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Abstract: The analysis of cruise ships is focusing on port areas where they may represent a significant
source of anthropogenic emissions. In order to determine the correlation between cruise ship activities
(hoteling and maneuvering) in ports with the ambient concentration of pollutants associated with
marine diesel fuel combustion, the low-cost sensors are finding their market share due to lower
prices compared to the referent ones. In this study, a network of four low-cost PM sensors was
used to determine the correlation between ambient PM2.5 and PM10 mass concentrations with cruise
ship activities in the Kotor Bay area during 27 days in the peak summer season, with a 10-min
resolution. Recorded data and the Openair model were used to investigate the potential relationship
between cruise ship operations and temporal fluctuations in PM concentrations in the ambient air.
Additionally, an Tier 3 methodology developed through the European Monitoring and Evaluation
Programme of the European Environmental Agency (EMEP/EEA) was applied in order to estimate
the total cruise ship PM emissions. The study has shown that weather conditions play a significant
role in local PM concentrations, so that, with predominant ENE wind directions, the west side of the
Bay experienced on average higher concentrations of both PM2.5 and PM10. Rain precipitation and
higher winds tend to decrease rapidly ambient PM concentrations. Higher PM levels are associated
mainly with lower wind speeds and the inflows from neighboring berths/anchorages. During the
maneuvering (arrival and departure) of cruise ships, higher spikes in PM values were detected, being
more visible for PM10 than PM2.5. A significant correlation between daily average PM concentrations
and cruise ships’ daily estimated PM emission was not found. As a result, higher temporal resolution
demonstrated a stronger correlation.

Keywords: cruise ship emission; port air pollution; PM2.5; PM10; low-cost sensors; sensor network

1. Introduction

The environmental effect of shipping should be assessed in the context of port sites,
since air quality in the surrounding area is significantly impacted, resulting in serious
repercussions for human health for people living in coastal areas [1]. Ships produce
considerable amounts of pollutants into the neighboring environment while berthed, even
three to five times more than when underway [2]. In some cases, ships in ports can account
for up to 77% of total emissions [3,4].

Particulate matter (PM) generated by ships’ diesel engines has a range of adverse
health and environmental-related consequences. It is estimated that shipping-related
PM2.5 emissions cause about 60,000 premature cardiac and lung cancer deaths worldwide
each year [5]. Another study has shown that ships account for over 6 million childhood
asthma cases and 250,000 deaths annually [6].

According to studies [7–12], ships contribute significantly to PM2.5 and PM10 emissions
in ambient air in coastal urban areas. When exhausted, PM2.5 and PM10 have relatively
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brief lives in ambient air, lasting from a few minutes to a few hours [13]. In port areas,
shipping contributes to ambient PM mostly through secondary particles, accounting for
60% to 70% of PM2.5 and PM10 mass concentrations [12].

PM emission from ships in port areas is primarily determined by the ship’s operational
mode (such as maneuvering and hoteling) and total time spent in each mode, engine char-
acteristics and load, and the type of fuel they burn. Since this phase typically lasts longer
than the maneuvering mode, the hoteling mode (when only auxiliary engines are used for
energy production) is typically the largest contributor to PM emission [12,14,15]. When
it comes to marine fuel quality, PM generation in marine diesel engines and consequent
emission are generally correlated with the fuel’s sulfur content, as well as fuel viscosity,
aromatics and polyaromatic content, carbon residue, and ash content [16,17].

Ships are continually moving, and even when berthed in ports, their emission plumes
are intermittent, making detection more challenging with a single onshore monitoring
station owing to shifting wind directions. Additionally, spatially scattered reference instru-
ment networks are costly and difficult to manage. In this regard, where feasible, the use of
a network of low-cost air quality sensors can provide a viable option [18,19].

Cruise ships make up a minor portion of the worldwide fleet and have a negligible
impact on air pollution along maritime routes. However, cruise ships are increasingly
focusing on port areas where they may be a significant source of anthropogenic emissions.

Kotor, a town in Montenegro, is a Mediterranean/Adriatic cruise ship destination.
The Old Town of Kotor and the surrounding Bay are a part of UNESCO’s cultural and
natural heritage. With cruise calls and passengers included, the Port of Kotor is listed as
the third largest cruise port in the Adriatic Sea area. Statistics show 64 cruise calls in 2021,
a 611% rise over 2020 (COVID-19 year) with a minimum record of 9 calls, and 86% drop
over 2019 with the highest record of 464 calls [20]. At the same time, there were 9139 cruise
passenger movements in 2021, up to 203% from 2020’s minimum record of 3009, and down
98% from 2019’s maximum record of 614,588 passengers [20]. In 2019, the period before
the COVID-19 pandemic and the decline of the shipping industry, the volume of the cruise
traffic from June to November (high tourist season) was 76.91%, while in the period from
December to May, it was 32.09% [21]. This unbalanced seasonality share of approximately
2.4 times more cruise calls in the high season period represents a serious issue from the
aspects of environmental pollution, including air pollution.

The purpose of this study was to establish a correlation between cruise ship activities
in the Kotor Bay area and the PM2.5 and PM10 concentration in the ambient air. The study
was based on an integrated approach using cruise ship emission inventories and dedicated
measurement campaigns. The data provided in this research were collected over the course
of 27 days in August and September 2022.

2. Methodology
2.1. Cruise Ship and Measurement Locations in the Kotor Bay Area

Boka Kotorska Bay consists of 4 smaller bays including Kotor Bay, Risan Bay, Tivat Bay,
and Herceg Novi Bay (Figure 1). The Boka Kotorska Bay is 28 km long, from its entrance at
the open sea to the Port of Kotor. Straight Verige, which is barely 340 m wide and located
at the Kotor Bay entrance, is the narrowest part of the whole Bay. The Kotor Bay resembles
a fjord, surrounded by two massifs of the Dinaric Alps rising from 700 m (mount Vrmac)
on the west side of the Bay up to 1749 m (mount Lovćen) on the east side of the Bay. Thus,
the influence of the industrial zone and airport Tivat, positioned on the other side of the
mountain range Vrmac, on local air quality in the Bay was neglected.

The Port of Kotor and its pier are in the vicinity of the Old Town of Kotor. Infras-
tructural capacities of the Port of Kotor include the main seaside berth, Berth 1, and the
riverside berth, Berth 2 (Figure 1). The maximum allowed ship construction characteristics
for berthing on the position Berth 1 are LOA = 280 m and Draft = 7.8 m, and ship character-
istics for berthing on position Berth 2 are LOA = 150 m and Draft = 4.5 m [22]. Berth 2 is
designed for smaller ships, whereas Berth 1 is designed for bigger ships or, alternatively,
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two smaller ships. The geographic coordinates of the Port of Kotor are 42◦25,5’ N and
18◦46,1’ E. The port area covers 11,344 m2 of land area and 86,226 m2 of sea area and
1848 m2 of the river area, together with three anchorage locations (A): the first location be-
tween the suburbs of Dobrota and Muo (A1), the second between the suburbs Kamenarovici
and Prčanj (A2), and the third in front of the suburb Orahovac/Ljuta (A3), according to a
pre-arrival arrangement with the Port Authorities (Figure 1) [22].

There were four measurement locations (K) in the Kotor Bay area, positioned in such a
way as to be in the vicinity of the berth/anchor position and to cover most of the Bay area
(Figure 1). K2 and K3 measurement locations were close to cruise ship berth position B in
the Port of Kotor and anchoring position A1. K2 was placed at the building of Faculty of
Maritime Studies in the suburb Dobrota. K3 was placed in the suburb Muo on the other
side of the Bay. K4 was placed in suburb Prčanj in the vicinity of anchoring position A2. K1
was placed in suburb Ljuta in the vicinity of anchoring position A3.
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Figure 1. Map of Boka Kotorska Bay with Kotor Bay at the end with anchoring (A1–A3), berthing (B),
PM measurement (K1–K4) positions, and Montenegrin EPA measuring station (EPA) [23].

2.2. Measurement Instrumentation

For the purpose of this study, 4 Kunak AIR Pro outdoor air quality monitoring stations
(K1–K4) with PM, external temperature, pressure, and relative humidity sensors were
used. The PM sensor consisted of an Optical Particle Counter (OPC) capable of measuring
particles from 0.3 µm up to 40 µm. PM1, PM2.5, PM4, PM10, Total Suspended Particles (TSP),
and Total Particle Counter (TPC) were calculated assuming a particle density profile [24].
The effect of humidity was corrected with the embedded algorithm, achieving high accuracy
at any environmental conditions except under foggy days or condensation. The data were
automatically invalidated by the Kunak Cloud software [24].

In addition, a Kunak ultrasonic anemometer measuring average wind speed, maxi-
mum wind speed, and wind direction, was coupled to the K2 station.

K1, K3, and K4 were placed onto public lighting poles at a height between 2 and
4 m, enabling an autonomous power supply. K2 was placed on the roof of the building of
the Faculty of Maritime Studies Kotor at an altitude of 6 m, and it was connected to the
faculty’s power supply. Stations were roughly 10 m from the shoreline, separated by a local
road. All sensors were collecting data every 10 min, and data were stored at the Kunak
Cloud Platform.

Specification on the Kunak equipment is available on the company website [24].

2.3. Methodology for Quantification of Pollutant Emission and Cruise Ship Data

For the purpose of this study, in addition to the measurement campaign, a methodol-
ogy of Trozzi and Vaccaro [25] was used to estimate the PM emission from cruise ships for
each berth and anchorage position in the Kotor Bay area for the same period of time as for
the campaign.
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The EMEP Tier 3 methodology for calculating the exhaust emission from shipping
was a bottom-up approach. It took into account the detailed operation and technical data
of individual cruise ship calls, such as the ship’s class, fuel type, engine type, gross tonnage,
and amount of time spent in an appropriate navigation mode. Furthermore, proposed
emission factors were selected based on the experimental situation in the Kotor Bay. Engine,
fuel, and navigational mode have an impact on ship emission factors [25].

The total estimated amounts of PM2.5,10 emitted from cruise ships for the purpose of
this study have been calculated using the following equation [25].

E = ∑p [Tp × ∑e (Pe × LFe × EFe,i,j,m,p)], (1)

where

E—emission over a complete trip (tonnes),
P—engine nominal power (kW),
LF—engine load factor (%),
EF—emission factor (kg/kW),
T—time (h),
e—engine category,
i—pollutant,
j—engine type,
m—fuel type,
p—the different navigation mode (cruising, hoteling, maneuvering).

Regarding the fuel quality, it was assumed that all cruise ships consume an ultra-low
sulfur fuel oil with max. 0.1%m/m when berthed/anchored in accordance with the EU
Sulphur Directive [26].

According to the EMEP Tier 3, there are four distinguished navigation modes deter-
mined by the load factors (LF), as follows [25]:

(a) approaching and berthing or/and anchoring in ports;
(b) hoteling;
(c) departing from the ports;
(d) cruising.

The last mode (d) was not taken into consideration for this analysis due to the unique
nature of the navigation operations in the Boka Kotorska Bay. When the ship approaches
Kotor Bay at the Verige Straight, mode (a) begins. At the time of berthing or/and anchoring,
this step is complete. The time spent at the berth or in the anchor position is part of
mode (b). Mode (c) begins when the cruise ship leaves the berth or anchorage and finishes
when it enters the Verige Straight.

The duration of maneuvering operations (combined for (a) and (c) modes) was antici-
pated to be roughly 0.83 h for position B, 0.67 h for position A1, 0.5 h for position A2, and
0.33 h for position A3, based on the experience of the port’s pilots. Based on data from ship
announcements, the hoteling mode was determined.

During the experimental period, 61 cruise calls with arrival/departure events were
considered [22]. During that time, there were 33 distinct cruise ships. Table 1 [27] shows
how 29 analyzed cruise ships were categorized into four groups based on their gross
tonnage under the adopted technique. Small and mid-size cruise ships were the most
prevalent. Smaller cruise ships with less than 1000 GT were not considered.

Table 1. Categorization of cruise ships in the Port of Kotor in 2022 [22,27].

Cruise Ship Category Gross Tonnage Number of Cruise Ships

Boutique ship 1000–5000 7
Small ship 5001–50,000 10

Mid-size ship 50,001–101,000 9
Large resort ship >101,001 3



Atmosphere 2022, 13, 1819 5 of 13

3. Results and Discussion
3.1. PM Data Validation

For the purpose of measuring data validation, the K1 sensor was installed approxi-
mately 1 km distance from the Air Monitoring Station of the Montenegrin Environmental
Protection Agency (EPA) located in the suburb of St. Stasije (Figure 1). A micro location
analysis at both positions found that both locations were quite similar from the perspective
of exposure relative to the two key sources of pollution: cruise ships anchored at the A3
position, and road traffic via the M-1 roadway.

EPA’s Air Monitoring Station is equipped with an automatic sampling Derenda PNS
18 device, which is used for the gravimetric determination of daily PM10 concentrations
in the ambient air according to the European standard EN 12341:2014 [28]. A graphical
presentation of the average daily PM10 data collected by EPA’s sampler and K1 sensor in
the period from 20 August to 15 September 2022 is shown on Figure 2.
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Figure 2. A correlation analysis of the PM10 data gathered by EPA’s sampler and K1 low-cost sensors
for the experimental period from 20 August to 15 September 2022.

In comparison to the data obtained by the standardized Derenda PNS 18 sampler, the
data collected via the K1 low-cost sensor showed strong correlation coefficients, as follows:
rk1 = 0.88.

3.2. Temporal Variation of PM Concentration Data in Kotor Bay

Figures 3 and 4 show 10-min temporal variations of the PM2.5 and PM10 concentrations
measured by the four Kunak PM sensors over the experimental period.

When comparing PM2.5 mass concentration values for 4 measurement locations, it
was visible that the profiles did not always overlap, and some considerable differences
were observed (Figure 3). PM2.5 were in the ranges of 0.1–16.5 µg/m3, 0.4–36.9 µg/m3,
0.3–33.5 µg/m3, and 0.4–40.4 µg/m3 for K1, K2, K3, and K4, respectively. PM2.5 median
values for the experimental period were 5.4 µg/m3, 7.4 µg/m3, 6.6 µg/m3, and 7.9 µg/m3

for K1, K2, K3, and K4, respectively.
Similar to PM2.5, profiles of PM10 mass concentration values for 4 measurement loca-

tions did not always overlap, and some considerable differences were observed (Figure 4).
PM10 were in the ranges of 0.1–145.1 µg/m3, 0.7–235.1 µg/m3, 0.4–205.5 µg/m3, and
0.5–238.7 µg/m3 for K1, K2, K3, and K4, respectively. PM10 median values for the experi-
mental period were 8.5 µg/m3, 11.9 µg/m3, 11.1 µg/m3, and 14.3 µg/m3 for K1, K2, K3,
and K4, respectively.

For the same experimental period, the 24 h average values of PM2.5 and PM10 were
determined by each measurement station. The daily averages of PM2.5 at each location
(Figure 5a) varied but followed a similar trend, in the ranges of 1.4–11.9 µg/m3 (mean
value 5.7 µg/m3), 1.6–14.8 µg/m3 (mean value 7.2 µg/m3), 1.5–14.4 µg/m3 (mean value
6.57 µg/m3), and 2.1–16.8 µg/m3 (mean value 8.0 µg/m3), for K1, K2, K3, and K4, respec-
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tively. It should be noted that the mean 24-h average PM2.5 concentrations for each of the
four locations over the experimental period were below the WHO recommendation of
15 µg/m3 [29], with the exception of location K4 with two periods when these values
were exceeded, first on 26 August and then on 6/7 September, with 15.3 µg/m3 and
16.8 µg/m3, respectively.
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Figure 5. The 24 h average values of PM2.5 (a) and PM10 (b) in µm/m3 for each measurement location
over the experimental period.

Similar to PM2.5, PM10 daily averages at each location (Figure 5b) varied but followed
a similar trend, in the ranges of 2.1–22.9 µg/m3 (mean value 9.1 µg/m3), 3.1–28.5 µg/m3

(mean value 11.7 µg/m3), 3.0–25.9 µg/m3 (mean value 11.7 µg/m3), and 5.5–35.7 µg/m3

(mean value 14.4 µg/m3), for K1, K2, K3, and K4, respectively. It should be emphasized that
for each of the four locations, the mean 24-h average PM10 concentrations throughout the
study period were lower than the WHO recommendation of 45 µg/m3 and the Montenegrin
air quality standard of 50 µg/m3 [30].

3.3. Estimation of Total Emission of PM from Cruise Ships in Kotor Bay

According to the methodology of Trozzi and Vaccaro [25], the estimated amounts of
PM2.5,10 emitted from cruise ships entering the Port of Kotor during the identified operation
modes (maneuvering and hoteling), together with other technical characteristics, are shown
in Table 2.

Due to the limited capacity of the berth position (B), larger cruise ships were mostly an-
chored in position A1. During the experimental period, 44% of cruise ships were positioned
at B, 33% at location A1, 15% at location A2, and only 8% at location A3 [22].

During the experimental period, the largest cruise ship had a gross tonnage of
142,714 BRT and was anchored at position A1, while the smallest cruise ship had a gross
tonnage of 1206 BRT and was berthed at position B [22]. The average duration of the
hoteling phase was 8.68 h, whereas the longest was 24 h for the ship in position B, and the
shortest was 4 h for the same ship [22].

3.4. Correlation of PM Ambient Concentration with Cruise Ship Activities in Kotor Bay

Weather conditions, primarily rain precipitation and wind direction/speed, signifi-
cantly influenced the PM concentration in the Kotor Bay area.

During the experimental period, the maximum and minimum temperatures were
recorded at 35.9 ◦C and 16.9 ◦C, while the mean temperature was 25.8 ◦C. At the same time,
air humidity ranged between the maximum value of 95.4% and a minimum of 24.0%, with
the mean value of 61.2%.

Wind data were collected by the Kunak ultrasonic anemometer at the K2 measurement
location over the experimental period. The wind was mild during this period, with a mean
intensity of 3.1 km/h blowing from the mountain range east of Kotor Bay, with a prevailing
ENE direction; therefore, ship emissions were largely carried from the east to the west side
of the Bay region, as seen in Figure 6. As a consequence, the combined average values of
the west side K3 and K4 measurement stations were 19.8% and 11.9% higher than those of
the east side K1 and K2 for both PM10 and PM2.5, respectively (Figure 7).
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Table 2. Total estimated amounts of PM2.5,10 emitted from cruise ships during the experimental
period including specific technical characteristics and operational conditions [22,25].

Date Total PM2.5,10 Emitted (kg) Total BRT Locations

20/August/2022 60.86 90,280 A1
21/August/2022 42.81 170,528 B, A1
22/August/2022 115.22 231,466 A1, A2
23/August/2022 60.22 103,664 B, A1
24/August/2022 54.97 79,442 B, A1, A2
25/August/2022 31.67 34,610 B, A1
26/August/2022 69.67 40,790 B
27/August/2022 22.70 14,745 B
28/Augus/2022 15.26 65,542 B
29/August/2022 204.27 308,986 A1, A2, A3
30/August/2022 186.72 356,964 B, A1, A2, A3
31/August/2022 33.97 34,729 B, A1

01/September/2022 230.70 352,410 B, A1, A2, A3
02/September/2022 25.09 50,098 B, A1
03/September/2022 60.86 90,280 A1
04/September/2022 102.29 87,040 B, A1, A2
05/September/2022 170.59 299,017 B, A1, A2, A3
06/September/2022 12.65 50,795 B
07/September/2022 50.94 76,883 B, A1
08/September/2022 4.99 4333 B
09/September/2022 0.00 0 -
10/eptember/2022 0.00 0 -

11/September/2022 40.00 161,370 B, A1
12/September/2022 145.63 231,420 B, A1, A2
13/September/2022 13.63 9976 B
14/September/2022 0.00 0 -
15/September/2022 98.28 148,302 B, A1

Total 1854.01 3,093,670 -
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Figure 6. Average wind speed and direction at K2 measurement location over the experimental
period 20 August–15 September 2022.

Periods of the highest average wind speeds were observed on 20, 24–26, 29 August,
and 4–5, 9, 12–13 September. The maximum daily average wind speed was 7.9 km/h, and
the highest rate was 22.5 km/h. Both values were recorded on 12 September.
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Rain precipitation during the experimental period was observed on 21 August, and 1–3,
9–10 September. Sunny periods were observed on 23–27, 31 August and 5–8,
12–13 September. Other days were mainly cloudy.

Over a period of sun and clouds with low wind speed weather, higher concentrations
of PM10 (Figure 8a) and PM2.5 (Figure 8b) were recorded. On the other side, higher winds
and rain precipitation significantly influenced the decrease in PM daily mean values, as
shown in Figure 8.
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Figure 8. Average wind speed vs. PM10 (a) and PM2.5; (b) 24 h average over the experimental period
20 August–15 September 2022.

Bivariate polar plots with wind direction presented on a radial scale provide informa-
tion about the potential emission sources of analyzed air pollutants [31]. Using Openair
tools [32], the PM2.5 and PM10 concentration distribution in the experimental period from
20 August to 15 September 2022 was presented for the K4 measuring location as a function
of wind speed and direction (Figure 9). The K4 station was selected due to the highest mea-
sured average concentration of PM10 and PM2.5 during the experimental period. Figure 9
demonstrates that higher levels of PM are associated mainly with low wind speed and the
inflow from nearby anchorages A2 and A1 during the hoteling phase and positioned ENE
(A2) and SE (A1) from the station.
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Figure 10 shows both the estimated total cruise ship PM emission and PM10/PM2.5
ambient concentrations for the observed period of time. For better visibility, a 7-day
period was selected, from 29 August to 4 September 2022. When evaluating the data,
it is worth noting that the cruise ship activities, linked to the realization of the ship’s
operational phases (arrival/hoteling/departure), as described in Section 2.3, and estimated
PM emissions (Table 2), affect the height of the PM ambient concentration spikes. This is
more evident for PM10 than PM2.5.
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Figure 10. Estimated total cruise ship PM emission (kg) in Kotor Bay vs. PM10 and PM2.5 ambient
concentrations (µm/m3) at K4 measurement location over an observed period from 29 August to
4 September 2022.

When observing the whole experimental period, the daily average values of both
PM2.5 and PM10 did not significantly correlate with the daily cruise ship’s estimated total
PM emission (Figure 11).

As also previously suggested by [33], a cruise ship’s direct impact on PM concentration
is best assessed using a higher temporal resolution.
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4. Conclusions

The aim of this study was to examine whether the application of low-cost sensors
in appropriate measurement locations can be properly monitored to follow changes in
concentration levels and the distribution of suspended particles PM10 and PM2.5 in the
local ambient air on a daily basis regarding the volume of cruise ship traffic in the Kotor
Bay area.

The study presented in the paper pointed to a number of factors that directly affect the
correlation in large percentages, but also raised a number of questions that will certainly
be the subject of future research on this topic. In general, the analyzed PM concentrations,
especially short-term concentration profiles, compared to the cruise ships’ data in the period
from 20 August to 15 September 2022 in the Kotor Bay highlighted that the application of
low-cost sensor networks and related IoT systems in the process of monitoring the impact
of cruise ship traffic is justified to a substantial extent. Nevertheless, it is always recom-
mended to conduct the monitoring campaign with the support of the relevant national
authorities, aiming to perform the validation and periodical recalibration of devices with
the standardized equipment prescribed by the relevant international standards.

Furthermore, the research indicated the need for the real-time monitoring of cruise
ship activities in the Bay, potentially by implementing automatic tracking systems aiming
to gather operational data with high-time resolution. In that case, the calculated PM
emission values are expected to better correlate with the PM concentrations’ data captured
by the Kunak sensors. Another potential course in further research may be focused on
the detailed chemical analysis of particle samples collected at the Montenegrin EPA’s Air
Quality Monitoring Station by applying standardized gravimetric methods to distinguish
contribution levels of the air pollution from cruise ships through some of the source
apportionment models.
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