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Abstract

Global regulations about shipboard emissions become stricter day by day. There are various ways to
reduce shipboard emissions, and using alternative fuels on main engine and auxiliary engines is one of
these ways. The alternative fuels can have different physicochemical properties than conventional fuels,
which needs special procedures and safety precautions while using onboard. Safety is important term
for sustainable shipping. This study aimed to determine the safety ranking of the trend alternative fuels
and possible ones in the future. A safety evaluation method was formed to assess fourteen alternative
fuels by considering handling, storage and crew health. Flashpoint, auto-ignition, explosion limits, flame
speed, density, and exposure limit are criteria for the safety evaluation. Analytic Hierarchy Process was
used while finding the weighing of the alternative fuels at these criteria. Scale of relative importance
was used to find the pair-wise comparison of the fuels. The criteria weighing were determined by taking
expert opinions. Seven experts gave points to the criteria at the asked questionnaire. The questionairre
was about; which fuel property is more important at the storage, handling, and operation with the
fuels. According to the final safety assessment results, liquefied petroleum gas had the highest weighing
of 0,130. Ethanol and ammonia followed it with 0,120 and 0,116, respectively. Liquefied natural gas
and methanol, as trend alternative fuels with liquefied natural gas for shipping industry, got 0,084 and
0,053, respectively.

Keywords: Alternative fuels, Shipboard safety, Safety assessment.

Alternatif Yakitlarin Gemi Emniyeti Acisindan Degerlendirilmesi

Oz

Gemi kaynakliemisyonlartiilgilendiren uluslar arasi denizcilik sézlesmeleri gtin gectikce katilasmaktadir.
Gemi kaynakli emisyonlart azaltmaya yonelik cesitli yéntemler bulunmaktadir ve alternatif yakit
kullanimi da bunlardan biridir. Alternatif yakitlarin, gemilerde kullanilan konvansiyonel yakitlardan
farkl fiziko-kimyasal ézellikleri olabilir. Bu farkli 6zellikler, gemi iizerinde ozel prosediirler ve emniyet
tedbirleri alinmasini gerektirebilir. Emniyet, stirdiiriilebilir deniz ticareti icin énemli bir kavramdir.
Bu ¢alisma giintimtizde revagta olan alternatif yakitlarin ve ileride kullanilabilecek olanlarin emniyet
puanini belirlemeyi amaclamaktadir. Emniyet degerlendirme yéntemi olusturularak, secilen 14
alternatif yakit, depolama, ellecleme ve miirettebat sagligi temel alinarak degerlendirilmistir. Emniyet
degerlendirmesinde kullanilan degerlendirme kriterleri, parlama noktasi, kendiliginden tutusma
sicakligi, patlama limitleri, alev hizi, yogunluk ve etkileme derecesidir. Analitik Hiyerarsi Prosesi
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kullanilarak bu degerlendirme yapilmistir. Nispi énem derecesi puanlart kullanilarak yakitlarin
ciftsel karsilastirmast yapilmistir. Kriterlerin agirliklart da yedi ekspere sorulan anket sonucunda
gériisleri alinarak belirlenmistir. Anket, hangi yakit ézelliginin, yakitlarin depolanmasi, elleclenmesi
ve operasyonunda daha énemli oldugunu sormaktadir. Calisma sonuglarina gére sivilastirilmis petrol
gazi 0,130 ile en yiiksek emniyet puanini almistir. Etanol ve amonyak, 0,120 ve 0,116 ile takip etmistir.
Giiniimiiziin revacta alternatif yakilarindan sivilastirilmis dogalgaz ve metanol, 0,084 ve 0,053 emniyet

puanit almigtir.

Anahtar Kelimeler: Alternatif yakitlar, Gemi emniyeti, Emniyet degerlendirmesi.

1. Introduction

Because of strict emission regulations
and reduction at shipboard emission limits,
alternative fuel usage on ships increases.
Nowadays, liquefied natural gas (LNG),
methanol and liquefied petroleum gas
(LPG) are used as alternative fuels as sole
fuel or dual-fuel with conventional fuels.
While using these fuels on ships, special
procedures and safety precautions have to
be taken, because they have different fuel
properties than the conventional fuels.

The safety term is important for the
shipping industry, and is considered as one
of the pathways for sustainable shipping.
The safety is defined as 'The absence of
unacceptable levels of risk to life, limb,
and health (from non-willful acts)' by
International Maritime Organization [1].
All shipboard operations are done by taking
the safety into consideration according to
International Convention for Safety of Life
at Sea (SOLAS) which was entered into
force on 25 May 1980. The SOLAS includes
minimum standards for construction,
equipment of ship, and shipboard
operations to provide safe voyage of ships
[2]. It is sure that the safety is the most
important issue at the alternative fuel
use on ships. The International Code of
Safety for Ships using Gases or other Low-
flashpoint Fuels was entered into force
on 1 January 2017, which aims to provide
minimum safety standards for ships using
alternative fuels to reduce risk to the ship,
crew, and environment, by the amendments
to the SOLAS [3].

Researchers also focus on the safety

of various alternative fuels. A previous
research was done about the assessment
of methanol, ethanol, LNG, and hydrogen at
various criteria, which the safety was one of
the criteria [4]. The study briefly mentioned
about the safety aspects of these fuels, and
compared them by using Analytic Hierarchy
Process (AHP). Density, flammability
limits and combustion characteristics of
the alternative fuels were used to give
point to each fuel. Another study was
done by Gu and Zhang [5]. They compared
LNG, nuclear power, wind energy, solar
energy, and bio-fuel by the AHP at various
criteria, one of them was again the safety.
Mansson [6], conducted a study about the
comparison of LNG, two types of methanol
and hydrogen produced from electrolysis
by wind power at the safety and other 9
criteria by using the AHP. He used fire &
explosion characteristics, flashpoint and
health effect of the alternative fuels at his
safety assessment. Although there are some
studies about the safety assessment of the
alternative fuels, it takes small place at the
whole assessment study. [t does not directly
focus on the safety aspect of the alternative
fuels in detail, and the studies assess few
numbers of alternative fuels.

This study aims to focus on the safety
aspect of higher number of alternative fuels
in detail by focusing on shipboard handling,
storage and crew health. The study showed
that, LPG had the highest final safety
weighing of 0,130. Ethanol, ammonia, LNG,
and methanol had 0,120, 0,116, 0,084, and
0,053, respectively, as final safety weighing.
Remaining alternative fuels had lower final
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safety weighing than above-mentioned
fuels. The lower final safety weighing points
out the higher safety precaution demand
while storage and operation onboard of
these alternative fuels.

2. Alternative Fuels

Using alternative fuel on diesel engines
is one of the emission abatement methods.
Sulfur free or lower sulfured alternative
fuels reduce sulfur oxide (SO,) emissions.
Combustion specifications of these fuels
can mitigate nitrogen oxide (NO,), and
CO, emissions. The alternative fuels were
started to be used at shore-based facilities
for many years before. Rudolf Diesel tested
his first engines with peanut oil over
100 years ago [7]. On the contrary, it is in
development at the shipping industry, and
it starts to increase in recent years.

The alternative fuels, which were
used at this study, had to be determined.
For this purpose, the literature search is
done both at Web of Science and Google
Scholar with the keywords, diesel engine
and alternative fuels. Since Web of Science
gave a limited number of studies, the
Google Scholar results were selected in this
study. There are many studies examining
various alternative fuels on the diesel
engines, but the significant study number
is important. Found alternative fuels were
again searched at the Google Scholar with
the same keywords, and the exact study
numbers were detected.

The alternative fuel number was 37,
and the total paper number at the Google
Scholar about the alternative fuel use
on diesel engines was 581.414 [8]. As a
significant study number, 15000, which
was equal about to 2,5% of the total
researches, was determined. As a result, the
number of 14 alternative fuels was selected,
because they were above the significant
study number. Hydrogen (78.400), ethanol
(47.200), methanol (43.300), waste cooking
oil (32.700), palm oil (28.200), corn oil

(27.300), ammonia (24.700), pyrolysis
oil (22.600), kerosene (22.000), rapeseed
oil (20.600), soybean oil (20.500), LPG
(19.600), LNG (19.500) and jatropha oil
(16.000) had the research numbers above
from 15000.

3. Comparison Criteria for Safety
Assessment

The previous studies in the literature
used flammability, toxicity, fire & explosion
risks, density, auto-ignition temperature,
stoichiometric  air-fuel ratio, octane
and cetane numbers of the alternative
fuels as the comparison criteria for the
safety assessment [4 - 6]. In this study,
flashpoint, auto-ignition temperature,
flammability limits, flame speed, density,
and exposure limit of each alternative
fuel were taken into consideration when
forming the safety assessment method for
mentioned alternative fuels. Table 1 shows
specifications of the alternative fuels.

The flashpoint is the lowest temperature
which vapor of the material will ignite
by the support of an ignition source [47].
The flashpoint of a fuel is important at
the storage and handling because lower
flashpoint temperature means fuel is more
dangerous. The intention of fuel to ignite
by outside sources such as sparks, arc etc.
is higher if the flashpoint temperature is
lower.

The auto-ignition temperature is a
limit, which a material will ignite without
the support of an ignition source [48]. If
the auto-ignition temperature of a fuel is
high, its resistance to spontaneous ignition
is higher. It means it is easier to store and
handle these kinds of fuels in the tanks.

Combustible materials are able to burn
within the lower and upper fuel limits which
are determined experimentally. These limits
are considered as the flammability limits or
explosive limits. There is a lower explosive
limit (LEL), which is the lowest limit of fuel
concentration in the combustible mixture
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Table 1. Specifications of the Alternative Fuels

Alternative Flashpoint Auto- Density Flam-m %blhty Flame Speed I-.:xp_osure
Fuels ©0) ignition (°C) |  (kg/m?) Limits (cm/s) | Limit(ms/
(%) m? - 8h)
Ammonia 132 650 682 15-25 14 17
[9] [10,11] [10,11] 9] [12] [11]
. 277 393 916 10
Corn Oil [13, 14] [15, 16] [14, 15] Unknown Unknown [16]
Ethanol 13 363 794 3,3-19 41 1900
[4,17,18] [4,18] [4,17] [4] [4] [19]
Hvdrosen -150 585 83,8 4-75 270 336
s [4] [4, 20] [4, 20] [4] [4,20] [21]
. 240 274 920
Jatropha Oil [13,14] [22] (13, 14] Unknown Unknown 10
Kerosene 38 210 775 0,7-7 60 200
[23, 24, 25] [23, 25] [23] [23] [26] [25]
LNG -188 537 450 5-15 38 650
[27] [4, 28] [4] [28] [4] [28]
LPG -105 450 540 2-10 40 1900
[29, 30] [29] [31] [29, 30] [32] [29, 30]
Methanol 12 470 682 6-36,5 50 196
(33] [4] (4] [4,33] [4] [33]
. 280 316 952 83
Palm Oil [14] 34] (34] Unknown (35] 10
S 104 348 1.200 09-5,9 52
Pyrolysis Oil [36] 36] [37] [38] Unknown [36]
. 317 360 910 10
Rapeseed 0Oil [14, 39] [40] [14] Unknown Unknown [39]
. 282 445 920 94 10
Soybean 0il [41] [41] [14] Unknown [42] 43, 44]
Waste 278 300 910
Cooking Oil [45] [40, 46] [45] Unknown | Unknown 10

to be burn, and upper explosive limit
(UEL), which is the highest limit of fuel
concentration in the combustible mixture
to be burn [49]. If the flammability limit of
a fuel is wide, it means it can be burned at
more variety of proportion of mixture, and
it needs more precautions at the storage
and handling operations.

The flame speed is the rate of spreading
of the flame during the combustion process
[50]. If the flame speed is high, it is more
difficult to extinguish the flames, and it
spreads quickly. The flame speed is another
important factor in storage and handling
operations.

The densityisthe mass perunitvolume of
a fuel. The fuels with higher density remain
one part of the room while tank leakage, in
contrary the fuels with low density expand
more quickly, and ventilation of a room is
easier.

The exposure limit is the highest
permissiblelimitto airborne concentrations
of chemical substances which workers
are exposed daily. Threshold Limit Values
(TLV) are taken into consideration at this
safety evaluation method. These values
are developed as guidelines to assist in
preventing health hazards at work places,
and they are not legal standards [51]. The
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exposure rate of jatropha oil, palm oil and
waste cooking oil (WCO) could not be found
in the literature, thus it is assumed that
they have same exposure rate with other
vegetable oils.

4. Safety Assessment Method

The safety assessment was done with
the assist of the Analytic Hierarchy Process
(AHP), which was found by Saaty [52]. The
AHP is a powerful decision-making tool
for complex, multi-criteria problems. It
is useful if data are both quantitative and
qualitative or criteria weights are given
referred to expert opinions [53]. More
detailed information can be found in Saaty's
study.

In this study, flashpoint, auto-ignition
temperature, flammability limits, flame
speed, density, and exposure limit of
fuels were compared. To determine the
importance of criteria at the storage and
handling operations, expert opinions
were taken. The experts were experienced
academicians who worked at the ships for
many years.

Data in Table 1 were used at the AHP
to find weighing of the alternative fuels.
Value difference between each alternative
fuel forms intervals for scale of relative

importance points, which were used at
the AHP [4]. To form a single pair-wise
comparison matrix, scale of relative
importance was used to determine which
item is more important than the other. Table
2 shows the alternative fuel notations, Table
3 shows the scale of relative importance
for AHP, and Figure 1 illustrates the safety
evaluation diagram.

Table 2. Alternative Fuel Notations for Assessment

Alternative Fuels Alternative Notation
Ammonia Al
Con Oil A2
Ethanol A3
Hydrogen A4
Jatropha Oil A5
Kerosene A6
LNG A7
LPG A8
Methanol A9
Palm 0il A10
Pyrolysis 0il Al1l
Rapeseed 0Oil A12
Soybean 0Oil A13
WCo Al4

SAFER
ALTERNATVE
FUEL

FLASHPOINT

Figure 1. Safety Evaluation Diagram

UPPER EXPLOSIVE
ummr

FLAME SPEED
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Table 3. Scale of Relative Importance [54]

Scales Definition Note

1 Equal importance iis equally important to j

3 Moderate importance iis moderately important to j

5 Essential importance iis essentially important to j

7 Very strong importance iis very strongly important to j

9 Absolute importance iis very absolutely important to j

2,4,6,8 Intermediate value Thg relat?ve importance of i is between to
adjacent judgment

Table 4. Random Index Values [56]

Order 2 3 4 5 6

8 9 10 11 12 13 14

Random
Index (RI)

0 0521089 | 1,11 | 1,25 | 1,35

1,40 | 1,45| 1,49 | 1,52 | 1,54 | 1,56 | 1,58

To calculate the consistency of the AHP
table, Formulas 4.1, 4.2, and 4.3 were used
[55]. A is maximum eigen value, W, is
weighing of i type of criterion or alternative.
a, is sum of row of i type of criterion or
alternative. CI is consistency index, RI
is random index, and CR is consistency
ratio. The random index table, which was
developed by Saaty [56], was used while

doing CR calculation.

Amax = Zit1(Wi. 2L, ;) (4.1)
Amax— N

€l = dme (42)
c

cR=2 (4.3)

5. Assessment Results

This section of the study includes the
expert opinions about the fuel properties
(criteria) used at the assessment of the
alternative fuels and the assessment
results of the alternative fuels at previously
mentioned criteria.
Expert Opinions about the Fuel
Properties

Seven academicians of a university in

Istanbul, who have sea experience, indicated

their opinions about the importance of fuel
properties at the storage and operation
of fuels on a ship. Three of the seven
academicians were chief engineer, one of
them was first engineer, and the remaining
three were second engineers. A short
questionairre was formed and asked to the
experts. The questionairre was about which
fuel property is more important at the
storage, handling, and operation with the
fuels. They gave points from 1 to 5, to the
fuel properties which are shown in Table
5 with their notations. 1 is less important
while 5 is most important at the evaluation
of fuel properties. All given points by the
experts were summed, and the difference
between each fuel property was found to
determine points from 1 to 9 for AHP table.
This method was also used in a previous
study [4].

The expert opinion weighings are shown
in Table 6. It can be seen at the table that the
flashpoint and exposure rate are the most
important fuel properties. The flashpoint
and exposure rate get weighing of 0,315, the
auto-ignition temperature follows it with
0,207. The flammability limits and flame
speed have equal importance with 0,071,
and the density has the lowest importance
with the weighing of 0,021.
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Table 5. Fuel Property Notations for Assessment

Criterion Notation | Fuel Properties

C1 Flashpoint

C2 Auto-ignition temperature
C3 Flammability limits

Cc4 Flame speed

C5 Density

cé6 Exposure Rate

Table 6. Expert Opinion Weighing

1 |ce[cz|c3|ca|ces | w
c1 | 1,00 | 1,00 | 2,00 [ 500 | 500 [ 9,00 [ 0315
c6 | 1,00 | 1,00 | 2,00 [ 500 | 500 [ 9,00 [0315
c2 | 050 | 050 | 1,00 [ 400 | 400 [ 9,00 [ 0,207
c3 | 020 020|025 | 100 | 100|600 |0071
c4 | 020 ] 020|025 [ 1,00 | 100|600 |0071
cs | 011 011|011 | 017|017 | 100 |o0021
A,.. = 6,194, Cl = 0,039, CR = 0,031 < 0,1

Comparison Criterion Results

Alternative fuels were compared with
the previously mentioned criteria. The
alternative fuel specifications in Table 1
were used to compare and evaluate the
alternative fuels at each criterion. Same
method which was used at the previous
section was applied to find the relative
importance between the alternative fuels,
and to form AHP tables.

The flashpoint evaluation weighing of
the alternative fuels are shown at Table
7. One can see from the table that the
rapeseed oil is the safest alternative fuel
which is followed by the soybean oil and
palm oil with the weighings 0f 0,178, 0,151,
and 0,137, respectively. It is also seen
that gaseous alternative fuels like LNG,
hydrogen, and LPG are less safer than the
other alternative fuels at the flashpoint
evaluation.

Table 8 shows the auto-ignition
temperature evaluation weighing of the
alternative fuels. Ammonia, hydrogen and
LNG are the top three safest alternative

Table 7. Flashpoint Evaluation Weighing of Alternative Fuels

A12 [ A13 [A10 [A14 | A2 | A5 | A1 |A11| A6 | A3 | A9 | A8 | A4 | A7 | W

A12 | 1,00 [ 2,00 | 2,00 | 2,00 | 2,00 | 3,00 | 4,00 | 500 | 6,00 | 6,00 | 6,00 | 800 [ 9,00 | 9,00 | 0,178
A13 [ 0,50 [ 1,00 [ 2,00 | 2,00 | 2,00 | 2,00 | 4,00 | 4,00 | 500 | 6,00 | 6,00 | 8,00 | 800 | 9,00 | 0,151
A10 [ 0,50 [ 0,50 | 1,00 | 2,00 | 2,00 | 2,00 | 4,00 | 4,00 | 500 | 6,00 | 6,00 | 8,00 [ 800 | 9,00 | 0,137
A14 [ 050 [ 0,50 [ 0,50 | 1,00 | 2,00 | 2,00 | 4,00 | 4,00 | 5,00 | 6,00 | 6,00 | 8,00 [ 800 | 9,00 | 0,124
A2 050050050050 100][200400][400]500]|600|600|800]800]|900]|0112
A5 033050050 050050100300 ][400]500 500500 |700|800]|800|0092
A1 |o025]025|025[025[025033[100][200]300]|300]300][s500]600]|700 0051
A11 | 020|025 | 025|025 [025 025|050 100]300 300300 [500]600]|600|0044
A6 | 017|020 | 020020020020 033]033]100]200 200|400 400|500 |0030
A3 017|017 [017 [ 017 [0,17 [ 020 [ 033 [ 033 | 050 | 1,00 | 2,00 [ 3,00 | 4,00 | 500 [ 0,025
A9 017|017 [017 [0,17 [0,17 [ 020 [033 [ 033|050 | 050 | 1,00 [ 3,00 | 4,00 | 500 [0,023
A8 [013]013 (013|013 [0,13]014 [020]020|025]033 033 [100]200]300 0,014
A4 |011 013|013 013|013 [0,13 [017 [017 [025 [025 025|050 | 1,00 200 [0011
A7 |011 011|011 |011 {011 |013[014 [017 020 [020]020033]050]|100 |0,009
A, = 15,046, Cl = 0,080, CR= 0,051 < 0,1
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fuels at the auto-ignition temperature
evaluation with the weighing of 0,251,
0,177, and 0,135, respectively. On the other
hand, Kkerosene, jatropha oil, and waste
cooking oil are three least safe alternative
fuels with the weighing 0of 0,019, 0,015, and
0,011, respectively.

Table 9 and 10 show lower explosive
limit and upper explosive limit evaluation
weighing of the alternative fuels. LEL and
UEL evaluation weighing includes less

number of alternative fuels for evaluation,
because the vegetable oils do not have LEL
and UEL values. Ammonia, methanol and
LNG have higher weighing at LEL evaluation
than others with 0,494, 0,150, and 0,110,
respectively. Kerosene, pyrolysis oil, and
LPG have lower weighing with 0,042,
0,032, and 0,027, respectively. Pyrolysis oil,
kerosene, and LPG have higher weighing
at UEL evaluation with 0,269, 0,215, and
0,181, respectively. In contrary, hydrogen,

Table 8. Auto-ignition Temperature Evaluation Weighing of Alternative Fuels

Al A4 A7 A9 A8 | A13 | A2 A3 | A12 | A11 | A10 | A14 | A5 | A6 w
Al 1,00 | 3,00 | 4,00 | 5,00 | 5,00 | 500 | 6,00 | 7,00 | 7,00 | 7,00 | 8,00 | 8,00 | 800 | 9,00 | 0,251
A4 0,33 | 1,00 | 2,00 | 4,00 | 4,00 | 4,00 | 5,00 | 6,00 | 6,00 | 6,00 | 6,00 | 7,00 | 7,00 | 8,00 | 0,177
A7 0,25 | 0,50 | 1,00 | 3,00 | 3,00 | 3,00 | 4,00 | 5,00 | 5,00 | 5,00 | 6,00 | 6,00 | 6,00 | 7,00 | 0,135
A9 0,20 | 0,25 | 0,33 | 1,00 | 2,00 | 2,00 | 3,00 | 3,00 | 3,00 | 4,00 | 4,00 | 4,00 | 5,00 | 6,00 | 0,085
A8 0,20 | 0,25 |1 0,33 | 0,50 | 1,00 | 2,00 | 3,00 | 3,00 | 3,00 | 3,00 | 4,00 | 4,00 | 5,00 | 6,00 | 0,075
A13 | 0,20 | 0,25 | 0,33 | 0,50 | 0,50 | 1,00 | 2,00 | 3,00 | 3,00 | 3,00 | 4,00 | 4,00 | 5,00 | 6,00 | 0,066
A2 0,171 0,20 | 0,25 | 0,33 | 0,33 | 0,50 | 1,00 | 2,00 | 2,00 | 2,00 | 3,00 | 3,00 | 4,00 | 5,00 | 0,046
A3 0,14 ] 0,17 | 0,20 | 0,33 | 0,33 | 0,33 | 0,50 | 1,00 | 2,00 | 2,00 | 2,00 | 3,00 | 3,00 | 4,00 | 0,036
Al12 10,14 | 0,17 | 0,20 | 0,33 ] 0,33 ] 0,33 | 0,50 | 0,50 | 1,00 | 2,00 | 2,00 | 3,00 | 3,00 | 4,00 | 0,033
A11 | 0,14 | 0,17 | 0,20 | 0,25 | 0,33 | 0,33 | 0,50 | 0,50 | 0,50 | 1,00 | 2,00 | 2,00 | 3,00 | 4,00 | 0,028
A10 | 0,13 | 0,17 | 0,17 | 0,25 | 0,25 | 0,25 | 0,33 | 0,50 | 0,50 | 0,50 | 1,00 | 2,00 | 2,00 | 3,00 | 0,022
A14 | 0,13 | 0,14 | 0,17 | 0,25 | 0,25 | 0,25 | 0,33 | 0,33 | 0,33 | 0,50 | 0,50 | 1,00 | 2,00 | 3,00 | 0,019
A5 0,13 0,14 | 0,17 | 0,20 | 0,20 | 0,20 | 0,25 | 0,33 | 0,33 | 0,33 | 0,50 | 0,50 | 1,00 | 3,00 | 0,015
A6 0,11 0,13 | 0,14 | 0,17 { 0,17 | 0,17 | 0,20 | 0,25 | 0,25 | 0,25 | 0,33 | 0,33 | 0,33 | 1,00 | 0,011
A =15216,Cl =0,094,CR = 0,059 < 0,1

Table 9. LEL Evaluation Weighing of Alternative Fuels
Al A9 A7 A4 A3 A8 A11 A6 w

Al 1,00 7,00 7,00 8,00 8,00 9,00 9,00 9,00 0,494
A9 0,14 1,00 2,00 3,00 3,00 4,00 4,00 4,00 0,150
A7 0,14 0,50 1,00 2,00 2,00 3,00 4,00 4,00 0,110
A4 0,13 0,33 0,50 1,00 2,00 3,00 3,00 3,00 0,080
A3 0,13 0,33 0,50 0,50 1,00 2,00 3,00 3,00 0,064
A8 0,11 0,25 0,33 0,33 0,50 1,00 2,00 2,00 0,042
Al11 0,11 0,25 0,25 0,33 0,33 0,50 1,00 2,00 0,032
A6 0,11 0,25 0,25 0,33 0,33 0,50 0,50 1,00 0,027
A, =8,643,Cl=0,092, CR = 0,066 < 0,1
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methanol, and ammonia have lower
weighing with 0,063, 0,038, and 0,015,
respectively.

Flame speed value of corn oil, jatropha
oil, pyrolysis oil, rapeseed oil, and waste
cooking oil was not found at the literature,
for this reason, Table 11 does not include
these alternative fuels. LNG, and LPG have
higher weighing with the points of 0,239,
0,176, and 0,151, respectively. Palm oil,
soybean oil, and hydrogen are bottom three
at the weighing table.

Table 12 shows density evaluation
weighing of the alternative fuels. Hydrogen,
LNG, and LPG are more safe alternative fuels
than the others at the density evaluation
with the weighing of 0,290, 0,157, and

0,118, respectively, while jatropha oil,
palm oil, and pyrolysis oil are less safe
alternative fuels with 0,027, 0,021, and
0,012, respectively.

Table 13 shows the exposure rate
evaluation weighing of the alternative
fuels. LPG and ethanol are safer than other
alternative fuels at the exposure rate
evaluation. There is a high difference at the
weighing, whichis 0,281 for LPG and ethanol,
while most close one to these weighing is
LNG with 0,093. Less safe alternative fuels
are bio-based fuels like corn oil, jatropha oil,
palm oil, rapeseed oil, soybean oil, and waste
cooking oil with the weighing of 0,022. The
reason is that vapor of bio-based fuels highly
affects human health when it is inhaled.

Table 10. UEL Evaluation Weighing of Alternative Fuels

A11 A6 A8 A7 A3 Al A9 A4 w
Al1l 1,00 2,00 2,00 3,00 3,00 4,00 5,00 9,00 0,269
A6 0,50 1,00 2,00 2,00 3,00 4,00 5,00 9,00 0,215
A8 0,50 0,50 1,00 2,00 3,00 3,00 5,00 9,00 0,181
A7 0,33 0,50 0,50 1,00 2,00 3,00 4,00 8,00 0,127
A3 0,33 0,33 0,33 0,50 1,00 2,00 4,00 8,00 0,092
Al 0,25 0,25 0,33 0,33 0,50 1,00 3,00 7,00 0,063
A9 0,20 0,20 0,20 0,25 0,25 0,33 1,00 6,00 0,038
A4 0,11 0,11 0,11 0,13 0,13 0,14 0,17 1,00 0,015
A, = 8463, Cl=0,066,CR = 0,047 <0,1
Table 11. Flame Speed Evaluation Weighing of Alternative Fuels
Al A7 A8 A3 A9 A6 A10 A13 A4 w

Al 1,00 2,00 2,00 2,00 3,00 3,00 4,00 4,00 9,00 0,239
A7 0,50 1,00 2,00 2,00 2,00 2,00 3,00 3,00 9,00 0,176
A8 0,50 0,50 1,00 2,00 2,00 2,00 3,00 3,00 9,00 0,151
A3 0,50 0,50 0,50 1,00 2,00 2,00 3,00 3,00 9,00 0,129
A9 0,33 0,50 0,50 0,50 1,00 2,00 3,00 3,00 8,00 0,104
A6 0,33 0,50 0,50 0,50 0,50 1,00 2,00 3,00 8,00 0,086
A10 0,25 0,33 0,33 0,33 0,33 0,50 1,00 2,00 7,00 0,056
A13 0,25 0,33 0,33 0,33 0,33 0,33 0,50 1,00 7,00 0,046
A4 0,11 0,11 0,11 0,11 0,13 0,13 0,14 0,14 1,00 0,013
A =9,432,Cl=0,054,CR=0,037 < 0,1
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Table 12. Density Evaluation Weighing of Alternative Fuels

A4 | A7 | A8 | A1 | A6 | A3 | A9 | A14 | A12 | A2 | A13 [ A5 | A10 [ A11 | W
A4 | 1,00 | 400 | 500 | 600 | 600 [ 700 | 700 | 7,00 | 7,00 | 7,00 | 800 | 800 | 800 [ 9,00 | 0,290
A7 | 025 | 1,00 | 2,00 | 3,00 | 400 [ 400 | 400 | 500 | 500 | 500 | 500 | 500 | 500 | 7,00 | 0,157
A8 | 020 | 050 | 1,00 | 3,00 | 3,00 [ 3,00 | 300 | 400 | 400 | 400 | 400 | 400 | 400 | 600 | 0,118
A1 | 017 | 033 | 033 | 1,oo | 2,00 [ 2,00 | 2,00 | 3,00 | 3,00 | 3,00 | 3,00 | 3,00 | 3,00 | 500 | 0,078
A6 | 017 | 025 | 033 | 0,50 | 1,00 [ 2,00 | 2,00 | 2,00 | 200 | 3,00 | 3,00 | 3,00 | 3,00 | 500 | 0,065
A3 | 014 | 025 033 | 050 | 050 [ 1,00 | 200 | 200 | 200 | 2,00 | 200 | 2,00 | 3,00 | 400 | 0,052
A9 | 014|025 033|050 050050 1,00 200 | 200/ 200 | 200 200 | 300 ]| 400 |0048
A14 | 014 | 020 | 025 | 0,33 | 0,50 [ 0,50 | 0,50 | 1,00 | 2,00 | 2,00 | 2,00 | 2,00 | 2,00 | 400 | 0,039
A12 | 014 | 020 | 025 | 0,33 | 0,50 [ 0,50 | 0,50 | 0,50 | 1,00 | 2,00 | 2,00 | 2,00 | 2,00 | 4,00 | 0,035
A2 | 014|020 025|033 033|050 050050050 1,00 | 200 200] 200 400 |0031
A13 | 013 | 020 | 025 [ 033 | 033 [ 0,50 | 0,50 | 0,50 | 0,50 | 0,50 | 1,00 | 1,00 | 2,00 | 4,00 | 0,027
A5 | 013 | 020 025|033 033|050 050/ 050] 050/ 050 1,00/ 1,00 | 200 | 400 | 0,027
A10 | 013 | 0,20 | 025 | 0,33 | 033 [ 0,33 ] 0,33 | 0,50 | 0,50 | 0,50 | 0,50 | 0,50 | 1,00 [ 3,00 | 0,021
A1l | 013 | 0,14 | 017 [ 0,20 | 0,20 [ 0,25 | 0,25 | 0,25 | 0,25 | 0,25 | 0,25 | 0,25 | 0,33 [ 1,00 | 0,012
A, =15029,Cl=0,079, CR=0,050 <0,1
Table 13. Exposure Rate Evaluation Weighing of Alternative Fuels
A8 A3 A7 A4 A6 A9 | A11 | A1 A2 A5 | A10 | A12 | A13 | A14 w

A8 1,00 | 1,00 | 7,00 | 8,00 | 9,00 | 9,00 | 9,00 | 9,00 | 9,00 | 9,00 | 9,00 | 9,00 | 9,00 | 9,00 | 0,281
A3 | 1,00 | 1,00 [ 7,00 | 800 [ 9,00 | 9,00 | 9,00 | 9,00 | 9,00 | 9,00 [ 9,00 | 9,00 [ 9,00 | 9,00 | 0,281
A7 0,14 | 0,14 | 1,00 | 3,00 | 3,00 | 3,00 | 4,00 | 4,00 | 4,00 | 4,00 | 4,00 | 4,00 | 4,00 | 4,00 | 0,093
A4 0,13 | 0,13 | 0,33 | 1,00 | 2,00 | 2,00 | 3,00 | 3,00 | 3,00 | 3,00 | 3,00 | 3,00 | 3,00 | 3,00 | 0,062
A6 [o011] 011033050 | 100|200 200|200/ 200|200 ]|200]|200]|200]| 200 0044
A9 0,11 | 0,11 | 0,25 | 0,33 | 0,50 | 1,00 | 2,00 | 2,00 | 2,00 | 2,00 | 2,00 | 2,00 | 2,00 | 2,00 | 0,040
A11 | 0,11 | 0,11 | 0,25 | 0,33 | 0,50 | 0,50 | 1,00 | 2,00 | 2,00 | 2,00 | 2,00 | 2,00 | 2,00 | 2,00 | 0,034
At [o11]o011|025] 033050050050 100|200/ 200|200/ 200|200/ 2000031
A2 0,11 0,11 | 0,25 | 0,33 | 0,50 | 0,50 | 0,50 | 0,50 | 1,00 | 1,00 | 1,00 | 1,00 | 1,00 | 1,00 | 0,022
A5 0,11 | 0,11 | 0,25 | 0,33 | 0,50 | 0,50 | 0,50 | 0,50 | 1,00 | 1,00 | 1,00 | 1,00 | 1,00 | 1,00 | 0,022
A10 | 011 | 011 | 0,25 | 0,33 | 0,50 | 0,50 | 0,50 | 0,50 | 1,00 | 1,00 | 1,00 | 1,00 | 1,00 | 1,00 | 0,022
A12 | 0,11 | 0,11 | 0,25 ] 0,33 | 0,50 | 0,50 | 0,50 | 0,50 | 1,00 | 1,00 | 1,00 | 1,00 | 1,00 | 1,00 | 0,022
A13 | 0,11 | 0,11 | 0,25 | 0,33 | 0,50 | 0,50 | 0,50 | 0,50 | 1,00 | 1,00 | 1,00 | 1,00 | 1,00 | 1,00 | 0,022
A14 | o011 [ 011 | 025|033 | 050 | 050 | 0,50 | 0,50 | 1,00 | 1,00 | 1,00 | 1,00 | 1,00 | 1,00 | 0,022
A= 14,890, CI = 0,068, CR = 0,043 < 0,1

Final weighing of the alternative fuels is
shown at Table 14. The weighing for LEL,
UEL, and flame speed for bio-based fuels and
pyrolysis oil could not be calculated due to
lack of data. For this reason, final weighing
of these alternative fuels were calculated
without including these weighing. One can

see from the Table 14 and Figure 2 that
LPG has the highest final safety weighing
of 0,130. LPG has higher weighing at the
UEL, flame speed, density, and the exposure
rate criteria, and average weighing at auto-
ignition temperature, which is effective at
the highest final safety weighing of LPG.
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Ethanol, ammonia, and LNG follow up
LPG with the final safety weighing of 0,120,
0,116, and 0,084, respectively. Ethanol has
a higher exposure rate, and average flame
speed, LEL, and UEL, while ammonia has
higher auto-ignition temperature, LEL,
flame speed, and average UEL, and density.

Table 14. Final Weighing of Alternative Fuels

LNG has average auto-ignition temperature,
LEL, UEL, flame speed, and density.

LPG, LNG, and methanol have
commercial application at the shipping
industry. Hydrogen has experimental
based applications. Methanol has final
safety weighing of 0,053, and hydrogen has

Alternative | Flashpoint iglt:;:?(;n LEL UEL ::::; Density Epr(:l::re F'ina.l
Fuels (0,315) (0,207) (0,0355) | (0,0355) (0,071) (0,021) (0,315) Weighing
Ammonia 0,051 0,251 0,494 0,063 0,239 0,078 0,031 0,116
Corn Oil 0,112 0,046 - - - 0,031 0,022 0,052
Ethanol 0,025 0,036 0,064 0,092 0,129 0,052 0,281 0,120
Hydrogen 0,011 0,177 0,080 0,015 0,013 0,290 0,062 0,070
Jatropha 0Oil 0,092 0,015 - - - 0,027 0,022 0,040
Kerosene 0,030 0,011 0,027 0,215 0,086 0,065 0,044 0,042
LNG 0,009 0,135 0,110 0,127 0,176 0,157 0,093 0,084
LPG 0,014 0,075 0,042 0,181 0,151 0,118 0,281 0,130
Methanol 0,023 0,085 0,150 0,038 0,104 0,048 0,040 0,053
Palm 0Oil 0,137 0,022 - - 0,056 0,021 0,034 0,041
Pyrolysis 0Oil 0,044 0,028 0,032 0,269 - 0,012 0,034 0,041
g;peseecl 0,178 0,033 - - - 0,035 | 0,022 0,071
Soybean 0il 0,151 0,066 - - 0,046 0,027 0,022 0,072
WCO 0,124 0,019 - - - 0,039 0,022 0,051

Alternative Fuels

K crosene
[ IPyrolysis Oil
[l Jatropha Oil

1 ' L L I L L L 1

1 n L L 1 L L L 1

0 0.02 0.04 0.06
Safety Weighing

0.08 0.1 0.12 0.14

Figure 2. Graph of Onboard Safety Assessment Result
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0,070. Low weighing values of flashpoint,
auto-ignition temperature, UEL, density,
and exposure rate of methanol, and low
weighing values of flashpoint, LEL, UEL,
and flame speed of hydrogen are the reason
of low level of final safety weighing of these
alternative fuels. Remaining alternative
fuels are bio-based fuels, kerosene, and
pyrolysis oil. These alternative fuels have
lower final safety weighing between 0,052
and 0,040.

Lower final safety weighing does not
prevent the alternative fuels to be used
on ships by the engine manufacturers and
ship builders. The advantage of combustion
characteristic with lower emissions is
attractive for the shipping industry, and
the onboard applications have been made
with the extra safety precautions and
systems, which also means higher initial
and operational costs.

6. Conclusion

The safety evaluation method was
formed to assess the alternative fuels by
focusing on shipboard handling, storage,
and crew health. Recent trend alternative
fuels and possible alternative fuels for the
future were the assessed fuels. The study
aimed to show the safety ranking of the
trend alternative fuels and possible ones in
the future. Fourteen alternative fuels were
used in the safety evaluation.

The criteria were determined to form
the safety evaluation method and assess
the alternative fuels. These criteria were
flashpoint, auto-ignition temperature,
flammabilitylimits, flame speed, density,and
exposure limit. The criteria weighing were
determined by the taken opinions of seven
experts who are academicians and have
sea experience. The experts determined
the weighing of flashpoint and exposure
rate as 0,315, auto-ignition temperature
as 0,207, flammability limits and flame
speed as 0,071, and density as 0,021. The
assessment of alternative fuels was done by

comparing the physicochemical properties
of the alternative fuels. The AHP method
was used both to determine the criteria
weighing, and to compare alternative fuels.

According to the criteria assessment
results, rapeseed oil had the highest
weighing at the flashpoint criterion with
0,178. Ammonia got the highest weighing
at the auto-ignition temperature with
0,251. Due to lack of information about
the LEL and UEL of bio-based fuels, only
eight alternative fuels could be assessed
at this criterion. Ammonia got 0,494 at the
LEL, and kerosene got 0,215 at the UEL as
the highest weighing. In addition, there
was lack of information about the flame
speed of some alternative fuels, for this
reason only nine alternative fuels could be
assessed at this criterion. Ammonia had
the highest weighing with 0,239. Hydrogen
had the highest weighing at the density
criterion with 0,290, and ethanol and LPG
had the highest weighing at the exposure
rate criterion with 0,281.

The final safety assessment results
showed that LPG got the highest final
safety weighing with 0,130. Ethanol and
ammonia followed it with 0,120 and 0,116,
respectively. LNG and methanol are trend
alternative fuels with LPG for shipping
industry. LNG had 0,084, and methanol had
0,053 as the final safety weighing.

There were limitations at the study.
Some alternative fuels did not have the
flammability limits, and the flame speed of
some alternative fuels were not found in the
literature. Therefore, these fuels could not
be assessed at these criteria. The exposure
limit of jatropha oil, palm oil, and WCO were
not found in the literature. It was assumed
that these fuels have same exposure limit
with the other vegetable oils. The expert
number could be higher, and experts could
be selected from the safety experts.

The study aimed to determine the safety
rankings of the alternative fuels, which have
been used and can be used in the future.
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There has not been any previous study,
which includes a wide range of alternative
fuels forthe purpose ofthe assessmentofthe
fuels from the aspect of shipboard safety. It
is first time to include some alternative fuels
in a marine-based study. The alternative
fuels with lower weighing do not mean
that these fuels cannot be used on ships.
However, it means more safety systems
have to be applied on ships, and higher
safety precautions have to be taken while
the storage of these fuels and the operation
with the fuels. It causes higher initial and
operational costs. In addition to this, extra
safety equipment increases the weight of
the ship, and reduces cargo capacity of the
ship. The ship builders/operators have to
consider these drawbacks of the alternative
fuels before selecting for their ship. Next
study can be the combination of shipboard
safety assessment results and cost-benefit
assessment of alternative fuels.
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