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Abstract

The maritime industry remains a significant contributor to global greenhouse gas (GHG)
emissions. In this article, a systematic study has been performed on the alternative fuel
emissions of large cargo ships under different route scenarios and propulsion systems.
For this purpose, a set of key performance indicators (KPIs) are evaluated, including total
equivalent CO2 emissions (CO2eq), CO2eq emissions per unit of transport mass and CO2eq

emissions per unit of transport mass per distance. The emissions analysis demonstrates
that Liquified Natural Gas (LNG) paired with Marine Gas Oil (MGO) emerges as the
most viable short-term solution in comparison with the conventional fuel oil propulsion.
Synthetic methanol (eMeOH) paired with synthetic diesel (eDiesel) is identified as the
most promising long-term fuel combination. When comparing the European Union (EU)
emission calculation system (FuelEU) with the International Maritime Organization (IMO)
emission metrics, a discrepancy in emissions reduction outcomes has been observed. The
IMO approach appears to favor methanol (MeOH) and liquefied natural gas (LNG) over
conventional fuel oil. This is attributed to the fact that the IMO metrics do not consider
unburned methane emissions (methane slip) and emissions in the production of fuels
(Well-to-Tank).

Keywords: LNG; methanol; propulsion systems; FuelEU; route optimization; zero emis-
sions shipping

1. Introduction
Greenhouse gases (GHGs) such as carbon dioxide (CO2), alongside pollutants like

nitrogen oxides (NOx) and sulfur oxides (SOx), contribute to global warming, air pollution,
and adverse health effects, particularly within the maritime industry [1]. This sector remains
a significant contributor to GHG emissions. Currently, international shipping accounts for
nearly 3% of global CO2 emissions, which, if left unchecked, is projected to rise as global
trade increases. In addition to CO2, the maritime industry is responsible for approximately
15% of global NOx emissions and 13% of SOx emissions [2], pollutants that are primarily
released by the combustion of heavy fuel oils used by large ships. NOx emissions contribute
to smog, fine particulate matter, acid rain, and respiratory and cardiovascular health issues.
SOx emissions lead to the formation of sulfuric acid, contributing to acid rain and severe
respiratory problems in coastal regions [3]. Despite regulatory efforts from the International
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Maritime Organization (IMO) 2020, like the Global Sulfur Cap, which limits the sulfur
content in marine fuels to 0.5% in mass fraction, the industry still significantly impacts
global air quality and environmental health [4].

The IMO has taken significant steps toward decarbonizing the maritime industry
through regulatory frameworks such as the Energy Efficiency Design Index (EEDI) [5],
the Energy Efficiency Existing Ship Index (EEXI) [6] and the Carbon Intensity Indicator
(CII) [7]. The EEDI, introduced in 2011, requires new ships to meet progressively stricter
energy efficiency standards, reducing CO2 emissions per ton-mile through optimized
ship design [5]. Building on this, the EEXI, launched in 2023, applies similar efficiency
standards to existing ships, pushing for retrofitting and operational improvements to align
older vessels with modern energy efficiency requirements [6]. The CII, also introduced in
2023, mandates that ships actively measure, report, and improve their operational carbon
intensity annually [7]. These combined measures represent critical milestones in the IMO
efforts to reduce GHGs from shipping by at least 50% by 2050 compared to 2008 levels,
with the aim of achieving full decarbonization of the sector [8].

This article addresses a study in emission reduction for large cargo ships by system-
atically comparing combinations of alternative fuels across various propulsion systems
and route scenarios. For a comprehensive understanding of the problem, the introductory
section analyzes emissions in the maritime sector and provides the rationale for the selec-
tion of the cargo vessels used in this study. Furthermore, a series of considerations related
to marine fuels will be discussed, including economic considerations, safety aspects and
refueling infrastructure.

Figure 1 presents the distribution of CO2 emissions of various types of vessels by
category. It highlights that approximately 60% of total emissions originate from vessels
transporting dry bulk and liquid cargo. Among these, bulk carriers (vessels transporting
dry bulk) are the most significant contributors, accounting for 27.5% of overall emissions.
This underscores the substantial environmental impact of ships transporting large masses
of unpackaged goods (minerals, grain, or coal) within the maritime sector. In this sense,
the iron ore market, which moves over 1.5 thousand million tons annually through global
maritime trade, accounting for approximately 13% of the total seaborne cargo transported
worldwide [9] (more than 30% of the total dry bulk), is the main pollutant within dry bulks.
This market is increasingly prioritizing alternative fuels to reduce carbon emissions [10].

Figure 1. CO2 emissions by vessel segment [2,11].
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Ships dedicated solely to the transport of iron ore represent approximately 2% of the
global merchant bulk carrier fleet by number (255 vessels) but approximately 20% of total
Death Weight Tonnage (DWT) [12]. Due to their large size and high fuel consumption,
they contribute significantly to maritime pollution. Ore carriers are defined as bulk carriers
capable of transporting cargo with a minimum density capacity of 3.0 t/m3 [13]. They are
classified under the notation “Ore Carrier” [14]. Currently, these vessels are subdivided
into three major segments based on their DWT: 250,000, 325,000 and 400,000 tons [15]. The
first segment primarily operates in traffic from Australia, while the two largest segments
predominantly transport cargo from Brazil and are denominated very large ore carriers
(VLOC). The installation of renewable fuels in ore carriers is highly suitable due to several
factors inherent to these vessels [16,17]. Ore carriers, with their large cargo holds and
ample empty spaces, provide significant flexibility for the integration of alternative fuels
storage and systems [18]. Their fixed routes, often between major mining regions and
key ports, enable consistent refueling and operational efficiency [19]. This combination
of spatial advantages and operational characteristics makes alternative fuels a viable and
effective choice for enhancing the environmental performance of ore carriers [16,18–20].
To date, several studies have been conducted on the impact, installation, life cycle and
requirements of alternative fuels for ships [21,22]. However, few have focused on ore
carriers specifically. Technical challenges associated with the installation are resolved,
although the potential emission reduction remains unresolved [23,24]. Additionally, ore
carriers are currently having to modify their operational profile to comply with the IMO
energy efficiency regulations. Ore carriers that were originally designed to operate at
14.5 knots are now running at 12 knots due to their continued reliance on conventional fuel
oil for propulsion [25]. To restore their operational speeds, a transition to alternative fuels
is necessary.

The objectives of this article are as follows. First, to provide a solid background on
alternative fuels and their role in reducing greenhouse gas emissions in shipping. Second,
to quantify equivalent CO2 emissions (CO2eq). CO2 refers only to carbon dioxide emissions,
while CO2eq includes all greenhouse gases expressed in CO2 equivalents based on their
global warming potential. The study also aims to calculate EEDI and CII values for the
three segments of ore carriers under different fuel combinations and operational profiles.

To achieve this purpose, the article is structured to provide a thorough analysis
of alternative fuels within the iron ore market. Section 1 (Introduction) presents the
problem statement and outlines the context motivating this study. Section 2 provides a solid
background on alternative fuels, including their economic considerations, safety aspects,
and refueling infrastructure. Section 3 describes the methodology in detail, covering the
base vessel specifications, route scenarios, and emission calculations. Section 4 presents
the results and discusses the comparative performance of different fuel options. Finally,
Section 5 summarizes the key findings and offers conclusions on the potential of green
methanol and green LNG to contribute to maritime decarbonization.

2. Alternative Fuels in the Maritime Sector
The maritime sector has traditionally relied on Heavy Fuel Oil (HFO) and Marine

Diesel Oil (MDO) as its primary energy source contributing significantly to GHGs, air
pollution and environmental degradation [26,27]. In response to stricter international
regulations, such as those set by the IMO, aimed at reducing harmful emissions, the
industry has been compelled to explore cleaner and more sustainable fuel alternatives.
Two of the most promising options for large cargo ships that have emerged are LNG and
MeOH [4,28,29]. MeOH offers a promising solution to reducing greenhouse gas emissions
and air pollutants in the maritime industry [30,31]. As a low-carbon fuel, it significantly
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lowers CO2 emissions compared to conventional marine fuels, while its cleaner combustion
process reduces NOx and virtually eliminates SOx emissions [32]. Thus, transitioning to
methanol could help mitigate both climate change and air quality issues [28]. Furthermore,
the adoption of methanol as a marine fuel can improve a vessel performance under the
CII and EEDI [33], as it directly enhances the vessel carbon intensity and overall energy
efficiency, aligning with the IMO decarbonization targets, apart from a potential economic
benefit for the shipowner [21]. Despite efforts to introduce these fuels, the general trend is to
replace HFO with very low sulfur fuel oil (VLSFO) and MDO with Marine Gas Oil (MGO).
In addition, ships are reducing their sailing speeds to lower fuel consumption, taking
advantage of the fact that power requirements increase with the cube of the speed [34].

To achieve full decarbonization, the available options for new alternative fuels must
be explored. This work studies ELNG, bioLNG, eMethanol, and bioMethanol. EDiesel and
biodiesel are examined as well, although their application in maritime transport appears
more challenging compared to the other options [35]. ELNG or eMethane, is a synthetic
form of liquefied natural gas produced by combining renewable hydrogen with carbon
dioxide through a methanation process, creating methane that is then cooled to a liquid
state for storage and transport [36]. BioLNG, also referred to as bioMethane liquefied
natural gas, is derived from biogas produced through the anaerobic digestion of organic
waste materials, such as agricultural residues, food waste, or sewage. This biogas, primarily
composed of methane, is purified and liquefied to create bioLNG [37]. EMethanol is a
synthetic methanol produced by combining renewable hydrogen with captured carbon
dioxide, resulting in a low-carbon fuel that can serve multiple industrial applications. Like
other synthetic fuels, eMethanol aims to be carbon-neutral when produced using renewable
energy sources [38]. BioMethanol is produced from biomass sources, including agricultural
waste, forestry residues, or municipal waste. Through thermochemical processes, such as
gasification, these organic materials are converted into methanol [39]. EDiesel, also known
as synthetic diesel, is produced through a process that combines renewable hydrogen,
typically obtained from water electrolysis using renewable electricity, with carbon dioxide
captured from the atmosphere or industrial sources. EDiesel can be used in conventional
diesel engines without requiring modifications, making it a promising option for reducing
greenhouse gas emissions in sectors where electrification presents significant challenges [40].
BioDiesel is a renewable fuel produced from organic sources such as vegetable oils, animal
fats, or recycled cooking oils. Through a process called transesterification, the fatty acids
in these oils are separated from glycerin, resulting in a fuel with similar properties to
petroleum diesel [41]. The characteristics of each previously mentioned fuel have been
sourced from the EU JEC Well-to-Tank Report v5 [42], which details emissions associated
with the production of each fuel type. This report provides both emission ranges and
typical emissions figures for the production process of each fuel.

From an economic point of view, LNG and MeOH each come with distinct economic
implications. LNG has become more cost-effective over time due to the growth in its supply
and infrastructure [28]. However, LNG-powered vessels often involve higher capital ex-
penditure (CAPEX) [43] due to the complexity of storage systems and cryogenic fuel tanks.
Methanol, while simpler and cheaper to store, typically involves higher operational expen-
diture (OPEX) due to its lower energy content and the current higher price of methanol
compared to LNG [44]. Retrofitting engines for either fuel also presents significant costs,
though the methanol conversion process tends to be less complex and expensive than that
for LNG [45,46].

A comprehensive analysis of the CAPEX in Ore Carriers can be made by comparing
them with a Very Large Crude Carrier (VLCC) of 300,000 DWT, which uses the same main
engine and very similar power output (22,500 kW) as the vessels under analysis. The



J. Mar. Sci. Eng. 2025, 13, 1313 5 of 31

conventional system, which refers to the installation of a fuel oil engine with no scrubber,
has the lowest CAPEX at USD 13.2 million. LNG dual-fuel solutions, both low-pressure
and high-pressure, significantly raise CAPEX, adding between USD 16.5 million (124.8%)
and USD 20.5 million (155.3%), mainly due to LNG-related infrastructure such as tanks,
piping, and gas supply systems [47]. Meanwhile, the methanol LP configuration represents
a middle-ground alternative, increasing CAPEX by USD 6.2 million (47.3%) in comparison
with the conventional system without the heavy investment required for LNG [48,49]. Since
ore carriers share the same engine platform and power output as this VLCC, these CAPEX
values can be directly applied to their evaluation, providing valuable insights into the
financial impact of transitioning to alternative fuels.

Regarding OPEX, Table 1 displays the actual and projected fuel prices. The costs of
alternative fuels exhibit significant variability and are heavily dependent on prevailing
electricity costs [40]. In the case of biofuels, their cost fluctuations are more localized due to
production limitations and the inherent challenges in scaling up their output [50]. For this
reason, in a long-term scenario, synthetic fuels are projected to dominate the market. In the
most favorable scenario, the synthetic fuel with the lowest cost per unit of energy would
be eMeOH.

Table 1. Actual and expected operational costs for 2050 of the distinct fuels under analysis. (VLSFO,
Very Low Sulfur Fuel Oil; MGO, Marine Gas Oil; LNG, Liquified Natural Gas; MeOH, methanol;
bioLNG, Liquified Natural Gas from biomass; bioMeOH, methanol from biomass; eLNG, synthetic
Liquified Natural Gas; eMeOH, synthetic methanol; bioDiesel, diesel from biomass; eDiesel, syn-
thetic diesel).

Fuel Reference Date of
the Current Cost

Actual Cost
(USD/t)

Actual Cost
(USD/GJ)

Expected Cost
2050 (USD/t)

Expected Cost
2050 (USD/GJ) Reference

VLSFO (0.5% S) 12 February 2025 570–632 14.1–15.6 - - [51]
MGO (0.1% S) 12 February 2025 726–817 17.0–19.1 - - [51]

eDiesel 2023 1778–5495 41.6–128.7 800–4750 18.7–111.2 [52]
bioDiesel 2021 632–2415 14.8–56.5 - - [53,54]

LNG 12 February 2025 725–1041 14.8–21.2 - - [51]
eLNG 2022 3678–21,142 74.9–430.6 972–8362 19.8–170.3 [55,56]

bioLNG 2022 1473–2946 30.0–60.0 - - [57]
MeOH 12 February 2025 360–468 18.1–23.5 - - [51]
eMeOH 2021 820–2380 41.2–119.6 250–630 12.6–31.7 [58]

bioMeOH 2021 327–1013 16.4–50.9 227–884 11.4–44.4 [58]

Safety considerations are paramount when implementing LNG and MeOH as marine
fuels, as both present distinct challenges that must be carefully managed to ensure the
safe operation of vessels [59]. LNG is stored at extremely low temperatures (−162 ◦C)
to maintain its liquid state at ambient pressure, requiring advanced cryogenic storage
tanks and insulation systems. Any breach in the storage system could result in rapid
evaporation and the formation of a gas cloud, which, if ignited, could lead to fires or
explosions. To mitigate these risks, stringent safety protocols have been established under
the IMO International Code of Safety for Ship Using Gases or Other Low-flashpoint Fuel
(IGF Code) [60], which outlines standards for design, construction, and operation of LNG-
fueled ships. The fact that MeOH is liquid at ambient temperature significantly simplifies
its usage compared to LNG. Methanol, while not requiring cryogenic storage, has its own
set of safety concerns [61]. It is toxic if ingested, inhaled, or absorbed through the skin,
necessitating careful handling procedures to prevent exposure. In addition, methanol is
flammable, though it burns with a nearly invisible flame, which poses a unique fire hazard
as it may not be immediately detectable. The IMO has addressed these risks through
safety regulations specific to alcohol fuels, such as MSC.1/Circ.1621 [62], which provides
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guidelines for the safe operation of vessels using methanol and ethanol as fuels. This
includes requirements for fuel storage, ventilation, detection systems, and firefighting
equipment designed specifically for methanol characteristics [44].

Another crucial aspect when selecting one fuel over another is its availability at the
ports of origin and destination. In the case of dry bulk, the main discharge ports are in
China. All major ports in the country (Shanghai, Ningbo-Zhoushan, Shenzhen, and Tianjin)
are equipped for LNG bunkering for large vessels [63]. Additionally, China has achieved
significant milestones, such as refueling large ships like a 300,000 DWT VLCC [64], which
is comparable in size to the vessels analyzed in this study. Regarding methanol, only the
Port of Shanghai currently offers MeOH refueling for large vessels [65].

For vessels operating on the Australia-China route, the loading port is Port Hedland.
LNG bunkering is expected to be available in the coming years [66], specifically to help
decarbonize iron ore shipping to China. However, methanol bunkering is unlikely to be
available before 2030 due to low demand and the high production cost of eMeOH at the
local level. In the case of Brazil, Port Tubarao does not have LNG or MeOH bunkering
infrastructure. While there are projects aimed at developing LNG infrastructure, a lack
of capital is causing delays. Nevertheless, Brazil is one of the most promising countries
for bioLNG production [67], which presents a great opportunity for decarbonizing this
trade route.

3. Materials and Methods
The approach to conducting the analysis in this article is summarized in Figure 2 and is

divided into three distinct steps. First, it is necessary to define the nine scenarios to establish
a comprehensive comparison between the different fuel combinations. These scenarios
result from the combination of three vessel size categories and three primary fuel options,
providing a clear and structured framework for analyzing performance, efficiency, and
environmental impact across all segments. Second, using manuals and supplier data for
propulsion engines, fuel systems for both LNG and MeOH will be specified, enabling the
determination of equipment dimensions. To assess environmental performance, emissions
will be calculated based on a Well-to-Tank (WtT) and Tank-to-Wake (TtW) approach,
providing a comprehensive view of total emissions per voyage. Third, these calculations
will form the basis for evaluating four key performance indicators (KPIs) throughout the
article: mass of CO2eq for each fuel, mass of CO2eq per mass of cargo transported, mass
of CO2eq per mass and per distance of cargo transported, CII and EEDI. With these five
metrics plus the literature information, conclusions will be drawn regarding the best and
worst fuel combinations.

Figure 2. Flowchart for the development of the work (CAPEX, capital expenditure; OPEX, opera-
tional expenditure).
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Additionally, an analysis of the vessel route between the loading and unloading ports
has been conducted to precisely determine the required power. The system sizing is based
on the manuals from current available options, currently these vessels use the engine
7G80ME-C10.5 [68]. Consequently, engines equivalent to those used in fuel-oil mode have
been selected for both LNG and methanol. Specifically, the LNG engine is the G80ME-C10.5-
GI [69]. The methanol engine selected is the G80ME-C10.5-LGIM [70]. It is important to
highlight these two engines as they are exactly equivalent, with the first operating on LNG
and the other on MeOH. Both have the same propulsion characteristics and are the only
available options for this power range that can also be directly compared. This approach
ensures that the engine performance metrics align with the operational requirements and
fuel specifications of the vessel. As electrical generator groups (gen-sets), the 8L23/30H
and 8L23/30DF [71,72], will be used across all three vessel segments. The first one will
operate with MGO, while the second is compatible with LNG and MeOH or MGO if it
is necessary.

3.1. Operational Profile

The operational profile is determined by the route and the operational conditions. The
ship route is primarily focused on transporting iron ore from major export hubs, such as
Brazil or Australia, to ports in China [9]. Given the long distances involved, it is planned
that refueling could only take place at the port of origin before each roundtrip. This means
that the vessel must carry sufficient fuel to complete the entire round trip without requiring
additional stops for refueling at intermediary ports. By limiting refueling to the port of
origin, logistical complexity is reduced, allowing for a more streamlined and predictable
operation. This approach also maximizes the vessel operational efficiency by ensuring
uninterrupted voyages, as no time is lost at refueling ports along the route. The need
for larger fuel storage capacity on board is crucial for this strategy, as the vessel must be
equipped to maintain self-sufficiency throughout the entire voyage.

All details regarding vessels routes are summarized in Table 2. The routes have been
selected, opting for the most typical ones and arriving into port Tianjin (the furthest one in
China). The data have been obtained from the Vessel Finder maritime traffic website [73]
and the distances from the Sea Distances website [74].

Table 2. Summary of routes by type of vessel (DWT, Deadweight Tonnage) [74].

Vessel Type Departure Arrival Distance (km) Sailing Time (Days)

400,000 & 325,000 DWT Port Tubarao (Brazil) Port Tianjin (China) 18,318 32.5
250,000 DWT Port Headland (Australia) Port Tianjin (China) 7400 13.3

The four operational conditions are summarized in Table 3. The operational conditions
of ore carriers include four main stages: full load, ballast, loading/unloading and port stay.
Each of these phases is critical to maximizing vessel efficiency and minimizing costs across
bulk shipping routes.

In the full load phase, the VLOC is loaded to its maximum capacity at the port origin,
where bulk materials, such as iron ore, are loaded rapidly to optimize port operations. This
efficiency minimizes port stay time and maximizes the payload, achieving cost-effective
operations through economies of scale. The full load voyage from Brazil is estimated in
32.5 days and from Australia in 13.3 days. Following the full load phase, the vessel enters
the ballast phase. Here, after discharging its cargo at the destination port, the VLOC returns
to the origin port in ballast, meaning it travels without cargo. The ballast voyage to Brazil is
estimated in 32.5 days and to Australia in 13.3 days. The loading/unloading phase typically
takes around 2.5 days. Finally, the port stay phase is generally limited to approximately
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12 h, covering essential checks and preparations for the next voyage cycle while the vessel
is docked. Each of these stages plays a key role in sustaining the efficiency and profitability
of VLOC operations.

Table 3. Operational profile for the three vessel segments (Nº ME, number of main engines operating;
RM, regime of operation of the main engine; Nº GE, number of gen-sets operating; RN, regime of
operation of the gen-sets) [19].

Operational
Conditions Nº ME RM (%) Nº GE RN (%) Time at Port (Days)

Sailing Full Load 1/1 85 1/3 85 -
Sailing Ballast Load 1/1 50 1/3 85 -
Loading/Unloading 0/1 - 2/3 85 2 × 2.5

Stay at Port 0/1 - 1/3 75 2 × 0.5

3.2. Base Ships

The characteristics of the nine scenarios are presented in Table 4. The main specifica-
tions will remain consistent across all fuel types, with the primary difference lying in the
engine models designed for each type of fuel. Special care has been taken in calculating
cargo capacities, considering both the density and energy density of different fuels. In
the main fuel consumption column, the consumption of fuel per trip is presented in tons:
the first number corresponds to the main engine, while the second refers to the gen-sets.
Subsequently, MGO consumption is provided.

Table 4. Main characteristics of the nine vessels (DWT, Deadweight Tonnage; MCR, maximum
continuous rate) [19,75–79].

Analysis
Scenarios Main Engine MCR (kW) Maximum Cargo

Capacity (t)
Main Fuel

Consumption (t)
MGO/Diesel

Consumption (t)

400,000 DWT (VLSFO) 7G80ME-C10.5 24,200 392,056 4059.0 385.2
400,000 DWT (LNG) 7G80ME-C10.5-GI 24,200 392,813 3292.8 + 312.3 81.7

400,000 DWT (MeOH) 7G80ME-C10.5-LGIM 24,200 387,457 7961.6 + 812.0 269.7
325,000 DWT (VLSFO) 7G80ME-C10.5 21,000 317,863 3522.3 385.2
325,000 DWT (LNG) 7G80ME-C10.5-GI 21,000 318,529 2857.4 + 312.3 70.9

325,000 DWT (MeOH) 7G80ME-C10.5-LGIM 21,000 313,815 6908.8 + 812.0 234.0
250,000 DWT (VLSFO) 6G80ME-C10.5 18,000 247,145 1234.7 190.2
250,000 DWT (LNG) 6G80ME-C10.5-GI 18,000 247,389 1001.7 + 154.2 24.9

250,000 DWT (MeOH) 6G80ME-C10.5-LGIM 18,000 245,665 2421.9 + 400.9 82.0

3.3. Fuels

Table 5 presents the main characteristics of four selected marine fuels: VLSFO, MGO,
LNG and MeOH. The parameters considered include the lower heating value (LHV), which
represents the energy released per mass of fuel; density (ρ), which affects storage and
fuel consumption; carbon content, which determines the proportion of carbon present in
the fuel; and the carbon conversion factor (Cf), which quantifies the mass of CO2 emitted
per mass of fuel burned. This Cf value can be directly used in the calculation of the
Energy Efficiency Design Index (EEDI) and the Carbon Intensity Indicator (CII), as both
metrics focus exclusively on CO2 emissions and do not consider CO2eq emissions [80]. This
simplifies their application, as no adjustments are required for additional greenhouse gases
such as methane (CH4) or nitrous oxide (N2O).
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Table 5. Fuel properties (LHV, Lower Heating Value; VLSFO, Very Low Sulfur Fuel Oil; MGO, Marine
Gas Oil; LNG, Liquified Natural Gas) [5].

Fuel LHV (MJ/kg) ρ (kg/m3) Carbon
Content

Cf
(m CO2/m Fuel)

VLSFO 40.50 950 0.8594 3.151
Diesel/MGO 42.70 900 0.8744 3.206

LNG 48.00 450 0.7500 2.750
MeOH 19.90 790 0.3750 1.375

Table 6 highlights the global warming potential (GWP100) of three major greenhouse
gases emitted during fuel combustion: CO2, N2O, CH4. GWP100 measures the relative
impact of each gas on global warming over a 100-year period, expressed in CO2eq terms.
CO2 serves as the baseline with a GWP of 1, meaning that each unit of CO2 emitted con-
tributes directly to climate change. N2O has a significantly higher GWP of 298, indicating
that its impact on global warming is 298 times greater than that of CO2 over the same
period. Similarly, CH4 has a GWP of 25, meaning it is 25 times more potent than CO2 in
terms of greenhouse effect. These values highlight the importance of considering not only
CO2 emissions but also other exhaust gases when evaluating the environmental impact of
different fuels. LNG, for example, emits a lower mass of CO2 than VLSFO, but it suffers
the unintended release of unburned CH4 emissions (methane slip), which has a higher
warming potential.

Table 6. Global warming potential of the exhaust gases for 100 years [81].

Chemical Compound GWP100 (m CO2eq/m Compound)

CO2 1
CH4 25
N2O 298

Equation (1) calculates the WtT CO2eq emissions per unit of energy (CO2eq WtT) emit
by a certain fuel. It is calculated by subtracting the division of mass of CO2 produced per
mass of fuel (Cs f CO2 ) by its energy content (LHV) to the CO2eq emissions per unit of energy
(E) to obtain the fuel. The equation accounts for CO2 reductions in biofuels and synthetic
fuels, where carbon absorption during biomass growth or CO2 capture in fuel synthesis
lowers net emissions. Negative values of E indicate net CO2 removal, making such fuels
crucial for decarbonization and achieving carbon neutrality.

CO2eq WtT i = E −
Cs f CO2

LHVi
(1)

where CO2eq WtTi stands for the CO2eq mass production per fuel energy burned in
[

gCO2eq
MJ

]
;

E stands for GHG emissions that are generated during the production of each type of fuel
in

[ gCO2
MJ

]
; Cs f CO2 stands for the CO2 mass production per fuel mass in

[ gCO2
gfuel

]
; LHV stands

for the lower heating value measure in
[

MJ
kg

]
.

Table 7 presents the CO2eq WtT emissions per unit of energy for the different fuel
types. These emissions account for the CO2 produced during fuel production, processing,
and transportation before combustion. The data originates from the JEC Well-to-Tank
report [42], which provides standardized assessments of fuel emissions across different
production pathways. This report has been used because WtT emissions have significant
uncertainty [82], and this study relies on industry data while identifying the most probable
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production pathway for each fuel. This report is the recommended approach, along with
Directive 2018/2001 [83] and FuelEU [81], for the calculation of total CO2eq emissions.
The LHV represents the energy content per mass of fuel, with higher values indicating a
more energy-dense fuel. The CsfCO2 column shows the mass of CO2 produced per mass of
fuel during production. The E column provides emissions per unit of energy to produce
each fuel, with three key values: Min (minimum emissions scenario), WtT selected (the
most expected value according to [42]), and Max (maximum emissions scenario). The
CO2eq WtTi column represents the total life cycle CO2eq emissions, incorporating broader
environmental impacts.

Table 7. gCO2eq produce per MJ of fuel in the WtT scenario (E, CO2eq emissions that are generated
during the production of each fuel; LHV, Lower Heating Value;CO2eq WtTi, CO2eq mass production
per fuel mass burned; bioLNG, Liquified Natural Gas from biomass; bioMeOH, methanol from
biomass; eLNG, synthetic Liquified Natural Gas; eMeOH, synthetic methanol; bioDiesel, diesel from
biomass; eDiesel, synthetic diesel) [5,42,81,83,84].

Fuel
LHV

(MJ/kg)
CfCO2

(kg CO2/kg Fuel)

E (gCO2eq/MJ) CO2eqWtTi (gCO2eq/MJ)

Min WtT
Selected Max Min WtT

Selected Min

VLSFO 40.5 3.151 13.2 13.2 13.2 13.2 13.2 13.2
MGO 42.7 3.206 13.1 14.4 17.0 13.1 14.4 17.0
LNG 49.1 2.750 16.6 16.6 16.6 16.6 16.6 16.6

MeOH 19.9 1.375 31.3 31.3 31.3 31.3 31.3 31.3
bioDiesel 42.7 3.206 8.3 48.4 63.3 −66.3 −26.2 −11.3
bioLNG 49.1 2.750 −98.7 −30.1 30.5 −154.7 −86.1 −25.5

bioMeOH 19.9 1.375 4.4 45.0 100 −64.7 −24.1 30.9
eDiesel 42.7 3.206 −105.1 27.5 130.3 −180.2 −47.6 55.2
eLNG 49.1 2.750 2.4 25.3 25.3 −53.6 −30.7 −30.7

eMeOH 19.9 1.375 1.8 10.5 124.3 −67.3 −58.6 55.2

Key insights can be drawn from the table. Fossil fuels (VLSFO, MGO, LNG, MeOH)
exhibit relatively high emissions, as they do not involve CO2 absorption during production.
Biofuels (bioDiesel, bioLNG, bioMeOH) and synthetic fuels (eDiesel, eLNG, eMeOH) tend
to have lower or even negative minimum emissions, reflecting the role of biogenic CO2

absorption or carbon capture technologies in their production. Notably, bioLNG and
eDiesel show significant variability, indicating that their carbon impact depends heavily
on the specific production process. A particularly important takeaway is that negative E
values (e.g., bioLNG, eDiesel) suggest that these fuels may remove more CO2 from the
atmosphere during production than they emit during use. This makes them promising
candidates for low-carbon and carbon-neutral energy solutions.

Table 8 presents CO2eq emissions per unit of energy for various fuel types and combus-
tion systems in internal combustion engines (ICEs). It includes the mass of CO2, CH4 and
N2O emissions per unit of fuel mass, as well as the total CO2eq for the Tank to Wake (TtW)
cycle. Additionally, it provides the Cslip , which represents the percentage of unburned
methane released into the atmosphere relative to the total fuel mass consumed.

Methane slip is particularly significant in engines utilizing LNG. The table indicates
that LNG Diesel cycle engines exhibit a relatively low methane slip (0.2%), whereas LNG
Otto cycle engines show a significantly higher methane slip (3.1%). This difference is due
to the combustion characteristics of each engine type. Diesel engines operate with high
compression ratios and lean fuel mixtures, leading to more complete combustion and
lower methane slip. In contrast, Otto cycle engines use a premixed air-fuel mixture, which
increases the likelihood of unburned methane escaping through the exhaust. Additionally,
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bioLNG and eLNG, which are renewable alternatives to conventional LNG, exhibit the
same methane slip behavior.

Table 8. gCO2eq produced per MJ of fuel in TtW scenario (Cs f CO2 , CO2 mass production per
fuel mass; Cs f CH4

, CH4 mass production per fuel mass; Cs f N2O, N2O mass production per fuel
mass; C f TtW , total mass of CO2eq per mass of fuel; Cslip, methane slip as a percentage of fuel
consumption) [5,42,81,83,84].

Fuel Fuel Consumer
Unit Class

CsfCO2 (m
CO2/m Fuel)

CsfCH4

(m CH4/m Fuel)
CsfN2O

(m N2O/m Fuel)
CfTtW

(m CO2eq/m Fuel)
Cslip *

(%)

VLSFO ALL ICEs 3.151 0.00005 0.00018 3.206 0
MGO ALL ICEs 3.206 0.00005 0.00018 3.261 0
LNG LNG Diesel 2.750 0 0.00011 2.783 0.2
LNG LNG Otto (M) 2.750 0 0.00011 2.783 3.1

MeOH ALL ICEs 1.375 0 0 1.375 0
bioDiesel ALL ICEs 3.206 0.00005 0.00018 3.261 0
bioLNG LNG Diesel 2.750 0 0.00011 2.783 0.2
bioLNG LNG Otto (M) 2.750 0 0.00011 2.783 3.1

bioMeOH ALL ICEs 1.375 0 0 1.375 0
eDiesel ALL ICEs 3.206 0.00005 0.00018 3.261 0
eLNG LNG Diesel 2.750 0 0.00011 2.783 0.2
eLNG LNG Otto (M) 2.750 0 0.00011 2.783 3.1

eMeOH ALL ICEs 1.375 0 0 1.375 0

* As a percentage of the fuel consumed.

Finally, the Specific Fuel Oil Consumption (SFOC) in g/kWh for the various fuel
types and engine configurations, including VLSFO, LNG, MeOH, and MGO, measured
at different engine load levels (50%, 75%, 85%, and 100%) are presented in Appendix A
(Table A1).

3.4. Fuel Combinations for CO2eq Emissions

Once the vessel propulsion systems, route, and operational profile are established,
CO2eq emissions calculations can be performed for each fuel combination. Fuel combina-
tions in ships refer to the practice of using two types of fuels, either simultaneously or
alternately, to optimize performance, reduce emissions, and comply with environmental
regulations. The criterion for selecting fuel combinations has been, first and foremost, to
combine only two types of fuel. This is because the inclusion of a combination of three
or more fuels would greatly complicate the fuel handling and loading chain and would
also not be realistic given current practices. Therefore, in the case of LNG and MeOH,
these must be combined with another fuel that serves also as pilot fuel. The base fuels
for comparison will be those currently used: VLSFO in the main engine and MGO in the
gen-sets (the fuel used in the gen-sets will be called generator fuel). This baseline will
serve as a point of comparison to assess whether alternative solutions outperform the
existing setup.

Considering the initial criteria outlined, and the fuels presented earlier, 31 possible
fuel combinations emerge, which are shown in Table 9 in Section 4. First, calculations
will focus exclusively on fossil fuels (1–5). This will involve combining VLSFO, MGO,
LNG and MeOH in both the main engine and auxiliary engines. Second, the analysis will
account for whether MGO is used solely as pilot fuel or as the fuel in gen-sets, as this
will have a significant impact on emissions, particularly in LNG configurations, due to
methane slip [85,86]. Following this approach, a second analysis group (6–13) will focus on
combining alternative fuels bioLNG, bioMeOH, eLNG and eMeOH with fossil fuels. This
approach is based on the anticipated availability of renewable versions of these fuels in
the future, while renewable diesel is expected to remain less accessible due to its higher
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production costs and likely allocation to other industries [52]. The third fuel combination
(14–31) will assume that all fuels used are alternative, including the pilot fuel, which will
be biodiesel or eDiesel. Based on these combinations, the CO2eq emissions per trip will be
calculated, allowing for a discussion of the impact of each option. The subscript i refers to
the fuels, while j corresponds to the different engines.

Table 9. Potential CO2eq emissions reduction per fuel combination (JEC path [84]) in a unitary voyage
establishing the baseline with the combination of fuels currently in use. (VLSFO, Very Low Sulfur
Fuel Oil; MGO, Marine Gas Oil; LNG, Liquified Natural Gas; MeOH, methanol; bioLNG, Liquified
Natural Gas from biomass; bioMeOH, methanol from biomass; eLNG, synthetic Liquified Natural
Gas; eMeOH, synthetic methanol; bioDiesel, diesel from biomass; eDiesel, synthetic diesel; pilot only,
use of the fuel only as pilot fuel in the main engine; gen + pilot, use as pilot fuel in the main engine
and main fuel in the gen-sets).

Fuel Combinations
400,000 DWT

Emissions
Reduction (%)

325,000 DWT
Emissions

Reduction (%)

250,000 DWT
Emissions

Reduction (%)

1. VLSFO + MGO 0% 0% 0%
2. LNG + MGO (pilot only) −18% −18% −19%
3. LNG + MGO (gen + pilot) −17% −17% −17%
4. MeOH + MGO (pilot only) 11% 11% 10%
5. MeOH + MGO (gen + pilot) 11% 10% 9%

6. bioLNG + MGO (pilot only) −127% −127% −126%
7. bioLNG + MGO (gen + pilot) −117% −115% −110%
8. bioMeOH + MGO (pilot only) −47% −47% −48%
9. bioMeOH + MGO (gen + pilot) −42% −41% −41%
10. eLNG + MGO (pilot only) −68% −68% −68%
11. eLNG + MGO (gen + pilot) −63% −62% −60%
12. eMeOH + MGO (pilot only) −83% −83% −83%
13. eMeOH + MGO (gen + pilot) −75% −74% −71%

14. bioDiesel −43% −43% −44%
15. eDiesel −67% −67% −68%
16. bioLNG + bioDiesel (pilot only) −128% −128% −127%
17. bioLNG + bioDiesel (gen + pilot) −122% −121% −117%
18. bioMeOH + bioDiesel (pilot only) −49% −49% −50%
19. bioMeOH + bioDiesel (gen + pilot) −49% −49% −49%
20. bioLNG + eDiesel (pilot only) −128% −128% −127%
21. bioLNG + eDiesel (gen + pilot) −124% −123% −121%
22. bioMeOH + eDiesel (pilot only) −51% −51% −52%
23. bioMeOH + eDiesel (gen + pilot) −52% −53% −54%
24. eLNG + bioDiesel (pilot only) −69% −69% −69%
25. eLNG + bioDiesel (gen + pilot) −68% −68% −67%
26. eMeOH + bioDiesel (pilot only) −86% −86% −86%
27. eMeOH + bioDiesel (gen + pilot) −82% −81% −80%
28. eLNG + eDiesel (pilot only) −69% −69% −69%
29. eLNG + eDiesel (gen + pilot) −70% −70% −71%
30. eMeOH + eDiesel (pilot only) −87% −87% −87%
31. eMeOH + eDiesel (gen + pilot) −85% −85% −85%

3.5. Estimation of Fuel Emissions

Total emissions are estimated per complete voyage. For the 400,000 DWT and
325,000 DWT vessels, a complete voyage cycle is estimated at 71 days, encompassing
all four operational phases, with an annual total of 5 complete voyages. In contrast, the
250,000 DWT vessels complete each voyage in approximately 32.5 days, achieving an
annual total of 11 full voyages [73,74]. The emissions calculation framework is shown in
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Figure 3, where this diagram outlines the calculation of total CO2eq emissions for a vessel
based on its operational profile, service speed, range and engine characteristics. It evaluates
three engine types: 7G80ME-C10.5, 7G80ME-C10.5-GI (LNG), and 7G80ME-C10.5-LGIM
(MeOH) along with the L23/30 H MK 3 dual-fuel auxiliary engine. Emissions are quantified
through two metrics: WtT, which measures emissions from fuel production and transport
and TtW, which measures emissions during vessel operation. Efficiency is assessed using
SFOC. By integrating these factors, total CO2eq emissions can be estimated, offering a
detailed evaluation of the vessel environmental performance.

Figure 3. Emission calculation framework (v, service speed; SFOC, Specific Fuel Oil Consumption).

The calculation of total fuel consumption is based on the SFOC of the main engine at
its operating load, considering engine power and days of operation. Auxiliary engines will
be calculated similarly following Equation (2) [81]:

mi =
n engine

∑
j

SFOCi,j·%MCRj·
.

W j·t (2)

where mi stands for the fuel mass consumed of each engine at a determined regime and
in a specific period in [t]; SFOCi,j stands for de mass of fuel consumed per unit of power
and unit of time of each engine and fuel type in

[ g
kW·h

]
; %MCRj stands for the regime of

functioning of each engine per condition as a [%];
.

W j stands for the power of each engine
in [kW]; t stands for the voyage time in [h].

The emissions calculation will account for both WtT and TtW emissions. These
calculations will follow the guidelines provided by the FuelEU regulation [81], which
outlines the methodology for accurately assessing both components. Emissions are derived
from fuel consumption, LHV parameters [83] and CO2eq emissions per energy density. WtT
emissions are calculated using Equation (3).

CCO2eq WtT = ∑n f uel
i mi·CO2eq WtT i·LHVi (3)

where CO2eq WtT i stands for the CO2eq mass production per fuel energy produced in[
gCO2eq

MJ

]
; CCO2eq WtT stand for stands for the mass of GHG WtT measure in CO2eq mass in[

gCO2eq

]
; LHVi stands for the lower calorific value measure in

[
MJ
kg

]
.

In the case of TtW emissions, the first step will be to calculate the CO2eq by considering
the emissions of CO2, N2O and CH4, along with their respective GWP values (Equation (4)).
Once this is calculated, it will be possible to determine the emissions using the fuel mix
(Equation (5)). For LNG, the effect of methane slip will need to be added to the calculation
(Equation (6)). Methane emissions are particularly significant, especially in engines that use
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the Otto cycle [87]. On average, methane slip is 1.7% for slow-speed engines and 3.1% for
medium-speed engines operating at 50% of their maximum continuous rate (MCR), while
engines using the Diesel cycle (only for 2-stroke slow-speed engines) produce 0.2% [81].
In the case of the engines selected for this study, the primary engines are of the Diesel
cycle, which are expected to become the dominant technology in the industry due to their
reduced methane slip [88] compared to medium-speed LNG gen-sets operating on the Otto
cycle [89,90].

CO2eq TtW i,j =
(

Cs f CO2 i,j·GWPCO2 + Cs f CH4 i,j·GWPCH4 + Cs f N2O i,j·GWPN2O

)
(4)

CCO2eq TtW = ∑n f uel
i ∑n engine

j mi·CO2eq TtW i,j (5)

CCO2eq TtW slip = ∑n f uel
i ∑n engine

j mi·
[(

CO2eq TtW i,j
)
·
(Cslip j

100

)
·
(
GWPCH4

)]
(6)

CCO2eq TtW TOTAL = CCO2eq TtW + CCO2eq TtW slip (7)

where Cs f CO2 i,j stands for the CO2 mass production per fuel mass in
[ gCO2

gfuel

]
; Cs f CH4 i,j

stands for the CH4 mass production per fuel mass in
[ gCH4

gfuel

]
; Cs f N2O i,j stands for the N2O

mass production per fuel mass in
[ gN2O

gfuel

]
; GWPCO2 stands for the CO2 global warming

potential in
[

gCO2eq
gCO2

]
; GWPCH4 stands for the CH4 global warming potential in

[
gCO2eq
gCH4

]
;

GWPN2O stands for the N2O global warming potential in
[

gCO2eq
gN2O

]
; CO2eq TtW i,j stands for

the CO2eq mass production per fuel mass in
[

gCO2eq
gfuel

]
; Cslip j stands for methane slip as a

percentage of fuel consumption in
[ gCH4

gfuel

]
; CCO2eq TtW stands for the mass of GHG TtW

measure in CO2eq mass without considering the methane slip in
[
gCO2eq

]
; CCO2eq TtW slip

stands for the mass of methane slip measure in CO2eq mass in
[
gCO2eq

]
; CCO2eq TtW TOTAL

stands for the mass of GHG TtW measure in CO2eq mass in
[
gCO2eq

]
.

Therefore, the total emissions are calculated as:

CCO2eq TOTAL = CCO2eq WtT + CCO2eq TtW TOTAL (8)

where CCO2eq TOTAL stands for the total mass of GHGs measured in CO2eq mass in
[
gCO2eq

]
.

Once the total CO2eq emissions on a TtW basis are calculated, the CII (Equation (9)) [7]
and EEDI (Equation (10)) [5] coefficients can be determined. Following the IMO guidelines,
the EEDI and the CII consider only CO2 emissions (not all GHGs), and only the TtW
emissions. Emissions associated with the EEDI are calculated as an efficiency coefficient
for a typical voyage at full load and at the ship reference speed. For the CII, emissions
are calculated based on the total CO2 emissions for the vessel operational range over a
full year of navigation, excluding emissions during port stays or cargo loading/unloading
operations. The coefficients, baseline for the EEDI and the LHV of the fuels have been
derived using the IMO factors provided in MEPC 79/15/Add.1 [5]. Both EEDI and CII are
measured in

[ gCO2
t·nm

]
.

CII =
CO2 emissions in a year

DWT·Range
(9)

EEDI =
CO2 emissions in a voyage

DWT·vre f
(10)
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where vre f stands for reference speed of the vessel [5] in [kn]; Range stands for the covered
distance in [miles].

4. Results and Discussion
In the results section, the KPI calculations will be presented. Section 4.1 displays the

CO2eq emissions for a single voyage for each vessel segment, while Section 4.2 presents the
mass of CO2eq produced per mass of transported iron ore. Section 4.3 shows the mass of
CO2eq per mass of transported iron ore and per distance travel. Finally, the EEDI and CII
have been calculated in Sections 4.4 and 4.5, respectively.

4.1. Potential Emissions Reductions

Once fuel consumption has been determined based on the operational profile, and
both propulsion and auxiliary engines, and after presenting the methodology and sources
for calculating CO2eq emissions, the mass of CO2eq produced by each vessel per trip has
been calculated. In Appendix B, emissions are presented by vessel type, origin, and
fuel combination. The continuous line represents the baseline emissions of the vessel
operating with VLSFO and MGO, meaning that any fuel combination exceeding this
threshold would result in a penalty compared to the current propulsion system and should
therefore be ruled out as an option. The dashed column represents fossil fuels, the one with
crossed lines represents alternative fuels plus MGO, and the opaque columns represent
only alternative fuels.

Table 9 displays the potential emission reductions per voyage for each vessel type and
fuel combination, based on the pathway identified as the most feasible in the JEC v5 report
(Table 7) [84]. When focusing on the use of fossil fuels, the emissions reduction across
the three vessel segments are similar. Furthermore, it is understood that the only viable
option for emission reduction is using LNG in the main engine with MGO. The reduction
achieved by using MGO solely as pilot fuel (18% emissions reduction) or as both pilot fuel
and gen-set fuel (16% to 17% emissions reduction) is practically equal. This is because
methane slip significantly penalizes the alternative LNG configuration. Regarding MeOH,
although it has lower TtW emissions, the emissions generated during its production (WtT
emissions) result in its total emissions being between 10% and 11% greater than those of
VLSFO with MGO. Therefore, the only fossil fuel combination capable of reducing GHG
emissions is LNG with MGO.

Within the group of alternative fuels plus MGO, several additional insights can be
drawn. The best combination would be bioLNG with MGO used solely as pilot fuel, closely
followed by the same option but with MGO used both as pilot fuel and as the main fuel in
the gen-sets. Focusing on the specific emission reductions by combination, bioLNG stands
out with reductions ranging from 127% to 126%, meaning it would result in net negative
emissions in both cases when using MGO as pilot fuel. This occurs because producing
bioLNG from organic waste captures methane that would otherwise be emitted directly
into the atmosphere, and since methane has a much higher global warming potential than
CO2, this avoided release more than offsets the CO2 generated during combustion [91].
The process by which bioLNG achieves these negative emissions is explained in detail in
Section 2. The second-best option, with a potential reduction of 117% to 111%, is bioLNG
when using MGO as the pilot fuel and main fuel in the gen-sets. Following bioLNG, the
next best fuel is eMeOH, which is the most effective synthetic fuel, achieving a reduction of
up to 83% in CO2eq emissions when used in the gen-sets as well. If MGO is used as both
the pilot and generator fuel, the reduction in emissions decreases to 74%. The least effective
combinations are bioMeOH and eLNG, each achieving reductions of approximately 42% to
47% and from 33% to 53%, respectively. This positions bioLNG using MGO as pilot fuel
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and main fuel in the gen-sets as the most favorable option for CO2eq emission reductions
among the alternatives analyzed.

Similar results are observed for the third group of fuels that include only alternative
fuels. Between eDiesel and bioDiesel, the former stands out with a potential reduction
of 67%, compared to 50% for bioDiesel. Consequently, all combinations utilizing eDiesel
outperform those using bioDiesel. Once again, the top performing fuel is bioLNG, achieving
emission reductions of 128% to 127% when combined with eDiesel as the pilot fuel. Among
synthetic fuels, eMeOH emerges as the best option when combined with eDiesel, with
the latter used solely as the pilot fuel. This combination achieves reductions of 87%. The
least effective combinations are bioMeOH and eLNG, with reductions ranging between
approximately 50% to 52% and 68% to 70%, respectively. This position bioLNG combined
with eDiesel is used solely as pilot fuel as the most favorable option for CO2eq emission
reductions in this group.

4.2. Comparative Analysis of CO2eq Emissions per Mass of Iron Ore

The primary objective of this work was to determine the most effective approach for
reducing CO2eq emissions in the maritime sector. One of the KPIs of interest is the mass of
CO2eq produced per mass of iron ore transported. Transporting a specified quantity of iron
ore requires a fully loaded journey, a ballast journey, one loading operation, one unloading
operation, and two port stays. Based on the operational profile, fuel combinations and
consumption rates for each condition, CO2eq emissions are calculated for each vessel and
fuel combination. The ratio in this context will thus be the CO2eq emissions divided by the
mass of iron ore transported. The lower the mass of CO2eq produced per mass of iron ore
transported, the more efficient the vessel will be.

In Figure 4, a column chart displays the results for the three ship segments: the
dotted bar represents the 400,000 DWT vessel, the bar with diagonal lines corresponds to
the 325,000 DWT vessel, and the solid bar represents the 250,000 DWT vessel. It can be
observed that the 250,000 DWT vessel produces less CO2eq per unit of mass transported,
primarily because its route, from Australia to China, is shorter than the Brazil to China
route, and the scale effect of the two larger segments is insufficient to offset this advantage.
The 400,000 DWT vessel outperforms the 325,000 DWT vessel on the same route due to
scale effects.

Therefore, the 250,000 DWT vessel is significantly more efficient in terms of mass of
CO2eq per mass of iron ore transported, highlighting the importance of route optimization
as a means of reducing GHGs. The vessel will emit between 40% and 50% less CO2eq per
mass of iron ore transported, except for combinations where eLNG and bioLNG are used.
This is particularly interesting to note that the 250,000 DWT vessel is only outperformed
under specific conditions involving eLNG and bioLNG, where methane slip increases
emissions. Under these conditions, emissions due to methane slip can potentially double
the GHGs. This is because the 250,000 DWT vessel has more port stays (11 trips compared
to 5 for the other vessels), and during these port stays, medium-speed Otto-cycle gen-sets
are used, which exacerbate emissions due to methane slip.

4.3. Comparative Analysis of CO2eq Emissions per Unit of Mass and per Distance Transported of
Iron Ore

The KPI total mass of CO2eq emissions per unit of transported mass of cargo and
distance is a crucial measure of operational efficiency in maritime transportation. While
the mass indicator only measures the total cargo, it does not account for the distance
covered, fuel efficiency, or environmental impact. The mass per distance indicator, however,
links both the cargo mass and the distance, offering deeper insights into cost optimization,
sustainability, and operational effectiveness.
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Figure 4. Column chart representing kg of CO2eq produced per ton of iron ore transported by vessel
segment (the dotted bar represents the 400,000 DWT vessel, the bar with diagonal lines corresponds
to the 325,000 DWT vessel, and the solid bar represents the 250,000 DWT vessel; VLSFO, Very Low
Sulfur Fuel Oil; MGO, Marine Gas Oil; LNG, Liquified Natural Gas; MeOH, methanol; bioLNG,
Liquified Natural Gas from biomass; bioMeOH, methanol from biomass; eLNG, synthetic Liquified
Natural Gas; eMeOH, synthetic methanol; bioDiesel, diesel from biomass; eDiesel, synthetic diesel).

This correction, by incorporating the transported distance, will be crucial for truly
understanding the efficiency of each segment of the vessel, as it might lead to the mistaken
belief that the 250,000 DWT vessel is more emission-efficient than the 400,000 DWT or
325,000 DWT vessels. The reality is that the first operates over a route that is nearly three
times shorter than its counterparts, resulting in a better coefficient in terms of mass of
CO2eq per mass of iron ore transported. When factoring in the distance traveled and
expressing the value as mass of CO2eq per mass and per distance of cargo transported, a
metric that is both more commonly used and accurate in maritime transport, as it better
reflects the true value of the transported cargo, the analysis provides a clearer and more
representative assessment.

Delving into Figure 5, it can be observed that the vessel producing the least CO2eq

per mass and distance traveled is the 400,000 DWT vessel, followed by the 325,000 DWT
vessel, demonstrating that the scale effect positively contributes to emission reductions.
Under certain conditions, albeit almost imperceptibly, the 250,000 DWT vessel becomes
the most efficient, owing to longer port times and, consequently, reduced time burning
fuel with the main engine during navigation. The reduction in mass of GHG emissions
per mass and distance ranges from 19% to 31% between the 400,000 DWT vessel and the
250,000 DWT vessel, and from 13% to 19% for the 325,000 DWT vessel compared to the
250,000 DWT vessel.

Therefore, it can be concluded that, although the 400,000 DWT vessel is more efficient
in terms of emissions per mass and distance compared to smaller versions, the 250,000 DWT
vessel will outperform in terms of CO2eq emissions per mass of iron ore transported due to
its route optimization.
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Figure 5. Column chart representing the grams of CO2eq emissions per ton and per mile of Iron
Ore transported by vessel segment (the dotted bar represents the 400,000 DWT vessel, the bar with
diagonal lines corresponds to the 325,000 DWT vessel, and the solid bar represents the 250,000 DWT
vessel; VLSFO, Very Low Sulfur Fuel Oil; MGO, Marine Gas Oil; LNG, Liquified Natural Gas; MeOH,
methanol; bioLNG, Liquified Natural Gas from biomass; bioMeOH, methanol from biomass; eLNG,
synthetic Liquified Natural Gas; eMeOH, synthetic methanol; bioDiesel, diesel from biomass; eDiesel,
synthetic diesel).

4.4. EEDI Coefficient

The Energy Efficiency Design Indicator (EEDI) is a measure established by the IMO
to promote energy efficiency in the design of new ships. It is part of the IMO strategy to
reduce GHGs from international shipping. The difference from the KPI in Section 4.3 is that
the EEDI currently considers only CO2 as a GHG, excluding N2O and CH4, and does not
account for WtT emissions. The EEDI is calculated as the mass of CO2 emitted per mass and
distance of cargo transported (e.g., the grams of CO2 emitted per ton of cargo transported
over one nautical mile). This metric helps to evaluate how energy-efficient a ship design
is, considering its engine power, fuel consumption, and the vessel operational profile,
such as speed and cargo capacity. The EEDI sets mandatory minimum energy efficiency
standards for new ships. These standards become progressively more stringent over time,
with the aim of driving technological innovation and the adoption of cleaner, more efficient
technologies in the maritime industry. The baseline values are adjusted periodically to
reflect technological advancements and to progressively tighten emissions reduction targets
in line with international climate goals. The Maximum EEDI value permitted by vessel
segment is given in Table 10.

Table 11 presents the EEDI values for the various fuel combinations. At this point, it is
essential to compare the baseline EEDI (Table 10) values with the EEDI values calculated
for each ship type and fuel type. It is important to clarify that for the purpose of the EEDI
calculation, only fossil fuel combinations will be considered. This is because the EEDI
coefficient considers only TtW emissions. Therefore, until an update is made in this regard,
the true environmental impact of alternative fuels cannot be accurately assessed, as their
TtW emissions are currently treated as equivalent to conventional fuels without considering
the WtT emissions [80,92], generally negative for alternative fuels. Additionally, it is worth
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noting that the EEDI does not account for methane slip emissions, which means LNG will
appear to have a more favorable performance under this calculation.

Table 10. Maximum EEDI value permitted per vessel segment [5]. The EEDI is calculated as the
grams of CO2 emitted per ton of cargo transported over one nautical mile [gCO2/(t·nm)].

Vessel
Segment
(DWT)

Required
EEDI (10%) 1
January 2015

Required
EEDI (20%) 1
January 2020

Required
EEDI (30%) 1
January 2025

Required
EEDI (50%) 1
January 2030

400,000 2.187 1.944 1.701 1.215
325,000 2.187 1.944 1.701 1.215
250,000 2.304 2.048 1.792 1.280

Table 11. EEDI by vessel segment and fuel combination and its potential reduction versus the EEDI
baseline (Table 10). The EEDI is calculated as the grams of CO2 emitted per ton of cargo transported
over one nautical mile [gCO2/(t·nm)].

Fuel Combination 400,000 DWT 325,000 DWT 250,000 DWT

VLSFO + MGO 1.917 2.067 2.330
LNG + MGO (pilot only) 1.387 (−28%) 1.495 (−28%) 1.684 (−28%)
LNG + MGO (gen + pilot) 1.423 (−26%) 1.539 (−26%) 1.741 (−25%)
MeOH + MGO (pilot only) 1.766 (−8%) 1.903 (−8%) 2.145 (−8%)
MeOH + MGO (gen + pilot) 1.777 (−7%) 1.917 (−7%) 2.163 (−7%)

By comparing the data in Tables 10 and 11 several key conclusions can be drawn
regarding the different fuel combinations. First, starting from 1 January 2025, combinations
using VLSFO will require a significant reduction in service speed to meet the EEDI require-
ments (in fact, as it was said in the introduction, the 400,000 DWT vessels owned by Vale
S.A are currently operating at 12 knots [25]). Second, it can be observed that from 1 January
2030, no vessel using any of these fuel combinations will be able to maintain its design
operational profile if fossil fuels continue to be consumed. It is evident that LNG in both
of its usage forms (with MGO as a pilot fuel or with MGO pilot and generator), performs
considerably better than both methanol and VLSFO. This advantage is exacerbated due
to the exclusion of methane slip emissions in the EEDI calculation. Last, and in line with
the previous observation, it presents that the combination of MeOH with MGO results in a
better EEDI score compared to VLSFO with MGO, which yields a somewhat contradictory
result when considering actual CO2eq emissions discussed in Section 4.3.

4.5. CII Coefficients

The Carbon Intensity Indicator (CII) is a metric introduced by the IMO to measure
and assess the carbon emissions efficiency of ships. It calculates the grams of CO2 emitted
per cargo-carrying capacity and distance (gCO2/ton per mile) for a vessel over a year. The
CII rating system ranges from A (most efficient) to E (least efficient), encouraging operators
to improve energy efficiency and reduce emissions. It is part of the IMO strategy to achieve
significant GHG reductions in the maritime industry. Unlike EEDI, the CII is not mandatory
but serves as a baseline for comparison specific to each vessel and is updated over time.
Table 12 shows the required CII values.

Regarding the conclusions on the CII, it can be stated that they are equivalent to those
of the EEDI, as only TtW emissions are considered, disregarding methane slip. Table 13
presents the CII for each vessel along with its rating for 2025. CII ratings are assigned based
on a scale rating where the efficiency index is determined dividing the CII calculated by the
required CII. For bulk carriers, A is to be less than 0.86 to E more than 1.18. Vessels rated D,
between 1.18 and 1.06, for three consecutive years or rated E for a single year must develop
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a corrective action plan to improve their efficiency. B rating is to be between 0.86 and 0.94
and C from 0.94 to 1.06. Compliance with the CII is generally less stringent than with the
EEDI for this type of vessel. Moreover, the best fuels for improving the energy efficiency
rating are the same as those that enhance the EEDI coefficient.

Table 12. CII ratings by vessel segment and year [7]. CII calculates the grams of CO2 emitted per
cargo capacity and distance [gCO2/(t·nm)] for a vessel over a year.

Vessel
Segment (DWT)

Required CII
(5%) 1 January

2023

Required CII
(7%) 1 January

2024

Required CII
(9%) 1 January

2025

Required CII
(11%) 1 January

2026

400,000 1.848 1.809 1.771 1.732
325,000 1.848 1.809 1.771 1.732
250,000 1.979 1.937 1.896 1.854

Table 13. CII coefficients and efficiency ratings for the three vessel segments in 2025 (A, B, C, D, and
E are efficiency ratings, with A being the most efficient and E the least efficient).

Fuel
Combinations

400,000 DWT 325,000 DWT 250,000 DWT

CII Rating CII Rating CII Rating

VLSFO + MGO 1.540 0.87 (B) 1.667 0.94 (C) 1.958 1.03 (C)
LNG + MGO (pilot only) 1.118 (−27%) 0.63 (A) 1.209 (−27%) 0.68 (A) 1.417 (−28%) 0.75 (A)
LNG + MGO (gen + pilot) 1.159 (−25%) 0.65 (A) 1.260 (−24%) 0.71 (A) 1.498 (−23%) 0.79 (A)
MeOH + MGO (pilot only) 1.420 (−8%) 0.80 (A) 1.536 (−8%) 0.87 (B) 1.803 (−8%) 0.95 (C)
MeOH + MGO (gen + pilot) 1.433 (−7%) 0.81 (A) 1.552 (−7%) 0.88 (B) 1.828 (−7%) 0.96 (C)

5. Conclusions
The maritime industry is a major contributor to global warming and air pollution,

emitting large quantities of greenhouse gases (GHGs) that harm the environment and con-
tribute to climate change. Around 60% of total emissions originate from bulk cargo vessels,
with bulk carriers (vessels transporting dry bulk) being the most significant contributors,
accounting for 27.5% of overall emissions. Within this vessel segment, ore carriers are
identified as the main contributors to GHGs.

Prior to this work, there was no information on the GHG emission estimations for ore
carriers. This article has addressed this issue for the first time in the available literature
in a systematic way by analyzing three main categories of fuel combinations: fossil fuels,
alternative fuels with fossil pilot fuels, and fully alternative fuels, each with different levels
of emissions reduction and feasibility.

Among fossil fuels, Liquified Natural Gas (LNG) combined with Marine Gas Oil
(MGO) used only as a pilot fuel emerges as the most viable short-term solution, achieving an
18% reduction in CO2eq emissions in comparison with the conventional fuel oil propulsion
system. This makes LNG the only fossil fuel capable of reducing the actual levels of
emissions. However, unburned methane emissions (methane slip) remain a concern as
it significantly impacts greenhouse gas (GHG) emissions. Using LNG only in the main
engine leads to an only slight efficiency loss (16–17% reduction).

For alternative fuels with fossil pilot fuels, bioLNG combined with MGO used only as
a pilot fuel provides the largest emissions reduction (127%) in comparison with the fuel
oil propulsion system, making it the most effective short-term alternative if availability
improves. The advantage of bioLNG is that it leverages existing LNG infrastructure,
minimizing the need for new bunkering facilities. However, securing a reliable supply of
bioLNG remains a challenge, as production capacity is still limited and geographically dependent.

Looking toward full decarbonization of the maritime industry, the most effective long-
term solution with only alternative fuels is synthetic methanol (eMeOH) combined with
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synthetic diesel (eDiesel) used only as a pilot fuel, achieving an 87% reduction in compari-
son with the conventional fuel oil propulsion system. eMeOH offers significant advantages
over synthetic Liquified Natural Gas (eLNG), including simpler storage requirements,
lower engine acquisition costs and expected lower production costs in the future.

Regarding the analyzed trade routes, their selection has a major impact on emissions,
with the Australia–China route proving to be the most efficient one. Its shorter distance com-
pared to the Brazil–China route enables a 40–50% reduction in CO2eq emissions per mass
transported. This leads to the conclusion that prioritizing shorter routes for transporting
the same material effectively reduces GHG emissions.

From a regulatory standpoint, LNG and MeOH improve Energy Efficiency Design
Index (EEDI) and Carbon Intensity Indicator (CII) scores, ensuring compliance with IMO
decarbonization targets in the near-term. LNG is already aligned with existing IMO regula-
tions, making it an attractive choice for shipowners looking to transition quickly. However,
current IMO efficiency metrics do not take into consideration unburned methane (methane
slip) and Well-to-Tank-(WtT) emissions. Similarly, fossil MeOH true environmental ben-
efits are overestimated in IMO regulatory calculations because CII and EEDI focus only
on Tank-to-Wake (TtW) emissions and fully ignore Well-to-Wake (WtW) emissions. This
regulatory gap must be addressed to ensure a fair and accurate comparison of all fuels.
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Abbreviations
The following abbreviations are used in this manuscript:

B Beam
bioDiesel Diesel form biomass
bioLNG Natural gas (methane) from biomass
bioMeOH Methanol from biomass
CAPEX Capital Expenditure
CCS China Classification Society
CH4 Methane
CII Carbon Intensity Indicator
CO2 Carbon dioxide
CO2eq Impact of different greenhouse gases in terms of the mass of CO2

D Depth
DWT Deadweight Tonnage
EEDI Energy Efficiency Design Index
EEXI Energy Efficiency Existing Ship Index
EU European Union
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eDiesel Synthetic diesel
eLNG Synthetic natural gas (synthetic methane)
eMeOH Synthetic methanol
GHG Greenhouse gases
GT Gross tonnage
GWP Global Warming Potential
HFO Heavy Fuel Oil
IGF Code International Code of Safety for Ship Using Gases or Other Low-flashpoint Fuel
IMO International Maritime Organization
IMSBC International Maritime Solid Bulk Cargoes Code
LOA Length overall
LBP Length between perpendiculars
LNG Liquified Natural Gas
m Mass
MCR Maximum Continuous Rating (%)
MDO Marine Diesel Oil
MGO Marine Gas Oil
MSC.1/Circ.1621 Guidelines for the safety of ships using methyl/ethyl alcohol as fuel
N2O Nitrous oxide
NOx Nitric oxide (NO) and nitrogen dioxide (NO2)
OPEX Operational expenditures
SOx Sulfur dioxide (SO2) and sulfur trioxide (SO3)
TtW Tank to Wake
VLOC Very Large Ore Carrier
VLCC Very Large Crude Carrier
VLSFO Very Low Sulfur Fuel Oil
WtT Well-to-Tank
Symbols

CCO2eq TOTAL Total mass of CO2eq

[
gCO2eq

]
CCO2eq TtW Mass of CO2eq produced during TtW without methane slip

[
gCO2eq

]
CCO2eq TtW slip Mass of CO2eq produced during TtW due to methane slip

[
gCO2eq

]
CCO2eq TtW TOTAL Total mass of CO2eq produced during TtW

[
gCO2eq

]
CCO2eq WtT Total mass of CO2eq produced during WtT

[
gCO2eq

]
CO2eq TtW i,j Mass of CO2eq per energetic unit in TtW

[
gCO2eq
gfuel

]
CO2eq WtT i Mass of CO2eq per unit of energy in WtT

[
gCO2eq

MJ

]
Cs f CH4 i,j

CH4 TtW GHG emission factor by slipped fuel i towards fuel consumer unit j[ gCH4
gfuel

]
Cs f CO2 i,j

CO2 TtW GHG emission factor by slipped fuel i towards fuel consumer unit j[ gCO2
gfuel

]
Cs f N2O i,j

N2O TtW GHG emission factor by slipped fuel i towards fuel consumer unit j[ gN2O
gfuel

]
Cslip j

Non-combusted fuel (methane) coefficient as a percentage of the mass of the

fuel i consumer unit j
[ gCH4

gfuel

]
GWPCH4 CH4 global warming potential

[
gCO2eq
gCH4

]
GWPCO2 CO2 global warming potential

[
gCO2eq
gCO2

]
GWPN2O N2O global warming potential

[
gCO2eq
gN2O

]
LHVi Lower Heating value

[
MJ
kg

]
mi Fuel consumed per engine at a specific regime of functioning in [ton]
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Pj Unitary power of each engine [kW]

Rj Regime of functioning of each engine [%]

SFOCi,j Specific Fuel Oil Consumption
[ g

kW·h
]

vre f Reference speed of the vessel as calculated in the MEPC 79/15/Add.1 [kn]

Appendix A

Table A1. SFOC (g/kWh) for every engine (VLSFO, Very Low Sulfur Fuel Oil; LNG, Liquified Natural
Gas; MeOH, methanol; MGO, Marine Gas Oil; SFOC, Specific Fuel Oil Consumption) [68–71].

SFOC (g/kWh) G80ME-
C10.5 [68]

G80ME-C10.5-
GI [69]

G80-C10.5-
LGIM [70] 8L23/30H [71] 8L23/30DF [72] 8L23/30DF [72]

VLSFO 50% 156.2
VLSFO 75% 158.5
VLSFO 85% 161.1
VLSFO 100% 165.0

MGO 50% 3.9 12.9 185.0
MGO 75% 3.0 9.9 185.0
MGO 85% 2.8 9.2 185.0
MGO 100% 2.5 8.2 185.0

LNG 50% 126.8 150.0
LNG 75% 128.0 150.0
LNG 85% 130.6 150.0
LNG 100% 134.6 150.0

Appendix B
The continuous red line represents the emissions of the vessel operating with VLSFO

and MGO, meaning that any fuel combination exceeding this threshold would result in a
penalty compared to the current propulsion system and should therefore be ruled out as an
option. The dashed column represents fossil fuels, the one with crossed lines represents
alternative fuels plus MGO, and the solid bars represent only alternative fuels. The error
bars represent the reliability margins considered in the calculation of WtT emissions. These
error bars are smaller for traditional fuels due to the extensive experience and data available
regarding their production. However, they are larger for alternative fuels, particularly for
newer options that are still undergoing feasibility studies.

 

Figure A1. WtT CO2eq emissions (ton) per fuel combination (400,000 DWT).
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Figure A2. TtW CO2eq emissions (ton) per fuel combination (400,000 DWT).

Figure A3. TOTAL CO2eq emissions (ton) per fuel combination (400,000 DWT).
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Figure A4. WtT CO2eq emissions (ton) per fuel combination (325,000 DWT).

 

Figure A5. TtW CO2eq emissions (ton) per fuel combination (325,000 DWT).
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Figure A6. TOTAL CO2eq emissions (ton) per fuel combination (325,000 DWT).

Figure A7. WtT CO2eq emissions (ton) per fuel combination (250,000 DWT).
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Figure A8. TtW CO2eq emissions (ton) per fuel combination (250,000 DWT).

Figure A9. TOTAL CO2eq emissions (ton) per fuel combination (250,000 DWT).
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