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Abstract

To mitigate emissions and negative environmental impacts from maritime transportation, a
transition to climate-friendly fuels and propulsion systems is necessary. The FuelEU maritime
regulation aims to facilitate this transition, but currently excludes ships below 5,000 GT.
Additionally, there's limited understanding of the environmental impact of general cargo ships,
particularly smaller vessels below 5,000 GT. This study investigates the liégcle peformance

of small general cargo ships with three different propulsion systems and assesses their
potential compliance with the FuelEU maritime reglation. A well-to-wake attributional life -
cycle assessment of one model general cargo ship (> 5,000 GT) witree different propulsion
systems is conducted. The different propulsion systemare marine gas oil (Case 1), electro
methanol (Case 2) and battenelectric (Case 3). Four phases of the ship and its fuel are
considered: (1) shipbuilding phase; (2) ship operation; (3) ship maintenance and replacements
and the (4) fuel lifecycle. Case 3 isxeluded from the results because it was considered
technically infeasible. The compliance with the FuelEU maritime regulation was assessed by
estimating the minimum share of eMeOH necessary to meet the required emission reduction
targets. The LCA results show that Case 2 resulted in a better {dfgcle performance for most
impact categories compared to Case 1. The operational and fuel production phases had the most
significant life-cycle impact. Sensitivity analysis highlighted the influence of the fuel production
pathway, especially the carbon intensity of electricity for producing methanol in Case 2. The
analysis of the FuelEU maritime regulation showed the minimum shaseof eMeOH necessary
to comply with the required emission intensities, starting from 2% in 2025 to 97% in 2050. In
addition, concerns were raised about missed opportunities for emissions reduction and
maritime innovation by excluding ships below 5,000 GTrém this regulation. The study shows
that eMeOH powered general cargo ships (< 5,000 GT) have potential to reduce the-tifele
impacts associated with maritime transport and suggests adjustments to the FuelEU maritime
regulation to include general cargcships (< 5,000 GT) for more effective emission reduction.
Future research should explore broader implications of excluding ship below 5,000 GT from
regulations and improve data availability for general cargo ships to provide a more
comprehensive understandng of their environmental impact and policy effectiveness.

Keywords : Life-cycle assessment, Generatargo ships, electro-Methanol, FuelEU maritime
regulation
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1. Introduction

1.1 Background

Maritime transportation plays a crucial role in worldwide trade and the economyWithin the

European Union (EU), ifacilitates 77% of external trade and 3%% of intra-EU trade(EMSA &
EEA, 2021) Shipping is one of the most energyefficient modes of transportation and the
industry contributes significantly to the economic and social wetbeing of the EU However,it

also poses environmental and health challenges to EU citizer&hip traffic in the European
Economic Area(EEA)accounts for13.5% of all Union GHGemissions from transport. Further,

maritime transport is projected to increaseglobally in the next decadesleading to increasing
GHG emissiongrom about 90% of 2008 emissions in 2018 to 98130% of 2008 emissions by
2050 (EMSA & EEA, 2021)This poseschallengesto the EU goal of beirg climate neutral by
2050 (Regulation (EU) 2021/1119).

To achieve a reduction in GHG emissions, a shift towards ships powered by climétendly
fuels and propulsion systems is requiredTo support this transition, the European Parliament
and European Councilagreed on several directives and regulationgyoverning emission
reduction in the shipping sector.Since 1 January 2018, large shipgs 5,000 gross tors (GT))
loading or unloading cargo or passengers at ports in the EEA must monitor and report related
GHG emissions (currently only COemissions, butN2O and CHs emissions starting from 1

January 2024) and other relevant information in conformity with theO- 1T T EOQT OET Ch 0O/
and verification (MRV) Maritime Regulationd(Regulation (EU) 2015/757).! O BAOO 1 &£ OE/
vuo DAAEACA AT A OEA %001 PAAT ' OAAT $AAIT h OEA

uptake of sustainable maritime fuels by limiting the carbon intensity of the energy used on
board ships (Regulation (EU) 2023/1805). In summary, the proposal sets a fuel standard for
ships above 5,000 GTand introduces a requirement for the most polluting ship types to use
onshore electricity when at berth. Hereby it puts the responsibility for compliance on the
shipping company.The most recentlegislative change n January 2024was the extension othe
EU's Emissions Trading System (EU ETS) to cover2@&missions from all large ships ¥ 5,000
GT) entering EU ports, regardless of thie flag (Regulation (EU) 2023/957).

When looking at the current legislation governing maritime transport in Europeit stands out
that vesselsbelow 5,000 GT are currently excludedOnly for the MRV Maritimeregulationis it
planned to includeemissions fromoffshore ships and general cargo shipsetween 400z 5,000
GT, starting from 1 January 2025(Regulation (EU) 2023/957). Yet, a&cording to a study by
Transport & Environment (2022), ships under 5,000 GT operating in Europe emit a total of 19.7
MtCQ, which corresponds to 186 of the total emissions of all ships under the proposed
geographical scope of the EU ETi$has been shown that ships with a gross tonnage just below
the 5,000 threshold have higher average emissions and engine propulsion power compared to
those just above the threshold(Transport & Environment, 2022). This reveals a lack of
regulatory coverage for emissions from ships below 5,00G5T in the existing maritime
legislation in Europe.) T OEA AT 1T OA@O 1T £ %001 DAS 02050, his 1 £
posesthe questionof the relevanceof the environmental impact of thisexclusion.

Researchthat analyses the environmental impact of different types of shi focus mostly on,
for example, container ships (Gilbert et al., 2017) RoPax ships(Kanchiralla et al., 2022;
Kanchiralla et al., 2023; Seithe et al., 202dulk carriers (Dong & Cai, 2019; Quang et al., 2020)
tankers (Bicer & Dincer, 2018; Kanchiralla et al., 2022; Quang et al., 202druise vesselgSeithe



et al., 2020)or service vesselg(Kanchiralla et al., 2023) Thus, little knowledge is available
about general cargo shipsThis is supported by the review of Mondello et al.(2023) who
discovered thatfishing vessels, cargo ships, recreational ships, and bulk carriers were the most
widely investigated ship typesamong the LCA and LCC studiesviewed, in which the type of
ship was specifiedIn addition, in the report OEET AOA ) 1 PAAOO 1T £ %Al POEI
0 O1 BT &yArhn€pdrt & Environment (2022), general cargo ships were not even specified as
their own category. Furthermore, in the review by Mio et al.(2022) summarizing LCA outcomes

in the maritime sector, general cargo shipsvere not specifiedastheir own categoryeither. In
contrast, only Zhang et al(2022) and Brynolf et al. (2023) analyzedthe environmental impact

of general cargo ships However, Zhang et al.(2022) only for those constructed in China
between 2011 and 2015and Brynolf et al. (2023) for an average general cargo ship
representative for Nordic shipping Thus, this literature review revealed a gap inscientific
knowledge about general cargo ships anthe quantification of their environmental impact.

In summary, the research gap identified in existing maritime transport legislation in Europe
concerns the exclusion of ships of less than 5,0@T, a category that contributes significantly
to emissions according toTransport & Environment (2022). This regulatory gap raises
guestions about the effectiveness of the current measures, particularly in terms of achieving
emission reduction targets. In addition, there is a general lack of knowledge regarding the
environmental impact of general cargo shps, as the existing literature tends to focus on other
types of ships, meaning thaénvironmental impact ofgeneral cargo shipss not well researched

1.2  Aim of the Thesis
This study aims to contributeto the previously defined knowledge gap by analyzing thdife-
cycle performanceof small general cargo shipg< 5,000 GT)with three different propulsion
systems representing small transport ships This thesis is part of the projectO%@OA O1 A
ET 00T AAAOh OOUOI AAAT T AE EIT OO01The/ARIA piopbtaidEI® A a0
carry out an overall assessment of Europeasshipping's emissions of air pollutants and
greenhouse gases as well as emissions affecting the marine environment. This thesis relates to
the sub-objective of evaluating the external costs of shipping in terms of effects on human
health, climate and the mane environment. The main research question explored in this study
is:

RQ1:What is the lifecycle performance of general cargo shis5,000 GT}

The following subresearch questions aim to address more concrete aspects ofhe
environmental impact of general cargo ships below 5,000 GT and their teraction with
European legislationand emission reduction potentials

RQ2:What are the main challenges and opportunities for general cargo si{§$,000 GT)n
terms ofimproving their life-cycle performanc@

RQ3:Howdoesthe selected model general cargo stapd the general cargo shipsf the Swedish
fleet comply with the FuelEU maritime regulatioh



1.3  Structure of the Thesis

To adequately answer the research questions, this report is divided into several parts. Chapter
2 provides background information on the general cargship segment and the alternative
propulsion systems investigated in this study. Chapter 3 presents thgoal, scope, functional
unit and limitations of the assessment. Chapter 4 then provides detailed information on the
data collection, together with the quantification of thelife-cycle inventory. This is followed by

a results section (Chapter 5), which includethe interpretation of the characterization results,
contribution analyses and sensitivity analysis as well as thepolicy assessment Chapter 6
provides an indepth discussion of the results and Chapter 7 concludes the report with a
summary of the results and recommendations for future research.



2. General Cargdghipsand Alternative Propulsion Systems
This chapter describes the general cargship segment with a focus on vessels of less than 5,000
GT. In addition, a description ofhe alternative propulsion systemsused in this studyis given.

2.1 General Carg&hip Segment
According to the International Maritime Organization (IMO), general cargo ships are ships
Ox EOE -deckiobsingeA AAE EOI 1T AAOECT AA DPOEI AOEI U A& O
(IMO, 2019). A general cargo ship is a type of ship that is designed to carry a variety of different
types of cargo. Unlike specialized ships that are designed to carry only one type of cargo, such
as tankers or container ships, general cargo ships are versatile andn carry a wide range of
goods. These vessels can be either geared or ungeared, meaning they havbaard cranes for
loading and unloading. General cargo

EU NON EU
ships come in various sizes, from small sxcare
. Chemical tanker '\3.49 15.59

coastal vessels to large oceagoing . ...
vessels. Some of the tgest general cargo risning vesse EE
ships can carry up to 30,000 tons of cargo.”™ :Zj :2::
while smaller ships usually carry between e g wner .
1,000 and 5,000 tons (Ratson ot
Shipbuilding, 2023). In 2023, 1,475ships "
were classified as general cargo in EUrOREe eerigersted carso I
representing around 10% of the x | O o= EZ—

: Ro-Ro cargo
general cargo er(_etwlth an averageage _of st oo
around 22 yearsin European ownership oiaisips I

and 29 years I n non'European OWI’]GI’Sh I p The age of ships is counted in years from the age of construction up to 2023)
(view Figure 1) (EMSA, 2023) Figure 1: Age ofhips byownershipin EU SourceEMSA(2023).

Looking at the lifetime of the smaller general cargo vessels (®,000 dwt), it is noticeable that
this segment consists of a very old fleet compared the larger general cargo vessels (> 5,000
dwt) and other vessel segments, with an average lifetime of around & years as shown in
Table 1 (S&P Global, 2024a)According to the Swedish port call data for 2022, most of the
general cargo vessels (< 5,008 T) were built between 2006 and 2009(Styhre et al., 2024) This
means that they will most likely still be in operation for the next 20 years.

Table 1: Average lifetime of general cargo ships categorizedd®sad weight tonnage @wt). SourceStyhre et al(2024) & S&P
Global(2024a).

dwt [t] Average Lifetime [yr] Number of Vessel [#] Average dwt [t]
025,000 37.5 295 2,200
5,000z 10,000 31.2 84 6,876
10,000z 20,000 26 32 12,800
> 20,000 26 44 31,700

Looking at the routes of this segmentthe variability of the routesin terms of their lengths is
apparent, starting from 2 nautical miles (1m) to over 5,953 nm for one trip (Styhre et al., 2024)
However, as shown inFigure 2, most routes are shorter than500 nm with a median 0f300 nm
and a mean o#07 nm. Looking at the distribution of the sizemeasuredin GT of general cargo
ships (<5,000 GT) from Swedish Port Call data in 2022a high variability is observable as well
(view Figure 3). The median of the size is 2,999 GT and the me&n3,061 GT.In contrast, the
distances between pors of general cargo ships larger than 5,000 G3how that in absolute



numbers, they call portsless often than the smaller general cargo shipwiew Appendix Al).
However, the smaller and larger general cargo ships hava similar distribution of length of
routes. Moreover, the distribution of sizemeasuredin GT of general cargo ships larger than
5,000 GTrevealsthat most of these ships ar@approximately between 5000 to 10,000 GTview
Appendix A2). In contrast, this suggests that general cargo ships below and above 5,000 GT are
primarily differentiated by their size, yet travel on similar routes.

Distance between Ports of General Cargo Ships (< 5,000 GT)
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Figure 2: Distribution of distances betweeports of general cargo ships (< 5,000 GT). Soursgihre et al(2024) & S&P Global
(2024a)

Distribution of Size of General Cargo Ships (< 5,000 GT)
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Figure 3: Distribution ofsize ofgeneral cargo ships (< 5,000 GT)SourceStyhre et al(2024) & S&P Global2024a)

In summary, the general cargo ship segment (< 5,000 GT) is characterized by its high variability
in terms of size and route length. In addition, this segment stands out due to its long lifetime
compared to other vessel segments. Although general cargo shig< 5,000 GT) are not
currently covered by most European and international regulations, these ships will need to
change to achieve full decarbonization of the shipping sector based on their long lifetirmed
play an important role for Swedish ports Next,the two alternative propulsion systems used in
this study are described.



2.2  Alternative Propulsion Systems for General Carg8hips
Currently, ships are mainly powered byfossil fuels like heavyfuel oil (HFO), marine diesel oll
(MDO),or marine gasoil (MGO) Their combustion in the ship engine results in d&arge amount
of harmful emissions, such as nitrogen oxidgNOx), sulfur oxides (SOx) particulate matter (PM)
and other GHGgAIt Allal et al., 2019) Among several studiesanalyzing potential alternative
propulsion systems and fuels methanol (MeOH) and electrification are promising solutions
i +AT AEEOATT A AO Ai8h ¢mgen +1 OAAOC AO Al 8h ¢m

Among zeracarbon powering options, electrification representsan available technology that
hasalready beenstudied andapplied in the shipping sectof + AT AEEOAI 1T A AO Al 8
Al 8h c¢megmnn 0 AToréebypes Af@lechified $hipscusedatt€yies: hybrid ships, plug
in hybrid ships and allelectric ships. Plugin hybrids and hybrid shipsusually combinea diesel
engine with a battery, while an allelectric ship is a ship that is powered solely by a battery.
Especially altelectric ships offer high emission reduction potential when charged with
renewable electricity (Jeong et al., 202Q)One of the limitations of using batteries alone to
power ships is the distance the ship can travele.,the range of a voyage, which depends on the
energy density of a battery. Due to the limited space available to store enough batteries to
power the ship on a longdistance voyage, full electrification is usually limited to ships
operating close to the coats Another limitation is the high investment cost, which depends on
the size of the battery and the market,e.,the current price of the battery(Korberg et al., 2021,
0AOéE¢ AO Al 8h ¢mngtQ

In contrast, methanol is avell-known alternative fuel that can be used today and is expected to
have increased production in the future(Harahap et al., 2023) Especially in the shortterm
(now to 2030), methanol offers a lowcarbon alternative to conventional fuels(Wang et al.,
2024). Methanol as a fuecan power fuel cells and internal combustion enginefLi, Jia, Wang,
Wang, Negnevitsky, Hu, et al., 2023; Li, Jia, Wang, Wang, Negnevitsky, Wang, et al.,. B0238)
be produced from biomass, biomethane, renewable electricitgnd CQ, as well asfrom fossil
sources such as natural gas and coal. Most methanol is currently produced from natural gas
(IRENA, 2021; Methanol Institute, 2023)Renewable emethanol is of particular interest to the
marine sector as it is one opportunity for decarbonizing the maritime shipping industry
(Harahap et al., 2023) The main constraint on the production of renewable -enethanol is the
availability and cost of a supply of C&that is not derived from fossil fuelsand renewable
electricity . Methanol as a maritimefuel requireslittle or no engine modification and can deliver
significant carbon emission reductions compared to conventional fue($RENA, 2021) Utilizing
methanol as a shipping fuel benefits from a welkkstablished transportation and distribution
infrastructure. Furthermore, methanol bunkering does not require special storage, as the fuel
is compatible with fossil liquid fuels and methanol is liquid at amkent pressure and
temperature (IRENA, 2021) Even though thatmethanol has a higher energy density than
liquefied natural gas CNG, ammonia or hydrogen it still is lower than that of traditional
marine fuels. For examplethe energy density ofMGOis 2.4 timeshigher than for methanol
meaningthat storage and fuel tanks on a methanefueled ship take up about 2.4 times more
space than on a ship using MG@@ethanol Institute, 2023). Once weltto-wake (WtW)
emissions are included, emethanol (eMeOH)is among the shipping fuels with the lowest
emissions(Brynolf et al., 2023; Methanol Institute, 2023)

BE and eMeOH powered ships represent two differerdnd relevant alternative propulsion
systems.Thus, the alternative decarbonization solutions selected are a fedllectric powered
and an electremethanol in an internal combustion engine (ICEpowered generalcargoship (<



5,000 GT) In contrast, also the conventionaMGQGpowered general cargo shig< 5,000 GT)is
analyzedas a baseline scenario



3. Methodology
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ships (< 5,000 GT). Thus, Lif€ycle Assessment (LCA) was considered an appropriate research
tool. LCA is a standardized method that allows the assessment of thetgntial environmental
impacts of a product, process, or service throughout its entiréfe-cycle, from raw material
extraction and processing, through manufacturing, transport, use and final dispos&lSO,
2006). This chapter describes thd.CAmethodology and the selected case study ships.

3.1 Goal and Scop®efinition
This section provides the intended application of this LCA. In addition, the type of LCA, the
temporal, geographical, technological coverage and the functional unit according to the ILCD
handbook and ISO standards are specifiedLCD, 2010; ISO, 2006)The main intended
application of this LCA is the identification of opportunities to improve thelife-cycle
performance of general cargo ships (< 5,000 GThat various points in their life-cycle.
Additionally, it informs decisionrmakers in industry, governments, or non-government
organizationsaboutthe life-cycle performance of general cargo ships (< 5,000 GRurther,the
LCA results areused to evaluate the FuelEU maritime regulation For academia, this LCA
contributes to building knowledge about general cargo ships (< 5,000 GTMoreover, it
contributes to the EXIT project at IVLNext, the type of LCAs described.

3.1.1 Attributional Life-cycle Assessment
While consequential LCA is valuable for understandinghe consequences of change of the
assessed product or system, attributional LCA provides a more comprehensive picture of the
current environmental impact (ILCD, 2010) This aligns with the research objective of assessing
the environmental impact of general cargo ships (< 5,000 GT)herefore, attributional LCA
(aLCA) was selectedAccording to the ILCD handbook (2010), l2CA refers to the modelling
principle that depicts the potential environmental impacts that can be attributed to a system
(e.g. a product), in this case the model ships, over iife-cycle. Attribution modeling is based
on historical, evidencebased, quantifiable data with known (or low) uncertainties. It includes
all processes that are considered significant for the system under investigation. In attribution
modeling, the system is represeted as it currently exists, existed in the past or is predicted to
exist in the future (ILCD, 2010) This entails that the situation under current demand is
modelled, with the aimof providing a snapshot of the environmental performance of the system
without considering broader systemtlevel effects or potential changes in consumption patterns
or market dynamics (Guinée, 2002).

3.1.2 Scope and Boundaries
In this study, awell-to-wake attributional LCA of one model general cargo ship (> 5,000 GT)
with three different propulsion systemsis conducted.The different propulsion systemsare (i)
marine gas oil (ii) electro-methanol and (iii) battery-electric. In this system boundary,four
phases of the shipand its fuel are considered: ) shipbuilding phase,including the material
and energy consumptionof building the ship; (2) ship operation; (3) ship maintenance and
replacements andthe (4) fuel life-cycle. The endof-life phase is excluded becausthere is too
much uncertainty about future scrappingand recyclingtechnologiesdue to theirlong expected
lifetime, as described inChapter2.1. Furthermore, all three casesare based on the same model
general cargoship. Therefore, their endof-life treatment is assumed to be comparable and, as
such, not meaningful to compareComponents and ships are assumed to be produced in Eurgpe
as well as maintenanceand replacement processesThe fuel production is assumed to be



located near the port of operationwith focus on the Nordic countries and Swede he temporal
scope of the study is 202 because data from this point in time is availableThe technologies
modelled use the most recent data available to accurately represent the present technological
state and its current environmental impact. The used technologes and model ships are
described in the nextChapter 3.1.3 The geographical scope isorthern Europe, with a focus on
Sweden because data from Swedish port calls is available.addition, the geographical scope
of focus on Swederis interesting for this study because Swedehas very ambitious climate
policies andthe Swedish shippingsectoris very activein low-carbon projectsand shows strong
commitments to decarbonize the shipping sectorFurthermore, Northern Europe hasa high
potential for renewable maritime fuel production due to their large renewable energy and
biomass potential (Harahap et al., 2023) Therefore, this geographical scope is assumed to
reflect a realistic caseAs a functional unit the@peration of a general cargo shig 5,000 GT)
foroneyeard E O Ais FUAndsAokabture the averaggearly life-cycleperformance over
the lifetime of the ship.Moreover, as an additional functional unit that represents specific ship
parametersthe Gransport of 1 ton of cargo over 1 nm by sea over the &hiife-cycledis chosen.
This FU aims to assess thife-cycle performance of the transport work of the ship. Overall,
these functional units were chosen tofit the aim of analyang the life-cycle performance of
general cargo ships (< 5,000 GT) and to reveethallenges and opportunities for improving their
life-cycle performance.The assessment is performed using the opesource program openLCA
The LCA methodology is summarizeth Table 2.

Table2: Summary of LCnethodology.

Functional unit (1) Operation of a general cargo shif< 5,000 GT)for oneyear

(2) Transport of 1 ton of cargo over 1 nm by sea over the shilife-cycle

Time horizon 2022

Geographical boundaries Northern Europe, focus Swedencomponent manufacturing,electricity
generation and fuel production are considered in Europe

Life -cycle phases Well-to-Wake: (1) shipbuilding phase, (2) ship operation, (3) ship maintenance
and replacements (4) fuel life-cycle

3.1.3 TheModel Ship
Asamodel ship thatis retrofitted to the three different casesthe M/S Novomarwas selected.
This ship wasselected becausét representsatypical ship operating in Sweden and Northern
Europe andits size is in therange of the average size of general cargo ships (< 5,000 GA%
mentioned in 2.1, the average lifetime ofgeneral cargo ships (& 5,000 dwt) is 37.5 yearsThus,
the expectedlifetime of these ships based on their dwtis 37.5years. The first model shipz
Case Iz is a conventionalMGOpowered general cargoship and serves as a reference shig he
alternative decarbonization solutions selected arean electromethanolz Case Z in an internal
combustion engine (ICE) powered shipand a battery-electric z Case 3z powered ship. The
dimensions of the model ship were taken from OEA x A A OE O A theDBip datishid 6
provider S&P Global2024b) and from the website of theship operator AtoB@C(2024). The
main particulars of themodel ship are presented inTable 3.



Table 3: Characterisics of themodelship.

Model ship M/S Novomar

© hasénp

IMO number ab 9471991 Length [m] &b 84.98

GT [t]ab 2,984 Breath [m] ab 15.2

NT [t] ab 1,769 Draft [m] ab 5.10

DWT [t]ab 4,202 Cubic capacity [m 3]ad 5,600

LDT [t]ab 1,496 Service speed [knots] 2 12

Built [year] ab 2008 Total fuel capacity [m 3]2 246
Expected Lifetime Installed main engine

[years] ¢ 37.5 kW] a0 1,800
Propulsion System 2 4 Stroke Diesel Engine Installed auxiliar 4 Stroke 6Cy: 188 kW

generator [kKW] ab

aData from Seawel{S&P Global, 2024g) Data from ship operator AtoB@C(2024); ¢ Data fromFigure 3;
d Secondary data from a similar ship from Seawe{S&P Global, 2024a)

The decarbonization solutions ardaken from Kanchiralla et al.(2022) and adapted to the cases
of this study. In the following, the propulsion technologies of the three different cases are
described.

Case X Ship powered by Marine Gas Oill

Case 1is the reference case where fossil MGO is fueled in a conventional medigpeed diesel
engine with selective catalytic reduction SCR. The shaft generatorand auxiliar engine are
required for meeting the auxiliary electrical load. The excess heat from the engine is used with
the help of waste heat recovery(WHR) to meet the heat requirementA normal storage tankis
used for storing MGO andts size is based on the fuel capacity of the model ship

Case 2 Ship powered by electro -Methanol

Case2 uses eMeOHas its fuel in a dualfuel engine equipped with SCR, with MGO serving as the
pilot fuel. In order to supply the auxiliary electrical load, the shaft generator is necessaryhe
excess heat from the engine is used witthe help of WHR to meet the heat requirement during
cruising and maneuvering.The shaft generator is required only to meet the auxiliary electrical
load. Normal storage tanks are used for eMeOH and MG&ncethe energy density ofMGOis
2.4 times more than for methanaolthe fuel tanks onthe methanol-fueled ship take up about 2.4
times more space than on a ship using M@®lethanol Institute, 2023). The size of the storage
tanks is based on the fuel capacityf the model ship M/S Novomar. As methanol is
of pilot fuel is required. The amount ofpilot fuel required is assumed to be 5% othe energy
content (Man Energy Solutions, 2021)
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Case 3 Ship powered by Battery -electric

For the BE shipthe electricity is stored in NM(311 batteries and used for the shipoperation
and is charged using electricity from the portassuming thenecessary charging infrastructure
exists. The battery is sized for a maximundistance of1,000 nm with a reserve capacity of 6&b.
Power is managed using the control unit and is directly used for electrical propulsion, heat
pump, and auxiliary loads

A simplified description of the fuel production pathways, the propulsion system configuration
and component manufacturingare shownin Figure 4.
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Figure 4: A = Fuel Productlon Pathways; B = Propulsion System Configurations; C = Component Manufacturing. Adapted from
Kanchiralla et al.(2023).

3.1.4 Limitations and Assumptions
The limitations and assumptions of this study areoutlined as follows. The assessment is
performed from the point of view of the shipping sector. The system boundary is defined
around the ship and focuses on the main parts of the ship and its power system. Other ship
components such as gear, crew, transported goodsid port operations are not consideed.
Furthermore, the model only evaluates the lifecycle performance at a specific time point
(2022) and does not account for secondary or tertiary feedback loop$his study is limited by
the lack of available and higkguality data on technical performance, emission profileand
material demand for the assessed model shipdherefore, the following assumptions were
made: (1) for the ship building phases, only the material production of the components is
considered, due to a lack of information(2) regarding the infrastructure necessary taefuel
the ships, it is assumed that it isufficiently developed, (3) The energy demand of the ship
remains the same, although there may be a higher fuel consumption for Case 2 due to the larger
tanks, and is derived from the MRV datd&urthermore, the cost of the different alternatives is
not assessed due to the limited timeframe of the stugylespite it beingone of the main adoption
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criteria. Moreover, dthough safety is a crucial factor in designing alternative power systems,
especially with methanol's toxicity to humangMethanol Institute, 2023), it was not considered
in this study. Lastly, as explainedin Chapter3.1.2the EoLis not included.

3.1.5 Impact Assessment Method andategoriesAssessed
This study uses the 'Environmental Footprint v. 3.0 Method' (EF) impact assessment family, in
recognition of the European Commission's efforts to improve the comparability of LCA results.
This methodtakes a midpoint approachThis means thathe EFimpact category(IC) indicators
guantitatively represent environmental damage (i.e. effect) caused by a specific human activity
(i.e. cause). As EF does ndurther include damages caused by these effects it reduces
uncertainties. Additionally, it allows a highe number of impact categoriesand the results are
more accurate and precise compared to the three areas of protection commonly used at the
endpoint level (ILCD, 2010) A midpoint approach was thus found most appropriate for the
present study following similar studies likeKanchiralla et al.(2023) or Kanchiralla et al.(2022).
This report focuses ontwelve EF impact categories (viewTable 4), namely climate change,
ozone depletion, particular matter, photochemical ozone formation, acidification,
eutrophication (marine), eutrophication (terrestrial), human toxicity (cancer effects) human
toxicity (non-cancer effects) ecotoxicity (freshwater), resource use (minerals and metalsand
resource use (fossils)They were chosen, and used by several other authofi€anchiralla et al.,
2022; Kanchiralla et al., 2023; Malmgren et al., 2021)because they best reflect the
environmental concerns of the maritime sectorThe total impact of the impact categoriesis
given by:

OY®h 06"0@D i

where the indicator result (IRc) is characterized by the characterization factor (Cks) which
connects the mass of substance emittedMs) with the impact category (c). All emitted
substances (s) impacting a spefic impact category, asfor example climate change,are
aggregated into a total number represented by a mass of equivalentadw Table4).

Table4: List of impact categories assessed including their acronyafierence unitand a brief description for each. Sourc®ala et
al. (2017)

Impact Category | Acronym | Reference Unit Description
Refers to the potential acidification of soils and water
Acidification AC mol H+ eq caused by the release of gases such as nitrogen oxides

and sulfur oxides.

Refers to the potential global warming due to emissions
of GHG to the atmosphere.

Ecotoxicity, ECF CTL Refers to the impact of toxic substances emitted to the
freshwater environment on freshwater organisms.

Refers to the nutrientenrichment of

freshwater ecosystems due tahe

Climate Change CcC kg CQeq.

Eutrophication,

EUF kg P . -
freshwater greq release of nitrogen or phosphofcontaining
compounds
Refers to the nutrientenrichment of
Eutrophication, marine ecosystems due to the
utrophicat EUM kg N eq ! y u

marine release of nitrogen or phosphofcontaining

compounds.
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Human Toxicity

Refers to the potential harm caused to human health due

HTc CTu :
(cancer effects) to exposure to substances that can induce cancer.
Human Toxicity Refers to the potential harm caused to human health due
(non-cancer HTnc CTWw to exposure to substances that camduce non-cancerous
effects) diseases.
. Refers to the reduction of the ozone layer in the Earth's
Ozone Depletion oD kg CFC11 eq L 4
stratosphere due to human activities.
. Refers to the suspension of tiny particles in the air
. disease . . : .
Particular Matters PM o causing health and environmentakffects It includes fine
incidences . .
particles (PMes) and coarse particles (P\b).
Refers to theproduction of ozone in the Earth's
atmosphere through chemical reactions involving
Photochemical sunlight, nitrogen oxides (NQ), volatile organic
; POF | kg NMVOC eq g g NQ g .
ozone formation compounds (VOCSs), and other pollutants. Ozone is a ke
component of smog and can have significant impacts on
human health, ecosystems, and the environment.
Resource use, Refers to the depletion of natural
. RUF MJ _ P
fossil fossil fuel resources.
Resource use
. ’ Refers to the depletion of natural
minerals and RUM kg Sb eq P

metals

non-fossil resources.
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4. Life-Cyclelnventory
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outputs for a given product system throughout itdife-cycled (ISO, 2006) It includes collecting
unit process data, addressing multfunctional processes, and calculating the LCI analysis result.
In addition, an assessment of the technicaiability of the different cases was conductedefore
calculation thelife-cycle impact assessmentl({A) results.

4.1 Data Collection and Modelling Choices
&1 O OEA NOAT OEZEAAQEIT 1T £ OEA OUOOAI 60 AT OEOIT |
In this study, secondary data was taken from scientific literature androm the LCI database
Ecoinvent 3.8 When no data was available proxies or cebffs were used. Proxies, however, are
not very precise as they incorporate data that has not been collected for the process they are
representing. The overall system therefore becomes less representative of theateworld.
Regarding all background processes, dataased on the geography of Swedesnd (northern)
Europe was prioritized when available andglobal scope was used otherwise. For the inputs,
i ACOEAO AAOEOEOEAO jEsA8 1 AAATTAA AO o1 AOEAO
consumption mix of a product, linking productspecific suppliers with consumers within a
specific geographical ara, accounting for transportation and, if relevant, imports and losses as
well (Ecoinvent 3.8, 2021) To enhance the reproducibility of this study, alsystem andunit
processes used have been reported in Appendix3 z A.6.

4.1  Technical Viability
Before calculating the LCA result, the technicaliability of the three cases was assessed. To
assess the technical viability of the three cases, the volume and weight ratios of the components
of the propulsion systemwere estimated, following a similar approach asKanchiralla et al.
(2023) and Brynolf et al.(2023). The feasibility of each configuration has been assessed based
on the mechanical space available for each vessel, which varies from vessel to vessel. For the
feasibility analysis, the mass constraint is assessed basedthe dead weight tonnaggdwt) of
the ship and the volume constraint is assessed based dme ships gross tonnagdGT). For the
mass consideration, the ratio of the mass of the propulsion machinery (including fuel storage
and fuel) (PMM) to thedwt is calculated (PMMAHdwt) and for the volumeconsideration, the ratio
of the volume of the propulsion machinery (PSV) including tank volume to the GT is calculated
(PMV/GT). Case 2 (eMeOH) and Case 3 (BE) were considered infeasible if their mass ratios were
more than three times and their volume ratios were more than two times larger than the
reference Case 1 (MGO). The parameters used to estimate the volume and weight of the
different components when primary data was not available in Seawdls&P Global, 20243)are
described in Appendix A7. Based on these values, the volume and weight of the propulsion
systems and the PMMdwt and the PMV/GT ratios were calculated as displayed ifable 5.

Table5: The volume and weight of the propulsion systems considered in the study and their feasibility. Green indicates that the
case is considered feasible. Red indicates that the case is considered infeasible.

Case 1 MGO Case 2 eMeOH Case 3 Battery
Volume [m?] 299 642 778
Weight [tons] 361 511 1911
PSM/DWT 9% 12%
PSVIGT 10%
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Based on the results of the feasibility analysis (vieWable5), Case 3 was considered unfeasible
because the mass and volume ratsowere larger than the cutoff criteria. Thus, Case 3 was
excluded for the LCIA results and only a full LCA for Case 1 and Case 2 was conduEtadhe
volume ratio Case 2 is also slightly above the cuwiff criteria. SinceCase 2s retrofitted based
on Case lthere is some uncertainty regarding for example theeal-world size of the methanol
tank which is assumed to be 2.4 times larger than the tank of Casétbwever, it is questionable
whether this factor isapplied in real life. In addition, the tank of Cae 2takes upthe largest part
of the volume Thus, due to the uncertainty around the size of the tank dfase 2 it is still
considered feasibleNext, theinventory analysisfor Case 1 and Case 2 are presented.

4.2 Inventory
In the following, the inventory data by life-cycle phase of the model shigs are described.

4.2.1 Shipbuilding Phase
In this phase,following the recommendation ofMio et al.(2022), a cradleto-gate analysis of
the vessel fiself, including extraction, refinement and transportation of materials and
shipbuilding activities, is conducted.In the following the inventory data and assumptionsfor
the main components of the case study share described.

Vessel Construction : A baseline model was created for the material composition of the vessel,
based on data fromJain et al(2016) on the materials recovered from the enebf-life stage of a
case study ship. Material requirements forthe vessel were adjusted based onits light
displacement tonnage (DT).

MGO and eMeOH Engine: The inventory data for the MGOand eMeOH enginess sourced
from Ecoinvent 3.8 fnarket for marine engine | marine engine | Cutoff, J

Selective Catalytic Reduction : SCR is used tdecreaseNOx emissions from fuel combustion.
In NOxSCRthe reduction occursover a base metal catalyst with ammonia abe reducing agent
in reactions that effectively reduce N®to N2 and water. The ammonia isypically supplied from

a water solution of ureawhich is sprayed into the exhaust where the urea decomposes to form
ammonia (Brynolf et al., 2014). The typical raw material compositian for SCR is used from the
study by Jeong et al(2018).

Alternator : The alternator is used for generating electricity onboard from the engines, the
power capacity of the alternator depends on the electrical load. The weight details are
calculated from the manufacturing catalog Siemens, 2018) and the material composition of
the electrical generator is taken from the GREET database.

Heat pump: To meet the demand for heating, a heat pump is utilized. The composition of the
material used in the study was obtained from the manufacturer's catalog, while the
specifications and weight of the material were sourced fronGreening and Azapagi¢2012).

Tank: For Cases 1 an@, a fuel tank is required to store methanol and MGO and is assumed to
be made of stainless steelThe datausedis from Ecoinvent 3.8 (narket for steel, chromium
steel 18/8 | steel, chromium steel 18/8 | Cutoff, § The size of the tanks idbased on the cubic
capacity provided bythe Seaweb fromS&P Globa(2024a). The tank size for the methanol ship
was adjusted by a factor of 2.4. This is because the energy density of methanol is 2.4 times
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greater than that of MGO. Therefore, storage and fuel tanks on a methahatled ship require
approximately 2.4 times more space than those on a ship using M@@ethanol Institute, 2023).

Electricity for component production: When not already included in theused datasetsthe

electricity for the component and vessel productionis assumed from the European electricity
mix as the componens are assumed to be produced in different locations in Europélhe LCI
AAOA AZEOT 1T ) $ %-Bledtricity Edqpy chshd AA O

4.2.2 Ship Operation, Maintenanceand Replacements
In the following sections, theassumptions and modeling choices of theoperation, maintenance
and replacements of the model ships are described.

4.2.2.1  Ship Operation
To ensure the comprability of the two caseships, all ships take the same routs andhave the
same operational practices (e.g., speedime at berth, etc.). The ship's emissions during this
phase are primarily determined by the type of fuel and fuel consumption, which in turn affects
energy consumption. The energy demand of the M/S Novomar was derived by extrapolating
the average fuel consumption perdwt of all vessels covered by the MRYegulation, as no
primary data was available.The following equation was derived:

GLQI QONOE & 0GRS MBITPRLO & WY

Fuel consumption varies with the engine load and for this studgn averagemain engine load
of 80% is assumedBased on the energy contendf the original fuel, the distance travelled per
year andthe energy conversion efficiencies of the major conversion processes, the energy
demands peryear of Case land Case? were calculated Thetank-to-wake (TtW) efficiencies
for both ship propulsion systemsis assumed to be47% (Brynolf et al., 2023). For calculating

OEA OAOOI OO T £# OEA AAAEOEIT AT &O1T AOGETT Al O1TEO

OEA OEE b GapakitlgfaefoiE4D%A i6 seléctedfor both cases.The capacity factor was
calculatedusing MRV data.The capacity factor wascalculatedwith the following formula:
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TheOAAOOAT A Gderivedl Ay dididiry éne tetal CQ emissionsby the annual average
CQ emissions per transport work. In the next step, the mediarof 49% of all general cargo ships
was calculated.However, this value must be treated with caution becausethe calculation

revealed incorrectly reported data with capacity factors exceeding 100%. Therefore, only

values below 100% were considered for the calculation used in this studilore detailson the

capacity factor can be found in Appendix 8. The main particulars of estimating the energy
demand during the operational phase of the ships are displayed ifable 6
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Table6: Relevantdata for shipsoperation.

Case LMGO |  Case 2 eMeOH
Annual average fuel consumption per distance [kg fuel/nmj 41.38
Lower HeatingValue [MJ/kg] 42.7 \ 19.9
Main engine load [%] 80%
Tank to wakeefficiency ¢ 47% | 47%
Distance [nm/yr] 2 55,026
Annual average energy consumption [MJ] 97,231,099.37
Annual average propeller output [KWh/yr] 2 12,694,060
Total fuel consumption per year [kg/yr] b 2,277,075 4,641,686
Total pilot fuel (MGO) consumption per year [kg/yr]b - 113,854
Capacity factor [%]a 49

aBased on MRV datg adjusted for cases, based on fuel and energy conversion efficieneBrynolf et al. (2023).

4.2.2.2 Ship Maintenanceand Replacements
The following section describes the assumptions and data used fthhe maintenance and
replacements of the major components inthe two cases.The ship's SCR catalyst has a lifetime
of 13 years and is expected to be replaced three timgkiang et al.,, 2011) The activating
element on the catalyst is assumed as Ti@nd is around 0.25% of the weight of SCRiang et
al., 2011) As a proxyfor the maintenanceprocessesof the shipsthe process of the maintenance
of a bulk carrier for dry goods was selected from &invent 3.8(maintenance, bulk carrier, for
dry goods | maintenance, bulk carrier, for dry goods | Cutoff, Ulhis isconsidered appropriate
becausebulk carriers and general cargo ships are similain their material composition and
structure (Jain et al., 2016)

4.2.3 Fuel Life-Cycle
In the following the inventory data and assumptions for the fuelife-cycles of the case study
ships are described.

MGOProduction : following the same data selection akanchiralla et al.(2022), the production
pathway and inventory data for MGOare sourcedfrom Ecoinvent 38 (market for diesel, low
sulfur | diesel, low-sulfur | Cutoff, Sz Europe without Switzerland). It is assumed that the diesel
is produced in Europe.

eMethanol Production : this study uses inventory details fromMalmgren et al.(2021) for the
production of eMeOH The process requiresCQ (1.375 kg/kg MeOH),H2 (0.189 kg/kg MeOH),
electricity (1.98 MJ/kg MeOH), and heaflhe CQ is captured with a direct air capture (DAQ.
The CQin this processis consideredanegative carbon emissionThe heat is provided through
electric heating For the base caseit is assumed that no heat is reused, leading to a total
electricity consumption of 524 MJ/kg MeOH.lt is assumed that theeMeOH is produced in
Europe. Renewable energy is used to power the production of eMeOH, with wind power being
a common sourceThus, the eledricity to produce methanol is assumed to be from wind power.
TheLCldatafor the wind power is EOT | . % %&ectxiEydat offghorédwind park 160MW

s 3AAT AOET ¢q 471 AAUud EO OOAAS

Urea: the production pathway and inventory data forthe urea necessary to run the SCR is

sourced from Ecoinvent 3.8 fharket for urea | urea | Cutoff, U)It is assumed that the urea is
produced in Europe.
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The inventory data for the emissions from the combustion of the MGO engine and thethanol
dual fuel engine areshown in Table 7. The inventory data wasobtained from Kanchiralla et al.
(2023). It should be noted that for the MeOH emission inventorydata the pilot fuel is also

included.

Table7: Inventorydata of emissions from theeombustion of MGO and eMeQ&burce:Kanchiralla et al.(2023)

Fuel/Option MGO Methanol
ICE type 4S ICE 4S DFICE
Engineload 80% 80%
Fuelconsumption (g/kwh) 176 358
Pilot fuel consumption - 9
NHs (g/kwh) 0.05 0.025
BC(g/kwWh) 0.005 0.0016
CQ (g/kwh) 568 520
CO(g/kwh) 1 0.17
N20 (g/kWh) 0.03 0.003
CH: (g/kWh) 0.01 0.01
NO (g/kWh) 26 26
PMuo (g/kWh) 0.4 0.093
SO« (9/kWh) 0.343 0.017
Formaldehyde (g/kWh) - 0.0049
Urea required (g/kwWh) 9 3.36
Pilot fuel - MGCO

* Pilot fuel required is assumed to be 5% of energy content

18



5. Results and Interpretation
The aim of this section is to assess and understand ttiée-cycle performanceof the model
general cargo shigpowered by MGO or eMeOH his is done by translating theLClresults into
their contribution to the selected impact categories thus making the product systems
comparable. Thelife-cycle impactsare represented in the modelling by impact categories and
represented by the results of the systentharacterization. Furthermore, the results of theLCl
and the impact assessment are combined according to the defined goal and scojpedraw
conclusions and recommendationsor general cargo ships(< 5,000 GT) Contribution and
sensitivity analyses are carried out to see which processes have the greatest environmental
impact, to evaluate the leverage poirst of the systems studiedn terms of improving their life-
cycle performanceand to assess the robustness of the resultBased on thee results, the
compliance with the FuelEU maritime regulationconcerning emissions and environmental
standards for maritime transport is assessed.

5.1 Life-Cycle Impact AssessmenResults
In this part, the Life-cycle Impact Assessment(LCIA) results from Case land Case2 are
presented. As argued itChapter4.1, Case 3s excluded from the results becausk is considered
unfeasible.First, the characterizationresultsiT £ OEA [ AET &5 O/ PAOAOGEI I
(<5,000GT)foroneyeadAl A A1 O OEA OAAIT T AAOU &5 OOO0AT OPI C
mile by sea over theship&life-cycle" are presented, followed by the contribution and sensitivity
analysis.Lastly, challenges and opportunities fo improving the life-cycle performance of Case
1 and Case 2 arsummarized.

5.1.1 CharacterizationResults

Characterization as defined byySO 1404Q is the calculation of the category indicator results. It
is used to compare product systems and show their tradeffs by showing thelife-cycleimpacts
of the systemsin each categoryAll characterization, weighted and normalized resultsof Case
1 and Case 2can be found in AppendixA.9 and A10. Figure 5 shows the relative life-cycle
performance of the assessed impact categoriesf Case land Case. It is noteworthy that Case
2 (eMeOH) demonstrates a better environmental performancefor most of the impact
categories assessedexcept for human toxicity (cancer & noncancer) and resource use
(minerals and metals) Moreover, for the impact categoriesphotochemical ozone formation
marine eutrophication and freshwater ecotoxicity the differences areless than 5%. The
paragraphs belowprovide possible explanations for the results found (next to each impact
AAOACT OUB O systdmiwittcd hgher ed\Brdnmental impact is specified in bold with
(Case IMGQ6 (dr&se AeMeOH6 8
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Relative LifeCycle Performance of Case 1 and Case 2

ResoUrce Use, Minerals and M etals | —

REOIGMIEIGIYRY e ———
Photochemical ozone formation
Particulate matter

Ozone depletion

Human toxicity, non-cancer
Human toxicity, cancer
Eutrophication, marine
Eutrophication, freshwater
Ecotoxicity, freshwater

Climate change

Acidification
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

m Case 2 (eMeOH) m Case 1 (MGO)

Figure 5: Relative negative environmental impact of Case 1 and Case 2. For numerical details refer to App&&ia 20.

Acidification z Case 1(MGO)

Soil and water acidification are caused by the release of gases such as 8I(Qx, and NH, as well

as an increasedoncentration of CQin the atmosphere. In the case of ships, these gases mostly
come from burning fuels. Additionally, the production of MGO also contributes significantly to
the release of these gases. MGO has higher emission factors for most of these giwses
methanol (seeTable 7) and its production contributes significantly as well. Thus, this results in

a higher level of acidification.

Climate Change z Case 1(MGO)

Similar to acidification, the climate changeimpact is driven by the release of GHGs into the
atmosphere. These gases are primarily emitted during the production and combustion of fuels.
MGO, a conventional fuel derived from fossil fuels, contains a higher amount of carbon when
burned, and its production isalso carbon intensive. Methanol, on the other hand, also emits
GHGs when burned. Howevems it is assuned to be produced from DAC with renewable
energy, the overall emissions areignificantly lower. Specifically, the C®emissions from the
combustion of MeOH are approximately equal to those captured during th®AC process.
Therefore, it is not surprising that theclimate changevalue for Case? is only 19% of that for
Casel, mainly driven bythe production and combustion of the pilot fuel

Ecotoxicity, freshwater z Case 1(MGO

The ecotoxicity results are mainly affected by the production of MGO and methanol, as well as
the construction of the vessels in both cases. In Case 1, the processing of crude oil during the
production of MGO emits various pollutants into the air and watersuch as heavy metals, sulfur
compounds, and volatile organic compounds, which increase tfieshwater ecotoxicity. In Case

2, the main contributor to the freshwater ecotoxicity is the infrastructure for the wind park,
although to a lesseextent than the pollutants generated during the production of MGO. In Case
2, MGO inly used as a pilot fuel, resulting in similar pollutants contributing tofreshwater
ecotoxicity but in smaller amounts.Nevertheless, the impact of Case 1 is only marginally higher,
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at 0.4%, than that of Case 2. This indicates that both systems have a similar impact, but as
previously described with different processes driving this impact.

Eutrophication, freshwater z Case 1(MGO)

Freshwater eutrophication is driven by nutrient enrichment due to the release of phosphorus
containing compounds. In both Case 1 and Case 2, shipbuilding, mainly through steel
production, the production of fuels and urea are the main processes affectirfgeshwater
eutrophication. The reason why Case 1 is higher than Case 2 could be that Case 1 requires more
urea, and the production of MGO emits more kg P eq. in absolute terms compared to the
production of methanol.

Eutrophication, marine z Casel (MGO)

Marine eutrophication is driven by nutrient enrichment resulting from the release of nitrogen
containing compounds. The main processes that influence the outcome are fuel combustion
and, to a lesser extent, fuel production. Ships primarily emit nitrogenous compounds through
fuel combustion. When comparing the emission factors for the combustion of MGO and
methanol (view Table 7) it is evident that methanol has slightly lower values for MO but the
same value for N@ This leads tothe slightly higher results for Casel than Case2, whereby the
impact from all other processes like shipbuilding and maintenance and replacements is the
same

Human Toxicity (cancer effects & non-cancer effects) z Case 2(eMeOH)

Methanol itself is toxicfor humans and the environment Exposure to methanol can result in
serious health consequences, including blindness, kidney failure, and in extreme cases, death
(Methanol Institute, 2023). In addition, incomplete combustion of methanol may also
contribute to human toxicity through possible formaldehyde emissiongSahu et al., 2023)The
higher human toxicity values in Case 2 are primarily due to théoxic substances used in the
wind power infrastructure andto a lesser extent, the use of methanol itself in terms of methanol
leakage.In Case 1, MGO production is the main drivéhrough the release of toxic gaseand
substances but the absolute values are still significantly lower than those in CaseTherefore,
Case 2has a higher impacthan Case 1.

Ozone Depletion z Case 1(MGO)

The results for ozone depletionare mainly driven by the production of MGO in both cases.
However, in Case 2, MGO is only used as pilot fuel, resulting in significantly lower values
compared to Case 1, where MGO is the main fuel.

Particular Matters z Case 1(MGO)

Similar to the impact categoriesacidification and climate change this impact category is
primarily affected by the production and combustion of fuels. Therefore, due to Case 1 having
a higher emission factor for PM (viewT able7), it results in a higher outcome compared to Case
2.

Photochemical Ozone Formation z Case 1 (MGQ

Photochemical ozone formation is primarily driven by the interaction of sunlight with nitrogen
oxides and volatile organic compoundgPinto et al., 2010) Nitrogen oxides and volatile organic
compoundsare formed during the combustion of fuels(Louka et al., 2003) In Cases 1 and 2,
the photochemical ozone formation is driven by the combustion of MGO and eMeOH,
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respectively. These processes have a similar impact, but the slightly higher impact observed in
Case 1 is due to the slightly higher impact from the production of MGO.

Resource use, fossil z Case 1(MGO

Due to MGO being derived from fossil fuels, it is not surprising that the emissions are higher in
Case 1 compared to Case 2. The production of MGO is the main contributor to the emissions in
Case 1, while in Case 2, the production of MGO and electricity fimethanol production are the
main drivers. Similar to ozone depletion the MGOin Case 2s only used as pilot fuel, resulting

in significantly lower values compared to Case 1, where MGO is the main fuel.

Resource use, minerals and metals z Case 2(eMeOH)

Case 2 has &igher result for this impact category than Case lyhich can be attributed to the
use of critical minerals and metals in the infrastructure for the wind power planthat produces

the energy for the methanol productionand the methanol production itself. In Case 1, this
impact category is primarily driven by the vessel production. However, since both cases are
based on the same vessel, this impact is the same for both and is outweighed by the
infrastructure impacts in Case 2.

For a direct comparison of Case 1 and Case Betnormalized resultsfor the twelve impact
categoriesare shown in the bllowing Figure:
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Figure 6: Normalized results based on EF 3.0.
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5.1.2 Secondary Einctional Unit Results Ship-specific Parameters
In order to make the results comparable with other ships and ship segments, the additional
functional unit "transport of 1 ton of cargo over 1 nautical mile by sea over thife-cycle of the
ship" was chosen to represent specific ship parameteend to capture the transport work The
assumed load of the ship i49%. The characterization results are presented in
Table 8. The results obtained are consistent with those of the main functional unit and the
explanations for these results are the same as those presented in the prevididsapter 5.1.1 A
negative difference indicates that Case 2 has less impact, and a positive difference indicates that
Case 1 has less impact.

Table8: Characterization resulsand differencen percentagebetween Case 1 and CaseZ2 OE A £O01 AOGET 1T Al
of cargo over 1 nm by sea over the sBilife-cycled 8

OT EO

] Difference
Impact category Reference unit Case 1z MGO Case 2- eMeOH Case 1z 2 [%]
Acidification (x103) mol H+ eq 0.44 0.34 24%
Climate change (x16) kg CO2 eq 78.59 14.70 81%
Ecotoxicity, freshwater CTUe 0.59 0.59 0,4%
Eutrophication, 0
freshwater (x105) kg P eq 158 135 14%
Eutrophication, marine
kg N A A 2%
(x10%) g N eq 0.13 0.13 ()
Human toxicity, cancer CTUR 001 002 -76%
(x109)
H —
uman toxicity, norr CTUh 017 050 -190%
cancer (x10)
Ozone depletion (x10) kg CFC11l eq 17.65 9.31 47%
Particulate matter (x10°) disease inc. 4.20 1.80 57%
Photochemical ozone
0,
formation (x10°) kg NMVOC eq 0.38 0.37 3%
Resource use, fossils MJ 111 0.62 45%
Resource use, minerals
! -490,
and metals (x10) kg Sb eq 0.09 0.14 49%

The impact category climate change is especially interesting for comparing ships and ship
segments with each other and is a relevant indicator in marine policy. Thus, the focus is in the
following on the climate changeimpact category.When comparing the impact measured in
grams CQeq. Case has81% more emissions compared to Case 2, witli9 g CQeq.and 15 g
CQeq., respectively. Furthermore, this result demonstrates the potential for reducing
emissions by64 g CQ eq. when transitioning from a vessel pavered by MGO to one powered

by eMeOHwith a capacity factorof 49%.

A comparison of the results with the MRV data of general cargo ships Europe that have
reported data (view Figure 7) reveals that Case 1 falls within the higher range and Case 2 within
the lower range in terms of climate change impact per transport workThe values for Case 1
and Case 2 are adjusted to include only the effects of the ship operation phdser Case 1, this
is 84% of the total impact, or & g CQ eq,, and for Case 2, 56%, & g CQ eq. This indicatesthat
general cargo ships (< 5,000 GTpowered by MGQare arather inefficient mode of transport
for goodsin terms of climate change impacgtwhereby general cargo ships (< 5,000 GT) powered
by eMeOH are more efficientompared to the MRV data of general cargo ships that have

reported data.
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Figure 7: Comparison of anual average C@emissions per transport work for Case 1 and Case 2 and all general cargo fsbips
MRVdata.

5.1.3 Contribution Analysis
Contribution analyses are used to break down results into contributing items. In this study,
contribution analyses of the selected impact categories were performed on the characterization
results of Case 1 and 2 to identify which groups of processes are hotspots of environmental
impacts. The findings can inform industry professionals and other sk&holders of which areas
are most worthwhile to improve. The processes were categorized into four grougsllowing
the life-cycle phase of the ship(1) shipbuilding, (2) ship operation, (3) ship maintenance and
replacements, and(4) fuel production. The rumerical values can be found in AppendiA.11.
This contribution analysis is valid for both functional units because it shows the percentage
shares of the different lifecycle phases, which are the same for both functional units.

Figure 8 shows that either the ship operation processes or the fuel production processes were
the major contributors to most impact categories for Case 1. The ship operation processes were
the primary contributors to the impact categories photochemical ozone formation(78%),
particular matters (81%), marine eutrophication (87%), climate change (84%), and
acidification (67%). Meanwhile, the fuel production processes were the primary contributors
to the impact categoriesresource use (fossil)(96%), ozone depletion(98%), human toxicity
(non-cancer) (73%), freshwater eutrophication (51%) and freshwater ecotoxicity (91%). Only
the impact categoriesresource use (mineral and metals)62%) and human toxicity (cancer)
(49%) had the shipbuilding processes as the primary contributors. The ship maintenance and
replacement processes made the smallest contributions to all impact categories, ranging only
between 0.05% and 2.17%.

In Case 2, the ship operation processes and fuel production processes were major contributors
to most impact categories as well, as shown iRigure 9. Ship operation processes were the
major contributors to impact categories photochemical ozone formation(79%), particular
matters (63%), marine eutrophication (89%), climate change(56%) and acidification (69%).
Fuel production processes were the major contributors to impact categoriesesource use
(minerals and metals)(52%), resource use (fossils)96%), ozone depletion(98%), freshwater
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