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Abstract: The article considers the issues of ensuring operational performance and environmental
sustainability of marine diesel engines by using biodiesel fuel. The research was conducted on 5S60ME-C8
MAN-B&W Diesel Group and 6DL-16 Daihatsu Diesel marine diesel engines, which were operated using
RMGB380 petroleum fuel and B10 and B30 biodiesel fuels. The efficiency of biofuel usage was assessed based
on environmental (reduced nitrogen oxide concentration in exhaust gases) and economic (increased specific
effective fuel consumption) criteria. It was found out that the use of B10 and B30 biofuels provides reduction
of nitrogen oxides concentration in exhaust gases by 14.71-25.13 %, but at the same time increases specific
effective fuel consumption by 1.55-6.01 %. Optimum fuel injection advance angles were determined that ensure
the best thermal energy, economic and environmental performance of diesel engines. The optimum angle of
biofuel supply advance is determined experimentally and should correspond to the limits recommended by
the diesel engine operating instructions. It has been proven experimentally that the use of biofuel increases
the environmental sustainability of marine diesel engines by 13.75-29.42 %. It increases the diesel engines
environmental safety in case of emergency situations, as well as accidental and short-term emissions of exhaust
gases with an increased content of nitrogen oxides into the atmosphere - phenomena that are possible in
starting modes of diesel engine operation, as well as in modes of sudden load changes. It is the increase in the
environmental friendliness of marine diesel engines in the case of using biofuel that is the most positive
criterion and contributes to the intensity of biofuel use in power plants of sea vessels.

Keywords: alternative fuel; biofuel; marine diesel; specific fuel oil consumption; environmental sustainability;
diesel performance; nitrogen oxide emission

1. Introduction

Sea transport vessels provide transportation of goods between countries and continents
separated by seas and oceans. At the same time, depending on the type of characteristics, different
vessels are used:

® General Cargo (their displacement is 30,000—40,000 tons, main power plant capacity is 10,000~
12,000 kW);

® Bulk Carriers (displacement of which reaches 100,000-120,000 tons, main power plant capacity
is 18,000-20,000 kW);

¢ Oil Product/Crude Oil/Chemical Tanker (with displacement up to 300000-350000 tons and
main engine power of 18,000-20,000 kW);

® Liquefied Natural Gas Ship — LNG and Liquefied Petroleum Gas Ship — LPG (volume of cargo
tanks of which reaches 250,000 m?, main engine power 30,000-35,000 kW);

¢ Container Ship (capable of carrying 20,000 containers equipped with a main propulsion unit
of up to 80,000 kW).

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The main and auxiliary engines on marine vessels are internal combustion engines / diesels [1,2].
This type of heat engines has the highest efficiency and the lowest specific fuel consumption [3,4].
Diesels are the main type of heat engines that ensure the movement of marine vessels, as well as the
functioning of their systems and mechanisms [5,6]. Modern alternatives to marine diesel engines,
such as solar panels, wind generators, rigid sails and light sails, batteries, fuel cells can meet the
energy needs of marine vessels only under certain conditions and for a limited period of time.

Solar panels can only be used on ships with large open deck areas (General Cargo, Bulk Carrier,
Crude Oil ore Chemical Tanker). Their installation on LNG and LPG ships is problematic (due to the
complex geometry of cargo tanks), and on Container Ships is impossible. In addition, the main
problem with the use of solar panels is the need to install them after cargo operations and dismantle
them before cargo operations [7,8].

Wind generators require additional space for installation. They cannot be placed on cargo hold
covers or on open superstructure decks. In the first case it is technically impossible (due to periodic
opening/closing of the cargo hold covers), in the second case it increases vibration loads on the ship's
living quarters. The only place for installation of wind generators is the tank and stern of the vessel,
but this complicates mooring operations [9,10].

Rigid sails increase aerodynamic drag in the case of headwinds or side winds. Skite sails lose
their effectiveness if the hydro-meteorological conditions deteriorate, and in some cases (in high wind
and rain) skite sail handling becomes impossible and dismantling becomes difficult and dangerous
for the crew that performs it [11,12].

Batteries require constant restoration of their capacity, so they are effectively used only in cases
of coastal navigation of ships [13,14].

The power of fuel cells meets the energy needs of small displacement ships only [15,16]. In
addition, fuel cells (in comparison with diesel engines) are characterised by a longer start-up time, as
well as the time of transition from minimum load to maximum load [17,18].

2. Literature Review

The functioning of marine diesel engines is impossible without the use of liquid fuel of
petroleum origin, which is the main source of energy for all heat engines. In accordance with the
international fuel standard DIS DP-8217, developed by the international standardisation organisation
ISO, two grades of distillate fuel are used in marine diesel engines — pure diesel fuel DMA, DMB and
mixed fuel DMC, as well as purified fuel RM [19,20]. The viscosity range of DMA, DMB, DMC fuels
at 50°C is within 2-15 sSt, and their density at 15°C is 880-920 kg/m3. Considering mentioned above,
these fuels are called light fuels. Calorific value of DMA, DMB, DMC fuels is within 42-44 MJ/kg.

RM class fuels (for example. RMA30, RME180, RMG380, RMK700) have 30700 sSt viscosity at
50°C, 960-1,010 kg/m3 density at 15°C and are called heavy fuels. Calorific value of RM class fuels is
in the range of 3942 MJ/kg. Heavy grades have a lower cost compared to light grades, which
determines their use in marine diesel engines to reduce the financial costs of fuel purchase [21,22,23].
It should also be noted that for modern marine diesel engines (both main and auxiliary) heavy grades
of fuels are used to ensure all modes of operation, including starting and reversing modes [24,25,26].

One of the criteria for the use of petroleum fuels in marine power plants is the sulphur content
[27,28,29]. According to the requirements of Annex VI MARPOL the sulphur content in fuel in case
of operation of diesel engines in special environmental Sulphur emission control areas (SECAs)
should not exceed 0.1 % by mass; in case of operation outside SECAs — the sulphur content in fuel
should not exceed 0.5 % by mass (Figure 1). The use of fuel with sulphur content exceeding 0.5 % by
mass is possible only in case of additional purification of exhaust gases in special purification systems
(usually in scrubbers) [30,31,32]. The main task, which is achieved by using fuel with low sulphur
content or scrubbers, is to reduce the emission of sulphur oxides SOx with exhaust gases [33,34,35].

d0i:10.20944/preprints202408.0004.v1
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Figure 1. Sulphur emission control areas. 1 — The North American SECA with most of United States,
Canadian coast and Hawaii; 2 — The United States Caribbean SECA with Puerto Rico and the United
States Virgin Islands; 3 — The North Sea SECA with The English Channel; 4 — The Baltic Sea SECA; 5
— All Europe Union Ports.

Another component of marine diesel exhaust gases, the value of which is regulated by Annex
VI MARPOL, is the emission of nitrogen oxides NOx with exhaust gases [36,37,38]. In accordance
with the requirements of Annex VI MARPOL, three levels of nitrogen oxide emissions are
established, which depend on the year of construction of the ship and diesel engine speed (Figure 2).
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Figure 2. Annex VI MARPOL emission requirements for nitrogen oxides NOx.

The sources of NOx are airborne nitrogen and fuelborne nitrogen. During combustion of the
fuel-air mass, thermal NOx and fast NOx are formed from the nitrogen in the air; fuel NOx is formed
from the nitrogen in the fuel. At temperatures above 1500° C (which is only possible in the diesel
cylinder), a chain reaction of nitrogen oxides formation occurs. Therefore, all methods and
technologies that ensure the reduction of NOx emissions are aimed at reducing the maximum
temperature in the diesel cylinder (39.40,41.

One of the options to reduce SOx and NOx emissions with exhaust gases of marine diesel engines
is the use of alternative fuels, the main types of which are liquefied natural gas, liquefied petroleum
gas, hydrogen, ammonia, vegetable oils, biofuels [42,43,44].

Liquefied Natural Gas (LNG) is the most common of all alternative fuels used in stationary
power generation. The advantage of LNG is its high calorific value, which can reach 55-48 MJ/kg. In
addition, LNG does not contain nitrogen, this makes the formation of fuel NOx impossible and
reduces the overall emission of nitrogen oxides. However, LNG requires regasification for
combustion, which requires additional volumes of consumption tanks. The density of LNG in liquid
after regasification at 20° C is 0.67 kg/m? [45,46]. Therefore, it requires the use of a separate fuel system
to feed it into the diesel cylinder. In addition, LNG is characterised by a higher autoignition
temperature compared to petroleum fuel. Its value can reach 700-750° C — as a result of the
compression process of the fuel-air mixture this value can be achieved not in all operating modes of
the diesel engine. In this connection, LNG is used in marine diesel engines as an additional fuel to
liquid fuel of oil origin [47,48]. As a rule, LNG is used on ships by which it is transported as cargo. In
this case, diesels operate both on the gas-diesel cycle (in case of using a mixture of LNG and liquid
petroleum fuel) and on the diesel cycle (in case of ballast passages and absence of LNG on the ship).
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Liquefied Petroleum Gas (LPG) is a mixture of light hydrocarbons liquefied under pressure. The
calorific value of LPG is 4749 MJ/kg, the density of the gas phase at 20° C is 1.87-2.52 kg/m?. As well
as with LNG, when using LPG, a separate fuel system is required to supply the gas to the diesel
cylinder. The auto-ignition temperature of LPG is 500-550° C, which allows its use as a separate fuel.
However, as with LNG use cases, LPG-only diesel operation is only possible when the ship is in cargo
transition (when carrying LPG). In the case of a ballast crossing of the vessel, the diesel is operated
on petroleum origin fuel. A common disadvantage of using both LNG and LPG is the tendency of
these fuels to condense when the pressure and temperature in the fuel system change. This increases
the hydraulic resistance in the LNG / LPG supply system, which leads to a decrease in the amount of
gas entering the diesel cylinder for combustion [49, 50].

Nowadays hydrogen as a fuel is used practically in all types of transport, as well as in stationary
power engineering. When hydrogen burns, only water vapour is produced, so hydrogen is the most
environmentally friendly fuel. The calorific value of hydrogen is 120-140 M]/kg, which is significantly
higher than that of all other fuels. However, at combustion of hydrogen, mechanical loads of cylinder
group and crank mechanism parts sharply increase. Hydrogen, reacting with lubricating oil,
increases its oxidation rate. In addition, hydrogen is explosive. Hydrogen must be stored in special
cylinders under high pressure and supplied to the cylinder at a certain temperature. There are also
difficulties with hydrogen bunkering in seaports. There are fuel cells that generate hydrogen, the
energy of which is further converted into electrical or mechanical energy. However, the power of
such fuel cells can only provide the energy consumption of small displacement ships [51,52]. All these
limit the usage of hydrogen as a fuel on marine ships.

One of the promising alternative fuels is ammonia. Its main advantage is the absence of carbon
emissions during combustion. The calorific value of ammonia is 18-19 MJ/kg, which reduces the
efficiency of its use as a separate fuel. It is most expedient to use ammonia in a mixture with fuel of
oil origin on gas carriers that transport ammonia as a cargo [53, 54]. The disadvantage of ammonia is
its toxicity and explosion hazard.

Mixtures of methyl and ethyl alcohols with diesel fuel — methanol and ethanol — can be used as
an alternative fuel for marine diesel engines. Methanol and ethanol combustion occurs with less
(compared to diesel fuel) emission of toxic components — carbon oxides and nitrogen oxides into the
atmosphere [55,56,57]. At the same time in pure form (without mixture with diesel fuel) methanol
and ethanol are poisonous substances. Flash point of methanol and ethanol is in the range of 8-12°
C, therefore they belong to the class of hazardous liquids. The density of methanol and ethanol is
800-820 kg/m? at 20° C. This allows their usage without re-completion of marine fuel systems. The
calorific value of methanol is 22-23 M]/kg — which leads to increased time of methanol injection into
the diesel cylinder and also makes it difficult to start the diesel engine. Methanol can be used both in
diesel engines to produce mechanical energy and in special fuel cells to produce electrical energy
[58,59].

Vegetable oils as motor fuels can be used either pure or blended with diesel fuel, as well as with
gas condensates, alcohols, esters and other alternative fuels [60,61].

Vegetable oils come from oilseeds that contain vegetable fats. The most common vegetable oil
used in internal combustion engines is rapeseed oil. The density of rapeseed oil at 20° C is between
900-920 kg/m3. This makes it possible to use fuel equipment for transporting rapeseed oil through
the fuel system, as well as for its injection into the diesel cylinder, which is used for transporting and
injecting diesel fuel. The sulphur content in rapeseed oil does not exceed 0.02 % by mass — this makes
it possible to use rapeseed oil in special ecological areas SECAs. The calorific value of rapeseed oil is
37-37.5 M]/kg — this reduces the torque on the diesel shaft and limits the use of rapeseed oil in high
power diesel engines [62,63].

One of the alternative fuels is biodiesel — biofuels [64,65]. The main components used in the
production of biodiesel are vegetable and animal fats, the chemical composition of which slightly
differs from each other [66,67]. As a result of esterification in the presence of methanol or ethanol and
a catalyst (in the form of NaOH, KOH, NaOCHs or KOCH3) these substances react to form monoalkyl
esters, it is the product that is called biodiesel. The biodiesel phase is further purified by distillation
and membrane fission [68,69].

Biodiesel (or FAME — Fatty Acid Methyl Ester), unlike petroleum-based diesel fuel, is produced
from renewable organic sources. The main performance characteristics of FAME (density, viscosity,
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flash point, calorific value) coincide with similar indicators of diesel fuel - this allows its use in the
majority of modern diesel engines [70,71,72]. As a rule, FAME biodiesel is not used in pure form. The
most expedient variant of its use is fuel blends with fuels of petroleum origin. In such blends,
petroleum fuel is the main component and its amount is 70-95 % by mass. Biodiesel is used as an
additive and its quantity is 5-30 % by mass. Such fuels are classified as B5, B10 ... B25, B30.

Biodiesel fuel is used in both main and auxiliary engines of various capacities. However, the
majority of scientific studies, which are aimed at studying the possibility of using biodiesel fuel, are
mainly devoted to road and railway transport [73,74,75]. In addition, the criteria by which the
efficiency of biodiesel usage in marine diesel engines can be assessed have not been developed.
Despite the use of different types of biodiesel, general recommendations for determining its optimal
concentration in diesel fuel have not been developed. Also, there are no recommendations for
achieving economic and environmental efficiency of using a mixture of diesel and biodiesel fuel at
different diesel operating modes.

The use of alternative fuels (including biofuels) in marine diesel engines improves the
environmental performance of diesel engines and their impact on the environment. At the same time,
the operational indicators of the diesel engine change, which leads to changes in dynamic and
thermal loads on its parts, as well as the efficiency of its operation.

In this regard, the aim of the study was to determine the optimal operating modes of marine
diesel engines when using biodiesel.

3. Materials and Methods

Studies on the influence of biodiesel fuel on the operational parameters of marine diesel engines
were carried out on a Bulk Carrier class vessel with deadweight of 58,640 tons. A marine diesel engine
5560ME-C8 MAN-B&W Diesel Group was used as the main engine and three marine diesel engines
6DL-16 Daihatsu Diesel were used as auxiliary ones. The main characteristics of the marine diesel
engines are given in Table 1.

Table 1. Main characteristics of marine diesel engines.

5S60ME-C8 MAN-B&W 6DL-16 Daihatsu

Characteristic Diesel Group Diesel

Cylinder diameter, m 0.6 0.165

Piston stroke, m 2.4 0.21

Type two strokes four strokes
Quantity 1 3

Power, kW 8200 530

Rotational speed, min! 92 1200
Specific fuel consumption, kg/(kW - h) 0.176 0.191

The 5560ME-C8 MAN-B&W Diesel Group and the 6DL-16 Daihatsu Diesel had a common fuel
system, the scheme of which is shown in Figure 3.
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Figure 3. Principal fuel scheme of marine diesel engines 5S60ME-C8 MAN-B&W Diesel Group and
6DL-16 Daihatsu Diesel:.1 — heavy fuel (S about 0.5 %); 2, 5, 8, 11 — fuel filter; 3, 6, 9, 12 — fuel pump; 4
— diesel fuel (S<0.1 %); 7 — biodiesel B10; 10 — biodiesel B30; 13, 14, 15 — auxiliary engine 6DL-16
Daihatsu Diesel; 16 - main engine 5S60ME-C8 MAN-B&W Diesel Group

Fuel supply to the main engine 16 and auxiliary engines 13, 14, 15 was carried out from fuel
tanks 1, 4, 7, 10 using fuel filters 2, 5, 8, 11 and fuel pumps 3, 6, 9, 12. The main parameters of the fuel
system operation (pressure, flow rate, temperature, fuel viscosity) were controlled and maintained
automatically. The speed and load of the main engine and auxiliary engines were also automatically
maintained [76,77]. In addition, the load distribution between several auxiliary engines (two or three)
was automatically maintained in case of their parallel operation [78,79]. The diesels were equipped
with the ProPower diagnostic system, which provided monitoring of the main indicators of the
working process — combustion pressure p:, effective power N, specific effective fuel oil consumption
be, exhaust gas temperature tz. The ProPower system also monitored and analysed diesel exhaust
gases, including determination of nitrogen oxides NOx concentration [80,81]. The ProPower system
belongs to the modern systems of diagnostics of the working process of marine diesel engines and is
used on a large number of marine vessels [82,83].

The diesels were operated using DMA and RMG380 petroleum-based fuels and B10 and B30
biodiesel fuels. B10 and B30 fuels include 90 % or 70 % diesel fuel and 10 % or 30 % FAME fuel. The
main characteristics of the fuels are given in Table 2.

Table 2. Main characteristics of fuels.

.. Fuel type
Characterisation DMA RMG380 B10 B30
Density at 20° C, kg/m? 894 942 891 889
Viscosity at 40° C, sSt 6,4 376 6,26 6,12
Sulphur content, % 0.072 0.43 0.065 0.058
Calorific value, kJ/kg 43,680 40,020 43,686 43,032

When the vessel was in the special environmental areas of SECAs, the diesels were operated
with DMA fuel, and when the vessel was outside SECAs, they were operated with RMG380 fuel. In
addition, the diesels used B10 and B30 fuels during the experiments. Throughout the experiment,
fuel density and viscosity were continuously monitored using the ship's Unitor laboratory [84,85].
This ensured the homogeneity of the fuel and guaranteed the correctness of the experiments.

During the navigation passage, the diesels operated at different loads: main engine 5S60ME-C8
MAN-B&W Diesel Group — in the range of 25-95 % of rated power; auxiliary engines 6DL-16
Daihatsu Diesel - in the range of 35-80 % of rated power.

During the experimental studies, the main engine 5S60ME-C8 of the MAN-B&W Diesel Group
was operated at equal intervals with RMG380 heavy fuel and B10 and B30 biodiesel at loads of 65 %,
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75 %, 85 %, 95 % of rated power. The duration of the experiment for each of the loads was 1-3 hours
and depended on the sailing conditions of the vessel.

The 6DL-16 Daihatsu Diesel auxiliary diesels were operated for equal time intervals with
RMGB380 heavy fuel and B10 and B30 biodiesel at loads of 50 %, 60 %, 70 %, 80 % of rated power. The
duration of the experiment for each of the loads was 2—4 hours and depended on the energy
requirements of the vessel.

The efficiency of using biofuels B10 and B30 was evaluated according to environmental and
economic criteria. The concentration of nitrogen oxides in exhaust gases of diesel engines was taken
as an ecological criterion — NOx, g/(kW -h) [86,87] and as economic one — specific effective fuel oil
consumption — be, g/(kW -h) [88,89].

4. Results

Initially, the efficiency of B10 and B30 biofuels was determined. The obtained results are given
in Tables 3-6.

Table 3. Nitrogen oxide concentration in exhaust gases of a 5S60ME-C8 MAN-B&W Diesel Group
marine diesel engine under different experimental conditions.

o Type of fuel
Load, % B10 B30 RMG380
65 9.21 8.81 10.58
75 9.92 9.32 11.64
85 10.32 9.88 12.65
95 10.75 10.25 13.42

Table 4. Specific effective fuel oil consumption of the 5S60ME-C8 MAN-B&W Diesel Group marine
diesel engine under different experimental conditions.

Load, % Type of fuel
B10 B30 RMG380
65 191 194 183
75 186 190 180
85 182 185 177
95 179 181 176

Table 5. Nitrogen oxide concentration in exhaust gases of 6DL-16 Daihatsu Diesel under different
experimental conditions.

o Type of fuel
Load, % B10 B30 RMG380
50 5.74 5.3 6.73
60 5.92 5.42 7.11
70 6.02 5.64 7.48
80 6.16 5.87 7.84

Table 6. Specific effective fuel oil consumption of 6DL-16 Daihatsu Diesel under different
experimental conditions.

o Type of fuel
Load, % B10 B30 RMG380
50 204 209 199
60 199 202 195
70 19 198 193
80 194 197 191

The dependences of nitrogen oxides concentration in exhaust gases NOx, as well as specific
effective fuel consumption be for different loads of marine diesel engines when using heavy fuel
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RMG380 as well as biofuels B10 and B30 are shown in Figures. 4, 5 with the purpose of better

visualization.
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Figure 4. Dependence of nitrogen oxides concentration in exhaust gases NOx (a), and specific effective
fuel oil consumption be (b) for different loads of marine diesel engine 5560ME-C8 MAN-B&W Diesel
Group. DF - diesel fuel; 1 - biofuel B10; 2 — biofuel B30.
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Figure 5. Dependence of nitrogen oxides concentration in exhaust gases NOx (a), and specific effective
fuel oil consumption be (b) for different loads of ship diesel engine 6DL-16 Daihatsu Diesel. DF — diesel
fuel; 1 — biofuel B10; 2 — biofuel B30.

The use of biofuels helps to reduce the concentration of nitrogen oxides in exhaust gases — both
for the 5560ME-C8 MAN-B&W Diesel Group diesel engine and the 6DL-16 Daihatsu Diesel.
However, the specific effective fuel consumption increases. The relative change of these parameters
was estimated using the expressions:

relative reduction of nitrogen oxide concentration in exhaust gases
NOY - NOJ°

ANO, = o -100%; (1)
X
relative increase in specific effective fuel consumption
bBio _ bDF
Ab, = eb#e -100%; (2)
e
where NOY, NOS° is the concentration of nitrogen oxides in exhaust gases when using diesel and

biofuels (B10 or B30);

bE°, b — specific effective fuel oil consumption when using biofuels (B10 or B30) and diesel
fuel.

The data obtained are summarized in Table 7-10.
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Table 7. Relative reduction of nitrogen oxide concentration in exhaust gases of 5560ME-C8 MAN-
B&W Diesel Group marine diesel engine under different experimental conditions.

Type of fuel
Load, % B10 B30
65 12.95 16.73
75 14.78 19.93
85 18.42 21.90
95 19.90 23.62

Table 8. Relative increase in specific effective fuel oil consumption of 5560ME-C8 MAN-B&W Diesel
Group diesel engine under different experimental conditions.

Type of fuel
Load, % B10 B30
65 4.37 6.01
75 3.33 5.56
85 2.82 4.52
95 1.70 2.84

Table 9. Relative reduction of nitrogen oxide concentration in exhaust gases of 6DL-16 Daihatsu
Diesel at different experimental conditions.

Type of fuel
B10 B30
50 14.71 22.29
60 16.74 23.77
70 19.52 24.60
80 21.43 25.13

Table 10. Relative increase in specific effective fuel oil consumption of 6DL-16 Daihatsu Diesel under
different experimental conditions.

Type of fuel
Load, % B10 B30
50 2.51 5.03
60 2.05 3.59
70 1.55 2.59
80 1.57 3.14

For better visualisation the values that are given in Tables 7-10 are presented as nomograms
(Figures 6, 7).
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Figure 6. Relative reduction of nitrogen oxides concentration in exhaust gases (a) and relative increase
of specific effective fuel oil consumption (b) of 55S60ME-C8 MAN-B&W Diesel Group diesel engine
under different experimental conditions.
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Figure 7. Relative decrease of nitrogen oxide concentration in exhaust gas (a) and relative increase of
specific effective fuel oil consumption (a) of 6DL-16 Daihatsu Diesel under different experimental
conditions.

The above results show that both biofuel B10 and biofuel B30 contribute to the improvement of
environmental friendliness of diesel engine operation (namely, provide a reduction in nitrogen
oxides NOx emission). However, at the same time the efficiency of diesel engine operation
deteriorates (specific effective fuel consumption increases), and for biofuel B30 at some operating
modes the increase in specific effective fuel consumption is 4.5-6.0 % (diesel engine 5560ME-C8
MAN-B&W Diesel Group) and 3.1-5.0 % (diesel engine 6DL-16 Daihatsu Diesel).

Further studies were carried out using B10 biofuel, which (in comparison with B30 biofuel)
provides better economic performance of the diesel engine with comparatively the same
environmental performance.

The use of biofuels changes the working cycle in the diesel cylinder, primarily the combustion
process [90,91]. This leads to a change in the operational performance of diesel engines, and there
arises the task of determining the phases of fuel supply (primarily the advance angle of fuel supply),
at which the change in these parameters increases the efficiency of the diesel engine and improves its
environmental performance [92,93]. This task can be solved by conducting experiments on the main
operational modes of diesel engine operation.

The studies were performed for the range of fuel advance angles recommended by the
manufacturers 0, which were measured in degrees of crankshaft rotation angle — grad ARC and were
as follows:

for diesel engine 5S60ME-C8 MAN-B&W Diesel Group - -1...-7 grad ARG;

for 6DL-16 Daihatsu Diesel — -20...-8 grad ARC.

At the same time as the most rational for diesel engine 5S60ME-C8 MAN-B&W Diesel Group
angle -4 grad ARC is recommended, for diesel engine 6DL-16 Daihatsu Diesel —-14 grad ARC. These
are the injection advance angles at which the diesels were operated when using diesel fuel. These are
the angles that were chosen as the "baseline” for the B10 biofuel tests.

The maximum combustion pressure p-, exhaust gas temperature f,, specific effective fuel oil
consumption be and nitrogen oxide concentration in exhaust gases NOx were selected as benchmarks
for evaluating the performance of marine diesel engines. Their determination was performed with
the help of the ProPower ship monitoring and diagnostics system. The choice of these indicators was
justified as follows. The maximum combustion pressure characterises the energy efficiency of the
diesel engine working cycle, with its increase the performance of all the main diesel engine indicators
increases, first of all the average indicator pressure and indicator / effective power. The temperature
of exhaust gases characterises the efficiency of fuel combustion. An increase in the exhaust gas
temperature indicates a shift of the combustion process to the expansion line and afterburning of fuel
in the exhaust receiver. The maximum combustion pressure and exhaust gas temperature are
mandatory parameters that are monitored during diesel engine operation. Their values are
determined for each individual cylinder, the average for all cylinders of the diesel engine, and the
deviation of values for individual cylinders from the average is calculated. Specific effective fuel
consumption characterises the fuel efficiency of diesel engine operation and characterises the
economic feasibility of selecting certain fuel supply parameters. Specific fuel oil consumption is also
directly proportional to the total fuel consumption (hourly or daily) and affects the ship's fuel
reserves —an indicator that is relevant for sea transport vessels performing long sea or ocean passages
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without the possibility of bunkering. The concentration of nitrogen oxides in exhaust gases is the
main indicator characterising the environmental performance of marine diesel engines. Its value is
regulated in accordance with the requirements of Annex VI MARPOL and depends on the speed of
the diesel engine and the year of construction of the vessel.

The experimental results are summarised in Tables 11 and 12.

Table 11. Experimental results (diesel 5S60ME-C8 MAN-B&W Diesel Group).

Fuel advance angle, 6, grad ARC

Indicator 5 "3 5 4 3 ) 1 DF
pz, MPa 14.6 15 15.3 15.1 14.9 14.5 14.2 15.3
tg, °C 291 286 284 288 291 293 298 284

be, g/(kW -h) 183 178 177 179 184 188 193 176

NOx, g/(kW-h) 11.88 11.22 10.55 10.75 11.05 11.35 12.42 13.42
DF — operation on heavy diesel fuel

Table 12. Experimental results (diesel 6DL-16 Daihatsu Diesel).

Fuel advance angle, 6, grad ARC

Indicator 20 18 16 14 12 10 -8 DE
p2, MPa 158 1645 167 1645 1625 1595 157 167
te °C 334 326 324 328 330 332 339 324

be, g/(kW h) 198 195 195 194 199 203 207 191

NOx, g/(kW-h) 6.68 6.21 6.08 6.16 6.37 6.72 7.04 7.84
DF — operation on heavy diesel fuel

t,\;’
6
Po 295
MPa —
15.01 290
14,51 285
il -7 -6 -5 -4 -3 -2 -1 ©,grad A 0 -7 -6 -5 -4 -3 -2 -1 ®, grad AF
(a) (b)
b, NO,,
g g
kW-h kW-h
195 7.5
190 7.0
180+ ——  6.51
I F
175 6.0 -
-7 -6 -5 -4 -3 -2 -1 @, grad # =20 -18 -16 -14 -12  -10 -8 @, grad /£
() (d)

Figure 8. Variation of performance indicators of 5560ME-C8 MAN-B&W diesel engine at different
advance angles of biodiesel B10 (a) - maximum combustion pressure; (b) — exhaust gas temperature;
(c) — specific effective fuel oil consumption; (d) — concentration of nitrogen oxides in exhaust gases;
DF - heavy diesel fuel.
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Figure 9. Variation of performance indicators of 6DL-16 Daihatsu Diesel at different advance angles

of biodiesel B10. (a) - maximum combustion pressure; (b) — exhaust gas temperature; (c) — specific
effective fuel oil consumption; (d) — concentration of nitrogen oxides in exhaust gases; DF — heavy
diesel fuel.

The relative change in the operating parameters of diesel engines at different advance angles of
biodiesel B10 was carried out using the formulas:
relative reduction of nitrogen oxide concentration in exhaust gases

NOY — NOS*0

ANO, = NOPF -100%; (3)
X
relative increase in specific effective fuel consumption
bBlO(i) _ bDF
Abe = eb?e . 100%, (4)
e
relative reduction of the maximum combustion pressure
pDF _ B10()
Ap, = —2—5F—-100%; (5)
4
relative increase in exhaust gas temperature:
{B10G) _ 4DF
_9 9 .
Aty = e 100% (6)
]
where NOZ™, by, p;*,t;" — concentration of nitrogen oxides in exhaust gases, specific effective
fuel consumption, maximum combustion pressure, temperature of exhaust gases when using diesel

fuel;
NOSO | 8100 nB100 t:’lo(i) — concentration of nitrogen oxides in exhaust gases, specific
effective fuel consumption, maximum combustion pressure, and exhaust gas temperature at different

advance angles of biodiesel B10.
The values that are obtained by formulae (3)-(6) are presented in Tables 13, 14.

Table 13. Relative change of performance parameters of 5S60ME-C8 MAN-B&W diesel engine at
different B10 biodiesel advance angles.
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Indicator Fuel advance angle, 0, grad ARC
-7 -6 -5 -4 -3 -2 -1
Ap-, MPa 4.58 1.96 0 1.31 2.61 5.23 7.19
Atg. °C 2.46 0.70 0 1.41 2.46 3.17 4.93
Abe, g/(kW -h) 3.98 1.14 0.57 1.70 1.55 6.82 9.66
ANOx, g/(kW -h) 11.48 16.39 21.39 19.90 17.66 15.43 7.45

Table 14. Relative change in performance parameters of 6DL-16 Daihatsu Diesel at different B10
biodiesel advance angles.

Fuel advance angle, 6, grad ARC

Indicator -20 -18 -16 14 12 -10 -8
Ap,, MPa 5.39 1.50 0 1.50 2.70 449 5.99
Aty °C 3.09 0.62 0 123 185 247 463
Abe, g/(kW ) 3.66 2.09 2.09 1.57 419 6.29 8.38
ANOy, g/(kW h) 1480 2079 2245 2143 1875 1429 1020

For a comprehensive assessment of the relative change in the performance indicators of diesel
engines at different advance angles of biodiesel B10, the diagrams shown in Figures. 10, 11 are

plotted.
At, Ab,,
% %
4 -8
21 -4
0 0
0 0
-3 -10
-6 -20
Ap., ANO,,
% Yo

Figure 10. Relative change of operational indicators of the ship diesel engine 5S60ME-C8 MAN-B&W
at different advance angles of biodiesel B10:.1 — temperature of exhaust gases; 2 — specific effective
fuel oil consumption; 3 - maximum combustion pressure; 4 — concentration of nitrogen oxides in
exhaust gases.

Figure 11. Relative change of operational indicators of 6DL-16 Daihatsu Diesel at different advance
angles of biodiesel B10:.1 — temperature of exhaust gases; 2 — specific effective fuel oil consumption; 3
— maximum combustion pressure; 4 — concentration of nitrogen oxides in exhaust gases.
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Ecological efficiency of B10 biodiesel use was evaluated by the value of ecological sustainability
of marine diesel engines at different advance angles of B10 biodiesel supply. The value of

environmental sustainability ANO; was determined by the formula

NOT™ — NOB®
NOZ™

where NOJ™ is the maximum possible concentration of nitrogen oxides in exhaust gases

ANO, = 100%; 7)

according to the requirements of Annex VI MARPOL.
For diesel engine 5S60ME-C8 MAN-B&W NOY™ =14,4 g/(kW - h), for diesel engine 6DL-16

Daihatsu Diesel NOY™ is determined by the formula

NOR™ = 44n7°%; (8)
where 7 is the rotational speed, min- .
Considering the characteristics of the 6DL-16 Daihatsu Diesel

NOY™ =44.1200°% =8.61 g/(kW-h).
The values of environmental sustainability of ANO; marine diesel engines 5S60ME-C8 MAN-

B&W and 6DL-16 Daihatsu Diesel at different advance angles of biodiesel B10 are given in Tables 15,
16.

Table 15. Environmental sustainability of the 5560ME-C8 MAN-B&W diesel engine at different B10
biodiesel advance angles.

Fuel advance angle, 6, grad ARC
-7 -6 -5 -4 -3 -2 -1
ANOy, % 17.5 22.08 26.74 25.35 23.26 21.18 13.75

Indicator

Table 16. Environmental sustainability of 6DL-16 Daihatsu Diesel at different B10 biodiesel advance

angles.
Indicator Fuel advance angle, 6, grad ARC
-20 -18 -16 -14 -12 -10 -8
ANO;, % 22.46 27.91 29.42 28.49 26.06 21.99 18.28

The higher the sustainability value ANO; is, the further the value of nitrogen oxide
concentration in exhaust gases is from the Annex VI MARPOL regulated value.

For better visualisation, diagrams are plotted on the values that are given in Tables 15 and 16
(Figure 12).
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Figure 12. Environmental sustainability of marine diesel engines 55S60ME-C8 MAN-B&W (a) and
6DL-16 Daihatsu Diesel (b) at different B10 biodiesel advance angles.

During the research all the main parameters of the main and auxiliary diesel engines, as well as
the parameters in the systems that ensure their functioning, were controlled and maintained within
the required range. These included:

pressure in the cylinder at the end of compression, exhaust gas temperature, average indicator
pressure, and the deviation of these indicators from the average value for all cylinders;

diesel shaft speed;

the valve timing (opening and closing angles of the purge and exhaust valves);

pressure and temperature of cooling water and circulation oil at the inlet and outlet of diesel
engines;

fuel temperature and viscosity, as well as the technical condition of the high-pressure fuel
equipment [94,95,96,97].

Due to the unidirectional flow of the processes and the commensurate values of the results, only
the data corresponding to the maximum diesel load, namely 0.95Neuon for the 5S60ME-C8.2 MAN-
Diesel&Turbo diesel and 0.8Newon for the 6DL-16 Daihatsu Diesel, are shown in Tables 11-16 and
Figures 9-12.

5. Discussion

One of the options for ensuring the environmental performance of marine diesel engines
(primarily nitrogen oxide emissions NOx) is the use of biofuels. In addition, the sulphur content in
these fuels does not exceed 0.1 % by mass, which makes it possible to use them in special ecological
areas — SECAs.

When using biologically derived fuel in diesel engines, oxidation and combustion processes
change (compared to the operation of a diesel engine using petroleum fuel), which leads to a change
in the thermodynamics of the combustion process. This is the reason for changes in the main
performance indicators of the diesel engine.

Increasing the efficiency of biofuel use consists not only in choosing its optimal composition, but
also in determining the optimal advance angles of biofuel supply to the diesel cylinder. Changing the
advance angle of biofuel supply (compared to the variant of diesel operation on diesel fuel) is
necessary due to the change in the composition of the fuel mixture that burns in the diesel cylinder.

Dependences of the main operational indicators of both two-stroke and four-stroke diesel
engines on the advance angle of fuel supply have a sinusoidal form and are characterised by the
presence of an optimum - the minimum values of exhaust gas temperature, nitrogen oxide
concentration in exhaust gases, specific effective fuel oil consumption, as well as the maximum value
of combustion pressure.

In order to increase the efficiency of biofuel utilisation, it is necessary to shift the feeding process
to the compression line — to increase the fuel advance angle, and the range of this change should be
in accordance with the manufacturers' recommendations regarding possible angles of fuel feeding.
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The optimum advance angle of biofuel is determined experimentally and depends on the
characteristics of the diesel engine.

The use of biofuel (compared to diesel operation on diesel fuel) increases the environmental
sustainability of the diesel engine, which occurs over the entire range of diesel operating modes. It
increases the environmental stability margin, which can be understood as the relative difference
between the maximum permissible and current concentration of nitrogen oxides in the exhaust gases.

6. Conclusion

One of the ways to ensure environmental efficiency and expand the range of environmental
sustainability of marine diesel engines is the use of biofuels. One of the most common types of
biofuels is biodiesel fuel FAME — Fatty Acid Methyl Ester. Marine diesel engines use fuel mixtures,
the main part of which (70-90 %) is made of distillate grades of fuel, with FAME fuels used as an
additive (10-30 %). Biofuels B10 and B30 were used as such mixtures during the studies. The
experiments, which were carried out on marine diesel engines 5560ME-C8.2 MAN-Diesel&Turbo and
6DL-16 Daihatsu Diesel, allow us to come up to the following conclusions.

1. Biofuels B10 (which contains 90 % distillate fuel and 10 % FAME biodiesel) and B30 (which
contains 70 % distillate fuel and 30 % FAME biodiesel) compared to heavy fuel RMG380 provide a
reduction in the concentration of nitrogen oxides in exhaust gases in the following range:

for the diesel 5560ME-C8.2 MAN-Diesel&Turbo by 12.95-19.90 % (biofuel B10) and by 16.73-
23.62 % (biofuel B30);

for the diesel 6DL-16 Daihatsu Diesel by 14.71-21.43 % (biofuel B10) and by 22.29-25.13 %
(biofuel B30).

At the same time, when using biofuel, the specific effective fuel oil consumption increases:

for the diesel 5S60ME-C8.2 MAN-Diesel&Turbo by 1.70-4.37 % (biofuel B10) and by 2.84-6.01
% (biofuel B30);

for the diesel 6DL-16 Daihatsu Diesel by 1.55-2.51 % (biofuel B10) and by 2.59-5.03 % (biofuel
B30).

The increase in specific effective fuel oil consumption in certain operating modes of diesel
engines is a negative factor and may be the reason for limiting the use of biofuel.

2. Research to determine the effect of B10 biofuel on the performance of marine diesel engines
has established that the use of biofuel changes the working process in the diesel cylinder. At the same
time, depending on the biofuel injection advance angle, the following is possible:

reduction in maximum combustion pressure — by 1.31-7.19 % for the diesel 5S60ME-C8.2 MAN-
Diesel&Turbo and by 1.50-5.99 % for the 6DL-16 Daihatsu Diesel diesel;

reduction in nitrogen oxide emissions — by 7.45-21.39 % for the diesel 5S60ME-C8.2 MAN-
Diesel&Turbo and by 10.20-22.45 % for the diesel 6DL-16 Daihatsu Diesel;

increase in exhaust gas temperature by 0.70-4.93 % for the diesel engine 5560ME-C8.2 MAN-
Diesel&Turbo and by 0.62-4.63 % for the diesel engine 6DL-16 Daihatsu Diesel;

increase in effective fuel oil consumption by 0.57-9.66 % for the diesel engine 5S60ME-C8.2
MAN:-Diesel&Turbo and by 1.57-8.38 % for the diesel engine 6DL-16 Daihatsu Diesel.

The comparable results obtained for the two-stroke diesel engine 5S60ME-C8.2 MAN-
Diesel&Turbo and the four-stroke engine 6DL-16 Daihatsu Diesel confirm the correctness of the
experiments and the reliability of the conclusions. The optimal biofuel feed advance angle is
determined experimentally and must comply with the limits recommended by the diesel engine
operating instructions.

3. The use of B10 biofuel increases the environmental sustainability of marine diesel engines.
The environmental sustainability margin is:

for the diesel 5560ME-C8.2 MAN-Diesel&Turbo by 13.75-26.74 %;

for the diesel 6DL-16 Daihatsu Diesel by 18.28-29.42%.

This increases the environmental safety of diesel engines in the event of emergency situations,
as well as accidental and short-term emissions of exhaust gases into the atmosphere with an increased
content of nitrogen oxides — phenomena that are possible in starting modes of diesel operation, as
well as in modes of sudden load changes.
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It is the increased environmental friendliness of marine diesel engines in the case of using biofuel
that is the most positive criterion and contributes to the intensity of the use of biofuel in the power
plants of marine vessels.
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