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Abstract: Ships operating on fossil fuel release pollutant emissions into the atmosphere. Released
pollutants have a negative effect on the environment and human health, especially in port cities. For
this reason, it is very important to properly evaluate these emissions so they can be managed. The
current and most common methodologies for shipping pollution evaluation are used for whole port
areas or larger terminals over a long period of time and are not analyzed in terms of detailed activity,
which may lead to underestimations in certain areas. This study aims to evaluate emissions from
ships in port by combining ships’ technical, AIS and EMEP data that allow us to evaluate emissions in
port, not as a singular area source but enables individual ship emissions evaluation at any given point
in time. To achieve this emission calculation, an algorithm was compiled by using EMEP /EEA Tier
3 methodology. The developed method presents a way to evaluate emissions in a detailed manner
not only for groups of ships but also for individual ships if that is required. This method also lets us
analyze shipping emissions’ intensity throughout all port territory and identify the most excessive
pollution sources. However, the method adds additional work for researchers because of the huge
data arrays required for complex calculations.

Keywords: port emissions; emission factor; air pollution; AIS data; Klaipeda port; maritime transport;
emission from ships

1. Introduction

Almost 70% of ship emissions are 400 km from land. The pollutants emitted in the
port make up only a small amount of shipping-related global emissions. However, they
may have a major impact on the environment of coastal regions [1-5]. The main air
pollutants from ships are exhaust gas, including sulfur oxides (5Ox), nitrogen oxides (NOy),
particulate matter (PM), and non-methane volatile organic compounds (NMVOC). These
play an important role in air quality, weather, climate change and human health [6-10].
Several studies prove the relationship between human health and contaminants such as
particulate matter and nitrogen oxides (NO, and NO) in the environments of urban areas,
both in the case of short-term and long-term effects. These effects include premature
deaths, cerebrovascular diseases, infant mortality, pulmonary diseases as a long-term
effect and hospital admissions, cardiovascular diseases, and workday loss as a short-term
effect [11-13]. Studies also show that pollutants from ships lead to approximately 8% of
the total annual mortality from particulate matter and that most deaths occur near the
coast in Europe, East Asia and South Asia [3]. Solid particles are of great concern regarding
adverse effects on human health, visibility and climate change [14,15]. Although shipping
is considered to be one of the ways of energy-saving transportation of goods [16,17], ships
release 1.2-1.6 x 10° kg particulate matter each year [18]. In recent years, more and more
attention has been paid to port cities” air quality. There are two ways to evaluate air quality
changes in the city due to the influence of shipping: (1) direct measurement experiments to
detect air pollutants; (2) the use of air quality models [11].

J. Mar. Sci. Eng. 2022, 10, 1950. https:/ /doi.org/10.3390/jmse10121950

https:/ /www.mdpi.com/journal /jmse


https://doi.org/10.3390/jmse10121950
https://doi.org/10.3390/jmse10121950
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0003-3715-601X
https://orcid.org/0000-0002-1541-8464
https://doi.org/10.3390/jmse10121950
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse10121950?type=check_update&version=1

J. Mar. Sci. Eng. 2022, 10, 1950

20f12

One of the major problems in properly evaluating the effects of emissions on air
quality is the assessment of the emissions themselves [11]. Evaluation of pollutants from
ships is quite a difficult task, both in direct measurements and by evaluating statistical
methods without direct measurements. Most often, ship emissions, especially in ports, are
determined by calculation. Here calculations are made either based on fuel consumption
(fuel-based) or ship activity (activity-based) [17,19-22]. Using AIS (automatic identification
system) can more accurately evaluate the position of ships and operations. As a result, the
statistical models based on the activity of the ship are increasingly used [23-31].

Most statistical methods of pollution evaluation require emissions coefficients. These
coefficients can be selected using databases and scientific articles and then calculated [32-34].
Assessing the emissions of PM is no exception. Information on the composition of particu-
late matter, depending on the engine load and sulfur content in fuel, is used to assess the
emission factor for particulate emission factor [8]. With all the available capabilities, in
many cases, ports are treated as either a singular or somewhat segmented emissions source.
This is usually undertaken to reduce the amount of data and simplify the evaluation [35-38].
For example, this was performed in the Abrutyte et al. [35] study, where attempts were
made to associate ship emissions evaluated with statistical methods with experimental
measurements, but the port was only divided into five sectors. Later these foundations
were also used for urban pollution assessments [36]. In both works, the port was seen as
having several equal emission sources. However, some terminals can have significantly
greater activity and cause higher hotelling emissions, as was shown in earlier work [39].
Moreover, even a ship’s passing in the port creates a significant increase in concentration
in the ship’s sailing area [40]. There are cases where port stevedoring is very constant,
and it was shown by Gan et al. [41] that evaluation at a monthly frequency per terminal
is sufficient to obtain representative results. The use of AIS data in the evaluation of port
emissions, in turn, greatly increases the volume of work for researchers but significantly
improves results. Chen et al. [23] and Yang et al. [42] showed that detailed evaluation is
important for the proper assessment of the sources of port emissions and the disclosure
of more intensive activities” sources. Chen et al. [23] and Paulauskas et al. [43] also draw
attention to the importance of the detailed evaluation of ship emissions and the potential for
reducing emissions, which in other cases, could be lost. Moreover, as Huan et al. [44] state,
AlS-based models can be prepared for automatic operation and, in the future, perform
accounting automatically.

At the same time, increasing attention is given to the green port concept, sustainable
development in ports [45-47] and co-development with port cities [48]. This includes the
increasingly active transition to climate and nature neutrality, and it is very important for
seaports to plan development while improving the state of the environment, rational use of
natural resources and implementing smart technologies [45,49]. Since shipping emissions
are a major source of pollution in ports, it is necessary to seek better ways of monitoring,
evaluating and controlling measure implementation [49].

Based on the literature review of other authors and considering the dynamic activity
of emission sources in ports, the authors believe that there is a lack of research where a
detailed evaluation of port emissions for individual ships is performed. This study aims to
fill this gap by evaluating emissions from ships in port by combining ships’ technical data
(IHS Fairplay), automatic identification systems (AIS) and European Environment Agency
(EEA) data. Combining these data allows us to evaluate ships’ emissions in port, not as
a singular point of the source but as a way to evaluate individual ship emissions at any
given point in time.

2. Materials and Methods
2.1. Study Area
Klaipeda port is the only Lithuanian seaport in the southeast of the Baltic Sea, located

in the mouth of the Curonian Lagoon (55°43' N, 21°07" E) [50]. It is one of the leading ports
of the Baltic Sea, with intermodal communication capabilities and integration into the TEN-
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T rail corridor. Two main railway lines of this corridor connect the port with neighboring
states and Lithuanian domestic territory. It is also the northernmost non-freezing deep-sea
harbor on the eastern coast of the Baltic Sea [51].

According to the data, stevedoring carried out in Klaipeda port (Figure 1) in 2021
reached 45.62 million tons. In addition to stevedoring in Klaipeda port, there is also a
sufficiently intense movement of cruise ships. Based on the data provided by the port
authorities from 2014 to 2019, 56 cruise ships visited the port on average [52].

Given that water in the port of Klaipeda does not freeze during the winter and due
to the large stewing and ship flow in the port, it is very important to accurately evaluate
the pollution caused by shipping and the propagation of pollutants in the territory of
Klaipeda city.

Figure 1. Klaipeda port. Orthophoto map Layer Data: Google Maps.

2.2. Emissions Evaluation Model
2.2.1. Estimation Model

The European Environment Agency co-operative programme for monitoring and
evaluation of the long-range transmission of air pollutants in Europe (EMEP/EEA) Tier 3
air pollution assessment methodology was used [53]. Emissions were calculated according
to the algorithm (Figure 2). Pollution was evaluated according to the technical parameters
and movement of the ship (operation performed). As shown in Figure 2, the algorithm
uses three sets of data: IHS Fairplay data, AIS data and EMEP data. AIS data were sorted
to include only ships that are in the port area and included ship position coordinates,
speed and IMO number for identification. The IHS Fairplay data block—database of ship
technical information included ship type, gross tonnage, main engine type, number of
engines and engine power used for ships’ technical data, while the AIS data block provided
ship activity information. The EMEP data block, consisting of data on load factor, main
auxiliary engines ratio, emission factors and SFOC values, was used to obtain emission
factors and main and auxiliary engine ratio. In the AIS data block, ship speed was used
to determine ship operation (maneuvering, hotelling) and select appropriate engine load
factors. The auxiliary and main engine ratio acquired from the EMEP data block was used
for the main and auxiliary engines’ power determination. The emissions factors from the
EMEP data block, the time and load factor from the AIS data block and the main and
auxiliary engines’ power from the IHS Fairplay data block were used directly in emissions
calculations.

The engine type (gas turbine, high-speed diesel, medium-speed diesel, slow-speed
diesel, steam turbine) and the fuel used were evaluated for the selection of emissions factors.
The IMO number was used to determine the technical parameters of the ship from the IHS
Fairplay database. The position of the ship in the port and its speed were determined by
using the AIS system data. The ship’s operation (maneuvering, hotelling) was evaluated by
using the vessel speed—when the ship’s speed is >0 m/s, it is assumed to be a maneuvering
operation; if the speed is equal to 0, then it is hotelling. Calculations were performed on
both the auxiliary and main engines by evaluating the same operations. For better accuracy,
only ships whose data were constant were evaluated. A filter that removed data if the
difference between the data lines in the AIS data array was more than 4 min 15 s was used.
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Figure 2. Algorithm for the calculation of emissions.

The load factor (LF) parameter for the main (ME) and auxiliary engines (AE) is selected
according to EMEP methodology for each operation separately. Maneuvering operation
for auxiliary engines LF = 50% and main engines—20%. The value of the LF for hotelling
operations depends on the type of ship. For all ships, except tankers, the LF value for
auxiliary engines is 40%, while the LF value for tankers is 60%. Based on the modified
EMEP equations, energy consumption, fuel and CO, emissions for ships berthed at the
quay were evaluated. Calculation of fuel was also undertaken on the basis of EMEP tier III
specific fuel consumption values and adopted to every ship in port. CO, was calculated by
evaluating the consumed fuel based on EMEP-specific fuel oil consumption values, then
applying the typical fuel carbon content of 87% and evaluating the CO, emission under the
assumption that all carbon is burned to CO,. Modified EMEP equation:

For energy at berth:
e =Y _Tp) (PexLF,) 1)
p
For CO, emissions:
12
Eco, = ZTPZ Pe x LF, x SFOC, ,, X a x 0.87 (2
P

eg—Energy used by ships during hotelling;

Ecoy = emission of CO, over a complete trip (kg);

SFOC = Specific fuel oil consumption (kg/kWh);

LF = engine load factor, (%);

P = engine nominal power, (kW);

T = time (hours);

e = engine category (main, auxiliary);

j = engine type (slow-, medium-, and high-speed diesel, gas turbine and steam turbine);
p = the different phase of trip (cruise, hotelling, maneuvering);

2.2.2. Data Processing

According to ship AIS data, emissions were evaluated in the position of each ship
throughout the port. Later the emissions were summed up for each hour of port activity
and each quay of the port by summing up emissions for ships standing at the quay and
passing the quay.
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3. Results
3.1. Emissions from Different Types of Ships

Klaipeda port consists of 22 different terminals, and various companies are operating
inside the port territory. Because of these reasons, the variety of ships coming to Klaipeda
port is quite large. By dividing ships into 11 groups (Figure 3), most of all emissions
(according to NOy) are made up of three groups of ships, including Ro-Ro (26%), container
ships (24%) and bulk cargo ships (21%).

Tug

Tanker

Ro-Ro
Refrigerated...

Other

LNG tanker

General cargo

25.62

Fishing vessel

Dredger
Container 23.55

Bulk cargo 21.16

0.00 5.00 10.00 15.00 20.00 25.00 30.00

NO, emissions, %
Figure 3. Emissions of ships entering the port of Klaipeda (%) by their type.

After those three main groups, there is a ship group labeled Other, which consists of
different auxiliary, repair and other uses for vessels (8%), followed by tankers, general cargo
ships (7%), tugs (4%) and other groups that appear in the chart. The further distribution is
between refrigerated cargo ships, fishing and LNG vessels (Table 1).

Table 1. Average sizes of all emissions according to ship types.

Ship Type NOy, t CO, t NMVOC, t TSP, t BC, t CO, %, t Energy, kWh *
LNG tanker 0.57 0.06 0.02 0.01 0.0008 18.73 30,264
Dreger 0.96 0.13 0.08 0.03 0.001 61.33 85,823
Fishing vessel 1.97 0.19 0.08 0.04 0.002 108.09 171,889
Refrigerated Cargo Ship 3.54 0.33 0.15 0.07 0.004 170.31 272,263
Tug 9.66 1.66 0.85 0.27 0.019 372.97 524,570
General cargo 17.42 1.90 0.92 0.40 0.023 898.33 1,375,904
Tanker 17.67 1.63 0.67 0.35 0.019 884.38 1,424,448
Other 20.25 2.26 1.23 0.48 0.026 1307.66 1,933,306
Bulk cargo 51.38 4.21 1.81 0.97 0.054 2321.38 3,747,557
Container 57.18 5.12 2.09 111 0.067 2284.59 3,691,608
Ro-Ro 62.22 6.39 249 1.30 0.081 2374.02 3,836,118

* Energy and CO; calculated for hotelling phase only.

The size of the emissions in the port depends on the intensity of the shipping, and if
there are no significant differences in activity in the port, the result will be quite representa-
tive when assessing the emissions per year [37]. However, in ports with many different
terminals and inconsistent operation intensity, the average assessment of emissions and
energy consumption may not properly reflect the effects on air quality. After evaluating
average emissions for a day in Klaipeda port from 25 November 2020 to 9 January 2021,
according to our data, the result was 5.28 tons of NO . Compared to earlier studies, our
results were very close to the Elle study [36]. This was performed in 2020 and was much
higher than that of Abrutyte et al. [35] (Table 2). The difference between Abrutyte et al.
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and other studies can be attributed to much older data dealing with lower ship traffic. The
average and maximum sizes of all emissions are given in Table 2. The difference between
medium and maximum emissions consisted of 255 to 278%, depending on the pollutant.

Table 2. Average and maximum emissions in Klaipeda port.

Pollutant Average Max. Min. Average [35] Average [36]
Nitrogen oxides (NOy), t/d 5.28 7.64 2.74 2.59 5.06
Total suspended particles (TSP), t/d 0.52 0.74 0.29 - 0.3
Non-methane volatile organic compounds
(NMVOC), t/d 0.22 0.32 0.12 - 0.311
Black carbon (BC), t/d 0.064 0.0095 0.0033 - -
Carbon dioxide (CO,), t/d 235 341 125 - -
Energy, kWh 371,603 545,076 197,517 - -

3.2. Ship Exhaust Emissions and Energy Use in Port

The energy and distribution of ship generators in the port in the period from 25
November 2020 to 9 January 2021 is uniformly distributed. At the minimum amount of
energy at 197,518 kWh, the maximum consumption for 545,076 kWh per day and 340 t CO,
per day, respectively (Figure 4).

5100 400
4600
'§" 350
4
23)
< 300
>
Q
g 250 S
"8
&
g 200
k)
VU
<
5 » Average energy used by AE, kWh 150
> 600
< —e— CO,
100 100
20207, 20207, 202079 Y2, 202‘*/9 302073 P2, 202079 ety 0y
2% £ s S 25 v %% 30 0 09
Date

Figure 4. Ship generators produced energy and distribution in port and CO, emissions for each day:.

Much national and local legislation limits the average concentration of the pollutants
per day or even for an hour (NOx-1 h; SO,-24 h; PM10-24 h) [54]. When evaluating
the effects on the port city, the daily indicators are no less important than the long pe-
riod of average/total emissions. The graphs showing the emissions change are given in
Figures 5 and 6.
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Figure 5. Summed CO, NMVOC and TSP emissions for each individual day.
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Figure 6. Summed black carbon (BC) and NOy emissions for each individual day.

The dispersion of emissions also depends on the distribution intensity of emissions
in the port terminals. By distributing emissions along the Klaipeda port quays, it was
determined that on the quays 1; 54-57; 127 and 128 terminals where tankers (quay
1) were loaded/unloaded, in the quays 127-128 general cargo and Ro-Ro ships were
loaded /unloaded, emissions were higher. The emission distribution in time by the quays,
which tend to have the largest emissions, was up to 1.24 and 1.07 tons per day, respectively.
Comparing these numbers with average NOy emissions in port (5.28 t NOy/day), we
can see that 20% of the pollutant emission on separate days can be emitted in one place
(Figures 7 and 8).
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Figure 8. Distribution of emissions in port quays 91-142.

The maximum emissions for quays 127-128 (55.658357; 21.155559) were 1.24 t/day,
and for quay No. 1 (55.726619; 21.093111)—1.18 t/day NOy (Figure 9). It may be noted
that although the average emission from the ships in the port was ~5.28 t/day, in the right
circumstances, 20% of all emissions from ship emissions may be concentrated on one or
another port quay. This is of great importance to the evaluation of the effect of the port and
the dissemination of emissions, and the planning of the air pollutant monitoring stations.
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4. Discussion

This study investigated the shipping emission distribution and emitting duration
in Klaipeda port as well as CO, emission and power used at the quay. With the rising
need for ports to become green and sustainable, difficult goals have to be achieved to
ensure CO; neutrality and clean air standards. It is, however, noted that there is a lack
of evaluations that would target the pollutant emissions, energy consumption and CO,
emissions in the same study providing a clear view of potential pollutants and CO, emission
reduction. Using Klaipeda port as an example, we see that three locations in the port were
found to have significantly larger emissions due to more vessel traffic and vessel technical
characteristics. It was found that although the average emission from the ships in the port
was ~5.28 t/day, in the right circumstances, 20% of all ship emissions may be concentrated
in one quay. This type of peak emission can be, although temporary, a significant source
of pollution to the surrounding residential areas. As was shown by Abrutyte et al. [35]
measurement and modelling results, close to or higher than allowed limit concentrations of
NOx may occur when emission from high activity terminals is added to other sources, while
a 10% increase over background concentration from a single vessel plume was reported
by Asier Zubiaga [55] and a 10 pg/m? increase in NOx from by Smailys [56]. To avoid
exceeding pollutant limitations, locations, where such peak emissions can occur, should be
the primary target for monitoring and emission abatement measures, such as cold ironing
implementation.

The average daily energy consumption and CO; emissions at the quay in the analyzed
period were between 500-5000 kWh and 120-350 tons of CO;, respectively, for a single
quay. Although this estimation has limitations due to a lack of data on the exact power and
load of auxiliary engines, it provides a good insight into potential energy consumption and
estimates of achievable CO, reduction for the whole port or by quay basis.

5. Conclusions

The proposed method uses AIS data to create detailed emission estimations with
greater insight into their distribution in port areas for a better understanding of the effects
on neighboring populated areas.
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that some locations in port may have significantly higher emissions than other areas.
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quays provided insight into quays where most power is used and what average and peak
consumption of power is by ships in port, presenting a potential goal for CO,, another
pollutant reduction estimation.

Method limitation: The proposed methodology allows the detailed estimation of air
pollutants and CO; emissions as well as power used at a quay and provides valuable
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Nomenclature

AE auxiliary engine

AIS automatic identification system
BC black carbon

CO, carbon dioxide

EEA European Environment Agency

EMEP/EEA  European Environment Agency co-operative programme for monitoring and
evaluation of the long-range transmission of air pollutants in Europe
LF load factor

ME main engine

NMVOC non-methane volatile organic compounds
NOy nitrogen oxides

PM particulate matter

SFOC specific fuel oil consumption

SOy sulfur oxides

TSP total suspended particles
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