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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 life-cycle performance 
of small general cargo ships with three different propulsion systems and assesses their 
potential compliance with the FuelEU maritime regulation. A well-to-wake attributional life -
cycle assessment of one model general cargo ship (> 5,000 GT) with three different propulsion 
systems is conducted. The different propulsion systems are marine gas oil (Case 1), electro-
methanol (Case 2) and battery-electric (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 life-cycle. Case 3 is excluded 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 life-cycle 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 shares of 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 GT from this regulation. The study shows 
that eMeOH powered general cargo ships (< 5,000 GT) have potential to reduce the life-cycle 
impacts associated with maritime transport and suggests adjustments to the FuelEU maritime 
regulation to include general cargo ships (< 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 understanding of their environmental impact and policy effectiveness. 
 
Keywords : Life-cycle assessment, General cargo 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 economy. Within the 
European Union (EU), it facilitates 77% of external trade and 35% of intra-EU trade (EMSA & 
EEA, 2021). Shipping is one of the most energy-efficient modes of transportation and the 
industry contributes significantly to the economic and social well-being of the EU. However, it 
also poses environmental and health challenges to EU citizens. Ship traffic in the European 
Economic Area (EEA) accounts for 13.5% of all Union GHG emissions from transport. Further, 
maritime transport is projected to increase globally in the next decades, leading to increasing 
GHG emissions from about 90% of 2008 emissions in 2018 to 90-130% of 2008 emissions by 
2050 (EMSA & EEA, 2021). This poses challenges to the EU goal of being climate neutral by 
2050 (Regulation (EU) 2021/1119). 
 
To achieve a reduction in GHG emissions, a shift towards ships powered by climate-friendly 
fuels and propulsion systems is required. To support this transition, the European Parliament 
and European Council agreed on several directives and regulations governing emission 
reduction in the shipping sector. Since 1 January 2018, large ships (> 5,000 gross tons (GT)) 
loading or unloading cargo or passengers at ports in the EEA must monitor and report related 
GHG emissions (currently only CO2 emissions, but N2O and CH4 emissions starting from 1 
January 2024) and other relevant information in conformity with the Ȱ-ÏÎÉÔÏÒÉÎÇȟ ÒÅÐÏÒÔÉÎÇ 
and verification (MRV) Maritime Regulationȱ (Regulation (EU) 2015/757). !Ó ÐÁÒÔ ÏÆ ÔÈÅ ȰÆÉÔ ÆÏÒ 
υυȱ ÐÁÃËÁÇÅ ÁÎÄ ÔÈÅ %ÕÒÏÐÅÁÎ 'ÒÅÅÎ $ÅÁÌȟ ÔÈÅ &ÕÅÌ%5 ÍÁÒÉÔÉÍÅ ÒÅÇÕÌÁÔÉÏÎ ÁÉÍÓ ÔÏ ÓÕÐÐÏÒÔ ÔÈÅ 
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 GT and 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 recent legislative change in January 2024 was the extension of the 
EU's Emissions Trading System (EU ETS) to cover CO2 emissions from all large ships (> 5,000 
GT) entering EU ports, regardless of their  flag (Regulation (EU) 2023/957). 
 
When looking at the current legislation governing maritime transport in Europe, it stands out 
that vessels below 5,000 GT are currently excluded. Only for the MRV Maritime regulation is it 
planned to include emissions from offshore ships and general cargo ships between 400 ɀ 5,000 
GT, starting from 1 January 2025 (Regulation (EU) 2023/957). Yet, according to a study by 
Transport & Environment (2022), ships under 5,000 GT operating in Europe emit a total of 19.7 
MtCO2, which corresponds to 15% of the total emissions of all ships under the proposed 
geographical scope of the EU ETS. It 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 5,000 GT in the existing maritime 
legislation in Europe. )Î ÔÈÅ ÃÏÎÔÅØÔ ÏÆ %ÕÒÏÐÅȭÓ ÇÏÁÌ ÏÆ ÂÅÉÎÇ ÃÌÉÍÁÔÅ ÎÅÕÔÒÁÌ ÕÎÔÉÌ 2050, this 
poses the question of the relevance of the environmental impact of this exclusion.  
 
Research that analyses the environmental impact of different types of ships focus mostly on, 
for example, container ships (Gilbert et al., 2017), RoPax ships (Kanchiralla et al., 2022; 
Kanchiralla et al., 2023; Seithe et al., 2020), bulk carriers (Dong & Cai, 2019; Quang et al., 2020), 
tankers (Bicer & Dincer, 2018; Kanchiralla et al., 2022; Quang et al., 2021), cruise vessels (Seithe 
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et al., 2020) or service vessels (Kanchiralla et al., 2023). Thus, little knowledge is available 
about general cargo ships. This is supported by the review of Mondello et al. (2023) who 
discovered that fishing vessels, cargo ships, recreational ships, and bulk carriers were the most 
widely investigated ship types among the LCA and LCC studies reviewed, in which the type of 
ship was specified. In addition, in the report Ȱ#lÉÍÁÔÅ )ÍÐÁÃÔÓ ÏÆ %ØÅÍÐÔÉÏÎÓ ÔÏ %5ȭÓ 3ÈÉÐÐÉÎÇ 
0ÒÏÐÏÓÁÌÓȱ by Transport & 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 ships were not specified as their  own category either. In 
contrast, only Zhang et al. (2022) and Brynolf et al. (2023) analyzed the environmental impact 
of general cargo ships. However,  Zhang et al. (2022) only for those constructed in China 
between 2011 and 2015 and Brynolf et al. (2023) for an average general cargo ship 
representative for Nordic shipping. Thus, this literature review revealed a gap in scientific 
knowledge about general cargo ships and the 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 5,000 GT, a category that contributes significantly 
to emissions according to Transport & Environment (2022). This regulatory gap raises 
questions 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 ships, as the existing literature tends to focus on other 
types of ships, meaning that environmental impact of general cargo ships is not well researched. 
 

1.2 Aim of the Thesis 
This study aims to contribute to the previously defined knowledge gap by analyzing the life-
cycle performance of small general cargo ships (< 5,000 GT) with three different propulsion 
systems, representing small transport ships. This thesis is part of the project Ȱ%ØÔÅÒÎÁ 
ËÏÓÔÎÁÄÅÒȟ ÓÔÙÒÍÅÄÅÌ ÏÃÈ ËÏÓÔÎÁÄÓÅÆÆÅËÔÉÖÁ âÔÇßÒÄÅÒȱ ɉ%8)4Ɋ ÁÔ )6,Ȣ The EXIT project aims to 
carry out an overall assessment of European shipping'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 marine environment. The main research question explored in this study 
is: 
 
RQ1: What is the life-cycle performance of general cargo ships (< 5,000 GT)?  
 
The following sub-research questions aim to address more concrete aspects of the 
environmental impact of general cargo ships below 5,000 GT and their interaction with 
European legislation and emission reduction potentials.  
 
RQ2: What are the main challenges and opportunities for general cargo ships (< 5,000 GT) in 
terms of improving their life-cycle performance?  

RQ3: How does the selected model general cargo ship and the general cargo ships of the Swedish 
fleet comply with the FuelEU maritime regulation? 
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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 cargo ship segment and the alternative 
propulsion systems investigated in this study. Chapter 3 presents the goal, scope, functional 
unit and limitations of the assessment. Chapter 4 then provides detailed information on the 
data collection, together with the quantification of the life-cycle inventory. This is followed by 
a results section (Chapter 5), which includes the interpretation of the characterization results, 
contribution analyses and sensitivity analysis as well as the policy assessment. Chapter 6 
provides an in-depth discussion of the results and Chapter 7 concludes the report with a 
summary of the results and recommendations for future research.  
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2. General Cargo Ships and Alternative Propulsion Systems 
This chapter describes the general cargo ship segment with a focus on vessels of less than 5,000 
GT. In addition, a description of the alternative propulsion systems used in this study is given. 
 

2.1 General Cargo Ship Segment 
According to the International Maritime Organization (IMO), general cargo ships are ships 
Ȱ×ÉÔÈ Á ÍÕÌÔÉ-deck or single-ÄÅÃË ÈÕÌÌ ÄÅÓÉÇÎÅÄ ÐÒÉÍÁÒÉÌÙ ÆÏÒ ÔÈÅ ÃÁÒÒÉÁÇÅ ÏÆ ÇÅÎÅÒÁÌ ÃÁÒÇÏȱ 
(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 and can carry a wide range of 
goods. These vessels can be either geared or ungeared, meaning they have on-board cranes for 
loading and unloading. General cargo 
ships come in various sizes, from small 
coastal vessels to large ocean-going 
vessels. Some of the largest general cargo 
ships can carry up to 30,000 tons of cargo, 
while smaller ships usually carry between 
1,000 and 5,000 tons (Ratson 
Shipbuilding, 2023). In 2023, 1,475 ships 
were classified as general cargo in Europe, 
representing around 10% of the ×ÏÒÌÄȭÓ 
general cargo fleet, with an average age of 
around 22 years in European ownership 
and 29 years in non-European ownership 
(view Figure 1) (EMSA, 2023).  
 
Looking at the lifetime of the smaller general cargo vessels (0 - 5,000 dwt), it is noticeable that 
this segment consists of a very old fleet compared to the larger general cargo vessels (> 5,000 
dwt)  and other vessel segments, with an average lifetime of around 37.5 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 (< 5,000 GT) 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 categorized by dead weight tonnage (dwt). Source: Styhre et al. (2024) & S&P 
Global (2024a). 

dwt  [t]  Average Lifetime [yr]  Number of Vessel [#]  Average dwt  [t]  

0 ɀ 5,000 37.5 295 2,200 

5,000 ɀ 10,000 31.2 84 6,876 

10,000 ɀ 20,000 26 32 12,800 

> 20,000 26 44 31,700 

 
Looking at the routes of this segment, the variability of the routes in terms of their lengths is 
apparent, starting from 2 nautical miles (nm) to over 5,953 nm for one trip (Styhre et al., 2024). 
However, as shown in Figure 2, most routes are shorter than 500 nm with a median of 300 nm 
and a mean of 407 nm. Looking at the distribution of the size measured in GT of general cargo 
ships (< 5,000 GT) from Swedish Port Call data in 2022, a high variability is observable as well 
(view Figure 3). The median of the size is 2,999 GT and the mean is 3,061 GT. In contrast, the 
distances between ports of general cargo ships larger than 5,000 GT show that in absolute 

Figure 1: Age of ships by ownership in EU. Source: EMSA (2023). 
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numbers, they call ports less often than the smaller general cargo ships (view Appendix A.1). 
However, the smaller and larger general cargo ships have a similar distribution of  length of 
routes. Moreover, the distribution of size measured in GT of general cargo ships larger than 
5,000 GT reveals that most of these ships are approximately between 5,000 to 10,000 GT (view 
Appendix A.2). 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. 
  

 
Figure 2: Distribution of distances between ports of general cargo ships (< 5,000 GT). Source: Styhre et al. (2024) & S&P Global 
(2024a) 

  
Figure 3: Distribution of size of general cargo ships (< 5,000 GT). Source: Styhre et al. (2024) & S&P Global (2024a) 

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 ships (< 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 lifetime and 
play an important role for Swedish ports. Next, the two alternative propulsion systems used in 
this study are described. 
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2.2 Alternative Propulsion Systems for General Cargo Ships 
Currently, ships are mainly powered by fossil fuels like heavy fuel oil (HFO), marine diesel oil 
(MDO), or marine gas oil  (MGO). Their combustion in the ship engine results in a large amount 
of harmful emissions, such as nitrogen oxides (NOX), sulfur oxides (SOX) particulate matter (PM) 
and other GHGs (Ait Allal et al., 2019). Among several studies analyzing potential alternative 
propulsion systems and fuels, methanol (MeOH) and electrification are promising solutions 
ɉ+ÁÎÃÈÉÒÁÌÌÁ ÅÔ ÁÌȢȟ ςπςςȠ +ÏÒÂÅÒÇ ÅÔ ÁÌȢȟ ςπςρȠ 0ÅÒéÉç ÅÔ ÁÌȢȟ ςπςτɊ.  
 
Among zero-carbon powering options, electrification represents an available technology that 
has already been studied and applied in the shipping sector ɉ+ÁÎÃÈÉÒÁÌÌÁ ÅÔ ÁÌȢȟ ςπςςȠ 0ÅÒéÉç ÅÔ 
ÁÌȢȟ ςπςπȠ 0ÅÒéÉç ÅÔ ÁÌȢȟ ςπςτɊ. Three types of electrified ships use batteries: hybrid ships, plug-
in hybrid ships and all-electric ships. Plug-in hybrids and hybrid ships usually combine a diesel 
engine with a battery, while an all-electric ship is a ship that is powered solely by a battery. 
Especially all-electric ships offer high emission reduction potential when charged with 
renewable electricity (Jeong et al., 2020). One of the limitations of using batteries alone to 
power ships is the distance the ship can travel, i.e., 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 long-distance voyage, full electrification is usually limited to ships 
operating close to the coast. Another limitation is the high investment cost, which depends on 
the size of the battery and the market, i.e., the current price of the battery (Korberg et al., 2021; 
0ÅÒéÉç ÅÔ ÁÌȢȟ ςπςτɊ.  
 
In contrast, methanol is a well-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 short-term 
(now to 2030), methanol offers a low-carbon alternative to conventional fuels (Wang et al., 
2024). Methanol as a fuel can power fuel cells and internal combustion engines (Li, Jia, Wang, 
Wang, Negnevitsky, Hu, et al., 2023; Li, Jia, Wang, Wang, Negnevitsky, Wang, et al., 2023). It  can 
be produced from biomass, biomethane, renewable electricity and CO2, as well as from fossil 
sources such as natural gas and coal. Most methanol is currently produced from natural gas 
(IRENA, 2021; Methanol Institute, 2023). Renewable e-methanol 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 e-methanol is the 
availability and cost of a supply of CO2 that is not derived from fossil fuels and renewable 
electricity . Methanol as a maritime fuel requires little or no engine modification and can deliver 
significant carbon emission reductions compared to conventional fuels (IRENA, 2021). Utilizing 
methanol as a shipping fuel benefits from a well-established 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 ambient pressure and 
temperature (IRENA, 2021). Even though that methanol has a higher energy density than 
liquefied natural gas (LNG), ammonia or hydrogen, it  still  is lower than that of traditional 
marine fuels. For example, the energy density of MGO is 2.4 times higher than for methanol 
meaning that storage and fuel tanks on a methanol-fueled ship take up about 2.4 times more 
space than on a ship using MGO (Methanol Institute, 2023). Once well-to-wake (WtW) 
emissions are included, e-methanol (eMeOH) is among the shipping fuels with the lowest 
emissions (Brynolf et al., 2023; Methanol Institute, 2023).  
 
BE and eMeOH powered ships represent two different and relevant alternative propulsion 
systems. Thus, the alternative decarbonization solutions selected are a full-electric powered 
and an electro-methanol in an internal combustion engine (ICE) powered general cargo ship (< 
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5,000 GT). In contrast, also the conventional MGO-powered general cargo ship (< 5,000 GT) is 
analyzed as a baseline scenario.  
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3. Methodology 
4ÈÅ ÐÒÅÓÅÎÔ ÓÔÕÄÙȭÓ ÍÁÉÎ ÏÂÊÅÃÔÉÖÅ ÉÓ ÔÏ ÁÎÁÌÙÚÅ ÔÈÅ ÌÉÆÅ-cycle performance of general cargo 
ships (< 5,000 GT). Thus, Life-Cycle Assessment (LCA) was considered an appropriate research 
tool. LCA is a standardized method that allows the assessment of the potential environmental 
impacts of a product, process, or service throughout its entire life-cycle, from raw material 
extraction and processing, through manufacturing, transport, use and final disposal (ISO, 
2006). This chapter describes the LCA methodology and the selected case study ships. 
 

3.1 Goal and Scope Definition  
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 specified (ILCD, 2010; ISO, 2006). The main intended 
application of this LCA is the identification of opportunities to improve the life-cycle 
performance of general cargo ships (< 5,000 GT) at various points in their life-cycle. 
Additionally, it  informs decision-makers in industry, governments, or non-government 
organizations about the life-cycle performance of general cargo ships (< 5,000 GT). Further , the 
LCA results are used to evaluate the FuelEU maritime regulation. For academia, this LCA 
contributes to building knowledge about general cargo ships (< 5,000 GT). Moreover, it 
contributes to the EXIT project at IVL. Next, the type of LCA is described. 
 

3.1.1 Attributional Life-cycle Assessment 
While consequential LCA is valuable for understanding the 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). Therefore, attributional LCA 
(aLCA) was selected. According to the ILCD handbook (2010), aLCA 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 its life-cycle. Attribution modeling is based 
on historical, evidence-based, 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 represented 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 aim of providing a snapshot of the environmental performance of the system 
without considering broader system-level effects or potential changes in consumption patterns 
or market dynamics (Guinée, 2002).  
 

3.1.2 Scope and Boundaries 
In this study, a well-to-wake attributional LCA of one model general cargo ship (> 5,000 GT) 
with three different propulsion systems is conducted. The different propulsion systems are (i) 
marine gas oil, (ii) electro-methanol and (iii ) battery-electric. In this system boundary, four 
phases of the ship and its fuel are considered: (1) shipbuilding phase, including the material 
and energy consumption of building the ship; (2) ship operation; (3) ship maintenance and 
replacements and the (4) fuel life-cycle. The end-of-life phase is excluded because there is too 
much uncertainty about future scrapping and recycling technologies due to their long expected 
lifetime, as described in Chapter 2.1. Furthermore, all three cases are based on the same model 
general cargo ship. Therefore, their end-of-life treatment is assumed to be comparable and, as 
such, not meaningful to compare. Components and ships are assumed to be produced in Europe, 
as well as maintenance and replacement processes. The fuel production is assumed to be 
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located near the port of operation with focus on the Nordic countries and Sweden. The temporal 
scope of the study is 2022 because data from this point in time is available. The technologies 
modelled use the most recent data available to accurately represent the present technological 
state and its current environmental impact. The used technologies and model ships are 
described in the next Chapter 3.1.3. The geographical scope is northern Europe, with a focus on 
Sweden because data from Swedish port calls is available. In addition, the geographical scope 
of focus on Sweden is interesting for this study because Sweden has very ambitious climate 
policies and the Swedish shipping sector is very active in low-carbon projects and shows strong 
commitments to decarbonize the shipping sector. Furthermore, Northern Europe has a 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 case. As a functional unit the ȰOperation of a general cargo ship (< 5,000 GT) 
for one yearȱ ÉÓ ÓÅÌÅÃÔÅÄȢ This FU aims to capture the average yearly life-cycle performance over 
the lifetime of the ship. Moreover, as an additional functional unit that represents specific ship 
parameters the Ȱtransport of 1 ton of cargo over 1 nm by sea over the shipȭs life-cycleȱ is chosen. 
This FU aims to assess the life-cycle performance of the transport work of the ship. Overall, 
these functional units were chosen to fit the aim of analyzing the life-cycle performance of 
general cargo ships (< 5,000 GT) and to reveal challenges and opportunities for improving their 
life-cycle performance. The assessment is performed using the open-source program openLCA. 
The LCA methodology is summarized in Table 2. 
 
Table 2: Summary of LCA methodology. 

Functional unit  (1) Operation of a general cargo ship (< 5,000 GT) for one year  

(2) Transport of 1 ton of cargo over 1 nm by sea over the ship's life-cycle 

Time horizon  2022 

Geographical boundaries  Northern Europe, focus Sweden; component 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 The Model Ship 
As a model ship that is retrofitted to the three different cases, the M/S Novomar was selected. 
This ship was selected because it  represents a typical ship operating in Sweden and Northern 
Europe and its size is in the range of the average size of general cargo ships (< 5,000 GT). As 
mentioned in 2.1, the average lifetime of general cargo ships (0 ɀ 5,000 dwt) is 37.5 years. Thus, 
the expected lifetime of these ships, based on their dwt, is 37.5 years. The first model ship ɀ 
Case 1 ɀ is a conventional MGO-powered general cargo ship and serves as a reference ship. The 
alternative decarbonization solutions selected are an electro-methanol ɀ Case 2 ɀ in an internal 
combustion engine (ICE) powered ship and a battery-electric ɀ Case 3 ɀ powered ship. The 
dimensions of the model ship were taken from ÔÈÅ ×ÅÂÓÉÔÅ Ȱ3ÅÁ×ÅÂȱ ÏÆ the ship statistic 
provider  S&P Global (2024b) and from the website of the ship operator AtoB@C (2024). The 
main particulars of the model ship are presented in Table 3. 
  



 
 
 
 
 

10 
 

Table 3: Characteristics of the model ship. 

Model ship  M/S Novomar  

 

  
© hasenpusch 

IMO number  a,b 9471991 Length [m] a,b 84.98 

GT [t] a,b 2,984 Breath [m] a,b 15.2 

NT [t] a,b 1,769 Draft [m] a,b 5.10 

DWT [t ]a,b 4,202 Cubic capacity [m 3]a,d 5,600  

LDT [t] a,b 1,496 Service speed [knots] a 12 

Built [year] a,b 2008 Total fuel capacity [m 3]a 246 

Expected Lifetime 

[years] c 
37.5 

Installed main engine 

[kW] a,b 
1,800 

Propulsion System a 4 Stroke Diesel Engine 
Installed auxiliar 

generator [kW] a,b 
4 Stroke 6Cy: 188 kW 

a Data from Seaweb (S&P Global, 2024a); b Data from ship operator AtoB@C (2024); c Data from Figure 3;  
d Secondary data from a similar ship from Seaweb (S&P Global, 2024a). 

 
The decarbonization solutions are taken 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 1: Ship powered by Marine Gas Oil  
Case 1 is the reference case where fossil MGO is fueled in a conventional medium-speed diesel 
engine with selective catalytic reduction (SCR). The shaft generator and 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 requirement. A normal storage tank is 
used for storing MGO and its size is based on the fuel capacity of the model ship. 
 
Case 2: Ship powered by electro -Methanol  
Case 2 uses eMeOH as its fuel in a dual-fuel engine equipped with SCR, with MGO serving as the 
pilot fuel. In order to supply the auxiliary electrical load, the shaft generator is necessary. The 
excess heat from the engine is used with the 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 MGO. Since the energy density of MGO is 
2.4 times more than for methanol, the fuel tanks on the methanol-fueled ship take up about 2.4 
times more space than on a ship using MGO (Methanol Institute, 2023). The size of the storage 
tanks is based on the fuel capacity of the model ship M/S Novomar. As methanol is 
characterized by a low cetane number which reduces ÔÈÅ ÓÅÌÆȤÉÇÎÉÔÉÏÎ ÑÕÁÌÉÔÙ, a small amount 
of pilot fuel is required. The amount of pilot fuel required is assumed to be 5% of the energy 
content (Man Energy Solutions, 2021).  
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Case 3: Ship powered by Battery -electric  
For the BE ship, the electricity is stored in NMC811 batteries and used for the ship operation 
and is charged using electricity from the port, assuming the necessary charging infrastructure 
exists. The battery is sized for a maximum distance of 1,000 nm with a reserve capacity of 60%. 
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 manufacturing are shown in Figure 4. 
 

 
Figure 4: A = Fuel Production 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 are outlined 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 goods and port operations are not considered. 
Furthermore, the model only evaluates the life-cycle performance at a specific time point 
(2022) and does not account for secondary or tertiary feedback loops. This study is limited by 
the lack of available and high-quality data on technical performance, emission profiles and 
material demand for the assessed model ships. Therefore, 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 to refuel 
the ships, it is assumed that it is sufficiently 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 data. Furthermore, the cost of the different alternatives is 
not assessed due to the limited timeframe of the study, despite it being one of the main adoption 
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criteria. Moreover, although safety is a crucial factor in designing alternative power systems, 
especially with methanol's toxicity to humans (Methanol Institute, 2023), it was not considered 
in this study. Lastly, as explained in Chapter 3.1.2 the EoL is not included. 
 

3.1.5 Impact Assessment Method and Categories Assessed  
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 method takes a midpoint approach. This means that the EF impact category (IC) indicators 
quantitatively represent environmental damage (i.e. effect) caused by a specific human activity 
(i.e. cause). As EF does not further  include damages caused by these effects it reduces 
uncertainties. Additionally, it allows a higher number of impact categories and 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 like Kanchiralla et al. (2023) or Kanchiralla et al. (2022). 
This report focuses on twelve EF impact categories (view Table 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 metals) and 
resource use (fossils). They were chosen, and used by several other authors (Kanchiralla et al., 
2022; Kanchiralla et al., 2023; Malmgren et al., 2021), because they best reflect the 
environmental concerns of the maritime sector. The total impact of the impact categories is 
given by:  
 

ὍὙὧ ὅὊὧίzὓί 

 
where the indicator result (IRc) is characterized by the characterization factor (CFcs) which 
connects the mass of substance emitted (Ms) with the impact category (c). All emitted 
substances (s) impacting a specific impact category, as for example climate change, are 
aggregated into a total number represented by a mass of equivalents (view Table 4). 
 
Table 4: List of impact categories assessed including their acronym, reference unit and a brief description for each. Source: Sala et 
al. (2017) 

Impact Category  Acronym  Reference Unit  Description  

Acidification AC mol H+ eq. 

Refers to the potential acidification of soils and water 

caused by the release of gases such as nitrogen oxides 

and sulfur oxides. 

Climate Change CC kg CO2 eq. 
Refers to the potential global warming due to emissions 

of GHGs to the atmosphere. 

Ecotoxicity, 

freshwater 
ECF CTUe 

Refers to the impact of toxic substances emitted to the 

environment on freshwater organisms. 

Eutrophication, 

freshwater 
EUF kg P eq. 

Refers to the nutrient-enrichment of 

freshwater ecosystems due to the 

release of nitrogen or phosphor-containing 

compounds. 

Eutrophication, 

marine 
EUM kg N eq. 

Refers to the nutrient-enrichment of 

marine ecosystems due to the 

release of nitrogen or phosphor-containing 

compounds. 
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Human Toxicity 

(cancer effects) 
HTc CTUh 

Refers to the potential harm caused to human health due 

to exposure to substances that can induce cancer. 

Human Toxicity 

(non-cancer 

effects) 

HTnc CTUh 

Refers to the potential harm caused to human health due 

to exposure to substances that can induce non-cancerous 

diseases. 

Ozone Depletion OD kg CFC-11 eq. 
Refers to the reduction of the ozone layer in the Earth's 

stratosphere due to human activities. 

Particular Matters PM 
disease 

incidences 

Refers to the suspension of tiny particles in the air 

causing health and environmental effects. It includes fine 

particles (PM2.5) and coarse particles (PM10). 

Photochemical 

ozone formation 
POF kg NMVOC eq. 

Refers to the production of ozone in the Earth's 

atmosphere through chemical reactions involving 

sunlight, nitrogen oxides (NOx), volatile organic 

compounds (VOCs), and other pollutants. Ozone is a key 

component of smog and can have significant impacts on 

human health, ecosystems, and the environment. 

Resource use, 

fossil 
RUF MJ 

Refers to the depletion of natural 

fossil fuel resources. 

Resource use, 

minerals and 

metals 

RUM kg Sb eq. 
Refers to the depletion of natural 

non-fossil resources. 

  



 
 
 
 
 

14 
 

4. Life-Cycle Inventory  
The life-ÃÙÃÌÅ ÉÎÖÅÎÔÏÒÙ ɉ,#)Ɋ ÃÏÒÒÅÓÐÏÎÄÓ ÔÏ ÔÈÅ ȰÃÏÍÐÉÌÁÔÉÏÎ ÁÎÄ ÑÕÁÎÔÉÆÉÃÁÔÉÏÎ ÏÆ ÉÎÐÕÔÓ ÁÎÄ 
outputs for a given product system throughout its life-cycleȱ (ISO, 2006). It includes collecting 
unit process data, addressing multi-functional processes, and calculating the LCI analysis result. 
In addition, an assessment of the technical viability of the different cases was conducted before 
calculation the life-cycle impact assessment (LCIA) results. 
 

4.1 Data Collection and Modelling Choices 
&ÏÒ ÔÈÅ ÑÕÁÎÔÉÆÉÃÁÔÉÏÎ ÏÆ ÔÈÅ ÓÙÓÔÅÍȭÓ ÅÎÖÉÒÏÎÍÅÎÔÁÌ ÉÍÐÁÃÔÓȟ ÔÈÅ ÃÏÌÌÅÃÔÉÏÎ ÏÆ ÄÁÔÁ ÉÓ ÎÅÃÅÓÓÁÒÙȢ 
In this study, secondary data was taken from scientific literature and from the LCI database 
Ecoinvent 3.8. When no data was available proxies or cut-offs 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 the real world. 
Regarding all background processes, data based on the geography of Sweden and (northern)  
Europe was prioritized  when available and global scope was used otherwise. For the inputs, 
ÍÁÒËÅÔ ÁÃÔÉÖÉÔÉÅÓ ɉÉȢÅȢ ÌÁÂÅÌÌÅÄ ÁÓ ȱÍÁÒËÅÔ ÆÏÒȱ ÉÎ %ÃÏÉÎÖÅÎÔ σȢψɊ ×ÅÒÅ ÕÓÅÄ ÔÏ ÒÅÐÒÅÓÅÎÔ ÔÈÅ 
consumption mix of a product, linking product-specific suppliers with consumers within a 
specific geographical area, accounting for transportation and, if relevant, imports and losses as 
well (Ecoinvent 3.8, 2021). To enhance the reproducibility of this study, all system and unit 
processes used have been reported in Appendix A.3 ɀ A.6. 
 

4.1 Technical Viability 
Before calculating the LCA result, the technical viability 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 system were estimated, following a similar approach as Kanchiralla 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 based on the dead weight tonnage (dwt) of 
the ship and the volume constraint is assessed based on the ships gross tonnage (GT). For the 
mass consideration, the ratio of the mass of the propulsion machinery (including fuel storage 
and fuel) (PMM) to the dwt  is calculated (PMM/dwt) and for the volume consideration, 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 Seaweb (S&P Global, 2024a), are 
described in Appendix A.7. Based on these values, the volume and weight of the propulsion 
systems and the PMM/dwt  and the PMV/GT ratios were calculated as displayed in Table 5. 
 
Table 5: 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 [m3]  299 642 778 

Weight [tons] 361 511 1911 

PSM/DWT 9% 12% 45% 

PSV/GT 10% 22% 26% 
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Based on the results of the feasibility analysis (view Table 5), Case 3 was considered unfeasible 
because the mass and volume ratios were larger than the cut-off criteria. Thus, Case 3 was 
excluded for the LCIA results and only a full LCA for Case 1 and Case 2 was conducted. For the 
volume ratio Case 2 is also slightly above the cut-off criteria. Since Case 2 is retrofitted based 
on Case 1, there is some uncertainty regarding for example the real-world  size of the methanol 
tank which is assumed to be 2.4 times larger than the tank of Case 1. However, it is questionable 
whether this factor is applied in real life. In addition, the tank of Case 2 takes up the largest part 
of the volume. Thus, due to the uncertainty around the size of the tank of Case 2, it is still 
considered feasible. Next, the inventory analysis for Case 1 and Case 2 are presented.  
 

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

4.2.1 Shipbuilding Phase 
In this phase, following the recommendation of Mio et al. (2022), a cradle-to-gate analysis of 
the vessel itself, including extraction, refinement and transportation of materials and 
shipbuilding activities, is conducted. In the following the inventory data and assumptions for 
the main components of the case study ships are described. 
 
Vessel Construction : A baseline model was created for the material composition of the vessel, 
based on data from Jain et al. (2016) on the materials recovered from the end-of-life stage of a 
case study ship. Material requirements for the vessel were adjusted based on its light 
displacement tonnage (LDT). 
 
MGO and eMeOH Engines: The inventory data for the MGO and eMeOH engines is sourced 
from Ecoinvent 3.8 (market for marine engine | marine engine | Cutoff, U).  
 
Selective Catalytic Reduction : SCR is used to decrease NOX emissions from fuel combustion. 
In NOX SCR, the reduction occurs over a base metal catalyst with ammonia as the reducing agent 
in reactions that effectively reduce NOX to N2 and water. The ammonia is typically supplied from 
a water solution of urea which is sprayed into the exhaust where the urea decomposes to form 
ammonia (Brynolf et al., 2014). The typical raw material composition 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 from Greening and Azapagic (2012). 
 
Tank : For Cases 1 and 2, a fuel tank is required to store methanol and MGO and is assumed to 
be made of stainless steel. The data used is from Ecoinvent 3.8 (market for steel, chromium 
steel 18/8 | steel, chromium steel 18/8 | Cutoff, S). The size of the tanks is based on the cubic 
capacity provided by the Seaweb from S&P Global (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 



 
 
 
 
 

16 
 

greater than that of MGO. Therefore, storage and fuel tanks on a methanol-fueled ship require 
approximately 2.4 times more space than those on a ship using MGO (Methanol Institute, 2023). 
 
Electricity  for component production:  When not already included in the used datasets, the 
electricity for the component and vessel production is assumed from the European electricity 
mix as the components are assumed to be produced in different locations in Europe. The LCI 
ÄÁÔÁ ÆÒÏÍ )$%-!4 ςπςρ ÔÉÔÌÅÄ ȰElectricity EU-ςχȱ ÉÓ used.  
 

4.2.2 Ship Operation, Maintenance and Replacements 
In the following sections, the assumptions and modeling choices of the operation, maintenance 
and replacements of the model ships are described. 
 

4.2.2.1 Ship Operation 
To ensure the comparability of the two case ships, all ships take the same routes and have the 
same operational practices (e.g., speed, time 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 per dwt of all vessels covered by the MRV regulation, as no 
primary data was available. The following equation was derived: 
 

ὥὺὩὶὥὫὩ ὪόὩὰ ὧέὲίόάὴὸὭέὲ ὴὩὶ Ὠύὸ πȢππρωzὨύὸ  σσȢσωψ 
 
Fuel consumption varies with the engine load and for this study an average main engine load 
of 80% is assumed. Based on the energy content of the original fuel, the distance travelled per 
year and the energy conversion efficiencies of the major conversion processes, the energy 
demands per year of Case 1 and Case 2 were calculated. The tank-to-wake (TtW) efficiencies 
for both ship propulsion systems is assumed to be 47% (Brynolf et al., 2023). For calculating 
ÔÈÅ ÒÅÓÕÌÔÓ ÏÆ ÔÈÅ ÁÄÄÉÔÉÏÎÁÌ ÆÕÎÃÔÉÏÎÁÌ ÕÎÉÔ ÏÆ ȰÔÒÁÎÓÐÏÒÔ ÏÆ ρ ÔÏÎ ÏÆ ÃÁÒÇÏ ÏÖÅÒ ρ ÎÍ ÂÙ ÓÅÁ ÏÖÅÒ 
ÔÈÅ ÓÈÉÐȭÓ ÌÉÆÅÔÉÍÅȱ Á capacity factor of 49% is selected for both cases. The capacity factor was 
calculated using MRV data. The capacity factor was calculated with the following formula:  
 

ὧὥὴὥὧὭὸώ Ὢὥὧὸέὶ 
ὥὧὸόὥὰ ὥὺὩὶὥὫὩ ὸέὲί 

Ὠύὸ
 

 
The ȰÁÃÔÕÁÌ ÁÖÅÒÁÇÅ ÔÏÎȱ ×as derived by dividing the total CO2 emissions by the annual average 
CO2 emissions per transport work. In the next step, the median of 49% of all general cargo ships 
was calculated. However, this value must be treated with caution because the calculation 
revealed incorrectly  reported data with capacity factors exceeding 100%. Therefore, only 
values below 100% were considered for the calculation used in this study. More details on the 
capacity factor can be found in Appendix A.8. The main particulars of estimating the energy 
demand during the operational phase of the ships are displayed in Table 6. 
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Table 6: Relevant data for ships operation. 

 Case 1 MGO Case 2 eMeOH 

Annual average fuel consumption per distance [kg fuel/nm] a  41.38 

Lower Heating Value [MJ/kg] 42.7 19.9 

Main engine load [%] 80% 

Tank to wake efficiency c 47% 47% 

Distance [nm/yr]  a 55,026 

Annual average energy consumption [MJ] b 97,231,099.37 

Annual average propeller output [kWh/yr]  a 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 
a Based on MRV data; b adjusted for cases, based on fuel and energy conversion efficiency; c Brynolf et al. (2023). 

 

4.2.2.2 Ship Maintenance and Replacements 
The following section describes the assumptions and data used for the maintenance and 
replacements of the major components in the two cases. The ship's SCR catalyst has a lifetime 
of 13 years and is expected to be replaced three times (Liang et al., 2011). The activating 
element on the catalyst is assumed as TiO2 and is around 0.25% of the weight of SCR (Liang et 
al., 2011). As a proxy for the maintenance processes of the ships, the process of the maintenance 
of a bulk carrier for dry goods was selected from Ecoinvent 3.8 (maintenance, bulk carrier, for 
dry goods | maintenance, bulk carrier, for dry goods | Cutoff, U). This is considered appropriate 
because bulk carriers and general cargo ships are similar in 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 fuel life-cycles of the case study 
ships are described. 
 
MGO Production : following the same data selection as Kanchiralla et al. (2022), the production 
pathway and inventory data for MGO are sourced from Ecoinvent 3.8 (market for diesel, low-
sulfur | diesel, low-sulfur | Cutoff, S ɀ Europe without Switzerland). It is assumed that the diesel 
is produced in Europe.  
 
eMethanol  Production : this study uses inventory details from Malmgren et al. (2021) for the 
production of eMeOH. The process requires CO2 (1.375 kg/kg MeOH), H2 (0.189 kg/kg MeOH), 
electricity (1.98 MJ/kg MeOH), and heat. The CO2 is captured with a direct air capture (DAC). 
The CO2 in this process is considered a negative carbon emission. The heat is provided through 
electric heating. For the base case, it is assumed that no heat is reused, leading to a total 
electricity consumption of 5.24 MJ/kg MeOH. It is assumed that the eMeOH is produced in 
Europe. Renewable energy is used to power the production of eMeOH, with wind power being 
a common source. Thus, the electricity to produce methanol is assumed to be from wind power. 
The LCI data for the wind power is ÆÒÏÍ .%%$ ÔÉÔÌÅÄ Ȱelectricity, at offshore wind park 160MW 
ȿ 3ÃÅÎÁÒÉÏȡ 4ÏÄÁÙȱ ÉÓ ÕÓÅÄȢ  
 
Urea: the production pathway and inventory data for the urea necessary to run the SCR is 
sourced from Ecoinvent 3.8 (market 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 the methanol 
dual fuel engine are shown in Table 7. The inventory data was obtained from Kanchiralla et al. 
(2023). It should be noted that for the MeOH emission inventory data the pilot fuel is also 
included. 
 
Table 7: Inventory data of emissions from the combustion of MGO and eMeOH. Source: Kanchiralla et al. (2023) 

Fuel/Option  MGO Methanol  

ICE type 4S ICE 4S DF-ICE 

Engine load 80% 80% 

Fuel consumption (g/kWh)  176 358 

Pilot fuel consumption - 9 

NH3 (g/kWh)  0.05 0.025 

BC (g/kWh)  0.005 0.0016 

CO2 (g/kWh)  568 520 

CO (g/kWh)  1 0.17 

N2O (g/kWh)  0.03 0.003 

CH4 (g/kWh)  0.01 0.01 

NOx (g/kWh)  2.6 2.6 

PM10 (g/kWh)  0.4 0.093 

SOx (g/kWh)  0.343 0.017 

Formaldehyde (g/kWh) - 0.0049 

Urea required (g/kWh) 9 3.36 

Pilot fuel - MGO* 

* Pilot fuel required is assumed to be 5% of energy content. 
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5. Results and Interpretation 
The aim of this section is to assess and understand the life-cycle performance of the model 
general cargo ship powered by MGO or eMeOH. This is done by translating the LCI results into 
their contribution to the selected impact categories, thus making the product systems 
comparable. The life-cycle impacts are represented in the modelling by impact categories and 
represented by the results of the system characterization. Furthermore, the results of the LCI 
and the impact assessment are combined according to the defined goal and scope to draw 
conclusions and recommendations for 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 points of the systems studied in terms of improving their life-
cycle performance and to assess the robustness of the results. Based on these results, the 
compliance with the FuelEU maritime regulation concerning emissions and environmental 
standards for maritime transport is assessed. 
 

5.1 Life-Cycle Impact Assessment Results 
In this part, the Life-cycle Impact Assessment (LCIA) results from Case 1 and Case 2 are 
presented. As argued in Chapter 4.1, Case 3 is excluded from the results because it  is considered 
unfeasible. First, the characterization results ÏÆ ÔÈÅ ÍÁÉÎ &5 Ȱ/ÐÅÒÁÔÉÏÎ ÏÆ Á ÇÅÎÅÒÁÌ ÃÁÒÇÏ ÓÈÉÐ 
(< 5,000 GT) for one yearȱ ÁÎÄ ÆÏÒ ÔÈÅ ÓÅÃÏÎÄÁÒÙ &5 ȰÔÒÁÎÓÐÏÒÔ ÏÆ ρ ÔÏÎ ÏÆ ÃÁÒÇÏ ÏÖÅÒ ρ ÎÁÕÔÉÃÁÌ 
mile by sea over the shipȭs life-cycle" are presented, followed by the contribution and sensitivity 
analysis. Lastly, challenges and opportunities for improving the life-cycle performance of Case 
1 and Case 2 are summarized. 
 

5.1.1 Characterization Results 
Characterization, as defined by ISO 14040, is the calculation of the category indicator results. It 
is used to compare product systems and show their trade-offs by showing the life-cycle impacts 
of the systems in each category. All characterization, weighted and normalized results of Case 
1 and Case 2 can be found in Appendix A.9 and A.10. Figure 5 shows the relative life-cycle 
performance of the assessed impact categories of Case 1 and Case 2. It is noteworthy that Case 
2 (eMeOH) demonstrates a better environmental performance for most of the impact 
categories assessed except for human toxicity (cancer & non-cancer) and resource use 
(minerals and metals). Moreover, for the impact categories photochemical ozone formation, 
marine eutrophication and freshwater ecotoxicity the differences are less than 5%. The 
paragraphs below provide possible explanations for the results found (next to each impact 
ÃÁÔÅÇÏÒÙȭÓ ÈÅÁÄÉÎÇȟ ÔÈÅ system with a higher environmental impact is specified in bold with 
ȰCase 1 (MGO)ȱ ÏÒ ȰCase 2 (eMeOH)ȱɊȢ 
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Figure 5: Relative negative environmental impact of Case 1 and Case 2. For numerical details refer to Appendix A.9 & A.10. 

Acidification  ɀ Case 1 (MGO) 
Soil and water acidification are caused by the release of gases such as SO2, NOx, and NH3, as well 
as an increased concentration of CO2 in 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 gases than 
methanol (see Table 7) and its production contributes significantly as well. Thus, this results in 
a higher level of acidification. 
 
Climate Change ɀ Case 1 (MGO) 
Similar to acidification, the climate change impact 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 is also carbon intensive. Methanol, on the other hand, also emits 
GHGs when burned. However, as it is assumed to be produced from DAC with renewable 
energy, the overall emissions are significantly lower. Specifically, the CO2 emissions from the 
combustion of MeOH are approximately equal to those captured during the DAC process. 
Therefore, it is not surprising that the climate change value for Case 2 is only 19% of that for 
Case 1, mainly driven by the production and combustion of the pilot fuel. 
 
Ecotoxicity, freshwater  ɀ 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 water, such as heavy metals, sulfur 
compounds, and volatile organic compounds, which increase the freshwater ecotoxicity. In Case 
2, the main contributor to the freshwater ecotoxicity is the infrastructure for the wind park, 
although to a lesser extent than the pollutants generated during the production of MGO. In Case 
2, MGO is only used as a pilot fuel, resulting in similar pollutants contributing to freshwater 
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  ɀ 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 affecting freshwater 
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 ɀ Case 1 (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 N2O but the 
same value for NOx. This leads to the slightly higher results for Case 1 than Case 2, whereby the 
impact from all other processes like shipbuilding and maintenance and replacements is the 
same. 
 
Human Toxicity (cancer effects  & non-cancer effects) ɀ Case 2 (eMeOH) 
Methanol itself is toxic for 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 emissions (Sahu et al., 2023). The 
higher human toxicity values in Case 2 are primarily due to the toxic substances used in the 
wind power infrastructure  and to a lesser extent, the use of methanol itself in terms of methanol 
leakage. In Case 1, MGO production is the main driver through the release of toxic gases and 
substances, but the absolute values are still significantly lower than those in Case 2. Therefore, 
Case 2 has a higher impact than Case 1. 
 
Ozone Depletion  ɀ Case 1 (MGO) 
The results for ozone depletion are 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  ɀ Case 1 (MGO) 
Similar to the impact categories acidification 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 (view Table 7), it results in a higher outcome compared to Case 
2. 
 
Photochemical Ozone Formation ɀ Case 1 (MGO) 
Photochemical ozone formation is primarily driven by the interaction of sunlight with nitrogen 
oxides and volatile organic compounds (Pinto et al., 2010). Nitrogen oxides and volatile organic 
compounds are 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 ɀ 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 for methanol production are the 
main drivers. Similar to ozone depletion, the MGO in Case 2 is 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  ɀ Case 2 (eMeOH) 
Case 2 has a higher result for this impact category than Case 1, which can be attributed to the 
use of critical minerals and metals in the infrastructure for the wind power plant that produces 
the energy for the methanol production and 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 2, the normalized results for the twelve impact 
categories are shown in the following Figure: 
 

 

 

 

 
Figure 6: Normalized results based on EF 3.0. 



 
 
 
 
 

23 
 

5.1.2 Secondary Functional 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 the life-cycle of the 
ship" was chosen to represent specific ship parameters and to capture the transport work. The 
assumed load of the ship is 49%. 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 previous Chapter 5.1.1. A 
negative difference indicates that Case 2 has less impact, and a positive difference indicates that 
Case 1 has less impact. 
 
Table 8: Characterization results and difference in percentage between Case 1 and Case 2 oÆ ÔÈÅ ÆÕÎÃÔÉÏÎÁÌ ÕÎÉÔ ȰÔÒÁÎÓÐÏÒÔ ÏÆ υ ÔÏÎ 
of cargo over 1 nm by sea over the shipȭs life-cycleȱȢ 

Impact category  Reference unit  Case 1 ɀ MGO Case 2 - eMeOH 
Difference 

Case 1 ɀ 2 [%]  

Acidification (x103) mol H+ eq. 0.44 0.34 24% 

Climate change (x103) kg CO2 eq. 78.59 14.70 81% 

Ecotoxicity, freshwater  CTUe 0.59 0.59 0,4% 

Eutrophication, 

freshwater (x106) 
kg P eq. 1.58 1.35 14% 

Eutrophication, marine 

(x103) 
kg N eq. 0.13 0.13 2% 

Human toxicity, cancer 

(x109) 
CTUh 0.01 0.02 -76% 

Human toxicity, non-

cancer (x109) 
CTUh 0.17 0.50 -190% 

Ozone depletion (x109) kg CFC11 eq. 17.65 9.31 47% 

Particulate matter (x109) disease inc. 4.20 1.80 57% 

Photochemical ozone 

formation (x103) 
kg NMVOC eq. 0.38 0.37 3% 

Resource use, fossils  MJ 1.11 0.62 45% 

Resource use, minerals 

and metals (x106) 
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 change impact category. When comparing the impact measured in 
grams CO2eq., Case 1 has 81% more emissions compared to Case 2, with 79 g CO2eq. and 15 g 
CO2eq., respectively. Furthermore, this result demonstrates the potential for reducing 
emissions by 64 g CO2 eq. when transitioning from a vessel powered by MGO to one powered 
by eMeOH with a capacity factor of 49%.  
 
A comparison of the results with the MRV data of general cargo ships in 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 work. The values for Case 1 
and Case 2 are adjusted to include only the effects of the ship operation phase. For Case 1, this 
is 84% of the total impact, or 65 g CO2 eq., and for Case 2, 56%, or 8 g CO2 eq. This indicates that 
general cargo ships (< 5,000 GT) powered by MGO are a rather inefficient mode of transport 
for goods in terms of climate change impact, whereby general cargo ships (< 5,000 GT) powered 
by eMeOH are more efficient compared to the MRV data of general cargo ships that have 
reported data.  
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Figure 7: Comparison of annual average CO2 emissions per transport work for Case 1 and Case 2 and all general cargo ships from 
MRV data. 

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 stakeholders of which areas 
are most worthwhile to improve. The processes were categorized into four groups following 
the life-cycle phase of the ship: (1) shipbuilding, (2) ship operation, (3) ship maintenance and 
replacements, and (4) fuel production. The numerical values can be found in Appendix A.11. 
This contribution analysis is valid for both functional units because it shows the percentage 
shares of the different life-cycle 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 categories resource use (fossil) (96%), ozone depletion (98%), human toxicity 
(non-cancer) (73%), freshwater eutrophication (51%) and freshwater ecotoxicity (91%). Only 
the impact categories resource 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 in Figure 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 categories resource use 
(minerals and metals) (52%), resource use (fossils) (96%), ozone depletion (98%), freshwater 
























































