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The article presents results of research on the use of fuel mixtures, containing with biodiesel fuel. The research
was carried out on specialized sea vessels with a deadweight of 10,820 tons and 29,420 tons, which made
passages in the waters of South America and the Caribbean, as well as in the Sulphur Emission Control Areas of
Northern Europe. The operation of the ship’s power plants (main and auxiliary engines) was provided both on
marine fuel of petroleum origin and on a fuel mixture that consisted of petroleum fuel and biodiesel fuel. The
experiments were carried out on marine medium-speed diesel engines 5DC-17A Daihatsu Diesel, 16V32 Wartsila-
Sulzer and Volvo Penta TWD1645GE. Various kinds of marine fuels and as biodiesel fuel Fatty Acid Methyl Esters
B99.9 FAME and B99.6 FAME were used. The concentration of biodiesel fuel in the fuel mixture was 5-20 %. The
environmental friendliness of the work of sea vessels was assessed by the value of the emission of nitrogen oxides,
sulphur, and carbon. As a result of the research, a variant of adjusting the sea crossing was proposed to ensure the

continuous operation of the ship’s power plant using biodiesel fuel.

1. Introduction

Maritime transport has dominated world trade for more than a
century. Transportation of goods and passengers by sea and ocean routes
is a component of the economy of all countries that have access to the
sea. The volumes of maritime transport significantly exceed those for air,
rail, and road transport [1,2]. Modern container ships can transport up
to 24,000 TEU, oil tankers — up to 650,000 tons of liquid petroleum
products, bulk carriers — up to 400,000 tons of bulk cargo, cruise ships —
provide recreation and carry up to 8000 passengers. Ensuring such
transportation is impossible without maintaining their stability and
safety.

Sea and inland water transport consume a large amount of fuel
during the transportation of goods and passengers. The most economical
of the heat engines installed on sea and river vessels are diesels. In
comparison with gas turbines and steam boilers, marine diesels are
characterized by the lowest specific fuel consumption (for modern
models, its value does not exceed 175 ... 180 g/(kWh) for two-stroke
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diesel engines and 190 ... 195 g/(kWh) for four-stroke) [3,4]. The
most common type of marine fuel is liquid fuel of petroleum origin. The
use of gaseous fuel, as well as its mixtures with liquid fuel, is widespread
only on specialized ships of the LNG and LPG classes, on which this fuel
is transported as cargo [5,6]. At the same time, as a rule, its use is
possible only during the “cargo" transition. After unloading the ship and
during its return to ballast, diesel engines are operated on liquid fuel [7,
8].

The operation of marine diesel engines is accompanied by inevitable
pollution of the environment with exhaust gases, which include toxic
components — oxides of sulphur, nitrogen, and carbon [9,10]. Sulphur
and nitrogen oxides later condense in the air and turn into acids that
return to the surface of the world ocean, island, or mainland part of the
Earth. Carbon oxides remain in the atmosphere and destroy the ozone
layer, as well as reduce the energy efficiency of the ship [11,12]. This
prompts us to strengthen the requirements for the environmental in-
dicators of the operation of energy installations of sea and inland water
transport vessels, namely:

E-mail addresses: saginsergii@gmail.com (S.V. Sagin), sergeysagin20@gmail.com (S.S. Sagin), fomin_ov@gsuite.duit.edu.ua (0. Fomin), gaichenia@gmail.com
(0. Gaichenia), yurzpost1966@gmail.com (Y. Zablotskyi), pistek.v@fme.vutbr.cz (V. Pisték), kucera@fme.vutbr.cz (P. Kucera).

https://doi.org/10.1016/j.renene.2024.120221

Received 18 September 2023; Received in revised form 13 January 2024; Accepted 25 February 2024

Available online 26 February 2024
0960-1481/© 2024 Elsevier Ltd. All rights reserved.


mailto:saginsergii@gmail.com
mailto:sergeysagin20@gmail.com
mailto:fomin_ov@gsuite.duit.edu.ua
mailto:gaichenia@gmail.com
mailto:yurzpost1966@gmail.com
mailto:pistek.v@fme.vutbr.cz
mailto:kucera@fme.vutbr.cz
www.sciencedirect.com/science/journal/09601481
https://www.elsevier.com/locate/renene
https://doi.org/10.1016/j.renene.2024.120221
https://doi.org/10.1016/j.renene.2024.120221
https://doi.org/10.1016/j.renene.2024.120221
http://crossmark.crossref.org/dialog/?doi=10.1016/j.renene.2024.120221&domain=pdf

S.V. Sagin et al.

e expand special zones for controlling emissions of sulphur oxides with
exhaust gases — Sulphur Emission Control Areas [13,14].

e to regulate the concentration level of nitrogen oxides in exhaust
gases [15,16].

o limit emissions of carbon oxides [17,18].

To the features of operation diesel of marine and inland water
transport vessels, their periodic (depending on the transport task being
performed) work in special ecological areas to control emissions of
sulphur oxides — Sulphur Emission Control Areas (SOx-ECAs) and ni-
trogen oxides — Nitrogen Emission Control Areas (NOyx-NECAs). Diesel
operation in such areas is possible only on fuel with a sulphur content of
no more than 0.1 % by mass (Fig. 1). Emissions of nitrogen oxides NOx
in these zones must meet the requirements Annex VI MARPOL (Fig. 2).
The maximum value of the emission of sulphur oxides should not exceed
the ratio of sulphur dioxide SO to carbon dioxide CO; (Table 1), while
the use of fuel with a sulphur content exceeding 0.5 % is possible only in
the case of the application of additional technologies for cleaning
exhaust gases from sulphur impurities.

Sulphur, which is part of the liquid fuel, during burning in a diesel
cylinder, not only releases the thermal energy, but also forms sulphur
oxides SO and SOs3. Subsequently, these oxides react with water (which
is in the air) and form sulphurous H,SO3 and sulfuric H,SO4 acids. These
acids return to the water and continental surface in the form of acid rain
and adversely affected on the environment [19,20]. Particularly rele-
vant are the issues of reducing the emission of sulphur oxides SOy in the
northern regions, which are characterized by high humidity. Exactly
these areas are classified as special sulphur emission control areas
(Fig. 1).

The problem of ensuring the environmental friendliness of marine
internal combustion engines (in particular, in terms of emissions of ni-
trogen oxides) has become particularly acute for four-stroke diesel en-
gines due to the use of heavy and medium-heavy motor fuels [21,22].
The shortened (compared to two-stroke diesel) cycle time of these die-
sels leads to nitrogen oxidation in the exhaust manifold (at low tem-
peratures). This shifts the mechanism of formation of nitrogen oxides
from rapid to thermal, which contributes to an increase in their total
number in exhaust gases. This makes it necessary to constantly monitor
the content of nitrogen oxides in exhaust gases, especially when ships
are in special ecological zones or in coastal water areas [23,24].

Nitrogen, which is the part of liquid fuels and part of air, is converted
during combustion into nitrous oxide NyO, monoxide NO and nitrogen
dioxide NOs. Subsequently, NO and nitrogen dioxide NO are converted
into nitric acid HNOs, which (like sulphurous H,SO3 and sulfuric H,SO4
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acids) is returned to in the form of acid rain [25,26]. Nitrous oxide N,O
is a greenhouse gas and contributes to global warming (Fig. 3). At the
same time, the global warming potential of nitrous oxide N3O is 300
times greater than that of carbon dioxide COs.

Carbon dioxide CO, is a greenhouse gas and contributes to the in-
tensity of global warming. To control and manage CO5 emissions, the
International Maritime Organization requires all shipping companies to
develop an Energy Efficiency Management Plan for each ship, as well as
to monitor and provide data on ship fuel consumption [27,28].

Considering with above, the purpose of the research was, to deter-
mine the method of managing the sustainability and safety of maritime
transportation, which would ensure the reliable operation of the ship
power plant and improve the environmental friendliness of its operation
(in particular, would help reduce the emission of nitrogen, sulphur, and
carbon oxides).

2. Literature review

Ensuring of the Sustainable and Safe Maritime Transportation is
impossible without maintaining the environmental performance of
marine diesel engines.

One of the methods for controlling the emission of sulphur oxides
SOy is the use of fuel with low (0.1 % by mass) and ultra-low sulphur
content (at the level of 0.03-0.08 % by mass). At the same time, such
fuels have a lower (compared to fuel with a sulphur content of 0.5 %)
viscosity. This leads to an increase of fuel leakage, during its movement
in the high-pressure fuel system [29,30]. Reduces the cyclic fuel supply
and reduces the effective power of the diesel engine. An additional
method for controlling sulphur oxide emissions is fuel desulfurization
using ultrasonic treatment [31,32], use of fuel additives [33,34] and
cleaning of exhaust gases in scrubbers [35,36].

Management of NOy emissions is achieved by reducing the temper-
ature peaks in the diesel cylinder. At the same time, provided conditions,
under which the maximum temperature in the diesel cylinder does not
exceed 1500°C (the critical temperature at which occurs the chain re-
action formation of nitrogen oxide). The main control methods, that are
used in this case, are the injection of water into the cylinder or air
receiver of the diesel engine, the recirculation of gases, also their bypass
[37,38]. In addition, it is possible to change the design of the
high-pressure fuel equipment and change the fuel supply phases [39,
40].

Management of carbon dioxide emissions CO2 (which, like nitrogen
oxides, increases the greenhouse effect) is only possible by using fuels
that contain less carbon [41,42]. However, in this case (because carbon

Fig. 1. Special areas for monitoring the emission of sulphur oxides SOx.
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Fig. 2. Requirements of Annex VI MARPOL for emissions of nitrogen oxides NOy.
Table 1 exist. Recommendations for its use are based on operational results and
able

Classification of control systems.

Sulphur content in fuel, mass % Emission ratio SO2/C0O2, ppm/volume %

3.50 151.7
1.50 65.0
1.00 43.3
0.50 21.7
0.10 4.3

is the main energy component of liquid fuel), the calorific value of the
fuel decreases [43,44].

The above is one of the reasons for the use of alternative fuels of non-
petroleum origin in ship power generation, which contribute to the
reduction of harmful components of exhaust gases and increase the
environmental friendliness of the work of ship diesel engines [45,46].
One of the types of alternative fuel is fuel of biological origin, which is
obtained from vegetable fats and oils by esterification with methanol or
ethanol [47,48].

This method of managing the environmental safety of maritime
transport vessels, has been actively used over the past five years [49,50].
However, systemic application on marine vessels, does not currently

consider only certain types of biofuels.

According to the European standard EN 14214 “Fuel for internal
combustion engines. Methyl esters of fatty acids", such fuels are desig-
nated as FAME - Fatty Acid Methyl Ester and are recommended for use
in diesel engines installed on road and rail transport, as well as diesel
engines of power plants [51,52]. The limitation of the distribution of
biodiesel fuel in ship power plants is associated with a relatively short
period of its storage (which makes it necessary to reduce the volumes of
its bunkering and becomes the basis for the impossibility of its use
during long ocean crossings) and the absence of this fuel in some sea-
ports (which are located outside the areas of its production or storage).
Another disadvantage of biodiesel fuel is its reduced (compared to pe-
troleum fuel) calorific value, which does not exceed 37000-37500
kJ/kg. This does not allow the use of biodiesel fuel as a separate source
of energy and necessitates the production of fuel mixtures, some of
which (70-90 %) consists of petroleum (ship motor) fuel, the rest -
biodiesel. Considering the correspondence of the specific mass of bio-
diesel and marine motor fuel, the use of such mixtures ensures the
gradual introduction of biodiesel fuel in marine power plants during the
operation of marine diesel engines. The absolute advantage of using
mixtures of biodiesel and marine motor fuel is the improvement of the

Greenhouse effect

Fig. 3. Impact of nitrogen oxides on the environment.
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environmental indicators of the operation of marine diesels, which is
manifested in a significant decrease in the concentration of sulphur,
nitrogen, and carbon oxides in the exhaust gases [53-55].

3. Materials and methods

The main source of energy for diesel there is fuel of petroleum origin.
According to the data of the transnational company British Petroleum
(which carried out an analysis of the annual volumes of fuel consump-
tion and production), oil reserves in the already existing and developing
deposits of the world’s energy industry will be enough for the next 40 ...
45 years. This, as well as modern environmental requirements to diesel
road, rail and sea transport, force to develop alternative energy and
develop alternative fuels [5,16,52]. One of the characteristics of alter-
native fuels, which favour their use in heat engines, is the minimal
amount or complete absence of sulphur and nitrogen. At the same time,
during their combustion, the amount of sulphur oxides SOy and fuel
nitrogen oxides NOy in the exhaust gases decreases.

For diesel of marine and inland water transport vessels, biodiesel fuel
based on methyl esters of fatty acids was most widely used as an alter-
native fuel (Fatty Acid Methyl Esters — FAME) and fuel based on hy-
drogenated vegetable oils (Hydrogenated Vegetable Oil — HVO). The
specific gravity of these fuels is like the specific gravity of petroleum
fuels, this allows mixing FAME and HVO in an unlimited ratio with
petroleum diesel fuel without changing the density and viscosity of the
fuel mixture obtained in this way [20,47,51].

One of the tasks that must be solved when using biodiesel fuel is to
determine its volume during bunkering of the ship. At the same time, it is
necessary to consider the shelf life of biofuel, its consumption, and the
possibility of replenishing stocks. The design of the ship’s fuel systems
does not provide for the transportation and storage of biofuel in fuel
storage tanks, settling or waste tanks. These capacities are designed and
calculated for marine engine fuel (diesel or heavy). Therefore, the sup-
ply of biofuel during bunkering is carried out in a barrel with a volume of
up to 200 L. Their preservation is carried out on the open decks of the
ship (which is impossible for some types of ships) and directly in the
engine compartment of the ship (which significantly reduces the amount
of biofuel). This requires constant replenishment of biofuel reserves,
while the period of obtaining biofuel (in the case of its constant use in
marine diesel engines) is shorter than the period of obtaining motor fuel.
An important factor when obtaining biofuels is the need to return an
empty keg after its use (i.e., reducing biofuel stocks does not reduce the
volume of ship space occupied by this fuel). When determining the
required volume of biofuel, it is also necessary to consider its optimal
concentration in the fuel mixture with petroleum fuel. Due to the limited
amount of biofuel that can be obtained and stored on board the ship, the
fuel mixtures that include it are used in the ship’s auxiliary diesel en-
gines, which (compared to the main ones, due to their lower power, have
a lower hourly/daily or trip fuel consumption) [56-58].

The world leaders in the production of biofuel are Brazil (in South
America, the USA (in North America), Germany in the EU countries,
Indonesia in the Asian and Pacific basins. However, not every seaport
has the possibility of receiving biofuel — with the aim of its further use in
This leads to only periodic use of biofuels during the operation of diesel
engines and a decrease in their environmental sustainability [59,60].

The research was carried out on various sea vessels that made pas-
sages in the waters of South America and the Caribbean Sea, as well as in
the Sulphur Emission Control Areas of Northern Europe. The operation
of the ship’s power plants (main and auxiliary engines) was provided
both on marine fuel of petroleum origin and on a fuel mixture that
consisted of petroleum fuel and biodiesel fuel. The main characteristics
of marine fuel and biodiesel fuel, that were used in the experiment are
shown in Table 2.

The main characteristics of marine diesel engines, on which the ex-
periments were performed, are given in Table 3.

The diesel fuel system allowed the use of fuel mixtures, which
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Table 2
Main characteristics of marine fuel and biodiesel fuel.

Characteristic Marine fuel Biodiesel fuel
DMA10 RMB30 RMG420 RME180 B99.9 B99.6
FAME FAME
Density at 892 912 922 916 870 882
15°C, kg/
m3
Viscosity at 6.5 30 36 34 20 23
40°C, cSt
Sulphur 0.08 0.36 0.5 0.26 0.03 0.06

content, %

Table 3
Main characteristics of marine diesel engines.

Characteristic 5DC-17A 16V32 Volvo Penta
Daihatsu Wartsila- TWD1645GE
Diesel Sulzer
Speed, n, min~! 1000 750 1200
Effective power at nominal 490 5760 595
operating mode, Nenom,
kw
Specific effective fuel oil 0.194-0.186 0.192-0.183 0.198-0.192
consumption in the range
of operating loads
(0.6-0.95) Nenom, kg/(kW
h)
Number of diesel enginesin 3 2 3

the ship’s power plant

included up to 20 % of biodiesel fuel. This was also facilitated by the
identical density and viscosity values of marine diesel fuel and biodiesel
fuel.

During the experiments, the power and speed of diesel engines were
controlled, as well as their environmental performance: emission of ni-
trogen oxides NOy, emission of sulphur oxides SOy (as a ratio of SOy/
CO»), emission of carbon dioxide CO».

4. Results
The task of the comprehensive research was:

1. correction of the passage between different ports, considering the
provision of bunkering of the vessel with biofuel and further ensuring
the operation of marine diesel engines on a mixture of motor fuel and
biofuel

2. determination of the optimal concentration of biofuel, in its mixture
with diesel fuel, which ensures the maximum reduction in the
emission of sulphur oxides, nitrogen and carbon.

The first research cycle was carried out on a 10,820 tons deadweight
General Cargo vessel between the ports of Brazil and the Caribbean. The
experiments were carried out on marine medium-speed diesel engines
5DC-17A Daihatsu Diesel, which were part of the ship’s auxiliary power
plant on a mixture of motor fuel and biofuel (this, in turn, will contribute
to increasing the environmental friendliness of diesel operation due to a
decrease in the emission of nitrogen oxides).

Schematic diagram of the expendable fuel system of marine diesel
engines 5DC-17A Daihatsu Diesel, considering the possibility of pro-
ducing and using a fuel mixture that includes biofuel and marine motor
fuel, given in Fig. 4.

The fuel system worked as follows (see Fig. 5). The presence of
different groups of tanks 1 and 4 made it possible to use different types of
fuel. Diesel engines were operated on diesel (light) fuel DMA10 (with a
sulphur content of 0.08 %) or medium-heavy fuel RMB30 (with a
sulphur content of 0.36 %), the characteristics of which ensured the
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Fig. 4. Schematic diagram of the fuel system of marine diesel engines 5DC-17A Daihatsu Diesel: 1 — expendable tank of diesel (light) fuel DMA10; 2, 3 — coarse
cleaning fuel filter; 4 — expendable tank of medium heavy fuel RMB30; 5 — fine cleaning fuel filter; 6 — fuel pump; 7 — diesel; 8 — biofuel tank; 9 — dispenser; 10 —

microcontroller; 11 — flow meter.
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Fig. 5. The navigation passage Sao Paulo — Havana — Sao Paulo.

high-quality formation of their mixtures with biofuel [61,62]. The use of
these fuels met the requirements of Annex VI of MARPOL, according to
which the sulphur content in marine fuel should not exceed 0.5 %. From
waste tanks 1 or 3 (depending on the operating conditions of the diesel
engine), DMA10 or RMB30 fuel through the coarse cleaning filter 2 or 3
entered the fuel pumps 6 and then went to the diesel engines 7. During
the experiment, diesel engines operated either in parallel mode (in the
case of using two or three diesel engines at the same time) or in indi-
vidual mode. In the first case, the load on diesel engines was evenly
distributed by the regulator. In the second, the operating time of the
diesel engine at a given load was controlled, after which the remaining
diesel engines exploited for the same period at the same load. Thus, the

same operating time and the same load on all diesel engines were
maintained. Additional fuel cleaning was provided using the fine
cleaning filter 5, which was installed directly in front of the fuel pump 6.
In the main line diesel engines were additionally equipped with a biofuel
waste tank 8, a dispenser 9 and a flow meter 11 [63,64]. The dispenser 9
provided the supply of biofuel from the tank 8 to the suction line of the
pump 6. The amount of biofuel supplied to the fuel line was regulated by
the microcontroller 10 depending on the readings of the flow meter 11.
B99.9 FAME fuel was used as biofuel. The necessary amount of biofuel in
the fuel mixture was provided with the help of microcontroller 10.

The crossing was carried out along the route of Sao Paulo (Brazil) —
Rio de Janeiro (Brazil) — Salvador (Brazil) — Fortaleza (Brazil) — Port of
Spain (Trinidad and Tobago) — Puerto Cabello (Venezuela) — Kingston
(Jamaica) — Havana (Cuba). The return passage from Havana to Sao
Paulo was carried out in ballast.

During the transition, the total load on the Daihatsu Diesel 5DC-17A
marine auxiliary diesels varied in the range of 350-750 kW, but the
weighted average load was used for calculations, which was calculated
as follows:

N¥ =0, 65N momMsg N

where 0.65 is the accepted weighted average load factor during the
operation of Daihatsu Diesel 5DC-17A marine diesels at the transition
(which includes losses during the conversion of the calorific value of the
fuel into useful energy [65,66]); ny; — the number of auxiliary diesel
engines that provided required energy needs of the ship, during the sea
passage (for the running mode of operation it was accepted njy; = 2).
Then: I\T‘L’V = 0,65-490-2 = 637 kW.
Biofuel consumption during the transition:

By =NrbY CeeT), 2

where by — specific effective fuel consumption in running mode corre-
sponding to the selected load, kg/(kW h); Cpr — concentration of biofuel
in a fuel mixture with petroleum fuel; T} — transit time of the vessel
between ports, hours.

During the parking with cargo operations, the total load on the ship’s
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auxiliary diesel engines 5DC-17A Daihatsu Diesel company varied in the
range of 850-1200 kW, but the weighted average load was used for
calculations,

N¢ =0, 75Nenoms g5 3

where 0.75 - adopted weighted average load factor during operation of
Daihatsu Diesel 5DC-17A marine diesels in the parking lot with cargo
operations [67,68]; n§; — the number of auxiliary diesel engines that
provided the energy needs of the ship during parking with cargo oper-
ations (it was assumed ny; = 3).

Then: N¢ = 0,75-490-3 = 1103 kW.

Biofuel consumption during parking with cargo operations:

By = Nib:Cur Ty, “)
where b; — specific effective fuel consumption during parking with cargo
operations corresponding to the selected load, kg/(kWh); Tf — parking
time with cargo operations, hours.

For the running mode of operation, considering the weighted
average load factor, the value of specific effective fuel consumption was
taken by = 0.192 kg/(kWh).

For the mode of parking with cargo operations, this indicator was
accepted b = 0.188 kg/(kWh).

Determination of these indicators was carried out experimentally, by
measuring fuel consumption and operating time of diesel engines in
selected modes [69,70]. The error in measurements did not exceed 1.5
%. The indicated values coincide with the indicators specified in the
diesel engine operating instructions.

The total consumption of biofuel, which is necessary to ensure the
operation of marine auxiliary diesels 5DC-17A Daihatsu Diesel company
during the transition between ports and during parking in one of the
ports with cargo operations.

SBur =Bl + B 5)

The calculation of biofuel consumption values for different sea
crossings and different operating conditions, according to equations (2),
(4) and (5), as well as the values of the distance between ports and the
time of transit between them and the time of parking in ports are given
in Table 4.

Biofuel bunkering during transits (for the sailing area in question) is
possible only in the following ports: Sao Paulo, Fortaleza, Puerto
Cabello, Havana. Considering the structural features of the deck space,
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technical rooms, and engine room of the ship, they were able to
accommodate 25,200-L barrels of biofuel. Thus, the volume of biofuel
during bunkering did not exceed 5000 L. To ensure the operation of
Daihatsu Diesel’s 5DC-17A marine auxiliary diesel engines on a fuel
mixture (which consists of marine motor fuel and biofuel) throughout
the passage (including for the passage from Havana to Sao Paulo, which
was carried out in ballast) and to maintain environmental indicators of
their work, the scheme of the navigation transition was adjusted ac-
cording to the Table 5.

The data given in the Table 5, testify to the possibility of providing
the necessary reserves of biofuel at all sections of the navigation passage.
Further production and use of fuel mixtures, which include biofuel, will
contribute to increasing the environmental friendliness of the work of
marine auxiliary diesel engines.

During the research, the main energy [30,71], thermal [63,72] and
environmental [25,73] performance indicators of marine diesel engines
5DC-17A Daihatsu Diesel company were monitored throughout the
entire navigation passage. Their value did not exceed critical values and
met the requirements set forth by international classification societies
and manufacturers of diesel engines and their auxiliary equipment. All
performances were monitored and recorded using software for asset
management on ships [67,74]. Current and final performance indicators
of the vessel and its power plant were drawn up as reports and submitted
to the technical management department of the company [70,75].

The second research cycle was carried out on a specialized ship with
a deadweight of 29,420 tons during its operation in special ecological
regions of Northern Europe. The functions of the main engine on the ship
are performed by two of the same type of marine diesel engines 16V32
Wartsila-Sulzer.

Each of the main engines was operated on its own grade of fuel. Main
engine No. 1 (ME No. 1) — on RMG420 fuel (with a sulphur content of 0.5
% by weight), main engine No. 2 (ME No. 2) — on RME180 fuel with a
sulphur content of 0.26 % by weight). When the vessel was in the
Sulphur Emission Control Areas, diesel engines run on a fuel mixture,
that consisted of 80 % RMG420 fuel and 20 % FAME99.6 biodiesel for
ME No. 1, as well as 80 % RME180 fuel and 20 % FAME99.6 biodiesel —
for ME No. 2.

During the research, the vessel carried out cargo transportation on
the route Klaipeda (Lithuania) — Gothenburg (Sweden) and further be-
tween ports located in SOX-ECAs: Gothenburg (Sweden) — Esbjerg
(Denmark) — Bremerhaven (Germany) — Rotterdam (Holland) — Antwerp
(Belgium) — Dover (Great Britain) — Honfleur (France) — Brest (France) —

Table 4
Calculation of biofuel consumption for different conditions of the navigation passage.

Sea passage Distance Time of Weighted average Biofuel Port Weighted average Biofuel Total
between ports, passage, h power of diesel consumption during  stay,h  power of diesel consumption consumption of
nautical miles engines during the the passage, kg/h engines during port during port stay, biofuel, kg/h

transition, kW stay, kW kg/h
Sao Paulo — 210 21 637 385 12 1103 373 758
Rio de
Janeiro

Rio de 749 75 637 1376 16 1103 497 1873
Janeiro —
Salvador

Salvador — 798 80 637 1468 9 1103 280 1747
Fortaleza

Fortaleza — 1663 166 637 3045 14 1103 435 3481
Port of
Spain

Port of Spain 392 39 637 715 11 1103 342 1057
— Puerto
Cabello

Puerto 690 69 637 1266 8 1103 249 1515
Cabello —
Kingston

Kingston — 743 74 637 1358 18 1103 560 1917

Havana
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Table 5
Adjusted scheme of the navigation passage Sao Paulo — Havana — Sao Paulo.

Renewable Energy 224 (2024) 120221

Sea passage Biofuel consumption during the

Biofuel consumption during port

Nature of passage Total consumption of biofuel between

passage, kg/h stay, kg/h bunkering, kg/h
Sao Paulo - Rio de 385 373 bunkering, sea passage, cargo 4379
Janeiro operations
Rio de Janeiro — 1376 497 sea passage, cargo operations
Salvador
Salvador — Fortaleza 1468 280 sea passage, cargo operations
Fortaleza — Port of 3045 - bunkering, sea passage 4102
Spain
Port of Spain - Puerto 715 342 sea passage, cargo operations
Cabello
Puerto Cabello — 1266 249 bunkering, sea passage, cargo 3433
Kingston operations
Kingston — Havana 1358 560 sea passage, cargo operations
Havana — Kingston 1358 - bunkering, transit 2624
Kingston — Puerto 1266 - sea passage
Cabello
Puerto Cabello —Portof 715 435 bunkering, sea passage, cargo 4195
Spain operations
Port of Spain — 3045 - sea passage
Fortaleza
Fortaleza — Salvador 1468 - bunkering, sea passage 3229
Salvador - Rio de 1376 - sea passage
Janeiro
Rio de Janeiro - Sao 385 - sea passage
Paulo
Fig. 6. emissions of sulphur dioxide SO2, carbon CO2 and nitrogen NOx

The main characteristics of sea passage are given in Table 6.

Considering the navigational circumstances (the intensity of navi-
gation, hydrometeorological conditions, the location and depth of the
fairway), the power of the main engine 16V32 Wartsila-Sulzer varied in
the range (0.65-0.85) Nepom, Where Nepom = 5760 kW (see Table 7). At
the same time (due to a change in the cyclic fuel supply) the amount of
sulphur and carbon dioxide in the exhaust gases changed and, accord-
ingly, the ratio SO2/CO,. Also, due to the change in the load on the
diesel, the concentration of nitrogen oxides in the exhaust gases did not
remain constant, the maximum value of which (because the 16V32
Wartsila-Sulzer diesel belongs to the Tier II level) should not be
exceeded:

NOF™ =44n™"% = 44.750°% = 9.60 g/ (kW - h), (6)
where n = 750 min_! — nominal speed of the diesel engine [9,23,55].
Change in SO2/CO3 and NOy parameters when a vessel navigates
outside a special ecological zone is shown in Figs. 7 and 8 (section of the
diagram, which corresponds to the time 0-43 h).
During the stay of the ship in special ecological areas, constant
monitoring of its environmental parameters was ensured, including
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[76-78]. The change in these indicators when using RMG420 fuel, as
well as a fuel mixture consisting of 80 % RMG420 fuel and 20 %
FAME99.6 biodiesel, is shown in Figs. 7 and 8 (section of the diagram,
which corresponds to the time 43-190 h).

Throughout the experiment, the emission of sulphur oxides (which
was determined by the SO5/CO; ratio in accordance with Table 1) did
not exceed the maximum value: 21.7 ppm/%V — when operating outside
the SOx-ECAs areas and 4.3 ppm/%V — when operating in the areas SOy-
ECAs. The emission of nitrogen oxides did not exceed the maximum
value of 9.6 g/kWh, which was calculated by the expression (6).

At the same time, tests were carried out on Volvo Penta TWD1645GE
marine diesel engines, which were part of the ship’s auxiliary power
plant. The diesels each had a separate fuel supply system, which allowed
two of them to use a mixture of DMA10 diesel fuel and FAME99.6 bio-
diesel fuel. The concentration of FAME99.6 biofuel in the mixture varied
in the range of 5-20% for each of the test cycles. The third diesel was
operated exclusively on DMA10 fuel. During the research, diesel engines
were operated for the same amount of time at the same loads (within
0.55-0.85 Nepom, Were Nepom — nominal load). This was ensured by
redistributing the load between them. During the tests, the emission of
nitrogen oxides NOy and carbon dioxide CO, with exhaust gases was
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Fig. 6. The navigation passage Klaipeda — Brest.
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Table 6
Main characteristics of navigation passage Klaipeda — Brest.

Sea passage Distance, Time of sea The fuel used,
nautical miles passage, h
Klaipeda — 430 43 RMG420/RME180
Gothenburg
Gothenburg — 418 42 80 % RMG420/
Esbjerg RME180 + 20 %
FAME99.6
Esbjerg — 220 22 80 % RMG420/
Bremerhaven RME180 + 20 %
FAME99.6
Bremerhaven — 238 24 80 % RMG420/
Rotterdam RME180 + 20 %
FAME99.6
Rotterdam — 89 9 80 % RMG420/
Antwerp RME180 + 20 %
FAME99.6
Antwerp — Dover 260 26 80 % RMG420/
RME180 + 20 %
FAME99.6
Dover — Honfleur 207 21 80 % RMG420/
RME180 + 20 %
FAME99.6
Honfleur - Brest 237 24 80 % RMG420/
RME180 + 20 %
FAME99.6
Table 7

Concentration of nitrogen oxides in exhaust gases, g/(kWh), for fuel of different
composition.

Diesel DMA DMA10 + DMAI10 + DMA10 + DMA10 +
load 5% biofuel 10% biofuel 15% biofuel 20% biofuel
0.55 7.42 7.09 6.52 6.03 6.67

Nenom
0.65 7.83  7.35 6.78 6.18 6.84

Nenom
0.75 8.17 7.67 6.54 6.28 6.93

Nenom
0.85 8.35 7.82 6.36 6.32 7.08

Nenom
S0, 50,
co,’ co,’
ppm (S(Jf]i R ——— —————————— [SU:W cgi———————— ppm

v A= o
21 N 4.0

SO-ECAS—— 5

2
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 .}

Fig. 7. Change in the SO,/CO, ratio in exhaust gases during marine diesel
engine operation 16V32 Wartsila-Sulzer: 1 — fuel RMG420 (0-43 h), mixture 80
% of RMG420 and 20 % FAME99.6 (43-190 h); 2 — fuel RME180 (0-43 h),
mixture 80 % of RMG420 and 20 % FAME99.6 (43-190 h).

monitored.

Carbon dioxide CO; is a greenhouse gas and increases the level of
global warming. Nitrogen oxides NOy include nitrogen oxide N3O,
which is also a greenhouse gas, while the greenhouse activity of N»O is
almost 300 times higher than that of CO,.

The maximum value of nitrogen oxide emission for diesel Volvo
Penta TWD1645GE is determined by the expression (6)

NOY™ =44n""% = 44-1200"% = 8.61 g/ (kW - h), %)
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NO,.
2
kW-h
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Fig. 8. Change in the concentration of NOy in exhaust gases during the oper-
ation of a ship’s diesel engine 16V32 Wartsila-Sulzer: 1 — fuel RMG420; 2 —
mixture of RMG420 (80 %) and FAME99.6 (20 %).

where n = 1200 min ! is the rated speed of the diesel engine.

The results of the study are shown in the Tables 5-6

Based on the results of the experiments, charts were constructed
showing changes in NOy emissions (Fig. 9(a)) and volume concentration
of CO2 in exhaust gases (Fig. 9(b)) for different operating conditions of a
marine diesel engine Volvo Penta TWD1645GE.

Relative changes in the concentration of nitrogen oxides ANOx and
volume content of carbon dioxide ACO5 in exhaust gases were calcu-
lated according to the expressions:

NOPMA _ NQbio
= W~ 100%, (€©)]
X

C OgMA _C 012750

ACO, = COPYA
2

* 100%, (C)]

where NOPMA NOY® — concentration of nitrogen oxide in exhaust gases
during diesel operation on DMA fuel and a mixture of DMA and biofuel,
g/(kWh); COSMA COb® — volume content of carbon dioxide in exhaust
gases during the operation of a diesel powered by DMA fuel and a
mixture of DMA and biofuel, %.

The obtained values are summarized in the Tables 9-10, as well as
displayed on the diagrams shown in Fig. 10 (see Table 8).

During the research, the main indicators of diesel operation were

NO,,
g
kW-h - -
8 — —
7— m—
014 i I ' i 4
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Fig. 9. Dependencies of diesel performance indicators Volvo Penta
TWD1645GE from the load when using fuel of different composition: 0 — DMA;
1 - DMA+5 % biofuel; 2 — DMA+10 % biofuel; 3 - DMA+15 % biofuel; 4 —
DMA+20 % biofuel; a — emission of nitrogen oxides; b — volume content of
carbon dioxide in exhaust gases.
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Table 8
Volume content of carbon monoxide in exhaust gases, %, for fuels of different
composition.

Diesel DMA DMA10 + DMA10 + DMA10 + DMA10 +

load 5% biofuel 10% biofuel 15% biofuel 20% biofuel

0.55 6.31 6.03 5.71 5.34 4.84
Nenom

0.65 6.44 6.09 5.76 5.44 4.91
Nenom

0.75 6.74 6.35 5.91 5.61 5.05
Nenom

0.85 6.88 6.47 5.97 5.66 5.14
Nenom

Table 9

Relative decrease in the concentration of nitrogen oxides NOy in exhaust gases,
%, for fuels of different composition.

Diesel DMA10 + 5% DMA10 + 10% DMA10 + 15% DMA10 + 20%

load biofuel biofuel biofuel biofuel

0.55 4.45 12.13 18.73 10.11
Nenom

0.65 6.13 13.41 21.07 12.64
Nenom

0.75 6.12 19.95 23.13 15.18
Nenom

0.85 6.35 23.83 24.31 15.21
Nenom

Table 10

Relative decrease in volume content of carbon dioxide CO, in exhaust gases, %,
for fuels of different composition.

Diesel DMAL10 + 5% DMA10 + 10%  DMA10 + 15%  DMA10 + 20%
load biofuel biofuel biofuel biofuel
0.55 4.14 9.55 15.45 23.25
Nenom
0.65 4.83 10.75 15.73 24.14
Nenom
0.75 5.95 12.5 16.96 25.3
Nenom
0.85 5.99 13.14 17.81 25.4
Nenom

controlled: maximum combustion pressure, compression pressure,
exhaust gas temperature, as well as parameters in cooling and lubrica-
tion systems. Their change did not exceed the values, recommended by
the operating instructions.

5. Discussion

Ensuring the environmental efficiency of marine four-stroke diesel
engines in terms of reducing the emission of nitrogen oxides with
exhaust gases is possible by using fuel mixtures consisting of marine
motor fuel and fuel of biological origin (biofuel). Replenishment of
biofuel reserves is currently not possible in each of the ports where the
ship is bunkered, also due to the structural features of the ship (deck
space, technical rooms, and engine compartment), only a limited
amount of biofuel can be placed on the ship during bunkering. This is the
reason for only the periodic use of biofuel during the operation of diesel
engines and leads to a decrease in their environmental sustainability.

In the case when the navigation passage of the ship includes ports
that allow obtaining biofuel in the amount that ensures the operation of
diesel engines during the further passage to other ports, it becomes
expedient to adjust it, which on the one hand ensures the fulfilment of
the voyage task, on the other hand - provides the opportunity to
replenish stocks biofuel The latter contributes to ensuring the operation
of marine diesel engines on a fuel mixture that includes biofuel and
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Fig. 10. The relative change in performance indicators of the Volvo Penta
TWD1645GE diesel engine depending on the load when using fuel of different
composition: 1 — DMA+5% biofuel; 2 — DMA+10% biofuel; 3 — DMA+15%
biofuel; 4 - DMA+20% biofuel; a — reduction of the emission of nitrogen oxides;
b — decrease in volume content of carbon monoxide in exhaust gases.

improves their environmental performance.

Calculations made regarding the adjustment of the navigation pas-
sage between the ports of Brazil and the Caribbean basin (some of which
had the possibility of receiving biofuel) confirm the possibility of
replenishing the reserves of biofuel in the amount that ensures the
continuous operation of ship diesels on a fuel mixture of marine motor
fuel and biofuel. It is most expedient to adjust the navigation passage by
changing the sequence of measures in the ports.

It is advisable to use the proposed version of the correction of the
navigation passage during the operation of sea and inland water trans-
port vessels in special ecological areas.

The identical values of density and viscosity of motor fuel and bio-
diesel fuel allow the creation of fuel mixture. The main component of
these mixtures is motor fuel (the content of which is 80-95 %), as a
component of these mixture biodiesel fuel is used (the content of which
is 20-5 %).

The use of fuel mixtures, which include biodiesel fuel, increases the
stability and safety of the operation of marine vessels and their power
plants during their operation in special ecological regions. This reduces
the emission of sulphur oxides SOy, nitrogen oxides NOx and carbon
dioxide CO,. This reduces the formation of acid rain in the atmosphere
and reduces the impact of ship power plants on the greenhouse effect.

Results of the research are showing the following trends in the
relative decreasing of the content of nitrogen oxides NOx in the exhaust
gases. The use of biofuels (as a renewable energy sources) ensures a
reduction in nitrogen oxide emissions over the entire range of diesel
operating loads. The greatest reduction in NOx emissions (about
20-24.5%) occurs at loads of 75-85% of rated power. At the same time,
the concentration of biofuel in its mixture with petroleum fuel has an
optimal value, which (for the studies carried out) is in the range of
10-15%. It is in this range that the maximum reduction in the content of
nitrogen oxides in the exhaust gases is ensured.

Also the positive effect in the case of using biofuels, are achieved on
CO2 emissions. A fuel mixture containing 5-20% biodiesel fuel provides
a reduction in CO2 in exhaust gases by 4.1-25.4%. Moreover, the more
biofuel is in the fuel mixture, then more carbon dioxide emissions are
reduced. The greatest reduction in CO2 emissions are achieved at
maximum biofuel concentration and on maximum diesel load.
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The efficiency of using biofuels (as a renewable energy sources)
increased in case of the operation of sea vessels in the special ecological
areas for control of sulphur and nitrogen emissions. At the same time,
one of the problems with using biofuel is the possibility of bunkering and
storing it on a ship. In addition, it is necessary to re-equip ship fuel
systems in order to ensure the possibility of creating fuel mixtures that
include biofuel. At the same time, the use of biofuel increases the
environmental sustainability of marine diesel engines. In addition,
biofuel is a renewable source of energy, the reserves of which (unlike
petroleum fuel) will only increase in the coming years.

6. Conclusions

The presented results allow us to draw the following conclusions.

Sustainable and safe maritime transportation is determined not only
by the navigational safety of the sea or ocean passage of the vessel, but
also by the environmental safety of the operation of the ship’s power
plant. One of the methods for controlling emissions of nitrogen oxides,
sulphur, and carbon oxides (which characterize the environmental
friendliness of marine vessels) is the use of biodiesel fuel.

The use of fuel mixtures containing biodiesel improves the envi-
ronmental friendliness of marine vessels. At the same time, the emission
of nitrogen oxides NOx, sulphur oxides SOx and carbon dioxide CO2
from exhaust gases is reduced. The values of NOx and SOx emissions are
regulated by the requirements of Annex VI MARPOL, the value of CO2
emissions determines the energy efficiency of a sea vessel. Therefore,
their reduction characterizes the advantages of using biofuels. This fact
is especially relevant for marine medium-speed diesel engines, which
are operated for a long time not only during sea voyages, but also when
the vessel is in coastal waters and moored in a port. The optimal con-
centration of biofuel in the fuel mixture with petroleum fuel is deter-
mined experimentally and depends on the characteristics of the
petroleum fuel and the diesel load.

Currently, biodiesel bunkering is not yet possible in all seaports. This
leads to the need to adjust the sea passage to ensure the continuous
operation of the ship’s power plant using biodiesel fuel.

It has been experimentally established that the use of fuel mixtures
(which include 5-20% of biodiesel fuel) in marine medium-speed diesel
engines provides:

improving the environmental friendliness of the operation of marine
vessels in the main operating modes of their power plants (in the
range of loads on the main and auxiliary engines (0.55-0.85) Nenom,
where Nenom is the nominal power of the diesel engine)
maintenance of the required level of sulphur oxide emissions (which
is determined by the SO,/CO ratio) and does not exceed 21.7 ppm/
%V when the vessel navigates outside special environmental areas
and does not exceed 4.3 ppm/%V, when the vessel navigates in
Sulphur Emission Control Areas

reduction in the concentration of nitrogen oxides NOy in the exhaust
gases by 4.45-24.31 % (with the maximum reduction corresponding
to 10-15 % of the concentration of biodiesel fuel in the fuel mixture)
reduction in the concentration of carbon dioxide CO5 in the exhaust
gases by 4.14-25.4 % (with the maximum reduction corresponding
to 15-20 % of the concentration of biodiesel fuel in the fuel mixture)

The use of fuel mixtures containing biodiesel fuel increases the
environmental friendliness of the operation of ship power plants,
therefore it can be considered a method of managing the sustainability
and safety of maritime transportation.

Also, the usage of biodiesel fuel ensures the reliability of ship ma-
chines and mechanisms [78], the safety of sea passages [79], and the
survivability of sea transport ships [80,81].

Increasing the production of renewable energy sources (which in-
cludes biofuel Fatty Acid Methyl Esters — FAME) and their further use in
ship power plants will help improve the environmental friendliness of
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marine vessels.
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