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ABSTRACT 
With the increasing focus on black carbon emissions 

in the International Maritime Organization, It is 
increasingly important to study the influence of fuel 
sulfur content on marine diesel engine emission, 
especially on particulate matter emission, a 4.5 L Marine 
auxiliary engine was tested with different Fuel sulfur 
content FSC (0.26% , 0.05% and 0.005%), the effects of 
fuel sulfur content on the Brake Thermal Efficiency (BTE) 
were analyzed. And then the variations of conventional 
and unconventional gas emissions with FSC were 
measured, such as CO, CO2, CH4, and SO2. Then, based on 
the difference of the FSN and the PN of PM, the effect of 
PM morphology was discussed. The results show that 
with the increase of sulfur content, BTE decreases, CO 
and THC emissions increase, which are due to the more 
presence of fuel incomplete combustion products. With 
the increase of FSC, the fractal dimension(Df) of particle 
aggregates increases, the rotational diameter(Dg) of 
particle aggregates increases, more particles are tightly 
bound together in clusters. So that PN decreases, but 
FSN increases. 
Key words: Fuel Sulfur Content; marine auxiliary diesel 
engine. 

1. INTRODUCTION
The shipping plays a key role in the international

transportation because of its better fuel economy. 
However, shipping emissions is also the main source of 
air pollution [1]. As it reported, there were 961 Mt 
(million tons) of CO2 equivalents, 20.9 Mt of NOx, 11.3 
Mt of SOx and 1.4 Mt of PM (particulate matter) in global 
total emissions for shipping, which were harmful to 
human health [2]. In response to increasing emissions, 
the International Maritime Organization (IMO) 
introduced much stringent regulations, especially 
limitations for sulfur, NOx and PM emissions [3]. The 
second phase of marine engine emission legislation in 
China (China II) introduced more stringent emissions 
limitation, which will come into force on 1st July 2021. To 

meet new regulations, it is necessary to further 
investigate the shipping emissions [4-5]. 

The regulated emissions, such as CO, HC, NOx and 
PM, are mainly influenced by fuel compositions, such as 
sulfur content. Tan et al. [6] reported that fuel sulfur 
contents had obvious impacts on smoke emissions, but 
not significant for NOx. In addition, they [7] found that 
sulfur also had an effect on the structure and physico-
chemical properties of particulate matter produced by 
the engine after testing the engine with lubricants with 
different sulfur content. Van et al. [8] suggested that 
with FSC increased, the combustion became worse under 
all load conditions, as well as more particle number and 
mass. Zhao et al. [9] studied the properties of particulate 
matter in Lean and Rich Flames in a co-flow combustor 
using fuels with different FSC, it is found that sulfur has 
some effect on the evolution and growth of particulate 
matter entering the atmosphere. 

Nevertheless, there are still lack of systemic 
investigations on the effects of fuel with different sulfur 
contents on marine auxiliary diesel engine performance, 
especially unregulated emissions. In present study, 
different sulfur content fuels (0.26%, 0.05% and 0.005%) 
were tested on a 4.5L marine auxiliary diesel engine. The 
regulated emissions, including CO, CO2, NOx, THC (total 
hydrocarbon), FSN (filter smoke number) and PN 
(particle number), were tested by exhaust gas analyzer 
(Horiba MEXA-ONE-01-OV). The PN and FSN were tested 
by AVL 489 and AVL 415, respectively. The unregulated 
emissions, such as CH4, HCHO, HCOOH, C2H4, N2O, SO2 
were analyzed by FTIR. The particulate matter samples 
were collected by a sampler under various working 
conditions and observed under transmission electron 
microscope. The differences of particulate matter 
emission were analyzed in terms of micro-morphology.  

2. EXPERIMENTAL METHODOLOGY

2.1 Test engine, test conditions and fuel 

Marine auxiliary machinery is a kind of power 
generating equipment widely used on large ocean-going 
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ships [10]. In this study, a four-cylinder, four-stroke 
turbocharged marine auxiliary diesel engine is used. The 
engine parameters are listed in Table 1. The schematic 
diagram of the test bench is shown in Fig. 1. The engine 
used in the test is coupled to the eddy current 
dynamometer and some analysis equipment. Several 
emissions of interest in this study, such as conventional 
gas emissions, unconventional gas emissions, and 
particulate matter emissions, were measured using a 
combination of several sets of equipment. Conventional 
emissions of CO, CO2, NOx and THC are recorded by the 
HORIBA MEXA-ONE-01-OV. The emission of 
unconventional pollutants such as CH4, HCHO, HCOOH, 
C2H4, N2O and SO2 in tail gas was determined by AVL 
infrared spectroscopy. PN and FSN were detected by AVL 
489 and AVL 415 respectively. The particulate matter in 
the exhaust gas was sampled with a filter sampling 
system and a copper mesh microgrid. 

 
Fig 1. Schematic diagram of experimental setup 

In the present study, the engine speed was 
controlled at 2100 rpm with four engine loads (25%, 50%, 
75%, 100%). At each operating condition, the room 
temperature, cooling water temperature and lubricating 
oil temperature was controlled at 20 ± 3 °C, 85 ± 1 °C and 
95 ± 1 °C, respectively. Sulfur contents were the main 
parameters of fuel which affected fuel combustion 
deeply. Meanwhile, deciding proper sulfur contents 
would be helpful to fit new emission regulations. Three 
fuels were employed in this work, including S0.005, 
S0.05, S0.26 (0.005%, 0.05% and 0.26% sulfur contents in 
fuel). The fuel specifications are presented in Table 3. 
Lubricant oil Mobil 15w-40 CK-4 was used in this work. 

Tab.1 Engine specifications 

Categories Parameters 

Number of 
cylinders 

4 

Maximum 
speed 

2100 r/min 

Itineraries 130 mm 

Cylinder 
diameter 

105 mm 

Compression 
ratio 

11:1 

Number of 
valves per 
cylinder 

4 

Total 
displacement 

4.5 L 

Fuel Injection 
Engine driven fuel 

pump 

 
Tab.2 Test conditions 

Fuel 
 Rotational 

speed 
(r/min) 

Load (%) 

S0.005  2100 25%,50%,75%,100% 
25%,50%,75%,100% 
25%,50%,75%,100% 

S0.05  2100 
S0.26  2100 

 
Tab.3 Diesel fuel specifications  

Nature S0.005 S0.05 S0.26 

Cetane 
number 

48.9 49.1 49.4 

Kinematic 
viscosity 
(mm2/s) 

3.625 3.563 3.502 

Sulfur content 
(mg/kg) 

53 504 2592 

 Flash Point 

(℃) 
68 65 61 

Freezing Point 

(℃) 
-12 -12 -18 

Density 
(kg/m3) 

838.9 839.2 840.3 

 

2.2 Methods for sampling and analysis of particulate 
matter  

In this system, a sampling branch pipe is used to 
drain the exhaust gas from the exhaust pipe. The exhaust 
gas flows through the pipe and the PM is thermally 
sampled at the outlet with a copper mesh micro-grid. The 
samples were analyzed using Transmission Electron 
microscope(TEM). At 25% load, particulate emissions 
from engines using three different FSC were collected, 
and the sampling time of all working conditions was 10s 
in order to ensure that the number of particles attached 
to the monoxide film that coated with 200 copper grids 
of TEM was sufficient and did not pile up and overlap, in 
this way, the observation requirements of TEM can be 
satisfied. 
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In this paper, the microstructure and nano-
parameters of soot particles were characterized by 
JEOL2010FEF type HRTEM produced by joint-stock 
company, Japan. HRTEM image with scale of 50nm was 
obtained at 40000x magnification. 

3. RESULTS AND DISCUSSION 

3.1  Effect of fuel sulfur content on engine performance 

The trend in thermal efficiency (BTE) is shown in 
Figure 2. Under the condition of low load, the 
combustion temperature in the cylinder is lower, which 
further aggravates the incomplete combustion in the 
cylinder. With the increase of sulfur content in fuel, the 
combustion efficiency of fuel decreases. In addition, the 
presence of sulfur in fuel, like carbon, reacts with oxygen 
during fuel combustion to produce SOx and sulfate. 
Therefore, if the sulfur content of the fuel is high, it will 

absorb more oxygen during the intake and combustion 
process, thus ensuring that the fuel burns with enough 
oxygen [11].  

3.2 Effect of FSC on engine emissions 

3.2.1 Conventional discharge 

The conventional emission test results of the engine 
are shown in Figure 3, including CO, CO2, THC, NOx, FSN, 
and PN emissions as required by the emission 
regulations. CO and THC emissions were similar with 
engine load and FSC, but decreased with load and 
increased with FSC. Both of these pollutants are the 
products of incomplete combustion in cylinder. 
Accordingly, CO2 and NOx emissions with the engine load 
and FSC changes in the cloud graph distribution and the 
former two trends in the opposite direction, higher 
emissions in the region (the red part of the map) 
concentrated in the high-load region. Especially at full 
load, there is a trough of NOx emissions with the increase 
of sulfur content in the fuel. First of all, it can be seen in 
table 3 that the fuel of S0.26 has a higher cetane number 
than the fuel of low sulfur, which leads to a higher 
combustion temperature [12] in the cylinder, sulfur can 
also combine with oxygen to form gaseous sulfur oxides 
and sulfates during combustion, which affects the 
combustion efficiency of fuel and, to some extent, the 
formation of NOx. Therefore, under the combined action 
of these two factors, the NOx emission decreases first 
and then increases with the change of sulfur content. 

Fig.2 Brake thermal efficiency variation with engine load 
and fuel sulfur content. 

 

 
(a)                                (b)                                (c) 

                                     

 
 
 

 
 
 

(d)                                (e)                                (f)   
 
 
 
 
 
 

 
Fig 3. (a) CO, (b) CO2, (c) THC, (d) NOx, (e) FSN and (f) PN, as functions of engine loads and FSC 
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3.2.2 Unregulated emissions 

Emissions of CH4, C2H4, HCOOH, HCHO, SO2 and N2O 
from fuels with different FSC are shown in Figure 4. CH4 
is the smallest hydrocarbon, it is a kind of saturated 
hydrocarbon emissions, mainly from the fuel cracking, 
reforming and polymerization of three processes. Methyl 
groups (CH3 ·) and hydrogen atoms (H ·) are formed in the 
process of fuel cracking, and CH4 is finally produced 
through hydrogenation. When engines burn fuels with 
high sulfur content at low load conditions, more 
incomplete combustion products are produced and 
more fuel is cracked [13]. C2H4 is mainly formed by 
pyrolysis of diesel oil. Ethylene is one of the most 
important intermediates in the combustion pyrolysis or 
oxidative pyrolysis of the macromolecular hydrocarbons 
and macromolecular alkanes in diesel oil. Therefore, its 
emission characteristics are similar to that of CH4, but 
CH4 is more affected by the sulfur content of the fuel 
than C2H4. 

In the cracking process of a macromolecule fuel, the 
methyl group formed after breaking the bond of the 
primary carbon atom is an important precursor for the 
formation of methane, the intermediate secondary 
carbon atom requires less energy to break a bond, an 
important difference in the CH4 and C2H4 generation 
pathways [14]. Therefore, it is possible that sulfur may 
have an effect on C-C bond fracture during fuel cracking, 

and promote the fracture of carbon bond on primary 
carbon. Both HCOOH and HCHO are made up of carbonyl 
groups, double bonds between carbon atoms and 
oxygen. At the same time, they are the intermediate 
products produced in the process of combustion and 
pyrolysis of macromolecular fuels, which mainly come 
from incomplete combustion [15-16]. Methyl is also an 
important precursor of HCOOH, the higher temperature 
in the cylinder under high load conditions makes the 
primary carbon easier to break bonds to form methyl 
groups, and the high content of sulfur may also promote 
the formation of methyl groups, therefore, HCOOH 
emissions were higher in the high sulfur content and high 
load region. HCHO is mainly produced by the oxidation 
reaction of C2H4, so it is similar to the distribution of C2H4, 
but the reaction of HCHO is restrained under the 
condition of high equivalent ratio, thus, there is a 
difference in the area of high load and low sulfur content, 
as shown in Figure 4 (e), SOx is mainly produced in the 
combustion process, which is related to the FSC. At the 
same time, with the increase of load, the air-fuel ratio 
decreases, and the incomplete sulfur combustion 
product SO2 increases with the increase of sulfur 
content. Therefore, with the increase of FSC, SO2 
emissions increase significantly. In contrast, N2O 
formation is affected by in-cylinder temperature and 
oxidation, with high emission red areas concentrated in 
areas with high FSC and low engine load. 

 
(a)                                (b)                              (c) 

 
 
 
 
 
 
 
 
 

 
(d)                               (e)                               (f) 

 
 
 

 

 

 

 

 

 
 

Fig 4. (a) CH4, (b) C2H4, (c) HCOOH, (d) HCHO, (e) SO2 and (f) N2O as functions of engine loads and FSC 
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3.3 Study on emission difference between PN and FSN of 

particulate matter 

As can be seen from Figure 3 (e), (f) , the PN values 
are mainly concentrated in the blue region at 25% load, 
The trends in FSN and PN are inconsistent, the reason 
may be that the increase of sulfur leads to the change of 
particle micro-morphology, especially the change of 
particle agglomerate shape and size, which leads to the 
difference of particle FSN and PN. 

Aggregates are an intermediate state between the 
primary particles and the deposited particles of diesel 
particulate matter. It is formed by agglomeration of 
primary particles produced during combustion in the 
cylinder. The primary particles suspended in the 
combustion chamber are driven by the air-fuel mixture 
or the exhaust stream and collide with each other 
continuously, thus accumulating into agglomerates 
containing multiple particles, and may undergo another 
collision process to grow into larger aggregates. At the 
same time, the primary particles still undergo surface 
growth and oxidation during the aggregation process. 
The morphology of aggregates is mainly reflected by 
their fractal dimension(Df). Df is a parameter used to 
reflect the spatial structure of an object. It can reflect the 
aggregation mechanism in an all-round way. The Df of 
aggregates is generally calculated by the following 
formula: 

𝑁 = 𝑘𝑓 (
2𝑅𝑔

𝑑𝑝
⁄ )

𝐷𝑓

               (3-1) 

dp is the average diameter of the elementary particle, 
Kf is the front factor, Rg is the radius of gyration of the 
aggregates, and n is the number of elementary particle, 
which can be calculated by Formula 2: 

𝑁 = 𝑘𝛼 (
𝐴𝑎

𝐴𝑝
⁄ )

𝛼

                (3-2) 

In the formula, Aα is the projection area of the 
aggregates, which can be measured directly in the image 
processing software. Ap is the average projection area of 
the aggregates calculated by dp, and Kα and α are the 
empirical parameters. Brasil also believes that there is an 
approximate relationship between Rg and L (3-3) . 

𝐿/(2𝑅𝑔) = 1.50 ± 0.05            (3-3) 

The final formula for calculating the fractal 
dimension is shown in Formula 4. For a more detailed 
explanation, please refer to the Brasil et al. [17] method 
and the references cited therein. 

𝑁 = 𝑘𝑓𝐿 (
𝐿
𝑑𝑝
⁄ )

𝐷𝑓

                (3-4) 

KfL is a pre-correlation factor term similar to Kf, which 
determines the size of the least square linear fitting 
curve between N and L/dp. 

In the present study, the Df and the Dg of the 
aggregates were taken into account when quantifying 
the morphological differences of the elementary particle 
aggregates. This parameter reflects the size of 
aggregates, from which we can get some information 
about the formation of aggregates. According to the 
previous research, based on the Df, the Dg of aggregates 
can be calculated: 

𝐷𝑔/𝐿 = (𝐷𝑓/(𝐷𝑓 + 2))1/2           (3-5) 

Figure 5 shows the statistical results of the Df of 
particulate elementary particle aggregates at 25% engine 
load when diesel fuel with different sulfur contents is 
burned at S0.005, S0.05 and S0.26. The linear data were 
fitted according to the scatter values from several TEM 
images, the Pearson's R values in figure 5 (a), (b) and (c) 
are 0.942,0.938 and 0.908, respectively. As the sulfur 
content of the fuel increases, the Df of the aggregates 
increases, from 1.281 to 1.553. The large Df indicates that 
the aggregate structure is dominated by cluster-like 
elementary particle, and the overlap between the basic 
carbon particles is large. As shown in Fig. 6, with the 
increase of FSC, the overall shape of the particles 
gradually changes from a clear chain structure to a 
cluster structure with an obscure boundary. The results 
show that the particle aggregates formed at high FSC are 
more compact and the particle aggregates formed at low 
sulfur content are relatively loose. For the basic carbon 
particles of particulate matter produced by fuel with high 
sulfur content, the aggregate structure is more compact, 
which will lead to the increase of FSN of emission 
particles. 

 
Fig 5．Statistical Determination of Df of particulate 

aggregates with different FSC (a) S0.005, (b) S0.05, (c) 
S0.26 
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Fig. 6 Micro-morphology of particulate matter with different FSC (a) S0.005, (b) S0.05, (c) S0.26  

 
The diameter distribution of the aggregates is shown 

in Figure 7.The statistical results show that the Dg of all 
aggregates are in the range of 50 ~ 300nm, which is 
consistent with the results of other studies. It can be 
observed intuitively in the diagram that the distribution 
of the diameter of gyration of agglomerates shifts to a 
larger size range with the increase of sulfur content in the 
fuel. More specifically, 69.23% of the aggregates 
obtained with S0.005 fuel had a Dg of less than 200 nm, 
and as the sulfur content in the fuel increased, in the case 
of S0.26, the ratio was reduced to 36.36% . The same 
trend was also found when comparing the average 
diameter of particle aggregates of three fuels with 
different sulfur contents. The average diameter of 
particle aggregates increased from 164.58 nm at S0.005 
to 214.44 nm at S0.26. Thus, an increase in FSC increases 
the size of the aggregate particles produced by 
combustion. The particles released by burning sulfur-
containing fuel contain organic components and sulfates, 
and the increase in sulfates contributes to the formation 
of larger particles, which increase the probability of 
particle collisions, and because the surface of the high 
sulfur particles agglomerates and adsorbs more organic 
components, the metal ash content is also more, its Van 
der Waals force, adsorption force, electrostatic force and 
other intermolecular force are also greater [18], similar 
particles tend to stick together when they collide, so 
many of them coalesce into a mass that causes a 
decrease in PN. 

 

Figure 7. Size distribution of diesel particulate 
matter aggregates with different FSC 

To sum up, the Df and Dg of particulate matter 
increase with the increase of FSC, and with the increase 
of Df, the structure of particulate aggregates becomes 
more compact, which leads to the increase of FSN of 
particulate matter, however, the increase of the 
diameter of gyration is due to the adsorption and 
incorporation of more particles by the aggregates, which 
results in the decrease of the number of PN and the 
increase of FSN, FSC has the opposite effect on FSN and 
PN, this results in differences in the FSN and PN of 
particulate matter. 

4.  CONCLUSION 
The effects of engine load, FSC on engine 

performance, emissions and particulate matter 
properties were studied on a marine auxiliary engine. 
The conclusions are summarized as follows: 

(1) BTE decreases with the increase of FSC. The sulfur 
element in the fuel will react with oxygen during the 
combustion process, which will affect the combustion in 
the cylinder. 

(2) The incomplete combustion products and the 
intermediate products produced by the pyrolysis of 
macromolecular fuels are mainly concentrated in the 
regions with high sulfur content and low engine load. The 
products of complete combustion are mainly located in 
the high load condition of the engine, and the particulate 
matter and SO2 emissions are distributed in the region 
with high sulfur content. Sulfur in fuel can promote the 
formation of incomplete combustion products and 
intermediate products during combustion, possibly by 
promoting the fracture of carbon-carbon bond. 

(3) With the increase of FSC, the Df and Dg of particle 
aggregates increase, particle aggregates are made up of 
more particles and have a denser structure, the FSN of 
particulate matter increases and the PN decreases, 
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which leads to the emission trends of FSN and PN were 
not consistent. 
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