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Abstract: To achieve environmental sustainability on ships, stakeholders should make efforts to
reduce emissions. Port authorities are crucial to attain this goal by introducing new policies. This
study takes the Port of Long Beach as an example to assess port-wide ship emissions and explain the
significance of shore power policy. Additionally, the study considers the impact of disruptions, such
as the COVID pandemic, on ship emissions. The analysis compares data from three years before and
after the pandemic to examine the relationship between ship waiting times, quantities, and emissions.
The findings indicate that the majority of port-wide ship emissions are generated by berthing or
anchoring vessels, from ship auxiliary engines and boilers. Furthermore, ship congestion due to
reduced port productivity during the pandemic significantly increased emissions from berthing and
anchoring vessels, with the emission proportion increasing from 68% to 86%. Adopting the shore
power policy has effectively reduced ship emissions in port areas, and increasing the number of ships
utilising shore power will be instrumental in tackling excessive ship emissions.

Keywords: shore power policy; COVID pandemic; ship emission; Automatic Identification System
(AIS); bottom-up

1. Introduction

With the evolution of worldwide economic development, international and inter-
regional commerce have become more prevalent [1]. In particular, due to the excellent
efficiency of maritime transport, this has become the primary carriage mode for inter-
national trade [2,3]. However, while developing the shipping industry has facilitated
international trade, it has also brought environmental issues. International shipping and
port activities are a contributor to problems such as emissions from ships and sea level
rise [4,5]. Ship exhaust is already a significant source of air pollution [6].

To achieve environmental sustainability in the shipping industry and reduce ship
emissions, several ports have implemented technological advancements such as electrifica-
tion and hybridisation of cargo-handling equipment [7,8]. Additionally, some ports have
adopted innovative port-management strategies to optimise vessel operations and schedul-
ing, further reducing emissions [9,10]. In addition, some ports have recently adopted
multiple strategies to minimise ship emissions in the port region, such as shore power, sub-
sidising emission reduction technologies, and fines for high emissions [11,12]. For example,
the California Air Resources Board implemented new regulations on using shore power in
ports on 1 January 2014. These regulations require all vessels calling at California ports,
including Los Angeles, Long Beach, San Diego, Oakland, San Francisco, and Hueneme, to
comply with the restrictions. The policy requires ships calling at the above ports to utilise
shore power at berth to limit ship emissions. Ships can no longer use the ship’s auxiliary
engines for lighting, communication, and cooling.

New policies and technological advances are crucial in reducing ships” emissions.
However, the outbreak of COVID-19 has brought significant disruptions to the maritime
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industry. Since early 2020, COVID-19 has swept the globe, affecting a wide range of sectors
and people’s daily lives [13]. Concurrently, several ports have taken strict isolation and
quarantine policies to limit ship traffic activities to control the COVID pandemic [14].
Furthermore, the spread of the COVID pandemic impacted worldwide maritime shipping
and human activities in the waters significantly. Existing studies show that modifications
to port operations and rules have affected several maritime business sectors, including
tankers, fishing, passenger ships, and cruise ships [15].

Before the last decade, the approach to calculating ship emissions was mainly a top-
down approach [16]. Calculations were made using the ship’s total fuel consumption. In
more recent years, with global positioning technology developing, and the mandatory use
of the Automatic Identification System (AIS), various studies have investigated ship emis-
sions based on bottom-up approaches [17,18]. However, there has been limited research on
the impact of the COVID pandemic spread on ship emissions, even though several studies
dealing with the calculation of ship emissions have lately been conducted.

The Port of Long Beach (POLB), one of the busiest ports globally, has many ships
arriving to operate at the port daily. However, like many other ports, it has been affected
by the COVID-19 pandemic, which has had a significant impact on vessel operations. As
a result, efforts to promote environmental sustainability in shipping may be affected as
well. Therefore, we were inspired to use the POLB as an example to calculate the impact of
this pandemic on port-wide emissions and analyse the significance of the realisation of the
shore power policy.

Ships” emissions affect the marine ecosystem and offshore environment. Several
factors will affect ship emissions, such as international trade demand, port operations, and
ship operating patterns. Some studies have concentrated on quantifying ship emissions
to identify how to lessen their environmental impact precisely. Nevertheless, against
the background of the COVID pandemic outbreak, existing studies analysing shipping
emissions worldwide have not reflected the influence of this pandemic and port policy’s
effectiveness. Furthermore, research is yet to be conducted to analyse the significance of
launching the shore power policy. In response to filling these gaps, this study makes the
following contributions:

(1) We establish a high-precision estimation method for missing ship data to improve the
existing ””bottom-up” approach for calculating ship emissions.

(2) We detail the emissions based on different ship types and ship engines in the POLB
region before and after the COVID pandemic.

(3) As the Port of Long Beach has adopted new shore power policies, the calculations
should be revised in line with the policies. Through the results, we discuss the
significance of the shore power policy.

The remainder of this paper is organised as follows: Section 2 summarises the methods
for calculating ship emissions and the existing research. Section 3 presents the data-
processing and calculation methods of this paper. Section 4 analyses the experimental
results and implements data visualisation. Section 5 provides the conclusion.

2. Related Work

Ship emissions can be calculated using top-down and bottom-up approaches. These
techniques have been widely used in studies on ship emissions. This section briefly reviews
recent research related to two aspects: the calculation of ship emissions, and the relationship
between the COVID pandemic and ship emissions.

2.1. Calculation Method of Ship Emissions

For mitigating emissions from ships, it is vital to calculate them accurately. The
calculation method of ship emissions can be divided into top-down and bottom-up ap-
proaches [19,20]. The former calculates shipping emissions on the basis of fuel consumption,
whereas the latter employs information on each ship’s engine and distance sailed [21].
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About a decade ago, the top-down technique was dominant, since counting data for
each ship was impossible. Kesgin and Vardar [22] used the top-down method to quantify
emissions from commercial and passenger ships in the Turkish Strait waters. This method
was also utilised by Brioude et al. [23] to assess and anticipate vessel emissions in the
Houston area. In 1991, the EPA (US Environmental Protection Agency) conducted statistics
and studies on vessel data, such as vessel engine power and emission parameters, and
listed vessel activity data for port and fishing vessels in various sailing modes to refine the
predicted outcome. In addition, emission estimates have been derived using ship-specific
data, such as vessel type, engine power, and operating status. However, they discovered
that collecting such vast data was complex and required substantial workforce investment
and time. Consequently, the top-down method was the predominant method of calculating
ship emissions at the time, even though it was impossible to identify the distribution of
ships with precision and, consequently, had a significant degree of error.

Nevertheless, with the advent of satellite communications and the acceleration of
the digital field, ship AIS equipment has become widespread in the shipping industry [3].
This device can provide vast information about a ship, such as a ship’s voyage and kind,
among other details. The regular reporting of AIS data has made up for the deficiencies
of the top-down method since the debut of AIS technology. Browning and Bailey [24]
suggested a bottom-up methodology based on vessel activity, increasing the precision of
ship emissions calculations. Jalkanen et al. [25] have calculated ship emissions over the
Baltic Sea using this method. To make the precise calculation, the operation pattern and
dynamic distribution of ships in this study are considered. This method was used by
Goldsworthy and Goldsworthy [26] to calculate ship emissions on Australian seas. Huang
et al. [27] utilised this method to calculate Ningbo-Zhoushan port-wide ship emissions,
and performed a geographical and temporal analysis. Chen et al. [28] computed emissions
from cruise ships on Danish seas and conducted a variability analysis using the approach.

2.2. Ship Emissions under the Pandemic

The global shipping industry has been affected by the COVID pandemic, which has
ramifications for ship emissions in port regions. Several analysts have examined the
influence of the COVID pandemic on ship emissions. Duran-Grados et al. [29] analysed
local shipping activities in the Strait of Gibraltar during the early phases of the pandemic.
They utilised a brand-new mathematical model that considered weather and sea conditions.
Their analysis yielded a 12% reduction in greenhouse gas emissions in the region, because
ship operations were mainly Ro-Pax vessels.

The COVID pandemic has altered the number of ships calling at numerous ports [30,31].
There is a decline in regional emissions for the port of Shanghai, whose principal activity
is container-handling [14]. They determined how the COVID pandemic might affect ship
emissions in the region. The number of ships and their berthing periods were evaluated. It
was deduced that, due to the severe preventative measures adopted, the number of ships
entering the port were reduced, and there was a consequent reduction in emissions.

The COVID pandemic affected the number of port-wide ships and their operations [32].
The study examined the COVID pandemic’s effects on maritime traffic and emissions, us-
ing the port of Barcelona and adjacent waterways as an example. Moreover, the COVID
pandemic considerably impacted people’s travel preferences; for instance, in Danish wa-
ters, fewer people chose cruise ships as a form of transportation following the pandemic,
resulting in lower emissions [28].

In recent years, many researchers have also looked for ways to decarbonise ports.
Using the Port of Ravenna as an example, Campisi et al. [33] propose a framework to
develop a multi-phase Smart Port Management Strategy (SPMS) through a Local Integrated
Partnership (LIP). This approach pioneers an innovative process for the sustainable and
secure management of ports. In addition to this, approaches to implementing sustainable
port development include the application of alternative fuels and the electronic transforma-
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tion of terminals, which have been shown to reduce pollutants by more than 70-80% in a
study conducted by Marinello et al. [34].

Although there are several research studies on the COVID pandemic’s influence on
ship emissions, none discusses the relationship between the number of COVID pandemic
infections and changes in ship emissions. Some ports have introduced shore power to limit
ship emissions. These studies are mentioned, but need to establish the policy’s effectiveness.

2.3. Literature Gap

Even though quite a lot of studies have focused on emissions in port regions, there are
still gaps. For example, estimations for completed AIS data ships are relatively accurate.
Additionally, for vessels without engine power and ship design speed, etc., these ship
emissions were approximated using an average estimation method, resulting in erroneous
results. Hence, this study recommends basing the estimation on ship-related variables,
such as ship size and ship type, which can significantly reduce the mistakes the average
estimation approach produces. Moreover, fluctuations in the frequency of a major disrup-
tive event, such as COVID pandemic infections, can affect port productivity. However,
this is rarely discussed in the literature. Research on the significance of port policies, such
as shore power, needs to be included. Hence, this study aims to illustrate the efficacy of
policies and fill in the gaps identified above.

3. Model and Methodology

In this section, our mathematical model is presented. There are seven primary steps.
We also provide a method for estimating missing data to accomplish a highly precise
estimate. Figure 1 illustrates the calculation flow.

Normal Value

Data processing
Data cleaning

Navigational Engine power Load factor Ship emission

Operating time Emission factor

status (In the database?) (Max speed?) result

u EW . u

istimate based on
size or design
speed

Figure 1. Flow chart for calculating ship emissions.

3.1. Data Processing

Using raw AIS data, we account for anomalous data resulting from issues with the
recording and reporting of some ships. The data must therefore be filtered and de-noised.
By analysing the recording time of a vessel’s AIS data, if the vessel’s AIS signal briefly
disappears from the experimental range and then returns within a short time, the ship is
judged to have been within the field. In contrast, the vessel is considered to have left the
designated range.

The emissions estimate depends on the distance travelled between consecutive posi-
tion updates by each vessel. The AIS reporting interval is typically between a few seconds
and one minute. As a result, significant deviation locations can be removed from the
route-planning process. Moreover, only some items of AIS data require calculation. As a
result, we determined that choosing 5 min as the average period would reduce the number
of measures, while maintaining accuracy. We utilised this method to remove irrelevant
data and conduct data cleansing. After an initial screening, and removing considerably
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misplaced duplicate reports, some missing AIS data were appropriately eliminated. We
utilised the data purification methodology of Goldsworthy and Goldsworthy [26] and Shi
and Weng [14] by comparing the shipping speed reported by AIS to the computed speed.
Thus, utterances with abnormally rapid speeds could be discovered and eliminated. The
implementation of filtering data is abstractly formulated as follows:

\/(xz —x1)*+ (2 =)
At

v; —dAt< v; < v; + aAt (2)

)

0; =

where x; and y1, respectively, denote the longitude and latitude of the ship entering the
measurement range. X, and y», respectively, denote the longitude and latitude of the
ship leaving the measurement range. At denotes the time difference between entry and
departure. v; represents the average speed between these two positions. d and a are
deceleration and acceleration, and specific values are used based on data from the research
of Xin et al. [35] and our experience analysis, which is 0.1 kn/min-0.9 kn/min.

After filtering the data, it is necessary to estimate the operating status and trajectory
of the vessel. The AIS recording times should be evaluated to determine the vessel’s
course. AIS data typically includes the points’ latitude, longitude, and speed. In particular,
longitudes and latitudes with significant variants must be excluded. In constructing the
vessel trajectory, we referred to one study from Zhang et al. [36] to analyse and eliminate
time- and position-related inaccurate data.

3.2. Navigational Status

Emissions might change based on the navigational status of a ship, as a result of
the many engines operated. Typically, the ship’s main engine (ME) creates propulsion
during cruising and manoeuvring, while the auxiliary engine (AE) ensures the ship’s power,
heating, cooking, etc. In turn, the boilers safeguard facilities such as fuel heat and cargo
heating. Typically, the main engine is turned off during times when the ship is moored
and anchored; however, the ship’s AE and boiler operations continue, in order to maintain
normal crew life and cargo security [26].

Before estimating emissions, it is necessary to identify and analyse the ship’s motion
status. The ”status” information in the AIS data can be utilised to examine the status of
most ships, and the National Automatic Identification System (NAIS) Code specifies the
state code. Moreover, the shipping status can be determined based on the distance between
neighbouring AIS reporting sites for each ship over the same period. For ships with missing
Status data, we used velocity to estimate the ship’s status, as shown in Table 1.

Table 1. Judging the operating mode of ships, based on their speed.

Speed <1 nm from Port <1 nm from Coast 1-5 nm from Coast <5 nm from Coast
<1 knot Berth Anchor Anchor Anchor

1-3 knots Anchor Anchor Anchor Anchor

3-5 knots Manoeuvring Manoeuvring Manoeuvring Cruising

>5 knots Manoeuvring Cruising Cruising Cruising

Moreover, it is essential to consider that some of the sailing statuses in the AIS report
may be inaccurate, because the crew must manually update the information when assessing
a ship’s operational condition. Therefore, the determination process requires a mix of the
operating conditions provided by the AIS data and the vessel’s speed. In addition, the
ship’s speed is modified by weather, waves, currents, etc. Consequently, we accept a margin
of error of 50%, as do others’ research [26].
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3.3. Ship Emission Estimation Model
3.3.1. Motion-Based Formulae for Calculating Ship Emissions

The top-down method, for instance, relies on ship fuel consumption and emission
variables for various fuel sources [22,37]. This method is determined by the amount of fuel
utilised. The disadvantage is that it cannot be evaluated using the ship’s real-time dynamic
data. The operational status of ships fluctuates over time, as do their emissions. Therefore,
calculations should be done for various navigational conditions. The main engine, auxiliary
engines, and boilers are utilised when the ship is at sea. However, internal combustion
engines are used differently at anchor and in port. In addition, the ship’s heading and
speed will vary, due to the meteorological conditions” impact, such as waves, wind speed,
wind direction, and other forces acting on the vessel.

The bottom-up method is a real-time, dynamic analysis of ship emissions. The opera-
tional state, load factor, fuel type, ship speed, and vessel position are considered to analyse
and estimate ship emissions at each time-point. Thus, this strategy is more precise than the
top-down approach. This study’s calculation is based on this methodology, which improves
upon the method presented by Jalkanen et al. [25] and Goldsworthy and Goldsworthy [26].
The analysis of ship emissions for different ships can be formulated as follows:

Eijka = By x LFj1 Ty x EFyjc/10° ®

where i represents the air pollution type; j represents the engine type; k represents the
fuel type; I represents the type of operating mode; E; ; ; ; denotes the quantity of pollutant
emissions of a particular type (i) of pollution generated by each ship, using a different type
(7) of the engine, by using a specific fuel (k), in a particular operation mode (I); P; denotes the
engine power (j) of the ship (main engine, auxiliary engine, boiler); LF;; indicates the load
factor of the ship by using different engine types (j) for different types of operating modes
(D); Tj ks indicates the operating time for a certain way of operation (I), with a particular fuel
(k), under a specific engine type (j); EF; jx indicates the emission factor of a substance (i)
emitted by a ship with a particular engine type (j) is used, and a specific fuel (k) is used.

3.3.2. Engine Power Calculation and Estimation

The first term in the formula is each ship’s engine power. It is crucial to account for
the engine’s power and operational condition during determining ship emissions. The
type of engine utilised by boats in varied operational circumstances varies. Consequently,
the emissions will also alter. The database provides access to the engine power of specific
ships. However, not all vessels are searchable. To get an accurate estimate of the ship’s ME
information, we integrated the estimation equations of Cepowski [38] and Huang et al. [39].
The ship’s ME power can be estimated by design speed and ship size, whose definitions
are given by:

2
MEP = {7 x 1077 x <—617.39 +9.158 x DWT%) +0.1737 x (—617.39 +9.158 x DWTO'6) + 321.58] xV (4

2
MEPT = {7 x 1077 x <—617.39 +9.158 x DWTO'é) +0.1737 x (—617.39 +9.158 x DWT0~6) + 321.58] xV (5

2
MEP¢ = (7 x 1077 x (—5412.3 +1003.1 x TEu0-3) +0.1737 x (—5412.3 +1003.1 x TEUO'3> + 321.58) xV (6)

MEP qrgo = 7.52 x 107° x (L x B)* 4 0.59(L x B) — 41.48 @)

MEPT =332 x 10* x (L x B)?> +0.27(L x B) 4 57.20 ®)
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where MEPT denotes the ME total power of a tanker (kW); MEP represents the ME total
power of a container (kW); MEPp indicates the ME total power of a bulk carrier (kW); and
V represents ship design speed (m/s). MEPug, represents the main engine power of a
cargo ship (kW); DWT is deadweight tonnage, indicating the capacity of a tanker, bulk
carrier, cargo ship, etc; TEU is twenty-foot equivalent unit, indicating the capacity of a
container ship; L indicates the length of a ship (m); B indicates the breadth of a ship (m).

Furthermore, for lacking information on ship size or design speed, the average engine
power of all ships of the same ship type within the POLB range is used as the ship’s engine
power. If the ship has no information on its kind, its engine power is determined by the
mean power of all vessels in the POLB with the same length and breadth. The size and
type of small vessels, such as fishing boats and tugboats, are generally similar. Hence, we
apply the IMO statistical averages to the lacking engine data for these vessels [40]. The
IMO average install power and design speed can also be used to calculate emissions for
ships without these data.

Based on the characteristics of AE power, it may be anticipated that there is a precise
ratio of ME to AE for various ship types [41]. Table 2 displays numerous ship classes” AE
power to ME power ratios. The average AE power ratio for ships of unknown ship type
was also determined. Based on the study by Yau et al. [42], this paper estimated boiler
emissions to account for 1.25% of overall emissions when calculating boiler emissions.

Table 2. AE-to-ME power ratio for different ship types.

Ship Type AE-to-ME Power Ratio
Bulker 22.2%
Container 22.0%
Passenger 27.8%
Tanker 21.1%
Miscellaneous 25.7%
Average 23.8%

3.3.3. Load Factors Estimation Based on Operating Modes

Ng et al. [43] and KneZevi¢ et al. [44] employed ratios under various navigational
conditions, such as 80% load for manoeuvring. LF may typically be computed by relating
the ship’s design speed to its actual sailing speed. To assure the accuracy of estimated
emission estimates, we calculate LF using the LF formula [41,45]. The calculation of the
load factor in this study can be given by:

LF = (AS/MS)? ©)

where LF indicates the load factor; AS represents the actual speed (knot); MS denotes the
maximum speed (knot).

To achieve accurate estimates, we take the commonly used average values for ships
with missing data for the calculation, shown in Table 3.

Table 3. Load factor for various ship types for different status.

Load Factor

Ship Type Berthing Anchoring Cruising Manoeuvring
Bulker 0.23 0.29 0.18 0.49
Container 0.19 0.26 0.14 0.50
Passenger 0.65 0.82 0.79 0.87
Tanker 0.70 0.29 0.14 0.47
Miscellaneous 0.22 0.29 0.17 0.47

Average 0.40 0.20 0.28 0.56
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3.3.4. Operating Time Statistics

Ship operating time is crucial because it is directly related to fuel consumption. Since
AIS data are updated every minute, we adopt the calculation in segments per minute for
ships in motion; thus, the operating time value in the calculation formula is 1/60 h. The
calculation ranges begin in the entering-statistical-region time, and end when the ship stops
or leaves the statistical area. For a ship at berth or anchor, the time required to change its
current state and the accompanying operation time is computed.

In addition, it is vital to consider the type of engine the ship utilises, based on its status,
while calculating the operating time. The result is obtained for a ship in motion by adding
the ME, AE, and boiler, but, for a ship at anchor, the result is obtained by adding just the
AE and boiler.

3.3.5. Emission Factors for Different Engine Types

Many external factors can influence emission factors, including engine type, fuel type,
and engine condition. When computing each ship’s emissions data, estimating the emission
factor for each type of emission based on the circumstances is required.

IMO has introduced the MARPOL Convention, in which Annex VI outlines various
ECA zones [46]. Numerous nations have established sulphur-restricted zones to control
sulphur emissions in the region. Californian waters lie inside the MARPOL Annex VI-
designated North American ECA area. Under a policy adopted in 2014 in California, USA,
the state additionally enforces its low-sulphur fuel requirements from the California Air
Resources Board Ocean Going Vessel fuel regulations, which demand a sulphur level of
less than 0.1% [47]. Due to regulatory requirements, MGO 0.1% sulphur is added to all
ships by default during calculating air pollution from the ship in the POLB. This study
estimates the actual emissions of each component separately, as the emission factors of
the various compounds produced by ship engine types vary. To calculate precisely, we
compiled the data from previous studies, which are displayed in Table 4 [48].

Table 4. Emission factors of ME, AE, and BO, by using MGO 0.1% sulphur.

Ensine Tvoe CO, NOy SOy PM Co
gme 1yp (g/kWh) (g/kWh) (g/kWh) (g/kWh) (g/kWh)
ME 658 13.54 0.41 0.19 0.54
AE 696 10.53 0.43 0.19 0.54
BO 962 2.0 0.57 0.10 0.20

4. Experiment and Analysis

The POLB has numerous ships operating in the area daily. This study uses the POLB
as an example to analyse the changes in ship emissions due to the pandemic and shore
power policy. Using the method described in Section 3, we estimate ship emissions and
construct data visualisation analysis for this domain using AIS data.

4.1. Description of the Study Area and Data Source

On the west coast of the United States, Long Beach, a city in Los Angeles County,
California, is home to the Long Beach Port. The relevant latitude and longitude ranges are
33°43/49" N to 33°46/'57" N, and 118°10'48"" W to 118°15'05"" W. According to the official
POLB map, Figure 2 illustrates piers and amenities. The Port of Long Beach is a leader in
innovative cargo transportation, security, environmental stewardship, and sustainability,
and is one of the United States” most vital ports for trans-Pacific trade. In addition, the
POLB is a large container port in the US, processing $170 billion in annual trade and sup-
porting more than 175 ship lines with connections to more than 220 seaports globally [49].
According to the POLB authorities” data report, the POLB’s annual container throughput
has risen during the last three years, from 7,632,032 TEUs in 2019 to 9,384,368 TEUs in
2021 [50], a year-on-year growth of 22.96%.
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Figure 2. Port of Long Beach Structure Map.

Since 2014, the Port of Long Beach has introduced a shore power policy. As seen in
Table 5, the proportion of shore power is growing over time [51]. In conclusion, a final
multiplier of 30% should be applied to the figure for 2019 emissions. A figure of 20% should
be multiplied by the result for 2020 results to calculate ship emissions more precisely.

Table 5. California port shore power regulation for different years.

Shore Power Regulation

Year (% of Fleet’s Visits to Each California Port)
2014-2016 50%
2017-2019 70%
2020+ 80%

The National Oceanic and Atmospheric Administration’s Office of Coastal Manage-
ment and Bureau of Ocean Energy Management provide the AIS data for this paper, with
the distinction between vessel types based on the NAIS definition. The system enables
information storage, processing, etc., through the land-, marine-, and space-based AIS radio
frequency infrastructure to receive and transmit data from AlIS-equipped vessels operating
on the U.S. coast, interior waterways, and ports.

Furthermore, this study also refers to the AIS User Manual in determining the infor-
mation corresponding to each AIS code. For ships identified by the IMO code in the AIS
information, the detailed information of these ships, such as design speed, length, width,
and engine power, can be downloaded from Lloyd’s database, the ABS ship database, and
the Marine Traffic system. For ships not available from the above queries, the methods of
estimation in Section 3 using known information about the ships are adopted.

4.2. Emissions from Ship Quantity and Different Types

The spread of COVID-19 in early 2020 had a devastating impact on all industries.
Capacity decreases as the number of workers reduces across all industries. The reduction in
cargo volume has also led to a decrease in the number of vessels arriving in port. Analysing
AIS data (Figure 3) illustrates the quantity of ship arrivals in the POLB. The number of
incoming ships was around 2100 in 2019, and 1850 in 2020, which was only 88% of the
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number in 2019. In 2021, the number of ship arrivals has improved slightly, but has still not
fully recovered to pre-COVID pandemic conditions.

2500
[==]
S
S 2000
B
£ 1500
£ 2019
& 2020
< 1000 2021
(-]
&
E=}
£ 500
> I

Bulk Containership Cruise Tanker Others Total

Figure 3. Quantity of different ship types arriving at the POLB.

As can be seen from the figure, the most significant decline in the cruise industry is
likely to be caused by the fact that people have reduced travel plans due to the COVID
pandemic. The number of tankers decreased from approximately 410 in 2019 to less than
370 in 2020. The dip in tanker numbers can be related to a decline in people’s travel due to
the COVID pandemic, which has induced a decrease in demand for fuel. In addition, the
COVID pandemic has reduced capacity in the oil industry, reducing tanker demand.

The characteristics of ship emissions are analysed in terms of ship type. In this paper,
ship types are divided into five main categories: bulk, container, cruise, tanker, and others.
Figure 4 depicts CO,, NOx, SOx, CO, PM2.5, and PM10 emissions from different types
of ships at the POLB from 2019 to 2021. According to the calculation, the 2020 emissions
are lower than the 2019 emissions for the same period. In 2019, the yearly CO, pollution
of ships in the POLB zone was around 300,038 million tonnes; in 2020, it was roughly
286,037 million tonnes. The tanker emitted about 135,294 million tonnes of carbon dioxide
in 2019, followed by the container ship with 94,219 million tonnes. In the two years between
2019 and 2020, container ship emissions increased dramatically, which is also directly
tied to the increase in container ship numbers. According to the POLB data, there were
763,038 TEUs in 2019, while there were 8,113,318 TEUs in 2020, a 6.3% rise. The increase in
container throughput correlates with an increase in container ships arriving at the POLB.
According to the AIS data, as described in Section 4.1 of this study, there is a modest rise in
the quantity of container ships. However, the rise in container ships entering the POLB
region is insufficient to account for the massive increase in CO, emissions. Therefore, the
increase in CO; pollution in 2020 was primarily attributable to the long anchoring period
of container ships in the POLB area, partly attributable to the drop in productivity induced
by the drop in the amount of port personnel, generating congestion in the port. In 2021,
the POLB sees further increases in congestion, and a significant increase in the amount of
various pollutants emitted, with the largest increase in emissions from container ships. The
near-doubling of the increase, but the slight decrease in the number of vessels, shows that
most vessels are forced to stay longer, due to the decrease in port processing speed.
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Figure 4. (a) CO, Emissions by ship types at the POLB from 2019 to 2021; (b) NOx Emissions by ship
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(d) CO Emissions by ship types at the POLB from 2019 to 2021; (e) PM2.5 Emissions by ship types at
the POLB from 2019 to 2021; (f) PM10 Emissions by ship types at the POLB from 2019 to 2021.

4.3. Emission Analysis of Different Ship Operating Conditions and Waiting Time

Interpreting the data according to the various operational conditions while analysing
ship emissions in the port area is vital. Using the vessel type in the AIS data, the differ-
ent operational statuses of the vessels are determined, and the results are split into three
categories: ME, AE, and boiler. In terms of CO,, for example, the analysis of the AIS
data indicates that auxiliary engines and boilers emitted approximately 236,965 million
tonnes of CO; in the POLB region in 2019, while, in 2020, auxiliary engines and boilers
emitted approximately 240,536 million tonnes; in 2021, the data soared to approximately
496,012 million tonnes. The doubling of the growth means that the POLB is overcrowded,
and there is an urgent need for policies or solutions to reduce emissions from port-
wide vessels.

In terms of the proportion of emissions from different types of vessel engines, the
POLB differs slightly from other ports. Emissions from ships within other ports are mainly
from MEs, while emissions from the POLB are mainly from AEs and boilers. This is partly
due to congestion in the port. Figure 5 illustrates the proportion of emissions from different
types of engines for all types of ships.
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As the shore power policy only applies to berthing vessels, for a better analysis of its
effectiveness, the operational states of the ships were divided into four categories: transit,
manoeuvring, berthing, and anchoring. Figure 6 shows the CO, emissions of a ship in
different states of motion for all types of ships.
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Figure 6. Proportion of different vessels’ status emissions.

As can be seen from the graph, the proportion of emissions from ships in the berthing
state decreases significantly in 2020 and 2021, due to further improvements in the shore
power policy. The implications of the shore power policy are significant. However, the
proportion of emissions from ships in the anchoring state rises, which confirms the increased
congestion in the POLB.

Figure 7 depicts many sorts of ships” waiting times. As can be seen from these graphs,
ships are waiting longer in the port area due to decreased productivity. The reason for this
is the reduction of workers in the port area due to the pandemic. Congestion in the POLB
increases year on year over the three-year period of 2019 to 2021.
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Figure 7. (a) Average waiting time for different ship types at berth; (b) Average waiting time for
different ship types at anchorage.

Combining Figures 6 and 7, despite the steep increase in congestion in the POLB,
emissions from vessels in berthing condition have decreased. This shows the significance
of the implementation of the shore power policy.

4.4. Uncertainty Factors
Some computational uncertainty exists in this study due to the following:

(1) Issues resulted from the exclusion of data for certain smaller vessels. When processing
the AIS data, this study observed that several smaller ships had incomplete AIS
data. Inadequate information regarding their operating period or range will result in
variation. The inability to accurately anticipate the engine power of tiny vessels also
contributes to inaccurate calculations.

(2) Although some missing ship engine data can be calculated using coupled formulas,
this procedure contains a certain degree of inaccuracy, which does not ensure the
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calculation’s precision. For some ships lacking essential parameters such as length,
breadth, draught, and design speed, these estimates must be averaged based on
similar ship types, which can also result in mistakes.

(3) Weather, waves, and other variables will impact a ship’s fuel use and emissions. In
addition, for some vessels with speeds below 0.5 knots, this study assumed that
they were sailing under the influence of their engines, neglecting variations in their
position and speed caused by weather, waves, etc.

(4) Not all ships utilise the same fuel; therefore, energy variations may influence a ship’s
emission parameters. Consequently, it is impossible to monitor the emissions of
numerous substances precisely.

4.5. Discussion

In this study, we used AIS data to calculate emissions from POLB-area vessels. The
calculation considers variables such as vessel type, size, speed, and engine power, and
incorporates factors such as emission factors, sailing patterns, and time of day. We also
made assumptions to supplement unavailable data points. To verify the accuracy of our
method, we compared the calculations with the POLB official report, using main engine
CO; emissions as an example, which is shown in Table 6.

Table 6. Comparison of AlS-based calculation and POLB official report results [52].

Total Main Engine CO, Our AIS-Based POLB Official .
Lo O . Relative
Emission in Calculation Report Error
Different Years (Million Tonnes) (Million Tonnes)
2019 52,527 57,832 9.17%
2020 42,602 46,822 9.01%
2021 46,687 50,515 7.57%

Using AIS data and a bottom-up approach, this study assesses vessel emissions in
the POLB region affected by the COVID pandemic. In terms of vessel type, most vessel
types showed a decline. In terms of emissions, there was a slight decrease in 2020, due
to a reduction in the number of vessels. However, as the economy starts to recover in
2021, emissions showed a steep increase, with emissions from container ships doubling
even more. The reason for this is that ships have to wait longer in port areas, due to the
decline in production and the strict controls by the government to prevent the spread of the
COVID pandemic. However, despite the longer waiting times for transmission, emissions
from ships in the berthing state have decreased, which demonstrates the significance of the
shore power policy. The introduction of this policy can significantly reduce emissions from
ships in the port area. The main part of the reduction comes from ships in berthing status.
Such vessels can switch off their ME, AE, and boilers, and switch to shore power for basic
operations, thus achieving zero emissions.

In the future, we envisage that further reductions in emissions in port areas could
be achieved by increasing incentives for low-emission vessels and imposing fines or bans
on high-emission vessels. As port-wide emissions from ships are caused mainly by ships
sitting in port, efforts such as mandating in-port speeds for ships and lowering opera-
tional times could be implemented, in addition to shore power restrictions. Moreover,
the implementation of electrification in ports can be further pushed in terms of port op-
erations through initiatives such as the construction of marine microgrids, offshore wind
power generation, and the expansion of energy storage systems, to promote the use of
green energy. Ports should also promote intelligent procedures and implement techniques
such as optimising port operations, decreasing vessel waiting times, and enhancing port
transport efficiency.
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5. Conclusions

The COVID pandemic has affected the shipping industry and the process of achieving
environmental sustainability for ships. This study examines the COVID pandemic impact
on port-wide ship emissions, using the POLB as an example, and the findings of this study
are summarised as follows:

(1) This study gives an optimised approach for calculating ship emissions and proposes
a solution to the problem of erroneous emission estimations caused by lacking data
for some ships. The method can be applied to future ship emission monitoring and
policy design.

(2) This study details the vessel emissions in the POLB region before and after the
pandemic. Changes in ship emissions are systematically analysed in four dimen-
sions: different emissions, different ship types, different ship engines, and different
ship states.

(38) This study assesses the shore power policy and demonstrates the significance of
its implementation through calculations. The implementation of the shore power
policy can be extended to many ports in many countries to achieve environmental
sustainability development in the shipping industry. We also envisage new rules such
as optimising ship scheduling in port areas, changing the flow of port operations, and
increasing the demand for fuel. The analysis of emissions for various vessel types and
operating modes presented in this study can be used to establish and modify rules.

Lastly, our study has limitations, such as the weather-related variation in the results
and the estimating methodologies employed by some vessels with incomplete ship infor-
mation. In addition, some vessels lack AIS data, and smaller vessels in the port vicinity
may disable their AIS equipment. In future research, satellite remote sensing and radar
data can be employed to measure ship emissions more precisely.
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