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Abstract: Regulations for the control of air-pollutant emissions from ships within pollutant emission
control areas (ECAs) have been issued for several years, but the lack of practical technologies and
fundamental theory in the implementation process remains a challenge. In this study, we designed
a model to calculate the nitrogen-oxide-emission intensity of ships and the sulfur content of ship
fuels using theoretical deduction from the law of the conservation of mass. The reliability and
availability of the derived results were empirically evaluated using measurement data for NOx,
SO2, and CO2 in the exhaust gas of a demonstration ship in practice. By examining the model
and the measured or registered fuel-oil-consumption rates of ships, a compliance-determination
workflow for NOx-emission intensity and fuel-sulfur-content monitoring and supervision in on-
voyage ships were proposed. The results showed that the ship fuel’s NOx-emission intensity and
sulfur content can be evaluated by monitoring the exhaust-gas composition online and used to assist
in maritime monitoring and the supervision of pollutant emissions from ships. It is recommended
that uncertainties regarding sulfur content should be considered within 15% during monitoring and
supervision. The established model and workflow can assist in maritime monitoring. Meanwhile,
all related governments and industry-management departments are advised to actively lead the
development of monitoring and supervision technology for ship-air-pollutant control in ECAs, as
well as strengthening the quality management of ships’ static data.

Keywords: ship-emission-control area; NOx-emission intensity; fuel sulfur content; monitoring and
supervision; decision process

1. Introduction

Ship travel emits a variety of atmospheric pollutants and greenhouse gases into the
atmospheric environment, such as carbon dioxide (CO2), nitrogen oxide (NOx), sulfur
dioxide (SO2), particulate matter (PM), volatile organic compounds (VOC), and black
carbon (BC) [1]. Previous studies indicated that the emission of air pollutants from ships
in China is mainly present in water areas within 100 km of the shore [2]. With the rapid
development of the shipping industry, the negative impact of watercraft on the atmosphere
is continuing to increase [3]. I A consensus has been established regarding the idea that
improving air quality by reducing the pollutant-emission load of ships is necessary for the
domestic and international community [4].

To effectively reduce air-pollutant emissions from ships and mitigate the influence of
pollutants on residents’ health in areas with intense shipping activities, some regulatory
measures have been proposed. The concept of the “emission control area (ECA)” was
defined by the International Maritime Organization (IMO) in Appendix III of at the In-
ternational Convention for the Prevention of Pollution from Ships (MARPOL Convention)
Annex VI in 1997 [5]. The MARPOL Convention enacted stricter measures and delineated
NOx Emissions Control Areas (NECA)/SOx Emissions Control Areas (SECA) to minimize
airborne emissions from ships within a specific maritime space [6]. To date, IMO has set
up five ECAs worldwide, and four (i.e., the Baltic Sea, North Sea and English Channel,
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North American, and U.S. Caribbean coasts) are in service [7]. Furthermore, in June 2022,
the 78th session of the IMO Committee on Maritime Environmental Protection approved
the establishment of ECAs in Mediterranean waters, which is expected to officially take
effect in 2024 [8].

Some measures have been implemented in terms of the control of pollutant emissions
from ships. From 2015, the sulfur content of ship fuel or the corresponding equivalent
was not allowed to exceed 0.1% within the ECAs according to the IMO regulations [9]. In
addition, the NOx-emissions criteria are more complex than those for SO2 because NOx
production depends not only on fuel composition but also on combustion conditions. The
IMO implied that the threshold corresponding to the total amount of NOx emissions is
related to the axial energy per kilowatt-hour (KW·h) produced by ship engines (Resolution
MEPC.177(58)). The emissions standards for NOx in and outside the ECAs are listed in the
MARPOL Convention, in which the emissions standards take the form of three transition
periods, from loose to strict: Tier I, Tier II, and Tier III [10]. These were implemented in
2000, 2011, and 2016, respectively. Currently, the ECAs enforce Tier III standards, which
only apply to ships built after 1 January 2016; they are demarcated by the point at which
the ship completes its keel-laying.

China is one of the leading countries in the shipping industry. In 2021, the freight
turnover of its inland river and maritime cargo reached 1773.599 billion ton kilometers
and 9784.151 billion ton kilometers [11], respectively. Thus, to protect the atmosphere and
water environment against pollution in China, the Ministry of Transport of the People’s
Republic of China (MOT) issued the “Implementation Plan for Emission Control Area
in the Pearl River Delta, Yangtze River Delta, and Bohai Rim (Beijing–Tianjin–Hebei)
Waters Area” on 2 December 2015, which established the control area for the emission
of atmospheric pollutants from ships in China. On 30 November 2018, the MOT issued
“the Implementation Plan for the Emission Control Area of atmospheric pollutants from
ships”, which upgrades and strengthens the emission-control regulations established in
2015, with more comprehensive requirements for the emissions of NOx, PM, and SOx. The
precautionary area was not expanded into the coastal and interior waters.

The implementation of the ECA rules has significantly reduced pollutant emissions
and improved regional air quality in coastal and inland river areas [12,13]. Some European
Union countries are concerned about the issue of ship-compliance monitoring, and carry
out related supervision in ECAs [14]. However, there are still several technical problems
during implementation, especially in China. Firstly, systematic supervision and the moni-
toring workflow need to be improved in the ECAs. The policy of “the Emission Control
Area of atmospheric pollutants from ships” puts forward specific requirements regarding
the sulfur content of the fuel used by ships and the NOx-emission intensity of ship en-
gines [15]. However, in the process of supervision, the unrigorous detection method and
unstandardized data recording cannot provide sufficient data, such as metadata, on the
sulfur content of ship fuels and exhaust-gas volumes, which hinders the emission load
or intensity of SOx or NOx. Secondly, there is a shortage of analyses on the uncertainties
regarding the sulfur content of ship fuel. Previous studies only investigated the feasibility
of the monitoring method, and they did not reveal the uncertainties regarding the sulfur
content of ship fuel using exhaust-gas monitoring, meaning that the method cannot be
applied to a broader range of waters.

Some monitoring technologies for exhaust gas are already in use [16–22]. For example,
ship-waste-gas online-monitoring technology can record the instantaneous emission of
various pollutants on board; this can be used for the real-time management and traceability
analyses of ship-exhaust gas [16,17]. This technology has the advantage of high monitoring
accuracy, and can cover the whole process of a ship. However, as it is inconvenient for
administrative departments to directly monitor and supervise exhaust gas during the
voyages of ships in ECAs, technologies that do not interfere with voyaging ships are
recommended. Differential optical absorption spectroscopy (DOAS) technology can be
used to monitor and analyze the NOx/CO2- and SO2/CO2-volume-concentration ratio
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by detecting the emission port or diffusion process of a ship’s exhaust gas [18–20]. The
advantage of this technology is that it can be used for remote monitoring and active
monitoring. Ship-waste-gas unmanned aerial vehicle (UAV) monitoring technology can be
used to collect the concentration or concentration ratio of the exhaust gas through a drone
flight across the exhaust gas [21,22]. Its advantage lies in its innovative approach, but it is
significantly affected by meteorological conditions. Ship-sniffing-monitoring technology
relies on monitoring stations built on land or water to capture and monitor the waste gas
from ships [18]. Although this technology has high algorithmic requirements, it has a wide
range of water coverage and a high level of automation.

In this study, (1) we established a theoretical model to calculate the NOx-emission
intensity of ships and the sulfur content of ship fuel, and collected online and metadata
by conducting the online real-time monitoring of gaseous pollutants (i.e., NOx, SO2, and
CO2) to verify the reliability and availability of the model. (2) Based on the model and
raw data, we calculated the instantaneous NOx-emission intensity and sulfur content of
ship fuel, and statistically analyzed the uncertainty regarding the sulfur content with a
probability-distribution curve. (3) We proposed a practical workflow for the monitoring
of the NOx-emission intensity and fuel-sulfur-content-compliance judgment process to
provide a reference for the monitoring and supervisory regulatory threshold of the sulfur
and NOx in ship fuel.

2. Research Methods
2.1. Online Empirical Test of Models

Main information on the demonstration ship. The route track of the demonstration
ship is shown in Figure 1; the sampling was conducted in the East China Sea to the east of
Dalian, China. The tonnage (gross weight/net deadweight) of the demonstration ship was
6000 t; the ship was built in 2006 with a designated speed of 18 knots and equipped with a
two-stroke engine (model MAN 6S35ME-C) with a total power of 4400 kW and rated speed
of 170 r·min−1. The density of ship fuel was 938.5 kg·m−3, sulfur content was 0.49% m/m,
as measured in the laboratory provided by the fuel supplier’s bunker delivery note, and
carbon content was 87.1%. The consumption rate of fuel (brake-specific fuel consumption,
which involves mechanical losses) reached 185 g·(kW·h)−1; it was measured by the mass
flowmeter on board. The engine-load data were collected from the actual engine records.

Online monitoring method for gaseous pollutants. The integrated online monitoring
system was applied to perform the real-time NOx, SO2, and CO2 measurements, with a
time resolution of 1 min. The monitoring system was fixed to the inside of the exhaust
pipe of the ship’s main engine, about 5 m from the exhaust outlet. This system (model:
RJ-SEMD) is a piece of professional exhaust gas-monitoring equipment developed by the
program founded by the National Key R&D Program of China and certified by China
Classification Society (certification no. GZ88361647) and American Classification Society
(certification no. 20-H51950735-PDA). In brief, non-dispersive infrared (NDIR) technology
was used to measure the concentration of CO2, ultraviolet differential optical absorption
spectrometry was used to measure the concentration of SO2, and chemiluminescence (CLD)
technology was used to measure the concentration of NOx. The accuracy of the methods
met the technical requirements of the gaseous substances testing equipment set by IMO
(Table 1). The ship was not equipped with an exhaust-gas-post-treatment device, and
the online test of gaseous emissions was conducted by a direct sampling test in the main
engine’s vertical section of the exhaust-gas pipeline.
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Table 1. The parameters of the real-time monitoring system.

Items Range Precision Error

CO2 0~20 Vol. % <2%
SO2 0~1000 ppm <2%
NOx 0~2000 ppm <2%

2.2. Derivation of the Calculation Model for Ship NOx-Emission Intensity

The NOx-emission-intensity-calculation model and ship-fuel-sulfur-content calcula-
tion model were established based on previous reports [14,18,23]. Briefly, the basic principle
of this method is to follow the law of the conservation of mass and ship characteristics. In
the former, we assumed that the carbon element in the fuel is ultimately converted into
CO2 in the exhaust gas produced by the sustainer motor of the ship, and all NOx is in
the form of NO2. All the processing occurred under standard conditions. The model was
derived as follows:

EINOx =
mIENOx

Ps
=

CmassNOx
·V

Ps
=

CmassNOx
Ps

·
mIECO2

CmassCO2

=
CmassNOx

Ps
·

MCO2
MC

·mICC
CmassCO2

=
CmassNOx

Ps
·MNOx

MNOx
·

mICC
MC

CmassCO2
MCO2

=
CmassNOx

MNOx
· mICC

CmassCO2
·MNOx

MC
·MCO2

Ps
·CCF

CCF

=
CMNOx

1 ·MNOx
MC

· 1
CMCO2

·mICC
Ps

·CCF
CCF

=
CMNOx
CMCO2

·NA
NA

·MNOx
MC

· mICC
Ps ·CCF ·CCF

=
CNOx
CCO2

· 46.01
12.01 ·SFC·87.1%

= 3.34 × CNOx
CCO2

× SFC
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where EINOx = emission intensity of NOx (the emission mass of NOx emission per kW·h,
g/kW·h); mIEi = instantaneous emission mass of contaminant i in the exhaust gas (g);
mICi = instantaneous consumption mass of pollutant i in fuel (g); Ps = instantaneous power
of ship (kW·h); Cmassi = instantaneous emission mass concentration of contaminant i
in the exhaust gas (g/m3); CMi = instantaneous-emission molar concentration of con-
taminant i in the exhaust gas (mol/m3); Ci = instantaneous-emission molecule or atom
concentration of contaminant i in the exhaust gas (ppm); V = volume of exhaust gas (m3);
Mi= molar mass of pollutant i (g/mol); C is the abbreviation of element carbon; CCF is the
mass percentage of carbon in fuel (CCF =

mICC
mIC f uel

). The default value of CCF was set to

87.1% [24]. The NA means Avogadro Constant (6.02 × 1023/mol). The SFC is the abbrevia-
tion of ship fuel-consumption rate, which is related to the ship engine and cruising status.

SFC =
mIC f uel

Ps
=

mICC
Ps ·CCF . The value can be replaced by the rated fuel-consumption rate of

the ship in the static database under the condition that the instantaneous fuel-consumption
rate of the ship is unavailable. The calculation model of the nitrogen-oxide emission
intensity of ships at sea based on exhaust-gas-concentration measurements is as follows:

EINOx = 3.34 × CNOx

CCO2

·SFC (1)

Thus, if the concentration of NOx, concentration of CO2, or the concentration ratio of
NOx to CO2, and unit consumption rate of fuel are detected during monitoring and super-
vision, the instantaneous emission intensity of nitrogen oxides of ships can be calculated.

2.3. Derivation of the Calculation Model of Sulfur Content in Ship Fuel

Assuming that sulfur and carbon in ship fuel are entirely converted to SO2 and CO2,
the percentage of sulfur fuel content by mass can be calculated as follows:

P = mS
m f uel

× 100%=
mSO2 · MS

MSO2
mC
CCF

×100%

=
CmassSO2

·V· MS
MSO2

mC
CCF

× 100 =
CmassSO2

· MS
MSO2

· CCF
mC
V

× 100%

=
CmassSO2

· MS
MSO2

· CCF
mCO2

V · MC
MCO2

× 100% =

CmassSO2
MSO2

· MS ·CCF

CmassCO2
MCO2

· MC

× 100%

=
CMSO2
CMCO2

· MS
MC

·CCF × 100%=
CMSO2
CMCO2

·NA
NA

· MS
MC

·CCF × 100%

=
CSO2
CCO2

· 32.07
12.01 × 87.1% × 100%

= 2.33 × CSO2
CCO2

× 100%

where P means the mass percentage of sulfur in fuel (%), mi = consumption mass of
contaminant i in fuel in per unit time (g), and the S is the abbreviation of the element sulfur.
For other definitions, please refer to Section 2.2. Thus, the calculation model of sulfur
content in ship fuel based on exhaust-gas-concentration measurement can be obtained:

P = 2.33 ×
CSO2

CCO2

× 100% (2)

It can be seen that the sulfur content of fuel oil used by ships can be judged under the
condition that the concentration of SO2 and CO2, or the ratio of SO2 and CO2 concentration
of ships, can be detected.
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3. Results and Discussion
3.1. The Online Measurements for Voyaging Ships

By applying the established monitoring system mentioned in Sections 2.2 and 2.3,
we measured and recorded the instantaneous fuel-consumption rate and the real-time
concentrations of NOx, CO2, and SO2 in the exhaust gas from the engine within 3397 min.
The overall process included the sailing period (77 min), cruising period (3231 min), and
anchoring period (89 min).

Consumption of fuel. The instantaneous fuel-consumption rate of the ship was
obtained by recording real-time data on the fuel consumption, as shown in Figure 2.
The instantaneous fuel consumption of the ship dramatically increased from ~250 to
263 g·(kW·h)−1 at the beginning of the 47 min, decreased to essentially the same level
as the cruising stage within 30 min and, subsequently, in the cruising stage, fluctuated
between 175 and 200 g·(kW·h)−1, before demonstrating a sharp fall in the anchoring stage.
The increase in the sailing period was due to the massive increase in the throttle at this stage,
which resulted in an excessive fuel supply. The consumption rate of the fuel was relatively
stable at around 185.31 g·(kW·h)−1 (ranging from 175 to 200 g·(kW·h)−1) throughout the
whole cruising stage (Figure 2).
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Figure 2. Instantaneous fuel-consumption rate of the ship over the entire voyage.

Measured results of pollutant concentration in the ship-exhaust gas. The instantaneous-
emission concentrations of the SO2, NOx, and CO2 in the ship exhaust gas for every minute
are shown in Figure 3. The variation trends in the concentrations of the SO2, NOx, and
CO2 were consistent with each other and rapidly increased in the sailing period from 0 to
77 min, remained steady in the cruising stage from 77 to 3308 min, and decreased in the
anchoring stage from 3308 to 3397 min. The ranges of the instantaneous-emission concen-
trations of the SO2, NOx, and CO2 were 58.3 ppm~90.1 ppm, 653.21 ppm~974.61 ppm, and
31,000 ppm~43,000 ppm, respectively.
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3.2. NOx-Emission Intensity and Sulfur Content of Ship Fuel

Given the significant distinction between the three stages, we calculated the NOx-
emission intensity in each period.

Calculation results and analysis of ship NOx-emission intensity. By substituting the
recorded real-time data into the model of the ship (Formula (1)) established in Section 2.1,
the ships’ instantaneous NOx-emission intensity at every minute was obtained and is shown
in Figure 4. The NOx-emission intensity of the ship also demonstrated three stages (increase,
maintenance of stability, and decrease), corresponding to the three stages of sailing, cruising,
and anchoring, respectively, throughout the test process. The emission intensity of the NOx
in the cruising stage ranged from 11.50 to16.60 g·(kW·h)−1, and the average intensity was
14.22 g·(kW·h)−1. According to Tier I of the MARPOL Convention, the threshold of the NOx-
emission intensity of demonstration ships manufactured before 2006 should be less than the
value of “45 × (the engine rotational speed to the power of −0.2) [g·(kW·h)−1]” [10]. Since
the engine-rotation speed of the demonstration ship is 170 r·min−1, the threshold of the
NOx-emission intensity was calculated as 16.11 g·(kW·h)−1 (black dashed line in Figure 4).
During the whole 3397-min voyage, there were 22 min in which the NOx-emission intensity
exceeded the permissible value, which accounted for 0.65% of the entire process.
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Sulfur content in ship fuel. By substituting the recorded real-time data into the model
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The calculation results of the sulfur content in the ship fuel also showed three stages,
corresponding to the fuel consumption of the three stages in this test period. Due to
the instability of the fuel combustion, the calculated sulfur content varied significantly
with the percentage changes in SO2 in the exhaust gas at the first and third stages of the
voyage. Therefore, the steady cruising stage (from 77 min to 3308 min) was selected as the
most logical stage in which to calculate the sulfur content. The results showed that the
sulfur content in the fuel of voyaging ships can be calculated when the real-time SO2/CO2
concentration ratio is obtained.

Furthermore, the sulfur content in fuel can be supervised through a comparison with
the specific standards implemented in the ECAs. Combined with the sulfur-content value,
0.49% (m/m), measured in the laboratory, the deviation of the calculated results was
calculated during the cruising stage. As can be seen from Figure 6, the median deviation of
the results calculated by the real-time monitoring of the SO2 and CO2 concentrations in the
exhaust gas was 1.86% and ranged from −14.19% to +14.71%. The frequency distribution of
the deviation of the calculated results accorded with the normal distribution (the quantiles
of 5% and 95% were −4.18% and 8.18%, respectively), which indicated that the calculated
results of the sulfur content based on the SO2 and CO2 concentrations were relatively stable.
These advantages of the model imply that it can be used as a basis for practical supervision.
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Figure 6. Predicted deviation rate of sulfur content of ship fuel during the voyage.

In addition, the calculated sulfur content of fuel is restricted by the assumptions,
monitoring environment, and equipment accuracy. Therefore, the uncertainty range should
be considered in practical supervision to prevent missing data and misreporting. Based on
the analysis results of the current study (Figure 7), we suggest that the sulfur content of
fuel should be monitored by detecting the SO2/CO2-concentration ratio in the exhaust gas
of ships, and that the deviation should be within ±15%.
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3.3. Compliance Determination

Based on the established model and the real-time monitoring data of ships, a regu-
lation workflow for the compliance determination of NOx-emission intensity regarding
the exhaust-gas and fuel sulfur contents in ship fuel was designed in this study to assist
the maritime administration department by establishing a monitoring-and-supervision
system. As shown in Figure 8, the workflow consists of (1) an exhaust-gas-monitoring
module (inside the green box), (2) an instantaneous-fuel-consumption-recording module
(inside the red box), (3) a static-and-dynamic-database module (inside the blue box), and
(4) a compliance-determination module (inside the purple box). Modules (1) and (2) are
the front-end-detection-hardware equipment, while modules (3) and (4) belong to the
back-end-software system.

The back-end software system was the core of the regulation workflow, which was
used to process the raw data and execute compliance determination [25]. In brief, the
software system receives raw data from the frond-end hardware system and runs the calcu-
lation algorithm or models with reverse-identification technology to determine compliance.
The static-and-dynamic-database module collects static data, such as ship names, construc-
tion time, and engine power, as well as the dynamic data of the ship at an on-voyage state to
provide essential support. The detailed process of the compliance-determination modules
is shown in Figure 9. The algorithm of ships’ gaseous-pollutant-emission intensity involves
the static data mentioned above; if the data are missing, the uncertainty in the evaluation
results is significantly increased. Therefore, relevant departments should strengthen the
quality control of ships’ static data.
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4. Conclusions and Countermeasures
4.1. Conclusions

(1) The concentration or concentration ratio of the pollutants in ships’ exhaust gas can
provide a basis for determining the pollutant compliance of voyaging ships. By detecting
the concentration ratio of NOx to CO2 in the exhaust gas and the fuel-consumption rate of
a ship, the NOx-emission intensity of the ship can be obtained. The sulfur content of ship
fuel oil can be obtained by detecting the concentration or concentration ratio of the SO2
and CO2 in the exhaust gas.

(2) Ship-exhaust-gas-monitoring technology can be used as an essential support tech-
nology for maritime supervision. By building a reasonable monitoring-and-supervision
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system for ship-exhaust-gas emissions, the ability to supervise ship air-pollutant emissions
from ships in the ECAs can be effectively improved. Assuming that the diffusion of all
the pollutants in a ship’s exhaust gas occurs in equal proportions, optical telemetry and
sniffer-monitoring technologies can be applied to ship-exhaust-gas monitoring and the
determination of the NOx-emission intensity and sulfur content in fuel. The calculation
results and the determination of compliance with the pollutant-emission levels, screening,
and supervision of ships rely on accurate monitoring, static, and dynamic data.

(3) Uncertainty analyses of different measures must be taken into account when
conducting supervision using ship-exhaust-gas tests. When monitoring the sulfur content
of fuel by detecting the SO2/CO2 concentration ratio of ships, the deviation variation
should not exceed ±15%.

In conclusion, we built an algorithm flow for the compliance judgment of the marine-
NOx-emission intensity and sulfur content of fuel oil for voyaging ships in the present
study. At the same time, we propose the use of the recommended maximum deviation
value for the calculation of the sulfur content of ship fuel. Further, the feasibility of the
algorithm proposed in this study for the monitoring of ship pollutants was verified.

4.2. Countermeasures and Suggestions

Firstly, we should actively conduct research into and the development of monitoring-
and-supervision technology for ship-air-pollutant-emission control. This empirical study
proves that the new technology is necessary and that it has been optimized to improve
the effectiveness of the regulation of ship emissions in ECAs, which would not only help
marine-management departments to expand their scope of supervision and improve their
regulatory capacity but also reduce the costs of human and material resources. Transport-
administration departments, ecological- and environmental-administration departments,
and other relevant government departments should increase their investment in the re-
search into and development of technologies to monitor the atmospheric-pollutant emis-
sions from ships, or set up special projects to upgrade the monitoring technologies used for
this purpose.

Secondly, ship-static-data quality control should be strengthened. Data are the basis
of intelligence in the intelligent era. Ships’ static data are the cornerstone of accurate
monitoring and supervision. Transport-administration departments should be aware of the
importance of the quality control of basic data to ensure that basic databases are credible
and reliable.
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