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This study aims to investigate the coronavirus disease (COVID-19) pandemic effects and associated restrictive
rules on ship activities and pollutant emissions (CO2, SOx, NOx, PM, CO, CHy) in four major seaports, namely the
Ports of Singapore, Long Beach, Los Angeles, and Hamburg. We used 2019 as the baseline year to show the
business-as-usual emission and compared with the estimated quantity during the July 2020-July 2021 pandemic
period. We also project future ship emissions from August 2021-August 2022 to illustrate two potential port
congestion scenarios due to COVID-19. The results show that the ship emissions in all four ports generally
increased by an average of 79% because of the prolonged turnaround time in port. Importantly, majority of ship
emissions occurred during the extended hoteling time at berth and anchorage areas as longer operational times
were needed due to pandemic-related delays, with increases ranging from 27 to 123% in the total emissions
across ports. The most affected shipping segments were the container ships and dry bulk carriers which the total
emissions of all pollutants increased by an average of 94-142% compared with 2019. Overall, the results of this

study provide a comprehensive review of the ship emission outlook amid the pandemic uncertainty.

1. Introduction

The COVID-19 outbreak has emerged as a global health and socio-
economic crisis, with many nations imposing lockdown measures to
restrict personal mobility in order to avoid possible further spread of the
pandemic. These restrictions on human activity have upended the
landscape for shipping sector and significantly affected the operating
patterns of maritime and trade, including supply chain disruptions,
supply-demand shocks, and new consumer spending and behaviour, etc.
With the prevailing and persistent uncertainty, the shipping sector is
also dealing with a general slowdown in marine terminal productivity
and the knock-on effects of prolonged congestions in ports. According to
the report (IHS Markit, 2021a), global container terminal congestion in
the second half of Year (2020), i.e., when the global economy went back
to work after restrictions were lifted, increased 20% from the same
period in 2019. In tandem, major global seaports like Long Beach, Los
Angeles, and Singapore faced massive congestions, with the combined
average port time went up to seven days (Long Beach, Los Angeles) and
two to three days (Singapore) in the second half of 2020 compared to
four days and five to six hoursfor similar workloads, respectively, before
the pandemic (S&P Global Platts, 2021a). At present, 70% of ship
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emissions are estimated to occur within 400 km of land (Endresen et al.,
2003), hence, they pose great threats to human health and environment
as well as the prospects of achieving the Sustainable Development Goals
(SDGs). To better understand the immediate impacts on the various
shipping segments and ports, it is thus crucial to quantify the magnitude
and trends related to the changes on shipping emission outlook. With the
information, proper policies can then be adopted during the time of
crisis as well as post-pandemic recovery to evaluate the impact and
derive the necessary mitigation measures.

International bodies and governments have put in place additional
supports to keep the virus out by enforcing safety measures and proce-
dural changes in ports. While these safety measures may differ
depending on existing processes and levels of preparedness, most ports
generally adhere to the guidelines set by the World Health Organization
(WHO) and the International Maritime Organization (IMO), which are:
(i) take temperature screening at sea checkpoints to detect suspect cases;
(ii) implement regular plans for disinfecting means of transport and
cargoes to be imported and exported; and (iii) impose quarantine or
refuse port entry to ships, etc. These guidelines have major effects on
ship activities and ship pollutant emissions. For instance, the health
measures and inspection protocols directly lengthen the port turnaround
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time (IHS Markit, 2021b; Shi and Weng, 2021). The constraints on ships
and crew in many ports lead to workforce shortages and operational
challenges and undermine port productivity i.e., cargo dwell time, berth
occupancy, and ship and voyage productivity (Notteboom and Pallis,
2020; UNCTAD, 2021). On top of that, the unprecedented and volatile
surge in cargo demand following the first wave of the COVID-19 caused
further delays at almost every seaport worldwide (Abdullah, 2021;
Hand, 2021; Koh, 2021; S&P Global Platts, 2021b; Xie, 2021).

So far, most of the existing literatures related to the environmental
impact of COVID-19 focused on quantifying the concentration change of
atmospheric pollutants in the global context (Bai et al., 2020; Deb et al.,
2020; Le et al., 2020; Dang and Trinh, 2021; Keola and Hayakawa, 2021;
Liu et al., 2021c; Nguyen et al., 2021; Smith et al., 2021; Venter et al.,
2020), countries (Bao and Zhang, 2020; Berman and Ebisu, 2020; He
et al., 2020; Petetin et al., 2020; Sharma et al., 2020; Shi and Brasseur,
2020; Wang et al., 2020; Isphording and Pestel, 2021), regions (Li et al.,
2020; Jiang et al., 2021; Ma et al., 2021; Sulaymon et al., 2021; Xian
et al., 2021), urban (Adams, 2020; Cameletti, 2020; Kanniah et al.,
2020; Kerimray et al., 2020; Kumar, 2020; Otmani et al., 2020; Zangari
et al., 2020; Zheng et al., 2020; Hong et al., 2021; Zhao et al., 2021),
suburban (Cui et al., 2020; Menut et al., 2020; Wang et al., 2020; Du
et al., 2021; Hayakawa and Keola, 2021; P4aez-Osuna et al., 2021), and
remote areas (Mandal and Pal, 2020). In the transportation sector, many
studies concentrated on road traffic (Ding et al., 2020; Dutheil et al.,
2020; Li et al., 2020; Mahato et al., 2020; Shehzad et al., 2020; Tobias
et al., 2020; Wang and Su, 2020; Xu et al., 2020; Chen et al., 2021; Hu
et al., 2021; Rudke et al., 2021). The findings generally highlighted a
drastic reduction in the transportation activities which greatly reduces
the amount of fuel consumption and consequent emissions during the
cities’ lockdown period (Bauwens et al., 2020; Liu et al., 2020; Huang
et al., 2020; Nakada and Urban, 2020; Sicard et al., 2020; Zhang et al.,
2021). In Europe, Milan and Madrid had a significant abatement of NO,
emissions by more than 40% in 2020 (Toscano and Murena, 2020). In
China, imposing strict quarantine measures helps mitigate air pollution
and prevent over 20,000 deaths per month during the lockdown period
(He et al., 2020). Comparatively, only a few studies attempted to analyse
the effects of the pandemic-induced disruption on ship emissions,
despite shipping carries around 80% of global trade volume and serves
as an essential sector to keep trade flowing during and outside crisis.
Depellegrin et al. (2020) highlighted a contraction of vessel and fishing
activities by 69% and 84%, respectively, during the March—April 2020
lockdown. Recently, Shi and Weng (2021) compared the changes in ship
emissions between February 2019 and February 2020 in Shanghai port
waters. They found that the emissions were curtailed during the
pandemic period as a result of lower merchant ship counts. However, as
restrictions on mobility vary by ports and shipping segments, the general
spatiotemporal effects of COVID-19 on ship activity and their influence
on the pollutant emissions are still largely unknown.

This study aims to use the state-of-the-art bottom-up emission ac-
counting method to perform a comprehensive assessment, on the
changes in ship activity and port traffic as well as associated atmo-
spheric pollutant emissions in four major international seaports during
the July 2020-July 2021 pandemic period. In addition, simulations are
performed through a Bayesian probabilistic forecasting algorithm to
provide the emission outlook depending on how the port congestion
associated with COVID-19 unfolds in two scenarios, namely (1) it ter-
minates quickly; and (2) it remains the same for another year from
August 2021 to August 2022. Because the existing studies were mainly
conducted during the first quarter of 2020 when the restrictions were at
a peak with minimal shipping activity, this study fills the literature gap
on the more recent shipping emission outlook by including the second
half of 2020 and first half of 2021 when the leading economic and
shipping indicators recovered. Moreover, the results of the present study
provide useful insights of the COVID-19 effects and associated restrictive
rules such as lockdown on: (i) multiple shipping sectors; (ii) regions with
distinct seasonality and weather conditions; and (iii) future emission
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outlooks immediately post COVID. Thus, policymakers and industry
players can be better-informed in order to prepare contingency plans for
resilience and build robustness in the post-pandemic world going
forward.

In the following sections, we shall first introduce the site selection,
data collection (including ship movement data and specification data)
and methodology applied to the major ports. Then, ship emissions are
estimated during the 2020-2021 period with detailed information about
the ships’ activities and their time in ports. Also, a detailed comparison
with the baseline Year 2019 (before the pandemic occurs) is made for
the impact assessment. Finally, ship emissions are forecasted for two
future COVID scenarios.

2. Methodology
2.1. Site selection

Four international seaports, namely the Ports of Long Beach, Los
Angeles, Singapore, and Hamburg, are chosen to investigate the effects
of COVID-19 restrictions on ship emissions in this study. The
geographical domains were set according to the respective port au-
thorities and their port territory limits (Hamburg Port Authority, 2018;
MPA Singapore, 2020; Starcrest Consulting Group, 2020a, b). These
ports are selected due to the following major considerations during the
study period: 1) they are the leading global seaports in major maritime
regions and handle large cargo volumes every year. Therefore, the
arriving fleet and operational trends should serve as indicators of the
overall port performance; 2) they are located along the coasts that are
within adjacency to the city areas, where the density of population is
high. Hence, emissions from ports could lead to the degradation of air
quality and affect human health (Whall et al., 2007; Viana et al., 2014);
and most importantly 3) they were severely affected by the pandemic in
terms of the port congestion.

2.2. Data sources

The activity information of ships was collected from various sources.
Firstly, the ship movement data was primarily sourced through the
Automatic Identification System (AIS). AIS transmits signals continu-
ously from the vessel to receiver ground stations at intervals of three
seconds to several minutes. The signals are received by coastal land
stations by high resolution for distances within 50 nautical miles and by
satellite at low temporal resolution if the distance from ship to shore is
beyond 50 nautical miles. Based on the AIS information, each ship can
be classified by its Maritime Mobile Service Identify (MMSI) and IMO
number to extract information including the sailing speed, time dura-
tion, coordinates, navigational status, as well as ship-specific informa-
tion such as the name, type and Dead Weight Tonnage (DWT).
Subsequently, actual fuel consumption and pollutant emissions of the
ships could be calculated using the engine power and recorded speed of
the AIS observations. Despite some limitations (e.g., smaller vessels are
not required to use AIS), many researchers have employed AIS data to
study ship activity and presented unparalleled insights into ship trans-
portation safety and efficiency at multiple spatial-temporal scales (Sil-
veira et al., 2013; Metcalfe, K. et al., 2018).

In this study, we used daily AIS data from AXSMarine' to sample ship
movements of targeted areas from July 2020 to July 2021. The time
interval between two consecutive AIS observations was 5 minutes;
however, in some high-intensive traffic areas, the AIS data was sampled
at a high-frequency time interval of 1 minute to capture the ship
manoeuvring characteristics, which enables a high spatiotemporal res-
olution in the results. Specifically, about 2000 AIS-based navigation

1 AXSMarine [website], https://public.axsmarine.com, (accessed 6 January
2021).
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trajectories and 300,000 AIS observations were obtained, covering 9
different ship types and 22 ship size segments. Most of the ship move-
ments are well represented in these data. However, there are minor
transmission gaps and invalid position reports (~5%) in the coastal
areas. We employ the data cleaning and pre-processing methods from
Chen et al. (2016) before computing the fuel consumption and ship
emissions as follows: 1) the AIS data was firstly filtered by aligning the
coordinates with study domains and those AIS data falling within the
study domains but away from the ship sailing routes was rejected; 2) the
erroneous and duplicated data was rejected; 3) the ship samples with
invalid MMSI number were excluded; 4) the reported ship speed by AIS
was compared against the calculated speed (= distance/time), and
retained if the speed deviation was within a band of +£50%. In this way, a
total of 285,000 effective AIS observations were involved in the
calculation.

Aside from the AIS data, the second data type is the supplementary
ship information. The information of vessel calls was directly obtained
from the port administration authorities from all the study ports (City of
Long Beach, 2021; MPA Singapore, 2021; Port of Los Angeles, 2021; Port
of Hamburg, 2021). Ship specification information, such as the designed
maximum speed, engine type, and rated engine power etc. were sourced
from the Clarkson Ship Intelligent Network.” This information was used
either to directly calculate the emissions or indirectly reference the input
parameters. For instance, the rated engine power and designed
maximum speed were directly used as the variables in the ship emission
accounting equation, while the engine type was used to reference the
corresponding emission factor for each pollutant. Moreover, due to the
absence of the auxiliary and boiler power in database, the engine load
defaults of a ship similar in size and category was used as a surrogate
instead of multiplying the engine power with load factor (IMO, 2021).

2.3. Emission accounting methodology

The present study adopts the state-of-the-art “bottom-up” method-
ology based on the high-resolution AIS data, which has been gradually
refined over the years and is now widely applied in the research of ship
emission accounting (Jalkanen et al., 2009; Liu et al., 2016; Fan et al.,
2016; Weng et al., 2020). The generic equation of the bottom-up method
for calculating ship emissions is shown as Eq. (1):

Eijxim= Y VAN, x P; x LF;; x Ty x_EF;; x CFy; x LLAF, / 100 (1)
i=1

where i,j,k,lLm and n represents the pollutant species (CO2, SOx, NOx,
PM, CO or CHy), engine type (main and auxiliary engines, or boiler), fuel
type3 (Heavy Fuel Oil (HFO) with scrubber, Marine Diesel/Gasoline Oil
(MDO/MGO), Low Sulphur Fuel oil (LSFO), Liquified Natural Gas
(LNG), or biofuel), operational mode, ship type and number of AIS ob-
servations. E is the estimated ship emissions (t); VAN is the total traffic; P
is the engine power (kW); LF is the load factor capped at a maximum
value of 1.0; T is the time in port (h); EF is the emission factor (g/kW-h);
CF is the control factor for any emission reduction measures; and LLAF is
the low load adjustment factor.

2.3.1. Emission factors

The emission factor of exhaust pollutant is classified according to the
engine type, fuel type, and Sulphur content of the fuel. According to
IPCC (2006), most of the vessels calling at the study ports are

2 https://sin.clarksons.net/.

3 The fuel-mix simulated in this paper is the average of five independent
scenarios of powering ships, namely from the: (i) Lloyd’s Register (2016); (ii)
University Maritime Advisory Services (2016); (iii) Det DNV GL (2018); (iv)
Energy Information Administration (EIA) (2019); and (v) The Hydrogen and
Fuel Cells (H2FC) SUPERGEN Hub (SUPERGEN) (2019).
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categorized as international waterborne navigation, hence the emission
factors used for international ocean-going vessels in existing literatures
(ENTEC, 2002; Starcrest Consulting Group, 2017) are adopted and
summarized in Table A.1-6 in Appendix. We note that the baseline
emission factor is only suitable to traditional bunker with 2.7% Sulphur
content. Therefore, in this study, the emission factor has been adapted to
comply with the IMO regulation (max. 0.50% Sulphur). In cases that the
ship continues using conventional fuels, e.g., HFO, after the IMO legis-
lation enforcement, the ship is assumed to install the scrubber technique
for SOx emission reduction. To cater for such emission abatement
measures, a control factor (see Table A.7) was also used to calculate the
effect of regulation.

2.3.2. Operational mode and load factor

Previous studies (ENTEC, 2002, 2010) generally assumed a uniform
ratio for the ship’s engine load, such as assigning 80% load factor to
ships under the manoeuvring (1 knot <speed <8 knots) and cruising
modes (speed >8 knots), and 10% under the hotelling mode (speed <1
knot). In the present study, we improve the estimation of the ship’s
engine load factor by employing the Propeller Law (MAN Diesel and
Turbo, 2011), as shown by Eq. (2). It should be pointed out that the load
factor represents the combustion efficiency of the engine, which leads to
a varying amount of emissions (Catapano et al., 2015; Costa et al.,
2015). This is because the emission factor increases when the load factor
decreases (lodice et al., 2017). Hence, the low load adjustment factor for
the main engine is used to correct the emission factors for engine below
20% load requirements to take into account of the sub-optimal com-
bustion efficiency when main engine is in a low-load state, i.e.

3
LF— (VV ) @

where V is the actual sailing speed in knots; Vi, is the designed
maximum speed in knots.

2.4. Ship emission forecasting methodology

We adopt the Bayesian probabilistic forecasting algorithm from Liu
and Duru (2020) to forecast ship emissions in this study, shown as Eq.
(3). This method estimates the future ship emissions by developing an
ensemble of time distributions, which were in turn used to project ship
emissions. The details are given in the following steps.

Pey) =" ONE)

«P(y|0)P(6) 3
where P(@ly,) is the posterior time distribution given the sampled ship
movement data y;, t is the time of the data, P(y,|©) is the likelihood
function, and P(®) is the prior time distribution. The denominator is a
normalizing constant which ensures that P(®|yt) integrates to unity.

In step 1, an independent pilot study was conducted in the major
ports from January to April 2017. Since there is no real prior informa-
tion regarding the port turnaround time, a uniform prior distribution
[0,b] with an upper bound b was assumed to cover most of the port
operations with equal probability (Hoffmannet et al., 2017). A likeli-
hood function was formed based on the ship movements y; collected
during the pilot study period. These ship movements were converted to a
range of time distributions which incorporated features of ship activity
in relation to the actual sailing speed and load factor. Therefore, the time
variable associated with ship movements were grouped by the respec-
tive load factor intervals, e.g., <20, 20-50, and >50%, all of which
contributed towards the final time distributions in ports. We fitted
multiple candidate likelihood functions using the Anderson-Darling test
at 0.05 significance level and found highest p-value associated with the
Log-Normal distribution, as shown by Eq. (4). This likelihood function
updated the prior and produced the posterior time distribution of the
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pilot study (see Eq. (5)), which was then used as the new prior distri-
bution in the present study. Subsequently, new ship movements y; were
sampled during the pandemic periods to update the prior and yield the
final posterior distribution as shown by Eq. (6):

1 v (0))?
P(y|0) = N exp|: (o 2;’2( ) :| @
o Yo
1 o — o (O)?
P(Olyo) aexpli—% 1{O € [amin; bmax]} (5)
Hence,
1 — _ 7] 2 o 0 2
P(@‘YI): 000 CXp|: (y()zo.i/g( )) _()1 2()7;21( )):| ©
Yo 1 Yo 3

where (6,0y,) are the mean and standard deviation of y;.

In step 2, we calculate the posterior time distributions using the
Markov Chain Monte Carlo (MCMC) Metropolis-Hastings algorithm.
Specifically, the prior distribution defined in Eq. (5) and y; were inputs
to the simulation. Fort =1,..., t— 1:

1) Draw a starting state ©, at t = 0.

2) Sample a proposal value from a normal proposal distribution
0+ ~ q(0+|6,).

3) Calculate the acceptance ratio (r):

5) Let
Posteri « 1O+
H(0:6,1) 05 erjmr(@ ) _ p(O-|y,) q(6,_1]6~) 7
Posterior(0,-)  p(O-1]y:) ¢(0+]6,_,)
_ [ 6« with prob min(r, 1)
Ori1 = { O,0therwise. @)

6) Sample u ~ Uniform(0,1) and set ©,,1 = O« if u < r, and set O;; =
©; otherwise.

7) Repeat the earlier steps and obtain a total of 10,000 MCMC
iterations.

In step 3, we calculate the future ship emissions. We used all the
results from step 2 and other supplementary data to estimate the emis-
sion distribution for each ship in the forecasting year, which were then
aggregated to produce the final posterior emission projections in the
various study ports. This process is summarized in Fig. 1 below.

3. Results and discussion
3.1. Changes in port turnaround time

Fig. 2 presents the amount of time that ships spent in ports before
(Year 2019) and during the pandemic (from July 2020 to July 2021). For
most study ports and ship types, the turnaround time changed sub-
stantially from 2019 to 2021. Specifically, the total duration of all
shipping segments increased swiftly from 84 hours in port per call in
2019 to 206 hours in 2021 in Singapore; from 322 to 471 hours in Long
Beach; from 301 to 470 hours in Los Angeles; and from 203 to 276 hours
in Hamburg. The increase ranged from 110% in the segment of
freighters” to 198% in dry bulk carriers in the Port of Singapore; be-
tween 5-8% in freighters and 97-152% in container ships in the Ports of
Long Beach and Los Angeles; and from 14% in freighters to 57% in
container ships of the 2019 levels in the Port of Hamburg.

The variation in the excess port time is partly due to differences in
the port infrastructure and handling efficiency and partly due to

* freighters include general cargo ships, reefers, and roll-on roll-off ships.
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differences in the vessel mix in each study port. From July 2020 to July
2021, the share of container ships and dry bulk carriers experienced the
most severe port congestion among all the ship types during the
pandemic period, ranging between 49% in the Port of Singapore and
more than half of recorded port calls in the other ports. Most of the
observed growth in port call time occurred at the hotelling status, while
the trends for other operational modes did not have much difference.
This finding matches our expectation that extensive delays were caused
by numerous health and safety mandates enforced by the port author-
ities to prevent the spread of the pandemic. In addition, ships may sit
idle in a port to bunker, repair, or simply wait in safe waters for berthing
on arrival of the next port. Hence, the hotelling status also includes the
waiting/idle time, and berth time.

3.2. Ship emission results

Our analysis show that the ship emissions from July 2020 to July
2021 were considerably higher than Year 2019 (in the absence of
pandemic), with an estimated increase of 3.86 x 10° t in all the study
ports. This number is equivalent to the amount of emissions that is more
than 1.13 times the emissions from container ships or tankers® in an
entire year. In relative terms, this amounts to an 103% (27-123%) in-
crease in emissions over this pandemic period in these ports combined.
The Ports of Singapore, Hamburg, Los Angeles, and Long Beach
accounted for 91, 5, 2, and 2% of these excess emissions, respectively.

The increases in ship emissions varied across the four study ports due
to differences in scale, speed, and direct impacts of the pandemic on the
vessel movements and port operations, as shown in Fig. 3. The largest
rise was recorded in the Port of Singapore, bringing the total emissions
t0 6.38 x 10° t by 2021, a level that was significantly higher than normal
based on the results of Liu et al. (2021a, b), and up from 2.86 x 10% tin
2019. The port time variations that led to this emission growth were
uneven across the different shipping segments, with the increase of 6.69
x 10° t in container ships and 4.35 x 10° t in dry bulk carriers, and even
larger in tankers (2.34 x 10° t), but smaller in freighters (7.36 x 10%0).
Notable among all shipping segments was the dry bulk carrier, which
average port time was lower than most other shipping segments before
the pandemic, and was estimated to have the largest increase of 198%.
This was attributed to the combination of COVID-19 precautions at ports
and the resumption of industrial activity and surging demand for in-
dustrial raw materials carried by large Capesize vessels as the re-
percussions relating to the pandemic started to ease in the second half of
2020, which resulted in a larger than usual concentration of dry bulk
tonnage in ports. Also, Singapore as a major trans-shipment hub faced
additional operational hurdles, such as tight connections and frag-
mented discharge, which further weighed down on the turnaround time
in port.

The significant increase in ship emission in the Port of Singapore was
followed by those in Hamburg, Long Beach, and Los Angeles. In the Port
of Hamburg, the total ship emissions were estimated to be 8.93 x 10° t
during the pandemic, which was equivalent to over 27% higher than
2019; in the Ports of Long Beach and Los Angeles, about 7.02 x 10% t
(~+65%) and 8.06 x 10* t (~+100%) more compared with 2019,
respectively. More than 80% of the excess emissions were contributed by
container ships in the Port of Los Angeles. As a result, the total emissions
by container ships were calculated to rise from 5.51 x 10* t in 2019 to
1.23 x 10° tin 2021 (~+124%) in the Port of Los Angeles, from 5.22 x
10* t to 1.06 x 10° t (~+104%) in Long Beach, and from 3.53 x 10° t to
5.02 x 10° t (~+42%) in Hamburg. Similar results were also obtained in
the segments of dry bulk carriers and tankers, with the average emission
increase ranging between 89% (53-149%) and 29% (13-46%)
compared to the 2019 levels. The notable exception was freighters
which emissions displayed downward trends in the three ports between

5 tankers include chemical, oil, liquefied, and natural gas tankers.
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Step 1: Formulation of prior, likelihood function, and posterior distribution

Uniform prior distribution~ [0,b] , where b is assumed to be the average port time;
Likelihood function based on data collected during the pilot study from January to April 2017;
Posterior distribution of the pilot study serve as new prior in the present study.

< -

Step 2: Markov Chain Monte Carlo (MCMC) Metropolis-Hastings algorithm

- New prior defined in Eq. (5) and new data from July 2020 to July 2021 are input into MCMC;
Acceptance and rejection of samples based on the acceptance ratio and probability;
Posterior time distributions of ships in different major ports.

< -

Step 3: Calculation of ship emissions (bottom-up methodology)

- Generic formula:

n
Eijrim =

i=1

VAN, X Py X LF;; X Ty, % EF; j X CFy; x LLAF;/10°

- Input posterior time distribution as 7}, for future ship emission forecasting.

Fig. 1. Study design.

2019 and 2021. Despite the fact that the port time of freighters did not
increase substantially, the development in the world economy lost mo-
mentum during the pandemic and the global trade in freighter cargos
stagnated. Coupled with a mandatory switch to cleaner fuels, the
freighter emissions reduced with approximately 2-6% reduction in
2021.

Our findings on changes in port turnaround time due to the
pandemic restrictions are consistent with the recent research by Shi and
Weng (2021) for the Port of Shanghai. However, significant increase in
ship emissions from our study contrasts directly with the reduction
derived in their report. The difference can be attributed to several fac-
tors. First, their study was conducted in the Shanghai port in February
2020 and compared to the same month in 2019. Due to the drastic
lockdown measures into place, the merchant ship counts in 2020 dipped
by nearly 50% compared with the previous year in Shanghai, which
materially lowered the fuel consumption and associated emissions. In
comparison, the number of ship arrivals to the study ports in this study
before (2019) and during the pandemic (July 2020-July 2021) were
similar, as illustrated by Fig. 4. Specifically, the total ship arrivals to the
Ports of Long Beach and Los Angeles rose moderately by 7-9% from
2019 to 2021, while Singapore and Hamburg recorded a small expan-
sion of 2%, reflecting the persistent weakness that had plagued the
maritime trade. Second, the severe port congestion reported in this study
only became truly evident after the world economy rebounded from a
pandemic-induced slowdown in the second half of 2020. Third,
geographical and operational variations, and scenario assumptions
together also contributed to the different emission estimates between
the four major ports and Shanghai.

In order to understand the changes in pollutants emitted before and
during the COVID-19, we also investigate the ship emissions by
pollutant types, as shown in Table 1. In 2019, CO, took up more than
96% of the total emissions, followed by NOx (1.2-2.9%), SOx
(0.1-1.5%), CO (0.1-0.3%), and CH4 (0.0008-0.0024%). From 2019 to
2021, most of the pollutants demonstrated positive growth across ports,
with substantial growth recorded in the CO, NOx, and CO. A case in
point is Singapore, in which the estimated emissions reached 6.28 x 10°
t for CO4, 6.82 x 10* t for NOy, and 5.72 x 10° t for CO, that is to say,
more than two times greater than the levels in 2019; in the Port of
Hamburg, approximately 1.97 x 10° t (~29%) more emissions for COo,
2.13 x 10° t (~23%) for NOy, and 1.96 x 107 t (~26%) for CO were
released; and in the Ports of Long Beach and Los Angeles, higher port call
volumes during the July 2020-July 2021 period resulted in compara-
tively higher emission growth, bringing it to about 6.74 x 10* t (~64%)
and 7.81 x 10* t (~100%) more for COz, 2.63 x 10° t (~85%) and 2.38
x 10% t (~103%) for NOx, and 2.00 x 10* t (~78%) and 1.95 x 107t
(~96%) for CO emissions, respectively. Most significantly, the CHy
emissions soared by Year 2021 and reached a level at least 33 times
greater than the previous year. This was driven mainly by the effect of
fuel-mix simulated in this study, in particular the LNG that is subject to
the downside of methane slip as a result of gas leakage during bunker
transfer and incomplete combustion process, which has fuelled much of
the CHy4 emission growth over the period. Using the CO5 equivalence
(COze) with the 100-year Global Warming Potential (GWP) factor of 1
for CO5 and 25 for CHy, this amounts to an increase in COze of 3.54 x
10° t (~127%) by 2021 for the Port of Singapore, 2.02 x 10° t (~30%)
for Hamburg, 6.97 x 10% ¢ (~67%) for Long Beach, and 7.96 x 10* ¢
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Table 1

Summary of pollutant emissions in study ports (2019, July 2020-July 2021).

Pollutants Year Singapore Hamburg Long Beach  Los Angeles
CO, (tonne) 2019 2.78 x 10° 6.81 x 10° 1.05 x 10°  7.81 x 10*
20202021 6.28 x 10° 878 x 10° 1.72 x 10°  1.56 x 10°
SOy (tonne) 2019 4.22 x 10* 1.03 x 10* 1.71 x 10>  0.84 x 10?
2020-2021 1.63 x 10* 2.33 x 10> 0.55 x 10>  0.29 x 10>
NOx (tonne) 2019 3.34 x 10*  9.16 x 10° 3.09 x 10°  2.31 x 10°
20202021 6.82 x 10* 1.13 x 10* 5.72 x 10>  4.69 x 10°
PM (tonne) 2019 3.79 x 10> 0.98 x 10° 1.26 x 10>  0.84 x 10°
2020-2021 3.73 x 10° 5.75 x 10> 1.04 x 10>  0.67 x 10>
CO (tonne) 2019 2.81 x 10° 0.75 x 10> 0.26 x 10°  0.20 x 10°
20202021 572 x 10° 0.94 x 10> 0.46 x 10>  0.40 x 10°
CH,4 (tonne) 2019 0.23 x 10>  0.06 x 10> 0.02 x 10>  0.02 x 10?
2020-2021 1.37 x 10 2.04 x 10> 0.94 x 10>  0.63 x 10?
CO.e (tonne) 2019 2.78 x 10° 6.81 x 10° 1.05 x 10°  7.81 x 10*
2020-2021 6.32 x 10° 8.83 x 10° 1.74 x 10° 1.58 x 10°

(~102%) for Los Angeles, which amplifies the challenges in meeting the
emission abatement goals set in decarbonation strategies.

In comparison, the SOx and PM emissions were estimated to have
decreased significantly in all the study ports between 2019 and 2021,
albeit not at the same rate. The largest reduction was recorded in the
Port of Hamburg, where the PM emissions were estimated to be 4.04 x
102 t (~41%) less during the pandemic, while a slightly larger emission
gain was calculated for SOy at approximately 77% lower than 2019. This
was followed by the Ports of Long Beach, Los Angeles, and Singapore,

with the relative reductions ranging from 61-68% for SOx to 2-19% for
PM across the different ports. The reductions in both SOx and PM
emissions were mainly due to the simulation of fuel-mix with lower
Sulphur content. The shift towards cleaner fuel oils, combined with the
exhaust gas scrubber technique when using HFO as fuel oil, had led to
the Sulphur-based emissions growth trailing behind the increase in
turnaround time and port calls. Over the same period, the SOx and PM
emissions in all ports combined contracted by 20-68%, well below the
30-146% and 2-9% expansion in port time and ship counts. This finding
is consistent with the research by Ammar and Seddiek (2017) that a
reduction of the Sulphur content from 2.7 to 0.5% could curb the SOx
emissions by 80% as well as a large amount of the PM emissions.

Fig. 5 displays the ship emission at various operational modes. Most
of the emissions occurred during the hotelling mode including both the
emissions at berth and anchorage areas. Specifically, during the
pandemic, about 83-94% of the totals occurred during the hotelling
mode across ports, followed by 2-4 and 3-13% during the manoeuvring
and cruising modes, respectively. The relative increase in emissions
ranged from 35% or more at the hotelling mode, compared to what
would be expected in the absence of the pandemic. The largest increase
was in the Port of Singapore, which emissions rose steadily and
approached 5.98 x 10° ¢t by 2021, more than 140% in 2019. Moreover,
almost 120% increase was recorded in the Port of Los Angeles, and its
emissions at berth and anchorage during the pandemic reached 1.50 x
10° t. This was followed by 35-72% growth in the Ports of Hamburg and
Long Beach. This finding is consistent with our expectation because most
of the excess port turnaround time happened during the hotelling where
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Fig. 5. Ship emissions by operational modes (%).

ships waited for berth allocation and cargo handling.

With respect to the manoeuvring and cruising modes, the ship
emissions estimated before and during the pandemic were similar in
certain respects. For example, most of the study ports observed
marginally higher sailing speed and shorter durations in the port waters
for the July 2020-July 2021 period. A closer look at these trends shows
that the gradual economic recovery following the easing of the
pandemic-related restrictions bolstered ship supply capacity, which
tapped on faster sailing speed to match the demand. This was most
noticeable for busier seaports such as Singapore, where the moderate
increase in sailing speed during the manoeuvring and cruising modes led
to 24% reduction in ship emissions.

3.3. Future ship emission scenarios

This section reports on the ship emission simulations for two future
COVID-19 scenarios from August 2021 to August 2022. Specifically, the
scenarios are: (1) Scenario 1 assumes that the port congestion due to
COVID-19 is resolved and the port turnaround time returns to the
normal level in 2019 before COVID; and (2) Scenario 2 assumes that the
port congestion due to COVID-19 continues next year in the same
manner as the current situation in the four major ports.

Fig. 6 shows the posterior probability distributions of projected ship
emissions in the two future scenarios. In Scenario 1, ship emissions in all
ports analyzed here returned to levels expected in the absence of the
pandemic or even lower. Specifically, there is a 90% probability that
ship emissions among the different ports shall be higher than 7.32 x 10*

COVID Scenario 1

t, and 50% probability higher than 6.97 x 10* t during the forecast
period, i.e., a reduction of 1.10 x 10* t or more compared with 2019.
The largest emission reduction is projected for the Port of Hamburg,
where the total amounts shall be curbed by approximately 16% from
Year 2019 to 2022, followed by the Ports of Los Angeles (~14%), Long
Beach (~11%), and Singapore (~5%). Relative declines in ship emis-
sions, compared to the July 2020-July 2021 pandemic period, shall
range from 8.22 x 10* t or more across the different ports with 90%
probability, with the Ports of Singapore and Hamburg being the highest
in absolute numbers. Hence, there is an at least 95% probability that
emission reductions in these two ports shall surpass 3.41 x 10° t and
2.87 x 10° t by 2022, and 50% probability to surpass 3.65 x 10° t and
3.06 x 10° t, respectively, with posterior median abatements ranging
from 34 to 57%. Similarly, ship emissions in the Ports of Long Beach and
Los Angeles are projected to have at least 45% abatements over the
forecast period. In all four ports together, the combined posterior me-
dian reduction is likely (probability >50%) to be higher than 4.13 x 10°
t by 2022, a substantial improvement to their levels in 2019. This
achievement is a continuation of the massive emission gains from
cleaner low-Sulphur fuels simulated during the 2020-2022 period.
With Scenario 2, on the other hand, substantial ship emissions are
expected to continue into Year 2022 when the congestion situation
continues to persist in the various study ports. For example, the Port of
Singapore shall experience the largest emission increase in 2022 at
about 6% higher than the July 2020-July 2021 period (i.e., a hefty in-
crease of 137% from 2019 level) with 90% probability; the Port of
Hamburg at about 7% (i.e., 38% increase from 2019 level), respectively,

COVID scenario 2
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Fig. 6. Posterior distributions of ship emissions by future scenario.
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with probability of over 50%. The Ports of Long Beach and Los Angeles
also have 90% probability to emit 1.34 x 10* t and 1.38 x 10* t more
emissions in 2022 than the July 2020-July 2021 period, and 8.36 x 10*
t and 9.44 x 10* t more than 2019, respectively. This result can be
attributed to the effects of traffic growth i.e., 10-18% higher in port calls
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from 2019 to 2022, and the prolonged port turnaround time at berth and "Ho SS9 SSS oSS e oSS eSS
anchorage areas, leading to longer periods of adverse impacts. The

findings drawn here point to a potential shift in the overall emission 5 PIIRILIILLNILIILIIISS

000 J 00000000 S 000 oo

pattern with different operational modes in ports. This points to the need
for urgent compensatory measures and pandemic plans to mitigate the
impacts, especially in the current context with the highly volatile ship-
ping industry. Meeting these goals will require radical change in ship
engine and fuel technology, the adoption of low-carbon or zero-emission
energy sources, and onshore electrification at berth.

4. Conclusion

This study analyses the COVID-19 pandemic effects and associated
restrictive rules such as lockdown on ship emissions in four major sea-
ports, namely the Ports of Singapore, Long Beach, Los Angeles, and
Hamburg. The overall results show a substantial increase in ship emis-
sions, ranging from 27 to 123% in the various study ports from Year
2019 to 2021. The largest increase was recorded in Singapore, where the
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crease compared to the level in 2019, followed by the Ports of Los
Angeles (~100%), Long Beach (~65%), and Hamburg (~27%). This is SEIIRIRNTICRIZB[R’RISTES
attributed to the prolonged turnaround time by different shipping seg-
ments, which resulted in varying degrees of increases in the respective
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emissions. The container ships and tankers were found to account for gr-mehobnbY I YInasaan
over 86% of the total emission increase by 2021, whereas the contri-
bution of dry bulk carriers was minor at 4-12%. By contrast, the
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freighter emissions in most ports declined slightly due to suppressed SS8sS8328s2sssgesssgssssS
shipping market demand and moderate change in the port time. NI LYRIIIIIRLILRILRY
Significantly higher pollutant emissions in CO3, NOx, CO, and CHy4 eececeeeceeeeeeeeeeeee
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were recorded over the assessment period across different ports. Spe- EShgasasansdagyasag
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cifically, the CH,4 emissions increased by 33 times or more compared N O 0 T OO oo~ .o
with 2019, followed by CO; (29-126%), NOx (23-104%), and CO aSeS888888333333s3338
(26-103%). This finding is crucial because CHjy is associated with a high R R R R Y
radiative forcing and more than 25 times as potent as CO3 in terms of =k NS S3sS3SS
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trapping heat in the atmosphere. This observation was also mentioned in = SRERIZBIREHIIIRI=888
other studies (Brynolf et al., 2014; Anderson et al., 2015), which high- k| : yeosda-maoa A S s s m e
lighted the necessity to address and mitigate methane slip associated 3 SAILHIBITEIBRRESBBRSI
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with LNG consumption. Most of the excess pollutant emissions occurred
at the hotelling mode. Hence, this calls for urgent need of policy re-
sponses to mitigate the impacts on air quality. In contrast, the SOx and 2222222822 22322¢¢g¢:s¢s°8
PM emissions declined from 2019 to 2021 by 68 and 20%, respectively.
We also carry out emission forecasts for two future port congestion 8933 IIBIBRBRARRITESER
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scenarios with recovery and continuation due to COVID from August
2021-2022. Distinct emission trends are projected in the two scenarios,
with emission reduction in the recovery scenario if COVID-19 terminates
for the future year, and substantial increases in the continuing scenario
if COVID-19 lingers on across ports.
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Table A.6

Emission Factor (CHy).

Auxiliary Boiler

Auxiliary Engine

Load Main Engine

Hydrogen Methanol Biofuel Electricity

Hydrogen Methanol Biofuel Electricity HFO LSFO ULSFO MDO MGO LNG

Hydrogen Methanol Biofuel Electricity HFO LSFO ULSFO MDO MGO LNG

HFO LSFO ULSFO MDO MGO LNG

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.02
0.01
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.04
0.02

0.04 0.04 180.03 0.00
0.02 0.02 99.28 0.00
0.02 0.02 65.54 0.00
0.01 0.01 47.69 0.00
0.01 0.01 36.98 0.00
0.01 0.01 29.92 0.00
0.01 0.01 25.08 0.00
0.01 0.01 21.42 0.00
0.00 0.00 18.53 0.00
0.00 0.00 16.66 0.00
0.00 0.00 14.96 0.00
0.00 0.00 13.60 0.00
0.00 0.00 12.50 0.00
0.00 0.00 11.56 0.00

0.00 0.00 10.71

0.04 0.04 0.04
0.02 0.02 0.02
0.02 0.02 0.02
0.01 0.01 0.01
0.01 0.01 0.01
0.01 0.01 0.01
0.01 0.01 0.01
0.01 0.01 0.01
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.08
0.05
0.03
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.00
0.00
0.00

0.17
0.09

0.17 0.17 180.03 0.00
0.09 0.09 99.28 0.00
0.06 0.06 65.54 0.00
0.04 0.04 47.69 0.00
0.03 0.03 36.98 0.00
0.03 0.03 29.92 0.00
0.02 0.02 25.08 0.00
0.02 0.02 21.42 0.00
0.02 0.02 18.53 0.00
0.02 0.02 16.66 0.00
0.01 0.01 14.96 0.00
0.01 0.01 13.60 0.00
0.01 0.01 12.50 0.00
0.01 0.01 11.56 0.00

0.01 0.01 10.71

0.17 0.17 0.17
0.09 0.09 0.09
0.06 0.06 0.06
0.04 0.04 0.04
0.03 0.03 0.03
0.03 0.03 0.03
0.02 0.02 0.02
0.02 0.02 0.02
0.02 0.02 0.02
0.02 0.02 0.02
0.01 0.01 0.01
0.01 0.01 0.01
0.01 0.01 0.01
0.01 0.01 0.01
0.01 0.01 0.01
0.01 0.01 0.01
0.01 0.01 0.01
0.01 0.01 0.01
0.01 0.01 0.01

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.13
0.07
0.05
0.03
0.03
0.02
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

0.00
0.00

0.25 0.25 180.03 0.00
0.14 0.14 99.28 0.00
0.09 0.09 65.54 0.00
0.07 0.07 47.69 0.00
0.05 0.05 36.98 0.00
0.04 0.04 29.92 0.00
0.04 0.04 25.08 0.00
0.03 0.03 21.42 0.00
0.03 0.03 18.53 0.00
0.02 0.02 16.66 0.00
0.02 0.02 14.96 0.00
0.02 0.02 13.60 0.00
0.02 0.02 12.50 0.00
0.02 0.02 11.56 0.00

0.02 0.02 10.71

0.25 0.25 0.25
0.14 0.14 0.14
0.09 0.09 0.09
0.07 0.07 0.07
0.05 0.05 0.05
0.04 0.04 0.04
0.04 0.04 0.04
0.03 0.03 0.03
0.03 0.03 0.03
0.02 0.02 0.02
0.02 0.02 0.02
0.02 0.02 0.02
0.02 0.02 0.02
0.02 0.02 0.02
0.02 0.02 0.02
0.01 0.01 0.01
0.01 0.01 0.01
0.01 0.01 0.01

2%
3%
4%
5%
6%
7%
8%
9%

0.02

0.06

0.00

0.01
0.01

0.04

0.03

0.00
0.00

0.01

0.03

0.00

0.01
0.01

0.02

0.02

0.00
0.00

0.00

0.02

0.00

10%

0.00

0.02

0.00

11%
12%

0.00
0.00

0.01

0.01

0.00
0.00

13%

0.00

0.01
0.01
0.01
0.01
0.01
0.01
0.01

0.00

14%

0.00
0.00

0.00
0.00

15%

0.00

0.00

0.00

16%

0.00

0.00 0.00 10.03 0.00

0.00 0.00 9.44
0.00 0.00 8.93
0.00 0.00 8.50

0.01 0.01 10.03 0.00

0.01 0.01 9.44
0.01 0.01 8.93
0.01 0.01 8.50

0.00

0.01 0.01 10.03 0.00

0.01 0.01 9.44
0.01 0.01 8.93
0.01 0.01 8.50

17%

0.00
0.00
0.00

0.00
0.

00
00
00

0.

0.00
0.00
0.00

00
00
00

0.

18%

00

0.

0.

19%

0.00

0.

0.

>20% 0.01 0.01 0.01
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Table A.7
Control Factor for NOx and SOx Emission Reduction.

Abatement Technique ~ Fuel SulphurS ~ NOx SOx Reduction in non-
% Reduction ECA

Sulphur limit: 0.5%

Exhaust gas —35.0%
recirculation

Sea water scrubber 3.5% —85.7%
3.0% —83.3%
2.5% —80.0%
2.0% —75.0%
1.5% —66.7%
1.0% —50.0%

Notes: Table A.7 lists the various abatement techniques and the emission
reduction efficiency in the cases of NOx and SOx. The scrubber system is an
emission abatement system equivalent to meet the low-Sulphur fuel require-
ment. To achieve that, the scrubber abatement efficiency depends on the
Sulphur content in the fuel related to the Sulphur limit (Jalkanen et al., 2009;
MAN Diesel & Turbo, 2015).
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