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Abstract

Against the backdrop of the “Dual Carbon” goal proposed during the 14th Five-Year Plan
period, China’s infrastructure development is advancing toward green and low-carbon
patterns, in which ship carbon emissions have become a major environmental issue. As
an effective tool for recording ship activities, Automatic Identification System (AIS) data
provides a reliable means to accurately quantify carbon emissions. Based on AIS data,
this paper adopted a grid method combined with the STEAM model to estimate ship
carbon emissions in a port area by zone, and introduced the Spearman correlation
coefficient to analyze the spatio-temporal distribution of ship carbon emissions from
four aspects: time, space, ship navigation status, and traffic flow factors. The results show
that the total CO, emissions of Qingdao Port in September 2022 were estimated to be
47705.62 tons, with oil tankers accounting for 38.6% of total emissions. In terms of
navigation status, carbon emissions from moored ships accounted for more than half of
the total emissions in the studied waters of Qingdao Port. Temporally, different ship
types exhibited consistent hourly variation patterns, with high-emission periods
concentrated from 22:00 to 06:00. Spatially, the highest carbon emissions were mainly
concentrated in Qianwan Port Area, main fairways, anchorages, and some terminal
zones. Regarding traffic flow factors, carbon emissions showed moderate-to-high
positive correlations with ship density for different vessel types, and low positive or no
correlations with ship speed. This study thoroughly analyzes the carbon emission
characteristics of ships in Qingdao Port waters. The proposed method can be further
applied to ports and waterways, providing valuable references for understanding ship
carbon emissions and formulating targeted mitigation measures, as well as theoretical
support for port regulatory policies on ship carbon emissions.
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1. Introduction

CO, emissions from the shipping industry account for approximately 3% of global total
emissions. Without effective intervention, global ship greenhouse gas emissions could increase
by 150%-250% in 2050 compared with 2012, raising their share of global emissions
significantly. As a major maritime country, China is home to seven of the world’s top ten ports.
As critical hubs connecting maritime and land transport, ports are major sources of carbon
emissions in the shipping sector, with ship emissions in port waters accounting for 60% of total
port emissions. Therefore, establishing a localized ship carbon emission inventory based on
port ship data and analyzing its spatio-temporal evolution is essential to support sustainable
management and carbon reduction policies for port vessels.
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The Automatic Identification System (AIS), composed of shore-based facilities and on-board
equipment, is a digital navigation aid system for ship-shore and ship-ship communication. AIS
collects real-time traffic data and records static, dynamic, and navigation information of ships,
serving as a key source of maritime traffic big data. Integrating AIS data with ship databases
enables dynamic calculation of ship carbon emissions and has become a mainstream approach
in relevant research. Current studies mainly focus on the accuracy and uncertainty of emission
estimation and the compilation of ship emission inventories, with insufficient analysis of the
spatio-temporal distribution of carbon emissions by different ship types in port waters. Limited
understanding of emission behavioral characteristics makes refined and targeted control of
ship carbon emissions difficult. To effectively control port carbon emissions and achieve green
and low-carbon port development, it is necessary to investigate the spatio-temporal
distribution of ship carbon emissions in port areas.

Ship carbon emission estimation methods are mainly divided into top-down and bottom-up
approaches. The top-down method approximates emissions based on fuel consumption and
CO, emission factors. However, it suffers from low accuracy, lacks spatial-temporal attributes,
and cannot meet refined estimation requirements due to scattered ship locations and limited
access to fuel consumption data. To address these limitations, researchers have developed the
bottom-up method, a dynamic emission calculation approach based on AIS data, engine power,
load factors, and corresponding emission factors. This method improves accuracy by classifying
navigation statuses in detail and optimizing emission factor selection, making it the dominant
method for ship emission estimation. Representing the bottom-up framework, the Ship Traffic
Emission Assessment Model (STEAM) was proposed by Jalkanen et al. for estimating ship
exhaust emissions in the Baltic Sea. Later, Jalkanen et al. extended the model to include PM and
CO calculations, incorporated impacts of ship loading, fuel types, and emission reduction
technologies, and developed STEAM2. The STEAM model has been widely used in global and
regional ship emission studies, with continuous improvements in estimation accuracy.

Existing research on the spatio-temporal distribution of ship carbon emissions is mostly
embedded in regional emission inventory analysis, with few targeted investigations on port
waters. Internationally, Figenschau et al. collected ship traffic data and emissions of CO,, NOy,
SO,, PM, and black carbon along the Northern Sea Route (NSR) in 2013 and analyzed seasonal
and spatial variations. Boji¢ et al. developed an adaptive analytical model, compiled a total
emission inventory for Split Port (Croatia), and established the first high-resolution spatio-
temporal profile of ship emissions in an urban port basin. In China, Zeng et al. estimated the
2018 ship emission inventory for Xiamen Port using the emission factor method based on ship
activities and evaluated port eco-efficiency using environmental and social indicators. Meng et
al. established a 2020 emission inventory for Dagang Port Area of Qingdao Port, analyzed the
distribution of air pollutants and greenhouse gases, identified key emission sources, and
assessed emission reduction potentials.

In summary, existing studies focus on ship carbon emission calculation and inventory
compilation, with limited refined spatio-temporal analysis that fails to meet emission reduction
requirements, especially in dense port waters. This study takes Qingdao Port as the research
area, uses AIS data combined with grid partitioning and the STEAM model to estimate ship
carbon emissions by zone, and applies the Spearman correlation coefficient to reveal spatio-
temporal distribution and emission characteristics from temporal, spatial, and traffic flow
perspectives. The results provide references for carbon emission mitigation and regional air
quality management in port waters.
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2. Data and Methodology

2.1. Data Source and Processing

Ship carbon emission accounting requires ship engine parameters including main engine
power, auxiliary engine power, load factors, and CO, emission factors. AIS data provided by the
HiFleet platform serves as the primary data source. Data preprocessing follows the AIS
extraction method proposed by Liu et al., retaining key navigation information such as speed
and course to ensure suitability for the developed model. Ship profile information including
main engine power, auxiliary engine power, and maximum design speed is retrieved from the
global shipping information service system using MMSI as the key. For ships with missing
records, default parameters from the IMO Fourth GHG Study and Puget Sound Maritime Air
Emissions Inventory are used to complete the dataset.

2.2. Grid Method

The grid method divides space into regular cells for management and analysis. This study uses
ArcGIS Pro to partition the studied port waters into grids, enabling refined estimation and
spatio-temporal analysis of ship carbon emissions at the grid level.

2.3. Zonal Estimation Model for Ship Carbon Emissions
This study employs the AIS-based Ship Traffic Emission Assessment Model (STEAM) to
calculate ship carbon emissions, with the calculation framework shown in Figure .
According to the STEAM model, total emissions of a ship during a voyage are the sum of main
engine, auxiliary engine, and boiler emissions:
According to the STEAM model, total emissions of a ship during a voyage are the sum of main
engine, auxiliary engine, and boiler emissions:

E=Em+Ea+Eb (1)
In Equation 1, E represents the total emissions, Em denotes the emissions from the main engine,
Ea signifies the emissions from the auxiliary engine, and Eb stands for the emissions from the
boiler.

The formula for calculating the emissions from the main engine is shown in Formula 2, where
the main engine load factor is the cube of the ratio between the actual speed of the ship and its
design speed [28], as shown in Formula 3

Em=PmxLFmxT xEFmxFCF (2)
LFm=(AS/MS)3 (3)

Table 1. Host Emission Factor Table

construction

time NOyx | HC | CO | SOz | PM1o | PM2s | DPM | COz | N20 | CHa
2000 18106 | 1.4 [105| 1.5 | 1.2 | 1.5 | 620 [0.031]0.012
low speed | 2000-2010 |17.0| 0.6 | 1.4 [105]| 1.5 | 1.2 | 1.5 | 620 |0.031]0.012
2011-2015 | 14.4| 0.6 | 1.4 |105| 1.5 | 1.2 | 1.5 | 620 [0.031]0.012

2000 140 05| 1.1]115] 1.5 | 1.2 | 1.5 | 683 |0.031/0.010
mid-speed | 2000-2010 |13.0| 0.5 | 1.1 |11.5| 1.5 | 1.2 | 1.5 | 683 |0.031]0.010
2011-2015 [10.5] 0.5 | 1.1 [11.5] 1.5 | 1.2 | 1.5 | 683 [0.031]0.010

engine type
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Table 2. Fuel Correction Coefficient Table

NOx VOC Co SOz PMio PMazs DPM CO2 N20 CH4
0.94 1.00 1.00 0.185 0.25 0.25 0.25 1.00 0.94 1.00

The calculation of emissions from marine auxiliary engines and boilers is related to the
navigation status of the ship. Based on the navigation speed of ocean-going vessels, the
navigation status of the ship is divided into five categories: cruising, low-speed cruising, port
maneuvering, anchoring, and mooring [18], as shown in Table 3.

Table 3. Criteria for Determining the Navigation Status of Ships

Navigation status Judgment conditions
mooring speed <1 Section
Anchoring 1section<{speed<3section
Minato Ward Mobile 3section<speed<8section
slow navigation 8section<{speed<12section
cruise Speed>12section

The calculation formulas for emissions from marine auxiliary engines and boiler emissions are
shown in Equations 4 and 5:

Ea=PaxLFaxT xEFaxFCF (4)

Eb=PbxT xEFb (5)

In formula 45, Pa represents the rated power of the ship's auxiliary engine, Pb denotes the
actual power of the boiler, LFa signifies the load factor of the auxiliary engine, T stands for the
ship's navigation time, EFa and EFb respectively represent the emission factors of the auxiliary
engine and boiler, and FCF stands for the fuel correction factor. The load factor of the auxiliary

engine, emission factor of the auxiliary engine, and emission factor of the boiler are detailed in
Table 4-6 [27][29].

Table 4. Load Coefficient of Auxiliary Machinery

Ship type cruise slow navigation MinaFo Wal.'d anchoring mooring
Mobile Unit

passenger ship 0.80 0.80 0.80 0.64 0. 64
oil tanker 0.24 0.28 0.33 0.26 0.26
bulk carrier 0.17 0.27 0.45 0.22 0.22
container ship 0.13 0.25 0.48 0.19 0.19
Ro-ro ship 0.15 0.30 0.45 0.26 0.26
Other cargo ships 0.17 0.27 0.45 0.10 0.10
tugboat 0.17 0.27 0.45 0.22 0.22
Non-transport ship 0.17 0.27 0.45 0.22 0.22

Table 5. Auxiliary Machinery Emission Factor Table

. Construction
Engine type t
ime NOx | VOC | CO | SOz | PMig | PMas | DPM | CO, | N2O | CHa
2000 147 | 05 | 1.1 |[12.3| 1.0 0.8 1.0 | 683 |0.031| 0.008

medium speed| 2000-2010 | 13.0 | 0.5 1.1 |123] 1.0 0.8 1.0 683 [0.031] 0.008
2011-2015year| 10.5 | 0.5 1.1 1123] 1.0 0.8 1.0 683 10.031| 0.008
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Table 6. Boiler Emission Factor Table

NOx HC Co S0z PMio PMzs DPM CO: N20 CH4
2.1 0.1 0.2 16.5 0.8 0.6 0.00 970 0.08 0.002

The emission calculation for each ship is carried out based on its reports from every two
consecutive positions, typically at one-second intervals. In this article, the emission amount for
the given voyage segment is recorded using the geographical coordinates of the subsequent
reporting point. Based on the geographical coordinates of this point, its corresponding grid is
determined, and the emission generated by this trajectory segment is then tallied within that
grid. The calculation formula is as follows:

H

;= £y (6)

=0
In Equation 6, Qj represents the emission volume from ships in grid |, Eij denotes the emission
volume from ship i in grid ], and N signifies all ships in grid J.

3. Case Analysis

3.1. Study Area

This study selects Qingdao Port waters as the research area. With high navigation density,
diverse ship types, a long coastline in Jiaozhou Bay, and strong environmental pressure from
ship emissions, Qingdao Port is suitable for verifying the proposed method. The study area
spans 120.18°E-120.53°E and 35.91°N-36.07°N (Figure 2).

120[’12' 120|°14' 1201°16' 120|°18' 120;’20' 120|°22‘ 120["24' 120;’26' 120|°28‘ 120;’30'

N
[} y
|
L {
\ b \
\\
—

/ S209 \

3
07 -
m

36°4'

36°2'
36°2'

S504

35°58"

AOOCROARARNNANNANANNN 4,
35°58"

N\
\,

N\

35‘;56‘
35°56"

1 [ T 1 T T T T T T
120°12" 120°14' 120°16' 120°18' 120°20' 120°22" 120°24' 120°26' 120°28' 120°30'

Figure 1. Study Waters

3.2. Estimation of Ship Carbon Emissions

This article employs the WGS 1984 Web Mercator coordinate system to grid the study area
(120.18°E-120.53°E, 35.91°N-36.07°N), establishing 3432 grids of 500mx500m, and assigns an
index number to each grid, thereby achieving high-precision measurement and calculation of
ship emissions, as shown in Figure .

Taking into account the vessel traffic volume in Qingdao Port, we collected AIS data from
September 2022 for research and analysis. The following eight categories of operating vessels
were selected as the research subjects: container ships, other cargo ships, tankers, tugs, bulk
carriers, passenger ships, roll-on/roll-off ships, and non-transport ships.
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Figure 2. Grid map of the study water area
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Figure 3. Visualization of Ship Trajectory
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Among them, passenger ships include high-speed passenger ships, ordinary passenger ships,
and cruise ships; tankers include oil tankers, chemical tankers, and general liquid cargo ships;
other cargo ships include dry cargo ships and general cargo ships; non-transport ships include
engineering ships, service ships, and special-purpose ships. After processing with the
aforementioned method, a total of 1,346 research vessels were obtained, with a total of
1,799,031 AIS data entries. The visualization effect of their trajectories is shown in Figure.

By comprehensively applying the aforementioned methods and utilizing the ship carbon
emission zoning estimation model, it is possible to obtain the total carbon emission within the
study scope of Qingdao Port, which is approximately 47,705.62 tons. The carbon emissions of
various ship types are presented in Table 7;

Table 7. Carbon Emissions of Different Types of Ships

Ship Type Number of ships AIS data Ship carbon emissions (t)
passenger ship 32 58889 5258.843
oil tanker 165 153324 18416.251
bulk carrier 172 149723 2551.843
container ship 519 410812 14910.140

Ro-ro ship 9 4167 195.063

Other cargo ships 252 233009 2752.440
tugboat 59 483781 2186.997
non-transport ship 138 305326 1434.043

To analyze the distribution of carbon emissions from different types of ships, this paper
conducts a study on the carbon emission share of various ship types. The specific results are
shown in Figure 5, where tankers have the highest carbon emissions, totaling 18,416.251 tons,
accounting for 38.6% of the total carbon emissions from ships; followed by container ships,
with a total of 14,910.14 tons, accounting for 31.3% of the total emissions; then passenger ships,
other cargo ships, bulk carriers, tugs, and non-transport ships, with carbon emissions of
5,258.843 tons, 2,752.44 tons, 2,551.843 tons, 2,186.997 tons, and 1,434.043 tons, respectively,
accounting for 11%, 5.8%, 5.3%, 4.6%, and 3% of the total emissions; ro-ro ships have the least
emissions, totaling 195.063 tons, accounting for 0.4% of the total emissions.

3% 0.4%

N

Figure 4. Sharing Rate of Ship Carbon Emissions in the Studied Waters

5.8%
1%

To gain a deeper understanding of the carbon emission levels of different types of ships, we
next conducted a statistical analysis on the proportion of different types of ships. The results
are shown in Figure 6, where container ships are the most numerous, accounting for 38.6% of
the total. Comparing Figures 5 and 6, it can be seen that tankers and container ships account
for 69.9% of the total emissions, showing a significant gap compared to other types of ships.
The number of tankers accounts for only 12.3% of the total number of ships, but their emissions
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are the highest, which is due to the high boiler load power when they are moored. Container
ships are the most numerous, accounting for 28.6% of the total, and therefore have a large
emission volume. The number and emission volume of passenger ships, other cargo ships, bulk
carriers, tugs, and non-transport ships are basically similar. Due to the high proportion of high-
speed passenger ships in Qingdao Port and the behavior of ships berthing and waiting for
passengers, their number is relatively small but their carbon emissions are high. Ro-Ro ships
have the lowest emissions and proportion of ships.

2.4%

Figure 5. Proportion of the number of different types of ships

3.2.1. Navigation Status Analysis

Carbon emissions by navigation status are shown in Figure . Moored ships account for 75.6%
of total emissions, followed by low-speed cruising (10.7%) and cruising (7.0%). Auxiliary
engines and boilers operate at higher power during mooring, leading to dominant emissions.
Reducing emissions during the mooring period is critical for port carbon mitigation.

To gain a more comprehensive understanding of the differences in carbon emissions during the
operation of different types of ships, this article investigates the proportion of carbon emissions
from different types of ships under various navigation conditions, as illustrated in Figure . Apart
from tugs, other types of ships primarily operate in a moored state. Tugs are mainly engaged in
low-speed navigation and port maneuvering; other types of ships spend more time in a moored
state. Qingdao Port is one of the top ten ports in the world, with the Qianwan Port Area,
Haixiwan Port Area, and Huangdao Port Area serving as important cargo terminal operation
areas. Every day, a large number of ships berth at the port waiting for operations. For instance,
tugs are primarily used to assist large ships in entering and exiting the port, as well as in ship
maneuvering, berthing, and departing, leading to increased emissions during navigation.
Meanwhile, other transport ships wait for passengers to board or cargo to be loaded and
unloaded at the port, resulting in increased emissions during the moored state. These processes
often require the boilers to be kept running to maintain ship functionality and comfort, thereby
leading to increased emissions during the moored state.

3.3. Spatio-Temporal Distribution of Ship Carbon Emissions
3.3.1. Temporal Distribution

Figure 6. Hourly Variation of Ship Emissions at Qingdao Port
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Hourly emission patterns (Figure 6) show consistent trends across ship types: high emissions
from 22:00 to 06:00 and low emissions from 14:00 to 20:00. Nighttime mooring with boiler
operation drives higher emissions.

3.3.2. Spatial Distribution

To investigate the distribution of carbon emissions from ships in the navigation area, this paper
employs a zoned estimation model for ship carbon emissions combined with a grid
visualization method, and the results are presented in Figure 10. As evident from Figure 10,
within the study area, the maximum grid emission exceeds 605 tons, while the minimum is less
than 0.00034 tons, indicating significant numerical fluctuations. Among these, there are a total
of 1,050 grids with emissions greater than 1 ton, accounting for 40.71% of the total number of
grids after excluding those located on land within the study watershed; there are a total of 15
grids with emissions greater than 605 tons, accounting for 0.58% of the total. Overall, the ship
emissions in Qingdao Port are relatively high, and the carbon emission areas align with the
functional zones of Qingdao Port, primarily concentrated in the port areas (Qianwan Port Area,
Haixi Bay Port Area, Huangdao Port Area), the port entrance and exit areas, the navigation
channels (main channel, fourth channel), the anchorage areas, and the docks (passenger docks).
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Figure 7. Spatial distribution map of ship carbon emissions

To further analyze the distribution of carbon emissions from different types of ships within the
study area, the carbon emission calculation results for each type of ship in September 2022
were plotted into a 500m x 500m spatial distribution map of carbon emissions, as shown in
Figure. From Figure 11, it can be observed that the carbon emission areas of container ships
are mainly concentrated in the main channel and the port entrance and exit areas, with a small
distribution in the dock and anchorage areas. This is because container ships have a high overall
speed and a high load factor of the main engine, resulting in the highest carbon emissions in the
main channel area. Other cargo ships, with their relatively high speeds and high load factors of
the main engine, have a uniform distribution of carbon emissions in the main channel and
anchorage areas, with a relatively higher concentration in the Qianwan port area. Bulk carriers
have their carbon emissions concentrated in the channels and anchorage areas, which are less
compared to other cargo ships. Oil tankers have a significant distribution of carbon emissions
in the main channel, the fourth channel, the port area, and the anchorage area. This is due to
the large volume, heavy weight, and high speed of oil tankers, which result in the highest
emission factors of auxiliary engines and boilers during berthing and unloading, leading to high
carbon emissions from oil tankers. Due to the particular nature of their work, tugboats mainly
distribute their carbon emission areas in the port area, with a small distribution in the channels.
Passenger ships have a significant distribution of carbon emissions in the docks and channels
west of Taiping Bay. Due to their high speed, high density, and the behavior of berthing and
waiting for passengers, the loads of auxiliary engines and boilers are high, resulting in increased
carbon emissions from ships. Ro-Ro ships have their carbon emissions concentrated in the main
channel and the Haixi Bay port area. Non-transport ships mainly distribute their carbon
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emissions in the port area and the port entrance and exit areas, with less carbon emissions near
the channels.
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Figure 8. Spatial Distribution Map of Carbon Emissions from Different Types of Ships
3.3.3. Ship Attribute Analysis

To explore the correlation between different ship attributes and ship carbon emissions in port
waters, each grid was taken as a unit to establish a one-to-one correspondence between ship
density, average ship speed, and ship carbon emissions, resulting in a total of 1176 sets of data.
Since the obtained data were all small sample sizes (sample size < 5000), this paper conducted
a Shapiro-Wilk normality test on the data and found that the sample data did not conform to a
normal distribution. Therefore, the Spearman correlation coefficient was used for correlation
analysis [30-31]. The formula for calculating the Spearman correlation coefficient is as follows:
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6> d?
e 7)
n(n’-1)

In the formula, p represents the Spearman correlation coefficient; n denotes the sample size;
and di signifies the rank difference of the sample data.

Based on the distribution characteristics of the number of ships in Qingdao Port's navigation
channels, this section utilizes the DBSCAN method to perform density clustering on operating
ships, with a neighborhood radius set at 5, as shown in Figures 12 and 15. According to the
distribution of ship trajectories, to explore the correlation between ship carbon emissions and
ship speed, the average ship speed was calculated, and the calculation results are shown in
Figures 13 and 16.

To further analyze the impact of the number of operating ships on carbon emission levels, the
DBSCAN method was employed to conduct density clustering analysis on the study area of
operating ships. This allowed us to obtain the spatial distribution of ship numbers and carbon
emission levels in different density regions. The specific results are shown in Figure . The
hotspot areas of operating ships studied are mainly concentrated in the Huangdao Port Area,
Qianwan Port Area, Haixi Bay Port Area, Passenger Terminal Area, and the vicinity of Qianhai
Anchorage Grounds 2 and 3.
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Figure 9. Distribution Map of Operating Vessel Density

To gain a deeper understanding of the differences in carbon emission levels during the
navigation of operational ships, the DBSCAN method was employed to conduct cluster analysis
on the trajectory speeds of operational ships. Ships were categorized into different clusters
based on their varying movement speeds within the study area. The specific results are
illustrated in Figure 13. There are significant differences in the distribution of ship trajectories
and speeds across different regions. The operational ships studied exhibited higher overall
speeds on the main channel, while their average speeds were lower in port areas, anchorages,
and dock areas.
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Figure 10. Distribution Diagram of Operating Vessels' Speeds

318



Scientific Journal of Technology Volume 8 Issue 3, 2026
ISSN: 2688-8645

To further explore the distribution characteristics of carbon emissions in Qingdao Port, this
section utilizes the Spearman correlation coefficient to analyze the correlation between ship
density and average speed. The specific results are shown in Figure .
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Figure 11. Heat map of density of different types of ships

As can be seen from Figure , there are significant differences in emissions, average speed, and
ship density among operating ships at the 1% level, indicating a correlation relationship, which
is a positive low-level correlation. The correlation coefficients between the average speed and

319



Scientific Journal of Technology Volume 8 Issue 3, 2026
ISSN: 2688-8645

emissions, as well as ship density, for different types of ships are 0.099*x and 0.93xx,
respectively, both indicating a positive low-level correlation. The correlation coefficients
between ship density and emissions, as well as average speed, for different types of ships are
0.93*x and 0.059#%, respectively, indicating a positive high-level correlation between ship
density and emissions, and a positive low-level correlation between ship density and average
speed.

To better explore the distribution patterns of carbon emissions from different types of ships,
we categorize ships by type and further analyze the density and speed distribution of each type.

(1) Ship density and carbon emissions

Using DBSCAN density clustering, we conducted density clustering on different types of ships,
and the results are shown in Figure .

As shown in Figure, the areas with a high concentration of container ships are near the Qianwan
Port Area, Haixi Bay Port Area, and Qianhai Anchorage No. 2; the areas with a high
concentration of other cargo ships are near the Qianwan Port Area, Haixi Bay Port Area, and
Qianhai Anchorage Nos. 2 and 3; the areas with a high concentration of oil tankers are near the
Huangdao Port Area and Qianhai Anchorage Nos. 2 and 3; the areas with a high concentration
of tugboats are near the Huangdao Port Area, Qianwan Port Area, and Haixi Bay Port Area; the
areas with a high concentration of bulk carriers are near the Huangdao Port Area and Qianwan
Port Area; the areas with a high concentration of passenger ships are in the passenger terminal
area; the areas with a high concentration of roll-on/roll-off ships are in the Haixi Bay Port Area;
and the areas with a high concentration of non-transport ships are in the Qianwan Port Area,
Haixi Bay Port Area, and passenger terminal area. Using grids as units, the Spearman
correlation coefficient was calculated for the ship emissions and ship density in each grid, and
the results are shown in Table 8 below. Here, ** and * represent significance levels of 1% and
5%, respectively; + and - represent positive and negative correlations, respectively; the
correlation levels are divided into low correlation (0 to 0.5), moderate correlation (0.5 to 0.7),
and high correlation (0.7 to 1). Using grids as units, the Spearman correlation coefficient was
calculated for the ship density and carbon emissions in each grid, and the results are shown in
Table 8 below.

Table 8. Correlation Coefficients of Different Types of Ship Density

. Other
Typ.es of conta_lner cargo |oil tanker| tugboat bul.k passenger Ro-.ro Non-tra.nsport
ships ship ships carrier ship ship ship
i‘(’)’:é}?lt;? 0.967** | 0.915% | 0.908** | 0.860** | 0.861** | 0.779** | 0.677** |  0.863**

According to Table 8, there are significant differences in ship density and carbon emissions
among different types of ships at the 1% level, indicating a correlation between the two, which
is positive. Among them, the correlation coefficient between container ship density and carbon
emissions is the highest, at 0.967, followed by other cargo ships, oil tankers, non-transport
ships, bulk carriers, tugs, and passenger ships, with correlation coefficients of 0.915, 0.908,
0.863,0.861, 0.860, and 0.779, respectively. The ship density and carbon emissions of the above
types of ships are highly positively correlated; however, the correlation coefficient between ro-
ro ship density and carbon emissions is 0.677, indicating only a moderate positive correlation
between the two.

(2) Average ship speed and carbon emissions

Based on the distribution of ship trajectories, the average ship speed was calculated, and the
calculation results are shown in Figure .
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Figure 12. Heat map of average speeds of different types of ships

As shown in Figure, there are significant differences in ship trajectories and speed distributions
among different types of ships. Container ships, other cargo ships, tankers, tugs, bulk carriers,
passenger ships, and ro-ro ships have higher average speeds in the main channel, while non-
transport ships have higher average speeds in the port entrance and exit areas. All types of
ships have lower average speeds in the port area, anchorage, and dock area. Taking each grid
as a unit, the Spearman correlation coefficient between the average speed of ships within each
grid and carbon emissions is calculated, and the results are shown in Table 9 below.
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Table 9. Correlation Coefficients of Average Speeds of Different Types of Ships

. Other
Types of ships conta.lner cargo |oil tanker| tugboat bul.k passenger roll-on/.roll-off non-trapsport
ship . carrier ship ship ship
ships
correlation | o j5qxx | g 054+ | 0.081%* | 0.092* | 0.198** | -0.015 0.204** 0.216**
coefficient

According to Table 9, there is no significant correlation between the average speed and carbon
emissions of passenger ships, indicating no correlation between the two; there is a significant
difference in average speed and carbon emissions at the 5% level for other cargo ships, but the
correlation coefficient is 0.054, indicating only a positive low-level correlation between the two;
there is a significant difference in average speed and carbon emissions at the 1% level for non-
transport ships, roll-on/roll-off ships, bulk carriers, container ships, tugs, and tankers, but the
correlation coefficients are 0.216, 0.204, 0.198, 0.159, 0.092, and 0.081, respectively, indicating
only a positive low-level correlation between the two.

4. Conclusion

As one of the fastest-developing coastal ports in China, Qingdao Port features multiple
terminals and specialized cargo-handling facilities, with shipping vital to regional economy.
Using a bottom-up power-based method, this study estimates total ship carbon emissions at
47705.62 tons in the study area. Oil tankers dominate (38.6%), followed by container ships,
passenger ships, and other cargo ships; tugboats and non-transport ships contribute less.
Mooring is the largest emission source, highlighting status-specific emission patterns.

Ship carbon emissions are jointly driven by temporal, spatial, and traffic flow factors.
Temporally, hourly emissions show a “low-high-low” pattern, peaking from 22:00 to 06:00 and
bottoming from 14:00 to 20:00. Spatially, high-emission grids cluster in port areas and main
fairways, including port entrances, fairways, terminals, and anchorages. In terms of traffic flow,
emissions show low positive correlations with average speed and high positive correlations
with ship density; average speed is weakly positively correlated with density and emissions.
Key mitigation measures include: optimizing berth allocation to reduce waiting and boiler
operation; installing shore power systems to cut mooring emissions; using big data and Al to
predict and optimize ship flow, reducing congestion during peak periods. The proposed method
yields comprehensive indicators of ship carbon emissions at various spatio-temporal scales,
clarifies traffic flow impacts on emissions, and provides scientific data support for port
environmental management policy-making.
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