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Abstract: Pollution caused by ship emissions has drawn attention from various countries. Because
of the high density of ships in ports, channels, and anchorages and their proximity to the densely
populated areas, ship emissions will considerably impact these areas. Herein, a Chinese seagoing
ship is selected and a platform is established for monitoring the ship emissions to obtain detailed
characteristics of the ship’s nearshore emissions. The ship navigation and pollution emission
data are obtained under six complete operating conditions, i.e., berthing, manoeuvring in port,
acceleration in a channel, cruising, deceleration before anchoring, and anchoring. This study analyzes
the concentrations of the main emission gases (O2, NOX, SO2, CO2, and CO) and the average emission
factors (EFs) of the pollution gases (NOX, SO2, CO2, and CO) based on the engine power under
different operating conditions. Results show that the change in O2 concentration reflects the load
associated with the main engine of the ship. The NOX, SO2, and CO2 emission concentrations are the
highest during cruising, whereas the peak CO emission concentration is observed during anchoring.
The average EFs of NOX and SO2 based on the power of the main engine are the highest during
cruising, and those of CO2 and CO are the highest after anchoring. The ship EFs are different during
acceleration and deceleration. By comparing the EFs along the coast of China and the global EFs
commonly used to perform the emission inventory calculations in China, the NOX EFs under different
operating conditions is observed to be generally lower than the global EFs under the corresponding
operating conditions. Furthermore, the SO2 EF is considerably affected by the sulfur content in the
fuel oil and the operating conditions of the ship. The average CO2 EFs are higher than the global
EFs commonly used during cruising, and the CO EFs are higher than the global EFs under all the
conditions. Our results help to supplement the EFs for this type of ship under different operating
conditions, resolve the lack of emission data under anchoring conditions, and provide data support
to conduct nearshore environmental monitoring and assessment.

Keywords: maritime transportation; ship emission; ship pollution; on-board measurement; ship
operating condition; emission factor

1. Introduction

With the rapid development of maritime transporting, the environmental problems associated with
ship emissions have become concerning; therefore, several countries and international organizations
have deemed the assessment of ship emissions important. When compared with the ordinary diesel
used by the vehicles plying on roads, such as motor vehicles, marine fuel oil exhibits a high sulfur
content, high viscosity, and high heavy metal content; in particular, the sulfur content of marine fuel
oil is considerably higher than that of ordinary diesel, resulting in higher sulfur oxides (SOX) and
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particulate matter (PM) emissions. The majority of the ports, channels, and anchorages are located
near human communities, and more than 70% of ship emissions may affect the inland environment
located within a radius of hundreds of kilometers [1,2]. The aforementioned pollutants interact with
and influence the sea and land weather as well as the climate system, considerably harming human
health and ecosystems [3] and resulting in climate change, which cannot be ignored [4].

To effectively reduce the nitrogen oxides (NOX) and SOX content from the marine engine emissions,
the International Maritime Organization (IMO) has promulgated and implemented the International
Convention for the Prevention of Pollution from Ships(MARPOL), in which Annex VI “prevention of
air pollution caused by ships” [5] requires that the NOX emission of engine (Table 1) and sulfur content
(Table 2) in fuel must meet the control requirements. The sulfur content of the marine fuel in emission
control areas (ECAs) should be controlled to 0.1% (m/m) by 2015 and the global sulfur content should
be controlled to 0.5% (Table 2) by 2020 [6]. Accordingly, the European Union and the United States
have implemented regional regulations to reduce the ship emissions [7]. The Ministry of Transport
of the People’s Republic of China has promulgated and implemented the “Implementation Scheme
of the Domestic Emission Control Areas for Atmospheric Pollution from Vessels” [8]. The emission
requirements with respect to ships in the domestic ECAs will be implemented on a step-by-step basis,
and the coastal areas and inland rivers of China will be divided into ship ECAs (Table 2) [9]. In the
future, the scale of China’s shipping trade, ports, and ship activities will continue to gradually increase,
and the environmental problems associated with the ship emissions will become increasingly prominent.
To effectively control the ship emissions of China, it is important to conduct ship emission tests and
establish a local ship emission inventory for implementing feasible ship emission control measures.

Table 1. MARPOL Annex VI NOX emission limits.

Tier
Total Weighted Cycle Emission Limit (g/kWh)

n = engine’s rated speed (rpm)

n < 130 130 ≤ n < 2000 n ≥ 2000

Tier I standards 17.0 45·n−0.2 9.8
Tier II standards 14.4 44·n−0.23 7.7
Tier III standards 3.4 9·n−0.2 2.0

Table 2. The International Maritime Organization (IMO) and Chinese regulations related to sulfur
limits in fuel and the NOX emission limits.

Area Compliance Date
(Year. Month)

Sulfur Limit in Fuel
(m/m) NOX Emission Limit

Global

2000.01 4.5% Tier I standards
2011.01 - Tier II standards
2012.01 3.5% -
2020.01 0.5% -

Emission Control Areas

2000.01 1.5% -
2010.07 1.0% -
2015.01 0.1% -
2016.01 - Tier III standards

China (Domestic
Emission Control

Areas)

Coastal Control
Areas

2015.03 - Tier II standards *
2019.01 0.5% -
2022.01

(Hainan waters) 0.1% Tier III standards *

2025.01
(Assessed) 0.1% Tier III standards *

Inland River
Control Areas

2015.03 - Tier II standards *
2019.01 0.5% -
2020.01 0.1% -
2022.01 - Tier III standards *

* Only for Chinese ships engaged in domestic voyages.
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A ship emission test is an effective method to obtain the characteristics of the types of ship
emissions; such a test includes a bench test and a real ship test with respect to the ship’s engine.
The bench test can be used to obtain the emission characteristics under various load conditions in
accordance with the test requirements [10–12]; however, there is a gap between the bench test and
the real ship conditions [13]. It is difficult to conduct a real ship test even though the pollution data
obtained using a real ship test are in accordance with the characteristics of the actual ship. According
to the existing international ship test research, the real ship emissions are affected by many factors.
Under the berthing, manoeuvring, and cruising conditions, the emission characteristics of the main
engine and the auxiliary engine pollutants with respect to same ships or different types of ships
can be significantly different [6,13–17]. This is closely related to the main engine or auxiliary engine
load, navigation environment, ship operation, and fuel oil properties under different ship operating
conditions; in addition, the SO2 emission will be significantly reduced if a seawater exhaust-gas
washing device is used [14,18]. A previous study has proved that there are differences between the
actual measured values and the commonly used global emission factors (EFs) [19]. Scholars in China
have also conducted research in the field of real ship testing, including the testing of the inland ship
emissions [20,21]; however, when compared with the seagoing ships, the inland ships exhibit a smaller
tonnage and larger differences with respect to ship performance. Furthermore, the inland ships cannot
completely represent the emission characteristics of the seagoing ships. Liu et al. [22] verified the
EFs of eight fishing vessels exhibiting small tonnage, Huang et al. [23] measured the emission of
a bulk carrier under the berthing, manoeuvring, and cruising conditions, Zhang et al. [24] verified
the emission characteristics of three seagoing ships under different operating conditions, including
low speed, medium speed, high speed, acceleration, and idling, and Wang et al. [25] used a portable
emission measurement system according to the model year of the ship to verify the average emission
characteristics of various vessels under different conditions, including departing, cruising, and docking.
The real ship emission tests in China are still in their infancy. When compared with the existing test
data obtained from foreign countries, fewer types as well as quantities of ships and main as well as
auxiliary engine types have been tested in China. When compared with the ship emissions when
cruising in the open sea, the emissions in ports and during manoeuvring are minor components of the
total emission inventory. However, when the ships are in ports, channels, and anchorages, they are
located closer to the densely populated areas; therefore, the emissions in these instances considerably
affect the land environment. Furthermore, the accuracy of the total emission estimates can be improved
by completely considering the ship emissions at the port and under the manoeuvring conditions [26,27].
However, the existing ship emission tests provide less-detailed emission analyses in the nearshore
environment, especially when the ship is at anchorage.

According to United Nations Conference on Trade and Development(UNCTAD) statistics [28],
China was the largest shipowning country in terms of vessel numbers in 2018 and there are 3556
Chinese flag-bearing ships of 1000 gross tons and above, many of which are deployed in domestic
trades. A report issued by the Ministry of Transport of the People’s Republic of China indicates that
there were 1832 dry bulk carriers over 10,000 dwt working in domestic coastal in 2018 [29]. However,
Ship emissions are an important but long-term missing component of China’s regional air pollution
source emission inventory. The emission characteristics and EFs in China’s emission inventory are
primarily based on the commonly used global EFs due to the relative lack of the ship emission test
data [30–33]. However, the existing domestic tests have denoted that the direct application of the
international common database to the calculations of the emission inventory can result in large errors;
therefore, it is important to obtain local ship EFs [25].

This study selected a Chinese seagoing ship which is representative in terms of gross tonnage and
main engine power and built a platform suitable for marine pollutant monitoring to obtain detailed
characteristics of the nearshore ship emissions because only the ship emission tests can be used to obtain
the emission characteristics of the ship exhaust emissions and owing to the fact that the ship emission
test is an effective method to accurately calculate the pollutant content in ship emissions. Furthermore,
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we collected the ship navigation and pollution emission data under six complete operating conditions.
In addition, we compared the main engine power-based EFs to those presented in previous studies.
The data obtained using this real ship emission test exhibit an important reference value with respect
to supplementing China’s local EFs for this type of ship, improving the deficiencies in the EFs of the
ships under anchoring conditions, and monitoring and evaluating the coastal pollution.

2. Experimental Section

2.1. Ship and Equipment

The measurements were conducted in April 2018 on a seagoing special-purpose ship during an
actual sea voyage. The major ship specifications are presented in Table 3. The ship was equipped
with one main engine, four auxiliary engines, and an exhaust boiler. In this study, the emissions were
measured with respect to the main engine.

Table 3. Specifications of the test ship.

Ship Specifications Particulars

Build year 2006
Gross tonnage 6106

Length 116.00 m
Breadth 18.00 m

Draft 5.40 m
Main engine type MAN B&W 6S35MC-C

Maximum continuous power of main engine 4440 kW
Maximum engine’s rated speed 173 r/min

Fuel consumption rate 186.7 g/kW·h
Maximum design speed 17.2 kn
Sulfur content of the fuel 0.02% (m/m) and 0.437% (m/m)

Prior to departure, the ship berthed at wharf 27 in the Dalian Port (38◦56.22′ N, 121◦38.98′ E);
after leaving the port, the ship navigated to the sea area near the Changhai Island and anchored there
(39◦22.13′ N 123◦11.51′ E). The sampling time was approximately 7 h and 10 min. The weather and sea
conditions were good during the voyage; the Beaufort wind scale was 3–4, and the wave height was
1–2 m. The ship operated in a stable state without any violent turbulence. The pollutant monitoring
instrument and equipment comprised the RJ-SEMS-type equipment, which can be used to realize
continuous online monitoring and record the position as well as speed of the test ship. With respect
to NOX, SOX, CO2 and CO, the nondispersive infrared technology (NDIR) was used in the smoke
instrument of the marine exhaust pollutant test system. In case of O2, the electrochemical method was
used, whereas the differential pressure method was used to obtain the exhaust flow. The entire test
process was performed in accordance with IMO [34] and ISO 8178 [35].

2.2. Data Collection and Processing

The analyzed exhaust from the main engine was sampled through a single hole in the funnel
positioned behind the exhaust boiler and 8 m before the funnel exit plane. The sampling scheme
is presented in Figure 1. The stainless-steel sampling probe penetrated into the funnel of the main
engine through the hole (Figure 2). The sampling pipeline was automatically backfilled based on
the on-board compressed air after every 2 h to prevent the sampling probe from being blocked by
the exhaust impurities. The test instrument was calibrated prior to use to ensure the accuracy of the
test instrument.
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Figure 2. The sampling probe in the funnel of the main engine and calibration of the instruments.

The stainless-steel probe in the funnel could continuously collect the gaseous O2, NOX, SO2, CO2,
and CO and monitor the exhaust flow via the gas meter simultaneously. The gas pressure, temperature,
and humidity in the funnel were obtained from the instruments in the engine control room, and the
exhaust gas was calibrated according to the international standard ISO 8178. The real-time power
of the ship’s main engine was obtained via the instruments in the engine control room, whereas the
ship position and speed over ground in the real-time operating condition data were obtained from the
ship’s global positioning system (GPS). The ship’s speed through water and its voyage were obtained
based on the Log. In this study, the ship’s speed over ground was used during the emission test and
emission pollutant analysis process. The test ship primarily used two types of fuel oil: marine diesel
oil (MGO) with a low sulfur content (0.02% (m/m)) was used during berthing, manoeuvring in port,
and anchoring to ensure the ship’s good maneuverability, whereas heavy fuel oil (HFO) with a high
sulfur content (0.437% (m/m) was used during cruising to save costs. When the ship accelerated in the
channel, the main engine gradually changed from MGO to HFO; when the ship decelerated prior to
anchoring, the main engine gradually changed from HFO to MGO. Therefore, under these operating
conditions, the main engine used mixed fuel, and the time for fuel replacement in the engine can
be obtained based on the Engine Log Book. Fuel flow can be obtained through a fuel meter on the
pipeline. The formulas for the calculation of EF of different pollutants is [26]
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EFi =
(
Ci × 10−2

)
×

MWi

22.4× 10−3 ×
Exhaust gas f low

Engine power
(1)

EF j =
(
C j × 10−6

)
×

MW j

22.4× 10−3 ×
Exhaust gas f low

Engine power
(2)

where EFi or EF j is the emission factor of gases, which is presented as mass per kWh of engine (g/kWh).
Ci or C j and MWi or MW j are the concentration and molecular weight of O2, NOX, SO2, CO2, and CO
in the exhaust gas, respectively. Subscripts i and j denote gaseous concentration in vol% and ppm,
respectively. Data on exhaust gas flow and engine power were obtained from the ship’s instruments
and gas meter.

In this study, the starting and ending times of the different ship operating conditions were obtained
based on the Deck Log Book and speed over ground of the ship. The voyage of the ship was divided
into six operating conditions (Figure 3): (1) berthing: the main engine is started until all the cables of
the ship have been released; (2) manoeuvring in port: the ship departs from the wharf and reaches the
port gate; (3) acceleration: the ship gradually accelerates in the channel after leaving the port until the
sea speed is achieved; (4) cruising: the load of the main engine remains stable, and the ship cruises
at a relative constant speed. However, due to the influence of wind, waves and currents, the speed
over ground of ship will fluctuate; (5) deceleration: the ship gradually decelerates and arrives at the
designated anchorage location; and (6) anchoring: the ship drops anchor until the main engine is
shut down.
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Figure 3. Distribution of the operating conditions of the seagoing ship.

3. Results and Discussion

3.1. Gaseous Emissions

Figure 4a denotes the change in concentration of the main exhaust gases emitted by the main
engine (O2, NOX, SO2, CO2, and CO) during the entire voyage under different ship operating conditions.
Generally, the main engine of the ship operated stably and the gaseous emission concentration was
stable when the ship was cruising at a constant speed. However, the gaseous emission concentration
drastically changed under the remaining operating conditions because the engine started from a cold
condition, whereas the engine was relatively warm when cruising at a constant speed. In addition,
the engine load changed rapidly during the manoeuvring operations, which resulted in considerable
uncertainty with respect to the nearshore unsteady-speed emissions when compared with the cruising
emissions [36]. Figure 4b shows the average EFs obtained based on the power of the main engine for
the pollutants, NOX, SO2, CO2, and CO, and the corresponding changes under six operating conditions.
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Figure 4. (a) The relation between the gas emission concentration and the ship speed under different
operating conditions over the entire experiment. (b) The average emission factors (EFs) based on
the power of the main engine for the pollutants under different ship conditions. The operating
conditions are (1) berthing, (2) manoeuvring in port, (3) acceleration, (4) cruising, (5) deceleration,
and (6) anchoring.

3.1.1. O2

The change in O2 emission concentration in the exhaust gases discharged by the test ship reflects
the working conditions of the main engine of the ship. When the ship was berthing, the main engine
was started and the O2 emission concentration began to gradually decrease. When the ship is in a
manoeuvring condition, such as manoeuvring in the port, acceleration in the channel, and deceleration
before anchoring, the load of the ship’s main engine changes greatly, and the O2 emission concentration
in the exhaust gas fluctuates greatly. In cruising conditions where the ship’s main engine power is
relatively stable, O2 emission concentration fluctuations are small. Similarly, when the main engine
was shut down, the O2 emission concentration gradually normalized.
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3.1.2. NOX

NOX is the main focus of ship emission control [34]. The NOX emission is dependent on the
engine temperature; therefore, the NOX EFs are dependent on the engine load, where high engine
loads result in high emissions [14,16]. When the ship is berthing, the main engine is started. At this
time, the temperature inside the main engine gradually increases, and the NOX emission concentration
increases. As the speed of the ship continues to increase, the NOX emission concentration also gradually
increases. However, during the manoeuvring condition in the port, owing to the frequent operation of
the main engine, the NOX emission concentration fluctuates greatly. Similarly, during the deceleration
condition and the anchoring condition, as the ship speed and main engine temperature decrease, the
NOX emission concentration gradually decreases. When the ship was cruising at a constant speed, the
ship load reached its maximum, the engine temperature was the highest, the emission concentration
reached its maximum, and the average NOX EF reached its highest value of 11.23 g/kW·h. Furthermore,
the average EFs of the ship in the acceleration and deceleration conditions were not considerably
different. According to the IMO Tier I standards for the NOX emission limits, the emission limit of
the test ship should be 16.054 g/kW·h. Therefore, the NOX emission of the test ship satisfies the IMO
limit requirements under different operating conditions. Some sulfur elements in the fuel oil were
used in the main engine of the ship; however, the sulfur contents in the fuel oils of different qualities
are different.

3.1.3. SO2

The SOX emission is directly related to the sulfur content in the fuel [27,37]. The ship consumes less
fuel during berthing, manoeuvring in the port, and anchoring conditions. In addition, the main engine
of the ship uses MGO with low sulfur content, which results in lower SO2 emission concentration and
SO2 EF between 0.14 and 0.23 g/kW·h. During the whole voyage, because of the high sulfur content of
the fuel oil used by the ship under constant speed cruising conditions, the SO2 emission concentration
of the ship was the largest and the SO2 EF was the highest at 0.69 g/kW·h when compared with the
values measured under other operating conditions. The change rate with respect to the SO2 emission
concentration differed for the acceleration and deceleration conditions; the SO2 EF was larger under
the acceleration condition when compared with that in the deceleration condition.

3.1.4. CO2

During the berthing condition, after the main engine is started, the CO2 emission concentration
exhibits a jumping fluctuation with large amplitude. Moreover, during berthing, manoeuvring in
the port, and anchoring conditions, the engine load is unstable and the CO2 emission concentration
fluctuates. The CO2 emission concentration was stable during cruising; however, the average CO2 EF
was the largest among the EFs of the pollutants emitted by the ship under different ship operating
conditions. The operating condition when the average CO2 EF reached its maximum was anchoring at
1124.51 g/kW·h. The average CO2 EF in the anchoring stage was significantly higher than those at
the remaining operating conditions for the test ship. Because the ship should perform a short-term
astern operation, the main engine load increased during anchoring, considerably increasing the CO2

emissions in a short period of time and increasing the EF.

3.1.5. CO

The CO emitted by the ships can be primarily attributed to the incomplete combustion of fuel
owing to the lack of oxygen or other similar reasons [27]. The concentration of CO emitted from the
ships can fluctuate considerably during the test process. During voyage, the CO emission concentration
was large when the ship speed was low and decreased with increasing ship speed. This is because
when a ship leaves a port, the main engine must be stopped and restarted frequently to control its speed
and adjust its course. These operations drastically change the engine load. Therefore, the air and fuel
are not evenly mixed in the engine cylinder. When the fuel is not completely burned, the combustion
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in the engine cylinder deteriorates, resulting in increased CO emissions. However, when the engine
load increases gradually, the CO emission will exhibit the opposite trend because combustion is more
complete under an increased load [16]. The maximum CO emission concentration can be observed
during anchoring in this test experiment, and the average CO EF at the time also was the highest at
9.74 g/kW·h. The reason for this result is the same as the abovementioned increase in CO2 emission at
this stage.

3.2. Comparison and Analysis of Gaseous Emissions

Table 4 presents the average EFs obtained based on the engine power and the previous results
obtained in case of the seagoing ships in China and the global EFs commonly used in China’s domestic
emission inventory. Domestic test emission results reveal that there are certain differences in the
emission characteristics of ships. This is because emissions are specific to a ship, as individual ships
have varying machinery, activity specifications, and fuel content [37,38]. For example, the type of main
engine will affect the prevailing combustion conditions, and the emission levels of NOX and CO will
also be affected. Emissions from the main engine also vary as a function of main engine rated power
output, load factor, engine build year, etc. The rated power output and load factor of the main engine
depends on the ship’s operating conditions and specific activities, speed, loading conditions, weather,
etc. However, the emissions of certain pollutants are determined solely by the fuel content and have
nothing to do with the combustion conditions of the main engine, such as carbon dioxide and sulfur
dioxide emissions [27,39].In case of the NOX EFs, only the engineering vessel of Huang et al. [23] and
the arrival condition of Zhang et al. [24] exhibited higher values than those observed in Cooper [27]
and Entec [36]. The sulfur content of the fuel oil used in this study and in the study of Zhang et al. is
low; therefore, the SO2 EFs were lower than those obtained in Entec. The SO2 EF was related to the
sulfur content in the fuel oil; therefore, the sulfur content in the fuel oil should be considered when
developing the ship emission inventory. The average CO2 EF under the anchoring condition was
observed to be the largest. More real ships should be tested under the anchoring condition because no
specific test result was obtained for this condition. Table 4 denotes that the average CO2 EFs of the
Chinese coastal test ships under the cruising condition are higher than those observed by Cooper and
Entec. The average CO EF in the anchoring condition was the largest when compared with those in
the literature, and the CO EFs under all the ship conditions tested in coastal China are higher than
those obtained by Cooper. Therefore, the existing ship EFs are different from the commonly accepted
international factors.

It is generally believed that the operation of ships near the shore has little impact on regional or
global ship emissions inventories [14], but the emissions of ships near the shore will directly affect
the atmospheric environment of the land, so the nearshore emissions of ships cannot be ignored.
According to this study and exiting research of China, the operation of ships in ports, channels, and
anchorages for a period of time will also cause a large amount of pollution gas emissions, and many
ships will have a fuel change process near the shore, and the impact of this process on ship emissions
requires more detailed testing and assessment.

The aim of this paper is to test the emission characteristics of the ship under different operating
conditions and quantify and characterize emissions from seagoing ships to enhance the relevant
database. However, it is undeniable that there will be some uncertainty in the test results, which may
come from basic information of ships, accuracy of test equipment, sampling rate of emissions, division
of different working conditions, calculation methods, etc. [26,27,30,37]. Therefore, it is necessary to
conduct the emission measurements of various ship classes to minimize the uncertainty and ultimately
improve the accuracy of China’s ship emission inventory. In addition, the comparison between
the on-board measurements and the benchmarks information of main engines should be of some
significance for the accurate judgment of the emission test. As to whether an accurate calculation
model can be established between the gaseous emission of a certain type of ship and the speed or the
performance of the main engine, more on-board measurements are also required, and a large amount
of data needs to be analyzed to verify its accuracy.



Atmosphere 2020, 11, 305 10 of 13

Table 4. Comparison of the average emission factors based on the main engine power.

Study Ship Type/Main
Engine Power (kW)

Operating Condition Sulfur % (m/m) EFs (g/kW·h)

NOX SO2 CO2 CO

This study Special-purpose
ship/4440

Berthing
0.02

5.19 0.18 694.25 5.66

Manoeuvring in port 6.12 0.14 540.91 3.25

Acceleration 0.02/0.437 * 9.53 0.48 665.81 3.37

Cruising 0.437 11.23 0.69 715.22 3.70

Deceleration 0.437/0.02 * 9.13 0.31 695.42 4.88

Anchoring 0.02 7.47 0.23 1124.51 9.74

Huang et al. (2018) [23] Bulk carrier/7948

Departure
Main Engine load (0%–50%)

1.12
10.50 - 722.75 3.35

Cruising
Main Engine load (74%) 7.73 - 607.39 2.09

Arrival
Main Engine load (50%–0%) 15.05 - 601.7 6.78

Zhang et al. (2015) [24]
Engineering vessel/700 - 0.0798 23.9 0.36 635 6.92

Research vessel/3200 - 0.0458 7.14 0.18 631 1.39

Research vessel/500 - 0.13 6.97 0.57 697 2.01

Cooper (2004) [27] - Manoeuvring
0.4

13.6 - 647 1

Cruising 17.0 - 588 0.5

Entec (2002) [36] - Manoeuvring (in port)
0.5

13.6 1.0 647 -

Cruising 17.0 0.9 588 -

* Change fuel.



Atmosphere 2020, 11, 305 11 of 13

4. Conclusions

Herein, we tested six main operating conditions of a Chinese seagoing ship, i.e., berthing,
port manoeuvring, acceleration in a channel, cruising, deceleration before anchoring, and anchoring,
and focused on the ship emissions before and after anchoring. The data set obtained in this experiment is
suitable for this type of ship, and it can be used for comparison and reference of emission characteristics
for light ships with little difference between the types of main engine and fuel. The results showed that
the emission characteristics of the main exhaust pollutants were closely related to the different ship
operating conditions. The change in O2 concentration reflected the working state of the main engine of
the ship. The NOX emission concentration and EFs were consistent with the change in engine load.
The EFs reached a maximum of 11.23 g/kW·h during the cruising stage but were lower than the limits
specified in the IMO Tier I standard. The SO2 emission concentration and EF were highest during
cruising, and the SO2 EF was 0.69 g/kW·h. CO2 exhibited the largest EF among the tested exhaust
pollutants, especially during anchoring when the CO2 EF reached its highest value of 1124.51 g/kW·h.
The CO emission concentration fluctuated considerably, and the CO EF reached its maximum value
of 9.74 g/kW·h at the end of anchoring. By comparing the EF values of China’s existing ships with
the international EFs used in China’s calculation of the emission inventory, we can find that the NOX

EFs of the domestic test ships under the manoeuvring and cruising conditions are generally lower,
the average CO2 EFs during the cruising stage are higher, and the CO EFs under all the conditions
are higher than the global EFs. Therefore, emission measurements for different types of ships under
detailed operating conditions in China’s coastal areas can obtain more emission factor data sets to
verify the findings. Because of the large number of ships along China’s coast and the frequent operation
of ships in ports, channels, and anchorages, these data sets are of great significance for monitoring and
assessing the nearshore environmental pollution as well as supervising China’s ECAs.
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