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Abstract: Ship emissions are one of the main sources of air pollution in port cities. The prosperous
maritime trade has brought great harm to the air quality of port cities while promoting the devel-
opment of the world economy. During the berthing process, ship auxiliary machines emit a large
amount of air pollutants, which have a great impact on air quality and public health. Alternative
marine fuels are being studied and used frequently to reduce ship emissions. This research was
carried out to investigate the gaseous and particles emission characteristics of a marine diesel engine
during the application of experimental biodiesel fuels. To study the influence of mixed fuels on
engine performance, measurements were made at different engine loads and speeds. Different diesel
fuels were tested using various ratios between biodiesel and BD0 (ultra-low sulfur diesel) of 0%, 10%,
30%, 50%, 70%, 90%, and 100%. The results indicated the use of biodiesel has little influence on the
combustion performance but has a certain impact on exhaust emissions. The octane number and
laminar flame speed of biodiesel are higher than those of BD0, so the combustion time of the test
diesel engine is shortened under the mixed mode of biodiesel. In addition, a high ratio of biodiesel
leads to a decrease of the instantaneous peak heat release rate, causing the crank angle to advance.
As the biodiesel blending ratio increased, most of the gaseous pollutants decreased, especially for
CO, but it led to an increase of particle numbers. The particle size distribution exhibits a unimodal
distribution under various conditions, with the peak value appearing at 30–75 nm. The use of
biodiesel has no effect on this phenomenon. The peak positions strongly depend on fuel types and
engine conditions. The particulate matter (PM) emitted from the test engine included large amounts
of organic carbon (OC), which accounted for between 30% and 40% of PM. Whereas the elemental
carbon (EC) accounted for between 10% and 20%, the water-soluble ions components accounted for
6–15%. Elemental components, which accounted for 3–8% of PM emissions, mainly consisted of Si,
Fe, Sn, Ba, Al, Zn, V, and Ni. Generally, biodiesel could be a reliable alternative fuel to reduce ship
auxiliary engine emissions at berth and improve port air quality.

Keywords: ship emissions; combustion performance; biodiesel; particle size distribution; organic
carbon

1. Introduction

Maritime transport is a vital trade method, with more than 90% of the world’s trade
carried out by sea. The prosperity of marine transport has extensively promoted the
development of the world economy. Meanwhile, the growth of ship activities has led to
increasingly severe emissions of atmospheric pollutants from ships, which has brought
tremendous pressure and challenges to the air quality in coastal areas. Ship emissions have
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become an important source of air quality in the world [1]. Fuel consumption caused by
ship engines continuously emits nitrogen oxides (NOx), sulfur dioxide (SO2), hydrocarbons
(HC), carbon monoxide (CO), volatile organic pollutants (VOCs), fine particulate matter
(PM), and carbon dioxide (CO2) into the atmosphere [2]. According to the Global Inventory
of air pollutant emissions, shipping emitted 20.9T g NOx (in terms of NO2) and 11.3T g SOx
(in terms of SO2) from 2007 to 2012, accounting for about 15% and 13% of anthropogenic
source emissions of NOx and SOx, respectively. Among them, 89% of NOX and 94%
of SOX were generated by international ocean-going ships [3–5]. The third IMO Global
Greenhouse Gas Study pointed out that in 2012, the CO2 generated by global shipping
was 949 million tons, accounting for 2.7% of total global CO2 emissions. The annual NOx
emission is 20.9 million tons, accounting for 15%. The annual SO2 emission is 11.3 million
tons, accounting for 13%. Shipping has become one of the fastest-growing sources of
greenhouse gas emissions [6]. However, maritime transport is a relatively environmentally
friendly mode of transport [7]. However, ship emissions also have an impact on air quality
and the health of residents in coastal areas. Previous studies have shown that 70% of ship
exhaust took place within 400 km of the coastline. These pollutants move to coastal and
inland river areas by diffusing [8,9]. It poses a potential threat to human health, air quality,
and climate change [10,11]. PM in ship exhaust is composed of organic and elemental
carbon (OC and EC, respectively) and water-soluble inorganic ions and metals, which have
a significant influence on coastal atmospheric environments and public health [12]. Corbett
et al. indicated that in 2001, more than 60,000 people died of cardiopulmonary diseases
caused by PM2.5 emitted by ocean-going ships around the world, of which East Asia
accounted for 1/4 of the total deaths [13]. Research by the US Environmental Protection
Agency shows that if the United States does not implement ship pollution control in the
waters near the coastline, the lives of more than 30,000 residents will be seriously threatened
in 2030 [14]. Furthermore, due to stricter regulations on land-based pollution sources, PM
emitted by ships may become the primary source of particle emissions in the future [15,16].
Therefore, it is necessary to carry out studies on the PM emitted by ships.

Due to ship emissions coming mainly from fossil fuel combustion, it has been a
priority to reduce emissions through cleaner fuels considering global climate change and
sustainable development goals. However, the energy used by the vast majority of ships
is Heavy fuel oil (HFO) with high sulfur content. HFO is the lowest grade of oil for most
ocean-going ships and is used for both main and auxiliary diesel engines [17]. The fuel’s
physical and chemical characteristics also have a decisive influence on PM emissions,
and the sulfur content also has a great influence on PM emissions from diesel engines.
Previous studies have shown that for a certain ship engine under the same engine load, an
increase in sulfur content in the fuels will lead to increases in SO2 and PM emissions [18].
Emiroğlu et al. indicated that biodiesel mixed with diesel and ethanol makes the fuel start
to evaporate earlier and accelerates the mixing of air and fuel. Meanwhile, the high oxygen
content in ethanol could improve combustion performance and reduce emissions [19]. In
addition, ethanol has a high laminar flame propagation velocity, which could significantly
improve diesel engine combustion conditions and reduce engine particulate emissions [20].
Some previous studies have also shown that the use of alternative fuels will have a great
impact on the combustion performance and exhaust emissions of diesel engines [21,22].
Many regions have adjusted energy policies in the search for clean fuels [23,24]. In Europe,
I Klaková et al. performed a Computational Fluid Dynamics (CFD) simulation of the
gasification process of wood in a packed chamber and its subsequent combustion process.
Their simulations partly demonstrate the viability of alternative fuels [25]. In West Asia,
Abd Ali et al. explored the possibility of thermal and electrical energy as an alternative
energy source [26]. In India, Marseglia G et al. assessed the environmental benefits of
using alternative fuels in combined power plants [27]. An important alternative energy is
biodiesel, which is renewable, economical, and environmentally conscious [28].

It can also be widely used in marine diesel engines, which have the highest global
demand for petroleum fuels [29,30]. Biodiesel is a high-quality alternative fuel that has
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received great attention. Its physical and chemical properties are similar to diesel, which
could be used directly as an alternative fuel without changing the current engine structure.
An alternative fuel, biodiesel has a low content of aromatic hydrocarbon and sulfur, high
cetane number, lubricity, and flash point [31]. It also effectively reduced tailpipe emissions.
A bench test on diesel engine burning marine biodiesel shows that the use of biodiesel
significantly reduced HC and PM emissions under various working conditions. Biodiesel
fuel has significant potential to reduce ship emissions [32,33]. Other studies have found
that using biodiesel significantly reduced emission of CO, SO2 [34], unburned hydrocar-
bons, and PM [35,36]. The results demonstrated that there was no statistically significant
difference for engine brake thermal efficiency among tested blended fuels [37]. The ratio
of biodiesel to conventional diesel in the total fuel mixture will affect both combustion
efficiency and exhaust emission characteristics [38,39]. However, most of the previous
studies for biodiesel application were limited to vehicle diesel engines and the proportion
of biodiesel content in the blended fuels is low [40,41]. Since the marine auxiliary diesel
engine has been widely used to produce electricity in large ocean-going ships, the ratio of
biodiesel could be higher than before. Therefore, detailed investigation of the size distribu-
tion and volatility of diesel-emitted particulates as a function of the biodiesel content of the
applied fuel is a timely contribution to an important issue in the fields of climate and air
quality research [42,43].

Generally, the vessel exhaust emission measurement mainly includes three parts:
bench test, on-board measurement with portable exhaust measurement system (PEMS),
and airborne plume measurement. The bench test is usually carried out in the laboratory,
in which the researchers could control various experimental conditions to obtain emission
data under different operating conditions. This method has good repeatability and reliable
test results. Currently, there is little research focusing on the effects of different operating
conditions and fuel types of vessel particulate emissions. It is necessary to effectively
evaluate and design future regulations in order to achieve energy-efficient methods that
are environmentally acceptable. In this study, we concentrate on the characterization of
the PM and gaseous emissions of a six-cylinder naturally-aspirated direct-injection diesel
engine fueled with neat diesel fuel, B10 (diesel containing 10 vol.% of bio-diesel), B30,
B50, B70, B90,and neat biodiesel (B100). Experiments were conducted in different working
conditions. The testing process including the engine parameters, experimental equipment,
procedures, and the specific fuel information, as described in detail in Section 2. Then,
the effects of different biodiesels on combustion performance and emission characteristics
containing gaseous pollutant characteristics, particle size, and chemical compositions of
marine auxiliary engine are discussed in Section 3. In general, our work aims to evaluate
and characterize the effect of fuel composition on engine emissions at different loads and
operating conditions to contribute to emission reduction in the transportation industry.

2. Materials and Methods
2.1. Test Engine and Fuels

This experiment was carried out on a six-cylinder marine auxiliary diesel engine
in Shanghai, China. Different mix ratios of waste cooking oil biodiesel and diesel fuel
were used for research. The test fuels include light diesel fuel and biodiesels, which were
produced by Pusheng Petrochemical Company Ltd. (Shanghai, China). According to our
experimental requirements, in this study, pure diesel fuel, B10 (diesel containing 10 vol.%
of biodiesel), B30, B50, B70, and B90 were used. The main properties of the ultra-low
sulfur diesel (BD0) and waste cooking oil biodiesel used in the present study are shown in
Table A1. The specifications of the engine parameters are shown in Table 1. The marine
auxiliary diesel engine was connected with a hydraulic dynamometer and a control engine
test system was used to adjust the diesel engine speed and load. In this test system,
adjusting the engine load at a fixed engine speed or adjusting the engine speed at a fixed
engine load is allowed.
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Table 1. Test engine features.

Model Parameters

Type 6-Cylinder DI engine
Compression ratio 17.0:1
Bore/stroke (mm) 135/150
Displacement (L) 12.88
12 h maximum power (kW) (PS) 178.2 (242)
Continuous output (kW) (PS) 162 (220)
Rated speed (r/min) 1500
Ignition order 1-5-3-6-2-4
Intake type Turbocharged, inter-cooling

2.2. Measuring Instruments

In this measurement, a suite of portable, high-precision exhaust measurement equip-
ment is used to obtain the engine emissions data, which is constituted of five main parts:
AVL M.O.V.E GAS PEMS (AVL, Graz, Austria), Testo 350 XL Flue gas analyzer (Testo,
Schwarzwald, Germany), Diluter with a dilution ratio 1:100–1:1000 (Dekati, Kangasala,
Finland), PM sampling system (Hengyuan company, Qingdao, China), and an Electrical
Low-Pressure Impactor (Dekati, Kangasala, Finland). The AVL GAS PEMS was employed
to measure instantaneous gaseous emissions. The CO and CO2 are analyzed by a non-
dispersive infrared (NDIR) module, the NOx is analyzed by a non-dispersive ultraviolet
(NDUV) module, and the THC is obtained by a hydrogen flame ionization detector (FID)
module. The Testo 350 XL was used to examine SO2 with an electrochemical sensor module
in the exhausts of the marine main engine. In addition, due to higher pollutant concentra-
tions in the tail pipe, a diluter was used to dilute the sample gas with a certain dilution
ratio to simulate the process of the sample gas entering the atmosphere. It also could
adjust the exhaust concentration to meet the requirements of the detectors. As for the PM
sampling system, four particulate samplers (including two 90-mm quartz fiber filters and
two 90-mm polypropylene filters) are used to collect the particles from engine exhaust for
subsequent chemical analysis. An Electric Low-Pressure Impactor (ELPI) was set to record
the number concentration of particles and analyze particle size distributions in real time,
which is widely used to measure particulate emissions from diesel engines. The cylinder
pressure was measured by a pressure sensor (Kistler 6613CG1, 0.5% resolution), which was
installed in the first cylinder of the test diesel engine. The specific experimental instrument
configuration is described in Figure 1.

2.3. Test Mode and Data Analysis

In this study, the effects of different biodiesel on the combustion characteristics and
emissions of gas pollutants and PM of Marine diesel engines were investigated by bench test.
The test diesel engine operated at two speeds of 1050 r/min and 1500 r/min (rated engine
speed), and at steady engine loads of 125 N.m (25% of maximum torque at 1050 r/min),
250 N.m (50%) and 375 N.m (75%), 273 N.m (25% of the maximum torque at 1500 r/min),
546 N.m (50%), and 819 N.m (75%), corresponding to the brake mean effective pressures
of 0.12 MPa, 0.24 MPa, 0.37 MPa, 0.27 MPa, 0.54 MPa, and 0.80 MPa, respectively. For all
engine operating modes, the experiments were carried out for BD0, B10, B30, B50, B70, B90,
and neat waste cooking oil biodiesel (100%). To improve the measurement accuracy, the
test diesel engine was allowed to run for some minutes until the cooling water temperature,
lubricating oil temperature, and exhaust gas temperature had reached steady-state status.
During the whole experiment, the cooling water temperature was kept between 80 ◦C
and 85 ◦C, and the lubricating oil temperature was kept between 90 ◦C and 100 ◦C to
ensure that the engine was close to the real operation condition. Fuel consumption, exhaust
temperature, gaseous emissions, PM, and particle size distribution were continuously
measured with a second-by-second resolution. After sampling, the PM filters were taken to
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the laboratory for subsequent chemical analysis. To ensure the experimental uncertainty
was less than 5%, each steady-state experiment was repeated at least twice.
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For PM samples, the determinations of inorganic metal elements were carried out by
inductively coupled plasma mass spectrometry (ICP-MS) and inductively coupled plasma-
optical emission spectrometry (ICP-OES) (Agilent 7500a, Santa Clara, CA, USA). In the
process of elemental component analysis, several elements (Cd, Co, Cr, Cu, K, Mn, Mo, Na,
Ni, Pb, Sb, Sn, V, and Zn) were analyzed by ICP-MS and the remaining elements (Al, Ba,
Ca, Fe, Mg, Si, Ti, and Zr) by ICP-OES. The water-soluble ions in the samples, including
four cations (Na+, NH4+, Mg2+ and Ca2+) and three anions (Cl−, NO3

− and SO4
2−), were

determined by DX-120 ion chromatography. A 1/8 quartz filter was cut into a glass tube
and extracted ultrasonically with deionized water (8 mL) to obtain the supernatant solution
for ion chromatography analysis [44]. Prior to the start of the experiment, the reagents were
tested by blank analysis and the relative standard deviation (RSD) of the standard samples
was checked. Carbon components (EC/OC) in particulate matter were analyzed by thermo-
optical analysis with a DRI Model 2001A analyzer developed by the American Desert
Institute and according to the protocol of IMPROVE Thermo-Optical Reflective Carbon
(TOR); the carbon concentration of each sample consisted of 4 OC (OC1, OC2, OC3, OC4),
3 EC (EC1, EC2, EC3), and pyrolysis carbon OPC [45]. Before and after sample analysis,
the instrument was calibrated with CH4 and CO2 standard gases and a parallel analysis
was performed for every 10 samples to ensure deviations below 2%. All instruments
were calibrated and maintained before and after each test cycle. The sample pretreatment,
chemical analysis, and QA/QC were described in detail in our previous work and other
related studies [46,47].

2.4. QA/QC

The Quartz filters (90 mm, 2500 QAT-UP, Pall Life Sciences) and polypropylene filters
(90 mm, 90 mm in diameter, Beijing Synthetic Fiber Research Institute, Beijing, China) were
applied to collect PM to investigate inorganic components. Quartz filters were placed in
the muffle furnace at 600 ◦C for 2 h before sampling, equilibrated in a constant temperature
(25 ± 1 ◦C), constant humidity (35 ± 1% RH) balance room for 48 h; polypropylene filters
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were dried in the oven at 60 ◦C for 2 h before sampling, and then weighed in a balance
room for 48 h. After sampling, the quartz and polypropylene filters were returned to the
balance room for 24 h for gravimetry and subsequent component analysis. All filters were
weighed three times before and after sampling to ensure that the difference between the
three weighing data points was <5 µg.

Because the response time of different instruments is different, different test data are
required for alignment. For the alignment of AVL GAS PEMs, ELPI and CO2 concentration
value and particle number concentration value were used. For the alignment of AVL GAS
PEMs and the flow meter, a CO2 concentration value and exhaust flow rate were used.
For the alignment between two parameters, the correlation coefficient between them was
calculated as follows: one parameter was taken as the benchmark, the other parameter was
shifted, and the correlation coefficient after each shift was calculated. When the correlation
coefficient reached a maximum, the two parameters were considered to be aligned.

After the test was completed, the response of the instrument to zero gas and distance
gas was recorded again. If the difference between the pre-test response and the post-test
response was no more than 2%, no correction was deemed to be required. Otherwise, the
test results were modified according to the following formula:

Ccor = CZ + (CS− CZ) (2 * Cgas − (Cpre ,z + Cpos ,z)(Cpre ,s + Cpos ,s) − (Cpre ,z + Cpos ,z)) (1)

in which:
Ccor is the corrected concentration value;
Cgas is the measured value;
CZ and CS are the reference values of zero gas and interval gas, respectively;
Cpre ,z and Cpre,s are the response values of zero gas and interval gas before test;
Cpos ,z and Cpos ,s are the response values of zero gas and interval gas after test.

3. Results and Discussion
3.1. Engine Performance

The Fuel Consumption and Brake Specific Fuel Consumption (BSFC) of the test engine
at different speeds and engine loads are shown in detail in Table A2. The test data for seven
different oils were collected separately. Figure 2 shows the fuel consumption performance
and engine exhaust temperature under different fuel types. We found that under the
same rotational speed or engine load, the fuel consumption increased with the elevation
in the doping ratio of biodiesel. This phenomenon occurs in all driving conditions. The
difference in fuel consumption is more obvious especially under high speed and high
load conditions. Due to the lower calorific value of biodiesel in comparison with general
diesel fuel, more fuel is required to maintain the same output power. The engine working
conditions will also affect fuel consumption, and increasing engine speed will lead to
increased fuel consumption. The use of biodiesel has a slight effect on exhaust temperature.
When the biodiesel mixture ratio is inferior to 50%, the exhaust temperature decreases
firstly and then increases with the enhancement of the biodiesel mixture ratio. Under the
condition of 1050 rpm, 75% engine load, the difference of exhaust temperature caused by
the use of biodiesel is obvious. With the continuous increase of engine load, the combustion
efficiency in the diesel engine cylinder continues to increase, and the exhaust temperature
of the engine shows a rising trend. The difference in exhaust gas temperature between
different biodiesel is also gradually reduced.
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3.2. Effect of High Biodiesel to Diesel Ratio on the Combustion Performance

To further study the combustion characteristics of the engine cylinder under different
fuel types, Figure 3 shows the average cylinder pressure and heat release rate curves
for different ratios of biodiesel contents under various work conditions. In the process
of experiment, the cylinder pressure data was averaged over 100 cycles to diminish the
influence of cycle-by-cycle variation, and then used to calculate the heat release rate.
Research shows that in-cylinder pressure increases with increasing engine load. The use
of biodiesel will have a great influence on cylinder pressure. Under the low load (below
50%), the peak pressure in the cylinder is significantly lower than that of ordinary diesel
when biodiesels were adopted. Generally, the cylinder pressure and heat release rate curves
of BD0 combustion mode are similar to those of biodiesel additive combustion mode.
Compared with BD0, the combustion of biodiesel causes in-cylinder pressure to start to
rise earlier. Studies have shown that the blending of biodiesel shortens the combustion
time of diesel engines [48]. With the decrease of the ignition delay, the test fuel injection
quantity reduces in this period. As a result, the mixture in the cylinder decreases, leading
to a decrease in the peak heat release rate. At the same time, lower cylinder temperature
may be the main factor leading to a reduction of the diffusion combustion rate.

3.3. Pollutant Emission

Figure 4 describes the emission characteristics of gaseous pollutants under different
conditions in the experimental process, including different fuel types, speeds, and engine
loads. The results show that the use of biodiesel contributes to a certain extent to the increase
in CO2 emissions. The increase of fuel usage could be responsible for this phenomenon. The
production of CO2 is mainly affected by the amount of air intake. Higher fuel consumption
leads to an increase in air intake to maintain the combustion air fuel ratio [49]. With the
increase of biodiesel doping ratio, CO2 emissions showed a downward trend under the
same load. Under the conditions of 1050 rpm and 1500 rpm, the emissions of all pollutants
showed a rising trend with the increase of engine compliance. Yang et al. conducted a long-
term real ship test on a large bulk carrier, and their monitoring results of gaseous pollutants
have proved this conclusion [50]. The use of biodiesel has a great influence on the pollutants
emitted by ships. The fuel compositions and its physical and chemical characteristics have
a decisive influence on diesel engine emissions. The emission factors of gaseous pollutants
vary greatly due to different oil products. As the biodiesel blending ratio increased, the
gaseous pollutants showed a downward trend, especially for CO. NO2/NOX emissions
decreased significantly as the engine load increased at both testing speeds. However, the
particle number increased with the use of biodiesel. With the increase of engine speed, the
ratio of NO2/NOX content also decreased significantly. The ratio of NO2/NOX was about
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60% when the engine was operating under low load. Then, it only accounts for about 3%
at high speed and load. The operating conditions have a greater impact on NO2/NOX.
Under the high engine load, higher combustion efficiency leads to more NO formation. In
addition, the biodiesel blend ratio also affects NO2/NOX, which increases slowly with the
increase of the biodiesel blended ratio. The NO2/NOX in different biodiesel blended ratios
first decreased as the blending ratio increased from 0 to 50%, and then increased as the
biodiesel blending volume rose above 70%.
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Figure 3. Engine combustion evolution for different biodiesel under various work conditions. (a) 
engine load: 25% engine speed: 1050 RPM, (b) engine load: 50% engine speed: 1050 RPM, (c) engine 
load: 75% engine speed: 1050 RPM, (d) engine load: 50% engine speed: 1500 RPM, (e) engine load: 
50% engine speed: 1500 RPM, (f) engine load: 75% engine speed: 1500 RPM. 

3.3. Pollutant Emission 
Figure 4 describes the emission characteristics of gaseous pollutants under different 

conditions in the experimental process, including different fuel types, speeds, and engine 
loads. The results show that the use of biodiesel contributes to a certain extent to the in-
crease in CO2 emissions. The increase of fuel usage could be responsible for this phenom-
enon. The production of CO2 is mainly affected by the amount of air intake. Higher fuel 
consumption leads to an increase in air intake to maintain the combustion air fuel ratio 
[49]. With the increase of biodiesel doping ratio, CO2 emissions showed a downward 
trend under the same load. Under the conditions of 1050 rpm and 1500 rpm, the emissions 

Figure 3. Engine combustion evolution for different biodiesel under various work conditions. (a) en-
gine load: 25% engine speed: 1050 RPM, (b) engine load: 50% engine speed: 1050 RPM, (c) engine
load: 75% engine speed: 1050 RPM, (d) engine load: 50% engine speed: 1500 RPM, (e) engine load:
50% engine speed: 1500 RPM, (f) engine load: 75% engine speed: 1500 RPM.
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Figure 4. Gaseous emissions of different blending ratios at different engine speeds. (a) 1050 RPM,
(b) 1500 RPM.

3.4. Particle Size Distribution

An ELPI was used to measure the particle number in the range of 7 nm to 1000 nm with
a sampling frequency of 1 Hz. The particle number, concentration, and size distribution of
the diesel exhaust were measured under six different engine operating points. According
to the engine speed–load range, it could be divided into 1050 r/min (25%, 50%, 75%) and
1500 r/min (25%, 50%, 75%). The particle size distribution of marine engine is shown in
Figure 5a–g separately for B0, B10, B30, B50, B70, and B100 fuels. The engine particles
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usually followed a specific distribution. For marine diesel engine, the particle size has a
certain wave peak and generally concentrates in the range of less than 100 nm, which is
mainly related to the properties of fuel [51]. In this study, the peak positions were strongly
influenced by fuel types and engine conditions. The particle size distribution exhibits
a unimodal distribution under various test conditions and fuels. The use of biodiesel
has no effect on this phenomenon. L. Ntziachristos et al. studied the particle emission
characteristics of a medium-speed four-stroke marine diesel engine by using an engine
bench according to ISO-8178 regulatory conditions. The results of various sampling systems
show that the particle size distribution of marine diesel engines is in a unimodal form
under various experimental conditions [52]. The particle size distribution peak position
occurred in the range of 30–75 nm, which is closer to the results of other studies. Zhou et al.
carried out experiments with a 4-stroke diesel engine, and the results showed that the peak
particle size distribution was in the size range of 30–60 nm [53]. The particulate emissions
are most pronounced at the lowest engine loads, regardless of the engine fuel used. This is
caused by poor combustion efficiency at low loads [54]. The use of biodiesel increases the
particle number emission. When the blending ratio switched to 70%, the size distribution
was similar to that of neat biodiesel.

3.5. Speciated Particle Matter Composition Emission

The various PM chemical composition characteristics in ship particulates including
carbonaceous components, water-soluble ions, and inorganic elements are shown in detail
in Figure 6. The PM emitted from the test auxiliary engine featured large amounts of OC,
with OC accounting for 30–40% of the total mass of PM. EC is also a major component of
diesel particles. It accounted for 10–20% of PM. Furthermore, the OC was dominated by
the highly volatile OC1 and OC2 fractions. The OC emission was influenced by the fuel
type and engine mode, which is shown in Table A4. At an engine speed of 1050 r/min, the
OC emission was higher than other measured conditions when the neat biodiesel was used.
The use of biodiesel slightly reduces OC emissions at loads below 50%, whereas it led to
an increase in EC emissions. In previous studies, switching from diesel to biodiesel did
not reduce EC emissions [55–57]. The water-soluble ions components accounted for 6–15%
of the PM emissions, in which sulfate was the most abundant component. The sulfate
fraction increased from 1.7% to 7.2%. When switching from diesel to diesel blended with
biodiesel, the ionic components clearly decreased. The ionic content consisted largely of
Na+, NH4

+, and NO3−, which accounted for 1.1%, 5.2%, and 3.3% of the mass, respectively.
The elemental composition of the PM also depended strongly on the fuel type. Elemental
components accounted for 3–8% of the PM emissions, consisting primarily of Si, Fe, Sn,
Ba, Al, Zn, V, and Ni. With the increase of biodiesel mixing ratio and engine load, the
element composition showed a trend of first decreasing and then increasing, similar to
sulfate. In general, the use of biodiesel did not produce large changes in particulate
matter composition.
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Figure 6. Particle composition of different engine speeds. (a) 1050 RPM, (b) 1500 RPM. 
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4. Conclusions

In this study, a suit of PEMS measurement equipment was used on a marine diesel
engine bench to study ship exhaust characteristics. The effects of different fuel types (B0,
B10, B30, B50, B70, B90, B100) on the combustion performance of marine engines and
gaseous and particulate pollutants are discussed in detail.

The engine operating conditions have an impact on fuel consumption. An increase
of engine speed will lead to the increase of fuel consumption. The exhaust temperature
decreased when the biodiesel blending ratio was increased from 0 to 50%, then increased
as the biodiesel blending ratio continuously increased thereafter. The cylinder pressure
decreased slightly with the increase of biodiesel content in the test fuel. The cylinder
pressure and heat release rate curves of the BD0 combustion mode were similar to those of
the biodiesel additive combustion mode. The combustion time of the diesel test engine was
shortened under the mode of biodiesel blending with diesel. For gaseous pollutants, the
use of biodiesel has a great influence on the pollutants emitted by ships. The employee of
biodiesel contributes to a certain extent to the increase in CO2 emissions. The increase of fuel
usage explained this phenomenon. As the biodiesel blending ratio increased, the pollutants
decreased, especially for CO. However, the particle number increased with the use of
biodiesel. NO2/NOX decreased significantly as the engine load increased at both testing
speeds. Biodiesel performance and engine operating conditions had a comprehensive
effect on gas emissions through the combustion process and temperature. Under low load,
the gaseous emissions of biodiesel were lower than those of diesel at low and medium
engine speeds. The particle size distribution exhibits a single-slot form under various
operating conditions and fuels, with a peak at 30–75 nm. The use of biodiesel has no effect
on this phenomenon. Particulate emissions are most pronounced at the lowest engine loads,
regardless of the engine fuel used. The PM emitted from the test engine featured large
amounts of OC, with OC occupying more than 30% of PM mass. The EC mass fraction was
between 10% and 20%. Ionic components accounted for 6–15% of the PM emissions, and
the SO4

2− and NO3
− are the dominant components. The elemental components accounted

for 3–8% of the PM emissions. It mainly consisted of Si, Fe, Sn, Ba, Al, Zn, V, and Ni.
This study established the correlation between various biodiesel and marine engine

combustion performance and emission characteristics. In particular, the influence of
biodiesels on particle size distribution and chemical composition are introduced in detail.
It will be greatly helpful to the management of diesel PM and the development of post
processing equipment in the future. Overall, the biodiesel could be a suitable alternative
fuel, which will help reduce the emission of auxiliary pollutants during ship berthing
periods. In our future work, a 3D CFD method will be combined with the experimental
results to build a high-precision simulation model, which is of great significance to realize
green navigation of ships.
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Appendix A

Table A1. Properties of marine gas oil and waste cooking oil biodiesel.

Parameter Marine Gas Oil Biodiesel Test Standard

Density (20 ◦C) (kg/m3) 855.1 876.5 GB/T 1884-2000
Viscosity (40 ◦C) (mm2/s) 3.005 4.202 GB/T 265-1988

Cetane number 51 55 GB/T 386-2010
Lower heating value (MJ/kg) 45.87 40.17 GB/T 384-1981

Flash point (◦C) 77.2 174.2 GB/T 261-2008
Sulphur content (ppm) 477 21 SH/T 0689-2000
Nitrogen content (ppm) 90 5 SH/T 0657-2007
Carbon content (wt.%) 86.68 76.02 SH/T 0656-1998

Hydrogen content (wt.%) 13.27 13.63 SH/T 0656-1998
Oxygen content (wt.%) - 10.23 Element analyzer

Table A2. Engine performance.

Speed Load FC (kg/h)

(r/min)→ (%) MGO B10 B30 B50 B70 B90 B100

1050
25 4.24 4.36 4.40 4.59 4.70 4.82 4.83
50 6.49 6.69 6.76 6.95 7.13 7.32 7.44
75 8.80 9.12 9.14 9.42 9.73 9.96 10.17

1500
25 11.48 11.58 11.78 12.14 12.36 12.71 12.82
50 19.29 19.26 19.43 20.47 20.84 21.47 21.79
75 25.91 26.16 27.18 27.28 28.05 29.17 29.39

Speed Load BSFC (g/kw·h)

(r/min)→ (%) MGO B10 B30 B50 B70 B90 B100

1050
25 309.15 315.83 321.42 334.91 345.46 351.60 352.90
50 237.04 244.19 245.71 253.82 265.19 266.99 271.62
75 214.17 222.98 221.91 229.28 236.16 240.68 246.94

1500
25 268.16 270.56 274.54 283.59 288.79 298.96 299.65
50 225.04 224.47 226.44 238.58 243.20 249.89 254.25
75 213.62 215.47 224.26 225.09 231.04 240.67 242.51

Table A3. Main pollutant measurement parameters.

Instrument Measured Parameters Range Accuracy Resolution

Exhaust gas analyzer CO2 0–20% ±3% 0.01%
Exhaust gas analyzer CO 0–8% ±50 ppm; ±3% 10 ppm
Exhaust gas analyzer 0–100 ppm ±5 ppm; ±2% 0.1 ppm
Exhaust gas analyzer NO 0–2500 ppm ±15 ppm; ±3% 1 ppm
Exhaust gas analyzer NO2 0–500 ppm ±10 ppm; ±3% 1 ppm
Exhaust gas analyzer THC 0–1000 ppm ±5 ppm; ±2% 1 ppm
Fuel mass flow meter Fuel Consumption 0–32 kg ±0.5 g 0.1 g

Hydraulic dynamometer Engine Speed 0–5000 r/min 1 r/min -
Hydraulic dynamometer Torque 0–1200 Nm 0.4% -

Pressure transducer Cylinder pressure 0–250 bar 0.5% 1.2
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Table A4. Particulate matter composition.

Engine Load and Fuel
Type

OC EC Ironic Element
% % % %

B0, 1050 r/min, 25% 38.86% 6.32% 8.71% 6.35%
B0, 1050 r/min, 50% 36.08% 8.45% 8.61% 8.47%
B0, 1050 r/min, 75% 36.18% 7.80% 6.37% 5.69%
B0, 1500 r/min, 25% 34.68% 6.61% 7.96% 8.48%
B0, 1500 r/min, 50% 34.71% 6.00% 6.18% 4.81%
B0, 1500 r/min, 75% 35.47% 6.62% 6.47% 6.35%
B10, 1050 r/min, 25% 38.42% 5.23% 4.06% 4.86%
B10, 1050 r/min, 50% 30.92% 3.14% 8.48% 5.82%
B10, 1050 r/min, 75% 37.17% 4.88% 5.05% 5.02%
B10, 1500 r/min, 25% 31.28% 9.37% 7.93% 4.69%
B10, 1500 r/min, 50% 30.35% 9.21% 4.83% 4.46%
B10, 1500 r/min, 75% 38.17% 5.87% 6.05% 5.91%
B30, 1050 r/min, 25% 35.87% 10.22% 5.94% 6.70%
B30, 1050 r/min, 50% 32.71% 9.55% 6.44% 6.87%
B30, 1050 r/min, 75% 31.03% 8.77% 4.59% 6.19%
B30, 1500 r/min, 25% 32.85% 9.11% 6.95% 7.44%
B30, 1500 r/min, 50% 31.22% 12.06% 4.19% 4.21%
B30, 1500 r/min, 75% 31.21% 10.59% 7.95% 8.32%
B50, 1050 r/min, 25% 37.03% 8.77% 4.19% 5.55%
B50, 1050 r/min, 50% 35.77% 6.48% 2.96% 4.94%
B50, 1050 r/min, 75% 35.91% 8.33% 3.90% 5.58%
B50, 1500 r/min, 25% 34.35% 8.44% 3.89% 6.13%
B50, 1500 r/min, 50% 33.53% 9.25% 3.41% 5.12%
B50, 1500 r/min, 75% 33.17% 7.08% 4.23% 5.31%
B70, 1050 r/min, 25% 30.53% 13.01% 8.87% 5.25%
B70, 1050 r/min, 50% 30.32% 10.40% 5.23% 6.01%
B70, 1050 r/min, 75% 34.89% 10.28% 4.46% 6.45%
B70, 1500 r/min, 25% 34.43% 9.32% 3.64% 5.40%
B70, 1500 r/min, 50% 34.59% 14.84% 4.07% 5.25%
B70, 1500 r/min, 75% 37.00% 16.21% 3.00% 6.02%
B90, 1050 r/min, 25% 39.45% 8.52% 10.74% 5.70%
B90, 1050 r/min, 50% 39.41% 9.07% 8.82% 6.45%
B90, 1050 r/min, 75% 34.74% 16.36% 6.56% 5.59%
B90, 1500 r/min, 25% 37.72% 12.90% 5.40% 5.24%
B90, 1500 r/min, 50% 40.10% 5.82% 4.86% 4.42%
B90, 1500 r/min, 75% 40.66% 10.01% 5.17% 4.53%

B100, 1050 r/min, 25% 43.11% 12.14% 6.12% 6.61%
B100, 1050 r/min, 50% 43.18% 12.27% 5.57% 5.60%
B100, 1050 r/min, 75% 41.76% 12.57% 8.17% 6.00%
B100, 1500 r/min, 25% 45.70% 12.07% 4.22% 4.42%
B100, 1500 r/min, 50% 41.05% 15.61% 3.37% 4.37%
B100, 1500 r/min, 75% 43.68% 13.60% 3.31% 4.26%
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