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Abstract: The FuelEU Maritime Regulation, part of the European Union’s (EU’s) Fit for
55 initiative, aims to achieve significant reductions in greenhouse gas (GHG) emissions
within the maritime sector. This study assesses the feasibility of alternative fuels for the
Estonian pilot fleet using a Well-to-Wake (WtW) life cycle assessment (LCA) methodol-
ogy. Operational data from 18 vessels, sourced from the Estonian State Fleet’s records,
were analyzed, including technical specifications, fuel consumption patterns, and opera-
tional scenarios. The study focused on marine diesel oil (MDO), biomethane, hydrogen,
biodiesel, ammonia, and hydrotreated vegetable oil (HVO), each presenting distinct trade-
offs. Biomethane achieved a 59% GHG emissions reduction but required a volumetric
storage capacity up to 353% higher compared to MDO. Biodiesel reduced GHG emissions
by 41.2%, offering moderate compatibility with existing systems while requiring up to 23%
larger storage volumes. HVO demonstrated a 43.6% emissions reduction with seamless
integration into existing marine engines. Ammonia showed strong potential for long-term
decarbonization, but its adoption is hindered by low energy density and complex storage
requirements. This research underscores the importance of a holistic evaluation of alterna-
tive fuels, taking into account technical, economic, and environmental factors specific to
regional and operational contexts. The findings offer a quantitative basis for policymakers
and maritime stakeholders to develop effective decarbonization strategies for the Baltic
Sea region.

Keywords: shipping; pilotage; GHG emissions; alternative fuels

1. Introduction
The European Commission has adopted the Fit for 55 initiative to align the EU’s cli-

mate, energy, transport, and taxation policies with its target of reducing net GHG emissions
by at least 55% by 2030 [1]. By 2050, the European Green Deal aims for net-zero greenhouse
gas emissions. Maritime transport, which accounts for 77% of European external trade and
35% of all trade, plays a critical role in the international supply chain and economy [2].
However, it contributes significantly to the EU’s total GHG emissions, representing 13.5% of
all emissions from the transport sector, following road transport (71%) and aviation (14.4%).

The current International Maritime Organization (IMO) and EU GHG emission mea-
sures focus on ships larger than 5000 gross tons (GT); some measures also apply to ships
over 400 GT. However, these measures do not apply to a number of different kinds of
ships, including fishing vessels, tugs, waterbuses, pilot boats, etc. Armstrong claims [3]
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that smaller ships are responsible for 15–20% of the total greenhouse gas emissions.
In other words, there is currently still a significant amount of CO2 that is unregulated.

Pilot boats are vital for maritime safety, ensuring safe navigation of vessels entering
and departing ports or navigating hazardous areas. Recognized by the IMO in 1968 through
Resolution A.159 (ES.IV), pilotage is compulsory in most port areas and territorial waters [4].
Despite their importance, pilot boats have not been widely studied scientifically, particularly
regarding their environmental impact [5,6]. Typically small, fast vessels designed for year-
round operation in varying weather and sea states, pilot boats are predominantly powered
by marine diesel oil, resulting in high fuel consumption and GHG emissions [7]. In addition,
there are also formalities of reporting for ships arriving in and departing from ports of the
EU’s member states [8].

In Estonia, pilotage services are provided by 20 pilot boats across six regions and
30 ports. The unique operational challenges arise due to ice cover for three months each year,
necessitating ice-capable vessels during the winter season. These vessels incur significantly
higher operating and capital costs but are inefficient during ice-free periods, remaining
idle for most of the year. Additionally, Estonian ports are located within the Baltic Sea
Emission Control Areas (ECAs) under MARPOL Annex VI, increasing the urgency of using
environmentally friendly fuels [9].

As the EU aims for decarbonization by 2050, pilot boats, despite their small size, must
adapt to low-emission technologies. State-owned pilot fleets, including those in Estonia,
have declared their commitment to becoming carbon-free [10–15]. The limited data on pilot
boats and their emissions highlights the need for research into effective GHG reduction
strategies tailored to their unique operational characteristics. While numerous studies in
the literature compare the technical, safety, operational, and feasibility aspects of alternative
fuels for use in the maritime sector, no studies in the literature specifically focus on pilot
boats. Given the unique design and operational demands of pilot boats, they warrant
detailed investigation to identify optimal strategies for reducing their emissions effectively.

This study addresses the research gap by evaluating the feasibility of alternative fuels
for pilot boats by using the Estonian pilot fleet as a case. Using a Well-to-Wake (WtW)
life cycle assessment (LCA) methodology and operational data from 18 vessels, the study
compares the GHG emissions, efficiency, costs, and storage requirements of alternative
fuels, including biomethane, hydrogen, ammonia, biodiesel, and hydrotreated vegetable
oil (HVO). The findings aim to provide actionable insights into decarbonizing pilot boats
in the Baltic Sea region. Our main question is: Which alternative fuel could be the most
prospective to be used in the Estonian pilot boat fleet?

The literature review in Section 2 primarily focuses on fuel alternatives that are suitable
for implementation on smaller ships. The research environment in Section 3 describes
the current Estonian pilotage fleet, its capabilities, and its operational restrictions. The
methodology section in Section 4 illustrates how fuel consumptions were assessed for
different fuel alternatives and how the GHG emissions were calculated. The results section
is merged with discussions in Section 5, which is divided into several sub-chapters: first, we
show the actual GHG emissions of the fleet in 2023, then we show the results of potential
fuel alternatives with their fuel consumptions, and finally, GHG emissions of the fuel
alternatives are calculated based on the pilotage areas. The section also illustrates possible
scenarios for the pilot fleet’s future while considering the research results. The conclusion
summarizes the research with proposals for the fleet to reduce their GHG emissions.
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2. Literature Review
The FuelEU Maritime Regulation was adopted in July 2023 as part of the EU’s Fit for

55 package [16]. The regulation promotes the use of renewable, low-carbon fuels and clean
energy technologies for ships, which is essential to decarbonizing the maritime sector.

Maritime transport accounts for 3–4% of the EU’s total CO2 emissions [17]. To achieve
significant and cost-effective reductions, the EU Emissions Trading System (EU ETS) was
implemented in January 2024 [18]. The EU ETS applies to ships with a GT of 5000 or more
that enter EU ports, regardless of their flag. Under this system, shipping companies are
required to purchase and use EU ETS allowances for each ton of CO2 emissions reported
within this scope. This measure is essential to promote energy efficiency, encourage the
adoption of low-carbon solutions, and reduce the cost disparity between alternative fuels
and traditional marine fuels. It also drives shipping companies, shipowners, and industry
developers to accelerate decarbonization efforts.

The decarbonization of shipping currently involves all stakeholders in the maritime
sector. However, no single solution can address all the sector’s needs [19]. Pilotage, while
a small component of the shipping industry, plays a significant role in port management
and infrastructure. Although pilot boats are not directly covered by the IMO GHG strategy,
their owner governments often have local and national goals to reduce greenhouse gas
emissions. Pilotage companies are closely monitoring advancements in shipbuilding
and retrofitting. In recent years, there has been increasing interest in alternative fuels
to minimize the environmental impact of pilotage operations. This chapter provides an
overview of various alternative fuels that could be adopted for pilot boats, examining their
benefits and challenges.

Biodiesel offers several environmental and operational advantages, including being
biodegradable, non-toxic, and low in sulfur, which significantly reduces SOx emissions com-
pared to traditional marine fuels [20,21]. Its oxygen-rich composition enhances combustion
efficiency, leading to lower particulate and CO2 emissions, and it can be blended with diesel
with minimal engine modifications [22,23]. However, the lower energy density of biodiesel
can create up to a 20% increase in fuel consumption, negatively impacting both range
and efficiency [21,23,24]. Its high viscosity and poor cold-flow properties require heating
systems in colder climates [21,25]. Safety concerns include potential corrosion in certain
materials and challenges with storage and transport. While generally producing lower NOx

emissions [20,21,23], some engine configurations may experience increases. In addition,
biodiesel remains costlier than conventional fuels [26–28], and global infrastructure for its
use in shipping is limited [20,21].

Methanol is a promising alternative fuel for the maritime sector due to its environ-
mental benefits, such as significantly reduced SOx, NOx, and particulate matter emissions
compared to traditional marine fuels [29–33]. When produced from renewable sources
like biomass or captured CO2, methanol can drastically cut greenhouse gas emissions,
though natural gas-derived methanol still has a lower environmental footprint than coal-
based options [31,33,34]. However, methanol faces challenges, including its low energy
density, requiring larger storage tanks, and its toxicity and corrosiveness, which demand
specialized handling and safety measures [31,35,36]. Its low flashpoint requires additional
safety precautions, while its lower cetane number and higher auto-ignition temperature
necessitate engine modifications or the use of dual-fuel systems [29,31,37]. Despite these
challenges, methanol is easy to store and transport in liquid form at ambient conditions,
and its clean-burning properties and scalability make it a viable option for complying with
future environmental regulations [36,38,39].

Sweden has pioneered the use of methanol fuel in pilot boats. The Swedish Mar-
itime Administration introduced the world’s first methanol-fueled pilot boat, Pilot Boat
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120 SE [40,41]. This vessel was repowered with an adapted Scania V8 diesel engine, offering
diesel-like performance with a much more favorable emissions profile. Methanol, especially
green methanol, is a promising alternative due to its minimal emissions (no particulate mat-
ter, sulfur oxides, and very low nitrogen oxides) and potential for zero net CO2 emissions.
Methanol is increasingly being explored as a marine fuel, including for deep-sea shipping,
due to its ease of use and compatibility with existing engine technologies. However, its
installation costs are approximately 5% higher than those of standard diesel engines.

Hydrotreated Vegetable Oil (HVO) is gaining recognition as a drop-in biofuel due
to its chemical similarity to diesel, enabling compatibility with existing marine engines
and infrastructure without significant modifications [36,42,43]. This makes it an appealing
option for retrofitting fleets to comply with stricter environmental regulations. HVO
is sulfur-free, produces lower particulate emissions, and offers significant reductions in
lifecycle greenhouse gas emissions, particularly when sourced from waste oils [36,43,44].
However, challenges include its limited availability, high cost compared to fossil diesel,
and underdeveloped global supply chains [35,36,43]. Despite having a higher energy
density than LNG [36,43], its expense may deter adoption without regulatory or financial
incentives [35,36]. On the positive side, HVO’s high flashpoint enhances safety in storage
and handling, and its non-toxic nature reduces environmental risks from spills [36,37].
In addition, it can be integrated with exhaust gas treatment systems to meet NOx standards,
though extra equipment might be required [45,46].

The Dublin Port Company conducted successful trials using HVO in their pilot
boats [47]. According to them, the use of HVO fuel in the pilot boats indicated a significant
reduction in CO2 emissions (between 80 and 90%) without requiring any modifications to
existing diesel engines. This approach aligns with broader goals to reduce carbon emissions
and improve sustainability in maritime operations.

Biomethane derived from biomass sources like landfill gas recovery and anaerobic
digestion offers significant advantages as a marine fuel [36,44,45]. It can greatly reduce
GHG emissions by recycling carbon that would otherwise be released from decomposing
organic matter [26,34,48]. Combustion of biomethane generates very low levels of SOx and
NOx, ensuring compliance with stringent environmental regulations [31,49]. Additionally,
biomethane benefits from logistical compatibility with LNG, utilizing the same supply
chains and storage systems, which facilitates a seamless transition for operators already
using LNG [26,36,45]. However, biomethane’s scalability is limited by the availability of
organic waste sources, constraining its widespread adoption [30,34]. Despite this, it remains
highly viable for inland waterway and short-sea operations, especially in regions with
established biomethane infrastructure. Challenges include the energy-intensive processes
involved in its production, such as collection, purification, and transportation, as well as
higher costs compared to fossil fuels [26,50]. From a safety perspective, biomethane is rela-
tively secure, with a high autoignition temperature and low toxicity, but it requires storage
at very low temperatures or in liquefied form, presenting operational challenges [26,34,36].
Additionally, methane leakage must be carefully managed due to its potent greenhouse gas
effect. Biomethane’s clean emissions profile and suitability for dual-fuel gas engines [51]
further position it as a promising sustainable fuel for short-distance maritime applications.

Hydrogen is a promising alternative fuel for marine applications, offering zero emis-
sions when produced from renewable sources, as it emits only water vapor in fuel cells,
eliminating CO2, NOx, SOx, and particulate matter emissions [29,34,52]. Abundant and
scalable through water electrolysis powered by renewable energy, hydrogen presents a
viable pathway for maritime decarbonization [29,30,35]. However, its adoption faces chal-
lenges, including storage and handling complexities due to its low volumetric energy
density, requiring compression or cryogenic liquefaction, which increases cost and op-
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erational difficulty [29,34,36]. Safety concerns arise from hydrogen’s high flammability,
while its production cost, particularly for green hydrogen, remains a significant economic
barrier [30,34,36]. Although hydrogen can power both fuel cells and adapted combustion
engines, its low energy density limits its feasibility for short-sea shipping, and the underde-
veloped bunkering infrastructure further restricts its widespread maritime use [30,52]. The
main drawbacks are high costs and low gravimetric density, due to the high weights of the
metal hybrid tanks: for this reason, they are suitable mainly for stationary applications and
for some transportation applications only, such as submarines and small boats [53,54].

Green hydrogen has demonstrated its utility, for instance, in a crew transfer vessel [55],
indicating its potential applicability for pilot boats as well.

Ammonia has emerged as a promising marine fuel due to its carbon-free combustion,
eliminating CO2, CO, and unburned hydrocarbon emissions, which aligns with interna-
tional maritime decarbonization goals [29,34,35]. Its scalability is supported by existing in-
frastructure from the fertilizer industry, facilitating its production and transportation [36,56].
However, ammonia faces significant challenges, including a high auto-ignition temperature
and low flame speed, which complicate combustion in conventional engines [36,37,57]. Its
toxicity and corrosive properties necessitate specialized handling, storage, and engine modi-
fications, while its lower energy density requires more storage volume than diesel [34,36,58].
Additionally, ammonia combustion may increase NOx and N2O emissions, requiring sys-
tems like selective catalytic reduction (SCR), which reduce efficiency due to increased
exhaust backpressure [36,59,60]. Although “green” ammonia production using renewable
energy could make it a completely carbon-free fuel, this technology remains costly and
under development [34,56].

3. Research Environment
Pilotage is a mandatory service regulated by Estonia’s Maritime Safety Law. As

of 1 August 2023, the State Fleet of Estonia oversees the management of state vessels
(excluding those registered to the Defense Forces and Defense League), the maintenance of
floating navigational aids, the execution of icebreaking operations, and the provision and
development of pilotage services in Estonia.

The pilot fleet currently comprises 18 vessels specifically designed for pilotage. These
boats range from 12 to over 20 m in length and are built to endure challenging seas, various
weather conditions, and contact with different types of vessels. They are high-powered,
making them both fast and durable, with some boats equipped with advanced ice-crushing
capabilities. Below, Table 1 provides an overview of the main characteristics of these vessels,
and Table 2 shows the propulsion and performance characteristics of the fleet. In recent
years, the total number of pilotages in Estonian waters has remained relatively constant,
indicating a stable market (Figure 1).

Table 1. Main ship data of Estonian State Fleet pilot boats.

Ship Ice Purpose Home Port Year Built LOA
[m]

BOA
[m]

Draught
[m]

Displacement
[t]

AHTO-01 icebreaker Muuga 2009 16 5.3 2.47 63.68

AHTO-02 icebreaker Pärnu 2011 16 5.3 2.47 63.68

AHTO-06 ice-capable—10 cm Kunda 2002 13.5 4.56 1.6 14.6

AHTO-07 icebreaker moving ports 2014 16 5.3 2.43 63.68

AHTO-09 icebreaker Roomassaare 2014 16 5.3 2.43 63.68

AHTO-12 depreciated Kunda 1966 12.5 3.95 1.5 22.6

AHTO-14 summer Heltermaa 2015 14.22 4.5 0.83 21.4
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Table 1. Cont.

Ship Ice Purpose Home Port Year Built LOA
[m]

BOA
[m]

Draught
[m]

Displacement
[t]

AHTO-15 summer moving ports 2015 18.37 5.1 1.6 35.5

AHTO-17 ice-capable—10 cm Roomassaare 2003 13.5 4.55 1.61 14.6

AHTO-19 ice-capable—10 cm Virtsu 2003 14.1 4.56 1.61 15.7

AHTO-20 ice-capable—10 cm Pärnu 2003 14.1 4.46 1.61 16

AHTO-21 ice-capable—10 cm Heltermaa 2004 14.1 4.56 1.61 16

AHTO-23 ice-capable—10 cm moving ports 2004 14.1 4.56 1.61 16

AHTO-25 ice-capable—15 cm Muuga 2006 19.5 5.45 1.85 36.4

AHTO-26 ice-capable—15 cm Meeruse 2007 19.5 5.45 1.85 35.8

AHTO-27 ice-capable—15 cm Paldiski 2008 19.5 5.45 1.85 35.8

AHTO-28 ice-capable—15 cm Rohuneeme 2008 19.5 5.45 1.85 35.8

AHTO-29 summer moving ports 2010 17.6 5.4 1.4 25

Table 2. Propulsion and performance characteristics of the fleet.

Ship
Avg. Fuel

Consumption
[L/Mile]

Fuel Capacity
[m3]

Max Speed
[kn]

Avg Speed
[kn]

Engine Power
[kW] Engine Model

AHTO 01-02-07-09 11.61 6.3 10.4 7.8 852 DG SCANIA DI16

AHTO 06-17-19-20-21-23 4.88 1.1 22 19.8 525 MTU 8V2000M70

AHTO 12 2 2.76 8 4.6 162 IVECO

AHTO 14 5.97 1.6 27 25.6 736 Volvo-Penta D13

AHTO 15 6.18 3.0 27 22.8 958 Volvo-Penta D16

AHTO 25-26-27-28 7.79 5.5 22 19.4 900 MTU 10V2000M72

AHTO 29 7.02 4.0 35 30.6 1176 Volvo-Penta
IPS 1050

Figure 1. Yearly number of pilotages.

The coastline and pilotage conditions in Estonia, despite being a small country, are
diverse. Variations occur in the number of pilotage operations per station and the average
distances covered, influenced by trade flow and seasonal changes (Table 3). Based on
the geographical distribution of Estonia’s ports and primary trade routes, the country is
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divided into six distinct pilotage areas: Kunda-Loksa, Paldiski, Pärnu, Tallinn, Väinameri,
and Sillamäe (Figure 2).

Table 3. Average pilotage data for 2023.

Area
Boat Distance Max nm Maximum Number

Pilotages in 24 h
Total Distance of
Pilotage in 24 h

Location Winter Summer Pcs m

Kunda/Loksa Kunda 7 13 8 60

Paldiski Paldiski 8 8 11 90

Pärnu Pärnu 3 7 9 65

Tallinn/Muuga

Meeruse 8 8 5 40

Hundipea 20 20 15 150

Muuga 20 20 14 160

Väinameri

Roomassaare 12 12 3 36

Virtsu 30 30 3 50

Heltermaa 30 30 3 50

Veere 0 20 1 20

Figure 2. Estonian pilotage areas.

The current fleet of pilot boats in Estonia predominantly consists of vessels powered
by diesel engines, reflecting the traditional approach to maritime operations. However,
there is a growing interest in exploring more sustainable and diverse energy sources for
future upgrades. While the current fleet has not yet adopted alternative propulsion systems,
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such as hybrid or electric engines, discussions are underway to consider these options as
part of broader efforts to reduce emissions and enhance environmental sustainability in
pilotage services.

4. Methodology
4.1. Data Collection and Calculation

This study aimed to evaluate the most promising alternative fuel options for the
Estonian State Fleet pilot boats, considering technical feasibility, environmental impact,
and economic considerations. The first step involved collecting data on current fuel
consumption, average and the peak daily mileage, and other relevant specifications for each
vessel in the fleet. Additional technical parameters, such as maximum speed, maximum
power, and average operational speed, were also gathered. These details enabled precise
calculations of engine performance and fuel requirements. Furthermore, the brake-specific
fuel consumption (BSFC) for each engine model at both the maximum power and 50%
partial power was obtained from technical specification catalogs [61–66].

Next, the peak daily mileage for each vessel was determined using daily mileage data
to assess high-use operational demands. To estimate engine load at average speeds, the
propeller law was applied, where engine load is calculated as a function of the cube of
the speed ratio. Power at average speed was calculated by multiplying the maximum
power by the cube of the ratio of average speed to maximum speed, providing a baseline
for typical power consumption under standard operating conditions. The methodology
of the propeller law is illustrated in Equations (1) and (2) [67]. As the Propeller Law is
based on the relationship between shaft speed and engine load, and some experimental
studies in the literature [68–70] confirm the existence of this relationship for small-sized
engines, this method is also applicable to pilot boats under constant speed scenarios. Since
average fuel consumption for each vessel was known but operational engine load was
not, Equations (3) and (4) were used to estimate engine load. Given that BSFC varies with
engine load, these equations facilitated the estimation of operational engine load through
an iterative approach.

Pmax =
FCmax

BSFCmax
(1)

Pavg = Pmax

(
vavg

vmax

) 1
3

(2)

BSFCavg,sp = BSFC50% + (BSFCmax + BSFC50%)

(
Pavg

Pmax
− 0.5

)
(3)

FCavg,sp = BSFCavg,sp ∗ Pavg (4)

In Equation (1), Pmax is the maximum power output (kW) calculated by dividing the
maximum fuel consumption rate FCmax (kW) by the brake-specific fuel consumption at
the maximum load BSFCmax (kg/(kWh)). Equation (2) gives, Pavg the power needed at
the average speed, calculated by scaling Pmax by the cube of the ratio of the average to
maximum speed ( νavg

νmax
). Equation (3) estimates the average BSFC for a specific engine load

(BSFCavg,sp) and also the average engine load ( Pavg
Pmax

) by interpolating between the BSFC

values at 50% load and the maximum load (BSFCi), adjusted by the load factor ( Pavg
Pmax

− 0.5).
The peak energy need between bunkering operations and peak daily working hours

of the vessels were other important parameters for determining the fuel tanks’ capacities.
The vessel capacities for each fuel type were key factors in comparing fuel alternatives,
considering tank volume and fuel weight. For this purpose the maximum daily fuel
consumption data were derived from the monthly fuel consumption data of each ship by
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the following formula where tbb is the time (days) between bunkering and FCdaily, peak is
the daily average fuel consumption in the month in which the maximum fuel consumption
for that ship was performed.

Fuel tank capacities for each type were determined by peak energy demand, full tank
capacity, and daily operating hours

(
hdaily

)
. To estimate this, the maximum daily fuel

consumption (FCdaily, peak) was calculated by averaging from monthly fuel consumption
data for each ship that was used in the following formulas. In this formula, tbb represents
the time (in days) between bunkering (converted to hour for calculations), FCdaily, peak, is
the daily average fuel consumption during the month when the vessel recorded its highest
fuel consumption and FCavg is the average fuel consumption of the vessel in average speed.

Etank,peak = tbb
FCdaily,peak

BSFCavg
(5)

hdaily =
FCdaily,peak

νavgFCavg
(6)

The size of fuel tanks and the weight of the necessary fuel between bunkering opera-
tions serve as performance indicators for alternative fuels. Each fuel type varies in density
and calorific value. Since pilot boats do not carry cargo, the weight and volume impact
of alternative fuels is more pronounced compared to cargo ships. Since pilot boats are
relatively small, the extra fuel weight or volume could lead to design challenges, potentially
exceeding design weight and volume limits. These changes in weight and volume affect
crucially the vessel’s stability and metacentric height, especially during contact with other
vessels. A critical change in metacentric height while the pilot boat is moving at high speed
can lead to capsizing.

This study examines weight and volume costs through two scenarios. In the first
scenario, the boats’ original range with marine diesel oil (MDO) was maintained, so the
alternative fuel capacity after retrofitting matched this range. In the second scenario,
the range was adjusted based on the ships’ past service times. These scenarios assess
operational range preservation and adaptation to real-world usage, ensuring practical
evaluation of alternative fuels. Both scenarios calculated weight costs, considering the
relative power-to-weight ratio of the engines or motors and the weight of fuels. An
assumption was made that after the retrofit, the ships would maintain the same propulsion
power in both scenarios. For both scenarios, the relative weight and relative volume of
each fuel were calculated first. These are the relative weights and volumes of alternative
fuels to give the same energy amount theoretically.

mrel,i =
QMDO

Qi
(7)

Vrel,i =

(
QMDO
ρMDO

)
/
(

Qi
ρi

)
(8)

Here, mrel and Vrel are relative mass and volume of each fuel, QMDO and Qi are
calorific value of MDO and alternative fuels, and ρMDO and ρi are the density of MDO and
alternative fuels.

In Scenario 1, the relative weight and volume costs of alternative fuels were calculated
using specific equations. In these equations the relative weight and volume costs of
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alternative fuels were calculated for the same operation range, with the original fuel tank
capacity in vessels.

mrel,cost,1 =
Pb × PWRi + mrel,i × Vf uel ·ρMDO/µi

Pb × PWRMDO + Vf uel × ρMDO/µMDO
(9)

Vrel,cost,1,2 = Vrel,i
µMDO

µi
(10)

where Pb is the brake power of the engine, PWR is the power to weight ratio for each
propulsion system, Vf uel is the fuel tank capacity of the current ship design with MDO as
fuel and µMDO and µi are brake thermal efficiency of MDO and alternative fuels.

In Scenario 2, the relative weight and volume costs of alternative fuels were determined
based on optimized operation ranges derived from each vessel’s service time. As the
relative volume cost is unaffected by engine weight, the same method applies to both
scenarios. While the volume costs of fuels may differ between scenarios, the relative rates
remain consistent.

mrel,cost,2 =
Pb × PWRi + mrel,i ×

Etank,peak
(Q i ·µi)

Pb × PWRMDO +
Etank,peak

(Q MDO × µMDO)

(11)

Equations (9) and (11) were developed based on fundamental engineering principles
to estimate the relative weight and volume costs of alternative fuels compared to MDO.
Key parameters such as engine power, power to weight ratio, fuel tank capacity and brake
thermal efficiency are considered in these equations. While Equation (9) assumes the
same fuel tank capacity as currently used for MDO, Equation (11) incorporates energy
requirements for peak operational scenarios. These equations have been specifically tailored
to the operational characteristics of the fleet, providing a robust framework for evaluating
fuel alternatives in this context.

The yearly fuel consumption for each vessel with each alternative fuel was calculated
using Equation (12). This equation estimated the annual fuel consumption for each fuel
type based on the vessels’ previous service times.

FCi =
mrel,i × µMDO × FCMDO

µi
(12)

The OpEx (operational expenses) for each ship is a key performance indicator for
evaluating alternative fuels. Although factors such as maintenance costs, amortization
time, and service costs also impact operational costs, they require extensive data that is
currently unavailable in the literature. Therefore, only the primary cost of operation—the
fuel cost—is considered in calculating the operational costs. These costs are calculated
using Equation (13).

OpExi = FCi × UCi (13)

Here, OpExi indicates the yearly operational cost with each fuel and UCi indicates the
unit cost of each fuel in the Eastern European market.

Figure 3 provides a visual representation of the calculations. In the figure, the data
sources are distinguished by color: yellow represents data collected from the Estonian
State Fleet, blue denotes data obtained from engine producers’ datasheets and instruction
manuals, orange indicates data gathered from the literature, and purple signifies calculated
or predicted values.
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Figure 3. Flow diagram for calculations and predictions.

4.2. Fleet Performance and Alternative Fuels

Table 4 presents the brake-specific fuel consumption (BSFC) values for each vessel in
the Estonian State Fleet. BSFC measures the fuel consumption per unit of power produced
by an engine, typically expressed in grams of fuel per kilowatt-hour (g/kWh). These
values were used to calculate the BSFC for each ship at specific engine loads. The data
were sourced from the technical datasheets of each engine model, as provided by the
manufacturers [61–66]. The BSFC at full load represents fuel consumption at maximum
power output, reflecting the engine’s efficiency at its highest load. However, ships typically
operate at operating loads, defined as the percentage of maximum engine capacity utilized
during regular operations. These operating loads were predicted using Equation (2) by
applying the “Propeller Law” specifically to each ship in the fleet. While manufacturers
provided BSFC data for reduced power outputs under varying engine speeds and lower
load scenarios—representing load conditions chosen by the manufacturer—these lower
loads do not align with the actual operating loads. Therefore, BSFC at operating loads
was calculated using a linear regression-based method, as outlined in Equation (3). This
method adjusts the formula to account for the power ratio between lower and full load,
enabling an accurate prediction of BSFC under typical operating conditions.

Weight costs, volume costs, fuel consumption, and operational costs were calculated
based on the operational ranges of each vessel. Key parameters include the energy needs
of each vessel between bunkering intervals (which impacts the required fuel quantity on
board) and peak working hours per day, as retrofitted ships must meet the operational
demands of each vessel. Figure 4a,b illustrate each vessel’s energy needs between bunkering
operations, assumed to occur every 10 days, and the daily average working hours. It is
important to note that energy needs and working hours vary across different months and
operational conditions, and the values in the figures represent peak time conditions.
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Table 4. BSFC values for the fleet at full load and lower loads.

Full Load Lower Load

BSFC Rpm Rated Power BSFC Rpm Rated Power

g/kWh kW g/kWh kW

AHTO 01-02-07-09 213 1800 468 205 1500 445
AHTO 06-17-19-20-21-23 214 2250 720 205 1950 475

AHTO 12 220 2800 184 215 1400 92
AHTO 14 216 2400 735 206 1900 400
AHTO 15 210 1800 479 200 1200 400

AHTO 25-26-27-28 213 2250 900 211 1950 585
AHTO 29 212 2300 564 201 1400 185

Figure 4. (a) Peak energy needs of the ships between bunkering operations; (b) peak daily working
hours of the ships.

The peak energy requirements of the vessels vary significantly, ranging from 364 kWh
to 19,800 kWh. These values represent the average energy demand of each vessel under
peak operational conditions over a 10-day period. This indicates that if these energy needs
can be met through alternative fuels and bunkering operations are conducted every 10 days,
the vessels can operate without problems, even during peak scenarios. To analyze operabil-
ity, the weight and volume costs for each alternative fuel, as well as for electric and hybrid
propulsion options, were calculated under two scenarios. In the first scenario, the fuel
quantity was determined to match the design range of each vessel. In the second scenario,
the quantity was calculated to meet the energy needs for peak conditions, assuming a
10-day interval between bunkering operations. In addition, Figure 4b illustrates the peak
daily working hours of the vessels, which vary from an average of 0.32 h to 2.85 h per day.
This indicates that, even during peak operation, the vessels in the fleet are used for only a
small portion of the day. This suggests that the current fuel tank sizes may be larger than
necessary to meet the vessels’ operational requirements.

Table 5 presents the physical and combustion properties of various fuels. Each fuel in
the study was evaluated based on its energy density, volumetric density, required engine
weight, combustion efficiency, and operational expenditures. These values in the table were
used for the calculations for each fuel.
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Table 5. The properties of various fuels *.

Lower Heating
Value Density

Relative Engine
Gravimetric Energy

Density
Fuel Cost Relative Thermal

Efficiency

(MJ/kg) (t/m3) (€/ton)

MDO 42.7
[49,71,72]

0.84
[49] 1 672

[73] 1

Methanol 19.9
[49,71,72]

0.79
[49]

0.78
[74]

381
[75–78]

1.03
[72,79]

Biodiesel 37.5
[21,80,81]

0.88
[21,81,82] 1 1127

[73]
0.96

[21,80]

HVO100 44.1
[82–84]

0.78
[83–85] 1 1456

[73]
0.99

[82,86–89]

H2 (SOFC) 120
[49,71,72]

0.023 *
[49]

0.65
[90–95]

5000
[96,97]

1.3
[74,98]

H2 (PEMFC) 120
[49,71,72]

0.021 *
[49]

1.01
[90–95]

5000
[96,97]

1.21
[74,91,99]

Ammonia 18.6
[71,72,85,100,101]

0.68
[90,98]

0.78
[74,102]

590
[73]

1.03
[102–105]

Biomethane 36
[103,106]

0.25 *
[92–94]

0.89
[107]

1150
[78,108]

1.04
[109,110]

* (at 300 bar, −15 ◦C).

For each fuel type, we estimated fuel consumption, operational costs, and exhaust emis-
sions (Figure 5). The lower heating value and density of fuels, as well as their fundamental
physical properties, were sourced from widely available references. Many alternative fuels,
such as hydrogen, ammonia, HVO100, and methanol, are already commercially available
for various applications, with some suitable for bunkering on marine vessels. Other fuels
are also used across different industries. Fuel costs were obtained from global market
data, focusing on prices in Estonia and neighboring European countries (Table 5). While
there is considerable interest in these fuels within experimental and academic research,
and some compatible engine models exist, there remains a lack of suitable engines that
meet the power demands of the pilot boats analyzed in this study. Although smaller en-
gines compatible with these fuels are expected to be developed soon, comprehensive data
on their gravimetric energy density and combustion efficiency are currently unavailable.
In this study, gravimetric energy density was estimated using instruction manuals for
engines of various sizes. It was observed that as the lower heating value of a fuel decreases,
the gravimetric energy density of the engine also declines. Fuels with lower heating values
require larger engines due to the need for increased cylinder sizes. Relative efficiency
values were derived from experimental studies comparing the combustion performance of
alternative fuels in internal combustion engines, using diesel oil as the reference fuel.

4.3. Assessing Shipping Emissions

In July 2023, the FuelEU Maritime Regulation was adopted [111] with the aim to
support decarbonization of the shipping sector by promoting the use of renewable, low-
carbon fuels, and clean energy technologies for ships. In shipping, there are various
methods to calculate emissions [112], and although several research studies [113–117]
and proposals [118–123] have been conducted, there is still an open debate about the
uniform methodology.
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Figure 5. GHG emissions of the fuel alternatives by pilotage areas.

The life cycle assessment (LCA) is a comprehensive methodology used within the ship-
ping industry to conduct a thorough evaluation of ecological impact while also considering
the energy and emissions involved in constructing facilities, vehicles, or end-of-life as-
pects [124,125]. WtW GHG emissions are indicated as a subset of LCA, focusing specifically
on fuel-related emissions.

The methodology for the current research [126] was derived from the geographical
location and legislation. According to the suggestion of the IMO’s Marine Environment
Protection Committee (MEPC 77) life cycle guidelines, the GHG emissions should be
estimated based on a Well-to-Wake method. The guidelines are proposed to be based on the
sustainability and GHG emissions-saving criteria to incentivize the uptake of sustainable
alternative fuels at the global level. The targets cover CO2, methane, and nitrous oxide
emissions over the full lifecycle of the fuels used onboard on a WtW basis. Therefore, this
research focuses on the fleet’s WtW GHG emissions.

Life cycle guidelines to estimate WtW GHG emissions are proposed by the EU [126]
and IMO [127]. These suggested life cycle guidelines are based on sustainability and GHG
emissions-saving criteria to incentivize the uptake of sustainable alternative fuels at the
global level. The total GHG emissions include the Well-to-Tank (WtT) emissions of the
energy carrier supply and the Tank-to-Wake (TtW) emissions of the total fuel use.

WtWGHG = WtT(energy carrier supply) + TtW( f uel use) (14)

The initial GHG assessment was calculated over a reference period of one year based
on the collected data of actual fuel consumptions. The default emission factors that were
used for the determination of the GHG intensity were established in accordance with the
methodologies laid down in Directive (EU) 2018/2001 and Regulation (EU) 2023/1805 of
the European Parliament and of the Council of 13 September 2023 on the use of renewable
and low-carbon fuels in maritime transport and amending Directive 2009/16/EC).
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The total emissions depend on the fuel type and specifics. They are calculated by the
following equation:

WtWGHG = ∑n f uel
i Mi × CO2 eq WtT,i × LCVi + ∑n f uel

i ∑m consumer
j Mij ×

[(
1 − Cslip j

)
×

(
CO2 eq,TtW

)
+

(
Cslip j × GWPCH4

)]
(15)

In this equation, i is the index corresponding to the fuels (for each specific fuel pathway)
delivered to the ship over a reference period; j is the index corresponding to the different
fuel consumers. The energy consumers considered are main engines, auxiliary engines,
boilers, waste incineration plants, etc. k is the index corresponding to the connection points
(c) where electricity was supplied per connection point. m is the index corresponding to the
number of energy consumers. Mij represents the mass of the specific fuel i oxidized in con-
sumer j (in gFuel). CO2eqWtT,i are the WtT GHG emissions in gCO2eq/MJ for each specific
fuel, calculated according to an agreed methodology. CO2eqTtW,I are the TtW GHG emissions
for in gCO2eq/g Fuel for each specific fuel, when consumed on board by the fuel con-
sumer j. CO2eqTtW, i =

(
C f CO2 × GWPCO2 + C f CH4 × GWPCH4 + C f N2O × GWPN2O

)
i
.

CfCO2, CfN2O, CfCH4 are the emission factors in g of GHG/f of fuel. LCVi represents the
lower calorific value of the i fuel (considered in its own specific pathway) in MJ/g. Cslip j

represents fuel carbon slip in % of the mass of the fuel used by the energy converter j.

5. Results
5.1. Initial GHG Emissions

The initial GHG assessment, based on 2023 fuel consumption data from Estonian
pilotage areas, calculated total emissions over a one-year reference period. The results for
marine diesel oil are shown in Table 6.

Table 6. WtT, TtW, and WtW. emissions for Estonian pilotage areas in 2023, compiled by the authors
based on actual fuel consumption data.

Pilotage Area WtT
Emissions

TtW
Emissions

WtW
Emissions

WtW
Emissions

[kgCO2eq] [kgCO2eq] [kgCO2eq] [tCO2eq]

Kunda-Loksa 6592 34,895 41,486 41.5

Paldiski 26,860 142,195 169,055 169.1

Pärnu 25,563 135,325 160,888 160.9

Tallinn 109,656 580,503 690,159 690.2

Väinameri 47,086 249,266 296,352 296.4

TOTAL 215,756 1,142,185 1,357,940 1357.9

The calculation results show that the Tallinn pilotage area has the highest emissions,
primarily due to its large ports and heavy sea traffic. The Väinameri area follows, which
can be attributed to its complex operational patterns and extended pilotage distances.

5.2. Weight and Volume

Table 7 presents the comparative weight costs for each vessel in the fleet, with fuel
quantities calculated to provide the same operational range as the original ship design.
These values were calculated using Equation (9) and the parameters defined within it. The
gravimetric density of alternative engines or fuel cells was also considered. This added
weight is a significant factor for large ships, such as cargo or passenger carriers, as increased
fuel weight reduces total cargo capacity. However, cargo vessels can offset this by adjusting
cargo quantity to accommodate higher fuel weight. However, for pilot boats, additional
fuel weight poses a more critical challenge due to their hull design and limited carrying
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capacity, which is optimized for lighter loads. This increased weight could exceed safety
margins in hull design.

Table 7. Comparative weight * costs of the entire fleet using alternative fuels within the same
design range.

MDO Methanol Biodiesel HVO100 H2 Blue
SOFC

H2 Blue
PEM Ammonia Biomethane

AHTO 01-02-07-09 1 1.74 1.11 0.98 0.77 0.57 1.83 1.13
AHTO 06-17-19-20-21-23 1 1.51 1.06 0.99 1.15 0.78 1.55 1.12

AHTO 12 1 1.88 1.15 0.98 0.55 0.45 1.99 1.13
AHTO 14 1 1.51 1.06 0.99 1.14 0.77 1.56 1.13
AHTO 15 1 1.58 1.07 0.99 1.04 0.71 1.63 1.13

AHTO 25-26-27-28 1 1.71 1.11 0.98 0.83 0.60 1.79 1.13
AHTO 29 1 1.59 1.08 0.99 1.01 0.70 1.65 1.13

* These options are calculated to meet a daily operation requirement of 4 h.

The findings show that methanol and ammonia lead to particularly high weight costs
among alternative fuels. Despite strong industry interest in these fuels as alternatives to
conventional options, their weight costs may render them less suitable for smaller vessels
like pilot boats, especially when required to maintain the same range as the original design.
However, operational adjustments—such as reducing tank size, thereby limiting range but
allowing more frequent refueling— which can make these fuels viable alternatives.

The table also highlights that HVO100 and hydrogen reduce fuel weight costs relative
to conventional diesel, while biomethane and biodiesel show a slight increase. It is essential
to note that although the relative fuel weights remain constant across fuels, this study
includes the weight costs of both the fuel and the engines required for each alternative fuel.
Different fuels necessitate various engine types or fuel cells, each with unique gravimetric
energy densities, and the fleet itself comprises vessels with diverse engine power capacities,
contributing to weight cost variations even for the same fuel.

Like weight cost, volume cost is also a critical performance indicator for alternative
fuels. While volume cost may be manageable for cargo vessels, it poses a greater challenge
for smaller ships, such as pilot boats, due to their limited onboard space. Table 8 presents
the volume requirements for various alternative fuels to achieve the same range as the
original design. For MDO, this volume requirement matches the original tank capacity.
These values were calculated using Equation (10) and the parameters defined within it.

Table 8. Tank volume needed [m3] for the entire fleet using alternative fuels within the same range.

MDO Methanol Biodiesel HVO100 H2 Blue
(SOFC)

H2 Blue
(PEM) Ammonia Biomethane

AHTO 01-02-07-09 5.3 11.8 6.2 5.6 5.3 5.7 16.1 18.0
AHTO 06-17-19-20-21-23 0.9 2.1 1.1 0.9 9.3 10.0 2.8 3.1

AHTO 12 2.3 5.2 2.7 2.5 23.3 25.0 7.1 7.9
AHTO 14 1.3 3.0 1.6 1.4 13.5 14.5 4.1 4.6
AHTO 15 2.5 5.6 2.9 2.7 25.4 27.2 7.7 8.6

AHTO 25-26-27-28 4.6 10.3 5.4 4.9 46.5 49.8 14.1 15.7
AHTO 29 3.4 7.5 3.9 3.6 33.8 36.2 10.3 11.4

The findings suggest that biodiesel and HVO100 have acceptable volume costs;
biodiesel requires a slight increase in tank capacity, while HVO100 actually reduces the
necessary tank size. Additionally, liquid fuels like methanol, biodiesel, HVO100, and
ammonia can utilize existing tanks with retrofitting, thereby lowering the retrofit capital
cost. However, to match the original design range, methanol and ammonia require sig-
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nificantly larger tank volumes relative to MDO. Due to space limitations on pilot boats,
these fuels may not be ideal alternatives when the goal is to maintain the same range.
Biomethane and hydrogen, due to their gaseous form, also present high volume costs. It
should also be noted that the storage conditions of the fuels calculated are −15 ◦C and
25 MPa. But liquified storage can also be an option which will decrease the volume cost
considerably. Typically stored on deck, these tanks consume valuable deck space and, being
located higher than bottom tanks, increase the vessel’s GC (gravity center), potentially
compromising safety margins.

Overall, as can be seen in Tables 7 and 8, both weight and volume cost analyses
indicate that only biodiesel and HVO100 appear promising as alternative fuels to MDO if
the same range is expected post-retrofit. However, reducing the operational range of vessels
post-retrofit to lower onboard fuel weight and volume could be a viable option. Therefore,
reviewing each vessel’s operational history and performing alternative calculations to meet
peak fuel requirements during high-demand periods could yield useful insights. If fuel
capacity is optimized for peak requirements, a new perspective on alternative fuel feasibility
could emerge. For this purpose, Tables 9 and 10 show the weight and volume costs of
alternative fuels and propulsion units for an optimized range, calculated to cover peak
energy demands for each vessel by using Equations (10) and (11), allowing for operations
up to 10 days without refueling. Shortening bunkering intervals further would reduce both
weight and volume costs.

Table 9. Relative weight costs * of the entire fleet using alternative fuels within an optimized range
(Comparing to design MDO tank capacity).

MDO Methanol Biodiesel HVO100 H2 Blue
(SOFC)

H2 Blue
(PEM) Ammonia Biomethane

AHTO-01 0.46 0.62 0.47 0.45 0.62 0.41 0.63 0.51
AHTO-02 0.60 0.93 0.64 0.60 0.67 0.45 0.96 0.68
AHTO-06 0.85 1.20 0.88 0.85 1.11 0.73 1.22 0.96
AHTO-07 0.44 0.59 0.45 0.44 0.62 0.41 0.60 0.49
AHTO-09 0.47 0.65 0.48 0.46 0.63 0.41 0.65 0.52
AHTO-12 0.25 0.34 0.26 0.25 0.35 0.23 0.34 0.28
AHTO-14 1.54 2.63 1.70 1.51 1.29 0.93 2.75 1.74
AHTO-15 1.08 1.74 1.17 1.07 1.06 0.74 1.81 1.22
AHTO-17 0.87 1.24 0.90 0.87 1.12 0.74 1.27 0.98
AHTO-19 0.96 1.42 1.00 0.95 1.14 0.76 1.45 1.07
AHTO-20 0.99 1.49 1.05 0.98 1.15 0.77 1.53 1.11
AHTO-21 1.15 1.81 1.23 1.13 1.19 0.82 1.87 1.29
AHTO-23 1.42 2.37 1.55 1.40 1.26 0.90 2.47 1.60
AHTO-25 0.95 1.61 1.05 0.94 0.82 0.59 1.68 1.08
AHTO-26 0.92 1.54 1.01 0.90 0.81 0.58 1.61 1.04
AHTO-27 0.65 0.99 0.69 0.64 0.74 0.50 1.02 0.73
AHTO-28 0.71 1.11 0.76 0.70 0.75 0.52 1.15 0.80
AHTO-29 0.74 1.07 0.77 0.74 0.94 0.63 1.09 0.84

* These options are calculated to meet the one-day operation requirement at peak times.

Table 9 presents the weight costs of alternative fuels and propulsion units optimized
to meet peak energy demands for 10 days without refueling. Interestingly, for vessels
Ahto 14, Ahto 15, Ahto 21, and Ahto 23, the MDO requirements exceed the original design
fuel capacity. This is due to the selected 10-day bunkering interval, implying that under
peak demand conditions, these vessels cannot operate for 10 days without refueling using
their original tank capacities. Peak demand scenarios, reflecting each pilot boat’s unique
operational patterns, show significant variation across vessels—while Ahto 12 experiences
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minimal peak-time usage, Ahto 14 has much higher operational frequency. The results
demonstrate that all fuels, both liquid and gas, can meet peak energy demands at an
acceptable weight cost, although methanol and ammonia remain somewhat high for certain
vessels like Ahto 14, Ahto 15, Ahto 21, and Ahto 23. However, since shorter refueling
intervals are feasible during peak periods, these fuels could still serve as viable MDO
alternatives from a weight cost perspective.

Table 10. Tank volume [m3] needs of the entire fleet using alternative fuels within an optimized range.

Original
Tank Volume MDO Methanol Biodiesel HVO100 H2 Blue

(SOFC)
H2 Blue
(PEM) Ammonia Biomethane

AHTO-01 5.3 0.5 1.1 0.6 0.5 4.9 5.3 1.5 1.7
AHTO-02 5.3 1.8 4.0 2.1 1.9 18.1 19.4 5.5 6.1
AHTO-06 0.9 0.5 1.0 0.5 0.5 4.6 5.0 1.4 1.6
AHTO-07 5.3 0.4 0.8 0.4 0.4 3.6 3.8 1.1 1.2
AHTO-09 5.3 0.6 1.3 0.7 0.6 5.8 6.3 1.8 2.0
AHTO-12 2.3 0.08 0.2 0.09 0.08 0.8 0.8 0.2 0.3
AHTO-14 1.3 3.7 8.3 4.3 4.0 37.5 40.2 11.4 12.7
AHTO-15 2.5 3.0 6.8 3.5 3.2 30.6 32.8 9.3 10.4
AHTO-17 0.9 0.5 1.2 0.6 0.6 5.3 5.7 1.6 1.8
AHTO-19 0.9 0.8 1.8 0.9 0.8 7.9 8.5 2.4 2.7
AHTO-20 0.9 0.9 2.0 1.0 1.0 9.0 9.6 2.7 3.0
AHTO-21 0.9 1.4 3.1 1.6 1.5 13.9 14.9 4.2 4.7
AHTO-23 0.9 2.2 5.0 2.6 2.4 22.3 23.9 6.8 7.6
AHTO-25 4.6 4.2 9.5 4.9 4.5 42.5 45.5 12.9 14.4
AHTO-26 4.6 3.9 8.8 4.6 4.2 39.6 42.5 12.0 13.4
AHTO-27 4.6 1.7 3.8 2.0 1.8 17.1 18.3 5.2 5.8
AHTO-28 4.6 2.2 4.9 2.6 2.3 22.1 23.7 6.7 7.5
AHTO-29 3.4 1.3 2.8 1.5 1.3 12.6 13.6 3.8 4.3

Table 10 outlines the tank volume requirements for the fleet when utilizing alternative
fuels within an optimized range to cover peak energy demands over a 10-day period
without refueling. Similarly to MDO, some ships face volume requirements that exceed
their original tank capacity, particularly for methanol, ammonia, and gaseous fuels like
biomethane and hydrogen. This challenge is more pronounced for vessels with higher
peak operational demands, such as Ahto 14, Ahto 15, Ahto 21, and Ahto 23. For smaller
vessels like pilot boats, the increased tank volume required by these fuels may surpass
onboard storage limits and impact stability. In contrast, biodiesel and HVO100 exhibit
more manageable volume requirements; biodiesel requires only a slight increase in tank
size, while HVO100 can reduce the necessary tank capacity, aligning well with existing
vessel designs. Additionally, liquid fuels like methanol, biodiesel, HVO100, and ammonia
can be stored in retrofitted original tanks, potentially lowering retrofit costs. However,
gaseous fuels such as biomethane and hydrogen, stored under conditions of −15 ◦C and
25 MPa, incur high volume requirements. Although liquefied storage could reduce tank
size, gaseous tanks are often placed on deck, which can raise the vessel’s center of gravity
and impact stability.

Overall, liquid fuels emerge as the most feasible for maintaining original tank designs
for peak-time scenarios in many vessels. Reducing operational range post-retrofitting could
further optimize tank size and weight, enhancing safety margins and space utilization.
For vessels with high operational demands, alternative fuel feasibility might be improved
by adjusting tank sizes to meet peak-time energy needs, with the option for shorter refueling
intervals to minimize volume requirements.
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5.3. Operational Cost

The fleet’s annual fuel consumption using various alternative fuels relative to conven-
tional MDO is compared in detail, highlighting each fuel’s distinct characteristics (Table 11).
Hydrogen stands out with significantly lower consumption compared to MDO, owing to
the high efficiency of fuel cells, which convert hydrogen into energy more effectively than
combustion engines. This efficiency makes hydrogen a promising option for high-demand
vessels, provided its storage and safety challenges can be addressed. Similarly, biomethane
benefits from efficient combustion in engines designed for gaseous fuels, resulting in re-
duced fuel consumption compared to MDO. However, gaseous fuels like hydrogen and
biomethane require deck-mounted storage tanks, which impact space and vessel stability.
Methanol and ammonia, in contrast, require a near doubling of the fuel volume of MDO to
meet the same energy demands due to their lower energy density. This is especially notable
for high-demand vessels like Ahto 02 and Ahto 15. While ammonia has a slightly higher
energy density than methanol, both fuels demand larger tank capacities or more frequent
refueling, limiting their practicality in space-constrained vessels. Among biofuels, biodiesel
and HVO100 perform closest to MDO. Biodiesel shows only a slight increase in annual
fuel consumption, thanks to its relatively high energy density, making it an easy substitute
with minimal operational impact. HVO100 is particularly favorable, often requiring less
fuel than MDO, making it well-suited for vessels with high energy demands or limited
storage capacity. Both biodiesel and HVO100 provide efficient, high-density energy sources
compatible with existing storage infrastructure, offering practical, low-impact alternatives
to MDO.

Table 11. Yearly fuel consumption of the entire fleet with alternative fuels.

Ship MDO
Methanol Biodiesel HVO H2

Blue
H2

Blue Ammonia Biomethane

Main
Fuel

Pilot
Fuel

Main
Fuel

Pilot
Fuel SOFC PEM Main

Fuel
Pilot
Fuel

Main
Fuel

Pilot
Fuel

AHTO-01 614 1140 60.0 688 36 595 168 173 872 218 675 21
AHTO-02 25,356 47,049 2476 28,405 1495 24,551 6917 7156 35,990 8998 27,843 861
AHTO-06 10,080 18,703 984 11,292 594 9760 2750 2845 14,307 3577 11,069 342
AHTO-07 829 1538 81 929 49 803 226 234 1177 294 910 28
AHTO-09 2897 5374 283 3245 171 2805 790 818 4111 1028 3181 98.4
AHTO-12 512 951 50 574 30 496 140 147 727 182 563 17
AHTO-14 27,531 51,084 2689 30,842 1623 26,657 7511 7770 39,077 9769 30,232 935
AHTO-15 102,786 190,720 10,038 115,144 6060 99,523 28,041 29,007 145,891 36,473 112,868 3491
AHTO-17 70,010 13,006 685 7852 413 6787 1912 1978 9949 2487 7697 238
AHTO-19 11,239 20,853 1098 12,590 663 10,882 3066 3172 15,952 3988 12,341 382
AHTO-20 14,119 26,198 1379 15,817 835 13,671 3852 3985 20,040 5010 15,504 480
AHTO-21 13,351 24,773 1304 14,956 787 12,927 3642 3768 18,950 4738 14,661 453
AHTO-23 26,322 48,841 2571 29,487 1552 25,487 7181 7428 373,614 9340 28,904 894
AHTO-25 90,590 168,090 8847 101,482 5341 87,714 24,713 25,566 128,581 32,145 99,475 3077
AHTO-26 66,038 122,534 6449 73,978 3894 63,942 18,016 18,637 937,323 23,433 72,515 2243
AHTO-27 47,408 87,967 4630 53,109 2795 45,903 12,933 13,379 67,290 16,823 52,059 1610
AHTO-28 8193 15,201 800 9178 483 79,323 2235 2312 11,628 2907 8996 278
AHTO-29 10,950 20,319 1069 12,267 646 10,603 2987 3090 15,543 3886 12,024 372

Table 12 illustrates the yearly operational costs (EUR) for the fleet across various
alternative fuels and propulsion configurations, providing insight into the economic impact
of each option relative to conventional MDO. Methanol shows a moderate cost increase
compared to MDO across most vessels, reflecting its current higher price due to lower
energy density and infrastructure requirements, though this cost may decrease as methanol
production scales. Biodiesel and HVO100 show higher operational costs, with biodiesel
consistently more expensive than MDO due to its production process, while HVO100,
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though more efficient, remains costly as a relatively new fuel. However, as demand for
biodiesel and HVO100 grows, advancements in production and distribution are likely to
drive costs down.

Table 12. Yearly operational cost (EUR) of the entire fleet with alternative fuels.

MGO Methanol Biodiesel HVO100 H2 Blue
(SOFC)

H2 Blue
(PEM) Ammonia Biomethane

AHTO-01 413 475 800 866 838 867 661 790
AHTO-02 17,039 19,590 33,017 35,747 34,587 35,779 27,280 32,599
AHTO-06 6774 7788 13,125 14,211 13,749 14,223 10,845 12,959
AHTO-07 557 640 1079 1169 1131 1170 892 1066
AHTO-09 1946 2238 3772 4083 3951 4087 3116 3724
AHTO-12 344 396 667 722 699 723 551 659
AHTO-14 18,501 21,270 35,849 38,813 37,553 38,848 29,621 35,395
AHTO-15 69,072 79,410 133,840 144,905 140,203 145,037 110,586 132,144
AHTO-17 4710 5415 9127 9882 9561 9891 7541 9012
AHTO-19 7552 8683 14,634 15,844 15,330 15,858 12,091 14,449
AHTO-20 9488 10,908 18,385 19,905 19,259 19,923 15,191 18,152
AHTO-21 8972 10,315 17,385 18,822 18,211 18,839 14,364 17,164
AHTO-23 17,689 20,336 34,275 37,108 35,904 37,142 28,320 33,840
AHTO-25 60,876 69,987 117,959 127,711 123,567 127,828 97,464 116,464
AHTO-26 44,378 51,019 85,990 93,099 90,078 93,184 71,049 84,900
AHTO-27 31,858 36,627 61,732 66,835 64,666 66,896 51,006 60,949
AHTO-28 5505 6329 10,668 11,550 11,175 11,560 8814 10,533
AHTO-29 7359 8460 14,259 15,438 14,937 15,452 11,781 14,078

Hydrogen, used with both SOFC and PEM fuel cells, demonstrates considerably
higher costs compared to MDO. While hydrogen fuel cells are efficient, the high current
costs stem from limited infrastructure, production complexities, and storage requirements.
As hydrogen technology matures and renewable hydrogen production expands, costs
are expected to decrease, potentially making it a more competitive option for sustainable
maritime energy. Ammonia and biomethane similarly show increased operational costs
compared to MDO, with ammonia’s infrastructure needs contributing to its higher cost,
although like other fuels, its price could drop with further investment and advancements
in production and storage technology.

While most alternative fuels currently show higher operational costs than MDO, the
price landscape for these fuels is likely to evolve as production technologies improve and
adoption rates increase. As economies of scale and supply chains develop for sustainable
fuels, operational costs for options like methanol, hydrogen, and biodiesel are expected to
decrease, making these fuels more viable in the long term.

5.4. Alternative Fuels’ GHG Emissions

This study explored potential fuel alternatives for the Estonian State Fleet’s pilot boats.
E-fuels, which are synthetic fuels produced from captured CO2 and hydrogen, showed the
best results in terms of total GHG emissions. Despite their promise for the future, their
current availability and readiness for use remain limited [128]. GHG emissions for the
selected fuel alternatives were calculated based on estimated fuel consumption (Figure 5).
Among conventional fuels, biomethane stands out as the most promising alternative,
achieving a 59.0% reduction in emissions compared to MDO. HVO follows with a 43.6%
reduction, and biodiesel ranks third with a 41.2% reduction in emissions relative to MDO.

Focusing on fuels’ life cycle emissions, the results of this study align with findings from
other sources [129,130], showing that the WtW GHG emissions of ammonia and hydrogen
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can exceed those of marine diesel oil. This is primarily due to their high WtT emissions, as
illustrated in Figure 6. However, it is important to note that hydrogen and ammonia could
significantly reduce WtW GHG emissions if produced using green renewable electricity or
through steam reforming of natural gas combined with carbon capture technology [131].
Similarly, carbon-neutral biofuels emerge as promising alternatives for reducing GHG
emissions, as their lower WtT emissions contribute to reduced total WtW emissions.

Figure 6. WtT emissions of alternative fuels.

E-fuels are widely regarded as promising energy carriers for the maritime industry
and other transportation sectors, such as aviation [132,133]. Derived primarily from green
hydrogen, their production requires vast amounts of renewable energy. A study by Trans-
port and Environment highlights the significant focus on e-fuel projects but warns that
production volumes will fall short of future demand, particularly as larger quantities of
green fuels will be needed to meet FuelEU targets [134]. The study also identifies Denmark
and Spain as leading producers and users of e-fuels, while Estonia is excluded due to
limited availability, demand, and active projects. Additionally, the high cost of e-fuels [135]
further complicates their adoption, making them an impractical option for the Baltic region
at present. Given these challenges, carbon-neutral biofuels emerge as the most viable
alternatives. The analysis focuses on these biofuels, as they offer a feasible solution within
the region of operation, unlike e-fuels, which remain unfeasible for the time being.

The production of sustainable biofuels depends on a sustainable biomass feedstock.
However, accurately estimating the availability of these feedstocks is challenging. While
several sources offer estimates, there is a lack of comprehensive data on current produc-
tion and land productivity [136]. As a result, forecasts are often unclear, and different
approaches to estimating future biomass production and availability might lead to incon-
sistent and unreliable figures. Nevertheless, while the current use of biofuels in marine
engine applications is very limited, there is significant potential for biofuels to capture
a larger share of the total maritime fuel consumption and support the EU and IMO’s
GHG-reduction ambitions for the maritime industry. Recent regulatory developments in
the EU covering GHG emissions and the lifecycle aspect of fuels provide several measures
in line with the climate goals that could accelerate their adoption [137]. Carbon-neutral
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fuels, such as the biofuels identified in this study as the second most promising group,
are characterized by combustion that contributes little to no net GHG emissions to the
atmosphere. Assessing biofuels as renewable energy sources requires accounting for their
overall environmental impact, production, distribution and supply chains, and storage in a
lifecycle analysis methodology.

The shipping industry operates in a volatile market, carrying significant managerial
risks. In the context of biofuels, rapid price fluctuations can make it challenging for
companies to predict costs and plan effectively for the future. This uncertainty poses
additional risks for stakeholders, particularly those heavily dependent on a consistent
supply of specific fuels. From a managerial perspective, it is increasingly important not only
to assess finances and market fluctuations but also to evaluate the feasibility and availability
of new technologies and fuels. Pilot boats typically have a lifespan of 20–30 years. Given
the moderate pace of regulatory changes aimed at achieving a carbon-free future, it may
not be practical for smaller sectors of the shipping industry, such as pilotage, to pursue
drastic shifts prematurely. Instead, the focus in selecting alternative fuels might need to
prioritize local availability over GHG emissions, addressing the unique challenges posed
by market volatility and operational constraints.

5.4.1. Biomethane

The study results indicate that biomethane is a highly promising fuel alternative for
reducing the fleet’s GHG emissions. Calculations show that switching to biomethane
could reduce the pilot fleet’s total WtW emissions by 59%. Beyond its emissions-reduction
potential, biomethane is also an attractive option due to its strong availability in Estonia.

The evolution and feasibility of biogas across the world is currently uneven. The de-
velopment depends on the availability of feedstocks, but also on the policies that encourage
its production and use. Europe is the largest producer of biogas today [138]. According to
the European Commission, Estonia can replace about 25% of the current natural gas con-
sumption (imports) with biomethane [139]. Currently, 20% of its sustainable biomethane
potential is deployed.

The production of biomethane in Estonia is rising [140]. The biomethane production
in Estonia has grown from 0 GWh by the end of 2017 to 210 GWh by the end of 2023. There
are around eight upcoming biogas plant projects under development, which can continue
the growth to nearly 700 GWh [94]. At the moment, most of the produced biomethane is
used in the transport sector, and there are several filling stations around the country [95].
In order to increase the consumption of biofuels in Estonia, the Estonian government plans
to develop biomethane production based on local feedstock [141]. The target is to produce
100 million m3 of biomethane by 2035, equivalent to 1 terawatt-hour per year.

Biomethane has been included in this study not only for its environmental benefits
but also because it aligns with Estonia’s strategic targets for promoting renewable energy
sources. The Estonian government has identified the widespread use of biomethane as a
key objective to support the country’s transition to cleaner energy systems. However, its
practical application areas, especially in the maritime industry, remain a topic of ongoing
discussion. While the results of this study highlight the significant potential of biomethane
to reduce GHG emissions, they also underscore its current limitations for use in pilot vessels.
Biomethane’s volume cost is substantially higher compared to other alternatives, which
poses challenges for vessels with limited storage capacities. Additionally, the operational
safety of biomethane, particularly concerning methane leakage and high-pressure storage
requirements, is another critical issue that must be addressed before its adoption in maritime
applications can become widespread. These limitations suggest that biomethane cannot
yet be considered the best alternative for pilot vessels unless advancements are made in
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storage technologies and safety measures. However, given Estonia’s strategic commitment
to biomethane and the potential for future technological improvements, its inclusion in this
study provides valuable insights for policymakers and industry stakeholders aiming to
evaluate its feasibility under varying conditions.

5.4.2. HVO

According to the current study, using hydrotreated vegetable oil would reduce the
pilot fleet’s emissions by 43.6% in comparison with conventional marine diesel oil. HVO
is gaining recognition as a leading fuel for meeting future energy needs. Made from
sustainable sources like vegetable oils, vegetable, or residual raw materials, and even
used cooking fats and oils, this innovative alternative is also considered as one of the key
solutions for the future of the maritime industry.

One of the big benefits of using HVO is its bunkering. HVO can be bunkered similarly
to MGO, but it is essential to take precautions to prevent contamination with other fuels.
Also, some adjustments to the bunkering process may be required to accommodate HVO’s
unique characteristics, such as its lower density. It must be kept in mind that HVO is
less corrosive and produces cleaner emissions than MGO, which could result in reduced
maintenance requirements and extended periods between engine overhauls. While the
long-term effects on engine wear are still under investigation, HVO is generally known to
enhance fuel lubricity, which may benefit engine longevity [142].

The biggest challenges of using HVO are connected to the availability and price. HVO
is not as widely accessible as conventional marine diesel, but its availability is expanding,
particularly in areas prioritizing carbon emission reductions. It is more readily available in
Europe and North America, where there is a stronger focus on sustainable fuel alternatives.
HVO is also more costly due to the complexities of its production and the expense of its
raw materials. However, its higher price may, in the future, be partially supported by
governmental subsidies or incentives aimed at promoting the use of renewable fuels.

According to the Ministry of Climate of Estonia, increasing the adoption of HVO is one
of the opportunities with the greatest potential for reducing greenhouse gas emissions [143].
In reality, the availability of HVO for shipping purposes is in the very early stages of
development. Therefore, the transition to HVO in the pilot fleet would require additional
input financially as well as solving challenges with the actual bunkering possibilities.
Nevertheless, there are clear offers, for example, for trials using HVO and pilot boats [144].
Therefore, this alternative should be kept in focus for the future as the market expands and
more solutions arise for smaller areas and more narrow markets.

5.4.3. Biodiesel

Biodiesel ranked as the third-lowest emitting fuel alternative on a WtW basis for the
Estonian pilot fleet. Its greatest advantage lies in its compatibility with existing infras-
tructure, as no modifications to machinery systems or fuel tanks are required to transition
to biodiesel.

According to the industry [145,146], there are several aspects of whether the supply
can meet the demand for biodiesel. In addition, there are concerns over the quality of used
cooking oil (which is the primary feedstock for biodiesel). Estimates of future biodiesel
prices vary significantly, with projections for 2050 ranging from 25% to 300% higher than
the cost of fossil fuels [147].

Apart from the above-mentioned, there are also practical challenges associated with
using biodiesel in higher concentrations, which could lead to additional operational costs
that are not reflected in current price estimates. Issues related to engine compatibility, fuel
quality and stability, and potentially higher insurance would raise the total OPEX.
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These uncertainties are further additional risks to meeting sustainability goals and
GHG reduction targets, even though, at this point, biodiesel is a fruitful alternative today.
Nevertheless, while focusing on hands-on actions that can be executed from this day
and available infrastructure, biodiesel would potentially be the solution to reduce GHG
emissions temporarily. In the long term, this transition might not be the most lucrative.

6. Conclusions
This study assessed the GHG emissions of the Estonian pilot fleet using various

alternative fuels suitable for this sector. Fully electric and hybrid propulsion systems were
excluded due to inconsistent electricity generation methods, variations in GHG guidelines,
insufficient infrastructure, and limited applicability for pilotage operations. Using 2023
fuel consumption data, emissions were calculated and projected for alternative fuels based
on a lifecycle well-to-wheel (WtW) approach. Several assumptions were necessary, which
represent the study’s primary limitations.

One limitation of this study is that the fuel cost data reflects current market prices at
the time of analysis. Market conditions, geopolitical factors, technological advancements,
and regulatory changes will significantly impact fuel prices over time. As such, the findings
of this study are tied to present price levels and do not represent future economic scenarios,
particularly for emerging alternative fuels where price volatility is expected to be higher.

Fuel costs were based on global market data, focusing on prices in Estonia and nearby
countries. Availability was estimated using existing infrastructure and projected devel-
opments. Engine performance and efficiency were derived from technical specifications,
including brake-specific fuel consumption (BSFC) values calculated using standardized
methods. Partial load BSFC values were estimated using linear regression due to incomplete
data for some engines.

The results identified biomethane as the most promising alternative, reducing WtW
emissions by 59% compared to marine diesel oil (MDO). Biomethane also offers advantages
such as local availability, economic feasibility, and competitive pricing. HVO100 and
biodiesel showed reductions of 43.6% and 41.2%, respectively, and are compatible with
existing infrastructure, minimizing transition costs. E-fuels, including e-diesel, e-methanol,
and e-hydrogen, demonstrated strong GHG reduction potential when produced with
renewable energy. However, high production costs, low availability, and storage challenges
limit their current feasibility, especially in Estonia. Gaseous fuels like hydrogen pose
additional safety and design challenges.

This study emphasizes the importance of lifecycle emissions analysis for alternative
fuels, whose adoption relies on infrastructure, market conditions, and regulatory support,
with further research needed on pilot station capabilities and economic viability. Future
studies should focus on methodologies to evaluate GHG emissions for fully electric and
hybrid ships, considering broader operational and environmental factors. Long-term
assessments should address the economic and logistical implications of transitioning
to alternative fuels, ensuring a comprehensive approach to decarbonizing the Estonian
pilot fleet.
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