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Influence of Biodiesel Blends

on Characteristics of Gaseous Emissions
from Two Stroke, Low Speed Marine
Diesel Engines

Danilo Nikolic, Sead Cvrk, Nada Marstijepovic, Radmila Gagic
and lvan Filipovic

Abstract As a renewable source of energy, biofuels have a favourable impact on
the environment and can replace fossil fuels to some extent. Biodiesel is one option
for reducing the emission of pollutants and GHG in the shipping sector. By 2030,
Lloyd Register predicts a global demand for about 100 million tons of biofuel in
shipping, mostly biodiesel. This study investigates the influence of biodiesel blends
on the characteristics of gaseous emissions from a two-stroke, low speed marine
diesel engine. For this research, a reversible low-speed two-stroke marine diesel
engine was used, without any after-treatment devices installed or engine control
technology for reducing pollutant emission. Tests were carried out on three regimes
of engine speed, 150, 180 and 210 rpm under heavy propeller condition, while the
ship was berthed in the harbour. The engine was fuelled with low sulfur diesel fuel
and blends containing 7 and 25% v/v of three types of second-generation biodiesel
made from cast-off sunflower and palm oil waste from frying. For biodiesel pro-
duction, a base-catalyzed transesterification was implemented. Biodiesel blends
show better emission performance in regard to NOx, S02, CO, and C02 than pure
low sulfur diesel fuel.
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includes production from microalgae. The price of biofuels is another key factor
limiting their widespread use, mainly because of their higher cost of production
compared to fossil fuels.

There is little practical experience with the use of biofuels in shipping. Several
companies have tested biofuels, mostly in cargo and passenger ship engines. Most
of these experiments have been carried out by shipping companies, sometimes in
cooperation with classification societies. Tests were mostly conducted using FAME
(fatty acid methyl esters—biodiesel), vegetable oils and BioLNG (Florentinus et al.
2011). The implementation of biodiesel as a marine fuel was tested in several
research programs (RCCL Project Royal Caribbean—Cruises testing on biodiesel,
MAERSKI/LR Project, BV energy Project, Earthrace), in which certain advantages
of biodiesel over fossil fuels were noted: blending can be made up to 100% of
biodiesel, there was a reduction in particulate emissions, no adverse effects were
detected in marine engines, and no bacterial formations were detected in tanks of
biofuels during storage for more than 6 months. The potential problems when using
biodiesel are: it acts as a solvent and tends to soften and degrade certain rubber and
elastomer compounds that are often used in older engines, and it can easily remove
deposits that remain after diesel fuel has been in the system, and thus clog filters
(Florentinus et al. 2011). The IMO study (IMO 2007) concluded that low blends of
biodiesel up to 20% (B20) could be used without any fuel system degradation. The
application of smaller biodiesel blends at marine fuels distillates could be intro-
duced relatively easily. This compound could be prepared at the time of bunkering.
These studies were conducted on medium speed 4-stroke marine diesel engines.

The used frying oils, generated from fried food, could be a candidate for bio-
diesel production in regions with negligible vegetable oil production. Wastes
containing oils are products of decomposition that impair the oil’s quality, causing a
reduction in productivity in the trans-esterification reaction and also possibly
generating undesirable by-products that can spoil the final product. Therefore, it is
of great importance to refine used frying oils for biodiesel production, using fil-
tration, de-acidification or neutralization and whitening processes.

The influence of biodiesel (FAME) blends with low sulfur diesel fuel on the
characteristics of gaseous emissions from marine diesel engine was investigated.
A reversible, two-stroke, low speed, cross-flow scavenging, 4-cylinder marine diesel
engine was used for the experiment. The engine was fuelled with low sulfur diesel
fuel and blends containing 7 and 25% of two types of biodiesel. The two types of
biodiesel were produced under lab conditions, using cast-off sunflower and palm oil
waste from frying. Base-catalysed trans-esterification was used in this research.

2 Experimental Procedure

For this study, a marine diesel engine was employed. It was a reversible 4—
cylinder, 2-stroke engine with cross-flow scavenging, model “ALPHA 494 R”
produced by LITOSTROJ Ljubljana (Slovenia) under a Burmeister licence,
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Fig. 1 Strain gauges
mounted on the propeller
shaft

XY 21-6/350 strain gauges, connected in the Wheatstone bridge and powered with
an AC voltage of 9 V, are installed onto the propeller shaft. The strain gauges are
mounted at an angle of 180° relative to one another. From the Wheatstone bridge, a
measuring signal is delivered to the radio transmitter, allowing a transfer of data to
the receiver. A power source, transmitter and antenna are mounted on a ringed disc
made of plastic in order to eliminate noise, and this is placed on the propeller shaft.
Next to the shaft, a signal receiver and speed sensor are placed (Fig. 1). The signal
receiver and speed sensor are connected to an electronic measuring device, the
“Spider 8.” The “Spider 8” is connected to a personal computer with “Catman 3.0”
data processing software. Equipment was produced by Hottinger Baldwin
MESSTEHNIK (HBM).

Hourly fuel consumption was measured for each engine speed and fuel type. For
the fuel mass flow estimation, the volumetric method of fuel consumption mea-
surement was employed according to the formula (Borkowski et al. 2011)

g = E _if[ltg/h]1 (3)

where

B is the fuel mass flow [kg/h]

Vp  is the fuel volume consumed during the measurement time [m3]
pp is the fuel gravity [kg/m3]

and t is the time of measurement [h;.
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Table 3 Test fuels basic properties

Parameters Units Fuel 1 Fuel 2 Fuel 3 Fuel 4 Fuel 5
DF DP7% DP25% DS7% DS25%

Density @ 15 °C kg/m3 8334 836.37 844.8 837.2 846.6

Viscosity @ 40 °C mm2/s 2.92 3.00 321 2.95 3.23

Cetane number 51.3 52.5 53.9 53.5 54.2

Distillation % (vIv) 29 26 20 28 19

% (v/v) recovered % (Viv) 91 92 92 91 89

@ 250 °C °C 354 356 360 357 361

% (v/v) recovered

@ 350 °C

95% (Vv/v)

Sulfur content mg/kg 8.57 7.91 5.68 7.79 5.64

Water content mg/kg 40.94 71.93 153.65 79.99 177.42

Total aromatics % m/m 22.8 225 20.5 22.3 19.8

FAME content viv 0 7 25 7 25

waste from frying. This frying oil waste was collected from hotel restaurants.
Base-catalysed trans-esterification was used for biodiesel production. The basic
properties of the test fuel are given in Table 3, where DF stands for pure diesel fuel,
DS stands for blends of diesel fuel and biodiesel made of sunflower oil waste from
frying, and DP stands for blends of diesel fuel and biodiesel made of palm oil waste
from frying. For blended fuels, to the initial letters, a percentage of biodiesel is
added to it. The poor low-temperature properties of biodiesel were avoided by
performing tests during the summer period. Also, the biodiesel was used in an
experiment a couple days after it was produced in the laboratory, so the poor
stability properties of biodiesel were avoided.

Tests were conducted under identical conditions. Fuel was supplied to the engine
by an outside tank. For each fuel change, the fuel lines were purged, and the engine
was left to run for a minimum 20 min in order to be stabilized under new condi-
tions. Fuel samples were poured into separate tanks connected to the suction side of
the engine fuel pump. Excess fuel was returned into the same tank. The tank was
located on the gallery in the engine room about two meters above the engine, so that
the fuel came to the fuel pump by force of gravity. A glass burette of known volume
was used for fuel consumption measurements. It was attached in parallel to the tank.

The engine ran for 8600 h after the last overhaul, and there were no adjustments
of the engine for this experiment. The purpose of the performed measurements was
to determine trends of gaseous emissions in relation to different types and content of
the second-generation biodiesel in the blends for the marine diesel engine in
service.
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and dilution, and leading to the lower local gas temperatures (Kalligeros et al. 2003;
Lee et al. 1998).

Furthermore, aromatic and poly-aromatic hydrocarbons are responsible for
higher NOx emissions (Kalligeros et al. 2003; Takahashi et al. 2001; Spreen et al.
1995; Martin et al. 1997). This could be due to the higher flame temperatures
associated with aromatic compounds. In reducing the aromatic and poly-aromatic
content of the fuel, the flame temperature will be reduced as well, leading to a lower
NOx production rate. Since biodiesel does not contain the above classes of com-
pounds, its addition will reduce NOx emissions from the engines. The aromatics
have high carbon-hydrogen ratios, and thus fuels with lower aromatics will lead to
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Therefore, adding biofuels into diesel fuel improves both S02 emission and fuel
lubricity, the latter being very important for older two-stroke slow speed engines
using low sulfur fuels, such as the engine used in this experiment.

3.2.3 Carbon Monoxide, CO

In an engine, CO emissions are controlled primarily by the air/fuel ratio. For fuel
rich mixtures, CO emission increases steadily with a decrease in the air/fuel ratio, as
the amount of fuel increases. For fuel lean mixtures, CO emission varies little with
the air/fuel ratio. However, diesel engines always operate on the leaner side of the
stoichiometric (Bhardwaj and Abraham 2008).

It can be observed from Figs. 7 and 8 that CO emission increases with an
increase in engine speed. The reason for this increase is air/fuel ratio reduction with
an increase in the load. Similar trends were reported by Gumus and Kasifoglu
(2010), Usta et al. (2005) and Lertsathapornsuka et al. (2008).

Furthermore, emission of CO from a biodiesel-fueled engine is lower by more
than 50% than that of a diesel-fueled engine at low and medium engine speeds.
Considering only biodiesel blends, with an increase in biodiesel content from 7% to
25%, there is a reduction in CO emission regardless of engine speed, being most
evident at maximum engine speed. This might be possible because of the oxy-
genated nature of biodiesel fuel. With biodiesel, owing to the inbuilt oxygen, the
local air/fuel ratio during the combustion process becomes leaner, which results in
the reduction in CO. This trend was also reported by Gumus and Kasifoglu (2010),
Ramadhas et al. (2005). However, when applying maximum engine speed, there is
notable increase in emitted CO when using biodiesel blends. At this high engine
speed, poor combustion and other fuel characteristics annul the influence of
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Emission of C02 from a biodiesel-fueled engine is lower than that from a
diesel-fueled engine for a range of engine speeds, and this reduction is larger with
biodiesel content in blends. The reason is that biodiesel blends have a lower
carbon-to-hydrogen ratio than diesel fuel, and hence the combustion of these fuels
produces less C02. This trend was also reported in Ozsezen et al. (2009), Utlu and

Kocak (2008).
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As a carbon neutralfuel, biodiesel is one option infuture IMO scenariosfor re-
ducing carbon intensity in shipping sector, and at same time reducing emission of
pollutants. Some oily wastes, such as wastefrom olive oil production, might be
usedfor production ofsecond-generation biodiesel. The current study looks into
the effect of biodiesel on the characteristics ofgaseous pollutant emissions of
NOx and COfrom slow-speed two-stroke marine Diesel engines that do not have
any after-treatment devices or engine control technology installed to reduce gas-
eous pollutant emissions. While the ship was berthed in the harbor, tests were
performed on two separate loads at 210 rpm. The engine was powered by diesel
fuel and blends of 7%, 20%, and 25% v/v of biodiesel derivedfrom oily wastes
generated during olive oil processing. For biodiesel production in lab conditions,
base-catalyzed transesterification was implemented. According to the findings,
there are tendencies ofreduced gaseous emissions when utilizing blendedfuels.
Key words: biodiesel made ofwastesfrom olive oil production,
marine Diesel engine, gaseous pollutants

Introduction

Total maritime transport sector has increased its C02(GHG) emission from 962 mil-
lion tonnes in 2012 to 1056 million tonnes in 2018, or from 2.76% in 2012 to 2.89% in 2018
of total anthropogenic global emission [1]. During same period, the carbon intensity of ship-
ping operations decreased by around 11%, although efficiency gains were outpaced by in-
creased activity [1],

Aside from GHG emission, maritime transport sector releases significant amounts of
pollutants such as NO, and SO*, and in smaller amount CO and HC, as well. From 2014 to
2018, NO* emissions climbed from 19 million tons to 20.9 million tons, while SO* emissions
increased from 10.2 million tons to 11.3 million tons, according to statistics [2].

The International Maritime Organization (IMO) regulates shipping air pollution and
greenhouse gas emissions through MARPOL and Annex VI of the International Convention

"Corresponding author, e-mail: marstijepovicn@gmail.com
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factured under Burmeister license by LITOSTROJ Ljubljana, Slovenia, tab. 1 The engine is
classified as a low-speed engine because its maximum speed is 320 rpm and it produces 390
kW of power. Because it was an old-style marine Diesel engine, no after-treatment devices or
engine management systems to limit pollutant emissions were fitted. In fact, a circumstance
like this is ideal for studying the direct effects of biodiesel on exhaust emissions from marine
Diesel engines. After the last overhaul, the engine has been operating for 8600 hours with no
alterations made for this experiment.

Table 1. Marine Diesel engine specifications
Engine producer Engine model + Max power Cylinder No.  Stroke/Bore
Burmeister Alpha 494-R two-stroke 390 kw at 320 rpm 4 490 mm/290 mm

The direct propulsion system of the ship comprises of the engine, propeller shaft
connected to the output coupling, and a fixed-pitch propeller. Tests were conducted when the
ship was berthed in harbour and during the same day - in order to have the identical atmos-
pheric conditions. At the engine crankshaft speed of 210 rpm, two modes of load were
achieved, the first with the rudder in the zero position (midship) and the rudder turned to the
far left, which achieves an increased load for the same number of revolutions (designated as
210 and 2 10N, respectively).

During the engine operation, power is constantly changing depending on the con-
nected consumer. In the conditions of operation of the vessel, engine power that is transmitted
to the fixed pitch-propeller depends on the number of revolutions, pitch and propeller diame-
ter. Effective power that is delivered to the propeller could be expressed via the torque which
is transmitted from the engine crankshaft, via coupling, to the propeller shaft and propeller,
where it reverses the angular velocity, co. The recorded average torque and shaft speed data
can be used for engine effective power estimation in accordance to the formula below [12]:

P =M(0=—5 [W] @

where M [KNm] represents measured torque [KNm] and n [rpm] represents engine-propeller
rotational speed.

As for the set of engine speeds and different testing fuels, measurements of propeller

shaft torque and power were conducted by means of strain gauges. This method establishes a

functional connection between the elastic angular defor-

mation ofthe propeller shaft and engine torque/power. Meas-

urements of the propeller shaft torque and power were con-

ducted by installing two pairs of strain gauges (type XY21-

6/350), connected in Wheatstone bridge, onto the propeller

shaft. The strain gauges were mounted at an angle of 180°

relative to one another. Power was delivered to strain gauge

from a 9 V source. Measuring signal from the Wheatstone

bridge was delivered to the radio transmitter, allowing trans-

fer of data to the receiver. A power source, transmitter and

antenna were mounted on a ringed disc made of plastic,

placed on the propeller shaft, with a view to eliminate noise.

Next to the shaft, a signal receiver and a speed sensor were

Figure 1 Strain gauges mounted  placed, fig. 1 The signal receiver and the speed sensor were

on the propeller shaft connected to an electronic measuring device - Spider 8. The
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minutes of each running step. Measurements were taken on the same day to ensure that the
atmospheric conditions were nearly identical in each test. Figure 2 depicts the exhaust
emission test schematic.

Figure 2. The position of exhaust emission testing equipment

An outside tank supplied fuel to the engine. The fuel lines were cleaned after each
fuel type change, and the engine was left running for at least 20 minutes to stabilize under the
new conditions. Separate fuel samples were prepared and poured into separate tanks that were
connected to the suction side of the engine fuel pump. Excess fuel was pumped back into the
same tank. The tanks were placed on the gallery in the engine room, about 2 m above the
engine, so that the fuel was delivered to the fuel pump by gravity. In addition, a glass burette
of known volume was attached to the tank and used to measure fuel consumption.

Given that the marine Diesel engine was running for 8600 hours after the last over-
haul and that there were no adjustments of the engine for this experiment, the purpose of per-
formed measurements was to give trends of gaseous emissions in relation to different types
and content of the second-generation biodiesel in the blends for the marine diesel engine in
service.

Results and discussion

Test fuel parameters

The engine was powered by diesel fuel and blends containing 7%, 20%, and 25%

v/v of the FAME. None of the blends required any adjustments to the marine Diesel engine
for this experiment [5]. The diesel fuel was a typical fuel used by the Montenegrin fleet in
territorial waters, with a flash point above 60 °C. The FAME was produced in the lab condi-
lable 3. lest fuels basic properties tI_OnS using oily V_VaStes from olive
) oil extraction (olive pomace) col-

Parameters Units D DO07% DO20% D025% lected from Montenegro's local
Density at 15 °C kg/m3 8334 837.8 846.1 849.2 olive oil producers_ The FAME
Viscosity at 40 °C mm2s 2.92 3.02 321 3.28 was produced using base_catalyzed
Cetane number : 513 538 551 554 transesterification. Table 3 shows
Sulfurcontent  mg/kg 86 80 71 67  the basic test fuel properties, with

Lower heating value MJ/kg 43.98 4341 4234 4193 fuel with no biodiesel addition,
FAME content viv. 0 7 20 25 DO representing blends of diesel

fuel and biodiesel made of olive pomace oil. In the case of blended fuels, a percentage of
biodiesel in the blend is added to the initial letters. Because the tests were carried out during
the summer, the poor low temperature properties of biodiesel were avoided.
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Exhaust emission

Carbon monoxide

Diesel engines always operate with fuel lean mixtures [15]. In this case, CO concen-
tration in the exhaust varies little with the air/fuel ratio [15],

Figure 5 shows that CO emission concentrations rose as engine loads increased due
to a drop in air/fuel ratio. In addition, with increasing engine speeds and loads, more fuel has
being injected. In works of [7, 13, 16-18] similar patterns was shown.

There is a trend of decreasing CO emissions with increasing biodiesel content in test
fuels. This is feasible due to the oxygenated nature of biodiesel fuel. When biodiesel blends
are used, the local air/fuel ratio increases during combustion, resulting in lower CO emissions
from biodiesel blends. [7, 13] reported on this tendency.

The greater likelihood of being converted to CO2resulted in a reduction in CO emis-
sions [7], Furthermore, because biodiesel fuel has lower carbon content than diesel fuel, it
emits less carbon oxides.

0025
c=b025
n210 n210N n210 n210N
Figure 5. Exhaust emission of CO for Figure 6. Exhaust emission of NO* for
different fuels and engine loads, |ppm| different fuels and engine loads, [ppm|

Oxides of nitrogen

It can be observed from fig. 6 that the amount of NO* slightly increased with an in-
crease in engine load. The reason for this is a higher combustion temperature, because NO*
generation inside engine cylinders is temperature-dependent [19].

At both engine loads, there is a trend of decreasing NO* emissions with increasing
biodiesel content in test fuels, fig. 6. Higher cetane numbers and lower aromatic concentra-
tions in biodiesel blends compared to diesel fuel might be explanations for NO* reduction. In
literature, higher cetane levels in biodiesel blends are typically linked with reduced NO* emis-
sions when compared to diesel fuel [13, 20, 21]. Higher cetane number reduces the size of the
premixed combustion by shortening the ignition delay, resulting in lower NO* formation rates
as the combustion pressure rises more slowly, allowing more time for cooling via heat trans-
fer and dilution and resulting in lower localized gas temperatures [20, 22].

Aromatic and poly-aromatic hydrocarbons, in particular, are responsible for in-
creased NO* emissions [20, 23-25]. This is most likely because aromatic compounds produce
greater flame temperatures. By lowering the aromatics, the flame temperature falls, resulting
in a decreased NO* generation rate. As a result, adding biodiesel, which does not include aro-
matic compounds, reduces NO* emissions from engines. Because aromatics have a high car-
bon-hydrogen ratio, fuels with lesser aromatics produce less C02and more HXO when com-
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Na osnovu podnijete dokumetacije 1 saglasnosti Komisije za doktorske studije, Vijece je donijelo
odluku kao u dispozitivu.

Odluka se sa prate¢im materijalima dostavlja Odboru za doktorske studije i Senatu Univerziteta
Crne Gore.

VIJECE POMORSKOG FAKULTETA KOTOR

Broj 01- DEKANICA
Kotor, 31.05. 2024. Prof.dr Tatijana Dlabac



