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Abstract

Accurate carbon emission estimation across all operational stages of container terminals is
essential for advancing low-carbon development in the transportation sector and designing
effective emission reduction pathways. This study develops a two-layer carbon accounting
framework that integrates vessel berthing-waiting and terminal operations, tailored to the
operational characteristics of Shanghai Port container terminals. The Ship Traffic Emission
Assessment Model (STEAM) is applied to estimate emissions during berthing, while a
bottom-up method is employed for mobile-mode container handling operations. Targeted
mitigation strategies—such as shore power adoption, operational optimization, and “oil-to-
electricity” or “oil-to-gas” transitions—are evaluated through comparative analysis. Results
show that vessels generate substantial emissions during erthing, which can be significantly
reduced (by over 60%) through shore power usage. In terminal operations, internal trans-
port trucks have the highest emissions, followed by straddle carriers, container tractors,
and forklifts; in stacking, tire cranes dominate emissions. Comprehensive comparisons
indicate that “oil-to-electricity” can reduce total emissions by approximately 39%, while
“oil-to-gas” can achieve reductions of about 73%. These findings provide technical and
policy insights for supporting the green transformation of container terminals under the
national dual-carbon strategy.

Keywords: low-carbon; emission reduction route; bottom-up approach; container port

1. Introduction

As an important component of the comprehensive three-dimensional transportation
network, port hubs play a crucial role in promoting the economic development and ur-
banization of riverine and coastal areas. With the growth of cargo throughput year by
year, the problem of port carbon emissions have become increasingly significant, and the
greenhouse gases generated throughout ship berthing and terminal operations are now
a major factor constraining the green and low-carbon transition of ports. As one of the
important means to respond to the deepening of China’s dual-carbon strategy, accurate
carbon accounting from a low-carbon perspective can transform ports from traditional
“passive carbon accounting” to “active carbon reduction governance”, effectively driv-
ing the use of new carbon accounting technologies and carbon reduction methods, and
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maximizing environmental benefits. Thus, maximizing environmental benefits can be
achieved. Shanghai Port is located in the middle of China’s mainland coastline, the Yangtze
River delta front, located in the Yangtze River east-west transportation corridor and the
intersection of the coastal north-south transportation corridor, is China’s and even the
world’s important shipping and trade hub. From 2010 to 2024, Shanghai Port ranked first
in the world for container throughput for fifteen consecutive years, with its annual foreign
trade volume accounting for about 20% of China’s major coastal ports [1]. However, as the
cargo throughput continues to increase, port carbon emissions have become a significant
constraint on the green development transition of ports. During the production opera-
tions of container terminals, substantial greenhouse gas emissions often occur, primarily
reflected in the fuel consumption during vessel arrival and departure processes and the
energy consumption required by port operation machinery [2]. Shanghai Port currently
has 49 mainline and feeder container berths, with a combined shoreline length of 280 km,
and is mainly equipped with three major coastal port areas [3,4], as shown in Figure 1
below. Studies have shown that pollutants such as carbon dioxide, sulfur dioxide, and
nitrogen oxides emitted from terminal operating equipment and ship main and auxiliary
engine operations during ship berthing, de-berthing, and operations can have a significant
impact on the atmospheric environment [5], and at the same time pose a potential threat
to the health of residents living in the adjacent surrounding areas. To further respond
to the low-carbon development strategy, major ports around the world have proposed
corresponding measures, such as promoting the use of shore power, guiding ships to use
clean energy, optimizing trucking [6,7], etc. However, due to the operational complexity
and cargo specificity of each port, there are still many challenges to realize a macro and
universal carbon reduction strategy.

Currently, scholars both in China and abroad have conducted extensive research on
port carbon emission accounting, mainly using bottom-up, top-down, actual measurement,
and other calculation methods [8]. Among them, Liu et al. [9] systematically sorted out the
existing carbon emission measurement methods, summarized the three major measurement
systems, and pointed out that the bottom-up method is the most widely used due to its
refinement characteristics. Zhang et al. [10] used the bottom-up method to calculate the
shipside and shoreside emissions. Freitas et al. [11] calculated carbon emissions from
a number of EU ports and recommended a standardized approach to calculating the
carbon footprint of ports. Mou [12] et al. carried out activity-weighted estimation of
carbon emissions from US ships from 2019 to 2021 based on AIS data to explore emission
characteristics at geographical level.

At present, domestic research mainly focuses on the calculation of carbon emissions
in port areas [13,14] and explores the impact of different port operation strategies [15-17]
on carbon emissions. However, there are relatively few measured studies on specific con-
tainer terminals. There are studies on the calculation of carbon emissions in container
handling [18-20], but there are still deficiencies in the consideration of carbon emissions
in ship berthing and terminal operations. The potential driving factors of carbon emis-
sions [21] have been analyzed, and port smart technologies and the adoption of clean
energy equipment have been applied to improve port carbon emission efficiency [22], etc.
Qi et al. [23] proposed a multi-dimensional ship carbon emission feature extraction method.
Taking Tianjin Port as the research area, six characteristics of ship carbon emission were
obtained, which verified the feasibility of the method. To explore the impact of different
port operation strategies ad12,ad13,ad14 on carbon emissions, Yang et al. [24] established
an optimization model for investment decision of low-carbon transformation of automated
rail-mounted container gantry cranes. But there are relatively few practical studies on each
stage of container terminal operations, there are studies on carbon emission estimation of
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container loading and unloading links [18-20], but carbon emission consideration of ship
berthing and terminal operation links is still insufficient. In addition, some scholars have
proposed carbon reduction paths, but they are mainly aimed at macro-research on water-
way transportation [25-27]. Tai et al. [28] proposed an activity-based model to calculate
ship exhaust emissions. Zhou et al. [29] evaluated the carbon emission reduction effect of
port and ship electrification, ship speed optimization and clean fuel measures, but lacked
research on specific operation links of terminals, especially emissions of transportation ve-
hicles. In fact, the operation of container terminals will be accompanied by a large number
of greenhouse gas emissions, mainly from the fuel consumption of ships in the process of
berthing and unberthing and the energy consumption of terminal production machinery.
Carbon emissions during ship berthing and departure are important components that
cannot be ignored when calculating carbon emissions from port operations. Shanghai
Port is speeding up the use of coastal electricity in various ways to form full coverage of
coastal electricity and 100% green electricity. Therefore, combining with the actual situation
of Shanghai Port container terminal, this paper accurately calculates and evaluates the
carbon emission pollution of ship berthing period and terminal operation equipment, and
formulates scientific carbon reduction path, which has important practical significance
for responding to the national “double carbon” strategy and ensuring the resilience and
sustainability in the process of low carbon development.
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Figure 1. Location Distribution Map of Container Terminals in the Three Major Port Areas of
Shanghai Port.
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2. Accounting and Analysis of Carbon Emissions from Shanghai Port
Container Terminal

2.1. Carbon Emission Accounting for Shanghai Port Container Terminals

In this work, we establish a Ship Traffic Emission Assessment Model (STEAM) based
model to calculates carbon emissions during ship berthing operations at the terminal based
on the STEAM. At the same time, it uses a bottom-up carbon emission measurement method
and a mobile mode-based carbon emission calculation method for container loading and
unloading processes. The overall framework is shown in Figure 2.
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Figure 2. Container carbon bi-level estimation framework.

2.1.1. Carbon Emissions from Ships Based on the STEAM Accounting

STEAM (Ship Traffic Emission Assessment Model, STEAM), which is a ship traffic
emission assessment model [30], can effectively account for the carbon emissions during
ship berthing operations. Taking the above harbor as an example, the accounting of carbon
emission from ships is shown in the following Equations (1)—(3). If the ships use shore
power, the carbon emission is shown in Equation (4). Assuming that the shore power
used in Shanghai Port comes from green energy, since Shanghai Port is accelerating the
utilization of shore power through various ways to form full coverage of shore power and
100% green power consumption, at present, Yangshan Deepwater Port Phase IV and other
terminals have been fully electrified and rated as green ports. Based on this, the emission
factor of green power is approximately treated as zero, and no additional carbon emission
calculation is made for shore power.

E, = Zpij X LF;j x Tj x EF; x LLA 1)
1

Ep =Py x Tj x EF, X LLA ()

Eship = Eg +Eyp 3)

Es = Pyj X LE,j x T; X EF, X LLA (4)

where Eg represents the diesel carbon emissions from the ship’s main engine and auxiliary
engines under different working conditions during berthing; i represents the ship’s engine
type (including main engine and auxiliary engines); j is different working conditions; Pj;
represents the rated power of the ship’s main engine and auxiliary engines; LF;; repre-
sents the load coefficients of the ship’s main engine and auxiliary engines under different
working conditions; Tj represents the ship’s activity time in the port under different work-
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ing conditions; EF; represents the ship’s engine carbon emission coefficients; LLA is the
correction coefficient; Eb represents the boiler carbon emission; Py, represents the boiler
power; EF, represents the boiler emission coefficient; Es is the ship engine emission when
using shore power; m represents the main engine. The calculation of carbon emission here
considers the main engine because it wants to consider the whole process of ship berthing
and berthing during dock operation and dock operation after berthing. The berthing and
berthing process requires the main engine to work, which will generate carbon emission;
the same as Equation (1). In Equation (4), The values Py, LFyj and EFp, in Equation (4) are
the same as those in Equation (1), and they are, respectively, the values under shore power.
It should be noted that when a single ship uses shore power, the main engine and auxiliary
engine of the ship do not work, and the value is 0. Shore power is used only after the ship
is berthed, and ships that need to dock in the port switch off their own auxiliary generators
and use clean energy provided by the port. Carbon emissions are generated by the main
and auxiliary engines during cruise, maneuvering and port movements. But in practice,
ships ready to use shore power usually reduce the load or operating time of their auxiliary
engines before docking, so as to be able to switch more quickly once connected. Therefore,
our emission estimates include the potential impact of coastal power readiness on these
phases.

EF,iy = ;sg X o X EFg + Y Sng X B, X EFpgm (5)
m

Emis =EX EFmix (6)

Epis = E [sg X (2 g X Eng> + (1—Sg) x <Z Bm X Eanm)] (7)
k m

For carbon emissions generated by shore power use in Shanghai Port, it is divided
into green energy and non-green energy shore power, EF,;, represents the mixed weighted
emission factor in Equation (5). Eps represents the total consumption of hybrid shore
power in Equations (6) and (7), stands for shore power consumption in Equation (6), Sg
indicating the proportion of green energy, Spg indicating the proportion of non-green energy
(Sg + Sng = 1). There are many sources of shore power, such as photovoltaic, wind power,
fossil fuels, etc., EFgy indicating the emission factor of the ith green energy, « indicating
the proportion of shore power generated by the kth green energy mode,) o = 1; EFngm

k

indicating the emission factor of the mth non-green energy, 3, indicating the proportion of
shore power generated by the mth non-green energy mode, ) 3,,, = 1. Since it is assumed

that all port electricity comes from green energy, EFg is 0, Sgnils 1, Emis is 0 in Equation (6),
EFg is 0 because the model is used for carbon emission calculation of Shanghai Port, and
at this stage, shore electricity utilization is being accelerated through various ways, green
electricity policy is implemented, distributed photovoltaic power stations are being built to
provide clean electricity for port operation, forming full coverage of shore electricity and
100% green electricity. At present, Yangshan Deepwater Port Phase IV and other terminals
have been fully electrified and rated as green ports. Based on this, the emission factor
of green power is approximately treated as zero, and the carbon emissions generated by
subsequent shore power are not included in the calculation.

The total number of ships entering and leaving Shanghai harbor in 2023 is 2,472,000,
and their representative container ship attributes are shown in Table 1 [31,32]. Ship engine
gas emission parameters and emission gas correction coefficients under different fuel oils
are shown in Tables 2 and 3, respectively [33].
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Table 1. Berthing Data of Representative Container Vessels at Shanghai Port.

Ship Attributes Data (Unit)
Average Ship Length 400 m
Average Ship Width 60 m
Average Tonnage 200,000 t
Average Type 20,000 TEU
Main Engine Rated Power 77,000 kw
Auxiliary Engine Rated Power 3000 kw
Boiler Power Usage 1000 kw
Cruising 0.37/0.13
Main Engine/Auxiliary In and Out of Port 0.14/0.25
Engine Load Factor Maneuvering 0.01/0.5
Docking 0/0.17
Cruising 1.5h
T In and Out of Port 1h
Average Activity Time Maneuvering 06h
Docking 15.6 h
Table 2. Ship Engine Gas Emission Coefficients (kg/kWh).
Category SO,
Main Engine 0.012
Auxiliary Engine Boiler 0.012
Boiler 0.017
Table 3. Correction Coefficients for Different Diesel Emission Gases.
Fuel Type CO, SO,
Diesel 1 0.56
0.5% Light Diesel 1 0.18
0.2% Light Diesel 1 0.07

2.1.2. Carbon Emission Accounting for Container Terminals Based on Mobile Mode
Loading and Unloading Processes

Mobile mode loading and unloading technology refers to the cargo movement and
operation process plan formed by the port during the loading and unloading of contain-
ers or cargo, based on different combinations of loading and unloading equipment and
transportation vehicles. The mobile mode loading and unloading process can help to
improve the deployment and optimization of container resources in the terminal, thus
enhancing the efficiency of loading and unloading operations [34]. Therefore, based on the
actual operation scenario of Shanghai port in 2020, this paper proposes the carbon emission
accounting method of container loading and unloading process under the mobile mode,
and the carbon emission accounting formulas of each link of the loading and unloading
operation in the port are shown in Equations (8)—(10).

EMk = Nk X (Ck+ Vk X Lk) X EFM (8)
EEk =Nk x e X EFg (9)
En=XTh x By (10)

where Ej i represents the carbon dioxide emissions per unit container movement for diesel—
powered container terminal equipment; k is the in—port equipment of container terminals,
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including straddle carriers, gantry trucks, container forklifts, container tractors, and reach
stackers, etc.; Ny represents the number of times equipment k completes a unit container
move; Cy represents the fixed diesel consumption per unit operation for equipment k; Vi
represents the variable diesel consumption per unit distance for equipment k; Ly represents
the distance equipment k moves per standard container operation; ey represents the power
consumption per unit operation for equipment k; Eg represents the power—based carbon
dioxide emissions per unit container movement for container terminal equipment; Epy
represents the diesel carbon dioxide emission factor; Erg represents the grid carbon dioxide
emission factor; n represents the port production stages, including loading and unloading
at container terminals (cranes), horizontal transport (gantry trucks), and yard operations
(rubber—tyred gantry cranes); Tn represents the average annual operation volume of repre-
sentative equipment in each stage (data not available). By using the “Bottom—Up” carbon
emission estimation method, data on energy consumption per unit, movement distance
per unit, and operation times per unit of different handling equipment at Shanghai Port’s
container terminal are obtained and categorized by driving energy as shown in Tables 4
and 5 [35]. Table 4 classifies commonly—used container terminal equipment by function,
dissects the loading and unloading operation stages, and lays a foundation for subsequent
carbon emission calculations that account for individual equipment characteristics.

Table 4. Container Terminal Handling Equipment Inventory.

Function Equipment Name

Gantry Crane
Barge Crane
Container Transporter
Container Truck
Container Forklift
Container tractors
Reach Stacker
Stacking Rail Mounted Gantry Crane
Automatic Stacking

Lifting

Horizontal Transport

Table 5. Unit Movement Values for In-Port Operational Equipment at Shanghai Port Container

Terminals.
: Operation
Number ?f Unit Unit Unit Distance
Container . . .
. . . Fixed Variable per Unit
Drive Equipment Displacements .
C leted Energy Energy Container
omplete . . .
. Consumption Consumption Displacement
(Times/TEU) R
(km/Times)
Container Transporter 0.65 0.80 L 3.50 L/km 0.25
diesel oil Container Truck 0.86 1.10L 1.80 L/km 1.2
leselol Container Forklift 0.04 / 4.00 L/km 0.65
Container tractor 0.06 / 420 L/km 2
Gantry Crane 0.48 6.00 kwh / /
clectric power Barge Crane 0.29 4.00 kwh / /
p Tire Crane 1 5.00 kwh / /
Automatic Stacking Crane 1 5.00 kwh / /

In addition, according to the data query released by the United Nations Intergov-
ernmental Panel on Climate Change (IPCC) and the National Power Corporation in 2022,
the CO, emission factors for diesel and electric power drive are 2.67 kg/L for diesel and
0.5617 kg/kwh for electric power drive, respectively. From the above, the CO, emissions
per unit of operation of each type of equipment in the production activities of Shanghai Port
Container Terminal (SPCT) can be obtained through Equations (8) and (9), and the CO, gas
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emissions of the loading and unloading link (bridge crane), the horizontal transportation
link (container trucks), and the yard operation link (tire cranes) of the SPCT in a year can
be obtained further through Equation (10). In summary, the “bottom-up” approach breaks
down carbon emissions into a number of components, which are then counted according
to the characteristics of their respective production activities, and finally summed up to
obtain the overall carbon emissions. Comparison of the emissions of each segment of
Shanghai Port Container Terminal can be analyzed according to the carbon dioxide emis-
sion intensity of each segment. In this paper, carbon dioxide emission intensity is defined
as the carbon dioxide emission generated by completing a unit of port throughput in a
year (unit: kg/TEU), and the carbon dioxide emission intensity is shown in the following
Equation (11).

— En
T
where I, represents the CO, emission intensity of different operational segments; Ej

I (11)

represents the CO, emission of different segments in one year; T represents the annual
throughput of Shanghai Port.

This section describes the calculation methods and formulas needed to calculate the
carbon emission of Shanghai Port Container Terminal, lists the correlation coefficients and
corresponding values used, and analyzes the calculation results in detail in the next section.

2.2. Results and Discussion
2.2.1. Carbon Emissions from Container Ship Port Call Operations Analysis of Accounting
Results

The following is a comparison between the use of shore power and the use of shore
power in the process of arriving ships at the port. Through Equations (1)-(3) and based on
the data in Tables 1-3, the emissions from each segment of ship arrivals in Shanghai harbor
can be calculated, and the results are shown in Table 6.

Table 6. Carbon dioxide emissions of each link of ships arriving at Shanghai port.

CO; Emissions

Shore Power Usage Activity Stage (kg) Percentage (%)
Cruising 31,042.55 49.93
In and Out of Port 8844.99 14.23
No Shore Power Usage "y 1. heuvering 1722.61 2.77
Docking 20,565.95 33.07
Cruising 29,188.00 78.72
Shore Power Usage In and Out of Port 7362.74 19.86
& Maneuvering 525.91 1.42
Docking 0.00 0.00

The emission ratio of each link under the two energy use cases (the ratio of carbon
dioxide emissions to total energy use) is shown in Table 6, the mooring condition without
the use of shore power has the highest percentage of CO, emissions because the activity
time of the mooring condition is much longer than that of the rest of the conditions, and
the mooring segment needs to rely on auxiliary engines and boilers to generate electricity.
Consequently, berthing without shore power produces the highest emissions. If the ship is
connected to shore power, the shore power system replaces the auxiliary engine and boiler
to supply power for the berthing of the ship. However, the whole process of berthing and
deberthing of the ship and berthing operation after berthing is carried out step by step,
and the main engine still participates in the work. Therefore, the energy consumption of
the ship at berthing can be ignored. The emission depends on the energy consumption
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of the main engine. When the ship cruises within the port water area, the ship does not
start to decelerate. The ship speed under this state is far greater than that of the ship in
the inbound and outbound and maneuvering links. Therefore, when the ship is cruising,
the main engine load factor is high, the actual power is high, and the main engine energy
consumption of the ship is high. Therefore, the ship has the highest carbon emissions in
this link.

2.2.2. Carbon Emissions from Container Terminal In-Port Operations Analysis of
Accounting Results

Through Equations (8) and (9), based on the data in Table 5, the carbon emission
results per unit of operation of the container terminal, i.e., under the operation of different
equipment, can be calculated as shown in Table 7 below.

Table 7. CO, Emissions per Unit Standard Container Movement by In-Port Equipment at Container

Terminals.

Stage Equipment CO; Unit Emission (kg/TEU)

e Gantry Crane 1.62

Lifting Barge Crane 0.65

Stackin Tire Crane 2.81

& Automatic Stacking Crane 2.81

Straddle carriers 291

. Container Truck (Horizontal Transport) 7.49

Horizontal Transport Container Forklift 0.28

Container tractor 1.35

As can be seen from Table 7, in the horizontal transportation link, the emissions
from container movement operations per unit of different equipment, in descending order,
are: in-port container trucks (hereinafter referred to as container trucks), straddle carriers,
container tractors and forklifts. In-port container trucks have the highest CO, emissions
per unit of operation. And in the stacking segment, the emission intensities of different
equipment unit container operations are, in descending order: tire cranes, automatic stacker
cranes and barge cranes. The carbon dioxide emission intensity of each operation link of
Shanghai Port Container Terminal can be calculated through Equations (10) and (11), as
shown in Figure 3.

This section provides an analysis of CO, emissions from container ship port call
operations and in-port terminal operations at Shanghai Port. The results show that the
highest emissions during ship port calls occur when ships are docking without shore
power, as auxiliary engines and boilers are used for power generation. Using shore power
eliminates these emissions during docking. The cruising phase produces the highest
emissions due to high main engine load and energy consumption.

For in-port terminal operations, container trucks exhibit the highest CO, emissions per
unit of operation, followed by straddle carriers and container tractors. In the stacking phase,
tire cranes contribute the most to emissions. The horizontal transport phase, particularly
involving container trucks, has the highest carbon emission intensity across all terminal
operations. These findings highlight key areas where emission reductions can be made,
particularly through the adoption of shore power and the optimization of equipment used
in terminal operations
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CO2 Emission Intensity for Each Stage at Shanghai
Port Container Terminal (Unit: KG/TEU)

W Lifting
B Horizontal Transport
B Stacking

Figure 3. CO, Emission Intensity for Each Stage at Shanghai Port Container Terminal (Unit: KG/TEU).
It can be seen that among the three links of lifting and loading (bridge crane), horizontal transportation
(container trucks) and yard operation (tire cranes), the highest carbon emission intensity of container
terminals is in the horizontal transportation link based on the mode of container trucks, i.e., the link
of the activity of transporting to the yards after completing the loading and unloading from the front
of the terminals.

3. Shanghai Port Container Terminal Emission Reduction Path Study

3.1. Study on Emission Reduction Countermeasures for Container Ship Port Calling Process
Considering Ship Shore Power Usage

According to the analysis in Section 2.2.1, when ships call at port to use auxiliary
engines and boilers for power generation and supply, the carbon emissions in the berthing
segment are the highest, so reducing the energy consumption of diesel auxiliary engines is
the main means to reduce the emissions from berthing conditions. The implementation of
the shore power policy has led to the development and use of shore power systems, and the
use of shore power can partially replace the energy use of diesel engines in ship berthing
and realize emission reduction. According to the STEAM in Section 2.1, the total emissions
of main engine, auxiliary engine and boiler of container ships at Shanghai Port can be
obtained by using Equations (1)—(3), which is the ship’s emission without shore power.
Emissions under shore power, where only the main engine is used for power supply, are
calculated using Equation (4). Figure 4 shows the comparison of emission results between
the two cases.

Comparison of Ship Emissions with and without
Shore Power Usage in One Day (kg)

Shore Power Usage

No Shore Power Usage -

0 10,000 20,000 30,000 40,000 50,000 60,000 70,000

H Cruising M In and Out of Port Maneuvering  ® Docking

Figure 4. Comparison of Ship Emissions with and without Shore Power Usage in One Day (kg).

Comparison of the data of the two schemes in Figure 4 shows that, when the container
ships in Shanghai port call at port to use shore power, the carbon emissions are greatly
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reduced, the proportion of the reduction is more than 60%, the use of shore power on the
container ships in Shanghai port emission reduction effect is significant. Therefore, encour-
agement or incentive strategies can be taken to further improve the use of shore power
in Shanghai port container ships. However, influenced by the unsound standardization
system of shore power use, the lack of leading policies and the high cost of shore power,
the average value of shore power use rate of domestic cargo ships is less than 20%, which is
a big gap with the target. Up to now, the proportion of emissions from ships at berthing in
Shanghai harbor is still high. Based on the current policy and the emission characteristics
of berthing conditions in Shanghai port, the following recommendations can be made:

1.  Port management and power-related departments can further optimize the power
supply and power system between ports and ships, improve the degree of their
matching, and enhance the technical level of the shore power system.

2. Government departments can increase financial support and improve tariff preferen-
tial policies to control the cost of shore power not to be higher than the cost of fuel
power generation.

3. Port authorities may provide subsidies to shipping companies that use shore power
during port calls. Maritime and related management departments can give priority
to the passage of ships using shore power, and give priority to berths for ships with
power receiving facilities, so as to enhance the enthusiasm of ships using shore power
in ports and harbors.

Through the above initiatives, the utilization rate of shore power on board ships can be
further enhanced and the energy consumption of fuel engines at berthing can be reduced.

3.2. Emission Reduction Path of Shanghai Port Container Terminal’s In-Harbor Operations
3.2.1. Container Terminal Handling Side Optimization

Based on the calculations in Equations (8) and (9), it is possible to compare the emis-
sions per unit of container movement operation for different equipment in the horizontal
transportation chain, as shown in Figure 5.

Carbon Emissions per Unit Movement of Horizontal
Transport Equipment (kg/TEU)

8, 7.49
7
6
5
a4
2.91

3
2 1.35
1 0.28
0 I

Straddle carriers Container Truck Container Forklift Container tractor

Figure 5. Carbon Emissions per Unit Movement of Horizontal Transport Equipment (kg/TEU).

As can be seen from Figure 5, among the main horizontal transportation equipment
in Shanghai Port Container Terminal, the emission per unit of mobile work volume of the
collector truck is the largest; therefore, Shanghai Port Container Terminal should appropri-
ately reduce the utilization rate of container trucks in the transportation link, improve the
utilization rate of high-efficiency and low-carbon transportation equipment, and replace
the traditional container trucks for container horizontal transportation operations with
“straddle trucks, tractor-trailers, and automatic stacker cranes”. Replacing traditional trucks
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for horizontal container transportation, so as to optimize the traditional non-automatic
loading and unloading scheme of container terminals.

3.2.2. “Oil-to-Gas” Conversion of In-Port Transportation Equipment

According to the analysis of Section 2.2.2, it can be seen that the highest carbon
emission in the in-port operation of Shanghai Port Container Terminal is the horizontal
transportation link, which has the highest carbon dioxide emission intensity, and the carbon
dioxide is mainly generated from the energy consumption of diesel, so the emission reduc-
tion effect of the horizontal transportation equipment in Shanghai Port can be analyzed
from the energy point of view. The CO, emission coefficient of natural gas is 0.181 kg/kWh.
Combined with the coefficients given in the previous section, the diesel and natural gas
emissions of the horizontal transportation equipment can be calculated for a certain amount
of operation, and the results are shown in Figure 6.

CO2 Emissions per Unit of Horizontal Transport
Equipment for Different Energy Sources (kg/TEU)
7 a 6.42

2.49
1.7
i 1.15
1 066 2 0.3
1 0.24 906 .
0 ! — =

Straddle carriers Container Truck Container Forklift Container tractor

o]

N W D,

M Diesel oil W Natural gas

Figure 6. CO, Emissions per Unit of Horizontal Transport Equipment for Different Energy Sources
(kg/TEU).

As can be seen in Figure 6, the use of natural gas for power generation by horizontal
transportation equipment can reduce carbon dioxide emissions by about 73% compared
with diesel power generation for the same amount of containerized TEU movement. There-
fore, in order to realize the emission reduction of equipment, can adopt the “oil to gas”
strategy, can be rubber tire container gantry crane, traditional diesel in-port container trucks
and other equipment, fossil fuels to hydrogen fuel, natural gas, oil and other low-carbon
clean energy, or to solar energy, wind power and other renewable energy does not cause
carbon oxides, sulfur oxides emissions, so as to improve the energy utilization rate of
power generation, reduce the work unit of the port equipment to reduce carbon dioxide
emissions. Thus improving the energy utilization rate of power generation, reducing the
energy consumption of port equipment, reducing the intensity of carbon dioxide, sulfur
dioxide and other greenhouse gas emissions.

3.2.3. “Oil-to-Electricity” Conversion of In-Port Transportation Equipment

According to the latest regulations issued by Shanghai Electric Power Company and
Shanghai Bureau of Ecology and Environment in 2022, the emission factor of Shanghai’s
power grid has been adjusted from 0.788 kg/kwh issued in 2020 to 0.42 kg/kwh. Bene-
fiting from the significant increase in the proportion of new energy power, the electricity
consumption of the production and operation equipment of the container terminals in
Shanghai port has been increasing year by year, and the utilization rate of power-driven
horizontal transportation equipment has been continuously rising. From Equations (8) and
(9), we calculate and compare the difference in the emissions of horizontal transportation
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equipment in Shanghai Port container terminal when power-driven is used instead of
diesel-driven, as shown in Figure 7.

CO2 Emissions from Horizontal Transport Equipment
for Different Energy Sources during Power Generation or

Supply(kg/TEU)
7a 6.42
6
2 3.93
4
3 2.49
1.53
2 1.15
1 0.24 0-71
. 0.15
5 — e
Straddle carriers Container Truck Container Forklift Container tractor
M Diesel oil M Electric power

Figure 7. CO, Emissions from Horizontal Transport Equipment for Different Energy Sources during
Power Generation or Supply.

As can be seen from Figure 7, in the case of completing the same amount of con-
tainer TEU mobile operations, the carbon dioxide emissions of electric-powered horizontal
transportation equipment are significantly smaller than those of diesel-powered electricity
generation, and the use of power supply for horizontal transportation equipment can
reduce carbon dioxide emissions by about 39% compared with diesel-powered electricity
generation. To reduce emissions from equipment, an “oil-to-electricity” strategy can be
implemented by replacing traditional internal combustion machinery, such as diesel gantry
cranes and container trucks with pure electric gantry cranes, electric trucks, and automated
trolleys, etc., so as to reduce the use of diesel as a representative of the fossil fuel emissions
from diesel-based fossil fuel power generation.

4. Discussion

This study introduces a two-layer accounting framework spanning ship berthing /waiting
and terminal operations, enabling like-for-like assessment of multiple decarbonization
pathways within a unified operational boundary. The analysis shows that the use of shore
power reduces berthing emissions by about 60%; within terminal operations, container
trucks are the dominant source of emissions, while tire cranes contribute most in stacking.
Under a common baseline, transitions from diesel to electricity and to natural gas yield
total-emissions reductions of about 39% and about 73%, respectively. These magnitudes
are consistent with reports for other ports and regions, supporting the robustness of the
framework and its ability to provide decision-relevant signals without cross-study scope
inconsistencies.

Notwithstanding these strengths, the current formulation focuses on typical oper-
ational phases and does not fully capture latent emissions arising from discontinuous
activities such as storage, queuing, and transfer. In addition, the treatment of electricity
should be refined to distinguish renewable versus conventional shore-power inputs and to
assign the corresponding emission factors. Explicit accounting for energy use and emissions
associated with substituted electricity (e.g., grid supply displacing onboard generation)
would further enhance accuracy and applicability. These extensions will improve the
framework’s precision and generalizability, enabling more comprehensive cross-regional
benchmarking and deeper insights for green-port transformation.
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5. Conclusions

The proposed methodology, framed within a unified operational boundary, offers a
quantitative assessment of various decarbonization measures. Specifically, it demonstrates
that shore power can reduce berthing emissions by approximately 60%, while transitioning
from oil to electricity and oil to gas can achieve total emissions reductions of about 39% and
73%, respectively. These findings provide a robust basis for prioritizing decarbonization
strategies in the green-port transformation process. However, it is important to recognize
that ship decarbonization is a complex, long-term endeavor, influenced by factors such as
costs, equipment renewal cycles, and infrastructure limitations. Future research will aim
to broaden the scope of the model by addressing discontinuous activities, incorporating
source-resolved accounting for shore power with accurate emission factors, and conduct-
ing systematic cross-regional comparisons to further refine the model’s applicability and
generalizability across different operational contexts.
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