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Abstract: Although legal regulations for indoor air quality management are enacted on land, there is a lack of regulations for managing 

the indoor air quality of ships in maritime environments. This study was aimed to analyze the impact of external air quality changes on 

indoor air quality aboard operational ships and quantitatively evaluate key pollutants, such as particulate matter PM10, PM2.5, and 

PM1.0. Airtight ships and prolonged travels substantially affect the health and work efficiency of the crew. External air pollution (e.g., 

particulate matter, heavy metals, and volatile organic compounds) directly influences indoor air quality. Our results showed large 

changes in indoor air quality according to the external air quality, and the implementation of a novel high-efficiency filter ventilation 

system reduced indoor particulate matter. These findings support the need for indoor air quality management and regulatory frame-

works for ships and provides foundational insights for establishing management strategies suited to maritime environments. 
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1. Introduction 
Recently, domestic and international efforts to strengthen fine 

dust management have reduced air pollution levels. However, 

this reduction remains insufficient compared with the recommen-

dations by the World Health Organization (WHO). Furthermore, 

with the economic recovery and increased international trade af-

ter the COVID-19 pandemic, air pollutant emissions are expected 

to considerably increase. Consequently, improving indoor air 

quality (IAQ) in environments such as ships according to chang-

ing atmospheric conditions is an urgent challenge [1]. 

Current legal regulations for IAQ aboard ships are insufficient. 

Although the International Maritime Organization and Maritime 

Labour Convention provide guidelines for ensuring the health 

and safety of seafarers, they remain nonbinding and lack regula-

tory enforcement [2][3]. In contrast, on land, the WHO set IAQ 

guidelines in 2010, establishing annual limits of 15 µg/m³ for 

particulate matter PM10 and 5 µg/m³ for fine particulate matter 

PM2.5. Additionally, stricter air quality standards have been im-

posed to pollutants such as ozone and nitrogen oxides (NOx) [4]. 

In South Korea, the Indoor Air Quality Control Act was enacted 

in 2004 to manage the IAQ of multiuse facilities, with its scope 

expanded to include residential apartments and public transpor-

tation in 2016 [5]. Moreover, PM10 and PM2.5 standards were 

tightened to 75 and 35 µg/m³, respectively, reflecting ongoing ef-

forts to improve IAQ. These legal regulations and policies aim to 

protect the public health and create pleasant indoor environments, 

emphasizing the importance of IAQ management. 

Similar efforts for air-quality management and regulation are 

required for ship environments to protect the seafarers’ health 

and ensure operational safety. In particular, direct mitigation 

measures to prevent the reentry of pollutants, such as pollution 

by incomplete fuel combustion, must be implemented. Simulta-

neously, indirect measures, such as ventilation management pol-

icies to adapt to changing atmospheric conditions and minimize 

health risks for crew members, must be developed [6]. 

This study was aimed to analyze the impact of atmospheric 

and environmental changes on IAQ aboard operational ships, fo-

cusing on preventing the reentry of pollutants into ship interiors 

through newly developed solutions and their evaluation. Accord-

ingly, we devised systematic management and optimization 
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strategies for improving IAQ aboard ships. Ultimately, this study 

seeks to safeguard the seafarers’ health and ensure the stability 

of ship operations. 

2. Experimental Methods
 To analyze the impact of changes in atmospheric conditions 

on the IAQ aboard ships and concentration of key pollutants (e.g., 

particulate matter PM10 and fine particulate matter PM2.5), IAQ 

measurements were conducted over a 100-day period aboard a 

20,000-ton bulk carrier operating in real industrial settings. The 

fuels used in this ship included low-sulfur fuel oil and marine 

gasoil. The experiment focused on measuring the IAQ in the crew 

living quarters, specifically in a cabin located on the same floor 

as the dining area. Air was supplied to the cabin from the central 

air-handling unit in the machinery room and consisted of a fixed 

ratio of mixed indoor and outdoor air that passed through a filter 

system before being supplied. During the experimental period, 

the test ship regularly navigated the Korean coast, including the 

West Sea, South Sea, Ulsan Bay, and East Sea, transporting cargo. 

Measurements were conducted by categorizing operations at 

berths and different times of the day [7]. The measured parame-

ters included particulate matter, including PM10 and PM2.5, as 

well as other environmental factors such as indoor temperature 

and humidity, which were recorded at 1 h intervals [8]. To com-

pare the IAQ and outdoor air quality during the experiment, data 

from an automated synoptic observation system of the Korea Me-

teorological Administration were obtained. These data included 

observations of temperature, precipitation, wind speed, wind di-

rection, humidity, and air pressure, all of which were available 

through the public data portal of the Korea Meteorological Ad-

ministration. Real-time data from the automated synoptic obser-

vation system station closest to the ship location were utilized to 

analyze the atmospheric environment in this study. 

3. Analysis of IAQ During In-Port and Voyage

Periods 

3.1 IAQ Trends Based on In-Port and Voyage Periods of 

Bulk Carrier 
Changes in the IAQ of a ship occur due to various factors such 

as external environmental conditions and ship activities during 

voyage and in-port periods. To study the IAQ in ship cabins de-

pending on whether the ship is in a voyage or in port, real-time 

IAQ measurements were acquired. This study compared the 

changes in IAQ (e.g., PM10 and PM2.5) between voyage and in-

port periods and analyzed the key trends.  

As shown in Table 1 and Figure 1, the average outdoor PM10 

concentration on the ship during voyage was 20.12 μg/m³. Dur-

ing this period, the average indoor PM10 concentration in the 

ship cabin was 24.23 μg/m³, being similar to the outdoor air qual-

ity but 1.62 times higher than the WHO recommended IAQ 

standard for PM10. Furthermore, the average indoor PM2.5 con-

centration in the cabin during voyage was 14.61 μg/m³, being 

2.92 times the corresponding WHO recommendation. Unlike the 

IAQ during the in-port period, both particulate matter and fine 

particles maintained relatively low average levels during voyage. 

However, as shown in Figures 2 and 3, because of external fac-

tors such as the outdoor wind direction during operation, harmful 

outdoor substances were introduced directly into the ship interior, 

resulting in a sharp increase in the concentration of fine dust in-

side the ship, and the IAQ deteriorated. Further investigation re-

vealed that during voyage, harmful air pollutants from incom-

plete fuel combustion and fine particles originating from cargo 

directly entered the ship. As particulate matter is directly linked 

to respiratory diseases and mortality, measures to prevent the in-

filtration of harmful substances into the ship interior are required 

[9][10]. 

Table 1: Fine dust concentration according to voyage period 

Statics 

[㎍/m3] 

Voyage period In port period 

PM10 

(Out) 

PM10 

(In) 

PM2.5 

(In) 

PM10 

(Out) 

PM10 

(In) 

PM2.5 

(In) 

Mean 20.12 24.23 14.61 18.13 61.52 23.98 

Std 9.49 26.62 12.25 9.54 27.40 14.35 

Min 2.00 1.00 1.00 3.00 5.13 1.63 

Max 83.00 240.58 222.67 89.00 206.80 68.80 

Figure 1: Particulate Matter Concentration Inside and Outside 

Ship During Voyage 
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Figure 2: Variation in Cabin PM10 Concentration During Voy-

age 

Figure 3: Variation in Cabin PM2.5 Concentration During Voy-

age 

Figure 4: Particulate Matter Concentration Inside and Outside 

Ship During In-Port Period 

As shown in Figure 4, the average outdoor PM10 concentra-

tion in the ship was 18.13 μg/m³, while the average indoor PM10 

concentration in the ship cabin was 61.52 μg/m³, reflecting a 

70.54% increase compared with the average outdoor concentra-

tion. Additionally, the indoor PM10 concentration was 4.10 times 

higher than the WHO recommendation for IAQ. The average 

PM2.5 concentration was 23.98 μg/m³, being 4.80 times higher 

than the WHO recommendation. Hence, compared with indoor 

particulate matter concentrations during voyage, more meticu-

lous management of IAQ during the in-port period is required. In  

Figure 5: Variation in Cabin PM10 Concentration During Cargo 

Unloading Operations 

Figure 6: Variation in Cabin PM2.5 Concentration During Cargo 

Unloading Operations 

particular, Figures 5 and 6 show that during cargo unloading op-

erations, long-duration activities, such as bulldozer operations to 

level the cargo, can drastically increase the levels of particulate 

matter and fine particulate matter inside the cabin. Moreover, 

during the in-port period, harmful gases from the ship stack and 

pollutants from the cargo are continuously emitted and infiltrate 

the ship interior. Ship engine room repairs, which involve the re-

lease of fine particles containing heavy metals, contribute to the 

infiltration of pollutants into cabins. Therefore, more stringent 

management of IAQ is necessary during the in-port period than 

during voyage. 

3.2 IAQ Trends Aboard Ships Based on Crew Activity 

Hours 
Ships operate for long periods at sea, and the crew spends most 

of their time indoors. Activities such as cargo loading, which 

generate large amounts of particulate matter in spaces close to 

cabins, are typically carried out between 08:00 and 17:00. This 

study also examined the changes in key IAQ indicators (e.g., 

PM10 and PM2.5) aboard a ship according to the crew activity 

hours. 
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Table 2: Fine dust concentration according to activity time 

Statics 

[㎍/m3] 

Daytime Nighttime 

PM10 

(Out) 

PM10 

(In) 

PM2.5 

(In) 

PM10 

(Out) 

PM10 

(In) 

PM2.5 

(In) 

Mean 18.51 44.16 37.83 19.30 35.72 31.11 

Std 9.26 21.85 18.21 9.64 15.01 13.07 

Min 2.00 3.80 3.60 2.00 2.80 2.80 

Max 63.00 240.58 222.67 89.00 112.80 95.60 

Figure 7: Particulate Matter Concentration Inside and Outside 

Ship During Daytime 

Figure 8: Particulate Matter Concentration Inside and Outside 

Ship During Nighttime 

The IAQ aboard the ship during daytime and nighttime crew 

activity hours was measured, as listed in Table 2. As shown in 

Figure 7, the indoor PM10 concentration during daytime was 

44.16 µg/m³, being 58.09% higher than the average concentra-

tion of outdoor fine dust (PM10) along the ship route, which was 

18.51 μg/m3. This level was 2.94 times higher than the WHO 

recommendation for indoor fine dust concentration. The indoor 

PM2.5 concentration during the measurement period was 7.57 

times higher than the WHO recommendation, indicating a sub-

stantially higher level of particulate matter than the recom-

mended limit, which may adversely affect the health of the crew. 

The increase in indoor particulate matter concentration during 

daytime was primarily attributed to various activities, such as 

cargo unloading and maintenance, conducted during working 

hours. As a result, the average concentration and standard devia-

tion of PM10 and PM2.5 were considerably higher during day-

time than at night, showing large fluctuations in IAQ correspond-

ing to the crew activity hours.  

Next, we analyzed the indoor particulate matter concentration 

in the crew cabins during nighttime, when the crew activity was 

relatively low. As shown in Figure 8, the average concentration 

of fine dust in the cabin was 35.72 μg/m3, being a 45.98% in-

crease compared with the concentration of outdoor fine dust dur-

ing the same period. Although this value was lower than the day-

time indoor PM10 concentration, the indoor PM10 level during 

the night remained considerably higher than the outdoor level, 

even despite the crew activity being minimal. This was likely due 

to the infiltration of pollutants, such as soot, from ship fuel com-

bustion and cargo, which were influenced by weather conditions, 

as well as the accumulation of pollutants in the heating, ventila-

tion, and air conditioning (HVAC) system due to ship aging. Ad-

ditionally, the average indoor PM2.5 concentration during 

nighttime was 31.11 µg/m³, being 6.22 times higher than the 

WHO recommendation. Interestingly, this value was similar to 

the daytime average of PM2.5, unlike that of PM10, which 

showed a more noticeable difference. Based on these findings, 

we can conclude that air quality management of HVAC systems 

and individual cabins is necessary, even when the crew activity 

is minimal.  

3.3 Preliminary IAQ Changes by Applying Developed 

Filter 
We analyzed the changes in IAQ aboard ships under different 

conditions focusing on a single maritime environment. Accord-

ingly, we aimed to develop filter media suitable for shipboard 

environments and conduct real-world evaluations of operational 

ships to analyze the filter effectiveness. We performed prelimi-

nary experiments for an in-depth analysis of pollutants captured 

in special environments, such as those with high humidity and 

high salinity.  

To improve the IAQ aboard ships, an optimized filter medium 

for shipboard environments was developed, and the effects of its 

application on indoor particulate matter (i.e., PM10, PM2.5, and 

PM1.0) were measured and analyzed. Although PM1.0 is smaller 

than PM2.5, the research results are limited owing to resource 

constraints. However, similar to PM2.5, PM1.0 has a greater po-

tential to penetrate deep into the alveoli, emphasizing the need 

for continuous monitoring and collection of corresponding data.  
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Figure 9: Average Indoor Particulate Matter Concentration With 

and Without Developed Filter 

Figure 10: Indoor PM10 Concentration With and Without De-

veloped Filter 

Figure 11: Indoor PM2.5 Concentration With and Without De-

veloped Filter 

Figure 12: Indoor PM1.0 Concentration With and Without De-

veloped Filter 

As shown in Figure 9, following the installation of the devel-

oped filter, the average indoor particulate matter concentration in 

the cabin decreased by 72.03%, from 43.18 to 12.08 µg/m³. The 

average PM2.5 concentration decreased by 71.16%, from 36.74 

to 10.60 µg/m³. The PM1.0 concentration, with smaller particles 

than PM2.5, decreased by 71.77%, from 32.19 to 9.09 µg/m³. 

The concentration of fine dust inside the cabin according to the 

installation of the developed filter is shown in Figures 10–12. 

The results suggest that the performance was lower than the in-

dividual performance evaluation results of the developed filter. 

Thus, the filter performance could be further enhanced by ad-

dressing structural leaks and analyzing the contamination of filter 

media after real-world tests. 

This study empirically demonstrated the IAQ improvement ef-

fect of the developed filter and established a basis for enhancing 

the filter performance through the chemical analysis of pollutants 

captured in real-world environments. Our proposal and findings 

will likely contribute to the development of tailored air quality 

management technologies for ship environments and provide 

crucial data for protecting the health and work efficiency of 

crews aboard ships. 

4. Developed Filter for Improving IAQ Aboard
Ships 

4.1 Development and Performance Evaluation of Opti-

mized Filter Media for Ship Environments 
Ship filter design is based on dust collection models consider-

ing a single fiber and using simulation tools that predict aerosol 

attachment mechanisms (i.e., gravitational settling, inertial im-

paction, interception, and Brownian diffusion). This design ap-

proach considers variables such as fiber diameter, porosity, and 

distribution to predict the filter performance. Using this ap-

proach, filter media capable of removing fine and ultrafine parti-

cles were designed, and experimental validation allowed to opti-

mize filter media for ship environments.  

4.1.1 Development of Optimized Filter Media for Ship Environ-

ments 

By applying filter design simulation, filter media were fab-

ricated based on nanofibers. The physical characteristics were 

examined using scanning electron microscopy (SEM). The 

designed media were produced through three iterations, and 

their collection efficiency and pressure drop were measured 

through performance analysis (Figure 13). Filter media suitable 

for use in high-humidity environments were selected based on the  
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Figure 13: Example SEM Image of Performance Analysis of 

Manufactured Filter Media 

measurements. The collection efficiency and pressure drop of the 

filter media were evaluated using a TSI 8130 filter tester, as de-

tailed in the next section.  

4.1.2 Performance Evaluation of Optimized Filter for Ship En-

vironments 

For the developed filter media, the dust collection efficiency 

was determined from the presence or absence of electrostatic 

force loss. Additionally, filter performance tests, such as bacterial 

removal efficiency tests, were conducted to evaluate the minimi-

zation of infectious disease reemergence in confined spaces typ-

ical of ships. These tests were aimed at optimizing the perfor-

mance of the developed filter. 

To evaluate the performance of the filter material developed 

for ships, tests were conducted using a TSI 8130 filter tester in 

accordance with the ASTM F3502 standard. TSI 8130 is a high-

performance device designed to accurately measure the dust col-

lection efficiency and pressure drop in filter media. It is widely 

recognized for providing reliable results, particularly in the in-

dustrial and scientific fields. This device injects sodium chloride 

(NaCl) particles with an average particle size of 0.3 μm into the 

filter material at an airflow rate of 5.33 cm/s. The particle con-

centrations before and after passing through the filter were pre-

cisely analyzed using a particle-counting method based on opti-

cal scattering. This method allowed to simultaneously evaluate 

the particle-removal efficiency and air permeability of the filter 

material. Additionally, the TSI 8130 tester automatically con-

trolled environmental variables such as temperature and humid-

ity to ensure consistent test conditions. 

The results from testing the final selected filter media showed 

a particle removal efficiency of 99.957%, confirming the re-

moval of fine particles at the HEPA (high-efficiency particulate 

air) filter level. For the same filter medium, the measured pres-

sure drop was 34.32 Pa, demonstrating excellent air permeability. 

Figure 14: Photographs of Normal and Contaminated Filters In-

stalled in Ships 

This confirmed that the developed product is suitable for use in 

ship environments. 

A ship environment with high airtightness and extended stay 

periods aboard increase the risk of virus transmission, making the 

evaluation of virus reduction performance essential. Accord-

ingly, we conducted virus reduction tests on a filter product to 

confirm its effectiveness in removing viruses from air. Addition-

ally, a bacterial reduction rate test was conducted using the de-

veloped filter with its media, obtaining a 99.9% reduction in air-

borne bacteria. This result demonstrates the ability of the devel-

oped filter to remove airborne bacteria, suggesting that it can no-

tably contribute to protect the health of crew members in the con-

fined environment of ships. 

4.2 Filter Test in Operational Ships 
This experiment was aimed to analyze the characteristics and 

chemical composition of pollutants captured by the filter media 

used in operational ships and assess the impact of the ship envi-

ronment during voyage on the filter performance. In particular, 

an in-depth chemical analysis was performed on normal and con-

taminated samples, as shown in Figure 14, to systematically an-

alyze pollutants collected in the filter media during the departure 

and anchoring of ships. 

4.2.1 Experimental Setup 

For this experiment, SEM and energy dispersive X-ray spec-

troscopy (EDS) were applied. SEM is an analytical tool that uses 

an electron beam to scan the surface of a sample, providing high-

resolution images at the nanometer scale. SEM was used to vis-

ually examine the distribution and morphology of the pollutants 

captured by the filter media. Thus, we could evaluate the particle 

size of the pollutants that infiltrated from the external environ-

ment during ship operation and specific capture state of the pol-

lutants accumulated on the filter media surface. 

EDS allows to analyze the elemental composition and concen-

tration of a sample. Combined with SEM analysis, EDS provided 

detailed insights into the chemical composition of the pollutants 
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captured in the filter media. EDS provided quantitative data 

about the elements detected on the filter media surface (e.g., car-

bon, sulfur, nitrogen, and metal particles), contributing to the 

chemical identification of the characteristics of pollutants on the 

filter. 

4.2.2 Chemical Analysis of Filters Used in Operational Ships 

 SEM provided the results shown in Figure 15, indicating a 

large quantity of fine particles attached to the surface of the con-

taminated sample compared with the normal sample. Some par-

ticles were agglomerated, and particles from 1 to 5 µm in size 

were the most commonly observed, possibly affecting the pore 

structure of the filter media. This allowed the identification of the 

characteristics of pollutants captured on the ship, and these find-

ings were applied to the development of filter media suitable for 

ship environments. 

An EDS analysis was conducted to verify the adsorbed pollu-

tants. By analyzing the major elemental ratios from the EDS re-

sults listed in Table 3, we can confirm the results shown in Fig-

ure 16. In the normal sample, the O and C element spectra were 

identifiable, reflecting the influence of hydro oxygen and carbon 

in air. Heavy metals and other pollutants were not detected. The 

EDS analysis of the contaminated sample revealed major ele-

mental ratios, as listed in Table 4. The spectra of iron (Fe) and 

sulfur (S) were detected at the four measurement points, as 

shown in Figure 17. These particles, which have a micron size 

range, are classified as heavy metals that can generate volatile 

mixtures in the air or cause irritation and inflammation in the 

eyes, skin, and respiratory tract through inhalation or ingestion. 

The application of the developed filter aboard ships demon-

strated its effectiveness for filtering harmful heavy metals, likely 

contributing to protect human health. Based on the characteristics 

of pollutants and filter performance obtained in this study, we 

optimized filter media for ship environments and proposed im-

proved application measures, such as minimizing leaks at the dis-

charge points of individual cabin HVAC systems. 

Figure 15: SEM Images of Filter Media Before and After Con-

tamination 

Table 3: EDS Analysis Results of Normal Sample 

Ele-
ment 

Line 
Type 

Appar-
ent 

Con-
centra-

tion 

K 
 Ratio Wt% Wt% 

Sigma 
Atomic 

% 

Stand-
ard 

Label 

C K 
series 124.95 1.24949 99.63 0.03 99.72 

Pure 
Ele-
ment 

O K 
series 0.68 0.00594 0.37 0.03 0.28 SiO2 

Zr L 
series 0.00 0.00000 0.00 0.00 0.00 

Pure 
Ele-
ment 

Table 4: EDS Analysis Results of Contaminated Sample 

Ele-
ment 

Line 
Type 

Appar-
ent 

Concen-
tration 

k Ratio Wt% Wt% 
Sigma 

Atomic 
% 

Stand-
ard 

Label 

C K se-
ries 12.28 0.12278 61.88 0.26 68.96 

Pure 
Ele-
ment 

O K se-
ries 24.36 0.21338 36.69 0.25 30.69 SiO2 

Cr K se-
ries 1.89 0.01886 0.02 0.00 0.01 Cr 

Fe K se-
ries 143.01 1.43014 1.41 0.01 0.34 Fe

Figure 16: EDS Analysis Results of Normal Sample 

Figure 17: EDS Analysis Results of Contaminated Sample 

5. Conclusion 

This study systematically analyzed the IAQ characteristics and 

effectiveness of filter application aboard operational ships. The 
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findings revealed that the IAQ aboard ships varies drastically de-

pending on operational conditions, work types, and activity 

hours, with particulate matter PM10, PM2.5, and PM1.0 concen-

trations exceeding the WHO recommendations, particularly dur-

ing the in-port period and daytime activity hours. 

The analysis of cabin IAQ during in-port and voyage periods 

showed that the average PM10 concentration in the cabin during 

the in-port period was 61.52 µg/m³, being 4.10 times the WHO 

recommendation, while the average PM10 concentration during 

voyage was 24.23 µg/m³, being 1.62 times the WHO recommen-

dation.  

The analysis of IAQ based on crew activity hours revealed that 

the average PM10 concentration during daytime, when crew ac-

tivity is high, was 44.16 µg/m³, being 2.94 times the WHO rec-

ommendation. During nighttime, when crew activity is minimal, 

the average PM10 concentration was 35.72 µg/m³, being 2.38 

times the WHO recommendation. 

Third, IAQ analysis following the application of the developed 

filter demonstrated a substantial reduction in indoor particulate 

matter. After installing the filter, the indoor PM10 concentration 

decreased by 72.03%, from 43.18 to 12.08 µg/m³. 

Finally, SEM and EDS analyses confirmed that the filter effec-

tively removed heavy metal pollutants, such as iron and sulfur. 

These results highlight the potential of filters to protect crew 

health and improve the IAQ in ship environments. 

This study identified the characteristics of pollutants in opera-

tional ship environments and outlined IAQ management strate-

gies based on filter performance data. The findings provide foun-

dational insights for developing systematic management and op-

timization strategies to improve the IAQ aboard ships. 
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