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Abstract: Dense hub port-cities have been suffering from ship gas emissions causing atmospheric
pollution and a threat to the health of coastal residents. To control ship gas emissions, many
regulations have been established internationally. Analyses of ship gas emission inventories are
essential to quantify mass and track emission changes over time in a given geographical area.
Based on the gas emissions inventory, applicable regulations such as Emission Control Area (ECA)
realization and Vessel Speed Reduction (VSR) may be established. The ship gas emission inventory
(COy, CO, NOy, SOx and PM) from the Busan Port (BP), including the North Port (NP) and Gamcheon
Dadae-po Port (GDP), which is the biggest port in the Republic of Korea and which is also surrounded
by residential, commercial, and industrial areas, were spatially analyzed. To calculate geographical
ship gas emissions in real-time, this study introduces a bottom-up methodology using Automatic
Identification System (AIS) data. According to the geographical density analysis of the gas emissions
inventory, this study highlights that about 35% of the annual ship gas emissions of BP in 2019 were
concentrated in the passageway to NP because of high ship speeds when leaving or arriving at the
port. To protect the health of coastal residents, ship speed limit regulations along the passageway
should be revised based on our spatial analysis results. The spatial analysis of the ship gas emission
inventory in BP will be useful basic data for properly evaluating the local gas emission state on newly
established or revised environmental regulations for BP.

Keywords: air pollution; greenhouse gases (GHGs); ship gas emission; Automatic Identification
System (AIS); spatial analysis

1. Introduction

Regarding CO, emissions per weight-unit of cargo, the shipping industry is considered
the most eco-friendly and efficient transportation system [1-3]. However, CO, emissions
from shipping have reached 2.89% of worldwide CO, emissions [4]. Increasing energy
prices have led to the enhancement of energy efficiency in many ports [5-7]. Additionally,
concern about the impact of ship gas emissions (CO, NOx, SOx and PM) on the health in
residents port cities has been increasing worldwide. Thus, regulations to limit ship gas
emissions threatening have received attention from the public and researchers working in
various fields [8-10].

Gas emissions caused by shipping have been actively analyzed by the International
Maritime Organization (IMO) since 2018 in order to establish a long-term plan to manage
such emissions starting in 2023 [2]. The European Union (EU) is leading efforts to control
marine gas emissions. The EU has been implementing regulations, namely monitoring,
reporting, and verification (MRV), for ships with over 5000 gross tonnages to report and
verify CO, emission every year since 2015. If regulations limiting marine gas emissions are
not established by the IMO by 2023, the EU plans to apply the EU emission trading system
which originally proposed a cap and trade system for shipping [2].

The Korean government has implemented environmental regulations to protect people
from harmful air pollutants. The “Air Quality Management Basic Plan” contains legislation
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which was introduced in 2015 and will remain in effect until 2024. The Korean government
has introduced a top-down approach to estimate the quantity of air pollution; however,
this method, which fails to consider ship movement, has led to inconsistencies and un-
certainty [11]. This demonstrates the importance of estimation approach choice and the
accuracy of traffic data used in estimations [12].

Considerable efforts have been made to achieve technological advancements such as
accurately estimating marine gas emissions, e.g., by on-board surveys of fuel consumption
and action, and field-testing and reviewing ship emission factors [13-15]. There are two
major approaches; top-down and bottom-up. The top-down approach is based on the
quantity and type of marine fuel sales and fuel-related emission factors [16]. This approach
was widely introduced to estimate global and national emissions in the late 1900s and
2000s [10,17-19]. However, the top-down approach does not reflect the real movement of
ships. Thus, emission estimations using this approach are considered to contain uncertain-
ties [18,20]. The bottom-up approach, on the other hand, overcomes these limitations. This
approach uses Automatic Identification System data including real-time ship information
(e.g., Maritime Mobility Service Identity (MMS]I), status, speed, ship type, breadth, draft,
length, gross tonnage, and engine characteristic). Hence, calculated gas emissions reflect
each ship’s specific conditions in real-time. In other words, the bottom-up approach has
higher accuracy than the top-down approach because it requires detailed and exhaustive
input such as ship specification data [11,12,21].

The bottom-up approach has been used to precisely analyze marine gas emission
inventories in areas with high levels of shipping activities. The NOx, SO,, CO,, HC and
PM emissions from 7520 ships were estimated in 2007 using the bottom-up approach [22].
Tzannatos [23] applied an in-port ship activity-based methodology for the maneuvering
and hoteling of passenger ships and cruise ships in the port of Piraeus, to estimate ship
exhaust pollutants, i.e., NOy, SO, and PM2.5, in 2008. Kilic and Deniz [24] estimated the
spatial distribution of NOy according to ship statutes within the Gulf region to determine
the most affected areas. In 2007, detailed maritime emission inventories of NOy, SO,
and PM10 for ocean-going vessels in Hong Kong were compiled using real-time vessel
specifications from AIS data [25]. Berechman and Tseng [26] estimated the annual emission
cost of ships and trucks operating in the port of Kaoshiung in Taiwan by using the bottom-
up methodology. In 2007, exhaust gas emissions from ships in Izmir port in Turkey were
calculated by the ship activity-based methodology [27]. Castells et al. [28] quantified
polluting emissions (NOx, SO,, PM2.5 and VOCs) to estimate the impact of pollution from
territorial ships on the densely populated harbor. To evaluate the social cost of cruise ship
air emissions, a total in-port emission inventory of cruise shipping was analyzed in terms
of gas species, seasonality, and activity using the bottom-up approach [29]. Tichavska and
Tovar [30] assessed exhaust pollutants related to cruise and ferry operations in the port
of Las Palmas using the bottom-up approach. Fan et al. [31] demonstrated the potential
environmental influence of ship emissions on the atmospheric environment surrounding
the Yantze River Delta and the East China Sea within 400 km of the coastline using the
bottom-up methodology. In 2013, the bottom-up methodology was introduced to calculate
exhaust pollutant values (NOy, SO, and PM2.5) during maneuvering and hoteling for
international cruise ships in 18 ports in Greece [32].

Li et al. [33] demonstrated the low uncertainties of emission estimates using the top-
down approach according to the spatial analysis of an AIS-based ship emission inventory
in the Pearl River Delta region in Chian. Dongsheng et al. [15] developed the first high
temporal-spatial ship emission inventory in Qingdao port and its adjacent waters using the
bottom-up method. Based on AIS data acquired through satellites, Kim et al. [2] spatially
compiled an emission inventory due to the use of of liquified natural gas worldwide.

Two marine emission studies have targeted Busan Port (BP) in the past. Lee [34]
estimated emissions resulting from the hoteling of large vessels in 2011 and 2012 using
the top-down approach. However, this approach did not reflect the real movements of
ships. The atmospheric dispersion pattern of ship emissions in BP was analyzed using



J. Mar. Sci. Eng. 2021, 9, 1457

30f15

Z:528

UTM

E:500,000.00
N:3886,350.74

E:50C,000.00
N:3881,914.82

E:500,000.00
N:3877,478.93

E:500,000.00
N:3873,043.06

WGS84

Latitude

3512°N

35.08°N

35.04°N

35.00°N

129.00°E

the bottom-up methodology and an advanced nonstate meteorological and air quality
modeling system.

This study is territorially limited at the North Port (NP) of BP. Based on AIS data for
NP and Gamcheon Dadae-po Port (GDP) in 2019, the bottom-up methodology is introduced
to devise a geographical marine gas emissions inventory for five air pollutants (CO,, CO,
NOy, SOx and PM) over time. This study indicates that about 35% of ship gas emissions
in BP in 2019 were concentrated in the passageway to NP due to high ship speeds when
leaving or arriving at the port. To protect the health of coastal residents, improved Emission
Control Area (ECA) policies and regulations regarding vessel speed reduction (VSR) along
the passageway should be introduced. The present spatial analysis of ship gas emissions in
BP will provide useful basic data for new or revised environmental regulations for the port.

2. Spatial Analysis Domain and AIS Data
2.1. Analysis Domain

The analysis domain is within the latitude of 35.00° to 35.12° N and the longitude of
129.00° to 129.20° E, as shown in Figure 1.
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Figure 1. Analysis domain of the Present Study.

BP has a total of 28 berths with a total berth length of 19,886 m. It has two geographical
segments, i.e., the North Port (NP) and Gamcheon Dadae-po Port (GDP), with 18 and
10 berths, respectively. The NP primarily handles containers with six berths, servicing
container vessels of up to 50,000 Deadweight Ton (DWT) class. The other nine berths of
the NP handle raw cargos such as sand, steel, oil, chemicals, and general cargo, and can
service a maximum 50,000 DWT. There are three berths for passengers; the cruise berth can
service cruise ships up to 80,000 DWT class. The GDP with 10 berths services small and
medium container ships and general cargo ships.

Table 1 shows the capacity of the Busan Port and its component ports. The total
quantity of container imports and exports in BP in 2019 was about 20 million twenty-foot
equivalent units (TEUs), accounting for 32.5% of the total for the Republic of Korea [35]. The
total number of ship entries/departures in BP in 2019 was 93,701. BP handles a significant
amount of cargo and has heavy ship traffic. Additionally, it is adjacent to commercial,
industrial, and residential areas, namely Yeongdo-gu, Nam-gu, Jung-gu, Dong-gu, Seo-gu
and Saha-gu, where the population is about 120,000. Thus, gas emissions in BP have the
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high potential to cause serious health problems including respiratory and cardiovascular
diseases, reproductive and central nervous system dysfunctions, and cancer [36].

Table 1. Details of the capacity of Busan Port.

Port Service Capacity

Berth
Port Length (m) Ship DWT Number of Sort of Cargo
Berth
North Port Passecr? rlzt: lgi?leral
(Lat 35.07°-35.11° N, 12,954 500-80,000 18 Chemi;gal ’ Oil Raw,
Lon 129.06°-129.13° E) (San d, Fiskll)

Gamcheon Dadae-po Port
(Lat 35.04°-35.08° N, 6932 1000-50,000 10
Lon 129.01°-129.04° E)

Source: Busan Port Authority [36].

Container, General,
Chemical, Oil, Fish

2.2. Automatic Identification System (AIS) Data

To prevent collisions at sea, the IMO has established a regulation requiring the in-
stallation AIS on vessels with gross tonnages of over 300 in international voyages and
on domestic cargo vessels with gross tonnages of over 500 not engaged in international
voyages. AlS territorially transmits ship data in real-time to allow adjacent vessels to
easily recognize a ship’s status and movement. AIS has 15 different navigation statuses
and transmitting intervals depending on navigation status. AIS data are transmitted and
received at intervals of 2-10 s while at sea and 3 min while anchored.

2.2.1. AIS Data Description

In the present study, AIS data were collected within the latitude of 35.00° to 35.12° N
and longitudinal of 129.00° to 129.20° E in BP in 2019 by a company named MarineTraf-
fic [37]. The AIS data include Maritime Mobile Service Identity (MMSI), longitude, latitude,
vessel name, callsign, vessel type, vessel class, length, width, flag country, destination,
estimated time of arrival, draught, speed over ground, course over ground, heading,
navigation status, source, time in universal time coordinated (UTC).

Table 2 shows the total number of vessel arrivals for different ship types in the BP
region in 2019 based on two data from the AIS and the official statistics of the Korea
Maritime Institute (KMI). Figure 2 clearly shows the different between KIM and AIS data.
According to the official statistics of the KMI, 47,469 ships arrived in BP. In terms of ship
type, 29.3%, 23.1%, 17.6%, 13.6% and 6.5% were container, oil tanker, conventional cargo,
general cargo, and passenger ships, respectively, as shown in Table 2. Compared to the
official statistics from KMI, the breakdown of ship types based on territorial AIS data was
found to be similar. The difference in the total number of vessel arrivals in BP between
the official KMI statistic and territorial AIS data was 362 (+0.73%). These facts indicate the
successful collection of AIS data. Although the difference in the number of fishing vessel
arrivals in BP between the two sources was 214 (+13.87%), the impact of emissions from
fishing vessels, given that they are much smaller than cargo ships, would be negligible.
The discrepancy in the number of fishing vessels was likely caused by fishing vessels that
only passed through the port of BP.
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Table 2. Vessel arrivals of different types in BP in 2019.
. . - Difference between
Type of Ship OfﬁCI(aIilf:/[tIa)tlstlcs AIS Data Official Statistics (KMI)
and AIS Data
Container 14,172 14,217 45 (+0.31%)
Oil tanker 11,376 11,397 21 (+0.18%)
Conventional cargo ship 8436 8453 17 (+0.19%)
General cargo ship 6530 6553 23 (+0.34%)
Passenger ship 3148 3169 21 (+0.65%)
Reefer 1193 1198 5 (+0.41%)
Fishing vessel 1123 1337 214 (+13.87%)
Bulk carrier 1048 1057 9 (+0.58%)
Ro-Ro ship 443 450 7 (+1.45%)
Total 47,469 47,831 362 (+0.73%)

Source: Korea Maritime Institute [38].
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0
Type of ship
Figure 2. Vessel arrivals of different types between KMI and AIS data in BP in 2019 [38].

2.2.2. Verification and Revision of AIS Data

Before using AIS data to calculate ship gas emissions, verification and revision were
necessary, because some recorded items in the data were missing or transmitted with error
values. For instance, the AIS data of some ships indicated exceptionally high speeds or
positions where a ship cannot physically be positioned. Additionally, draught AIS data
for some ships were omitted or not properly updated by the ships” navigation officers.
Generally, the AIS draught is updated by navigation officers before arrival or departure
from a port. It is not automatically updated in real-time. To address these problems, this
study conducted AIS data preprocessing, as described below.

e  First, 3.5% of the total AIS data, including the landside position or exceptional devia-
tions from the previous route, are removed.

e  Exceptionally high speeds were replaced with averages of previous and subsequent
speed data.

e  The speed of ships positioned along berth lines or when moored were considered as
noise. Thus, their speeds were removed.

e  Omitted ship draught data were inputted with their summer draught to conservatively
reflect this information. These data were found on the VesselFinder website [39].

3. Gas Emission Calculations
3.1. Bottom-Up Approach

The bottom-up approach was developed to tackle the limitation of the top-down
approach, i.e., the inability to reflect ship movements in real-time in a port for gas emission
calculation purposes. Calculations of the amounts of gas emissions using the bottom-up
approach could reflect each ship’s specific condition in real-time using AIS data. The
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bottom-up approach has higher accuracy than the top-down approach because it requires
detailed and exhaustive input, such as ship specification data [11,12,21].

Figure 3 illustrates the procedure for the calculation of spatial gas emissions using
the bottom-up approach. Three items, namely, ship position, speed, and draught, were
verified and revised to improve the reliability of the data and remove errors. In the second
step, AIS data were identified to distinguish ships’ navigation statuses, where ‘0" means at
sea using the main engine, and ‘5" means moored; these data were used to devise a suitable
gas emission calculation method. With a ‘0" status, the total resistance was calculated
according to the procedure recommended by the International Towing Tank Conference
(ITTC) [40,41]. Fuel consumption was calculated according to specific fuel oil consumption
(SFOCQ). Table 3 shows SFOC values by engine year. As the vessel engine gets older, its
efficiency is reduced, as shown in Table 3 [1].

Check if AIS data
includes error ?

I. Remove AIS data in landside No
II. Revise ships’ exceptionally high speed
IIL. Input  ships’ summer drought for
omitted in AIS data

‘0’= under way using engine Identify ships’ status *5’= moored

number ‘0’ or ‘5’
v v
v v v
| Dimensions | Ship type | Speed | | Time Position | Draught | | Dimensions | Ship type | Time | Position | Auxiliary engine

A 4

ITTC recommended procedure
1. Ship’s resistances
I1. Fuel consumption

Territorial ship
gas emission

A4

Distributing calculated gas
emission inventory on the map

Figure 3. Procedure for the calculation of the spatial gas emission using the bottom-up approach.

Table 3. SFOC values (g/kW h) of main engines.

Engine Years Above 15,000 kW 5000-15,000 kW Below 5000 Kw
Before 1983 205 215 225
1984-2000 185 195 205
2001-2007 175 185 195

Source: Second IMO greenhouse study, 2009 [1].

Based on the emission factors of each pollutant, the quantities of ship emissions were
estimated. In a ship of status ‘5’, depending on the type of ship, the load factor and average
propulsion power of the auxiliary engine were determined. Then, ship gas emissions
during mooring were calculated using the emission factors of the auxiliary engine.

3.2. Gas Emission Calculation Methodology for Maneuvering or Cruising Mode

At present, there is no local official standard to calculate the gas emissions of ships
in the Republic of Korea. The U.S Environmental Protection Agency (EPA) and Euro-
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pean Environment Agency (EEA) [18,42,43] suggested the following equation for ships in
maneuvering and cruising mode:

n
En =) VA; X Pj X L, X T X EFjjg 1)

i=1

where E;, denotes the ship’s gas emissions (kg) in maneuvering or cruising mode, VA;
denotes the number of a ship’s arrival, P;; denotes the average installed engine power
(kW), LE;j,, denotes the load factor (%), T denotes time (h), EFjj; denotes the emission
factor depending on engine and fuel type (kg/kW h), and i, j, k, [, m and n denote a single
voyage, type of engine, type of emission pollutant, size of the ship (DWT), activity mode,
and the total number of a ship’s arrival, respectively. Table 4 shows the emission factor of
each emission pollutant.

Table 4. Emission factors of pollutants.

Emission Pollutant Marine HFO Emission Factor (g/g Fuel)
CO, 3.11400
co 0.00277
NOx 0.06512
SOx 0.04908
PM 0.00699

Source: Third IMO Greenhouse Gas Study, 2014 [44].

Calculation of Installed Power of Ships Using AIS Data

Molland et al. [45] suggested the following equation to calculate the installed engine
power required to produce a desired speed:

_RTXV
D X 1T

i ()
where Rt denotes the total resistance of the ship, V denotes the speed of the ship (m/s),
#1p denotes the quasi-propulsion coefficient, # denotes the transmission efficiency, and
m denotes the sea margin. Typically, the quasi-propulsion coefficient #p ranges from
0.55 to 0.65 [46]. Transmission efficiency refers to losses between delivered power at the
tail-shaft and the installed engine; it typically ranges from 0.95 to 0.98 [45]. Sea margin
m indicates allowances on installed power for roughness, fouling, and weather; this is
typically 15-30%, depending on the route [45]. In the present study, to conservatively
estimate ship gas emissions, the maximum values of the quasi-propulsion coefficient #p,
the transmission efficiency #p, and the sea margin m were set in typical ranges, i.e., 0.65,
0.98, and 30%, respectively.

The International Towing Tank Conference (ITTC) [40] suggested the following equa-
tion to calculate the total resistance of a ship Ry (KN):

Rr=05xCr xp xS xV? A3)

where Ct denotes the total resistance coefficient, p denotes the density of seawater, and S
denotes the wetted surface of the ship. The total resistance coefficient Cr is calculated by
Equation (4) [41]:

Cr=Cr+Csq+Cpu+Cgr (4)

where Cr denotes the frictional resistance coefficient, C 4 denotes the incremental resistance
coefficient. C4 4 denotes the air resistance coefficient, and Cg denotes the residual resistance
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coefficient. According to the Reynolds number R;, the frictional resistance coefficient Cr
may be derived by Equation (5) as below:

0.075
Cr=——"-—"- ®)
(logloRn - 2)

The incremental resistance coefficient can be calculated by Equations (6) and (7),
depending on the displacement of the ship [47]:

Ch=10"2x (0.5 x logioA — 0.1 x (logloA)z) (A < 16,000 tons)  (6)

Ca =103 x Maximum<—0.1;0.5 % logioA — 0.1 x (logloA)z) (A > 16,000 tons)  (7)

where A denotes the displacement of the ship (in tons). The air resistance coefficient C4 4
was recommended by Kristensen and Lutzen [41], as shown in Table 5.

Table 5. Air resistance coefficient C4 4.

Type of Ship Caa-1000
Small Tankers 0.07
Handysize Tankers 0.07
Handymax Tankers 0.07
Panamax Tankers 0.05
Aframax Tankers 0.05
Suezmax Tankers 0.05
VLCC 0.04

0.28 TEU 0126

Container Vessels But newer less than 0.09

3.3. Gas Emission Calculation Methodology for Hoteling Mode

Based on the bottom-up approach, the EPA and EEA [18,42,43] suggested the following
equation for ships in hoteling mode:

n
E, =) VB x Py x LF, x T x EF, (8)
i=1

where Ej, denotes the ship’s gas emissions (kg) in hoteling mode, V B; denotes the number
of times the ship has been hoteled, P; denotes the average installed auxiliary engine power
(kW), LE, denotes the load factor of the auxiliary engine (%), T denotes time (h), and EF,
denotes the emission factor of the auxiliary engine (kg/kW h). Table 4 shows the emission
factor for each pollutant. Table 6 shows the auxiliary engine power ratios and auxiliary
engine load factor in port during hoteling mode [48]. Table 7 shows the emission factor of
the auxiliary engine [49]. In the present study, the engine type of ships and the fuel type
used during hoteling mode were assumed as medium speed diesel (MSD) and marine
diesel oil (MDO), respectively.

Table 6. Auxiliary engine power ratios and load factor in port during hoteling mode.

Ship Tvpe Average Propulsion Auxiliary to Auxiliary Engine
piyp Engine (kW) Propulsion Ratio Load Factor
Container 30,900 0.220 0.17
Oil tanker 9400 0.211 0.67
Conventional cargo 6250 0.269 0.22

ship
General cargo ship 9300 0.191 0.22
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Table 6. Cont.

Ship Type Average Propulsion Auxiliary to Auxiliary Engine
Engine (kW) Propulsion Ratio Load Factor
Passenger ship 39,600 0.278 0.64
Reefer 9600 0.406 0.34
Bulk carrier 8000 0.222 0.22
Ro-Ro ship 11,000 0.259 0.34

Source: Nicewicz and Tarnapowicz [48].

Table 7. Auxiliary engine power ratios and load factor in port during hoteling mode.

Emission Factors (g/kW s)
CcO, Cco NOx SO PM

MSD MDO 0.17946 0.00030 0.00360 0.00110 0.00013
Source: EPA [49].

Engine Type Fuel Type

4. Results and Discussion

Based on AIS data for BP, which is directly surrounded by residential, commercial,
and industrial areas, the bottom-up methodology was introduced to establish a spatial gas
emissions inventory (CO,, CO, NOy, SOx and PM) for 2019. Such an inventory of BP will
be a useful resource for new or revised long- and short-term environmental regulations
regarding ship gas emissions in the port.

4.1. Fuel Consumption Estimation

This section describes the fuel consumption estimation in BP in 2019, the results
of which were calculated according to formulas applied to two navigation statuses, i.e.,
(i) maneuvering or cruising, and (ii) hoteling or anchoring. Table 8 shows the estimated
annual fuel consumption in BP. More than 70% of the annual total fuel consumption may
be attributed to maneuvering or cruising. About 25% is used while hoteling, and less than
2% is consumed while anchoring. As shown in Table 8, about 35% of the annual total
fuel consumption in BP is concentrated in the passageway to NP; see Figure 4. This is
because ship speed was weighted as the main increase factor in the formula utilized in this
study, and during arrival or departure, ships increase their speed along the passageway.
Figure 5 shows the monthly fuel consumption in BP. As shown in the trend line, there was
no significant fluctuation in 2019. However, compared to other months, the monthly fuel
consumption in February and December decreased somewhat.

ton/year x10°

T T T T T T > 10

490

35°08N [ Concentrated fuel |

North, consumption area 180
Port /
. 470
o 35°06N F Gamcheon gressesessnsn e d
g Dadae-po : :
£ Port : :
o 6.0
35°04'N + A S - i 50

4.0

35°02'N 1

2km
L Esri, HERE, Garmin, USGS

L L L L L 20
129°E 129°02'E 129°04'E 129°06'E 129°08'E 129°10'E
Longitude

Figure 4. Area of concentrated fuel consumption in BP in 2019.

30
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Table 8. Fuel consumption depending on navigation statues in BP in 2019.

Navigation Statues Fuel Consumption (Ton/Year)
Maneuvering or Cruising 498,615.3 (72.0%)
Hoteling 182,133.1 (26.3%)
Anchoring 11,772.86 (1.7%)
Total 692,521.2
Area of concentrated fuel consumption 237,534.8(34.3%)
6.0 x 10*
é‘ 5.8 x 10*
g 5.6 x 10* M
E
S 54x10*
E 5.2 x 10*
£ 50x10*
2
§ 4.8 x 10*
E 4.6 x 10*
TE 4.4 x 10*
S 42x10
S 4
4.0 x 10*
Jan Feb Mar Apr May Jun Jul Aug  Sep Oct Nov  Dec
Month

Figure 5. Monthly fuel consumption in BP in 2019.

4.2. Spatial Marine Gas Emission in BP

In terms of the contribution to gas emissions by ship type, container and tanker ships
accounted for half. Figure 6 shows the proportion of the gas emissions by ship type in BP
in 2019. Container and tanker ships emitted about 29.3% and 27.1% of all air pollutants,
because the main role of the BP is servicing container and oil cargos. The proportion of
other ship types, namely, conventional cargo ships, general cargo ships, passenger ships,
reefers, fishing vessels, bulk carriers, and Ro-Ro ships, was 22.4%, 19.1%, 9.0%, 2.9%, 5.0%,
3.6% and 1.4%, respectively.
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Figure 6. Proportion of the gas emission by ship type in BP in 2019.

As shown in Figure 6, the sum of gas emissions of the three types of vessels (fishing
vessels, reefers, and general cargo ships) only accounts for 27.0% of all air pollutants
identified in the emission inventory. The main role of the NP is for containers, oil tankers,
and conventional cargo ships; thus, gas emissions in the port account for at least 78.0% of
the total for BP.



J. Mar. Sci. Eng. 2021, 9, 1457 11 of 15

This section presents estimations of marine gas emissions in BP in 2019, and spatially
describes the result on a map; see Figure 7. This spatial gas emission inventory covers
two geographical areas (NP and GDP). It provides data on five air pollutants (CO,, CO,
NOx, SOx and PM) according to estimations of fuel consumption, as evaluated in the above
section. The amount of emissions of each air pollutant is described in Table 9. Briefly, in
total, 2,074,138 tons of CO,, 1845 tons of CO, 43,374 tons of NOx, 32,691 tons of SOy, and
4656 tons of PM were emitted in BP in 2019. Given that CO, has the highest emission factor
(3.114 g/g fuel), it accounted for 96.17% of the total air pollutants in BP in 2019. NOx made
up about 2.01% of the total. The proportions of CO, SOx and PM were 0.09%, 1.52% and

o .
0.22%, respectively.
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Figure 7. Spatial distribution of CO,, CO, NOy, SOx and PM in BP in 2019.
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Table 9. Marine gas emission inventory from different ship types in BP in 2019.
Ship Type CO, co NOx SOx PM
Container 507,264 451 10,608 7995 1139
Oil tanker 468,500 417 9797 7384 1052
Conventional cargo ship 388,682 346 8128 6126 872
General cargo ship 329,685 293 6894 5196 740
Passenger ship 156,167 139 3266 2461 351
Reefer 50,320 45 1052 793 113
Fishing vessel 86,759 77 1814 1367 195
Bulk carrier 62,467 56 1306 985 140
Ro-Ro ship 24,293 22 508 383 55
Total 2,074,138 1845 43,374 32,691 4656

(unit: ton/year).

Figure 7 illustrates the annual spatial distribution of five air pollutants (CO,, CO, NOy,
SOy and PM) in BP in 2019. The emissions of these pollutants are roughly distributed along
the berthing line and the passageway of port. Comparing NP and GDD, it can easily be
seen that gas emissions are more widespread in the former NP. GDP mainly accommodates
fishing vessels, reefers, and general cargo ships.

In terms of areas which experience high concentrations of gas emissions, the five
air pollutants were found to be highly distributed along the passageway between the
port to the ocean at the NP and GDP. The two ports showed a similar tendency in this
respect. As mentioned in Section 4.1, this is because ship speed was weighted as the main
increasing factor in the formula utilized in this study, and during arrival or departure, ships
typically increase their speed. Previous studies on ship gas emissions while hoteling in BP
have focused on the amount of a given pollutant emitted along the berth-line; however,
to establish optimal environmental regulations for BP, spatial results must be taken into
account. According to the spatial distribution of air pollutants, regulations should be
implemented denoting a speed limit area in the port. Additionally, based on the spatial
results presented herein, an atmospheric monitoring system should be established at the
the optimal location in order to precisely analyze the impact of ship emissions on the port.

5. Conclusions

This study aims to propose basic data to establish optimal environmental regulations
in Busan Port (BP). To calculate spatial gas emissions of five air pollutants (CO,, CO, NOx,
SOx and PM) in real-time in 2019, this study applied a bottom-up methodology using
territorial Automatic Identification System (AIS) data.

The contributions of this study are three-fold:

e  Firstly, the calculated gas emission inventory using the bottom-up methodology
demonstrated that AIS data are useful for identifying ship characteristics and specific
emission factors, which are essential in bottom-up ship emission inventory development.

e  Secondly, plotting data from the gas emission inventory on a map provided revealing
information about fuel consumption.

e Third, a spatial analysis of the gas mission inventory showed the areas which were
affected by high concentrations of emissions.

The following conclusions and recommendations for further studies can be made:

e  The gas emission inventory is highly distributed along the passageway between the
port to the ocean at the NP and GDP in BP, because ships significantly increase their
speed in this area when arriving or departing.

e  According to our spatial analysis, regulations for a speed limit area in BP should be
implemented to mitigate gas emissions.

e Based on spatial results presented herein, an atmospheric monitoring system should
be established at the optimal location in order to precisely analyze the impact of ship
emissions on the port.
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To improve the reliability of the calculated gas emission inventory using the bottom-
up methodology, revising irregular AIS data recoding intervals in the same navigation
statute and details of engine type and efficiency are required. Additionally, based on the
gas emission inventory, it is necessary to evaluate the atmospheric diffusion pattern of gas
emissions, considering local weather data, in order to determine which territory is most
likely to be affected by marine pollutants.
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