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ABSTRACT

In the literature, some properties of alternative fuels, such as low volumetric density
(e.g. for hydrogen) and low heating value (e.g. for methanol, ammonia and etc.) have
been mentioned as a ‘“disadvantage”. However, the precise impact of this
disadvantage is not clear. To clarify this situation, in this study, 11 different
alternative marine fuels have been analyzed according to fuel gravimetric energy
density analysis, using fuel heating value and density value. Different scenarios have
been created to see the dynamic behavior of ship resistance. According to results,
alternative clean fuels can have “low ship sailing range” and “increased energy
consumption per distance” disadvantages. Among the most popular fuels, range of
hydrogen (H2) and ammonia (NH3) fueled ships can be 87% and 68% lower than
HFO fueled ship, if fuel tank volume is not changed. Alternatively, equivalent energy
can be stored in the ship to ensure same sailing range with more stored fuel mass.
In this situation, consumed energy per distance is increasing for some fuels (e.g., 1%
increase for ammonia).

Keywords: Alternative marine fuels, ship resistance, fuel characteristics,
decarbonization, ship energy efficiency.
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Konteyner Gemisinin Yakit Bazli Dinamik Gemi Direnci Analizi: Denizcilik
Yakitlarina Alternatif Bir Yaklasim

0z

Literatiirde, alternatif yakitlarin diisiik hacimsel yogunluk (Ornegin hidrojen igin) ve
diistik 151l deger (Ornegin metanol, amonyak vb. i¢in) gibi bazi ozelliklerinden bir
“dezavantaj” olarak bahsedilmektedir. Ancak, bu dezavantajin kesin etkisi acik
degildir. Bu durumu acikliga kavusturmak icin, bu calismada 11 farkli alternatif
denizcilik yakiti, yakit 151l degeri ve yogunluk degeri kullanilarak yakit gravimetrik
enerji yogunlugu analizine gére incelenmistir. Gemi direncinin dinamik davranisini
gormek igin farkly senaryolar olusturulmugtur. Sonuglara gére, alternatif temiz
vakitlar “diigiik gemi seyir menzili” ve “mesafe basina artan enerji tiiketimi”
dezavantajlarmma sahip olabilir. En popiiler yakitlar arasinda yer alan hidrojen (H>)
ve amonyak (NHs) yakitlh gemilerin menzili, yakit tanki hacmi degistirilmedigi
takdirde HFO kullanan gemi menzilinden %87 ve %68 daha diisiik olabilir.
Alternatif olarak, daha fazla depolanmis yakit kiitlesi ile ayni seyir menzilini
saglamak icin gemide esdeger enerji depolanabilir. Bu durumda, mesafe basina
tiiketilen enerji bazi yakitlar icin artmaktadwr (6rnegin, amonyak icin %1 artig).

Anahtar Kelimeler: Alternatif denizcilik  yakitlari, gemi direnci, yakit
karakteristikleri, dekarbonizasyon, gemi enerji verimliligi.

1. INTRODUCTION

Reduction of airborne emissions is one of the primary objectives of authorities.
International Maritime Organization (IMO) puts regulations and restrictions to
ensure emission neutrality of shipping sector. Some of these regulations aim global
warming gases, some of them aim pollutants (Yang vd., 2024)(Senecal & Leach,
2021). Adaptation of alternative fuels may be a sustainable way to achieve targets
(Bilgili, 2021). Various solid (Kaya, 2024b), liquid and gas phase (Bekdas vd.,
2022)(Okumus vd., 2024)(Sonmez vd., 2023)(Dag vd., 2025)(Okumus vd.,
2023)(Kaya & Kokkiiliink, 2020)(Sonmez vd., 2021)(Kaya vd., 2020)(Savas vd.,
2025)(Kaya, 2019)(Said vd., 2021) alternative fuels are considered to take place
instead of conventional fuels.
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Despite the all mentioned advantages of alternative fuels, replacement of
conventional liquid hydrocarbon is not an easy task. Liquid hydrocarbons are safe,
energy dense, cheap and can be transported easily (Kaya, 2024a). Moreover,
alternative fuels may carry certain risks (Wang vd., 2023). All aspects should be
evaluated for fuel transition, beside engine performance and emission aspects.

Fuels store a certain amount of energy. Stored energy capacity is important
especially for mobile systems compared to stationary systems. Besides, energy
storage capacity, low weights are desired for transportation vehicles such as
airplanes, ships and road vehicles, which perform an action against gravity and
friction. Energy storage systems are compared according to system gravimetric
capacity (Demirci & Miele, 2011). System gravimetric capacity involves fuel weight
and all equipment weights such as cables, sensors, tank, pump, filter etc. In the
literature, dynamic analyses of energy storage systems are useful and are used to
compare systems or fuels (Van Nievelt, 2019)(Lensing, 2020). Despite the accuracy
of system based dynamic analysis, fuel based dynamic analysis can be used to reduce
complexity in the evaluations and at the initial stage of analysis.

In this study, dynamic behavior of different alternative marine fuels in relation to
ship resistance, power requirement, fuel and energy consumption, maximum sailing
range, and released CO; emission amounts have been investigated. The idea that
inspired the study is illustrated in Figure 1.
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Figure 1. Change in sailing ship fuel tank weight, ship displacement, required engine
power and engine fuel consumption with time.
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Normally, sailing ship consumes a certain amount of fuel at each time period.
Reduction in fuel weight decreases the ship displacement. Decreased displacement
reduces ship resistance, power requirements and fuel consumption. By the end of the
voyage, minimum fuel consumption per time can be observed compared to the initial
stage of the voyage.

When the different marine fuels have been considered for the above scenario, we
will encounter a different outcome. Different fuels have different calorific energy
and density. Actually, some negative properties of these alternative fuels have been
mentioned in the literature. For example, methanol has a lower volumetric energy
content (Shamsul vd., 2014) and has a low energy density compared to (Joghee vd.,
2015) gasoline. El Nakschabandi et al. (Said vd., 2021) mentioned smaller
volumetric and gravimetric energy density of methanol leads to the need for larger
tank to obtain identical ranges and also leads to the need for higher mass flow.
Moreover, low volumetrical energy content of alternative fuels such as hydrogen
(Arutyunov, 2022) and ammonia (Chiong vd., 2021) is known as major drawback
for fuels. These properties usually referred to as “disadvantage”, “drawback” etc.
However, the precise impact of this disadvantage was not specified in the literature.
In this study, these changes and their numerical results will be revealed by dynamic
ship resistance analysis. Ship range, ship resistance, fuel, power and energy
consumption have been analyzed. By this way, dynamic responses of different
alternative fuels have been demonstrated. This study is structured as follows: In
Section 2, the main particulars of the ship used in the study are presented. Then, the
fuel properties, scenarios and solution strategy are explained in detail. The results of
the developed code in MATLAB are provided in Section 3 and in the last section
(Section 4) the conclusions and potential future works are discussed.

2. MATERIALS AND METHODS

In this section, detailed descriptions of the fuels employed in this study and their
specific properties are provided. Additionally, the developed scenarios are outlined,
accompanied by a comprehensive flowchart illustrating the structure and process of
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the proposed model. The methodologies utilized in the study are elaborated upon,
along with the underlying assumptions and inherent limitations.

2.1. Vessel Specifications and Fuel Characteristics

In this study, a container ship, which is one of the conventional ship types, is selected
for the analysis thanks to its compatibility with the Holtrop-Mennen method. The
container ship belongs to a Turkish company. Properties of the ship are listed in
Table 1.

Table 1. Some of the main parameters of the analysed ship.

Properties Value
Displacement (Ts) 45569
GRT 26195
Length Overall (m) 210
Breadth (m) 29.8
Revolution (Rev/min) 108
Main fuel HFO

HFO is the reference fuel since it is the current used fuel in the ship. There are
different options, considering alternative fuels. Analyzed fuels in this study can be
sorted as conventional fuels (HFO and MGO), low carbon fuels (Methanol, ethanol,
LNG, LPG), and zero carbon fuels (Ammonium hydroxide (NH.OH), ammonia
(NHs), compressed H, (C Hy), liquid Hz (L H2), cryo-compressed H, (CC Hy)). The
density and lower heating values of analyzed fuels (Pulkrabek, 2016) (Suner, 2024)
(Frost vd., 2021) (Ammonia solution - Merck, 2025) (Online density calculation
according to ASTM D1250, 2024) (Methanol Safety Data Sheet - Sigma Aldrich,
2020) (Abd vd., 2019) (Negro vd., 2023)(Ethyl Alcohol Safety Data Sheet- Sigma
Aldrich, 2020) (Usman, 2022) (“LNG Fundamentals”, 2014) (Lee vd., 2009)
(Grannell vd., 2008) (Al-Dawody vd., 2023) have been demonstrated in Figure 2.
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Figure 2. Density and lower heating values (LHVs) of analyzed fuels in this study.

2.2. Created Scenarios

In this study, two scenarios have been created. The first one is “same volume”

scenario and the second one is “equivalent energy” scenario. Created scenarios

have been illustrated in Fig. 3. Each scenario has been explained in this section.

Ve ™
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"Same volume" "Equivalent energy"
scenario scenario

Figure 3. Created scenarios in this study.
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In each scenario, for each different fuel, consumed energy per time of ship main
engine has been taken as constant. Actually, the present situation of the ship in the
real life is that; the ship is propelled by a diesel engine and it consumes HFO. The
consumed energy per time by engine has been assumed as constant for other
analyzed fuels.

2.2.1. Same Volume Scenario

The first scenario created in this study is “same volume” scenario. On this
assumption, the existing HFO capacity (m®) was kept constant. The same volume
was considered for other fuels. This means existing tanks were not changed. Same
volume fuels have been stored before the sailing. However, this situation creates
some differences. First of all, due to density differences the initial weight of the fuel
in the tanks varies. This means, the initial displacements before sailings are different.
This is important especially for low-density fuels, such as for hydrogen. Since the
initial displacement of the ship that uses hydrogen is significantly lower, ship
resistance at the initial time interval is low. For this reason, power requirement and
fuel consumption per unit mass are low. However, due to low density and low stored
energy capacity, maximum sailing range is declined. Moreover, heating value of
fuels is different. For this reason, weight loss in time is changing. This affects ship
resistance and fuel consumption as well. The advantages and disadvantages of high
density and high energy capacities (lower heating values) of fuels have been
demonstrated in Table 2 and Figure 4.

Table 2. Formed trade-off due to fuel property differences.

Property Advantages Disadvantages

Increased initial weight increases
displacement » Increased ship
resistance can reduce sailing
range

Causes low weight reduction with
time; reduction of ship resistance
is declined » Reduced sailing
range

More energy at the
High density | beginning » More sailing
range

More energy at the
High LHV beginning » More sailing
range
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Above description of advantages and disadvantages is illustrated in Fig. 4.
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Figure 4. Description of “same volume” scenario for different fuel use.

2.2.2. “Equivalent Energy” Scenario

The second created scenario is “equivalent energy”. In this scenario, the initial stored
calorific energies of fuel tanks have been assumed to be the same for different fuels.
In this scenario, the lower heating value (LHV) becomes more important. Fuels that
have more LHV increase initial displacement that creates a disadvantage by
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increasing ship resistance at the beginning of the sailing. This situation is
demonstrated in Fig. 5.
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Figure 5. Demonstration of different LHV effect on initial displacement at “equivalent
energy” scenario.

However, a high LHV creates a disadvantage for the dynamic response of ship at the
same time. In a high LHV situation, the weight reduction with time is less. Hence,
resistance decline with time is limited.

2.3. Flow Chart, Methods and Softwares

For each scenario, same iterative model was used. At the initial stage, initial
displacements differ for each fuel. This situation results in different ship resistances.
According to evaluations if the displacement is lower than displacement without fuel
tank weight at the end of the iteration, the process stops and the results are printed
out. If not, another sailing hour evaluation is started. The created model is
demonstrated in Fig. 6.
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Figure 6. Flow chart of created iterative model in MATLAB.

In the present study, ship resistance depends on two main factors: ship speed and
displacement tonnage. Throughout this study, 369 power data have been obtained
from MAXSURF software using Holtrop-Mennen method with varying speeds and
loads. Holtrop-Mennen method (Holtrop & Mennen, 1982)(Holtrop & Mennen,
1978) is a widely used model that gives total ship resistance value:

Riotal = Rr (1+k1) + Rapp + Rw + Rg + Rtr + Ra 1)

In the formula, R, Rr, (1+k1), Rare, Rw, Re, R1r, Ra define total ship resistance,
frictional resistance, form factor, appendage resistance, wave resistance, bulbous
resistance, transom stern resistance and model-ship correlation resistance,
respectively. Created and used 3D model according to ship particulars in Holtrop-
Mennen method have been demonstrated in Fig. 7.

Figure 7. 3D model of analyzed ship in MAXSURF software.
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Among the obtained data, related to ship speed used in this study have been extracted
and used in regression model. Obtained regression formulation with 98% accuracy,
for 10 m/s ship speed was given below:

y=1.089x2+19.87x+18430 )

This formulation was used in iterative evaluations in MATLAB. In this formula, y
defines power and x defines ship displacement. For “same volume” scenario, initial
displacement has been obtained with the formulation given below.

Ainitial = Awithout fuel + VHFO * Pruel 3)

In this formula, Ainitiat, Awithout fuet, Vrro, pruel define initial displacement, displacement
without fuel weight, HFO volume and fuel density, respectively. For the “equivalent
energy” scenario, equivalent energy has been calculated as:

Eeq= Vhro * pruel * LHV 4)
Required mass for this energy for each fuel was calculated as:
Wiyer= Eeo/ LHV fuel (5)
Initial displacement for “equivalent energy” scenario was calculated as:
Ainitial = Wiuel + Awithout fuel (6)

Required power for each simulation was obtained from regression model, that was
created from the obtained data via Holtrop-Mennen method. Power formulation was
mentioned below:

For each scenario, consumed fuel in 1 hour was calculated as:

_ PxSFOC*LHVyFo

m = ="C 7
fuel LHV fyel ( )

In this formula, consumed energy to overcome required power was assumed as
constant, same with HFO. However, power and LHV+. are changing according to
displacement of each situation and LHV of each fuel.
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More displacement causes more fuel consumption per distance. This situation can
cause more CO; emission for a specified range. Low carbon fuel use can be resulted
as more CO; emissions and this probability should be investigated. CO, is a
greenhouse gas and mitigating its release is one of the main aims of the authorities.
To evaluate released CO- gases, stoichiometric equations have been used for each
fuel. For carbon including fuels, like HFO, MGO, methanol, ethanol, LNG and LPG,
released amount of CO; has been evaluated with below equations, respectively:

Cua6H248+ 20,8 (O2 + 3.76 N2) = 14.6 CO, + 12.4 H,O + 78,208 N (8)

Ci23H22+ 17,85 (02 + 3.76 N2) = 12.3 CO, + 11.1 H,O + 67,116 N2 (9)

CH4O + 1.5 (0, + 3.76 N) = CO; + 2 H,0 + 5,64 N (10)
C2HeO + 3(02 + 3.76 Np) = 2 CO, + 3 H20 + 11,28 N, (11)
CHy + 2 (Oo+ 3.76 N2) = CO2 + 2 Hz0 + 7,52 N (12)

CasHo + 5,75 (02 + 3.76 N;) = 3.5C0O, + 45 H,0 + 21,62 N, (13)

2.4. Assumptions and Limitations

The methodology used in the present study has some assumptions as well as some
limitations listed below:

- System density including fuel, tank, pumps, pipes, filters, cables, sensors and etc.
is important since it gives final results for the comparison of alternatives. Fuel based
density comparison is important as well, it gives an idea and it is the basis of the
system density comparison.

- Internal combustion engines can be operated using different alternative fuels.
Literature studies usually carry out alternative fuel experiments on existing
combustion engines with minor modifications. Some fuels lead to reduced fuel
consumption while others result in increased consumption. Specific fuel
consumption (SFOC) can change depending on combustion (Lion vd., 2020). In this
study, SFOC was accepted as constant. In addition to this, it should be remembered
that each fuel should be considered according to developed and optimized engine for
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that fuel itself. For example, an engine developed for hydrogen fuel, can demonstrate
better performance and emission results. Nevertheless, in this study, “same energy
consumption” for the “same power requirement” was considered with different fuels
used in an internal combustion engine. Moreover, instead of dual fuel operation of
internal combustion engine, combustion engine was considered as working in mono-
fuel mode.

- To overcome required power to sail ship at the intended speed, a specific amount
of energy should be consumed. For each calculation, consumed energy per required
power of the internal combustion engine is assumed to be constant.

- Different hydrogen storage methods can be analyzed as well. For instance, solid-
state storage methods, liquid organic hydrogen carriers and others can be used. In
this study, compressed, liquid and cryo-compressed H, were considered.

- Normally, different fuels cause different equipment requirements. For example,
internal combustion engines fueled by hydrogen may need fewer after treatment
systems. Moreover, although HFO-fueled engines need special equipment (such as
filtration system, booster unit, pumps, pipes etc.) for liquid hydrocarbon fuels, gas
engines don’t require any of them, or require other specialized equipments. In this
study, only fuel weight was considered, ignoring equipments. Besides, ship
displacement can be changed with ballast operation, loading-discharge operations
and also can be changed continuously by sewage operation, heeling operation and
etc. In this study, to see the effect of alternative fuels, only storage capacities of these
fuels have been considered.

- To obtain the same energy, the mass of the fuel can need to be increased. However,
this could require more volume in on the ship. For example, hydrogen fuel suffers
with low volume density values. Obtaining the desired volume can be difficult for
ship, but this issue is ignored in this study.

- For different fuel storage options, trim or heel change may occur and therefore,
ship resistance may be affected. However, these possibilities have been ignored.
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3. RESULTS
3.1. “Same Volume” Scenario Results

In this section, results of “same volume” scenario have been presented. Fig. 8
represents instantaneous displacement and operating time, from beginning of the
sailing to the end. First of all, all fuels result as different initial displacement before
the sailing since the densities of the fuels vary. Higher initial displacement will create
a disadvantage for ship resistance, leading to increased fuel consumption. The results
indicate that, heavy fuel oil causes the heaviest initial displacement in the options.
The other initial displacements can be ranked as NH4OH, MGO, methanol, ethanol,
ammonia, LPG, LNG, cryo-compressed Ha, liquid H, and compressed H.. Initial
displacement of MGO is almost same with HFO with 0.5% difference. However,
hydrogen options have lowest initial displacements. Initial displacements of
compressed Hy, liquid H, and cryo-compressed H; are 5.8%, 5.6% and 5.6% lower
than HFO.

The second subheading is the displacement reduction rate. Despite the higher initial
displacement, some fuels are consumed quickly and this causes a reduction of
displacement with sailing. Ammonium hydroxide, ammonia, methanol and ethanol
draw attention for this reason. Range result of the ammonium hydroxide is close to
the hydrogen results. The last subheading at the results is the maximum sailing
duration. This will indicate the maximum range since the velocity of the ship is held
constant across all scenarios. According to the results, HFO and MGO are most
successful fuels in terms of accessible maximum range. Other fuels are ranked as
LPG, LNG, ethanol, methanol, ammonia, cryo-compressed H,, ammonium
hydroxide, liquid H> and compressed H». Hydrogen options place at the lower side
of the results. However, an interesting result can be seen with the ammonia-water
solution, since its range falls between cryo-compressed and liquid H». Results show
that range reductions are 6% for MGO, 43% for LPG, 44% for LNG, 49% for
ethanol, 61% for methanol, 68% for NHs, 76% for cryo-compressed H, 78% for
NH4OH, 78% for liquid Hz, 87% for compressed H..
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Figure 8. Ship displacement vs. operating time at constant volume scenario.

Dynamic fuel consumption results have been presented in Fig. 9. First of all, fuel
consumption results are decreasing with time. This result shows that the reduced
displacement with time during the sailing causes reduced ship resistance and
consequently lower fuel consumption. NH4OH has the highest consumption rate
among the fuels. NH4OH has high density value which increases initial displacement
and fuel consumption. However, its very low LHV is the dominant factor
contributing to its high fuel consumption. Other fuels can be sorted from highest to
lowest consumption as ammonia, methanol, ethanol, HFO, MGO, LPG, LNG, cryo-
compressed, liquid and compressed H.
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Figure 9. Fuel consumption vs. operating time at consant volume scenario.

At the end of the sail, total energy consumption and CO, emissions per unit distance
are important criteria and have been presented in Fig. 10. According to the results,
conventional fuels such as HFO and MGO have higher values, making them
disadvantageous in this respect. It should be noted that these results are in line with
Fig. 8. In the same volume scenario, the high density of fuels increases displacement
and ship resistance, leading to higher energy consumption. However, higher ranges
can be obtained as well. Hydrogen options stand out with low energy consumption
per range, despite having a shorter range. Among all fuels, MGO shows the smallest
reduction in energy consumption, with a value of 0.08%. All fuels have reductions
but hydrogen options have higher reductions as 1.16% for cryo-compressed, 1.25%
for liquid H; and 1.73% for compressed H.. Nevertheless, this comparison can be
more meaningful in the “equivalent energy” scenario.
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Figure 10. Energy consumption and CO, emissions per unit distance, at constant volume
scenario.

Results show that emission values are in line with energy consumption in general.
Zero carbon fuels such as NH4OH, NHs, compressed H,, liquid H, and cryo-
compressed H; resulted zero CO, emissions. Among the carbon including fuels,
LNG options have the lowest value, it reduces CO; emissions by 29%.

3.2. “Equivalent Energy” Scenario Results

In this scenario, stored energy was assumed as to be the same before sailing. As
explained before, the differences between LHV values create bigger differences in
displacement tonnages compared to the same volume scenario. Displacement vs.
operating time hour has been demonstrated in Fig. 11. Here, NH4sOH, NHs, methanol
and ethanol draw attention with low LHV and high displacement. NH4OH has the
biggest displacement tonnage, causes 19.6% tonnage difference while starting to
sail. 3%, 6%, 7% and 19% increase in the initial displacement is seen as a result of
the use of ethanol, methanol, NHz and NH4OH fuels.
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Moreover, 0.1%, 0.5%, 1%, 4% reduction in initial displacement is seen as a result

of the use of MGO, LPG, LNG and hydrogen fuels, respectively. Moreover, fuel
consumption takes place during the sailing according to different LHVs and at the
end of the sail, displacement is equal to displacement tonnage without fuel tank.
More displacement during the sailing was observed with NH4sOH, NHs, methanol,
ethanol. On the other hand, lower displacements were observed with MGO, LPG,
LNG and hydrogen options. Sailing hours have been observed to be nearly the same
across the different fuels in this scenario. These results show that alternative options
such as NH4OH, NHs, methanol and ethanol have a disadvantage due to the fact that
their use create extra tonnage, increases ship resistance, and leads to higher fuel
consumption.

e HFO e MGO Methanol = Ethanol
54500 LNG LPG e NH4OH e NH 3
e C H2 — | H2 e CC H2

50500

Displacement, Ts

46500

42500

0 250 500 Operating time, h 750

Figure 11. Displacement vs. operating time at equivalent energy scenario.

As discussed earlier, dynamic displacement significantly affects ship resistance and
fuel consumption. However, another crucial determinant is the lower heating value
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of fuel, which directly influences the fuel consumption. Fuel consumption results
have been demonstrated in Fig. 12. Sailing hours are nearly same accepted initial
energy storage and same energy consumption concept. Fuel consumptions reduce
with time, it means dynamic analysis is working correctly.
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Figure 12. Fuel consumption vs. operating time at equivalent energy scenario.

Nearly same ranges are obtained at equivalent energy scenario. In this scenario,
consumed energy per range results are more meaningful. Lower values are more
preferable. Consumed energy per distance has been summarized in left side of Fig.
13 (yellow color). According to results, NHsOH, NHs, methanol, ethanol has higher
values. NH4OH increases energy consumption as 2.7% compared to HFO. Among
the popular fuels, NH3 and methanol increase energy consumption by 1% and 0.8%
respectively. Compared to the “same volume” scenario, hydrogen options have
advantages in this scenario again. These results are important for ship energy
efficiency evaluations. Consumed energy per distance can be thought as critical
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indicator and can be used to compare different fuels and systems. Obtained results
show us that clean attributed fuels may increase energy consumption. This effect
should be considered in energy efficiency evaluations. Moreover, it should be
remembered that heavy batteries may have the same results with these alternative

fuels.

Energy consumption per distance is an important parameter, but released emission
during sailing is important as well. Despite lower energy consumption, HFO and
MGO options result as worse emissions. As expected, zero carbon fuels have zero
tailpipe CO; emissions. Among the carbon including fuels, LNG takes attention with

28% reduction in CO, emissions. Other reductions can be sorted as 14% for LPG,

10% for methanol, 4.9% for ethanol, 3% for MGO.
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Figure 13. Energy consumption and CO, emissions per unit distance in equivalent energy

scenario.
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4. CONCLUSION

In this study, a dynamic fuel-based energy analysis of fuel storage options has been carried
out. The results have been summarized below:

- Considering fuel transition, “same fuel tank volume” can be preferred to store new
alternative fuels in the ship. In this “same volume” scenario, conventional fuels such as
HFO and MGO present longest allowable ship ranges compared to alternative fuels since
they have more stored energy at the initial stage of the sail. However, their use creates more
energy consumption and more emission per distance. NH:OH and NHs cause higher initial
ship displacement, but they are consumed rapidly. Hydrogen options draw attention with
low energy consumption per distance, but range of the ships using hydrogen is around 1/8
of range of the ships using HFO.

- Instead of low ship sailing range (mentioned above), same sailing range can be more
desirable. Same energy can be stored in fuel storage tanks and nearly same ranges can be
obtained. However, in this situation, low LHV fuels such as NH,OH, NHs, methanol and
ethanol increase ship displacement, causes more energy consumption per distance. As
similar to “same fuel tank volume”, hydrogen options have advantages again with lower
energy consumption per range.

- Common opinion for fuel transition is that NH; is clean considering emissions and will
be the main propulsion fuel in ships in the future. However, it causes 68% less range
compared to HFO considering same fuel tank volume is used. Instead of same fuel tank
(same volume) use, same energy can be stored to increase range. Some cargo space can be
occupied by fuel, for this reason. In this situation, NH3 causes a 1% increase of consumed
energy per distance.

- Among carbon including fuels, LNG takes attention with low energy consumption, low
emission profile (29% CO. reduction) and moderate (compared to hydrogen and
ammonia) ship range reduction (%44 range reduction compared to HFO).

- Considered “clean” fuels may cause an increase in energy consumption due to increased
ship displacement and ship resistance. This effect should not be underestimated. Moreover,
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alternative fuels may reduce sailing range of ships. In this situation, it should be
remembered that this reduction will be compensated with more voyage or vessel.

- This study considers fuel weight and does not consider required equipment weight. In
future studies, ship displacement analysis will be carried out including all system weights
such as individual pumps, compressors, fuel treatment systems, propulsion equipment etc.

ACKNOWLEDGEMENT

The author(s) declare(s) no conflict of interest.

REFERENCES

Abd, A. H., Balla, H. H., & Almulla, E. (2019). New Design of Carburetor Liquefied
Petroleum Gas (LPG) and Gasoline for Spark Ignition Engine Using CFD. Journal of
Advanced Research in Dynamic and Control Systems, Volume 11(01-Special Issue), 1879—
1887. http://www.jardcs.org/abstract.php?id=1725

Al-Dawody, M. F., Al-Obaidi, W., Aboud, E. D., Abdulwahid, M. A., Al-Farhany, K,
Jamshed, W., ... & Igbal, A. (2023). Mechanical engineering advantages of a dual fuel diesel
engine powered by diesel and aqueous ammonia blends. Fuel, 346, 128398

Ammonia solution - Merck. (2025).
https://www.sigmaaldrich.com/TR/en/product/mm/105432

Arutyunov, V. S. (2022). Hydrogen energy: Significance, sources, problems, and prospects
(A review). Petroleum Chemistry, 62(6), 583-593

Bekdas, A., Kaya, C., & Kokkiiliink, G. (2023). Comprehensive economic analyses in terms
of maritime Sulphur 2020 regulation. Ships and Offshore Structures, 18(6), 798-809

Bilgili, L. (2021). Comparative assessment of alternative marine fuels in life cycle
perspective. Renewable and Sustainable Energy Reviews, 144, 110985

Chiong, M. C., Chong, C. T., Ng, J. H., Mashruk, S., Chong, W. W. F., Samiran, N. A,, ... &
Valera-Medina, A. (2021). Advancements of combustion technologies in the ammonia-
fuelled engines. Energy Conversion and Management, 244, 114460

Dag, B., Aydin, S., & Sener, R. (2025). Investigating the influence of heterocyclic Schiff

bases as a biofuel additive on combustion, performance and emissions. Case Studies in
Thermal Engineering, 105836

-118-



Fuel Based Dynamic Ship Resistance Analysis of a Container Ship: An Alternative
Approach to Marine Fuels

Demirci, U. B., & Miele, P. (2011). Chemical hydrogen storage:‘material’gravimetric
capacity versus ‘system’gravimetric capacity. Energy & Environmental Science, 4(9), 3334-
3341

Ethyl Alcohol Safety Data Sheet- Sigma Aldrich. (2020).
https://www.sigmaaldrich.com/TR/en/sds/sial/459836?userType=undefined

Frost, J., Tall, A., Sheriff, A. M., Schonborn, A., & Hellier, P. (2021). An experimental and
modelling study of dual fuel aqgueous ammonia and diesel combustion in a single cylinder
compression ignition engine. International Journal of Hydrogen Energy, 46(71), 35495-
35510

Grannell, S. M., Assanis, D. N., Bohac, S. V., & Gillespie, D. E. (2008). The fuel mix limits
and efficiency of a stoichiometric, ammonia, and gasoline dual fueled spark ignition engine.
Journal of Engineering for Gas Turbines and Power, 130(4).
https://doi.org/10.1115/1.2898837

Holtrop, J., & Mennen, G. G. J. (1978). A statistical power prediction method. International
shipbuilding progress, 25(290), 253-256

Holtrop, J., & Mennen, G. G. J. (1982). An approximate power prediction
method. International shipbuilding progress, 29(335), 166-170

Joghee, P., Malik, J. N., Pylypenko, S., & O’Hayre, R. (2015). A review on direct methanol
fuel cells—In the perspective of energy and sustainability. MRS Energy & Sustainability, 2, E3

Kaya, C. (2019). Biyodizelin Gemi Dizel Motorlarinda Alternatif Yakit Olarak Kullaniminin
Deneysel Olarak Incelenmesi- Master Thesis. Yildiz Technical University

Kaya, C. (2024a). Hidrojenin sodyum bor hidriirde depolanmasi ve dizel motorlarda
amonyak ile ti¢li yakit olarak kullanmilmasi- Doctoral Thesis. Yildiz Technical University.

Kaya, C. (2024). Sodium Borohydride (NaBH4) as a Maritime Transportation
Fuel. Hydrogen, 5(3), 540-558

Kaya, C., Aydin, Z., Kokkiilink, G., & Safa, A. (2023). Exergetic and exergoeconomic
analyzes of compressed natural gas as an alternative fuel for a diesel engine. Energy Sources,
Part A: Recovery, Utilization, and Environmental Effects, 45(2), 3722-3741

Kaya, C., & Kokkiiliink, G. (2023). Biodiesel as alternative additive fuel for diesel engines:
an experimental and theoretical investigation on emissions and performance
characteristics. Energy Sources, Part A: Recovery, Utilization, and Environmental
Effects, 45(4), 10741-10763

-119-



Cenk KAYA, Emre KAHRAMANOGLU

Lee, S., Oh, S., & Choi, Y. (2009). Performance and emission characteristics of an Sl engine
operated with DME blended LPG fuel. Fuel, 88(6), 1009-1015

Lensing, D. (2020). A study on the integration of a novel NaBH4 fuelled hybrid system for
a small inland vessel. Delft University of Technology

Lion, S., Vlaskos, I., & Taccani, R. (2020). A review of emissions reduction technologies for
low and medium speed marine Diesel engines and their potential for waste heat
recovery. Energy Conversion and Management, 207, 112553

LNG Fundamentals. (2014). I¢inde Handbook of Liquefied Natural Gas (ss. 1-106). Gulf
Professional Publishing. https://doi.org/10.1016/B978-0-12-404585-9.00001-5

Methanol Safety Data Sheet - Sigma Aldrich. (2020).
https://www.sigmaaldrich.com/TR/tr/sds/mm/5.89596?userType=anonymous

Negro, V., Noussan, M., & Chiaramonti, D. (2023). The potential role of ammonia for
hydrogen storage and transport: A  critical review of challenges and
opportunities. Energies, 16(17), 6192

Okumus, F., Kanberoglu, B., Gonca, G., Kokkiiliink, G., Aydin, Z., & Kaya, C. (2024). The
effects of ammonia addition on the emission and performance characteristics of a diesel
engine with variable compression ratio and injection timing. International Journal of
Hydrogen Energy, 64, 186-195

Okumus, F., Sénmez, H. 1., Safa, A., Kaya, C., & Kokkiiliink, G. (2023). Gradient boosting
machine for performance and emission investigation of diesel engine fueled with pyrolytic
oil-biodiesel and 2-EHN additive. Sustainable Energy & Fuels, 7(16), 4002-4018

Online density calculation according to ASTM D1250. (2024).
https://energyl.ru/en/calculator/

Pulkrabek, W. W. (2016). Engineering Fundamentals of the International Combustion
Engine (H. Yasgar (Ed.); Ist Editio). [zmir Giliven Kitabevi.
https://doi.org/10.1115/1.1669459

Said, E. N. M., Ferhat, I., Anja, F., Bernd, W., Marc, S., Maximilian, B., Carsten, V. E., Yixi,
Y., Wolfram, G. H., & Jiirgen, K. (2021). Accelerated Transition to CO2 Neutrality —Energy
Carriers and Powertrain Technologies. Journal of Tongji University (Natural Science),
49(12). https://doi.org/10. 11908/j. issn. 0253-374x. 227100

Savas, A., Sener, R., Uslu, S., & Der, O. (2025). Experimental Study on Performance and

-120-



Fuel Based Dynamic Ship Resistance Analysis of a Container Ship: An Alternative
Approach to Marine Fuels

Emission Optimization of MgO Nanoparticle-enriched 2nd Generation Biodiesel: A Method
for Employing Nanoparticles to Improve Cleaner Diesel Combustion. Journal of the Energy
Institute, 102024

Senecal, K., & Leach, F. (2021). Racing toward zero: the untold story of driving green. SAE
International

Shamsul, N. S., Kamarudin, S. K., Rahman, N. A., & Kofli, N. T. (2014). An overview on
the production of bio-methanol as potential renewable energy. Renewable and Sustainable
Energy Reviews, 33, 578-588

Sénmez, H. I., Okumus, F., Kaya, C., Aydin, Z., Safa, A., & Kokkiiliink, G. (2022). Waste
to energy conversion: Pyrolytic oil and biodiesel as a renewable fuel blends on diesel engine
combustion, performance, and emissions. International Journal of Green Energy, 19(12),
1333-1344

Sénmez, H. 1., Okumus, F., Safa, A., Aydin, Z., Kaya, C., & Kokkiiliink, G. (2023).
Renewable energy resources: Combustion and environmental impact of diesel with pyrolytic
and biodiesel blends. Energy & Environment, 34(4), 855-872

Suner, M. (2024). Analysis of air pollution from three main transportation vehicles: a case
study. Energy Sources, Part A: Recovery, Utilization, and Environmental Effects, 46(1),
1890-1906

Usman, M. R. (2022). Hydrogen storage methods: Review and current status. Renewable and
Sustainable Energy Reviews, 167, 112743

Wang, Q., Zhang, H., Huang, J., & Zhang, P. (2023). The use of alternative fuels for maritime
decarbonization: Special marine environmental risks and solutions from an international law
perspective. Frontiers in Marine Science, 9, 1082453

Yang, S., Ghadikolaei, M. A., Gali, N. K., Xu, Z., Chu, M., Qin, X., & Ning, Z. (2024).

Evaluating methods for marine fuel sulfur content using microsensor sniffing systems on
ocean-going vessels. Science of The Total Environment, 942, 173765.

-121-



