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Abstract: To reduce air pollutants, the International Maritime Organisation and port authorities use
ship emissions regulations, such as MARPOL Annex VI and green port policies. To measure the
effectiveness of these air emissions regulatory policies, accurate calculations of pollutant emissions
and estimations of the social environmental costs of emissions are important. However, Busan
Port still suffers from a lack of research on continuous monitoring and easy access to data-based
emission calculation methods and estimation of the social environmental costs. Therefore, the purpose
of this study is to present quantitative emission calculations based on an open source and social
environmental cost estimation method. To this end, the discharge of pollutants (NOx, SO2, CO2,
VOC, PM2.5, and PM10) from ships in Busan Port was calculated using Port-MIS open data from
2015–2019. Subsequently, when the original study on estimating the social and environmental impact
of air pollution from ships in Busan Port was difficult, the international benefit transfer method (an
economic valuation method) was applied to estimate the social environmental costs. Our results
can provide a basis for verifying the effectiveness of Busan Port’s air quality improvement policy
in the future.

Keywords: ship pollutant emissions; global sulphur limit; emissions estimation; social environmental
cost; international benefit transfer method

1. Introduction

Regulations on emissions from ships, which are rapidly increasing simultaneously
with the shipping volume, have emerged as a significant problem with respect to global
air pollution control problem [1–5]. Particularly, air quality management issues, which
can adversely affect the health of communities and residents, have been recognised as top
environmental management issues, unlike in the past, for ports at which these ships have
their final destinations [3,6–11].

First, the International Maritime Organisation (IMO) has increased the emissions
regulations for the major air pollutants emitted by ship, such as Sulphur Oxides (SOx),
Nitrous Oxides (NOx), and Particulate Matter (PM), based on the adoption of the air
pollution regulations proposed in the MARPOL Annex VI in 1997 [12,13]. The IMO has
also set the target of a 50% reduction in Greenhouse Gas (GHG) emissions by 2050, as
well as air pollutants, owing to vessels centred on the Marine Environment Protection
Committee (MEPC) since 2016. The IMO has further implemented a number of compulsory
measures, such as the Energy Efficiency Design Index (EEDI) and the Ship Energy Efficiency
Management Plan (SEEMP). In 2019, the IMO approved the mandatory fuel oil Data
Collection System (DCS) for international sailing vessels over 5000 Gross Tonnage (GT)
to develop a quantitative monitoring system for ship emissions and a more efficient IMO
GHG reduction strategy [14].
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Second, for the ports where these ships originate, the port authority of each country
has enacted a “green port policy” or “eco-port policy” to manage air pollutants from ships,
port unloading equipment, and port trucks. For example, the San Pedro Bay Port Clean Air
Action Plan (CAAP) was enacted in 2006 by the ports of Los Angeles (LA) and Long Beach
(LB) [3,15,16].

However, for the IMO or the decision-makers at each port authority, assessing the
efficiency of the air pollutant and GHG emissions reduction strategies is necessary, as
well as assessments of the environmental impact of ship emissions [17,18]. Therefore, the
Intergovernmental Panel on Climate Change (IPCC) developed methodology guidelines for
national greenhouse gas inventories (2006 IPCC guidelines), which provide a methodology
for estimating emissions from ships [19].

Busan Port (Figure 1), the world’s sixth largest container port and Korea’s largest
port [20], established and implemented a comprehensive plan to build a green port in 2011.
However, the Busan Port green port policy focuses only on CO2 reduction initiatives, not
air pollutants; the port air quality improvement effect is insufficient due to a lack of legal
grounds for forced regulation by the port authority and a lack of finance to implement the
planned initiatives [21,22].

For this reason, Busan Port Authority (BPA) has been implementing incentive-based
policies to induce ships to voluntarily reduce air pollution, rather than imposing laws.
Therefore, as direct emission reduction measures for ships that contributed the most air
pollutant emissions in Busan Port as of 2019 (94.79% of the total emissions) [23], the
Environmental Ship Index (ESI) rewards scheme and a Vessel Speed Reduction (VSR)
program were implemented in 2014 and 2019, respectively. However, participation in
the VSR program is low at 35.6% in 2020 [24–26]. In addition, Alternative Maritime
Power (AMP), which can reduce NOx, SOx, and PM emissions from ships at berth by
approximately 88–92% [27], has been installed and operated since 2018, but the usage
of AMP is relatively low in Busan Port (2.78% in 2019, 0.96% in 2020, and 1.19% in June
2021) [27–29].

Nonetheless, BPA and the Ministry of Oceans and Fisheries (MOF) plan to expand
the participation of VSR and install a total of 62 AMPs by 2030 to improve the air quality
in Busan Port. Given the insufficient budget, doubts are currently raised regarding the
smooth implementation of this plan [29–31].

As a result, there has been a recent increase in the interest of Korean citizens in wors-
ening health conditions caused by fine dust; the main cause of air pollutants, including fine
dust in port cities, such as Busan and Incheon, has emerged as a major social issue [30,32].
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Accordingly, the Korean government has established two policies: “Comprehensive
measures for fine dust on port vessels” (January 2018) and “Measures to reduce fine dust in
the port sector” (June 2019). The government further implemented the Special Act on the
Improvement of Air Quality in Port Area (hereinafter referred to as “Air Quality Special
Act”) in April 2019 to protect the health of local residents and the environment through port
air quality improvements [33]. According to this law, the Korean government established
a master plan for improving the air quality of similar areas from 2021 to 2025, aiming to
reduce air pollutants, such as NOx, SOx, Volatile Organic Compounds (VOCs), and dust
(including PMs), at ports [30,32].

Therefore, unlike the previous green port policy, the enactment of the Air Quality
Special Act provided a legal basis for reducing air pollution at ports, including port ships.
However, there is still a shortage of air pollutant emission estimation systems at ports and
in vessels for the efficient implementation of these government policies and master plans.
In other words, unlike the LA/LB ports in the United States and advanced ports in Europe,
domestic ports, including Busan, do not have a proper monitoring system to continuously
and quantitatively measure emissions caused by ships. Although there are several studies
that estimate air pollution emissions, such as at Busan Port, the results differ by study and
the statistics used are not unified or up-to-date [21,22,30,34].

For example, prior studies by Chang et al. (2013) [35] as well as Lee and Lee (2016) [34]
are meaningful in that they calculated air pollutant emissions using ship data from Korean
ports. However, information on the power output and load factor of auxiliary engines
used to calculate ship emissions depends on the data provided by shipping companies
rather than open data, such that port authorities encounter difficulties in easily accessing
these data in real time. Several studies have proposed the calculation of emissions from
ship activity based on Automatic Identification System (AIS) data [36,37]. However, in the
case of coastal sailing ships without AIS, it is difficult to calculate quantitative data-based
emissions. Therefore, an open data-based quantitative ship pollutant emissions calculation
system is ideal for more efficient and continuous air pollution control of vessels at ports.

The Busan Port Authority also lacks a survey on the Social Environmental Costs (SEC),
an indicator of the economic and environmental impact in the community due to ship and
port air pollution emissions. Only two domestic air pollution-related studies have been
conducted on the SEC in this port [34,38]. However, KMI (2016) [38] used outdated and
unrelated national and international economic valuation results without understanding
the environmental valuation methodology. In addition, Lee and Lee (2016) [34] estimated
social costs without scientific evidence for ship air pollution and human health risks.

Therefore, the purpose of this study is to establish accessible open data-based ship
emissions calculations and estimate the SEC for more efficient port air pollution reduc-
tion policies. We first present an open data-based calculation method using the Port
Management Information System (Port-MIS) to calculate air pollution emissions at Busan
Port [39,40]. Second, based on the calculated results, we estimate the SEC of air pollution
emitted from ships at Busan Port in accordance with the international Benefit Transfer
Method (BTM), an economic valuation method, with updated scientific results regarding
the impact of ship emissions and social environmental damages [41].

Section 2 describes the methodology for calculating the emissions and social costs of
pollutants emitted from ships during port at Busan Port. Section 3 provides the emissions
calculation results for the pollutants using open data and describes the differences between
this study, based on the estimation of the social costs, and other studies. Finally, Section 4
summarises the key findings obtained in this study, as well as presents the limitations of
this study and future research directions.
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2. Methods
2.1. Korean Port Management Information System (Port-MIS)

According to Article 89 of the Harbour Act (Establishment and Operation of Integrated
Harbour Logistics Information Network), since 2008, the Korean government has operated
the Port Management Information System (Port-MIS) at 28 trade ports nationwide, which
manages port operations and civil complaints, such as ship entry, use of port facilities,
control matters, cargo transfers, revenue collection, and departure reports [39]. The Ministry
of Oceans and Fisheries also established a web-based Port-MIS platform in April 2010,
which provides online services to manage port operations and civil complaints [38,40].

Port-MIS ship entry and departure services provide open data that can be used to
calculate ship emissions, such as ship entry numbers, GT, registered tons, entry and
departure time, ship type, etc. Ship entry information for a certain period for statistical
analysis is provided with a service that allows data downloads corresponding with the
period selected by the user in an Excel file format. Figure 2 illustrates a service example
provided by the Port-MIS web-based platform.
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Figure 2. Port-MIS (Port Management Information System) web-based service platform [40].

This study used open data provided by Port-MIS, including data on any ships entering
or leaving Busan Port from 2015–2019, to calculate pollutant emissions from ships during
hoteling. Figure 3 shows an open data sample in Excel format for the Busan Port ship entry
and departure service delivery data from Port-MIS.
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data example for Busan Port [40].

2.2. Ship Emissions Estimation

The methodology presented in the 2006 IPCC guidelines—Volume 2: Energy’s Mobile
Consumption of Water-Borne Navigation (including ships) applies to the calculation of
emissions from domestic and international ships during hoteling at Busan Port from
2015–2019 [19]. The 2006 IPCC guidelines refer to the 2019 joint European Monitoring
and Evaluation Programme/European Environment Agency (EEMP/EEA) air pollution
emission inventory guidebook (2019 EEMP/EEA guidebook) as a detailed methodology
for estimating ship emissions based on the engine and ship type as well as ship movement
data [19,42]. The 2019 EEMP/EEA guidebook presents three methodological tiers for
estimating emissions from ships. The Tier 1 method is based on the amount of fuel
consumed and the Emissions Factors (EFs) for pollutants. The Tier 2 method requires fuel
consumption by fuel type, pollutant EFs, and fuel type (bunker fuel oil, Marine Diesel Oil
(MDO)/Marine Gas Oil (MGO), and gasoline). In addition to the Tier 2 methodology, Tier
3 requires ship movement (hoteling, manoeuvring, and cruising) mode data. In this study,
the emissions estimation algorithm for Tier 3 was applied as follows [42]:

Ei, Trip = ∑
p

Tp ∑e

(
Pe × LFe × EFe,i,j,m,p

)
(1)

where Ei, Trip is the emission of pollutant i over a complete trip [kg], p denotes the different
phases of a trip (cruising, manoeuvring or hoteling), T is time [hours], e is the engine
category (main or auxiliary), P is the engine nominal power [kW], LF is the engine load
factor [%], EFi,m is the fuel consumption-specific emission factor of pollutant i, j is the
engine type (slow, medium or high-speed diesel; gas/steam turbine for large ships; and
diesel/2 stroke/4 stroke gasoline for small vessels) using fuel type m [kg/ton] that is the
bunker fuel oil, MDO, MGO, and gasoline.

The EFs for ships using MDO/MGO were used for ship emissions analysis of the prin-
cipal pollutants since the fuel used by hoteling ships at port changes from bunker fuel oil to
MDO before entering the harbour limits based on MARPOL Annex VI regulations [12,43].
The MGO and MDO fuel oil EFs for the ship hoteling phase were applied, as listed in
Table 1, and the auxiliary engine load factor for the hoteling phase was applied, as listed
in Table 2 [44]. Furthermore, the fuel consumption of auxiliary engines during berth was
60% for tankers and 40% for non-tankers, as compared with the fuel consumption during
navigation (Table 3) [42,45].
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Table 1. Auxiliary engine emissions factors for pollutants by fuel type during hoteling [g/kWh].

Fuel Type 1
Pollutants

NOx 2 SO2 CO2 VOC PM 3

MGO 13.0 0.9 690 0.4 0.3
MDO 13.0 6.5 690 0.4 0.4

1 Busan Port was designated as an Emissions Control Area (ECA) on 1 September 2020 [46]. 2 NOx
fleet average [44]. 3 PM2.5 and PM10 are equivalent to 90 and 95% of the total PM, respectively [44]. Source:
Auxiliary emissions factors for “at sea (cruising)”, “manoeuvring”, and “at berth (hoteling)” in 2007 [44].

Table 2. Installed main engine power as a function of the gross tonnage (GT), vessel ratio of the
auxiliary engine (AE) to the main engine (ME), and fuel type by ship type.

Ship Type ME Fuel AE Fuel

2010 World Fleet

ME Power [kW] AE Ave.
Number

AE/ME
[%]

Liquid bulk ships MDO MGO 14.755 × GT0.6082 1.5 30
Dry bulk carriers MDO MGO 35.912 × GT0.5276 1.5 30

Container MDO MDO 2.9165 × GT0.8719 2 25
General cargo MDO MGO 5.56482 × GT0.7425 1.5 23
Ro–Ro cargo MDO MDO 164.578 × GT0.4350 1.5 24

Passenger MDO MDO 9.55078 × GT0.7570 2 16
Fishing MGO MGO 9.75891 × GT0.7527 1 39
Other MGO MGO 59.0490 × GT0.5485 1 35
Tugs MGO MGO 54.2171 × GT0.6420 1 10

Source: EEMP/EEA air pollutant emission inventory guidebook, 2019; IPCC, 2006. 2006 IPCC Guidelines for
National Greenhouse Gas Inventories [42].

Table 3. Load assumption of MCR for hoteling [%].

Ship Activity % Load of MCR for
ME Operation

% of Electric Power
from Shaft Generators

% Load of MCR for
AE Operation

Hoteling 20 0 40 (60 for tankers)
Source: Assumption regarding engine operation for different activities [44].

In this study, we utilised the berthing and departure time, ship type, and GT informa-
tion provided by the Port-MIS ship entry service, as well as the auxiliary engine output,
load factor, and fuel type information according to the ship activity phase from Lloyds
Marine Intelligence Unit (MIU) data. In addition, the Tier 3 approach was applied to
calculate the emissions from domestic and international ships during hoteling at Busan
Port from 2015–2019 [42,44,47].

2.3. Environmental Cost Estimation

The SEC of ship emissions can be defined as the monetary value (cost) of environ-
mental damage to society, but not compensated by polluters (ships) [48–51]. Generally, air
pollutants (e.g., NOx and PM) emitted from ships entering a port affect human health, such
as complications with bronchitis, respiratory disease, and cardiovascular disease. Increased
concentrations of ozone and acidic air pollutants cause a variety of environmental damage,
including a decrease in crop yield, pollution or corrosion, damage to materials and building
surfaces, and a decrease in biodiversity [38,49–52].

Carbon dioxide emissions, known as a leading greenhouse gas, lead to global warming
and climate change (temperature rise), which have significant and irreversible effects on
ecosystems, human health, and society [10,53]. Therefore, the representative external costs
of CO2 emissions from ships, such as sea level rise, biodiversity loss, water management
problems, rapid climate change, crop damage, and global warming, have adverse effects.
As a result, the indirect utility (V(p, m, q)) of the general public, be it the maximum level of
utility given prices, income, and environmental services, which is not related to port and
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maritime transportation activity, decreases due to air quality degradation (q0 > q1) as a
result of air pollution caused by air pollutant emissions:

V(p, q0, m + WTA) = V(p, q1, m) (2)

where p is a vector of market goods prices, q is air quality, m is income, and WTA is the
willingness to accept.

Here, the monetary value for the welfare loss due to the emissions of air pollutants
from ships can be obtained using the Compensating Surplus (CS) and Equivalent Surplus
(ES), which are the minimum Willingness to Accept (WTA) values as compensation for
air quality degradation (q1) and the maximum Willingness to Pay (WTP) values for air
pollution not to occur, respectively [54–56].

Given that air quality is generally an environmental public good, environmental
valuation methods can be used to estimate its total economic value. In this study, BTM
was adopted to measure the economic value (or environmental cost) of a ship’s emission
damage to society, as a direct quality environmental valuation study, such as a Contingent
Valuation Method (CVM), is too costly and time-consuming owing to a long and expensive
survey-based economic valuation approach with a pre- and post-test process.

BTM is a method that estimates the economic value of an environmental good or
service at a current policy site using available information and economic value estimation
results (e.g., the environmental cost of air pollution) from studies conducted at different
sites in the same or different countries [41,54,57,58]. BTMs largely include value transfer
(e.g., unit value transfer and adjusted unit value transfer), which apply the estimated values
from existing studies. In addition, there is a value function transfer that applies these value
functions since the estimated values in existing CVMs are obtained as functions of several
socio-economic factors.

Following the methodology in Ready and Navrud (2006) [41], this study employed
an adjusted unit value transfer, which estimates the economic value by simply adjusting
different income and purchasing power levels between study and policy sites with a
Purchasing Power Parity (PPP)-adjusted exchange rate [59,60]. However, using a BTM
when the similarity between the existing study site and the newly estimated policy site
in terms of various factors, such as changes in the environmental quality, location, and
population characteristics, yields estimation results that are more reliable. Therefore,
finding detail-oriented primary research on domestic or overseas sites using a reasonable
Economic Valuation Method (EVM) is important for the SEC estimation of air pollution
emitted from ships at Busan Port [57,61–63].

2.4. SEC Estimation

Since the 1980s, large-scale long-term projects have been undertaken to estimate the
social costs of air pollution from energy consumption and transportation (particularly
road, rail, and inland shipping) based on bottom-up and Impact Pathway Approaches
(IPA) [64–66]. In other words, to estimate the social costs of air pollution from ships, we
must (1) measure the amount of air pollutants emitted from ships in a region, (2) measure
the concentration of air pollutants in that region after air diffusion, (3) estimate the impacts,
and (4) estimate the economic monetary value.

If the social cost factors for air pollution are estimated, the bottom-up approach
applies the EFs for each type of vessel, the operational performance data for the vessel,
and the total social cost of national maritime transport [5,67]. Accordingly, representative
projects for estimating the social costs of air pollution in Europe have been carried out by
European countries, such as the BeTa project (2002) (Benefits Table Database: Estimates of
the Marginal Environmental Costs of Air Pollution in Europe), CAFE project (2005) (Clean
Air for Europe), HEATCO project (2006) (Developing Harmonised European Approaches
for Transport Costing), and NEEDS project (2008) (New Energy Externalities Developments
for Environmental Stressors in Europe) [68–71].
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As previously discussed, applying the BTM to this study requires an analysis of
existing domestic and foreign research results that estimate the SEC of air pollution similar
to the current situation at Busan Port, Korea. Lee and Lee (2016) [34] and KMI (2016) [38] are
the main studies that have been conducted on air pollution at Busan Port, Korea. However,
both studies have limitations with respect to the accuracy of their estimation results (Table 4).
Lee and Lee (2016) [34] applied social cost estimation findings to air pollution from national
and international land transportation without applying the EVM to the environmental
cost estimation [72–75]. KMI (2016) [38] used the survey-based Conjoint Analysis Method
(CVM) of EVMs, but the statistics included aviation, railways, construction equipment,
and agricultural machinery in addition to air pollutant estimations from ship emissions.
In addition, there is an error associated with estimating the failure to present scientific
causality data on the increase in the emissions concentration from ships entering Busan
Port and health deterioration (i.e., early death, lung cancer, asthma, and cardiovascular
disease rates).

Table 4. Studies on estimating the environmental cost of ship emissions in Korea.

Paper Study Area Data Air Pollution Emission Economic Valuation
Method (EVM) Study Type

KMI (2016) Busan and Incheon
region, Korea Survey data in 2016

Impact of all air pollutants on
human health

(not restricted to ships)
Conjoint Analysis Primary Study

Lee and Lee (2016) Busan Port, Korea 2011–2012 CO, CO2, SO2, NOx, PM,
HC, VOC

BTM, but not
specified in study Secondary Study

The following analysis was conducted to estimate the environmental costs for ship-
emitting air pollutants conducted overseas. Several recent studies have conducted com-
prehensive reviews and meta-analyses of studies that estimated the social costs of air
pollutants emitted from ships or ports. For example, Tichavska and Tovar (2017) [66]
recently reviewed a total of 10 international studies that estimated the social cost of air
pollutants emitted from ships at ports. Gren et al. (2020) [64] reviewed 28 international
studies that estimated the environmental costs of air pollutants emitted from ships between
2002 and 2019.

However, most of these studies are secondary, i.e., studies that are based on the results
of the BeTa, CAFE, HEATCO, and NEEDS [68–71] projects conducted in European countries;
the results were estimated to fit the conditions of each study. Among the four projects
in Europe, the social costs of air pollution caused by ships, rather than by other land
transportation methods, were estimated in the BeTa and NEEDS projects. The BeTa [68]
project first estimated the social costs of air pollution from ship emissions in 15 European
countries and five European water bodies (Eastern Atlantic, Baltic Sea, English Channel,
Northern Mediterranean, and North Sea) based on air pollution levels in 1998. Therefore,
the BeTa project estimated the Marginal External Costs (MECs) for the air pollutants NOx,
SO2, VOCs, and PM2.5 from ships by dividing them into urban, rural, and offshore areas
(at sea). However, the MECs of NOx and VOCs for urban areas had no direct estimation
results. Therefore, the estimated values were used in the rural region; excluding ecosystems
and cultural heritage effects limited the estimation of environmental costs [68].

The NEEDS [71] project also estimated the social costs of the air pollution from ship
emissions (VOCs, NOx, SO2, PM2.5, and PM10) in 25 European countries, 14 non-European
countries, and five European water bodies (Baltic Sea, Black Sea, Mediterranean Sea, North
Sea, and the rest of the North-East Atlantic).

Particularly, the NEEDS project updated its results in 2014 [67] and 2019 [5] with
updated features. In other words, the estimates of the social costs of air pollution from
ship emissions will depend on the input data used in the specific study: Ship traffic and
operating performance data. The results of a value estimation study on social costs can be
largely dependent on the development of the science at the IPA methodology stage, as well
as the measurement of air pollutant emissions, changes in concentrations accumulated after
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dispersion in air, and the resulting impact on human health, buildings, and ecosystems,
etc. [5]. Therefore, since the 2019 version of the NEEDS project is a result of updating the
2007 findings based on state-of-the-art scientific data and information (Table 5), we used
them as a fundamental primary study for the application of BTM to estimate the social
costs in this study as a Base Case. Among the annual average Environmental Costs (ECs)
in the five European water bodies, as estimated in Table 5, the EC of the North Sea was
applied, consisting of ports with similar port traffic to Busan Port.

Table 5. Estimation of annual average social environmental cost 1 for air pollution from ships in
European sea areas [EUR2016/ton].

Sea Area VOC NOx SO2 PM2.5 PM10

Atlantic Sea 400 3500 3800 7200 4100
Baltic Sea 1000 6900 7900 18,300 10,400
Black Sea 200 11,100 7800 30,000 17,100

Mediterranean 500 9200 3000 24,600 14,000
North Sea 2300 10,500 10,700 34,400 19,700

1 Air pollution impacts include health effects, crop loss, biodiversity loss, and material damage. Source: Handbook
on the external costs of transport, version 2019 (No. 18.4 K83. 131) [51].

However, although it includes the latest findings, as the SEC for the North Sea es-
timated by the NEEDS project is a social cost due to air pollutants emitted from ships
operating in coastal waters, the application of this SEC to ships facing Busan Port estimated
in this study may be an underestimated result. To date, the only study to estimate the
environmental cost of the community due to the emissions of air pollution from ports is the
BeTa project, which estimates direct MEC for PM2.5 and SO2 considering the population
density of port cities [17,66,68]. Therefore, when estimating the SEC due to air pollutants
from ships at Busan Port, two additional SEC estimation results were applied, as shown in
Table 6, as an alternative to the Base Case.

Table 6. Estimated social and environmental costs for air pollution from ships used in this study
[EUR2000/ton].

Sea Area VOC NOx SO2 PM2.5 PM10 2 Remarks

Base Case (North Sea from NEEDS project) 1 1713 7968 7819 25,617 14,670 Ship emissions at sea
(offshore)

SEC Case 1 (Urban from BeTa project) 2100 4200 90,000 495,000 283,474 Population Factors = 15

SEC Case 2 (North Sea from BeTa project) 2600 3100 4300 9600 5498 Ship emissions at sea
(offshore)

1 Note: The estimates of the Base Case have been transformed from EUR2016 (provided in Table 5) to EUR2000.
2 Note: PM10 was estimated by applying the ratio of PM2.5 and PM10 estimated in the NEEDS project. Source:
Benefits Table Database: Estimates of the Marginal External Costs of Air Pollution in Europe [68].

SEC Case 1 was estimated by applying a population factor of 15 for the population
of Busan in 2019 (3,466,563 people) [76] to the urban estimate (EUR 33,000 and 6000/ton
for PM2.5 and SO2, respectively) (in the BeTa project, urban MECs for PM2.5 and SO2
were estimated based on a port city population of 100,000 and then proportional to the
population, i.e., population factors 5, 7.5, and 15 for populations of 500,000, 1,000,000, and
several millions, respectively [68]) from the BeTa project [68]. The SECs of VOC, NOx,
SO2, and PM2.5 were EUR 2100, 4200, 90,000, and 495,000/ton, respectively. However, the
estimated value of SEC Case 2 for PM2.5, which would incur human health effects, was
approximately 19.3 times the value of the Base Case (EUR 25,617/ton). In addition, as
this was the result of deviating from the range of SEC of PM2.5 presented in Gren et al.
(2020) [64], which includes the most recent meta-analysis, its application at this point may
have been overestimated.

SEC Case 2 applied the results of the BeTa project, which estimated the MECs for the
North Sea area, which is almost the same sea area as in the Base Case. Comparing the
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estimated SEC values of the Base Case (EUR 43,177/ton) and SEC Case 2 (EUR 19,600/ton),
excluding PM10, it can be seen that the estimated values in the Base Case in the present
study increased by approximately 2.2 times and, compared with the other pollutants, the
marginal external cost of VOC (EUR2000/ton) decreased by approximately 66%. Therefore,
as mentioned earlier, a comparative analysis of the Base Case and SEC Case 2 can provide a
meaningful result illustrating how the estimated social environmental costs due to ship air
pollution change according to the latest scientific data and methodology, change in human
and social impact, and change in the human perception of air pollution.

The following are the social cost estimates for CO2, a representative GHG that has
global impacts, such as climate change. However, as the social cost estimation for GHGs
(CO2) is a global issue, the results of this estimation vary depending on the study. For ex-
ample, Song (2014) [18], estimated the social cost of air pollution at the Shanghai–Yangshan
ports in China based on four different studies; the social costs ranged from USD 15 to
42/ton. Furthermore, Wang et al. (2019) [77] conducted a meta-analysis based on several
studies to estimate the social cost of carbon emissions, showing that the social cost ranged
from USD −13.36 to 2386.91/tCO2. Therefore, as listed in Table 7, the social impact of CO2
emissions from ships was first used as the upper limit of the updated 2019 results in the
NEEDS project [51], i.e., an average of EUR 100/ton (price in 2016).

Table 7. Social environmental cost estimates of CO2 emissions from ships.

Study Site EC of CO2

EU-28 countries EUR 100/ton in 2016
USA USD 42/ton in 2020 (in 2007)

Source: Valuing climate damages [50].

As an alternative to the EUR 100/tCO2 value presented in Europe, we included
estimates of the social costs for CO2 emissions at the government level since 2008 based
on Executive Orders in the United States. In other words, the US government developed
and studied a methodology for estimating the social costs of CO2 within the context of
the Interagency Working Group on the Social Cost of Greenhouse Gases (IWG) in 2010.
Furthermore, IWG (2016) [78] estimated the social costs of CO2 emissions by 2020 at USD
42/tCO2 (in 2007).

As the estimated social costs in Tables 6 and 7 were calculated in EUR from 2000
and 2016, respectively, they should be translated into Korean values by applying the
international BTM. Generally, if the same individual wishes to have the same actual WTP
for air pollution reduction in two countries with different exchange rates, it is possible for
the actual price to be identical to the actual income. Therefore, it should be calibrated by
applying the PPP, i.e., not simply using the exchange rate correction of the two countries.
The CPI, which is the consumer price index, should then be applied to translate the value
of the current country’s policy site [41]. In other words, to transfer the EC estimated in
2000 or 2016 (t = 2) from the study country (i = b), such as in Equation (3), to the 2019 value
(t = 1) for the policy country (i = a).

ECt=1
i=a = ECt=2

i=b ×
PPPt=2

i=a
PPPt=2

i=b
×

CPIt=1
i=a

CPIt=2
i=a

(3)

where EC is the environmental cost, PPP is the purchasing power parity, CPI is the consumer
price index, i is the country (i = a,b), and t is time (t = 1,2).

3. Estimation of Ship Emissions and Environmental Cost at Busan Port
3.1. Port-MIS Ship Entry Data from 2015–2019

Busan Port consists of five harbours (New, Dadaepo, Gamcheon, South, and North)
along the Korean peninsula, as shown in Figure 1. Table 8 lists the number of domestic and
international ships entering Busan Port from 2015–2019. The main ship type is a container
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ship, accounting for approximately 30% of all incoming ships. The next largest proportion
of ships is liquid bulk ships, accounting for approximately 27% of all inbound vessels;
container and liquid bulk ships accounted for approximately 57% of all inbound vessels at
Busan Port. The second largest percentage of ships after container and liquid bulk ships is
represented by tugs, general cargo ships, and passenger ships, with the number of inbound
and outbound vessels gradually decreasing since 2016.

Table 8. Ship entry number 1 by ship type at Busan Port from 2015–2019 [num].

Ship Type

Year

2015 2016 2017 2018 2019 2015–2019
(% by Ship Type)

Liquid bulk ships 12,801 13,558 12,802 12,509 13,040 64,710 (26.4%)
Dry bulk carriers 1506 1612 1516 1335 1729 7698 (3.1%)

Container 15,091 15,324 15,516 15,223 14,720 75,874 (31.0%)
General cargo 6224 6344 6099 5682 5388 29,737 (12.1%)
Ro–Ro cargo 317 363 313 205 205 1403 (0.6%)

Passenger 3248 3636 3767 3910 3288 17,849 (7.3%)
Fishing 1123 1165 1400 1342 1389 6419 (2.6%)
Other 1038 1048 1095 904 935 5020 (2.1%)
Tugs 8280 7819 7254 6369 6435 36,157 (14.8%)

Sum 49,628 50,869 49,762 47,479 47,129 244,867
1 Some non-existing data for the departure time were excluded (excluding 227 vessels from the raw data). Source:
Port-MIS ship entry and departure services: Ministry of Oceans and Fisheries [47].

Table 9 lists the volume of ships entering Busan Port from 2015–2019. The results
of shipping by ship type were as follows: Container ships, dry bulk carriers, passenger
ships, liquid bulk ships, and Ro–Ro cargo ships; the overall volume of ships using Busan
Port increases annually. Container ships account for the largest entry number and vol-
ume of shipping entering Busan Port. The number of ships using Busan Port decreases
annually, whereas the volume of shipping increases annually, indicating that ships are
becoming larger.

Table 9. Entry ship gross tonnage (GT) statistics 1 by ship type at Busan Port from 2015–2019 [GT].

Ship Type
Year

2015 2016 2017 2018 2019

Liquid bulk ships 15,459,190 16,138,568 16,308,114 19,289,104 23,909,309
Dry bulk carriers 28,065,888 33,988,474 33,667,341 29,663,711 36,304,420.34

Container 502,993,471 515,447,303 537,537,814 556,552,624 555,320,490
General cargo 34,235,272 33,616,413 31,756,653 29,934,034 28,217,042
Ro–Ro cargo 12,621,833 16,756,854.2 14,593,470 9,646,058 9,012,494

Passenger 23,852,279 39,652,707 26,268,168 23,577,180 25,023,793
Fishing 1,292,181 1,483,812 1,799,833 1,682,768 1,755,471
Other 2,677,187 2,133,649 1,607,409 1,962,064.72 1,867,217.55
Tugs 1,049,521 978,447 781,481 710,408 667,735.55

Sum 622,246,822 660,196,227.2 664,320,283 673,017,951.72 682,077,972.44
1 Some non-existing data for the departure time were excluded (excluding 227 vessels from the raw data). Source:
Port-MIS ship entry and departure services: Ministry of Oceans and Fisheries [47].

3.2. Ship Pollutant Emissions during Hoteling at Busan Port

To analyse the emissions from ships during hoteling at Busan Port (2015–2019), Port-
MIS ship entry and departure times, ship types, and GT data were used to calculate ship
emissions [40,44].

The combustion of fuel oil in an internal combustion marine engine produces ship
emissions. The principal pollutants from internal combustion engines are carbon monoxide
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(CO), VOCs, NOx, and PM, derived from soot mainly related to engine technology, and
carbon dioxide (CO2), SOx, heavy metals, and PM, which originate from fuel speciation [42].
EEMP/EEA (2019) [42] showed that SOx and NOx emissions from national shipping
account for a significant portion of the total national emissions (SOx and NOx contribution
from national shipping to total emissions: 80 and 30%, respectively). Table 10 shows
the emission calculation results used in Equation (1) for each ship type at Busan Port
in 2019 (based on the exhaust gas pollutant), while Table 11 lists the annual emissions
of the major pollutants (Refer to Appendix A for 2015–2018 results). Emission levels
were highest in 2016, and lowest in 2017, and increased again in 2019. Based on the
calculated emissions for the major sources of ship pollutants, NOx accounted for the
largest percentage of pollutants, at approximately 1.83% (1,335,401.78 kg/yr), followed by
SO2 at 0.68% (496,519.27 kg/yr), VOC at 0.06% (41,089.29 kg/yr), and PM10 and PM2.5
at 0.05% (PM10: 36,130.85 kg/yr; PM2.5: 34,299.22 kg/yr). CO2 (anthropogenic carbon
dioxide), which is not a pollutant, but an atmospheric greenhouse gas emitted by ships, was
approximately 97.33% (70,879,017.63 kg/yr) of the annual average emissions by ships, i.e.,
the highest of all emissions, including pollutants. Figure 4 shows the rate of ship emissions
of the major pollutants at Busan Port from 2015–2019 during hoteling.

Table 10. Ship pollutant emissions by ship type at Busan Port in 2019 (ship activity phase: Hoteling) [kg].

Ship Type
Pollutants

NOx SO2 CO2 VOC PM2.5 PM10

Liquid bulk ships 101,426.53 7021.84 5,383,408.12 3120.82 2106.55 2223.58
Dry bulk carriers 34,823.42 2410.85 1,848,319.90 1071.49 723.26 763.44

Container 942,372.10 471,186.05 50,018,211.42 28,996.06 26,096.46 27,546.26
General cargo 77,918.78 5394.38 4,135,689.32 2397.50 1618.31 1708.22
Ro–Ro cargo 7983.66 3991.83 423,747.94 245.65 221.09 233.37

Passenger 23,630.97 11,815.48 1,254,259.12 727.11 654.40 690.75
Fishing 108,944.00 7542.28 5,782,412.51 3352.12 2262.68 2388.39
Other 48,805.21 3378.82 2,590,430.43 1501.70 1013.65 1069.96
Tugs 16,102.75 1114.81 854,684.36 495.47 334.44 353.02

Sum 1,362,007.42 513,856.33 72,291,163.12 41,907.92 35,030.83 36,976.99

Table 11. Annual trend in ship pollutant emissions at Busan Port from 2015–2019 (ship activity phase:
Hoteling) [kg].

Year
Pollutants Annual

EmissionsNOx SO2 CO2 VOC PM2.5 PM10

2015 1,321,308.81 472,625.89 70,131,006.09 40,655.66 33,568.20 35,433.10 72,034,597.75
2016 1,379,034.32 512,996.47 73,194,898.60 42,431.83 35,351.70 37,315.69 75,202,028.61
2017 1,294,310.87 480,544.03 68,698,038.32 39,824.95 33,164.77 35,007.26 70,580,890.19
2018 1,320,347.49 502,573.62 70,079,981.99 40,626.08 34,030.61 35,921.20 72,013,480.99
2019 1,362,007.42 513,856.33 72,291,163.12 41,907.92 35,030.83 36,976.99 74,280,942.62

(Yearly mean) (1,335,401.78) (496,519.27) (70,879,017.63) (41,089.29) (34,229.22) (36,130.85) (72,822,388.03)
Sum by pollutant

(%)
6,677,008.91

(1.83%)
2,482,596.34

(0.68%)
354,395,088.13

(97.33%)
205,446.43

(0.06%)
171,146.12

(0.05%)
180,654.24

(0.05%) 364,111,940.16
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The results for the emissions by ship type showed that container ships, characterised
by the highest port entry and maximum shipping volume at Busan Port, had the highest
emissions, followed by liquid bulk ships, indicating high pollutant emissions proportional
to the ship entry number and shipping volume. In addition, the annual emissions calcu-
lation results for the pollutants from ships have increased annually over the past 3 years
(2017–2019), but emissions of SOx and ship pollutants should continue to decline in the
future owing to the global sulphur limit regulations of 0.5% implemented in 2020 [13].

3.3. Environmental Cost by Ship Emissions at Busan Port

According to the IPA methodology described in Section 2.4, the annual emissions were
estimated by the open data-based calculation method using the Port-MIS of Busan Port
(Table 11). Subsequently, the marginal social environmental costs of ships air pollution
were estimated by adopting the international BTM in Table 12. Finally, the total social costs
of air pollutant (including CO2) emissions from Busan Port were estimated by multiplying
the estimated amount of air pollution by the marginal social environmental costs (Table 13).

Table 12. Estimated marginal social environmental cost of air pollution from ships using the interna-
tional BTM [USD2019 1000/ton].

Air Pollutants NMVOC NOx SO2 PM2.5 PM10
CO2

EU-28 USA

Base Case 2.48 11.55 11.33 37.13 21.26 0.11 0.04
SEC Case 1 2.44 4.88 104.61 575.34 329.48 0.11 0.04
SEC Case 2 3.02 3.60 5.00 11.16 6.39 0.11 0.04
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Table 13. Estimated social environmental cost of ship pollutant emissions at Busan Port [USD million].

Year Cases
Pollutants Total Total

NOx SO2 CO2_EU 1 CO2_US VOC PM2.5 PM10 (EU) (USA)

2015
Base Case 14.35 5.04 7.12 2.59 0.09 1.17 0.71 28.49 23.95

SEC Case 1 6.07 46.51 7.12 2.59 0.09 18.17 10.98 88.94 84.40
SEC Case 2 4.48 2.22 7.12 2.59 0.12 0.35 0.21 14.50 9.97

2016
Base Case 14.69 5.36 7.28 2.64 0.10 1.21 0.73 29.37 24.73

SEC Case 1 6.21 49.48 7.28 2.64 0.10 18.75 11.34 93.16 88.52
SEC Case 2 4.58 2.36 7.28 2.64 0.12 0.36 0.22 14.93 10.29

2017
Base Case 15.85 5.78 7.86 2.85 0.10 1.31 0.79 31.69 26.68

SEC Case 1 6.70 53.31 7.86 2.85 0.10 20.23 12.23 100.44 95.43
SEC Case 2 4.95 2.55 7.86 2.85 0.13 0.39 0.24 16.11 11.10

2018
Base Case 15.74 5.88 7.81 2.84 0.10 1.30 0.79 31.63 26.66

SEC Case 1 6.66 54.28 7.81 2.84 0.10 20.22 12.22 101.29 96.31
SEC Case 2 4.91 2.59 7.81 2.84 0.13 0.39 0.24 16.07 11.10

2019
Base Case 15.73 5.82 7.80 2.83 0.10 1.30 0.79 31.55 26.58

SEC Case 1 6.65 53.75 7.80 2.83 0.10 20.15 12.18 100.64 95.68
SEC Case 2 4.91 2.57 7.80 2.83 0.13 0.39 0.24 16.03 11.06

1 Note: The CO2_EU case is the Base Case for the estimation.

First, as of 2019, the total social costs of air pollutants emitted from 47,129 ships at
Busan Port were USD 26.58 to 31.55 million for the Base Case, USD 95.68 to 100.64 million
for SEC Case 1, and USD 11.06 to 16.03 million for SEC Case 2. Second, for a CO2 Base Case,
the social environmental costs of the CO2 (GHG) emissions and ship pollutant emissions
obtained by calculating the sum of the values for all the emissions except CO2 were USD
7.80 million (24.7%) and 23.74 million (75.3%) for the Base Case, USD 7.80 million (7.8%)
and 92.84 million (92.2%) for SEC Case 1, and USD 7.80 million (48.7%) and 8.23 million
(51.3%) for SEC Case 2, respectively.

Third, for the Base Case in 2019, the social costs of emissions were USD 15.73 million
for NOx, USD 7.80 million for CO2, USD 5.82 million for SO2, USD 2.09 million for PM
(including PM2.5 and PM10), and USD 0.10 million for VOCs, respectively. However, when
applying the US estimates of the social costs of CO2, out of the total social costs of USD
26.58 million, SO2 ranked second, higher than the social costs of CO2 at USD 2.83 million
(10.7%).

Finally, although it is difficult to directly compare the estimated air pollutant emissions
from ships in a specific year and estimate social costs due to the different social cost
estimation methods, we compared the results of two existing Korean studies with the social
costs of ship emissions at Busan Port in Table 14. The estimated environmental costs of
KMI (2016) [38] as well as Lee and Lee (2016) [34] were USD 30.16 million and 1055.02,
respectively. Therefore, we estimated to these values to be 95.6 and 3344.4% compared with
the 2019 Base Case social costs of USD 31.55 million, and 30.0 and 1048.3% compared with
the 2019 SEC Case 1 social costs of USD 100.64 million, respectively.
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Table 14. Comparative analysis with existing research results estimating the social costs of air
pollution emitted from hoteling ships at Busan Port.

Research Year Yearly Social
Environmental Cost Remarks

KMI (2016) 2019 USD 30.16
Estimating economic benefits of

reducing health damage caused by air
pollution from ship emissions by 10%

Lee and Lee (2016) 2011 USD 1055.02
Estimating environmental costs of
ship-emitting air pollutants: NOx,
SO2, CO, CO2, PM, HC, and VOC

Base Case
2019

USD 31.55 Estimating environmental costs of ship
emission pollutants during hoteling at
Busan Port using Port-MIS open data

SEC Case 1 USD 100.64
SEC Case 2 USD 16.03

4. Discussion and Conclusions

Reinforcement of international and domestic regulations on air pollutant emissions
from ships and conflict with the local community due to the deterioration of air quality in
the port area are a pre-requisite to maintain the status of Busan Port as an international hub
port, which currently ranks 6th in the world’s container ports. Busan Port established and
implemented a green port policy in 2011, including measures to reduce air pollutants from
ships focused on CO2 emissions [22]. However, compared with EU ports and the ports of
LA and LB, the policy implementation performance is poor.

In this study, we calculated pollutant emissions using the Port-MIS open data resource,
a top-down method for calculating air pollutant emissions from ships in Busan Port. Then,
in the absence of a well-estimated SEC of Busan Port using the bottom-up approach, we
estimated the overall external costs of Busan Port using the international BTM based mainly
on European projects (BeTa and NEEDS projects), which originally estimated the factors of
SECs [66,79]. The study results can be utilised as a baseline to implement efficient policies
to improve the air quality at Busan Port in the future.

First, we presented a quantitative open data-based emission calculation system by
applying actual data, such as berthing time, ship type, and gross tonnage data of ships
entering Busan Port for 5 years from 2015–2019 using open data from the Port-MIS web
platform, operated by the MOF. As the quantitative open data-based ship emission calcula-
tion system during hoteling can be applied equally to other Korean ports, it can be used
as a basis for preparing regulations on pollutants discharged from ships in the port. In
addition, this study provided an emission inventory system in port that can continuously
analyse the level of port air pollution discharged from ships using official and open data
provided by state agencies.

Second, to calculate the pollutant emissions from ships during hoteling at Busan Port,
we used the latest auxiliary engine EFs for pollutants by fuel type, as presented in the 2019
EEMP/EEA guidebook and Entec 2010. The Tier 3 method, as reported in the 2019 (2019
EEMP/EEA guidebook), was applied to estimate the emissions of major pollutants (NOx,
SO2, VOC, PM2.5, and PM10) and atmospheric GHGs (CO2) emitted from hotspots at
Busan Port from 2015–2019. Based on the emissions estimation results, the average annual
emissions of atmospheric CO2 were highest at 97.33% (70,878,030.27 kg/yr) of the total
emissions (72,822,388.03 kg/yr). According to the estimations of the pollutant emissions,
the average annual emissions of NOx, SO2, VOC, PM2.5, and PM10 were 1,335,401.78
(1.83%), 496,519.27 (0.68%), 41,089.29 (0.06%), 36,130.8 (0.05%), and 34,299.22 kg/yr (0.05%),
respectively. However, there is a limit to the current research; the quality of the fuel oil
used by Busan Port vessels cannot be reflected owing to inaccurate EF value information,
which is the representative value.

Third, as monetised negative economic, social, and environmental impacts using
economic valuation methods, the estimation of SECs is not only very difficult but also
requires a large amount of time and money due to the existing uncertainties in obtaining
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scientific data that can reveal an exact causal relationship between ship emissions and
negative effects [51,66,79]. Therefore, in a situation where reliable research on the estimation
of SECs for ship air pollution in Busan Port is very lacking, this study estimated the
latest SECs of Busan Port by applying the international BTM, a recognised economic
valuation method.

Unlike the study by Lee and Lee (2016) [34], we used reliable and up-to-date data
sources, such as the NEEDS project [51] as the Base Case and the BeTa project [68] as
SEC Cases 1 and 2, for SEC estimation in Busan Port by applying a Purchasing Power
Parity (PPP)-adjusted exchange rate to adjust different income and purchasing power levels
between European and Busan ports [41,59,60]. The total SECs of exhaust gas pollutants
from ship emissions during hoteling at Busan Port in 2019, as a Base Case analysis, were
estimated at USD 31.55 million, not including the manoeuvring process in port.

As the Base Case was estimated based on the external costs (NEEDS project results
from 2019) of ship emissions from ships navigating in the North Sea, the SECs for ship
emissions during hoteling at Busan Port may be underestimated. However, this study
confirmed that the costs in the Base Case were almost twice as high as those in SEC
Case 2 (USD 16.03 million), which was estimated based on older research results (BeTa
project results from 2002) for the same North sea areas. Therefore, this result illustrates
to what extent the estimated results of SECs depend on the scientific information and
methodologies used, and on changes in the human perception of environmental damages
from ship emissions.

To reflect the concern that the estimate of ship SECs while berthing in Busan Port
was underestimated in the Base Case, this study estimated the SECs of SEC Case 1, as an
upper bound estimate, at USD 100.64 million by applying urban results from the BeTa
project that estimated the marginal costs of air pollution of ships in the port. In addition,
we found that the Base Case estimate as a lower bound and the SEC Case 1 estimate as an
upper bound of the SECs of Busan Port were 33.4 and 10.5 times less, respectively, than
the estimates of Lee and Lee (2016) [34] (USD 1055.02 million). In light of these results, the
SEC values from Lee and Lee (2016) [34] could be overestimated compared with the actual
SECs of ship emissions at Busan Port. Therefore, considerable caution should be taken, as
the distorted and incomplete estimation results might cause conflicts between the port and
local communities.

Finally, in 2019, the largest pollutant source in Busan Port based on ship emissions
was CO2 (97.33% of total emissions). However, in terms of social environmental costs,
the ranking of effects by emission pollutants is different. Therefore, based on the EU SEC
estimate (USD 7.80 million), the ratio of the SECs of atmospheric CO2 ranged from 7.8%
in SEC Case 1 to 24.7% in the Base Case. The social cost estimation results for exhaust
gas pollutants from ship emissions at Busan Port showed that the SECs in the Base Case
for NOx, SO2, PM2.5 (including PM10), and VOC were USD 15.73 million (49.9%), USD
5.82 million (18.5%), USD 2.09 million (6.6%), and USD 0.10 million (0.3%), respectively.
Therefore, in the Base Case, the pollutants with the most serious SECs were NOx (USD
15.73 million, 49.9%), CO2, and SO2 (USD 5.82 million, 18.5%) in that order, whereas in
SEC Case 1, SO2 (USD 53.75 million, 53.4%), PM2.5 including PM10 (USD 32.34 million,
32.1%), and CO2 were the most serious, in that order. These results are expected to aid
port authorities in prioritising the introduction of efficient reduction policies for each air
pollutant emitted by ships at Busan Port.

In summary, as mentioned earlier, our SEC estimates using the international BTM may
be inaccurate owing to the underestimated results. In addition, the emission range of air
pollutants from ships entering the port, in other words, the range of social environmental
damage, should include damages from ships emissions not only during berthing at port,
but also during manoeuvring in the coastal areas and within port areas, but we could not
carry that out. However, although it is not a direct estimate of the social costs of Busan Port
using a bottom-up approach, these results can be meaningful when compared with recent
scientific research on the economic damage to society due to ship air pollution in Korea.
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With the application of the 2020 global sulphur limits of 0.5%, the efforts of flag states,
such as the Emission Control Areas (ECAs) designation, to improve the air environment and
reduce air pollutant emissions from ships are expected to continue, as well as regulations
from international organisations on the use of low-sulphur oil by ships and shipping
companies. Since 1 September 2020, the Korean government has designated five major
ports, i.e., Busan Port, Incheon Port, Yeosu, Gwangyang Port, Ulsan Port, and Pyeongtaek-
Dangjin Port, as ECAs and applied regulations on sulphur oxides at <0.1%.

In future studies, it plans to establish a continuous monitoring system by securing
actual fuel usage data and applying direct ship data to verify the effectiveness of reducing
exhaust gas pollutants, while addressing some of the limitations of the present study. In
addition, another study will be conducted that considers a life-cycle assessment of air
pollutants in Busan Port.
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Appendix A

Tables A1–A4 list the emissions calculation results for each ship type at Busan Port in
2015–2018 during hoteling.

Table A1. Ship pollutant emissions by ship type at Busan Port in 2015 (ship activity phase: Hoteling) [kg].

Ship Type
Pollutants

NOx SO2 CO2 VOC PM2.5 PM10

Liquid bulk ships 103,332.04 7153.76 5,484,546.76 3179.45 2146.13 2265.36
Dry bulk carriers 31,081.65 2151.81 1,649,718.23 956.36 645.54 681.41

Container 840,867.64 420,433.82 44,630,666.92 25,872.85 23,285.57 24,579.21
General cargo 95,556.73 6615.47 5,071,856.99 2940.21 1984.64 2094.90
Ro–Ro cargo 14,457.90 7228.95 767,380.99 444.86 400.37 422.62

Passenger 29,488.50 14,744.25 1,565,158.81 907.34 816.60 861.97
Fishing 97,471.30 6748.01 5,173,476.57 2999.12 2024.40 2136.87
Other 83,777.16 5799.96 4,446,633.95 2577.76 1739.99 1836.65
Tugs 25,275.90 1749.87 1,341,566.87 777.72 524.96 554.13

Sum 1,321,308.81 472,625.89 70,131,006.09 40,655.66 33,568.20 35,433.10

Table A2. Ship pollutant emissions by ship type at Busan Port in 2016 (ship activity phase: Hoteling) [kg].

Ship Type
Pollutants

NOx SO2 CO2 VOC PM2.5 PM10

Liquid bulk ships 127,041.46 8795.18 6,742,970.06 3908.97 2638.55 2785.14
Dry bulk carriers 29,435.59 2037.85 1,562,350.48 905.71 611.35 645.32

Container 918,555.96 459,277.98 48,754,124.11 28,263.26 25,436.93 26,850.10
General cargo 93,570.25 6477.94 4,966,420.95 2879.08 1943.38 2051.35
Ro–Ro cargo 20,607.28 10,303.64 1,093,771.15 634.07 570.66 602.37
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Table A2. Cont.

Ship Type
Pollutants

NOx SO2 CO2 VOC PM2.5 PM10

Passenger 30,090.89 15,045.45 1,597,132.08 925.87 833.29 879.58
Fishing 86,882.86 6014.97 4,611,474.65 2673.32 1804.49 1904.74
Other 46,815.23 3241.05 2,484,808.53 1440.47 972.32 1026.33
Tugs 26,034.79 1802.41 1,381,846.60 801.07 540.72 570.76

Sum 1,379,034.32 512,996.47 73,194,898.60 42,431.83 35,351.70 37,315.69

Table A3. Ship pollutant emissions by ship type at Busan Port in 2017 (ship activity phase: Hoteling) [kg].

Ship Type
Pollutants

NOx SO2 CO2 VOC PM2.5 PM10

Liquid bulk ships 92,283.77 6388.88 4,898,138.78 2839.50 1916.66 2023.14
Dry bulk carriers 32,255.84 2233.10 1,712,040.86 992.49 669.93 707.15

Container 869,822.05 434,911.02 46,167,477.84 26,763.76 24,087.38 25,425.57
General cargo 89,713.53 6210.94 4,761,718.16 2760.42 1863.28 1966.80
Ro–Ro cargo 17,179.44 8589.72 911,831.76 528.60 475.74 502.17

Passenger 20,532.90 10,266.45 1,089,823.10 631.78 568.60 600.19
Fishing 94,843.86 6566.11 5,034,020.10 2918.27 1969.83 2079.27
Other 52,561.51 3638.87 2,789,803.39 1617.28 1091.66 1152.31
Tugs 25,117.97 1738.94 1,333,184.32 772.86 521.68 550.66

Sum 1,294,310.87 480,544.03 68,698,038.32 39,824.95 33,164.77 35,007.26

Table A4. Ship pollutant emissions by ship type at Busan Port in 2018 (ship activity phase: Hoteling) [kg].

Ship Type
Pollutants

NOx SO2 CO2 VOC PM2.5 PM10

Liquid bulk ships 104,328.54 7222.75 5,537,437.89 3210.11 2166.82 2287.20
Dry bulk carriers 35,590.40 2463.95 1,889,029.13 1095.09 739.19 780.25

Container 924,449.25 462,224.62 49,066,921.67 28,444.59 25,600.13 27,022.36
General cargo 73,668.52 5100.13 3,910,098.13 2266.72 1530.04 1615.04
Ro–Ro cargo 8596.90 4298.45 456,296.80 264.52 238.07 251.29

Passenger 21,443.92 10,721.96 1,138,177.23 659.81 593.83 626.82
Fishing 90,299.15 6251.48 4,792,801.14 2778.44 1875.44 1979.64
Other 43,139.49 2986.58 2,289,711.39 1327.37 895.97 945.75
Tugs 18,831.32 1303.71 999,508.60 579.43 391.11 412.84

Sum 1,320,347.49 502,573.62 70,079,981.99 40,626.08 34,030.61 35,921.20
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