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Abstract: Implementation of new emissions regulations calls for a reassessment of the emissions
levels of newly built ships sailing in Chinese regions. In this paper, marine diesel engines are subjected
to emissions bench tests using high-precision testing equipment. A total of 135 marine diesel engines
meeting the Limits and Measurement Methods for Exhaust Pollutants from Marine Engines (CHINA
I/II) were first systematically analyzed. The emission factors of marine main engines (ME) and
auxiliary engines (AE) were obtained under different displacements. The results show that the fuel-
based emission factors for NOX + HC and CO meeting CHINA I/II are 25.80~44.87/16.47~46.35 and
2.47~13.22/1.64~5.62 kg/t-fuel, respectively. The energy-based emission factors for NOX + HC, CO,
CO2, and PM satisfying CHINA I/II are 5.70~9.24/3.70~9.07, 0.49~2.30/0.36~0.99, 620~683/612~718,
and 0.05~0.36/0.05~0.27 g/kWh, respectively. Additionally, the specific emission of NOx rises
with the increase in single-cylinder displacement, so the CO emission limit of pure diesel fuel is
recommended to be lower than 5 g/kWh. The results in this paper provide valuable basic data for
research on and estimation of ship emissions in waterway transportation and for understanding the
emission characteristics of marine diesel engines.

Keywords: emission factor; specific emission; marine diesel engine; exhaust emissions; bench test

1. Introduction

Maritime trade results in environmental pollution to coastal cities while increasing
economic benefits. Due to their routes being away from the seashore, most marine vessels
spend a long time in shipping, emitting lots of toxic emissions [1–5]. This contributes to
the regional and global toxic inventories of gaseous and particulate pollutants, negatively
affecting local air quality [6,7]. Therefore, it is important to accurately quantify ships’
exhaust emissions to enable the competent authorities to formulate reasonable regulatory
policies. At present, ship exhaust emissions can be evaluated with the bottom-up approach
based on automatic identification systems or the top-down approach based on ship fuel
consumption [8–11]. The above two predominantly applied methods depend on the energy-
based and fuel-based emission factors. The energy-based emission factor represents the
emission of a pollutant per unit power of diesel engine in a unit time (g/kWh), and the
fuel-based emission factor refers to that of a pollutant per unit fuel quantity (g/kg-fuel).

A literature review on emission factors in marine diesel engine reveals that there are
three main investigation methods: the bench test, ship-plume-based measurement, and
shipboard measurement [12]. The bench test is performed in a standard environment with
a high-precision instrument, producing an accurate result. In addition, it is supported
by a large amount of test data and can better measure the emissions characteristics of
diesel engines under different loads [6,12,13]. Xing et al. [11] statistically analyzed the
test-bed emission reports of 76 and 113 marine diesel engines that met the IMO NOx Tier I
and Tier II emission standards, respectively, based on which they gave the fuel-based and
energy-based emission factors for NOx, CO, HC, and CO2 for main engines (MEs) and
auxiliary engines (AEs). Ma et al. [14] conducted bench tests on 197 marine diesel engines,
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classified the statistics according to their power distribution, and, finally, gave fuel-based
and energy-based emission factors for NOx, CO, HC, and CO2 for different diesel engines.
Ship-plume-based measurement can analyze the characteristics of ship exhaust plumes but
presents low accuracy and high uncertainty [12]. Shipboard measurement, as a currently
widely accepted method, can reflect a ship’s emissions under different sailing conditions.
However, the number of samples is limited, and portable testing equipment is widely used,
resulting in low accuracy. Fu et al. [15] and Yin et al. [16] took 7 and 12 cargo ships in
the Grand Canal as samples, respectively, to analyze and initially determine the emission
factors of Chinese inland river transport ships under different operating conditions at ME
powers lower than 300 kW. For ocean-going vessels, emissions of gaseous and particulate
pollutants are measured with portable equipment under different navigation modes, and
emission characteristics are analyzed under various sailing conditions [17–20]. Cooper [21]
tested the emissions of 22 diesel engines of six ships at port, gave the specific emissions of
NOX, CO, HC, CO2, SO2, and PM at different load ranges, and pointed out that the emission
factors under different models and load conditions changed greatly. Agrawal et al. [22]
researched the emission measurements of gases, PM, metals, ions, and elemental and
organic carbons from an ocean-going container vessel and provided ME-weighted emission
factors for PM and NOx in sulfur-heavy fuel oil mode. Hulskotte et al. [23] statistically
analyzed the activities of 89 ocean-going ships berthed at the Rotterdam port, determined
the fitting relationship between the total tonnage of all kinds of ships and fuel consumption,
and revealed that the emission factors of different diesel engines are associated with the fuel
type. Therefore, the environmental pollution caused by ship transportation has aroused
widespread concern, and ship emission factors have been researched from numerous
different perspectives.

To further prevent and control the environmental pollution caused by ship exhaust
emissions, the Ministry of Ecology and Environment of the People’s Republic of China
issued the Limits and Measurement Methods for Exhaust Pollutants from Marine Engines
(CHINA I/II) [24], which was implemented on 1 July 2018. There are very few research
studies on the emission characteristics of marine diesel engines that meet CHINA I/II. The
true emission level of domestic diesel engines can be accurately reflected by establishing
the emission inventory of Chinese coastal transportation ships based on the above emission
factors directly. Accordingly, it is absolutely urgent and important to confirm the emission
factors of ships suitable for coastal areas in China under the new emission regulations.

Therefore, this paper analyzes the emissions of 135 marine diesel engines manu-
factured in China by bench tests and summarizes and classifies the emission factors of
NOX + HC, CO, CO2, and PM, aiming to reveal and measure ship emission characteristics
in coastal and inland rivers in China. The instruments for bench testing of the diesel engine
are high-precision, so the test results can reflect the emissions more accurately. The results
in this paper can provide more scientific and accurate basic data for marine emission
estimation and related policies in coastal areas. In addition, this paper is conductive to
understanding the emission characteristics of current marine diesel engines.

2. Materials and Methods
2.1. Test Engines

In this paper, 135 four-stroke marine diesel engines produced by different manufac-
turers after 2018 were subjected to bench tests. According to their different uses, diesel
engines are usually classified into ME for propulsion and AE for power generation. Engines
with single-cylinder displacement below 30 L were conducted emission tests according to
CHINA I/II. The engine power was 56–2720 kW, the cylinder diameter was 89–280 mm,
and the speed was 750–3000 r/min. In this paper, the bench tests mainly included three
test cycles. The E3 cycle was used for the ME, operating according to the propulsion
characteristics, where the engine power is proportional to the third power of the speed.
The E2 cycle was adopted for the ME operating at a constant speed, including the diesel
engines for electric propulsion and driving a controllable-pitch propeller. The D2 test cycle
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is appropriate for an AE operating at a constant speed. The weighting factors of each power
point vary in different working cycles under CHINA I/II, as listed in Table 1.

Table 1. Test cycle and weighting factors.

Test Cycle Parameter Test Power Point

E3
Power 100% 75% 50% 25% -
Speed 100% 91% 80% 63% -

Weighting factor 0.20 0.50 0.15 0.15 -

E2
Power 100% 75% 50% 25% -
Speed 100% 100% 100% 100% -

Weighting factor 0.20 0.50 0.15 0.15 -

D2
Power 100% 75% 50% 25% 10%
Speed 100% 100% 100% 100% 100%

Weighting factor 0.05 0.25 0.30 0.30 0.10

2.2. Emission Regulations

The International Maritime Organization (IMO) marine diesel engine NOX technical
code [25] only stipulates NOx emission. The newly implemented CHINA I/II specifies
limits not only for NOX + HC emissions, but also for CO and PM, as shown in Tables 2 and 3.
CHINA I and CHINA II are more stringent compared with the IMO NOX technical code.
Therefore, manufacturers have to upgrade their diesel engine manufacturing technologies,
complete the emission test again, and obtain a diesel emission permit. In addition, they
are required to complete the durability test and obtain the degradation coefficient, so
that the emission of the diesel engine after 10,000 h of operation will still satisfy the
emission standards (CHINA I/II). Meanwhile, CH4 emission is stipulated for dual-fuel
and gas engines. Compared with CHINA I, CHINA II is toughened by more than 20% for
HC + NOX and by 40% for PM in general.

Table 2. CHINA I emission limit (g/kWh).

Single-Cylinder
Displacement SV(L 1)

Rated Power
(kW) CO HC + NOX CH4

2 PM

SV < 0.9 P ≥ 37 5.0 7.5 1.5 0.40
0.9 ≤ SV < 1.2 5.0 7.2 1.5 0.30
1.2 ≤ SV < 5 5.0 7.2 1.5 0.20
5 ≤ SV < 15 5.0 7.8 1.5 0.27

15 ≤ SV < 20 P < 3300 5.0 8.7 1.6 0.50
P ≥ 3300 5.0 9.8 1.8 0.50

20 ≤ SV < 25 5.0 9.8 1.8 0.50
25 ≤ SV < 30 5.0 11.0 2.0 0.50

1 Volume unit, liter (L), 2 For dual-fuel and gas engines.

Table 3. CHINA II emission limit (g/kWh).

Single-Cylinder
Displacement SV(L 1)

Rated Power
(kW) CO HC + NOX CH4

2 PM

SV < 0.9 P ≥ 37 5.0 5.8 1.0 0.30
0.9 ≤ SV < 1.2 5.0 5.8 1.0 0.14
1.2 ≤ SV < 5 5.0 5.8 1.0 0.12

5 ≤ SV < 15
P < 2000 5.0 6.2 1.2 0.14

2000 ≤ P < 3700 5.0 7.8 1.5 0.14
P ≥ 3700 5.0 7.8 1.5 0.27

15 ≤ SV < 20
P < 2000 5.0 7.0 1.5 0.34

2000 ≤ P < 3300 5.0 8.7 1.6 0.50
P ≥ 3300 5.0 9.8 1.8 0.50

20 ≤ SV < 25 P < 2000 5.0 9.8 1.8 0.27
P ≥ 2000 5.0 9.8 1.8 0.50

25 ≤ SV < 30 P < 2000 5.0 11.0 2.0 0.27
P ≥ 2000 5.0 11.0 2.0 0.50

1 Volume unit, liter (L), 2 For dual-fuel and gas engines.
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2.3. Test Measurement System and Bench Test

The HORIBA MEXA 1600DSEGR engine emission analyzer made in Japan was em-
ployed to measure the contents of the gaseous substances, including NOX, CO2, CO, THC,
and O2 in the engine exhaust. Specific information is shown in Table 4. The test equip-
ment was approved by the China Classification Society (CCS) and meets the specification
requirements. The linearization test and NOX conversion efficiency tests are carried out
every three months, and the conversion efficiency should be more than 90% to ensure the
accuracy of the test results. Leakage should be checked before the test, and the zero and
span are calibrated with standard gas before and after every test to ensure the accuracy of
the measuring instrument.

Table 4. Gaseous-substance-measuring equipment specific information.

Ingredient Principle Accuracy Measuring Range

CO NDIR Within 2%PT or 0.3%FS 0~3000 ppm
CO2 NDIR Within 2%PT or 0.3%FS 0~16 vol.%
NOX CLD Within 2%PT or 0.3%FS 0~5000 ppm
O2 MPD Within 2%PT or 0.3%FS 0~25 vol.%

THC HFID Within 2%PT or 0.3%FS 0~5000 ppm

Unlike previous regulations, the current rules for particulate emissions from ships
sailing in China are clear and depend on the single-cylinder displacement. Therefore, it is
necessary for the diesel engine to complete the bench test for PM emission. In this paper,
PM is measured by a partial flow dilution system using the single-filter-paper sampling
method. Currently, weighing the filter paper is the widely accepted method to measure PM
with the highest accuracy [18]. PM is measured with the AVL SPC472 partial flow dilution
tunnel sampling system made in Austria, and the diameter of the sampling filter paper is
70 mm. According to CHINA I/II, all test equipment for the bench test should be calibrated
every three months, the test must be carried out as a standard experiment, and the test
environment must meet the emission standards. In this way, measuring errors can be
reduced greatly. Before each bench test, atmospheric temperature, humidity, and pressure
are measured to ensure that the environmental parameter (fa) meets 0.93 ≤ fa ≤ 1.07, with
the calculation method detailed in the Supplementary Materials. The tests are performed
in laboratories with appropriate temperature and humidity, clean air, and no dust. The
PM test equipment is placed in front of the gaseous pollutant test equipment. The diesel
engine operates stably at each load point for 10 min, and relevant experimental data are
recorded and averaged for calculation. The oil tank is usually placed at a high position, is
fed by gravity into the flowmeter, and, finally, crosses a high-pressure oil pump installed
by the diesel engine to inject fuel into the cylinder for combustion. The layout of the test
equipment on the bench is illustrated in Figure 1.

2.4. Calculation Method

In this paper, the carbon balance method is employed to calculate the diesel exhaust
flow, as detailed in the Supplementary Materials. According to CHINA I/II, the weighted
average method was selected to evaluate the emission level. During the bench test, the
engine power, the fuel mass flow rate, and the concentration of each component in the
exhaust gas are measured at each load point. Meanwhile, the mass flow rate of each
component in the exhaust gas is calculated based on the fuel element content. According to
the above conditions, the fuel-based and energy-based emission factors can be calculated
with Equations (1) and (2), respectively. The PM energy-based emission factors can be
calculated with Equation (3):

EFf = ∑n
i=1

Qmags,i·WF,i

Qmf,i
(1)
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EFe
gas =

∑n
i=1 Qmags,i·WF,i

∑n
i=1 Pi·WF,i

·103 (2)

EFe
PM =

PMmass

∑n
i=1 Pi·WF,i

(3)

Marign =
Avg. − Limit

Limit
·100% (4)

where EFf is the fuel-based emission factor (kg/t-fuel); Qmags is the emission mass flow
rate of the individual gas (kg/h); Qmf is the fuel flow rate (t/h); WF is the weighting factor
(as shown in Table 1); i is the test power point (Table 1); EFe

gas is the energy-based emission
factor of the gaseous substance (g/kWh); P is the power at each test load point (kW); EFe

PM
is the PM energy-based emission factor (g/kWh); PMmass is the PM exhaust mass flow rate
(g/h); Margin is the percentage between the measured value and the limit value (%); Avg.
is the average value (Tables S4 and S5); and Limit is the limit value (Tables 2 and 3).
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2.5. Fuel Information

The fuel selected for the bench tests is vehicle diesel, and its performance is better
than that of marine diesel oil (MDO). As the carbon balance calculation method is adopted,
the contents of carbon (C), hydrogen (H), oxygen (O), and nitrogen (N) elements should
be confirmed. At the end of each test, the fuel is sampled, and its element composition is
analyzed in a professional testing institution. The analysis results for fuel elements and
characteristics are shown in Table S1.

3. Results and Discussion

According to CHINA I/II, the diesel engines were classified according to their single-
cylinder displacement during the data statistical analysis, as shown in Table 5.

Table 5. Single-cylinder displacement classification.

Class Single-Cylinder Displacement SV (L) Class Single-Cylinder Displacement SV (L)

A SV < 0.9 E 15 ≤ SV < 20
B 0.9 ≤ SV < 1.2 F 20 ≤ SV < 25
C 1.2 ≤ SV < 5 G 25 ≤ SV < 30
D 5 ≤ SV < 15
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3.1. Fuel-Based Average Emission Factors

When the top-down approach is adopted to evaluate the exhaust emissions of a ship,
it is important to accurately calculate the total amount of fuel consumed and to determine
the fuel-based emission factors. The mass flow of each exhaust gas component is calculated
according to the method given in CHINA I and CHINA II. The fuel-based emission factors
of NOX, CO, CO2, and HC can be calculated according to Equation (1). Figures 2 and 3 show
the fuel-based emission factors of diesel engines that meet CHINA I and CHINA II. Since
the single-cylinder displacement of the diesel engine is classified according to CHINA I/II,
the data in the figures and tables are statistically analyzed according to the single-cylinder
displacement of the diesel engine. The results in the figures are averaged based on the
statistics of the number of samples, and the maximum and minimum calculated values are
given to represent the discrete range of the data. No discrete range is given, indicating that
there is only one diesel engine. The number of diesel engines in each displacement interval
is shown in Supplementary Material Table S2.

As illustrated in Figures 2 and 3, the NOX fuel-based emission factors of ME and
AE gradually increase with an increase in the single-cylinder displacement. The CO
and HC fuel-based emission factors exhibit no obvious change rule. The CO2 fuel-based
emission factor mainly depends on carbon content [20] instead of engine operating cycle,
single-cylinder displacement, or engine power. A research report from the IMO [9] gives
the reference value for the CO2 fuel-based emission factor as 3206 kg/t-fuel, which is
calculated according to the content and the molecular weight of carbon in the fuel. Due
to their different carbon content and the influence of combustion efficiency, the measured
result differs from the theoretically calculated value. Fossil fuels emit more CO2 due to
their higher carbon contents. If the initial IMO strategy is to reduce the carbon intensity of
international shipping by 70% and total annual greenhouse gas emissions by at least 50%
by 2050 compared to the values in 2008, new technologies need to be developed, including
alternative energy sources or carbon recovery [26,27].
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3.2. Energy-Based Average Emission Factors

The mass flow rate for each exhaust gas component can be calculated according to
the emission standards. With the corresponding test load point power, the energy-based
emission factors for NOX + HC, CO, CO2, and PM can be calculated with Equations (2)
and (3), as shown in Figures 4 and 5 and Tables S4 and S5. The calculation method for the
margin is expressed in Equation (4), and Tables S4 and S5 list the margins for NOX + HC,
CO, and PM.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 8 of 14 
 

 

 
Figure 4. Energy-based emission factors for different single-cylinder displacements under the 
CHINA I standard. (a) NOx-specific emissions in the E3, E2, and D2 cycles; (b) CO-specific emis-
sions in the E3, E2, and D2 cycles; (c) HC-specific emissions in the E3, E2, and D2 cycles; (d) PM-
specific emissions in the E3, E2, and D2 cycles. 

 
Figure 5. Energy-based emission factors for different single-cylinder displacements under the 
CHINA II standard. (a) NOx-specific emissions in the E3, E2, and D2 cycles; (b) CO-specific emis-
sions in the E3, E2, and D2 cycles; (c) HC-specific emissions in the E3, E2, and D2 cycles; (d) PM-
specific emissions in the E3, E2, and D2 cycles. 

Figure 4. Energy-based emission factors for different single-cylinder displacements under the CHINA
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the E3, E2, and D2 cycles; (c) HC-specific emissions in the E3, E2, and D2 cycles; (d) PM-specific
emissions in the E3, E2, and D2 cycles.



J. Mar. Sci. Eng. 2023, 11, 413 8 of 14

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 8 of 14 
 

 

 
Figure 4. Energy-based emission factors for different single-cylinder displacements under the 
CHINA I standard. (a) NOx-specific emissions in the E3, E2, and D2 cycles; (b) CO-specific emis-
sions in the E3, E2, and D2 cycles; (c) HC-specific emissions in the E3, E2, and D2 cycles; (d) PM-
specific emissions in the E3, E2, and D2 cycles. 

 
Figure 5. Energy-based emission factors for different single-cylinder displacements under the 
CHINA II standard. (a) NOx-specific emissions in the E3, E2, and D2 cycles; (b) CO-specific emis-
sions in the E3, E2, and D2 cycles; (c) HC-specific emissions in the E3, E2, and D2 cycles; (d) PM-
specific emissions in the E3, E2, and D2 cycles. 

Figure 5. Energy-based emission factors for different single-cylinder displacements under the CHINA
II standard. (a) NOx-specific emissions in the E3, E2, and D2 cycles; (b) CO-specific emissions in
the E3, E2, and D2 cycles; (c) HC-specific emissions in the E3, E2, and D2 cycles; (d) PM-specific
emissions in the E3, E2, and D2 cycles.

Figures 4 and 5 demonstrate that, with an increase in single-cylinder displacement,
the NOX energy-based emission factor rises gradually, except for at displacement G. Tables
S4 and S5 suggest that the average margin of the NOX + HC energy-based emission factor
is lower than 20%, while a smaller portion of the mean margins are higher than 20%, which
is subject to the number of samples. The average margin of the PM energy-based emission
factor is above 25%, which is larger due to the trade-off relationship between NOX and
PM. A diesel engine with small single-cylinder displacement exhibits a higher rated speed,
suggesting a shorter combustion duration and a lower NOX energy-based emission factor.
For CO, the maximum measured value meeting CHINA I is 2.3 g/kWh, leaving a margin
of 54% compared with the limit value of 5.0 g/kWh. The maximum measured CO value
meeting CHINA II is 1.12 g/kWh, with a margin of 78%. The above results indicate that, if
diesel is used only, the CO emission limit can be reduced further. The CO2 energy-based
emission factor will be greater for a higher fuel consumption of the diesel engine [9].

3.3. Energy-Based Emission Factors under Different Load Conditions

A ship sailing in a port area will generate varying amounts of emissions under different
operating modes due to the influence of uncontrollable factors. There are three common
navigation modes for a ship—berthing, maneuvering, and cruising [12,18,28,29]—under
which the diesel engine and ship speed vary. Therefore, the emissions of the diesel engine
differ due to the sailing modes. Bench tests provide a better understanding of the emission
characteristics of the engine under different loads, enabling the acquisition of real emission
factors. Based on bench tests, the differences between engine emissions under laboratory
conditions and those in the real world can be understood better. In this paper, the energy-
based emission factors at each test load point are calculated and averaged. Figures 6–8
illustrate the relationships between the energy-based emission factors of each type and
engine load.
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at four load points under the CHINA II standard; (c) Specific emissions in the D2 cycle at five load
points under the CHINA I standard; (d) Specific emissions in the D2 cycle at five load points under
the CHINA II standard.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 10 of 14 
 

 

 
Figure 7. Relationship of HC energy-based emission factors against load. (a) Specific emissions in 
the E3 cycle at four load points under the CHINA I standard; (b) Specific emissions in the E3 cycle 
at four load points under the CHINA II standard; (c) Specific emissions in the D2 cycle at five load 
points under the CHINA I standard; (d) Specific emissions in the D2 cycle at five load points under 
the CHINA II standard. 

 
Figure 8. Relationship of CO energy-based emission factors against load. (a) Specific emissions in 
the E3 cycle at four load points under the CHINA I standard; (b) Specific emissions in the E3 cycle 

Figure 7. Relationship of HC energy-based emission factors against load. (a) Specific emissions in
the E3 cycle at four load points under the CHINA I standard; (b) Specific emissions in the E3 cycle
at four load points under the CHINA II standard; (c) Specific emissions in the D2 cycle at five load
points under the CHINA I standard; (d) Specific emissions in the D2 cycle at five load points under
the CHINA II standard.
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the E3 cycle at four load points under the CHINA I standard; (b) Specific emissions in the E3 cycle
at four load points under the CHINA II standard; (c) Specific emissions in the D2 cycle at five load
points under the CHINA I standard; (d) Specific emissions in the D2 cycle at five load points under
the CHINA II standard.

With a decrease in the ME load, the specific emission of NOX shows an increasing
trend in general, as demonstrated in Figure 6a,b. The speed of an ME operating under the
E3 cycle is only 63% of the rated speed when the engine operates at 25% load, as shown
in Table 1. Engine load and speed decrease simultaneously, and the stable intake air flow
and sufficient oxygen content promote the complete combustion of fuel. In addition to this,
the long mixing time of oil and gas in the cylinder is conducive to NOX generation [18,30].
Due to the weak work capacity of the engine at the 25% load point, the specific emissions
of NOx from Class C to Class G are larger than those at other load points. At a high
load, the engine speed increases, the retention time of nitrogen and oxygen in the cylinder
becomes shorter, and the work capacity of the diesel engine is enhanced, reducing the
specific emission of NOx. The engines in Class A and Class B are electrically controlled at
high speed, and some single point optimization measures would be considered to meet the
emission standard. As revealed in Figure 6c,d, the engine operates as a generator with a
constant speed and the engine power is proportional to the torque. At a 10% load, the oil
supply per cycle is decreased, and the temperature in the cylinder is reduced, but the NOx
specific emission becomes larger, which results from the weak work ability of the engine
in a low load working condition. Under a high-load condition, the concentration of NOx
increases, and the engine exhibits a strong work ability, reducing the NOx specific emission.
The results discussed here are consistent with several previous studies [14,16,31] showing
that the higher the engine load, the lower the NOX specific emission.

The HC specific emission of the ME varies steadily, is below 0.7 g/kWh in general,
and shows an increasing trend at a 50% load, as displayed in Figure 7a,b. For the AE,
the HC-specific emission is relatively stable and at a low level when the engine load is
above 50%, but increases significantly when the engine load is lower than 25% (Figure 7c,d).
When the diesel engine operates at a low load, the oil supply per cycle is reduced and the
temperature inside the combustion chamber decreases, and the local mixture of oil and gas
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is uneven [18]. The diesel engine presents a weak work capacity at a low load, elevating
the HC specific emission.

As disclosed in Figure 8a,b, CO specific emission is relatively elevated when the
ME load is under 50% and is highest at a 25% load for most MEs. When the diesel
engine operates at a low load, the temperature inside the combustion chamber lowers, the
reactivity of oil and gas is low, and the concentration of oil and gas near the boundaries
of the combustion chamber is low, resulting in a higher CO specific emission. Figure 8c,d
present the CO specific emission of the AEs. It is relatively stable when the load is above
50% and significantly increases when the load is lower, which is consistent with findings in
previous research [31]. In general, the specific change characteristics of CO emission are
similar to those of HC for both ME and AE, which are mainly affected by the combustion
conditions. This is consistent with the results of previous research [18]. As mentioned above,
the diesel engine exhibits a weak work capacity at a low load, which can elevate CO specific
emission. Under the D2 cycle, the weight factors of 25% and 10% load points account
for 40%. In response to CHINA II, the 25% and 10% load points should be considered
and optimized. As can be observed in Figure 8, the CO specific emission is lower than
2.4 g/kWh overall at a 25% engine load, and it is reduced further when the load is above
50%. The weighted specific emission would be smaller, which proves that the limit value
given in the specification should be further reduced.

The PM generated by ships is mainly attributed to the combustion of fuel oil [32].
Generally speaking, PM is mainly produced in oil-rich areas, where there is a lack of
oxygen and the temperature is also too low for a reaction. The fuel type affects the sulfate
composition and elemental composition greatly, thus exerting an important role in PM
production [20,21]. There will be more PM if heavy oils with high sulfur content (sulfate
and metal oxide ash constituents) are used. The PM specific emission of the diesel engine
under the D2 cycle is higher than that under the E3 cycle, so it is more difficult for the D2
cycle to meet the emission standards, as illustrated in Figures 4 and 5. When the AE is
tested at the 10% load point, the oil and gas are not mixed uniformly, and temperature in the
combustion chamber is low, resulting in inadequate combustion and higher PM emission.

During the bench test, data acquisition, and statistical analysis, there are some uncer-
tain factors, such as measurement error and data underrepresentation. Firstly, the number
of diesel engines tested in some displacement ranges is insufficient, resulting in some data
with low representativeness. Secondly, the engines for the bench test are newly assembled,
and the emission level will change after several years of use. Additionally, the emissions
levels of some pollutants from the engines will be elevated according to the deterioration
experiments of some diesel engine manufacturers. Therefore, the deterioration coefficient
of the diesel engine is recommended to be included in evaluation of the exhaust emissions
of a ship. For safe navigation, the ship is in maneuvering mode and the ME is in a low-load
mode during the port area voyage [12,17]. In addition, ME is the main source of marine
exhaust pollution [33]. The results obtained here indicate that diesel engines mostly operate
at low loads and exhibit elevated specific emissions when sailing near port areas, emitting
large amounts of pollutants. Therefore, port cities should control the emission from ships
sailing in port areas to lower the resultant threat to people’s health.

4. Conclusions

In this paper, standard test equipment was selected for bench tests to analyze the
emissions of 135 marine diesel engines of different uses. In addition, induction and analysis
were carried out according to CHINA I/II for the first time. Due to the limited number of
testing engines, the conclusions can be a reference only.

The fuel-based emission factors under the E3, E2, and D2 cycles were given. The
NOX + HC fuel-based emission factors meeting CHINA I/II are 25.80~44.87/21.58~46.35,
29.30~40.47/23.39~38.36, and 27.34~42.07/16.47~41.55 kg/t-fuel, respectively. The CO fuel-
based emission factors meeting CHINA I/II are 2.47~5.76/1.64~5.46, 3.16~7.78/1.85~5.21,
and 4.05~13.22/3.21~5.62 kg/t-fuel, respectively. The CO2 fuel-based emission factor is
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3043–3121 kg/t-fuel in this paper, which mainly depends on the fuel’s carbon content
instead of the engine operating cycle or the single-cylinder displacement.

The energy-based emission factors under the E3, E2 and D2 cycles which meet CHINA
I/II were presented. The NOX + HC energy-based emission factors are 5.70~8.75/4.76~9.07,
6.16~8.28/5.00~7.69, and 5.91~9.24/3.70~8.46 g/kWh, respectively. The CO energy-based
emission factors are 0.49~0.95/0.37~0.96, 0.59~1.19/0.36~0.95, and 0.75~2.30/0.55~0.99 g/kWh,
respectively. The CO2 energy-based emission factors are 620~683/612~699, 629~657/
624~690, and 658~679/619~718 g/kWh, respectively. The PM energy-based emission factors
are 0.08~0.18/0.05~0.16, 0.09~0.19/0.07~0.27, and 0.05~0.36/0.07~0.25 g/kWh, respectively.

With an increase in the single-cylinder displacement, the NOX + HC emission factors
gradually increase. As for the CO emission limit, the emission standards should be specified
separately according to the fuel type. The research results in this paper suggest that the
CO emission limit of pure diesel fuel should be reduced in view of CHINA II. With more
bench emission tests, the emission levels of marine diesel engines in China can be more
comprehensively and accurately grasped. The research results of this paper can provide a
basis for the port management department to formulate control policies for ship emissions.
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CO2 Carbon Dioxide MPD Magnetic pneumatic detection
O2 Oxygen HFID Heated flame ionization detection
PM Particulate Matter PT Point
SO2 Sulfur Dioxide FS Full Scale
CH4 Methane C Carbon
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