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Abstract: The conventional utilization of fossil fuels precipitates uncontrolled carbon dioxide and
sulfur oxides emissions, thereby engendering pronounced atmospheric pollution and global health
ramifications. Within the maritime domain, concerted global initiatives aspire to mitigate emissions
by 2050, centering on the adaptation of engines, alteration of fuel compositions, and amelioration
of exhaust gas treatment protocols. This investigation pioneers experimentation with marine gas
oil augmented by methanol, a practice conventionally encumbered by prohibitively expensive
additives. Successful amalgamation of methanol, animal-derived biodiesel, and marine gas oil
(MGO) is empirically demonstrated under meticulously controlled thermal conditions, creating
a homogeneous blend with virtually zero sulfur content and reduced carbon content, featuring
characteristics akin to conventional marine gas oil but with no use of expensive emulsifiers. This
new blend is suitable for employment in maritime engines utilizing Delaval technology, yet with
significantly lower energy requirements compared to those necessitated using conventional very low
sulfur fuel oil (VLSFO) with a maximum sulfur content of 0.5% w/w.

Keywords: methanol; diesel; biodiesel; FAME; marine fuel; fuel blend; GHG emissions; environmental
protection

1. Introduction

International maritime transportation, a critical component of global commerce, is
under pressure to improve energy efficiency and reduce carbon emissions [1]. The mar-
itime industry is responsible for moving about 80–90% of global trade, transporting over
10 billion tons of cargo annually [2,3], contributing to 3% of total global greenhouse gas
(GHG) emissions [4]. By 2019, global trade had grown by 18% since 2016, and shipping
fuel consumption is projected to increase by 50% from 2012 to 2040 [5,6]. Heavy fuel oil
(HFO), known for its high sulfur content, remains the dominant fuel in this sector [7].

The extensive conventional use of fossil fuels and emissions of the international
commercial fleet have significantly contributed to environmental degradation, climate
change, and the greenhouse effect. Up to 70% of these emissions have been detected within
400 km inland [8,9], impacting global health and sometimes leading to fatal diseases [9,10].
The global community is grappling with an energy crisis precipitated by the irreversible
depletion of traditional fossil fuel reservoirs and the buildup of greenhouse gases in the
atmosphere, leading to unprecedented shifts in weather patterns [11]. Ships’ air emissions
arise from complete fuel combustion, producing substances like carbon dioxide (CO2) and
sulfur oxides (SOx), or from the oxidation of atmospheric nitrogen, resulting in nitrogen
oxides (NOx). Incomplete combustion generates pollutants such as hydrocarbons (HCs,
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including methane (CH4)), carbon monoxide (CO), formaldehyde, particulate matter (PM)
including black carbon (BC) and polyaromatic hydrocarbons (PAHs), and particle number
(PN) emissions. Some pollutants, such as nitrogen dioxide (NO2), ammonia (NH3), and
nitrous oxide (N2O), form during exhaust aftertreatment processes.

Heavy metals may also be emitted from fuel, lubricating oil, and engine wear [9]. SOx
and NOx emissions impact both terrestrial and aquatic ecosystems through acid deposition
and nutrient enrichment, leading to eutrophication [9].

Among greenhouse gases, CO2 is the primary driver of global warming, with signifi-
cant methane (CH4) and nitrous oxide (N2O) contributions, which have 100-year global
warming potentials (GWP100) of 28 and 265 times that of CO2, respectively. Another
significant contributor to global warming is black carbon (BC), with a GWP100 of 900 [9,12].

In 2018, maritime activities emitted 1.06 gigatons (Gt) of CO2 and other greenhouse
gases globally, increasing 9.3% and 9.6% from 2012 levels, respectively. This accounts
for approximately 2.89% of global anthropogenic CO2 emissions, which rose to 3.0% by
2022 [7,9,13,14]. According to the European Maritime Safety Agency (EMSA), ships over
5000 gross tonnage (gt) within the EU consumed 44,132 metric megatons of fuel, resulting
in 137.041 metric megatons of CO2 emissions, excluding warships, fishing vessels, and
auxiliary ships like tugboats [15].

The maritime sector faces urgent demands to limit or eliminate hazardous gas emis-
sions. International organizations such as the International Maritime Organization (IMO),
the US Environmental Protection Agency (EPA), and China’s Ministry of Foreign Affairs
and Climate Change have implemented measures to reduce emissions, aiming for a 40%
reduction in sulfur oxides by 2030 and a 70% reduction in sulfur oxides and 50% reduction
in GHG emissions, including CO2, by 2050. Some proposals even target complete fuel
neutralization by 2050, promoting new ecological fuels [1,7,16].

Enhancing efficiency through methods such as wind propulsion [17], optimizing
shipping routes [18], and adopting slow steaming [19] can contribute to lowering fossil fuel
use [20]. However, these improvements alone are insufficient to realize a complete (100%)
reduction in emissions.

Thus, alternative fuels are essential to reduce operational vessels’ emissions, allowing
trade to continue while simultaneously lowering the sector’s fossil fuel consumption. Uti-
lizing low-carbon and renewable energy sources to meet shipping energy requirements
is proposed as part of the approach to facilitate the sector’s future energy transition [21].
Embracing low-carbon fuels will pose a multifaceted challenge, necessitating the creation
of reliable supply chains, establishment of bunkering infrastructure, implementation of de-
carbonization policies, and introduction of economic mechanisms to support adoption [22].
The primary step, however, is to ensure that any alternative fuels employed can deliver a
significant reduction in carbon emissions to achieve a complete (100%) reduction in GHG
emissions by 2050 [17].

The European Union also emphasizes reducing gas emissions, particularly sulfur
oxides, through European Directive EU 2016/802, mandating the use of very low sulfur
fuel oil (VLSFO) with a maximum sulfur content of 0.5% w/w for all marine activities
within the EU territory. Stricter measures apply to ships in European ports, anchorages,
or Special Emission Control Areas (SECAs), where only marine gas oil (MGO) with a
maximum sulfur content of 0.1% w/w is allowed. These limits came into force on 1 January
2020, replacing previous limits of 3.5% w/w for VLSFO and 1.0% w/w for MGO [23].

Internal combustion engines’ SOx emissions are reduced either by retention after fuel
combustion using scrubbers or using fuels with low or zero sulfur content, as the emissions
are proportional to the sulfur content in the fuel [9].

Research has focused on developing new eco-friendly fuels beyond conventional fossil
fuels, aiming to reduce greenhouse gas emissions and promote resource sustainability.
Among alternative fuels, methanol is a significant focus. In recent years, methanol has
been a focal point for scientists, as it represents an alternative fuel with a high oxygen
content. This characteristic enhances combustion in internal combustion engines and
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reduces the emissions of hazardous gases [24]. Methanol has the simplest carbon structure,
is nearly sulfur-free, and can be produced from renewable energy sources, such as direct
CO2 hydrogenation from the atmosphere [25].

It can be used as a fuel either through combustion or in fuel cells, producing carbon
dioxide and water. Methanol derived from fossil fuels emits significant amounts of green-
house gases when used in shipping. However, producing methanol through low-carbon or
biogenic processes can reduce greenhouse gas emissions. Current commercial methanol
production relies on fossil fuels and is characterized by high carbon emissions. In contrast,
e-methanol (electro-methanol) is produced from green hydrogen and liquid carbon dioxide
obtained from industrial processes. Kanchiralla et al. [26] examined the use of e-methanol
as a marine fuel, where its production involves hydrogen from electrolysis and carbon
dioxide captured directly from the air. This approach leads to net-zero greenhouse gas
emissions during combustion, as the released carbon is sourced from the atmosphere and
not from fossil reserves. The results indicate that e-methanol has very low greenhouse
gas emissions, more than 80% lower than marine gas oil [26], and it is environmentally
friendly and cost-effective [7,27,28]. Huang et al. [29] investigated e-methanol’s production
from renewable hydrogen and carbon dioxide collected from the exhaust gases of a fossil
fuel power plant. The study attributes negative carbon credits to the used carbon dioxide,
resulting in an 83% reduction in emissions compared to conventional fuels.

Methanol is currently produced on a large scale and can be easily integrated into exist-
ing infrastructure with minor modifications to marine engines and technology, primarily
due to methanol’s high corrosiveness and autoignition point [30–34].

Using methanol in internal combustion engines, typically in dual-fuel engines, results
in minimal sulfur oxides and CO2 emissions. The emitted sulfur oxides mainly come from
engine lubricants or conventional petroleum used with methanol in dual-fuel engines [9].

Biofuels are fuels produced from biomass, which includes any organic matter derived
from plants or animals. They serve as a renewable alternative to fossil fuels, offering potential
for reducing greenhouse gas emissions and enhancing energy security [35]. They can reduce
CO2 emissions by sequestering CO2 from the atmosphere during photosynthesis [36,37].
Biodiesel, derived from vegetable oils or animal fats through transesterification, can be
used in internal combustion engines either as an additive or primary fuel, similar to
conventional diesel. When methanol is used for the reaction, it results in fatty acid methyl
esters (FAME) [38–40]. Biodiesel reduces gas emissions and complies with International
Maritime Organization requirements [1,41].

Biodiesel can be obtained from biomass, which in turn can be used as fuel. Biodiesel is
combined with fossil diesel for commercial use [42]. Biodiesel is a renewable and biodegrad-
able resource with a lower sulfur content, higher cetane number, greater efficiency, and
better lubricant properties [43], thus making it superior to its fossil diesel counterpart [44].

Biodiesel derived from renewable resources is emerging as a highly appealing al-
ternative fuel due to its minimal emissions and favorable chemical properties, including
non-toxicity, biodegradability [45], and carbon neutrality [46]. Furthermore, biodiesel can
be utilized in standard diesel engines, unlike fossil-based fuels (petroleum or diesel). Fossil
fuels are finite and release various pollutants such as nitrogen oxides, sulfur oxides, carbon
oxides, lead, and hydrocarbons [47,48].

The predominant and most efficient method for biodiesel synthesis is transesterification,
also known as methanolysis [49]. This process involves a catalytic reaction where vegetable oil
reacts with alcohol, resulting in the formation of biodiesel and glycerol [50,51]. During trans-
esterification, the glycerol moiety in triglycerides is substituted with a short-chain alcohol [52].
The reaction proceeds through a series of three successive and reversible steps: triglycerides
are first converted into diglycerides, which are then transformed into monoglycerides, and
finally, monoglycerides are converted into glycerol. Each stage of the process generates an
ester, ultimately producing three ester molecules from one triglyceride molecule [48,53].

Extensive studies and prior research indicate that biodiesel synthesis via transesterifica-
tion can be facilitated by both homogeneous catalysts (acids and bases) and heterogeneous
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catalysts (acids, bases, and enzymes) [54]. However, transesterification processes employ-
ing acid and alkali catalysts are demonstrated to be more time-efficient and cost-effective
compared to enzyme-catalyzed methods. In this process, a catalyst breaks down the oil
molecules, and an alcohol (such as ethanol or methanol) reacts with an ester to form an
alkyl ester (either ethyl or methyl) [48].

Marine internal combustion engines using methanol–diesel employ three methods:
port injection, in-cylinder direct injection (requiring dual-fuel engines), and direct mixing.
Direct mixing, however, requires expensive additives or emulsifiers due to the differing
properties of diesel and methanol [25].

Current research focuses on three areas to reduce harmful gas emissions: engine
modifications, after-combustion treatment technologies, and fuel modifications [10]. This
study focuses on fuel modification, aiming to create a homogeneous methanol–marine gas
oil (MGO) blend without costly chemical additives, determining optimal conditions and
proportions for the blend, and comparing its characteristics with conventional marine fuel.

2. Materials and Methods

The experiment was conducted at the Laboratory of Environmental Technology, Depart-
ment of Chemical Engineering, School of Engineering, University of Western Macedonia, Greece.

During the experimental procedure, attempts were made to determine the maximum
methanol (MeOH) content that can be dissolved in (MGO) with a maximum sulfur content
(S) of 0.1% w/w, in the presence of animal (FAME) and vegetable biodiesel without the
addition of emulsifiers or other expensive additives. Subsequently, an attempt was made
to determine the lowest temperature at which mixing could occur without loss of any
of the components, and finally to calculate the minimum time required for the three
materials to mix into a uniform transparent mixture, attempting also to determine if a
mixing-specific method, other than direct mixing of the materials, could optimize blending
of the three components.

The current research reveals that the maximum ratio of methanol that can be used in
diesel blends with the aid of stabilizers, such as butanol, is 20% [55,56]. In the present study,
given that the maximum methanol content was investigated without the addition of extra
stabilizers but only with the presence of biodiesel, the experimental procedure commenced
with a much lower methanol ratio. A ratio of MGO 95%–methanol 5% was selected, and
the quantities were adjusted, always maintaining the methanol–biodiesel ratio at 1:2 by
volume. This approach is in accordance with previous research findings, which indicate
that this ratio achieves the most effective dissolution of methanol in the biofuel [57].

The starting temperature for the experiment was set at 15 ◦C (room temperature). Depend-
ing on the behavior of the mixtures under testing, the temperature was gradually increased
until the minimum temperature at which the materials achieved mixing was identified.

For the experimental procedure, MGO (S = 0.090 wt%) was utilized, determined using
the ISO 20884:2019 [58] method. The sample’s density (d) was measured at 0.8353 g/mL at
25 ◦C according to the EN ISO 12185:1996 [59] method, its kinematic viscosity (Visc) at 40 ◦C
was determined to be 2.9912 cSt using the EN ISO 3104:2020 [60] method, its calorific value
was assessed at 45,919 J/g by the ASTM D240-19 [61] method, and the electrical conductivity
was measured at 3 pS. The MGO’s characteristics are shown in Table 1 below.

Table 1. MGO’s characteristics.

Parameter Method Measurement

Density (25 ◦C) EN ISO 12185:1996 [59] 0.8353 gr/mL
Kinematic Viscosity (40 ◦C) EN ISO 3104:2020 [60] 2.9912 cSt
Heat-producing Energy ASTM D240-19 [61] 45,919 J/gr
Sulfur (S) ISO 20884:2019 [58] 0.090 w/w
HC Containing: C10–C40 ISO 17025:2017 (GC-FID) [62] 94% w/w
MeOH Containing ISO 17025:2017 (HPLC-RI) [62] 00.0 w/w
Electrical Conductivity ASTM D2624-22 [63] 3 pS
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Animal biodiesel (FAME) with a sulfur content of 5.2 mg/kg, measured using the EN
ISO 20846 [64] method, was employed as the second component. The sample’s density (d)
was determined to be 0.8757 g/mL using the EN ISO 12185 method at 15 ◦C. Its flash point
was measured at 174 ◦C according to the EN ISO 3679 [65] method. The cloud point was
found to be at 12 ◦C using the EN 23015 [66] method, with a water content of 130 mg/kg
determined by the EN ISO 12937 [67] method. The acidity was recorded at 0.17 mg KOH/g
via the EN 14104 [68] method. The ester content measured greater than 99% m/m by the
EN 14103 [69] method, with linolenic acid methyl ester at 0.9 m/m by the same method,
and polyunsaturated methyl esters (≥4 double bonds) at <0.5% m/m by the EN 15779 [70]
method. Animal derived biodiesel’s characteristics are shown in the Table 2 below.

Table 2. Animal-derived biodiesel’s characteristics.

Parameter Method Measurement

Density (15 ◦C) EN ISO 12185 [59] 0.8757 g/mL
Flash point EN ISO 3679 [65] 174 ◦C
Cloud point EN 23015 [66] 12 ◦C
Acidity EN 14104 [68] 0.17 mg KOH/g
Ester Content EN 14103 [69] <99% m/m
Linolenic acid methyl ester EN 14103 [69] 0.9 m/m
Polyunsaturated methyl esters (≥4 double bonds) EN 15779 [70] <0.5% m/m
Sulfur (S) EN ISO 20846 [64] 5.2 mg/kg

As a third component, pure commercial methanol with a content of 100% was utilized,
having a density (d) of 0.79 kg/L, a boiling point of 64 ◦C, a water content of 0.01%, and an
electrical conductivity exceeding 2000 pS.

To determine the content of C10–C40 hydrocarbons in the final blends, chromatography was
conducted employing the gas chromatography—flame ionization detection (GC–FID) method.
Additionally, for the methanol (MeOH) content in the final blends, chromatography was con-
ducted using the high-performance liquid chromatography refractive index (HPLC-RI) method.
These analyses were performed in a laboratory certified according to ISO 17025:2017 [62].

The measurement of total petroleum hydrocarbons (TPH) was conducted using the
GC–FID method on an Agilent brand device, model 8890 GC–FID, manufactured in the
United States of America. The procedure involved extraction with hexane and injection into
the GC–FID chromatograph using a 30-m HP-5 column. The chromatographic conditions
were as follows: Inlet module PTV in splitless mode, injection volume 1 µL, baffled liner
PTV, 2.0 mm × 2.75 mm × 120 mm, inlet temperature 50 ◦C, hydrogen gas carrier; carrier
gas flow at 3.2 mL/min in a constant flow, split flow at 50 mL/min, splitless time at 0.5 min,
and septum purge flow at 5 mL/min.

The measurement of methanol was conducted using the HPLC-RI method on a Thermo
brand device, model HPLC UltiMate 3000, manufactured by ThermoFisher Scientific in
Germany. The procedure involved extraction with ultrapure water and injection into the
HPLC-RI chromatograph using a 5 µm UniverSil HS C18 column. The chromatographic
conditions were as follows: flow rate at 0.6mL min−1, injection volume of 20.0 µL, column
oven and detector temperature at 30 ◦C, and 8.0 min for total run Mobile phase, and samples
were filtered before injection using 0.2 µm polytetrafluoroethylene (PTFE) membrane filter
(Millipore, Bedford, PA, USA).

The final mixture’s viscosity was measured using a Viscosimetro SCHOTT brand
device, model CT 52, manufactured by SCHOTT Instruments GmbH, in Mainz, Germany,
the calorific power using an IKA brand device, model C200 meter manufactured by IKA-
Werke GmbH & Co. KG, in Staufen, Germany, and the density using a Precisa brand device,
model XT20A, manufactured in Precisa Gravimetrics AG, in Dietikon, Switzerland.

2.1. Experiment 1

According to the experimental procedure, the optimal ratio of methanol to biodiesel
was considered to be 1:2 [57]. A mixture was created at a ratio of 5% methanol to 10%
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plant-derived biodiesel and 85% marine gas oil (MGO) with a maximum sulfur content of
0.1% w/w, as shown in Table 3 below.

Table 3. Percentages % v/v of component ratios in plant-derived biodiesel-added blends.

% v/v Blend 1 Blend 2 Blend 3 Blend 4 Blend 5

Methanol 5 10 15 20 25
Bio. (Plant) 10 20 30 40 50
MGO 85 70 55 40 25

Temp. ◦C

15–25 No result No result No result No result No result
25 No result No result No result No result No result
25–59 No result No result No result No result No result
59 No result No result No result No result No result
>60 ◦C MeOH Evapor. MeOH Evapor. MeOH Evapor. MeOH Evapor. MeOH Evapor.

The same procedure was carried out using animal-derived biodiesel (FAME).
Each mixture was gradually heated with agitation at regular time intervals starting

from a room temperature of 15 ◦C, in which no mixing occurred. It was observed that at
a temperature of 25 ◦C, the mixing process commenced in the animal-derived biodiesel
blends, whereas at a temperature of 59 ◦C, precisely 5 ◦C lower than the boiling point of
methanol and 1 ◦C lower than the flash point of marine gas oil (MGO) with a maximum
sulfur content of 0.1% w/w, a homogeneous transparent mixture was achieved.

The same procedure was repeated with each doubling of the quantity of methanol
and animal-derived biodiesel, while maintaining a constant ratio of 1:2 and decreasing
the content of marine gas oil. In this manner, mixtures were created using animal-derived
biodiesel (FAME) in proportions detailed in the following Table 4.

Table 4. Percentages % v/v of component ratios in FAME-added blends.

% v/v Blend 1 Blend 2 Blend 3 Blend 4 Blend 5

Methanol 5 10 15 20 25
Bio. (FAME) 10 20 30 40 50
MGO 85 70 55 40 25

Temp. ◦C

15–25 No result No result No result No result No result
25 Start Mixing Start Mixing Start Mixing Start Mixing No result
25–59 Mixing Mixing Mixing Mixing No result
59 Clear Blend Clear Blend Clear Blend Clear Blend No result
>59 ◦C MeOH Evapor. MeOH Evapor. MeOH Evapor. MeOH Evapor. MeOH Evapor.

Mixtures using plant-derived biodiesel in different proportions are outlined in the
following Table 3.

Regarding the blends in Table 4, it was observed that up to blend ratio 4 (methanol
20% v/v–animal-derived biodiesel 40% v/v–MGO 40% v/v), mixing was achieved at a
temperature of 55◦C. However, for mixture ratio 5 in Table 4 (methanol 25% v/v–animal-
derived biodiesel 50% v/v–MGO 25% v/v), no mixing of the materials occurred. The
temperature gradually increased, but without success, as it approached the boiling point of
methanol, resulting in its evaporation. For this reason, mixture 4 from Table 4 (methanol
20% v/v–animal-derived biodiesel 40% v/v–MGO 40% v/v) was re-prepared, with an
increase in the methanol’s content and animal biodiesel (FAME) by 0.5 mL each time, while
maintaining the ratio constant and accordingly reducing the marine fuel’s content. As a
result, mixtures were prepared as listed in Table 5.
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Table 5. Exact proportions % v/v of blend components with added FAME.

% v/v Blend 6 Blend 7 Blend 8 Blend 9

Methanol 20.5 21 21.5 22
Bio. (Fame) 41 42 43 44
MGO 38.5 37 35.5 34

Temp. ◦C

15–25 No result No result No result No result
25 Start Mixing Start Mixing Start Mixing No result
25–59 Mixing Mixing Mixing No result
59 Clear Blend Clear Blend Clear Blend No result
>59 ◦C MeOH Evapor. MeOH Evapor. MeOH Evapor. MeOH Evapor.

It was found that the maximum possible ratio for dissolution at a temperature of 55 ◦C
was that described in blend 8 of Table 5 (methanol 21.5% v/v–animal-derived biodiesel
43% v/v–MGO 35.5% v/v). Further increases in the methanol’s content and proportions
did not result in mixing. It was also observed that at every mixture ratio with added plant
biodiesel, mixing was not achieved. For this reason, plant biodiesel’s use was rejected.

For this reason, it is considered that the maximum blending ratio of methanol—animal
biodiesel (FAME)—marine fuel is 21.5% v/v–43% v/v–35.5% v/v.

Maintaining the aforementioned observation, the experimental procedure continued
to determine the lowest temperature at which material mixing could occur, as well as
whether the outcome was affected by gradual or simultaneous mixing of the materials.

2.2. Experiment 2

A 35.5 mL volume of marine gas oil (MGO) quantity with a maximum sulfur content
of 0.1% w/w, 5 mL of methanol, and 10 mL of animal biodiesel (FAME) were placed in a
container at room temperature (15 ◦C). The mixture was gradually heated on a heated base
with a stirrer. The mixing process commenced at 25 ◦C, and at a temperature of 59 ◦C and
above, a clear, transparent mixture was achieved.

At this point, an additional 5 mL of methanol and 10 mL of animal biodiesel (FAME)
were added. The new mixture immediately separated upon contact with the already
uniform mixture, while the temperature of the preheated mixture decreased. Maintaining
the heating, new mixing occurred again when the temperature approached 59 ◦C. The
process was repeated until the final ratio of components was achieved, as described in
Table 5 for blend 8 of the first experiment (methanol 21.5% v/v–animal-derived biodiesel
43% v/v–MGO 35.5% v/v). The procedure is shown in Table 6 below.

Table 6. Gradual mixing procedure of materials.

Blend (MeOH–
Fame–MGO)
Volume Units

15 ◦C–25 ◦C 25 ◦C 25 ◦C–59 ◦C 59 ◦C Add Methanol–Fame
Volume Units

Temp.
Decreased 59 ◦C

5–10–35.5 No Result Start Mix. Mixing Blend 5–10 Separation Blend

10–20–35.5 No Result Start Mix. Mixing Blend 5–10 Separation Blend

15–30–35.5 No Result Start Mix. Mixing Blend 5–10 Separation Blend

20–40–35.5 No Result Start Mix. Mixing Blend 0.5–1.0 Separation Blend

20.5–41–35.5 No Result Start Mix. Mixing Blend 0.5–1.0 Separation Blend

21–42–35.5 No Result Start Mix. Mixing Blend 0.5–1.0 Separation Blend

21.5–43–35.5 No Result Start Mix. Mixing Blend 0.5–1.0 Separation Blend

22–44–34 No Result No Result No Result No Result - - -
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2.3. Experiment 3

The materials were placed in a container in the proportions described in the first
experiment’s Table 5 for blend 8 (methanol 21.5% v/v–animal-derived biodiesel 43% v/v–
MGO 35.5% v/v) and at room temperature of 15 ◦C, and heated on a heated base with
a stirrer. In this case, the mixing process commenced again at 25 ◦C, while the mixture
homogenized at a temperature of 58 ◦C instead of the previous 59 ◦C. The procedure is
shown in Table 7 below.

Table 7. Direct mixing of materials heated on a heated base procedure.

Blend (Methanol–
Fame–MGO%) v/v Temperature

15 ◦C–25 ◦C 25 ◦C 25 ◦C–58 ◦C 58 ◦C 59 ◦C 60 ◦C
21.5–43–35.5 No Result Start Mix. Mixing Blend Blend Start Evaporation

In the next phase, an attempt was made to determine the behavior of the materials
when uniformly heated separately before mixing, as well as the minimum temperature and
time required for mixing.

2.4. Experiment 4

An amount of the 3 materials was placed in three separate containers, which were
heated uniformly throughout their entire bodies simultaneously in a thermostatic bath. The
temperature selected for the initial examination was 25 ◦C at which, according to previous
tests, the mixing process was observed to commence.

When the 3 materials reached a temperature of 25 ◦C, material was taken from each
container according to experiment 1 of blend 8, Table 5 ratio (methanol 21.5% v/v–animal-
derived biodiesel 43% v/v–MGO 35.5% v/v), and the three quantities were mixed in a
common container. The materials separated immediately. The experiment proceeded by
extending the materials’ dwell time at a temperature of 25 ◦C for 5 min, after which the
materials were mixed again at the desired ratio, resulting once again in complete separation.

The same procedure was repeated several times, increasing the time by 5 min each
time while maintaining a constant temperature of 25 ◦C, until the materials remained
heated separately for 2 h or more. In each case, mixing was not achieved.

The process was repeated from the beginning with a 5 ◦C temperature increase. Even
at a temperature of 30 ◦C, mixing was still not achieved over time.

The experiment was repeated multiple times until it was observed that at a temperature
of 49 ◦C the mixing procedure started; at the temperature of 55 ◦C, following separate
materials’ heating for one hour, the materials were mixed into a turbid mixture. The same
procedure continued without a difference in the outcome, and the mixture remained turbid,
while due to approaching the boiling temperature of the alcohol, loss of material was
observed due to evaporation after one hour or more of heating.

Subsequently, the turbid mixture, which was at a temperature of 55 ◦C with heating
for one hour, was uniformly placed in the water bath. It was observed that after 45 min, the
mixture became clear and transparent.

Subsequently, it was allowed to cool, and it was observed that phase separation began
at 51 ◦C while the mixture fully separated at a temperature lower than 49 ◦C.

After reheating, it was observed that the mixture homogenized into a clear and
transparent state at a temperature of 52 ◦C, which is 3 ◦C lower than the initial temperature.

The process was repeated several times; however, the temperature for complete mixing
remained consistently at 52 ◦C.

The mixing process and the materials’ phases at each temperature level are detailed
more analytically below.

The 3 materials were heated uniformly in three separate containers throughout their
entire bodies simultaneously in a thermostatic bath at 25 ◦C, as shown in Figure 1 below.
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35.5% v/v was taken every 5 min, up to 2 h. Mixing was not achieved. 
B. Increasing gradually the 3 materials’ temperature by 5 °C and taking a new mixture 
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Figure 1. Separate uniform heating of the 3 materials at 25 ◦C.

An effort to create a homogeneous mixture from the three materials was made.

A. Extending the materials’ dwell time at a temperature of 25 ◦C for 5 min.

A new mixture, methanol 21.5% v/v–animal-derived biodiesel (FAME) 43% v/v–MGO
35.5% v/v was taken every 5 min, up to 2 h. Mixing was not achieved.

B. Increasing gradually the 3 materials’ temperature by 5 ◦C and taking a new mixture
for every new trial to the same ratio as above.

The seperated, uniform, materials’ heating progress, is shown in Figure 2 below.
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3. Results

As described in the previous chapter, the experimental procedure was conducted in the
Laboratory of Environmental Technology at the Department of Chemical Engineering of the
School of Engineering at the University of Western Macedonia and relied on the multiple trials
method with observation. The measurements were carried out both in the same laboratory
and in a secondary external accredited laboratory according to ISO 17025:2017 [62].

For the experiment, marine gas oil (MGO) with a maximum sulfur content of
S ≤ 0.1% w/w, animal-derived biodiesel (FAME), vegetable-derived biodiesel, and com-
mercially available anhydrous methanol at 100% purity were used.

The physicochemical properties of methanol [71], the animal-derived biodiesel’s char-
acteristics according to the European standard EN 14214 [72], the marine fuel specifications
according to ISO 8217:2017 [73], and chemical analyses’ tables of the three materials utilized
are presented in Appendix A.

From the experimental process, it emerged that there was an inability to blend
methanol and MGO using vegetable-derived biodiesel. For this reason, this particular
material was excluded from further processing.

It was observed that in a 100% v/v blend unit, the methanol’s maximum quantity,
capable of dissolving in MGO in the presence of animal-derived biodiesel (FAME), is
21.5% v/v. The remaining proportions correspond to MGO 35.5% v/v and FAME 43% v/v.

During the tests, three blends were obtained. The first was created by continuously
and simultaneously heating the materials on a heated base and gradually adding methanol
and biodiesel to each mixture. The second involved simultaneously mixing all materials
and heating on a heated base, while the third involved heating the materials individually
throughout their entire volume using a heat bath, followed by their consolidation and
reheating in the total volume of the mixture, uniformly within a heat bath.

3.1. Results of the First Incremental Addition Blend

During the first incremental addition blend’s preparation, it was observed that the
homogenization process initiated at 25 ◦C, while complete mixing into a uniform and
transparent mixture occurred at a temperature of 59 ◦C and above.

This method requires elevated temperature due to the continuous addition of materials
and the mixture’s temperature decrease, resulting in the loss of methanol and hydrocarbons
to an extent that renders the blend unsuitable for preparation in an industrial scale.

As revealed by the final blend’s measurement, the hydrocarbons’ C10–C40 content
significantly decreased, with only 28.4% remaining, while the blend’s methanol content
decreased even further, with a final residual quantity of 9% of the initial amount.

However, a significant reduction in the blend’s sulfur content was observed, as it
decreased by approximately 90%, with a final content of only 0.01% w/w of the mixture.

The blend’s calorific value reached 40,871 J/g, the density (d) was at 0.8548 g/mL, and
the kinematic viscosity at 40 ◦C was 2.9616 cSt.

The final mixture’s hydrocarbon content is depicted in Figure 3 below.
The mixture’s final methanol content is depicted in Figure 4 below.
The final incremental addition blend’s characteristics are presented in the following

Table 8.

Table 8. Gradual addition blend’s characteristics.

Parameter Measurement

Density 0.8548 gr/mL
Kinematic Viscosity (40 ◦C) 2.9616 cst
Heat-producing Energy 40,871 j/gr
Sulfur (S) 0.01% w/w
HC Containing C10–C40 28.4% w/w
MeOH Content 9% w/w
Electrical Conductivity >2000
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3.2. Results of the Second Direct Blending Mixture

During the second simultaneous blending mixture preparation, it was observed that
the homogenization process initiates at 25 ◦C, while complete mixing into a uniform and
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transparent mixture occurs at a temperature of 58 ◦C and above, which is one degree lower
than the temperature of the incremental blending process.

Due to the mixture’s volume, this method requires prolonged exposure of the mixture
to the heated device in order to reach the required temperature, resulting in a greater loss
of methanol compared to that of the incremental blending process, as well as hydrocarbons.
Consequently, this particular process becomes impractical for mixing the materials.

As evidenced by the final blend’s measurement, the C10–C40 hydrocarbons’ content
decreased significantly, with only 32.1% remaining, while the blend’s methanol content
decreased even further, with a final residual quantity of 7.2% of the initial amount.

However, a significant sulfur content decrease was observed for the blend, as it
decreased by approximately 90%, with a final content of only 0.0103% w/w of the mixture.

The blend’s calorific value reached 40,919 J/g, the density (d) was at 0.8412 g/mL, and
the kinematic viscosity at 40 ◦C was 3.3318 cSt.

The final blend’s hydrocarbon content is depicted in Figure 5 below.
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The final blend’s methanol content is depicted in Figure 6 below.
The characteristics of the final simultaneous addition blend mixture are provided in

the following Table 9.
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Parameter Measurement

Density 0.8412 gr/mL
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Heat-producing Energy 40,919 j/gr
Sulfur (S) 0.0103% w/w
HC Containing C10–C40 32.1% w/w
MeOH Content 7.2% w/w
Electrical Conductivity >2000
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3.3. Results of the Third’s Separate Heating Materials’ Blend

During the third blend’s preparation of heating the materials separately, it was ob-
served that the homogenization process initiated at 49 ◦C, while complete mixing into a
uniform and transparent mixture occurred at a temperature of 55 ◦C and above.

This method requires prolonged exposure of the mixture to uniform heating, following
separate heating of the materials. Due to the relatively low temperature throughout the
mixture’s volume, blending of the materials was observed without significant loss through
evaporation. Consequently, the materials appeared in the final blend with a content that
nearly approached 100% of their quantities before processing.

As revealed by the final blend’s measurement, the C10–C40 hydrocarbons’ content de-
creased minimally with a retention of 34.2% compared to the initial quantity corresponding
to 35.5%. Methanol also decreased slightly, with a content of 20.2% of the initial quantity
corresponding to 21% v/v of the mixture.

The sulfur content remained almost negligible, at a rate of 0.0104% w/w of the
initial mixture.

The blend’s calorific value reached 38,746 J/g, the density (d) was at 0.8423 g/mL, and
the kinematic viscosity at 40 ◦C was 2.9319 cSt.

A significant observation is the temperature of 52 ◦C, at which the mixture homogenized
after separation and remained uniform and transparent without loss of its constituents.

The final hydrocarbon content in the mixture is depicted in Figure 7 below.
The final methanol’s content in the mixture is depicted in Figure 8 below.
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The final blend’s characteristics with simultaneous additions of components are pre-
sented in the following Table 10.

Table 10. Characteristics of separated heated materials' blend.

Parameter Measurement

Density 0.8423 gr/mL
Kinematic Viscosity (40 ◦C) 2.9319 cst
Heat-producing Energy 38,746 j/gr
Sulfur (S) 0.0104% w/w
HC Containing C10–C40 34.2% w/w
MeOH Content 20.2% w/w
Electrical Conductivity >2000

The three final blends’ characteristics are presented collectively in Table 11 below.

Table 11. Final three blends’ characteristics and behavior.

Parameter Gradual Prepar. Direct Mixture Separated Material’s Heating

Content % v/v in
MeOH–FAME–MGO 21.5–43–35.5 21.5–43–35.5 21.5–43–35.5

Density 0.8548 gr/mL 0.8412 gr/mL 0.8423 gr/mL
Kinematic Visc. (40 ◦C) 2.9616 cst 3.3318 cst 2.9319 cst
Heat-producing Energy 40,871 j/gr 40,919 j/gr 38,746 j/gr
Sulfur (S) 0.01% w/w 0.0103% w/w 0.0104% w/w
HC Containing C10–C40 28.4% w/w 32.1% w/w 34.2% w/w
MeOH Content 9% w/w 7.2% w/w 20.2% w/w
Electrical Conductivity >2000 >2000 >2000

Temperature ◦C

15–25 No Result No Result
25 Start Mixing Start Mixing
25–49 No Result
25–58 Mixing
25–59 Mixing
49 Start Mixing
50–54 Mixed into Turbid Mixture
55 Clear and transparent after 45 min at this temp.
58 Clear Blend
59 Clear Blend
55–60 Clear and transparent after 45 min at this temp.
58–60 Blend
59–60 Blend
>60 Start Evapor. Start Evapor. Clear and transparent after 45 min at this temp.

After Cooling

51 Start Separation Procedure
49 Fully Separated

After Reheating

52 Immediately clear and transparent blend
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4. Discussion

As evidenced by the experimental procedure, a homogeneous and transparent mixture
of MGO and methanol can be achieved in the presence of animal biodiesel (FAME) additive
and maintained in this state at a temperature of 52 ◦C, without the need for emusifiers or
other expensive additives. Animal biodiesel was chosen as an additive due to its increased
content of fatty acids (polar carboxyl groups).

The process’s initial phase is based on the principle of “like dissolves like”. The three
materials consist of hydrocarbons, although MGO constitutes a nonpolar compound while
methanol is polar. The hydroxide radicals of the methanol molecules strongly bind to one
another, making it impossible for direct dissolution in the diesel molecules.

However, due to the animal biodiesel’s participation, which contains polar carboxyl
groups, the interaction of methanol’s polar groups with the fatty acids (polar group OH)
becomes feasible [74,75], resulting in methanol’s dissolution in biodiesel.

Biodiesel contains large carbon–hydrogen chains (C + H), which exhibit significant
similarity to the hydrocarbons of MGO [75], a fact that accounts for the easy solubility of
biodiesel in MGO.

The process executed for the chemical mobility phenomenon involves the binding of
methanol molecules with biodiesel’s carboxyl groups, followed by the entire dissolution of
biodiesel molecules into the MGO’s hydrocarbon molecules, which are present in higher
concentration in the mixture, based on the solvent–solute relationship.

The increase in temperature to which the mixture is subjected contributes to a reduction
in the cohesive bonds of methanol molecules, facilitating the dissolution phenomenon [75].

The spectrometry of the final mixture confirms the presence of the three utilized
materials without the presence of an emulsifying additive, which verifies that mixing
occurred via the aforementioned procedure, as shown in Figure 9 below.
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The spectrometry was conducted with an Agilent brand device, model FTIR Cary
630, made in the USA, in a spectral range of KBr 7000–350cm−1, ZnSe 5100–600cm−1, with
spectral resolution < 2 cm−1, wavenumber accuracy 0.05 cm−1 measured with the ASTM
1921 [76] method, and wavenumber reproducibility 0.005 cm−1 measured with the ASTM
1921 method.

The final mixture exhibits characteristics similar to conventional MGO, as shown in the
Table 12 below; however, reduced viscosity was observed, albeit within the limits specified
by ISO 8217:2017 [73], and at a lower calorific value. The comparison table is shown below.

Table 12. Comparison of final blend and conventional fuel.

Parameter Final Blend’s Measurement Conventional Fuel’s Measurement

Density 0.8423 gr/mL 0.8353 gr/mL
Kinematic Viscosity (40 ◦C) 2.9319 cSt 2.9912 cSt
Heat-producing Energy 38,746 J/gr 45,919 J/gr
Sulfur (S) 0.0104% w/w 0.090 w/w
HC Containing C10–C40 34.2% w/w 94% w/w
MeOH Content 20.2% w/w 00.0 w/w
Electrical Conductivity >2000 pS 3 pS

The low viscosity is a factor that may confirm the need for modification of marine engines.
The lower calorific value is not a fuel’s negative factor, as ultimately its energy effi-

ciency is not reduced due to the increased number of ketones contained in the biodiesel.
The most significant drawback from the measurements so far arises in the indication of

the increased electrical conductivity value, which appears to be attributed to the presence
of water in the biodiesel and methanol.

The reduced fuel’s carbon and sulfur content leads to a decrease in carbon dioxide
and sulfur oxides emissions into the atmosphere, contributing to the reduction in factors
responsible for the greenhouse effect and ensuring global health. A further study is already
underway to accurately measure the emissions resulting from the use of fuel.

By improving this method and the resulting material through the continuous advance-
ment of our research, we will be able to utilize a unified methanol fuel mixture without the
need for dual-fuel engines, achieving reduced SOx and CO2 emissions. This is because the
emissions are proportional to the carbon and sulfur content of the fuel.

Further research will focus on the fuel’s burning in marine engines and studying
methods to reduce the fuel’s electrical conductivity, as well as on finding new techniques
for maintaining the fuel at even lower temperatures.

5. Conclusions

In summary, the continuously conventional fossil fuels’ use increasing by shipping,
has led to a hazardous gas emissions’ rise, responsible for the greenhouse effect and global
warming, while also creating conditions hazardous to global health. This phenomenon
has entered the international organizations’ agenda for the implementation of measures to
reduce ships’ gas emissions.

Among other measures, strict limits have been set on the fuels’ sulfur content with
the aim of their complete phase-out by 2050, while efforts are also being made to reduce
carbon dioxide emissions by 50% during the same period. Measures implemented so far to
comply with these regulations include modifying conventional fuels or developing new
eco-friendly fuels. Significant alternatives include alcohols primarily used as additives to
conventional fuel and biofuels. Methanol represents the cleanest alcohol with only one
carbon atom in its molecule while being sulfur-free. However, its use in a blend with MGO
is deemed impractical without the addition of costly additives. Nevertheless, through the
experimental process of this study, the possibility of blending methanol with marine gas oil
(MGO) with characteristics akin to conventional fuel is demonstrated, utilizing exclusively
animal-derived biodiesel (FAME) as a blending aid under specific temperature conditions.
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The maximum blending ratio of methanol—animal biodiesel (FAME)—marine fuel is
21.5% v/v–43% v/v–35.5% v/v respectively, by a method that requires prolonged uniform
mixture’s heating exposure, following by materials’ separate heating. As a result of this
method, the final product presents a C10–C40 hydrocarbons’ content decreased minimally,
with a retention of 34.2% compared to the initial quantity corresponding to 35.5%. Methanol
also decreased slightly, with a content of 20.2% of the initial quantity corresponding to
21% v/v of the mixture and the sulfur content remains almost negligible, at a rate of
0.0104% w/w of the initial mixture.

Additionally, the final blend meets the conventional fuel’s properties with a calorific
value reaching 38,746 J/g, the density (d) reaching at 0.8423 g/mL, and the kinematic
viscosity at 40 ◦C the 2.9319 cSt.

6. Patents

For the final methodology and the produced material, patent number 1010615 has
been granted by the Industrial Property Organization, with International Classification
(INT. Cl. 2023.01): C10L 1/14, C10L 1/04, C10L 1/18, C10L 10/00, to the inventor, author,
and corresponding author of the present paper, Mr. Dimitrios Parris.
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Appendix A

Table A1. Physical properties of methanol [71].

Standard Physicochemical Properties Liquid Properties

Melting point: −97.7 ◦C Density: 791 kg/m3 at 20 ◦C
Boiling point: 64.9 ◦C Heat of vaporization: 35,278 kJ/kmol
Relative density: 0.79 Viscosity:
Formula: CH3OH a = 555.3 b = 260.6
Molecular weight: 32.042 kg/kmol where log(viscosity) = a * (1/T − 1/b)
Heat of formation: −201.3 MJ/kmol Viscosity: mNs/m² T: ◦K
Gibbs free energy: −162.62 MJ/kmol Vapor Properties
Freezing point: −97.7 ◦C Heat capacity:

Boiling point: 64.6 ◦C (at atmospheric pressure) a = 21.152 b = 0.07092 c = 2.59 × 10−5 d = −2.85 × 10−8,
where Cp = a + b * T + c * T2 + d * T3 Cp: kmol.K T: ◦K

Critical properties Vapor pressure
Critical temperature: 512.6 K a = 18.5875 b = 3626.55 c = −34.29

Critical pressure: 81 bar abs where ln(P) = a − b/(T + c) P: mmHg; T: ◦K
within range −16 to 91 ◦C

Critical volume: 0.118 m3/kmol
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Table A2. Animal biodiesel specs.

Parameter Units Minimum Allowable Maximum Allowable

Ester % (w/w) 96.0
Density @ 15 ◦C kg/m3 860.0 900.0
Viscosity @ 40 ◦C mm2/s 3.50 5.00
Flame point ◦C 120.0
Sulfur mg/kg 10.0
Carbon residue % (w/w) 0.30
Cctanc number - 51.0
Sulfated ash % (w/w) 0.02
Moisture mg/kg 500.0
Total contamination mg/kg 24.0
Corrosion to copper - Class 1
Oxidation stability @ 110 ◦C h 6.0
Acidity index mg KOH/g 0.50
Iodine index g I2/100 g 120.0
Methyl ester of linolcic acid % (w/w) 12.0
Poly unsaturated methyl esters % (w/w) 1.0
Methanol % (w/w) 0.20
Monoglyccridcs % (w/w) 0.90
Diglyccridcs % (w/w) 0.20
Triglycerides % (w/w) 0.20
Free glycerol % (w/w) 0.02
Total glycerol % (w/w) 0.25
Group I metals (Na+K.) mg/kg 5.0
Group II metals (Ca+Mg) mg/kg 5.0
Stability limit temperature ◦C Contractual values
Phosphorus mg/kg 10.0

Table A3. Marine distillate fuel standards [73].

Limit Parameter DMX DMA DFA DMZ DFZ DMB DFB

Max. Viscosity at 40 ◦C (mm2/s) (1 mm2/s = 1 cSt) 5.500 6.000 6.000 11.00
Min. Viscosity at 40 ◦C (mm2/s) 1.400 2.000 3.000 2.000
Max. Micro carbon residue at 10% residue (% m/m) 0.30 0.30 0.30 -
Max. Density at 15 ◦C (kg/m3) - 890.0 890.0 900.0
Max. Micro carbon residue (% m/m) - - - 0.30
Max. Sulfur (% m/m) 1.00 1.00 1.00 1.50
Max. Water (% v/v) - - - 0.30
Max. Total sediment by hot filtration (% m/m) - - - 0.10
Max. Ash (% m/m) 0.010 0.010 0.010 0.010
Min. Flash point (◦C) 43.0 60.0 60.0 60.0
Max. Pour point in winter (◦C) - −6 −6 0
Max. Pour point in summer (◦C) - 0 0 6
Max. Cloud point in winter (◦C) −16 Report Report -
Max. Cloud point in summer (◦C) −16 - - -
Max. Cold filter plugging point in winter (◦C) - Report Report -
Max. Cold filter plugging point in summer (◦C) - - - -
Min. Calculated cetane index 45 40 40 35
Max. Acid number (mgKOH/g) 0.5 0.5 0.5 0.5
Max. Oxidation stability (g/m3) 25 25 25 25
Max. Fatty acid methyl ester (FAME) - - 7.0 - 7.0 - 7.0

Max. Lubricity, corrected wear scar diameter
(wsd 1.4 at 60 ◦C) (µm) 520 520 520 520

Max. Hydrogen sulfide (mg/kg) 2.00 2.00 2.00 2.00
Appearance Clear and bright -
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