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Abstract: The ambitious new International Maritime Organization (IMO) strategy to reduce
greenhouse gas emissions from ships will shape the future path towards the decarbonization of the
fleet and will bring further ecological challenges. In order to replace the larger oil-based part of marine
fuel with components from renewable sources, it is necessary to develop multi-component blends.
In this work, biomethanol and biodiesel with two additives—dodecanol and 2-ethylhexyl nitrate—
in 20 blends with marine diesel oil (MDO) were selected as alternative components to replace the pure
marine diesel oil-based part of marine fuel. For this purpose, two base blends of diesel and biodiesel
with and without additives were produced with biomethanol from 0 to 30% (volume basis). Of all the
blends, the blends with 5% (volume basis) methanol had the best property profile in terms of density,
kinematic viscosity, calorific value, cloud point, and cetane index according to the ISO 8217:2017
standard (DMB grade) in compliance with the IMO requirements for marine fuels. However, the flash
point must be increased. The boiling behavior of the blends was also investigated. A cluster analysis
was used to evaluate the similarity between the blends based on their different physical properties.

Keywords: marine fuel; alternative fuel; biomethanol; biodiesel; marine diesel oil; methanol-diesel
blend; multivariate analysis

1. Introduction

Maritime transport is crucial for the global economy, as more than 80% of world trade is by sea [1],
and the authors of [2] concluded that it is the most cost-effective way to transport goods around
the world. Marine engines have a very high fuel consumption due to their size [3]. Therefore, they also
have high particulate and NOx emissions [4]. World Health Organization estimates [5] give an
alarming number of several million deaths per year from air pollution, which was also confirmed by [6].
The reformulation of conventional diesel fuel is an effective means of reducing pollutants, but this is a
difficult task due to the constant specific fuel consumption of diesel. In general, there are complicated
relationships between the molecular structure and the physical properties of diesel fuel [7].

The use of alternative fuels, such as alcohols and biodiesel, could reduce not only diesel
consumption but also pollutants, especially particulate emissions [8]. The use of alcohols and
biodiesel in conventional fuels [9] is developing into an alternative fuel due to its ease of production
and environmental friendliness [10]. These additives can reduce the emissions of air pollutants,
especially particulate matter [8].

Biodiesel is non-toxic, easily biodegradable, and has no sulphur and aromatic content [11];
it also has a high flash point and cetane index, and it has better lubricating properties than fossil
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diesel [12]. As an additive to improve the quality of diesel, biodiesel has become attractive due
to its environmental friendliness, high flash point (~150 °C) and cetane index that is higher than
conventional petroleum diesel fuel, good lubricity, biodegradability, and low toxicity [13]. The use of
biodiesel reduces particulate emissions and CO emissions [14]. Methanol can now be 100% produced
from renewable sources [15,16]. Alcohols have a higher oxygen content than fossil fuels; this helps
internal combustion engines to achieve a degree of combustion closer to completion and thus to
reduce soot emissions [17-19]. The stability of alcohol-diesel blends is mainly influenced by low
temperatures, water content, and alcohol content [20]. Therefore, additives are very important to
avoid phase separation [21-23]. Dispersing additives [24] such as long-chain alcohols like dodecanol,
which are amphiphilic like a surfactant and are compatible with both diesel and short-chain alcohols
such as methanol, are used. Additionally, 2-ethylhexyl nitrate is mainly used as an ignition booster [25],
but due to its amphiphilic molecular structure, it can also act as a dispersing agent.

Biodiesel can be used in diesel engines without any modifications to the engine system because its
combustion properties are very similar to those of conventional diesel [4]. The addition of sulphur-free
biodiesel has proven to be one of the most effective ways of reducing the high sulphur content of
marine diesel oil (MDO) [26].

However, problems, such as phase separation in the fuel mixture, may occur, but this could be
solved by dispersive additives such as dodecanol [22]. To replace as much fossil fuel as possible with
renewable components, more multi-component fuels are required. The most suitable formulations,
proportions, and additives for alternative fuels are still being sought [1,8,27].

The aim of the present study was to experimentally investigate the performance of the physical
characteristics of diesel with the addition of biodiesel, biomethanol, and the additives dodecanol
and 2-ethylhexyl nitrate compared with the listed values of a diesel according ISO 8217:2017
(DMB grade). In addition, a multivariate statistical analysis was carried out to support the verification
by measurements of the physical properties [28].

2. Materials and Methods

Twenty blends based on diesel (JSC “Gindana”) with different proportions of biomethanol
(Sigma-Aldrich, 99%) and biodiesel (JSC “Mestila”) were investigated. The blends were coded to unify
the name: M—methanol, % (volume basis); and B—biodiesel % (volume basis). Two diesel-biodiesel
blends were produced: B6.8M0, which contains 6.8% biodiesel in the base blend of diesel and additives,
and B10MO, which contains 10% biodiesel in the base blend. The letter M indicates the quantity of
biomethanol in the mixture, which varies from 0 to 30% (volume basis). Dodecanol and 2-ethylhexyl
nitrate were used as dispersive additives. Each parameter was replicated 5 times, and standard
deviation values were calculated.

The physical properties of each mixture, namely density, kinematic viscosity, cetane index,
flash point, cloud point, the calorific value, and the boiling behavior, were investigated according to
the standards for estimation listed in Table 1. Table 1 also gives values of properties of a marine diesel
oil for comparison to the standard ISO 8217:2017 (DMB grade).

In order to determine similar groups of mixtures of biodiesel and diesel according to the six
different physical properties of the mixtures, an indirect multivariate analysis was performed [29].
The number of similarity groups were evaluated by a hierarchical cluster analysis based on Euclidean
distance with the vegan package [30]. Additionally, the optimal number of clusters was determined via
a K-means cluster analysis using the factoextra package [31]. Using the vegan package, a permutational
multivariate variance analysis using distance matrices (ADONIS) was performed to determine the
differences in the clusters. For each physical property of the mixtures, all pairwise comparisons of
the mean values between delineated clusters were performed using the Games—Howell test with the
PMCMRplus package [32].
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Table 1. Comparison of the physical properties of biomethanol, biodiesel and diesel and their standards
of determination with the requirements for marine fuel of the ISO 8217:2017 standard.

Standards for ISO 8217:2017 Measured Values for the Blend Components
Parameter Estimation of the Limits
Parameters (DMB Grade) Diesel Biodiesel Methanol
Densﬁg’;t_? < EN ISO 3675:1999 Max 900 843 + 0.01 877 +0.01 797 +0.01
Kinematic viscosity EN ISO 3104:1994 Min 2.00 2.80 +0.01 4.30 +0.01 1.01 +0.01
° - : ——————— 280=+0. 30+ 0. 01+0.
at 40 C, rnm2 S 1 Max 11.00
_ 250 °C—33% _ _
Distillation ASTM D86-20

350 °C—95%

Calculated cetane

: ASTM D976-06(16) Min 35 51 50 5
index
Flash point, °C EN ISO 2719:2016 Min 60 62 120 + 1 11+1
Cloud point, °C EN 3015:2019 - Minus19+1 Minus12+1 Minus 98 + 1
Gross calorific value, 1\ 5190032003 - . 40 = 0.01 23 = 0.01

MJ kg1

3. Results and Discussion

As this study dealt with the dependencies of the physical properties of a fuel based on biodiesel
and methanol that could be used as a substitute for conventional MDOs according to ISO, the influence
of the additives had to be kept as low as possible. Therefore, the minimum quantity of dodecanol
and 2-ethylhexyl nitrate as dispersing additives for stabilizing a mixture of 0.25 vol-% methanol in
diesel was first examined. Contrary to the literature [23,24], which states the addition of 10% alcohol
like dodecanol and up to 1% nitric acid ester like 2-ethylhexylnitrate for a homogeneous mixture,
in this work, only 1% dodecanol and 0.5% 2-ethylhexylnitrate were sufficient. Due to the very small
quantities, it could be assumed that the negative effects on the cetane index and the calorific value
according to [23] were negligible. This assumption was confirmed in the following presentation of
results by the methanol-free diesel-biodiesel mixtures with and without additives.

Results of the density test of methanol-biodiesel-diesel blends: The study showed that an increase
in the biodiesel content of the blend slightly increased the density, but methanol decreased the density
by 1% for diesel-biodiesel blends with 6.8% (volume basis) biodiesel and by 1.5% for blends with 10%
(volume basis) biodiesel (Figure 1). The additives increased the density by less than 0.2%.

It was found that all 20 blends complied with the maximum limit of 900 kg m~3 defined in ISO
8217:2017 (DMB grade). Similar results were observed in [24,33-35]—the presence of methanol in the
mixtures reduced their density.

Results of testing the kinematic viscosity of methanol-biodiesel-diesel mixtures: As can be seen
in Table 1, the kinematic viscosity of biodiesel is 4.3 mm? s~!, which leads to an increase in kinematic
viscosity of mixtures.

Unlike density, the influence of methanol on the kinematic viscosity of diesel-biodiesel blends
was greater: When the methanol content of the B6.8 blends was increased from 5 to 30% (volume basis),
the decrease in kinematic viscosity (from 2.81 to 2.05 mm? s™!) was 27% compared to diesel and 31%
compared to the B6.8MO blend (Figure 2). Meanwhile, with the same increase in the methanol content
of the B10 mixtures, the kinematic viscosity decreased from 2.94 to 2.48 mm? s~! by 11% compared
to diesel and 22% compared to the BIOMO mixture. The lowest kinematic viscosity was found in the
B6.8M30 blend. It reached 2.05 mm? s~!, which was very close to the minimum permissible limit of
2.00 mm? s7}, so it was very important to monitor the viscosity when the composition of the blend
was changed.



J. Mar. Sci. Eng. 2020, 8, 730

40f13

850
I HB6.8 B10
845 T I
840 +—— T T
S 835 - I
B
1
e 830 - —
U
@)
825 —
820 —
815
MO MOwith M5 M10 M12 M14 M16 M18 M20 M30
without additives
additives Blends

Figure 1. Results of the density test of the two diesel-biodiesel blends (B6.8 and B10; B: biodiesel
percentage) as a function of methanol content (where M is the methanol percentage; M0 = 0% to
M30 = 30% methanol). Error bars show the standard deviation.
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Figure 2. Results of the test of the kinematic viscosity of the two diesel-biodiesel blends (B6.8 and B10)
as a function of methanol content. Error bars show the standard deviation.

It was found that all 20 blends complied with the limits set by the ISO 8217:2017 standard
(DMB grade). A study of [35] showed that the viscosity of biodiesel can be reduced by adding alcohol,
although it should be noted that [35] and [18] derived their conclusions on the basis of a greatly reduced
number of low-variety blends.

Results of testing the gross calorific value of methanol-biodiesel-diesel blends: The calorific
value is not regulated in the marine fuel standard ISO 8217:2017 (DMB grade), but it is an important
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parameter for assessing the amount of heat that can be released during the combustion of different
blends and for determining changes in fuel consumption.

During the analysis of the gross calorific values of blends, it was found that BLOMO (blend without
additives) had a maximum calorific value of 45.358 MJ kg~! (Figure 3). The addition of fuel additives
reduced the gross calorific value by 0.27% to 45.028 MJ kg~!. Similar to the previous properties,
increasing the methanol content from 5 to 30% (volume basis) in blends with additives resulted in a
decrease in calorific value.

46
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45 -~ —— =

44 -~

43 ~ -
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40 - . =
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38 -
37 . . : : : : : : :
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additives Blends

Gross calorific value, MJ kg

Figure 3. Results of the test of the gross calorific value of the two diesel-biodiesel mixtures (B6.8 and B10)
as a function of methanol content. Error bars show the standard deviation.

A similar trend has been reported in reviews [8,19].

Results of the flash point test of methanol-biodiesel-diesel blends: Due to the low flash point
of methanol (Table 1), it could be expected that an increase in the methanol content in the blends
would have lowered their flash point, but the addition of biodiesel could compensate for the value of
this parameter. A compensation by the comparatively high flash points of the additives was almost
impossible due to their low content in the blends.

The flash point of the B6.8MO blend reached an increase of 1.4-64.6 °C with the addition of
dodecanol and 2-ethylhexyl nitrate (Figure 4). A similar tendency was observed in the B10MO blends
with additives when the flash point in each case increased from 62.1 to 67.6 °C. However, the flash
point of the B6.8M5, BIOM5, and B10M10 mixtures dropped from 20 to 40, 41, and 40 °C, respectively.

A further increase of the methanol content to 12% (volume basis) resulted in a further reduction
to about 20 °C. However, each further increase of the methanol content up to 30% (volume basis) then
remained constant at about 20 °C for both base mixtures (B6.8Mx and B10Mx).

The authors of [18] investigated in their scientific work M5- and M10-mixtures, and in their work,
the flashpoints reached 45 and 49 °C, respectively.

Results of the test of the cloud point of methanol-biodiesel-diesel mixtures: The highest cloud
point was found for B6.8M0, which was 2.5 times higher than for the B6.8M30 mixture, where the
methanol content increased from 0 to 30% (volume basis). The addition of dodecanol and 2-ethylhexyl
nitrate additives to the mixtures showed no change in the cloud point temperature of the mixtures and
had only minimal effects on the variation of this parameter.
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Figure 4. Results of the test of the flash point of the two diesel-biodiesel mixtures (B6.8 and B10) as a
function of methanol content.

It was found that the addition of 5% (volume basis) methanol to the B6.8 mixtures reduced their
cloud point temperature by a factor of three (from —4 to —12 °C), while in the case of the B10 mixtures,
it decreased by a factor of 3.3 (from —3 to —10 °C). As the methanol content of the mixtures increased
from 5 to 18% (volume basis), the temperature of the B6.8 mixture dropped to as low as -14 °C and that
of the B10 mixture to as low as =16 °C. As can be seen in Figure 5, the mixtures reached a minimum of
the cloud point at methanol contents of 12-18%. A further increase of the methanol content to up to
30% (volume basis) caused the cloud point temperature to rise again in both base mixtures. To the
authors” knowledge, such a behavior has not been described in the studies of the properties of diesel
and/or biodiesel and alcohol mixtures concerning the cloud point [19,36].

—8—B6.8 B10

12 a
14 ~ T~ -/./

-16

Temperature, °C

-18

MO MO with M5 M10 M12 M14 M16 M18 M20 M30
without additives
additives

Figure 5. Results of the test of the cloud point of the two diesel-biodiesel mixtures (mB6.8 and eB10) as
a function of methanol content.
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The authors of [37] reported that one of the disadvantages of biodiesel is its high cloud point
compared to diesel. This disadvantage can be compensated for by methanol, as described above.

Results of testing the distillation of methanol-biodiesel-diesel mixtures: Figure 6A,B show that
methanol-free mixtures had higher boiling points. The first drop showed the temperature at which the
mixture began to boil, which depended on the composition of the mixture. If the mixtures contained
more than 10% (volume basis) methanol, they started boiling at 61 °C. In addition, the first drop of
B6.8MO0 mixtures with and without additives fell at 124 and 135 °C, respectively, (Figure 6A), and in the
B10MO mixtures with and without additives, it fell at 115 and 123 °C, respectively (Figure 6B). It was
observed that when the biodiesel content was increased from 6.8 to 10% (volume basis), the boiling
point of the blends dropped by 9% from 135 to 123 °C.
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Figure 6. Results of testing the distillation of methanol-biodiesel-diesel mixtures: (A)—biodiesel
content in blends: 6.8% (volume basis); (B)—biodiesel content in blends: 10% (volume basis).
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As can be seen from the figures, the boiling point of the methanol-containing blends containing
more than 10% methanol abruptly increased at about the volume of the distillate corresponding to
the respective methanol content of the blend. However, the boiling temperature always remained
below the corresponding boiling temperature of the pure base mixture of diesel-biodiesel and the
additives, even with higher methanol contents contained in the initial mixture. Only when about 90%
of the mixture was distilled off did the boiling temperatures coincide, at least for the B6.8Mx mixtures
(Figure 6A). In both base mixtures, the boiling temperature steadily increased in the BxM5 mixtures.
They did not remain at about 61 °C until 5 mL of liquid was distilled off. In any case, a residual amount
of 1.6-1.9% (volume basis) remained in the source material.

Results of the calculated cetane index of methanol-biodiesel-diesel mixtures: According to the
standard ISO 8217:2017 (DMB grade), marine diesel oil must have a cetane index of at least 35, which is
up to seven times higher than methanol, which has an extremely low cetane index of 5. Biodiesel has a
cetane index of 50.

The highest cetane indexes were found in non-methanol blends with 6.8% (volume basis) biodiesel
(cetane index: 54) and 10% (volume basis) biodiesel (cetane index: 51) (Figure 7). With a methanol
content of the blend of 30% (volume basis), the cetane index of B6.8 and B10 blends fell by 13% to 47
and 45, respectively.

56
53 —~—

50 \.\-‘\ ~
e \‘_-\.7
47

44

—=— B6.8 B10 =— —1ISO

Cetane index

41

38

35

ISO 8217:2017, DMB grade (Minimum)

32
MO MO with M5 M10 M12 M14 Mi16 M18 M20 M30
without additives
additives Blends

Figure 7. Results of the calculated cetane index of the two diesel-biodiesel blends (B6.8 and B10) as a
function of methanol content.

In the studies [16,34], it was observed that the B20MO blend has a 17% lower cetane index (44)
compared to marine diesel oil. According to ISO 8217: 2017 (DMB grade), the marine cetane index
should reach 35. All blends tested in the study met the minimum cetane index value according to
the standard.

Results of the multivariate analysis: In the cluster analysis, three significant (F = 332.05; df = 1;
p = 0.001) groups were determined (Figure 8), the first one mainly consisting of mixtures without
methanol. In the second cluster, the mixtures with methanol concentrations of 5% (B6.8M5 and B10M5)
and a mixture with 10% (B10M10) dominated, and the third cluster consisted of all remaining mixtures.
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Figure 8. The hierarchical cluster dendrogram (A) grouping different blends based on the dissimilarity
coefficient (Euclidean distance) and the number of optimal clusters by means of the K-means cluster
analysis (B). The location of a bend in the function of the total within-cluster sum of square indicates
the optimal number of clusters (3), i.e., hereafter the function remains minimal. Three clusters indicated
in the dendrogram by dotted line. M0O: with additives; M0-: without additives.

Among the physical properties of the mixtures, flash point was the most discriminated variable
(Figure 9), with the mean values differed significantly (p < 0.001) between the specific clusters
(i.e., the highest mean value was in the first cluster and the lowest mean value was in the third).
Similarly, the means of cloud point significantly (p < 0.05) differed between the clusters. The mean
of density in the second cluster was significantly (p < 0.05) higher than the mean in the third cluster,
whereas the mean in the first cluster did not significantly differ from both clusters. The mean of
cetane number in the first cluster was significantly (p < 0.05) higher than the mean in the third cluster,
whereas the mean in the second cluster did not significantly differ from both clusters. The means
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of viscosity and calorific value did not significantly differ between the first and the second clusters,
but they were significantly (p < 0.05) higher than in the third cluster.
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Figure 9. The mean (+standard deviation) values of the different physical properties of mixtures in the
three clusters.

Figure 9 shows that the mixtures with low methanol content were very close to the methanol-free
mixtures of diesel and biodiesel in terms of density, kinematic viscosity, cetane index and calorific value.
It can therefore be concluded that a low methanol blend behaves like a diesel/biodiesel fuel and would
not require any further adjustment if it were used as a fuel instead of a methanol-free blend. There was
clear improvement in low methanol blends in relation to the cloud point, where a significant reduction
could be observed due to the addition of methanol (as shown by cluster group 3). A small amount
of 5 or 10% methanol was sufficient to lower the cloud point. Similarly, the flashpoint was lowered
significantly by adding a small amount of methanol. The ISO 8217:2017 standard stipulates a minimum
of 60 °C.

4. Conclusions

Diesel-biodiesel blends with additives (1% (volume basis) dodecanol and 0.5% (volume basis)
2-ethylhexyl nitrate) and a low methanol content of about 5% (volume basis) seem to be the most
suitable for use as marine diesel fuel according to the ISO 8217:2017 standard (DMB grade). The density,
kinematic viscosity, calorific value and cetane index of this mixture are very similar to pure diesel
or diesel-biodiesel blends. A clear advantage of the B6.8M5 and B10M5 mixtures compared to
diesel-biodiesel blends is their significantly lower cloud point. However, an improvement has to be
made with regard to the flash point, which is the subject of ongoing research activities.

Finally, this means that 5% of the mineral diesel could be replaced by (bio-)methanol if the
flashpoint could be adjusted.
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Abbreviations

Abbreviations Meaning

IMO International Maritime Organization

MDO Marine diesel oil

M Methanol

B Biodiesel

B6.8 Blend that contains 6.8% biodiesel (volume basis)

B10 Blend that contains 10% biodiesel (volume basis)
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