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Abstract

Recently there has been notable interest in the reduction in emissions of the shipping
industry via the substitution of the currently used fossil fuels with alternative green fuels.
One such alternative studied presently could be the use of pure vegetable oils, which are
cheaper and easier to produce than other proposed fuels. In this study, pure vegetable oils
were tested in a constant volume combustion chamber to assess their ignition quality via
the measurement of their Estimated Cetane Number (ECN) and to compare it with that of
heavy fuel oils (HFOs). Moreover, the effect of vegetable oil composition on ignition quality
was investigated. It was found that all the vegetable oils tested possessed significantly
higher ignition quality than standard heavy fuel oils. Vegetable oil ignition quality was
found to be most impacted by their degree of unsaturation. The results of the present
study indicate that from the point of view of ignition quality, vegetable oils are a viable
alternative to fossil fuels, being expected to lead to an increase in the ignition quality of
standard heavy fuel oils.

Keywords: alternative marine fuels; vegetable oils; ignition quality; constant volume
combustion chamber; Estimated Cetane Number

1. Introduction
In view of the increasingly rising magnitude of the effects of climate change, efforts

are being made to find suitable and renewable alternative sources of energy to satisfy
the demands of industries and to maintain or increase people’s standard of living. One
such industry is shipping, which utilizes fossil fuels almost exclusively, with recent efforts
being made to substitute these. This is highlighted by the most recent revision of the
ISO 8217 standard for marine fuels of 2024 [1], which specifies new categories for mixtures
of heavy fuel oils (HFOs) with fatty acid methyl esters (FAMEs). Since shipping is one
of the most significant and influential sectors of the world economy affecting the cost of
all goods, it is vital that proposed solutions for alternative fuels are inexpensive and, if
possible, able to be used with existing technology.

A variety of candidate fuels to replace HFOs in shipping have been proposed. One such
alternative is liquified natural gas (LNG) [2–5], which is not renewable, but due to its lower
C/H ratio, it has a reducing effect on carbon emissions. A study of the emissions of LNG-
fueled ships showed that sulfur dioxide, nitrogen oxides and particulate matter pollutants
were significantly reduced, a small reduction in carbon dioxide was observed, and the
emissions of carbon monoxide and methane were increased [6].
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Liquefied petroleum gas (LPG), which can be propane, butane, or a mixture of these,
can also be used as an alternative shipping fuel [2]. A reduction in emissions of small
to medium-sized ships by the conversion to LPG fuel has been calculated, specifically a
near elimination of particulate matter, along with significant reductions in sulfur dioxide,
nitrogen oxides and carbon dioxide [7].

Another proposed alternative fuel is methanol, either pure or blended with diesel,
which while reducing emissions is still not widely produced in a renewable man-
ner [2–5,8,9]. Research has also been conducted on the potential use of renewable methanol,
projecting a larger reduction in carbon emissions, but limited by cost and levels of pro-
duction [10]. A computational analysis of the expected emissions of an engine service
operational vessel fueled with methanol indicated that a reduction in carbon dioxide emis-
sions would occur, though not as significant as with the use of LNG [11]. An evaluation of
the economic feasibility of the use of a 30% renewable methanol and very low sulfur fuel
oil blend showed that the cost is significantly higher in the short term than using 100% very
low sulfur fuel oil, but that was reversed in the long-term [12].

Biodiesel has been investigated in the literature as an alternative shipping fuel, mainly
to be used in blends with diesel or fuel oils, though the increase in its production scale
may result in competition with food supply chains and adverse environmental impacts
through intensive land use, while also being characterized by high cost [2,5,13,14]. A study
of emissions generated from a marine diesel engine fueled with blends of 10–30% biodiesel
with marine diesel and fuel oil showed a reduction in nitrogen oxides and carbon dioxide
emissions for both cases [15].

Hydrogen as an alternative fuel offers a significantly higher reduction in emissions
than other alternatives but is restricted by the current technology requiring further ad-
vancement before being a feasible option [2–5,16,17]. In a study on the possible retrofitting
of marine vessels for short distances by replacing their engines with fuel cells, it was calcu-
lated that the refilling of a partially retrofitted ship could be achieved within the allowed
hoteling time limit [18]. In that same study, the data presented does not allow for the timely
filling of a fully retrofitted ship.

Lastly, ammonia has been studied as another alternative, being considered a carbon-
free fuel, therefore reducing emissions greatly, but it is restricted by technology [2–5,19–22].
It has been reported that while ammonia is a potentially sustainable alternative fuel, it
is necessary to regulate the emissions of nitrogen oxides and unburnt ammonia, to not
overturn the potential benefits of its use [23].

The potential use of vegetable oils as alternative fuels for diesel engines has already
been the subject of several studies in the literature. The performance of vegetable oils
in diesel engines was found to be similar enough to that of conventional diesel, with an
overall reduction in emissions also being reported [24–26]. Previous work in the literature
shows that in a direct injection diesel engine, vegetable oil ignition delay was found to
be similar to that of conventional diesel, but a lower peak heat release was exhibited,
signifying a reduction in engine efficiency [27]. Studies in the literature have also linked
the composition of vegetable oils to their ignition performance, specifically showing that an
increase in the amount of double bonds contributes to an increase in ignition delay, which
is expected to negatively impact engine performance [27–29]. A method for determining
the ignition characteristics of vegetable oils via the use of a constant volume combustion
chamber, primarily designed to test automotive diesel, showed that vegetable oil ignition
quality is greatly influenced by chamber temperatures and injection pressures, contrary
to conventional diesel [28]. The emissions of a small diesel engine fueled with vegetable
oils, when compared to the use of conventional diesel, exhibited lower levels of nitrogen
oxides due to lower peak heat releases, but showed increases in the emissions of carbon
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monoxide and total hydrocarbons attributed to the injection timing, as well as an increase
in particulate matter caused by a reduction in in-cylinder temperatures and atomization
efficiency [27]. The effects of the use of straight vegetable oils in small diesel engines
have been documented and show that the increase in the fuel’s viscosity resulted in fuel
impingement, leading to deposition and lubricating-oil dilution, as well as causing nozzle
coking due to the prolongation of injection caused by nozzle dribbling [30]. It has been
reported in the literature that the preheating of crude palm oil before injection in a diesel
engine offered the required smooth flow without creating issues in the fuel injection system
when preheating temperatures of up to 100 ◦C [31].

The present study aims to assess the use of vegetable oils as an alternative fuel for the
shipping industry, by evaluating the ignition and combustion characteristics of vegetable
oils in a constant volume combustion chamber, which attempts to replicate the operating
conditions of heavier diesel engines. To achieve that, different vegetable oils were tested and
compared to conventional HFOs, as far as their expected in-engine behavior is concerned.
The effect of vegetable oil fatty acid composition on ignition quality was also studied,
as well as the correlation between the Estimated Cetane Number (ECN), measured in
the constant volume combustion chamber, and the Calculated Carbon Aromaticity Index
(CCAI), which is derived from an empirical formula and is currently the measure of ignition
quality in HFOs.

2. Materials and Methods
2.1. Materials

For the purposes of the experimental work of this study, 15 samples of refined veg-
etable oils were supplied by Pavlos N. Pettas S.A., Patras, Greece, which were used directly
without further purification. A total of 23 samples of HFOs were supplied by Helleniq
Energy, Athens, Greece and Motor Oil Hellas, Athens, Greece. Methanol of ≥99.8% purity
(Sigma-Aldrich, Burlington, MA, USA) and sodium methoxide of ≥95% purity (Sigma-
Aldrich) was used for the transesterification reactions performed to obtain the fatty acid
profiles of the vegetable oils. Citric acid of ≥99.5% purity (Sigma-Aldrich) was used for the
purification of the transesterification products.

2.2. Methods

To deduce the vegetable oils’ fatty acid compositions, a sample of each was transester-
ified using a standardized procedure. A 9:1 methanol-to-oil molar ratio, along with 1% wt.
sodium methoxide catalyst, was used. The temperature was set at 60 ◦C and the reaction
mixture was stirred at 600 rpm. The reaction flask was equipped with a reflux condenser to
prevent methanol leaking to the environment. The reaction was allowed to continue for 2 h
to ensure it was completed, and afterwards the glycerol phase was allowed to separate by
gravity. The ester phase was washed with distilled water and a citric acid aqueous solution
(2% w/v) to remove glycerol, glycerol soaps, and the remaining catalyst. The remaining
methanol was then distilled from the ester phase using a rotary evaporator under a vacuum
of 0.1 kPa at 80 ◦C and 200 rpm.

The vegetable oils’ FAME compositions were determined by gas chromatography
according to test method EN 14103 [32]. Iodine value was calculated via chromatographic
data, using the EN 16300 method [33]. Density was determined utilizing an Anton Parr
SVM 3000, sourced by Anton Paar GmbH, Graz, Austria via the EN ISO 12185 method [34],
where the uncertainty of the density measurements is equal to ±0.085 g/cm3 for measured
densities over 0.9 g/cm3 and ±0.026 g/cm3 for measured densities under 0.9 g/cm3.
Viscosity was determined using a Gallenkamp VS-615 bath, with Gallenkamp/Technico
U-Tube reverse flow viscometers, sourced by A. Gallenkamp & Co. Ltd., Cambridge,
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UK according to the EN ISO 3104 method [35], where the uncertainty of the viscosity
measurements is equal to ±3.6 mm2/s for measured viscosities over 100 mm2/s and
±0.25 mm2/s for measured viscosities under 100 mm2/s. Estimated Cetane Number
(ECN) was determined via the FIA/100-FCA, a constant volume combustion chamber
device, sourced by Fueltech Solutions AS, Trondheim, Norway according to test method IP
541/06 [36]. Both the density and viscosity were measured four times, while the ECN was
measured twice, with the average values being extracted.

3. Results
3.1. Effect of Vegetable Oil Compositional Properties on Their Ignition Quality

The fatty acid profiles of the studied vegetable oils were used to extract their compo-
sitional properties, presented in Table 1. Table 1 also provides the iodine value and ECN
of vegetable oils. In the following results, values of ECN above 40.0 appear, despite the
method for measuring ECN being valid only up to 40.0. This has been done strictly for
comparison reasons. The ECN values higher than 40.0 were extrapolated from the method’s
formula, presented below

ECN = 153.15 × exp(−0.2861 × MCD) (1)

where ECN is the Estimated Cetane Number and MCD is the Main Combustion Delay
expressed in ms.

Table 1. Vegetable oil compositional and fuel properties.

Vegetable Oil Saturated Unsaturated Mono-
Unsaturated

Poly-
Unsaturated MW (g/mol) IV (g I2/100 g) ECN 1

Coconut 88.1% 11.9% 9.3% 2.6% 697.11 12.6 >40 (72.0)
Corn 14.2% 85.8% 31.8% 54.0% 874.20 121.5 >40 (51.8)

Cottonseed 26.9% 73.1% 20.9% 52.2% 863.36 108.3 >40 (59.7)
Olive 16.0% 84.0% 73.5% 10.5% 874.93 82.1 >40 (63.1)

Olive Pomace 16.1% 83.9% 72.1% 11.8% 876.74 82.6 >40 (62.5)
Palm Kernel 75.3% 24.7% 19.2% 5.5% 734.33 26.1 >40 (69.1)

Palm Kernel Olein 70.9% 29.1% 24.0% 5.1% 738.84 29.6 >40 (71.3)
Palm 49.7% 50.3% 39.8% 10.5% 849.30 52.5 >40 (65.1)

Palm Olein 44.4% 55.6% 45.0% 10.6% 852.74 57.2 >40 (64.7)
Palm Olein (D.F.) 2 36.0% 64.0% 50.8% 13.2% 860.06 66.6 >40 (62.4)

Rapeseed 6.8% 93.2% 62.8% 30.4% 881.59 114.3 >40 (56.3)
Sesame 16.5% 83.5% 39.1% 44.4% 876.21 110.7 >40 (56.3)
Soybean 16.6% 83.4% 27.0% 56.4% 875.15 126.1 >40 (53.3)

Sunflower 9.9% 90.1% 41.0% 49.1% 879.76 120.0 >40 (60.1)
Used Cooking Oil 16.6% 83.4% 35.5% 47.9% 875.86 113.4 >40 (54.8)

1 ECN values above 40.0 result from extrapolation and are the average values of two measurements. 2 D.F.: Dou-
ble Fractionation.

The test method used for the measurement of the ECN relies on a calibration curve
tailored for HFOs, not for oxygenated biofuels, that are more reactive and typically exhibit
shorter ignition delays. Therefore, the ECN values resulting from extrapolation may not be
viewed as absolute, but may still offer a comparison basis, since the relationship between
ignition quality and ignition delay is monotonous, meaning that a lower ignition quality
will always result in higher ignition quality, expressed here as ECN.

The correlation of each compositional property with the ECN was evaluated by cal-
culating the respective Pearson Correlation Coefficient (PCC), along with the relative
confidence intervals (p-values). The results of these correlations are presented in Table 2.
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Table 2. Pearson correlation coefficients and confidence intervals for the correlations of compositional
properties with ECN.

Compositional Property PCC p

Unsaturated concentration (wt.%) −0.8695 2.5 × 10−5

Mono-unsaturated concentration (wt.%) −0.2331 0.40
Poly-unsaturated concentration (wt.%) −0.8724 2.2 × 10−5

Molecular weight (g/mol) −0.8158 2.1 × 10−4

Iodine value (g I2/100 g) −0.9488 7.1 × 10−8

The PCC (r = −0.8695) between the total concentration of unsaturated fatty acids and
ECN implies a strong negative correlation, meaning that an increase in the concentration of
unsaturated compounds results in a decrease in ECN.

The relationship between the concentration of mono-unsaturated fatty acids and
ECN is characterized by a low value of PCC (r = −0.2331), while the p-value shows a
statistically non-significant correlation (p = 0.40 > 0.05). On the other hand, as implied by
the relative PCC (r = −0.8724), there is a strong negative correlation between ECN and
the concentration of poly-unsaturated fatty acids. It can be concluded that the impact of
the degree of unsaturation, i.e., the total concentration of unsaturated fatty acids in the
vegetable oil, can be mostly attributed to the concentration of poly-unsaturated fatty acids.

Based on the high value of the PCC (r = −0.8158) a strong negative dependence of
ECN on the molecular weight can be assumed. Consequently, an increase in the molecular
weight of the vegetable oil results in a decrease in ECN.

A very strong correlation with a negative trend between the iodine value and the
ECN is observed, based on the value of the PCC (r = −0.9488). This can be interpreted as
meaning that an increase in iodine value would result in a decrease in ECN.

3.2. Effect of Vegetable Oil and Fuel Oil Physicochemical Properties on Their Ignition Quality

The values of the measured physicochemical properties of vegetable oils and HFOs
are shown in Table 3.

The densities of all the HFOs, as well as of those vegetable oils that were not in a fully
fluid state (coconut, palm kernel, palm and their respective oleins), were measured at 50 ◦C
and converted to the respective densities at 15 ◦C, by using the following formula

D15 = D50 + fcor × (50 − 15), (2)

where D15 is the density at 15 ◦C expressed in kg/m3, D50 is the density at 50 ◦C expressed
in kg/m3 and fcor is the correction factor dependent on the value of density at 15 ◦C, which
for the present materials was equal to 0.63 for the HFOs and 0.65 for the vegetable oils.

The Calculated Carbon Aromaticity Index (CCAI) is based on an empirical formula,
which is only applicable for HFOs. The application of CCAI for vegetable oils in the present
study is only provided in the context of comparison. The formula used for the calculation
of CCAI in the present study is the following

CCAI = D15 − 80.6 − 140.7 × log[log(v50 + 0.85)], (3)

where D15 is the density at 15 ◦C expressed in kg/m3 and v50 is the viscosity expressed in
mm2/s at 50 ◦C.

The physicochemical properties of both vegetable oils and HFOs are affected by their
composition, as is their ignition quality. Therefore, in the present section it is not claimed
that the physicochemical properties investigated have a causal relationship with ignition
quality. They will be evaluated as predictors of ignition quality. The PCCs and the relative
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confidence intervals for the correlations between the physicochemical properties studied
presently and the ECN of vegetable and fuel oils are provided in Table 4.

Table 3. Vegetable and fuel oil physicochemical properties.

Vegetable/Fuel Oil Density at 15 ◦C 1,2

(kg/m3)
Viscosity at 50 ◦C 2

(mm2/s) CCAI 3 Max PRR
(bar/ms) ID 4 MCD 4 ECN 4,5

Coconut 924.1 19.99 (827) 2.93 2.33 2.64 >40 (72.0)
Corn 922.0 24.11 (821) 3.29 3.44 3.79 >40 (51.8)

Cottonseed 920.7 24.68 (819) 3.15 2.96 3.29 >40 (59.7)
Olive 916.1 28.06 (812) 2.92 2.78 3.10 >40 (63.1)

Olive Pomace 916.5 27.99 (813) 2.83 2.80 3.13 >40 (62.5)
Palm Kernel 921.6 22.03 (822) 3.03 2.47 2.78 >40 (69.1)

Palm Kernel Olein 922.3 21.35 (824) 3.05 2.37 2.67 >40 (71.3)
Palm 914.8 29.72 (810) 2.75 2.68 2.99 >40 (65.1)

Palm Olein 914.7 29.02 (810) 2.90 2.69 3.01 >40 (64.7)
Palm Olein (D.F.) 6 915.6 28.57 (811) 3.11 2.82 3.14 >40 (62.4)

Rapeseed 919.8 25.11 (818) 3.01 3.16 3.50 >40 (56.3)
Sesame 920.7 25.25 (819) 2.97 3.18 3.50 >40 (56.3)
Soybean 922.0 23.49 (821) 3.20 3.36 3.69 >40 (53.3)

Sunflower 920.7 24.53 (819) 2.89 2.93 3.27 >40 (60.1)
Used Cooking Oil 923.2 31.76 (817) 2.89 3.25 3.59 >40 (54.8)

FO-1 949.6 29.44 845 3.47 5.41 6.20 26.0
FO-2 929.7 76.55 810 4.77 4.81 5.39 32.8
FO-3 972.0 370.0 834 4.19 4.37 5.07 35.9
FO-4 967.5 250.0 833 4.23 4.15 4.63 >40 (40.7)
FO-5 955.8 300.6 820 2.36 7.52 8.73 12.6
FO-6 951.2 35.26 844 2.75 7.29 8.20 14.7
FO-7 942.6 235.6 809 2.97 4.68 5.18 34.8
FO-8 946.1 222.6 813 3.66 3.71 4.04 >40 (48.2)
FO-9 946.4 181.8 816 3.63 3.61 3.94 >40 (49.6)

FO-10 960.8 463.8 820 3.95 3.93 4.31 >40 (44.6)
FO-11 1006.4 704.3 862 2.49 5.55 7.16 19.7
FO-12 986.0 121.3 860 2.75 5.91 7.27 19.1
FO-13 981.6 287.1 846 3.84 4.71 5.46 32.1
FO-14 992.1 318.9 855 3.45 4.83 5.81 29.1
FO-15 981.0 342.6 844 3.71 4.88 5.74 29.6
FO-16 990.8 317.2 854 3.49 4.90 5.93 28.1
FO-17 981.6 264.3 847 3.80 4.82 5.70 30.0
FO-18 988.4 268.4 854 2.88 5.23 6.45 24.2
FO-19 953.1 231.3 820 3.33 5.42 6.33 25.0
FO-20 947.5 189.0 817 2.73 4.70 5.15 35.1
FO-21 941.1 174.1 811 2.81 4.54 4.98 36.8
FO-22 950.4 297.1 814 2.69 4.77 5.21 34.5
FO-23 951.5 175.3 821 2.90 4.66 5.10 35.6

1 The density of heavy fuel oils and solid or semi-solid vegetable oils was measured at 50 ◦C and converted to the
respective densities at 15 ◦C. 2 The density and viscosity values are the averages of four measurements. 3 The
CCAI cannot regularly be used for vegetable oils and is strictly provided for comparison. 4 The values of ID,
MCD and ECN are the averages of two measurements. 5 ECN values above 40.0 result from extrapolation. 6 D.F.:
Double Fractionation.

Table 4. Pearson correlation coefficients and confidence intervals for the correlations of vegetable and
HFO physicochemical properties with ECN.

Property PCC p

Vegetable oil density at 15 ◦C −0.1208 0.67
Vegetable oil viscosity at 50 ◦C −0.3186 0.25

Vegetable oil CCAI 0.0925 0.74

HFO density at 15 ◦C −0.3699 0.082
HFO viscosity at 50 ◦C 0.0051 0.98

HFO CCAI −0.5436 0.0073

In the case of vegetable oils, the correlation between density and ECN is weak and
statistically non-significant (p = 0.67 > 0.05), while for HFOs it is characterized as moderate,
based on the respective PCC (r = −0.3699). This can be explained by the fact that there
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is not significant variation in density values between vegetable oils, in contrast to HFOs,
because differences in fatty acid structure, which have a noticeable effect on ignition quality
expressed by ECN, do not have the same strong effect on density. In the case of HFOs,
the negative trend of the correlation implies that an increase in density would have as a
result a decrease in ignition quality, which is due to a potential increase in concentration of
aromatics that possess poor ignition quality.

No significant correlation between either vegetable oil or HFO viscosity and ECN can
be claimed, based on their respective p-values (p = 0.25 > 0.05 and p = 0.98 > 0.05). This can
be explained by the fact that changes in compositional structure do not impact viscosity
and ignition quality to the same extent. For example, an increase in the concentration
of aromatic or long paraffinic molecules would both result in an increase in viscosity,
but would have conflicting effects on ignition quality. Specifically, an increase in the
concentration of aromatics is expected to lead to poorer ignition quality, while the opposite
is expected when the concentration of long paraffinic molecules increases.

It is evident based on the very low PCC and high p-value (r = 0.0925 and p = 0.74 > 0.05)
that no statistically significant relationship exists between vegetable oil CCAI and ECN.
It is, therefore, not possible to predict the ignition quality of vegetables oils using the
CCAI. Moreover, the prediction of the ignition quality of HFOs blended with oxygenated
biofuels is, also, expected to be inaccurate. The inclusion of the CCAI in the ISO 8217
standard for marine fuels, as the sole ignition quality parameter for HFOs, would lead to
inaccurate results in the case of blends of HFOs with FAMEs, as are currently allowed. The
correlation between heavy fuel oil CCAI and ECN is characterized as moderate, based on
the value of the PCC (r = −0.6165). The negative trend generally agrees with the expected
result, as an increase in the fuel’s CCAI is expected to lead to poorer ignition quality,
corresponding to a lower ECN value. However, the correlation between the two properties
is not deemed significant enough to allow an accurate prediction of ignition quality by
the CCAI. This is apparent in Figure 1, where fuels with similar CCAI values exhibit
significant differences in ECN and, therefore, ignition quality. This can be explained by the
unsatisfactory correlations between fuel oil density and viscosity with ECN, especially in
the case of viscosity, since their impact on CCAI does not translate to their impact on ECN
to the same degree.

Figure 1. Correlation between CCAI and ECN for HFOs.

3.3. Evaluation of the Impact of the Use of Vegetable Oils on Engine Wear and Engine Efficiency

The maximum pressure rise rate (PRR) of vegetable oils is lower than that of most
HFOs. Therefore, the combustion of vegetable oils in current engines could be expected
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to not cause significant additional wear on them, since the maximum PRR can be used
as an indicator of the mechanical stress of the engine’s compartments caused by the
fuel’s combustion, as the increase in maximum PRR has been linked to knock, which can
potentially be damaging to the engine according to the literature [37]. In some particular
cases it may be possible for vegetable oils to reduce the stress on the engine, but that would
depend on the substituted fuel. This can be seen in Figure 2, where the PRR as a function
of time is presented for a selection of representative HFOs and vegetable oils. It can also
be seen that in the case of vegetable oils there is less delay in reaching the maximum PRR,
which is tied to the rate of heat release of the burned fuel, signifying faster ignition and
combustion, leading to an increase in engine efficiency.

Figure 2. Pressure rise rate as a function of time for selected representative vegetable oils and HFOs.

Figure 3 shows the chamber pressure as a function of time for the same HFOs and
vegetable oils as above. The resulting maximum chamber pressure for vegetable oils is
similar to that of HFOs, further signifying that the usage of vegetable oils should not lead
to an increase in engine wear. Moreover, it can be confirmed once more by this chart that
vegetable oils possess higher ignition quality than the studied HFOs, as can be seen by
the fact that there is less delay in the increase in chamber pressure, which is caused by the
formation of exhaust gases. This can also act as an indicator of improved combustion and
engine efficiency.

Figure 3. Chamber pressure as a function of time for selected representative vegetable and fuel oils.
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4. Discussion
The dependence of ignition quality of vegetable oils on their fatty acid composition is

evident, as shown by the experimental data. The concentration of unsaturated fatty acids
negatively impacts vegetable oil ECN, a result which agrees with the reported reduction
in cetane number of biodiesels with the increase in the concentration of unsaturated
FAMEs [38,39].

The concentration of mono-unsaturated fatty acids in the vegetable oils studied is
almost equal to the concentration of oleic acid, as the rest of the mono-unsaturated fatty
acids are present in very low concentrations. Methyl oleate, the methyl ester of oleic acid,
has been reported in the literature to possess a relatively high cetane number of 59.3 or 56.0,
which signifies a sufficiently high ignition quality. If a similarly high ignition quality is
assumed for the oleic acid, it may be because of this that its concentration does not greatly
affect the ignition quality of vegetable oils [40,41].

The effect of the fatty acid chain length on ignition quality was not found to have
a positive effect on vegetable oil ignition quality. On the contrary, it is shown to have a
strong negative effect on it. According to the literature, an increase in molecular weight
should have, as a result, an increase in cetane number for neat FAMEs [42,43]. Such a trend
is not observed in the case of vegetable oils, which could be because the fatty acids are
connected in triplets to the glycerol backbone. A higher molecular weight would result
in a higher probability of long chain fatty acids being connected to the same glycerol
backbone, thus increasing the strength of the intramolecular forces, when compared to
those of neat FAMEs.

The degree of unsaturation, as described by the iodine value, is proven by the exper-
imental data to possess the most significant effect on ignition quality. The iodine value
is a measure of the amount of double bonds in a biodiesel or a vegetable oil, meaning
that it depicts the degree of unsaturation of the vegetable oil, thus considering both the
concentration of unsaturated fatty acids and their type, and whether they are mono- or
poly-unsaturated. This explains why the iodine value exhibits such a high correlation
with ECN.

Based on the experimental results, it is concluded that the physicochemical properties
of both vegetable and HFOs cannot be reliably used to interpret the differences between
ignition qualities of fuels. The experimental data shows no significant enough dependence
of vegetable and HFO ignition quality on density or viscosity.

It is shown by the experimental data that the CCAI cannot be used to assess the
ignition quality of vegetable oils, because of their negligible correlation. The CCAI was,
also, shown to not be reliable enough to accurately predict HFO ignition quality. This
would mean that the estimation of ignition quality of a blend of HFOs with vegetable oils
would likely be even less accurate, necessitating the use of different methods to predict
ignition quality. As mentioned above, CCAI is an empirical calculated value, used for the
classification of HFO fuels according to their ignition quality. Since vegetable oils have
completely different compositions compared to HFOs, the CCAI values of the vegetable
oils are only indicative.

It is evident by the data of this study that all the vegetable oils studied could be used
interchangeably as blending materials, due to their high ignition qualities, and are expected
to have a positive effect on HFO blend ignition quality. This would allow flexibility in the
choice of blending ingredients and the utilization of already existing crops.

Both the density and viscosity of vegetable oils are higher and closer to those of
HFOs than those of FAMEs, which to fulfill the specifications of the EN 14214 standard for
biodiesels must be within 860.0–900.0 kg/m3 and 3.50–5.00 mm2/s respectively [44]. These
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are two of the parameters to be taken into consideration for fuel blend stability. Therefore,
there is an indication that vegetable oils would lead to more stable blends than FAMEs.

The experimental results show that vegetable oils possess significantly higher ignition
quality than HFOs. Therefore, in terms of ignition quality, they are not only capable of
substituting conventional fuels, but they may also improve combustion efficiency, which
should lead to improved engine efficiency. As in the case of FAMEs, that have already
been approved as substitutes for HFOs, vegetable oils are expected to cause a notice-
able increase in ignition quality, but at a much lower cost, both from an economic and
environmental perspective.

Another important remark regarding the potential use of vegetable oils as substitutes
for heavy residual fuels is their significantly lower viscosity. This means that high pre-
heating temperatures are not required to achieve the desired viscosity for fuel atomization
(12–18 mm2/s), thereby reducing the possibility of thermal degradation of vegetable oils,
which is more likely to occur at high temperatures.

5. Conclusions
The ignition quality of a variety of vegetable oils was determined in a constant volume

combustion chamber to assess their expected behavior when used in a compression-ignition
engine. The results showed that the vegetable oils tested possessed higher ignition qual-
ities than standard HFOs. Therefore, it is indicated that vegetable oils could be used as
substitutes for conventional HFOs, without negatively impacting the ignition quality of
the final blend. On the contrary, it may be expected that they contribute positively to
combustion efficiency.

The ignition quality of vegetable oils was found to be most significantly impacted by
their degree of unsaturation. No significant dependence of vegetable and fuel oil ignition
quality on either density or viscosity was found. The inability to use the CCAI for the
prediction of vegetable oil ignition quality was confirmed, while it was shown that it is,
also, inadequate for the estimation of HFO ignition quality.

The PRR data show a conflicting effect, where in some cases the tested vegetable oils
lead to a lower maximum PRR and in other cases a higher one. The maximum PRR may
act as an indicator of potential engine wear, but no definitive conclusion may be drawn on
the effect of the use of vegetable oils on engine wear based on this data.

The high ignition quality that all the vegetable oils exhibited shows that they may be
used interchangeably as blending materials, meaning that the already available crops may
be utilized. Furthermore, the high ignition quality of vegetable oils highlights the fact that
the goal of substituting conventional fuels and reducing emissions in the shipping industry
may be achieved with the use of a cheaper fuel that does not require a synthesis process as
complex as that of biodiesel, which is currently promoted by the newest revision of the ISO
8217:2024 standard for marine fuel specifications.

The potential use of vegetable oils as blending materials with heavy fuel oils needs
to be assessed by examining the compatibility and stability of such blends, as well as the
impact on properties related to long-term storage, such as their oxidative stability and
corrosion activity. This is recommended as the focus of future research.
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CCAI Calculated Carbon Aromaticity Index
ECN Estimated Cetane Number
FAME Fatty Acid Methyl Esters
HFO Heavy Fuel Oil
ID Ignition Delay
IV Iodine Value
LNG Liquefied Natural Gas
LPG Liquefied Petroleum Gas
MCD Main Combustion Delay
MW Molecular Weight
PCC Pearson Correlation Coefficient
PRR Pressure Rise Rate
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