

" Ammonia (from full solar and battery) 6.66 x 107 3.03 x 103

. MGO 1.62 x 108 1.05 x 10*
LNG 8.46 x 107 5.49 x 103
Methanol (from coal) 6.75 x 107 438 x 10°
Methanol (from NG) 5.49 x 107 3.56 x 10°
Methanol (from partial solar) 15,400.0 9.14 x 107 5.94 x 103
Methanol (from full solar and battery) 4.49 x 107 2.92 x 103
Ammonia (from coal) 1.79 x 10° 1.16 x 101
Ammonia (from NG) 1.30 x 108 8.41 x 10°
Ammonia (from full solar and battery) 5.23 x 107 3.40 x 103

Table 9. Comparative overview including data on fuel consumption, engine power (kW), WtW
emissions (kg CO;-Eq.), and normalized emissions (kg CO,-Eq./kW X Year) for work vessels.

. . WtW Normalized Emissions (kg
Ref. Fuel and Scenario Engine Power (Kw) (kg CO; Eq.) CO,-Eq/KW x Year)
[82] Diesel 3736.0 5.46 x 107 7.31 x 10°
Hydrogen 3260.8 8.07 x 10° 1.24 x 102

Table 10. Comparative overview including data on fuel consumption, engine power (kW), WtW
emissions (kg CO;-Eq.), and normalized emissions (kg CO,-Eq./kW X Year) for fishing vessels.

Ref. Fuel and Scenario Engine Power (kW) (kg Z?V(t)‘;VEq.) Noz‘jlgzl-léce;inf‘lzlis;({)elz )(kg
MDO 4.61 x 100 1.03 x 10°
Electricity 2.87 x 100 6.44 x 102
Methanol 3.39 x 10° 7.60 x 102

[103] LNG 223.0 2.93 x 10° 6.58 x 102
Ammonia 8.35 x 10° 1.87 x 103
B20 3.78 x 10° 8.46 x 102

Hydrogen 3.65 x 100 8.19 x 102
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Table 10. Cont.

Ref. Fuel and Scenario Engine Power (kW) kg Ev(t)‘;vK.) Noén(l)azl-lé;ti/lfxlis?er;sr )(kg
Gasoline (Coastal) 1.15 x 10° 2.06 x 102
MDO (Coastal) 1.20 x 106 2.15 x 102
LPG (Coastal) 8.25 x 10° 1.48 x 107
CPO (Coastal) 3.33 x 10° 5.97 x 10!
BRD (Coastal) 3.88 x 10° 6.95 x 10!
MDO (Offshore) 1.85 x 10° 3.32 x 102

[104]  LPG (Offshore) 186.0 1.29 x 10° 2.30 x 10?
CPO (Offshore) 5.45 x 10° 9.77 x 10
BRD (Offshore) 6.27 x 10° 1.12 x 102
Gasoline (Other) 1.75 x 106 3.14 x 102
MDO (Other) 2.00 x 10° 3.58 x 102
LPG (Other) 1.37 x 10° 2.46 x 102
CPO (Other) 5.45 x 10° 9.76 x 10"
BRD (Other) 6.37 x 10° 1.14 x 102

2-Eq./kW*Year

kg CO

4. Results and Discussions

The mean values of normalized CO;-Eq emissions are depicted in Figure 9. The chart
provides a visualization of normalized CO,-Eq emissions, categorized by fuel type and
ship categories: bulk, ferry, fishing vessel, tank, and work vessel. Each bar in the chart
represents the average emissions relative to the number of ships, which is indicated by the
number positioned above each bar, utilizing that particular type of fuel. The histogram bars
are grouped by macro categories even when fuels are produced with different scenarios.
This allows for a comparative analysis between different fuel and ship categories in terms
of environmental impact.

Average Normalized CO2-Eq. Emissions per Vessel Count
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Figure 9. Average normalized CO,-Eq. emissions per vessel type, expressed in kg CO,-Eq./kW X Year,
comparing various types of fuel and propulsion technologies. The numbers above the bars represent

the count of vessels analyzed for each category.
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As shown in the figure, there are variations in emissions not only among different
fuels but even within the same fuel typology. These variations can be attributed to the
different fuel production methodologies. Indeed, a single type of fuel can derive from
various production processes such as methanol that can be produced from coal, natural
gas, with partial solar energy, or a completely solar system with battery support. Similarly,
ammonia can be synthesized from various raw materials and processes, such as coal, oil,
NG, NG with CCS, solar energy, or wind energy. Therefore, the emissions associated with
each type of fuel can vary significantly depending on the underlying production process.

It is worth noting that certain types of fuels, such as those with low carbon content or
derived from renewable sources, may have a greater environmental impact than conven-
tional fossil fuels. This is because, although they exhibit limited or no emissions in a TtW
assessment (as seen, for example, in the case of electric propulsion), the current methodolo-
gies for producing these fuels or electric energy (evaluated with a WtT approach) have a
significant environmental impact component. The study of Watanabe et al. [106] effectively
highlights this aspect. In this study, Watanabe et al. showed the current environmental
impact of various fuels (drop-in biofuel, hydrogen-based biofuel, and power to X), taking
into account the nation of production and its own energy mix, as well as the estimated
impact they are expected to have in 2050. This consideration includes the assumption that
production technologies will be more environmentally friendly by 2050.

Table 11 shows the range, in terms of order of magnitude, of normalized emissions
for different types of fuels during the operational and production phase, expressed in
kg CO,-Eq. per kW x Year.

Table 11. GWP-related emission ranges for each fuel category.

Fuel Normalized Emissions Magnitude Range (kg CO,-Eq./kW x Year)
40% MDO e 60% Ammonia 102-103
Ammonia 101-10*
B20 10%2-10?
Biodiesel (Soy) 10%2-10?
BRD 101102
CPO 101-101
Electricity 10%-102
Eurodiesel Blue 102-10%
Gasoline 102-102
HFO 102103
Hydrogen 101-10°
LNG 102-10°
LNG Hybrid (Electricity) 10%-10°
LPG 102102
LSD 10%-10°
LSHFO 10%-10?
MDO 103-103
Methanol 100-10°
MGO 102-10*

This range represents the scale of normalized emission values for each type of fuel,
allowing for a comparative evaluation of their WtW environmental performance (use of
the fuel and upstream stages). The reference values can be used to examine innovative
technologies and production processes of alternative fuels, aiming to reduce the environ-
mental impact of vessels and promote greater sustainability in the maritime sector. In
particular, hydrogen emerges with a wide variability in emissions, from 10! to 10° kg CO,-
Eq./kW x Year, reflecting the direct uncertainties related to different production methods,
application technologies, and additionally, from the production location which depends
on the local energy mix, which can significantly influence the environmental impact. Simi-
larly, methanol presents an emission range from 10! to 10°, highlighting the diversity in
production practices and the importance of carefully evaluating production methods to
minimize the carbon footprint. On the other hand, fuels such as MDO, Eurodiesel Blue,
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HFO, and LNG show relatively similar emission ranges, between 10 and 103, reflecting
their widespread use in the sector and the need for continuous improvements in production
practices and usage efficiency to reduce emissions.

Some significant lacks identified in the documents found in the scientific literature are
to be highlighted. Particularly, in some articles (not included among the 51 selected), the
boundaries are not well defined, i.e., the various approaches (WtT, TtW, etc.). Additionally,
regarding the boundaries, a discrepancy was found in the terminology adopted by various
authors compared to that suggested by IMO RESOLUTION MECP.370(80). As can be seen
from the graphs in Figures 4-6, in a considerable number of articles, it was not possible to
clearly obtain information regarding the software, dataset, and LCIA method used. Similar
deficiencies concern the type of vessel investigated, often not available (Figure 8). In the
perspective of assessing emissions related to various types of fuel even in the operational
phase (TtW), the absence of characteristics of the installed propulsion system, such as
engine power, proves to be limiting when a comparison based on installed power onboard
is necessary, an analysis that has indeed been conducted and shown in this paper.

5. Conclusions

In this review, a thorough examination of the scientific literature relevant to LCA in
the context of maritime transport was conducted, with a particular focus on fuel selection.
Initially, a bibliometric analysis was implemented to outline the dominant trends and main
themes emerging from academic works published in this field. This preliminary approach
allowed for mapping the research landscape, highlighting the prevailing thematic axes and
significant contributions in the sector.

Continuing, the study employed a targeted quantitative analysis, including the nor-
malization of emission data measured through the application of LCA. This phase aimed to
normalize the results obtained from different studies to facilitate an objective comparison
and identify shared trends and patterns.

In the maritime context, a significant weakness emerges related to the absence of
standardized scenario usage, which could provide a uniform framework for assessing the
environmental impact in a more homogeneous and comparable manner. For example, in the
automotive sector, the implementation of standardized driving scenarios has provided clear
benefits in terms of study comparability and reproducibility. Adopting a similar approach
in the maritime sector for studying emissions associated with different fuel types during the
operational phase would underscore the need to develop and apply standardized scenarios.
Furthermore, it is important to note that some studies do not clearly distinguish between
LCA and carbon footprint, creating potential confusion. This terminological ambiguity
requires particular attention to ensure accuracy in the presentation and interpretation
of study results. For future work, it is recommended to use appropriate terminology
following IMO standards. Indeed, the use of unified terminology allows for a better
understanding of the documents. Moreover, it is considered necessary to use words such
as “boundaries”, “method”, “functional unit”, “software”, and “database”, along with the
related information. These details, together with those concerning the investigated ship
(type and propulsion system), are deemed extremely necessary for a clear understanding
of the work carried out.
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