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Abstract. Ventilation is one of the main engineering measures to control the airborne respiratory infection 
transmission in shared indoor spaces. This paper conducts infection risk assessment on a cruise ship 
employing CO2 tracer gas constant injection methodology to measure ventilation effectiveness. The study 
encompassed various communal areas such as a restaurant, bar, nightclub, and canteen. CO2 data loggers 
were employed to record concentrations at breathing level, with tracer gas source was positioned at different 
locations. In most cases extract air concentration was not possible to measure reliably because of typical air 
distribution arrangements in ships. Measured tracer gas volume flow and supply airflow rate were used to 
determine extract air concentration needed to calculate contaminant removal effectiveness. Point source 
ventilation effectiveness values were then derived from the concentration data. The outcomes of this 
investigation offer significant findings for the design of infection risk-oriented ventilation strategies in 
contemporary cruise ship environments.  

1 Introduction 
Large cruise ships, which can carry more than 3000 
people, are becoming an increasingly popular form of 
travel [1]. At the same time, it has been studied that 
respiratory diseases are common infectious illnesses on 
cruise ships [2]. It is stated that 22.3% of ocean line 
cruise ships had at least one case of COVID-19 from 
January to October 2020 [3]. To avoid the risk of 
spreading diseases, especially in the context of the 
COVID-19 pandemic, the performance of ventilation 
and air conditioning systems in different types of ships, 
should be reviewed [4].  

Heating, ventilation and air conditioning systems 
are used as a primary disease control measure in ships, 
but in case these systems are not used correctly, they 
may contribute to the transmission of airborne diseases 
as been seen for example on Diamond Princess Cruise 
Ship [5–7]. The study of the Diamond Princess Cruise 
Ship is one of the most unique COVID-19 transmission 
case which showed the air recirculation roll in the 
transmission of virus and also this study was one of the 
first evidence of coronavirus transmission by aerosols 
[6,7]. 

The most common ventilation solutions in cruise 
ships are mechanical natural ventilation, supply-exhaust 
ventilation and recirculation based mechanical supply-
exhaust ventilation [4,8]. In case of recirculation based 
mechanical supply-exhaust ventilation, the air 
conditioning system is typically integrated with 
ventilation system and the heating and cooling demands 
are covered using a warmer or cooler supply air 
temperature, respectively. The roll of the recirculation 
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system in the transmission of virus has been proven 
[6,7]. In general, the recirculation cannot be turned off 
because the system will no longer be able to ensure the 
efficient cooling or heating of the rooms, while they are 
designed for recirculation of 40–60% from total airflow 
[4]. That is the main reason why the guidelines to 
decrease the spread of the virus, point out that the 
increasing the airflow, using the high-efficiency filters 
and applying advanced operation strategies for air-
conditioning systems, should be considered [9]. 

In various COVID-19 studies, the classical Wells 
Riley model is used for calculating the long-range 
airborne infection risk [10–12]. At the same time, this 
model is limited to fully and ideally air mixing in a 
single zone and consequently, the airborne infection risk 
could be under-or overestimated [12]. To consider 
ventilation effectiveness of an actual air distribution 
solution, a method is proposed by REHVA [13] and 
Kurnitski et al [14]. 

The main goal of this study is to assess ventilation 
effectiveness with point source (𝜀𝜀𝑏𝑏) in modern cruise 
ship common spaces. These values are averaged from 
point source ventilation effectiveness of measurement 
with source location j (𝜀𝜀𝑏𝑏

𝑗𝑗). For calculating 𝜀𝜀𝑏𝑏
𝑗𝑗, local air 

quality indexes at the measurement point P (𝜀𝜀𝑃𝑃,𝑖𝑖), which 
in turn are calculated from the CO2 traces gas steady 
state concentrations, recorded in the conducted 
experiments. In conclusion, the 𝜀𝜀𝑏𝑏  values provide 
insight regarding air exchange rate and ventilation 
design. These 𝜀𝜀𝑏𝑏  values are proposed to use as a 
correction factor for dimensioning infection risk-based 
ventilation [13–15], presuming mixing ventilation.  
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2 Methods 
This section provides overview of the main methods 
used in the study. The research methodology flow chart 
is presented in Figure 1. The studied rooms were 
carefully chosen with the ship managers. In order to be 

successful, the HVAC personnel ensured the correct 
design air flow rates and temperatures in the examined 
rooms. Information regarding measured cruise ship 
rooms (section 2.1), measuring equipment (section 2.2) 
and calculating ventilation effectiveness (section 2.3) is 
described below. 

 

 

Figure 1. Flow chart of research methodology. 

Studied cruise ship has mechanical balanced 
supply-exhaust ventilation system with heat recovery. 
For the fresh air supply, the air recirculation systems are 
not used. At the same time, to ensure the comfortable 
room temperatures, the separate air-based air 
conditioning systems are used in some of the rooms. The 
ventilation units that served the studied rooms were all 
equipped with rotary heat exchangers. 

In cabins and some common rooms, there are two 
ventilation supply ducts system with one cold air duct 
and second warm air duct. If there is a cooling demand 
in cabin the supply air arrives from the cold duct and if 
there is a heating demand the air is supplied through the 
warm duct. In studied canteen, restaurant, bar and 
nightclub rooms, there is only one supply duct per room 
and if necessary, the air is reheated in duct-mounted 
water-based reheaters. In the studied rooms, the supply 
air was supplied through a perforated ceiling. Some 
supply valves were also used to compensate the local 
extract elements like kitchen hoods. The extract valves 
were generally located behind the perforated ceiling but 
every room there were also one to three extract valves 
that were installed to the same plane as the ceiling.  

During the measurements the ventilation units 
worked in normal cruise mode. The setpoint of supply 
air temperature was as well in regular mode (about 18 
degrees). 

2.1 Cruise ship common spaces 

The measurements were conducted in June 2023, in a 
modern cruise ship at Helsinki. The tests were carried 
out starting when the ship arrived at the port and ending 
before the ship departed. The experiments were 
executed out so that extraneous persons or other factors 
did not affect the steady state situation of CO2 
concentrations. The rooms used in the study are 
described in Table 1. 

 
 
Table 1. Description of room cases for the ventilation 

effectiveness measurements. 

Case Image 

Canteen 
A = 242 m² 
h = 2.5 m 
Q = 0.43 m³/s 

 

Restaurant 
A = 135.0 m² 
h = 3.1 m 
Q = 0.57 m³/s 

 

Bar 
A = 203.0 m² 
h = 3.1 m 
Q = 0.76 m³/s 

 

Nightclub 
A = 492.0 m² 
h = 4.5 m 
Q = 1.88 m³/s 

 

2.2 Measuring equipment 

For ventilation effectiveness (𝜀𝜀𝑏𝑏) assessment traces gas 
experiments, carbon dioxide (CO2) is approved [16–
20]. Data loggers were used to measure CO2 
concentrations on the breathing plane (h = 1.1 m), in the 
supply air and in the extract air. The scale was used for 
gas dosing. The information of the measuring equipment 
is provided in Table 2 and Figure 2. 
 
 
 
 

  

, 01002 (2025)E3S Web of Conferences https://doi.org/10.1051/e3sconf/202567201002672
ROOMVENT 2024

2



Table 2. Specifications of measuring equipment: CO2 
concentration logger [21] and gas mass weight scale [22]. 

 Onset HOBO 
MX1102A Data 

Logger 

Kern FKB 

Parameters CO2 concentration weight 
Range 0…5000 ppm 0.002…65 kg 
Accuracy ±50 ppm + ±5 % ±0.001 kg 

Image 

  

 Thermal mannequins were used to imitate occupant 
heat gains. One of the mannequins was also used as a 
contaminant source, injecting tracer gas continuously to 
the room, connected with the CO2 tank.  

 

Figure 2. CO2 tank connected with a thermal mannequin 
used as a contaminant source. 

2.3 Calculating ventilation effectiveness 

The 𝜀𝜀𝑏𝑏 signifies the capacity of a system to exchange air 
within a room or eliminate airborne contaminants [16]. 
To calculate 𝜀𝜀𝑏𝑏 , the average of values obtained from 
experiments conducted at different source locations (𝜀𝜀𝑏𝑏

𝑗𝑗) 
is calculated. In the computation of 𝜀𝜀𝑏𝑏

𝑗𝑗 (Equation 1), it is 
necessary to determine the average of local air quality 
index at different measurement points ( 𝜀𝜀𝑃𝑃,𝑖𝑖 ). The 
calculation of 𝜀𝜀𝑃𝑃,𝑖𝑖 (Equation 2) relies on the steady-state 
concentrations at the measurement points (𝐶𝐶𝑃𝑃,𝑖𝑖 ). 𝐶𝐶𝑜𝑜 
represents supply air concentration and 𝐶𝐶𝑒𝑒 refers to the 
concentration in the extract air duct. [13] 

                            𝜀𝜀𝑏𝑏
𝑗𝑗 =  1

∑ � 1
𝜀𝜀𝑃𝑃,𝑖𝑖

�𝑘𝑘
𝑖𝑖=1

𝑘𝑘

    (1) 

                            𝜀𝜀𝑃𝑃,𝑖𝑖 = 𝐶𝐶𝑒𝑒−𝐶𝐶𝑜𝑜
𝐶𝐶𝑃𝑃,𝑖𝑖−𝐶𝐶𝑜𝑜

     (2) 

 
The Python programming language, utilizing the SciPy 
and Matplotlib software libraries, was employed for the 
result visualization. 

3 Results and discussion 
In canteen only one measurement was performed, in all 
other studied rooms two measurements were performed. 
In rooms where two measurements were conducted, one 
position of the contaminant source was close to the 
extract element, and another was as far as possible from 
the extract elements. In canteen the measurement point 
was was chosen so that it was sufficiently far from the 
position of the extraction valve. 
 The measurement results of room ventilation 
effectiveness vary from 0.60 to 0.97 (Table 3) . It is 
possible to conclude that only in canteen the value of 
room ventilation effectiveness is close to the mixing 
ventilation (𝜀𝜀𝑏𝑏 = 1.0). In other measured rooms, the 
room ventilation effectiveness is at a significantly lower 
level. 
 The measurement results of the local single 
ventilation effectiveness values 𝜀𝜀𝑏𝑏

𝑗𝑗  vary from 0.50 to 
0.97 (Table 3) . The highest value was measured in 
canteen (𝜀𝜀𝑏𝑏

𝑗𝑗 = 0.97, Figure 7), which is close to the ideal 
mixing conditions. The lowest values were measured in 
nightclub (𝜀𝜀𝑏𝑏

𝑗𝑗 = 0.50) and in restaurant (𝜀𝜀𝑏𝑏
𝑗𝑗 = 0.57, Figure 

6). 

Table 3. Point source ventilation effectiveness with source 
location j and point source ventilation effectiveness for the 

breathing zone by room type and source positions. 

Room 𝜀𝜀𝑏𝑏
𝑗𝑗 𝜀𝜀𝑏𝑏 

Canteen 0.97 0.97 
Restaurant, source position 1 0.56 

0.71 Restaurant, source position 2 0.87 
Bar, source position 1 0.64 

0.70 Bar, source position 2 0.76 
Nightclub, source position 1 0.70 

0.60 Nightclub, source position 2 0.50 

 The net floor area per extract unit (Figure 3) ranges 
from 23 to 81 m2 and distance to the nearest extract 
element (Figure 4) ranges from 2.5 to 4.5 m. There is no 
direct correlation between floor area and room 
ventilation effectiveness. Also, there is not significant 
correlation between the distance to the nearest extract 
element and values of 𝜀𝜀𝑃𝑃,𝑖𝑖. In the same way the value of 
the mean distance to the extraction points (Figure 5) 
does not cause significant change in the results.  
 It might be hypothesized that an increased number 
of ventilation extraction points and reduced distances to 
the elements could lead to improved 𝜀𝜀𝑏𝑏

𝑗𝑗  and 𝜀𝜀𝑏𝑏 
outcomes. At the same time, the measurement results of 
this study show that the position of extract elements has 
no significant effect to the values of room ventilation 
effectiveness. It can be generalized that measurement 
results indicate that this is not a rule of thumb and other 
ventilation design parameters need to be taken into 
account. Also, there were too few measurement points 
in this study to perform a competent statistical analysis 
of the correlation values. 

CO2 
injection 

thermal 
mannequin 

gas 
regulator 

CO2 tube 

scale 

CO2 tank 
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Figure 3. Point source ventilation effectiveness for the 
breathing zone results by net floor area per extraction unit. 

 

Figure 4. Point source ventilation effectiveness of 
measurement with source location j results by distance to the 
nearest extraction point. 

 

Figure 5. Point source ventilation effectiveness of 
measurement with source location j results by mean distance 
to the extraction points. 

The 𝜀𝜀𝑏𝑏
𝑗𝑗  results with the contaminant source 

location on the floor plan of canteen and restaurant with 
position 2 are visualized on Figure 6 and Figure 7. As it 
can be seen in Figure 6, there is a dividing wall between 
the two restaurant rooms. As the position 2 is located in 
the first larger space, the values of local air index are at 

a much higher level in the back room. This indicates that 
air mixing between two parts of the restaurant is limited 
which means that transmission of airborne diseases is 
also limited between these rooms. 

 
 
Figure 6. Local air quality index values in the restaurant.  

 

Figure 7. Local air quality index values in the canteen. 

 The main limitations of the study are the factors 
such as a generally larger floor area, partial openness, 
and variations in ventilation supply and extraction may 
significantly impact measuring accuracy of the 
ventilation effectiveness in these rooms. While  the 
measurements with a point source highlight  ventilation 
effectiveness considerably lower than in fully mixing 
there is good potential for air distribution solutions  
development to achieve better efficiency. 

4 Conclusions 
In this study, common cruise ship spaces such as 
canteen, restaurant, bar, and nightclub were examined to 
assess local air quality index and ventilation 
effectiveness with a point source using CO2 tracer gas 
method. In conclusion, we found that: 

𝜀𝜀𝑏𝑏
𝑗𝑗 

𝑗𝑗 
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• Three rooms out of examined four rooms did not 
meet the mixing ventilation criteria as measured 
𝜀𝜀𝑏𝑏 ranged 0.6-0.7; 

• The quantity or proximity to ventilation 
extraction points does not necessarily ensure 
higher 𝜀𝜀𝑏𝑏 or 𝜀𝜀𝑏𝑏

𝑗𝑗 values; 
• The spatial placement of a source of 

contaminants significantly influences the spread 
of pathogens; 

• In the case of infection risk-based ventilation 
design involving a contaminant point source, 𝜀𝜀𝑏𝑏 
values serve as an adjustment factor for the 
mixing ventilation airflow rate. 
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