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Abstract  31 

Large passenger ships are characterised as enclosed and crowded indoor spaces with frequent 32 

interactions between travellers, providing conditions that facilitate disease transmission. This 33 

study aims to provide an indoor ship CO2 dataset for inferring thermal comfort, ventilation and 34 

infectious disease transmission risk evaluation. Indoor air quality (IAQ) monitoring was 35 

conducted in nine environments (three cabins, buffet, gym, bar, restaurant, pub and theatre), 36 

on board a cruise ship voyaging across the UK and EU, with the study conducted in the 37 

framework of the EU HEALTHY SAILING project. CO2 concentrations, temperature and 38 

relative humidity (RH) were simultaneously monitored to investigate thermal characteristics 39 

and effectiveness of ventilation performance. Results show a slightly higher RH of 68.2 ± 5.3% 40 

aboard compared to ASHRAE and ISO recommended targets, with temperature recorded at 41 

22.3 ± 1.4°C. Generally, good IAQ (<1000 ppm) was measured with CO2 mainly varying 42 

between 400-1200 ppm. The estimated air change rates (ACH) and ventilation rates (VR) 43 
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implied sufficient ventilation was provided in most locations, and the theatre (VR: 86 L s-1 44 

person-1) and cabins (VR: >20 L s-1 person-1) were highly over-ventilated. Dining areas 45 

including the pub and restaurant recorded high CO2 concentrations (>2000 ppm) potentially 46 

due to higher footfall (0.6 person/m-2 and 0.4 person/m-2) and limited ACH (2.3 h-1 and 0.8 h-47 

1), indicating a potential risk of infection; these areas should be prioritised for improvement. 48 

The IAQ and probability of infection indicate there is an opportunity for energy saving by 49 

lowering hotel load for the theatre and cabins and achieving the minimum acceptable VR (10 50 

L s-1 person-1) for occupants' comfort and disease control. Our study produced a first-time 51 

dataset from a sailing cruise ship’s ventilated areas and provided evidence that can inform 52 

guidelines about the optimisation of ventilation operations in large passenger ships, 53 

contributing to respiratory health, infection control and energy efficiency aboard. 54 

Keywords: Cruise ship; Ventilation; Indoor air quality; Thermal comfort; Infectious 55 

transmission risk; CO2 56 

1. Introduction  57 

 At the beginning of the COVID-19 pandemic, mass gathering events were suspected to 58 

provide conditions for the transmission of severe acute respiratory syndrome coronavirus 2 59 

(SARS-CoV-2) virus and pose severe challenges to public health authorities. In the face of the 60 

widespread COVID-19 pandemic, governments around the world called for the suspension of 61 

gatherings, introducing travel restrictions, entry bans, isolation and quarantine to reduce 62 

physical contact and interaction of people which facilitates virus transmission. However, these 63 

travel restrictions brought public concerns, due to self-isolation and self-distancing rules as 64 

well as significant economic losses to the global tourism industry (UNWTO, 2021). During the 65 

pandemic, international transport including air and land (rail/road) transports was restricted to 66 

only essential activities. Regarding maritime transport, as one of the early SARS-CoV-2 67 
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outbreaks on board a cruise ship, the outbreak unfolding onboard Diamond Princess brought 68 

COVID-19 to the sight of the cruise industry and public. The Diamond Princess was placed 69 

under quarantine at Yokohama port in Japan for nearly a month, with onboard quarantine of 70 

passengers and crew members except when performing essential duties. The outbreak resulted 71 

in 712 COVID-19 cases and 13 deaths (Guagliardo et al., 2022). In response to COVID-19 72 

outbreaks related to maritime transport, diverse reactions were observed with reports of cruise 73 

ships denied port entry and travellers unable to disembark; starting in March 2020 the 74 

extraordinary suspension of cruise ship travel by cruise line operators was seen as a means to 75 

mitigate the spread of COVID-19 (CLIA, 2020).  76 

Moreover, cruise ships were reported as being responsible for super-spreading events (Abe et 77 

al., 2022; Althouse et al., 2020; Frieden et al., 2020). There is now sufficient evidence that the 78 

pathogen responsible for COVID-19 is transmitted primarily through exhaled aerosol particles 79 

suspended in indoor air (Tang et al., 2020; Wang et al., 2021). It is clear that aerosol generating 80 

activities (e.g., breathing, talking, eating, singing), physical proximity and ventilation 81 

conditions determine transmission (Jayaweera et al., 2020; Morawska et al., 2020), and that the 82 

risk of infection to airborne respiratory disease increases when people share an enclosed and 83 

poorly ventilated space (Setti et al., 2020). Marine aerosols are composed of sodium chloride, 84 

other inorganic salts, atmospheric particles and organic matter and are primarily formed 85 

through the burst of rising bubbles on the sea surface or waves breaking (Aller et al., 2005; Sun 86 

et al., 2024). The transport of bacteria and viruses from the sea to the atmosphere mainly occurs 87 

through this aerosol formation and the sea-surface microlayer may be the most important 88 

source of these microorganisms (Aller et al., 2005). Although the high humidity could be a 89 

relevant point in decreasing virus spread (Bozic et al., 2021), the semi-enclosed high occupancy 90 

environment aboard cruise ships is a relevant factor for the spread of infectious diseases. 91 
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Hotel load, or ship's non-propulsion-related power demand, typically constitutes approximately 92 

half of the cruise ship’s total energy consumption including components such as lighting, 93 

auxiliary machines, navigation, refrigeration, and heating, ventilation and air conditioning 94 

(HVAC). HVAC systems consume up to 40% of the total hotel load (Aarnio, 2022; Brækken, 95 

2023). A large passenger cruise ship is generally equipped with numerous air handling units 96 

(AHUs), taking up a large proportion of the ship's interior space. AHUs condition the air to a 97 

desired supply air temperature and RH. The operation of such an HVAC system is extremely 98 

energy-consuming (Aarnio, 2022), especially in hot and humid climates, where supply air 99 

dehumidification significantly adds to the energy use (Wang, 2024). Therefore, various 100 

solutions have been exploited to reduce energy consumption. Researchers have suggested 101 

several such solutions including partial air recirculation, demand-controlled ventilation system 102 

(DCV), thermal energy storage, heat pumps, solar energy and heat/moisture recovery (Aarnio, 103 

2022; Brækken, 2023). Among these solutions, air recirculation and heat recovery are the most 104 

commonly implemented (Kosako and Shiiyama, 2008; Mihai and Rusu, 2021). While partial 105 

air recirculation significantly reduces energy consumption by decreasing the amount of outdoor 106 

air delivered, this typically results in lower indoor air quality (IAQ) and can consequently 107 

increase infection transmission risk (Almilaji, 2021; Mihai and Rusu, 2021; Xu et al., 2020). 108 

Following the COVID-19 pandemic, professional institutions have proposed new ventilation 109 

standards (Section 2.6), mainly emphasising a change for a regular supply of 100% outdoor 110 

air. Ren et al. (2022) evaluated the impact of various ventilation strategies on disease infection 111 

risk in an office environment. The findings indicated that ventilation approaches with less 112 

recirculation effect in the room (zone and stratum ventilation) could potentially decrease 113 

infection probabilities to approximately 19%. 114 

There have been several studies that have explored the correlation between CO2 concentrations, 115 

exhaled breath and the risk of exposure to airborne diseases in indoor spaces. A list of recent 116 
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publications, summarised in Table S1, shows a focus on monitoring CO2 levels to either: (i) 117 

investigate the risk of COVID-19 infection transmission in mass-gathering indoor spaces; or 118 

(ii) explore IAQ or disease transmission risk on board passenger ships. This summary of 119 

existing research articles (Table S1) indicates numerous research gaps on this topic. Firstly, 120 

monitoring studies have mainly been focused on educational institutions (Adzic et al., 2022a; 121 

Fantozzi et al., 2022; Muelas et al., 2022; Park and Song, 2023; Villanueva et al., 2021; 122 

Schibuola and Tambani, 2020); stadiums and concert halls (Adzic et al., 2022b; Malki-Epshtein 123 

et al., 2022; Schade et al., 2021); office and residential buildings (Yin et al., 2022; Bazant et 124 

al., 2021), supermarkets (Li and Tang, 2022); hospitals (Crews et al., 2024; Kumar et al., 2022) 125 

and restaurants (Kumar et al., 2022; Park and Song, 2023). Secondly, there is also a noticeable 126 

deficiency in comprehensive data collection for infectious disease transmission risk specific to 127 

the human transportation sector. Monitoring-based experiments and computational fluid 128 

dynamics (CFD) modelling have been conducted around different modes of transportation, 129 

including trains (Schmeling et al., 2022; Woodward et al., 2021; Wang et al., 2022), buses 130 

(Edwards et al., 2021; Malki-Epshtein et al., 2020) and planes (Yan et al., 2017; Zhang et al., 131 

2021; Wang et al., 2021). However, there are limited studies investigating ventilation 132 

conditions on board passenger ships (Kim and Lee, 2010), and research on the effectiveness of 133 

ventilation provision for passenger ships in disease mitigation is relatively scarce (Kumar et 134 

al., 2024). The unique environmental conditions of passenger ships are characterised by their 135 

semi-enclosed and densely occupied spaces where travellers from different origins may interact 136 

for prolonged time periods. Unlike typical residential or commercial environments, passenger 137 

ships, especially cruise ships, integrate living, working, entertainment/social and dining areas 138 

in a compact layout, necessitating specialised IAQ studies and research on the probability of 139 

infectious disease for passengers and crew over the duration of their voyages. 140 
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The World Health Organisation (WHO) declared an end to the public health emergency of 141 

international concern in May 2023 (WHO, 2023) and the post-COVID-19 recovery is well 142 

underway. The cruise sector is expected to experience an unprecedented rebound to achieve 143 

even higher passenger volumes than prior to the pandemic, in particular the first summer 144 

holiday season since COVID-19 restrictions have eased globally. Major viral disease outbreaks 145 

that emerged over the past decades have mostly involved airborne respiratory viruses, including 146 

SARS CoV-1, Middle Eastern Respiratory Syndrome (MERS), SARS CoV-2 (Bhadoria et al., 147 

2021) and H1N1 influenza Pandemic (2009). Given the high contagiousness of COVID-19 and 148 

airborne transmission of the disease, crowded and enclosed gatherings can create environments 149 

conducive to aerosol virus transmission with a reduction in physical distancing behaviour (Zhu 150 

et al., 2023). The authors recognise the limitations of control measures and the challenges in 151 

the effective detection of cases currently in place on board cruise ships. There might be a risk 152 

that ventilation provisions are only able to provide adequate IAQ and thermal comfort, but are 153 

not sufficient for disease mitigation in semi-enclosed high occupancy environments aboard. 154 

The European Union (EU) project HEALTHY SAILING funded under the Horizon Europe 155 

Framework Programme has undertaken a task to understand the ventilation conditions, 156 

dispersion mechanism and the risk of airborne disease transmission in a mass-gathering 157 

passenger cruise ship, while providing a reliable data set that could be used to validate CFD 158 

models of aerosol dispersion. For the first time, in the framework of this project, monitoring of 159 

CO2 (as a proxy of ventilation and for exposure to exhaled breath) and thermal comfort 160 

parameters (temperature and RH) was conducted in different environments on board a sailing 161 

cruise ship voyaging across the UK and Europe. Indoor CO2 accumulates from human 162 

metabolism (Peng and Jimenez, 2021) and exhaled air may contain pathogen-laden aerosols 163 

(Adzic et al., 2022). The measurements of indoor CO2 concentrations can often be an effective 164 

indicator of occupancy relative to the level of ventilation, which links to the risk of aerosol 165 
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transmission indoors (EMG and SPI-B, 2021). The localised monitoring of CO2 can provide 166 

spatially and temporally resolved data, to identify the effectiveness of ventilation (e.g., high 167 

concentrations of CO2 indicate low levels of ventilation and/or high occupancy) and the impact 168 

of occupancy distribution and space volume on IAQ. Thus, this paper has exploited CO2 169 

concentrations as a practical proxy for airborne transmitted diseases and ventilation, as 170 

pathogen-containing aerosols and CO2 are co-exhaled by infected persons (Peng and Jimenez, 171 

2021).  172 

The overall goal of this work is to build an understanding of the ability and agility to mitigate 173 

the risk of virus transmission on board a large passenger ship, thus providing a healthy sailing 174 

environment for crew members and passengers whilst the industry returns to full normality in 175 

the post-COVID-19 era. The specific aims are to: (i) assess the ventilation conditions on a 176 

sailing cruise ship, (ii) identify the potential role of ventilation-related measures to reduce the 177 

risk of airborne virus transmission, (iii) explore the potential of energy-saving, based on the 178 

IAQ and probability of infectious risk obtained, and (iv) provide a real-world dataset to allow 179 

for an IAQ classification. 180 

2. Methodology  181 

2.1  Site description   182 

The study was carried out on a passenger cruise ship carrying over 5000 passengers, 183 

sailing, manoeuvring and porting in the UK and the EU in August 2023 (name of the cruise 184 

ship has been anonymised for confidentiality purposes). The monitored locations comprised 185 

nine indoor spaces aboard, including (1) buffet, (2) gym, (3) bar, (4) restaurant, (5) pub, (6) 186 

theatre, (7) standard double occupancy cabin with male occupants, (8) standard double 187 

occupancy cabin with female occupants, and (9) standard double occupancy cabin with a single 188 

male occupant. Table 1 summarises monitoring dates and duration, to maintain anonymity, 189 
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these indoor spaces are referred to by their generic names. Table 2 briefly summarises each 190 

monitored location's characteristics, including its maximum occupancy and floor area. The 191 

maximum occupancy is assumed based on the number of seats available in each venue, and 192 

therefore on some occasions, there may be additional occupancy. For example, in the pub and 193 

bar, during peak hours when the seats are fully occupied, additional people could potentially 194 

be standing. It should be noted that occupancy for the Gym is an estimation based on physical 195 

observation, as there is no specific seating in this venue. Additionally, Figure S1 presents 196 

engineering schematic drawings showing the experimental layout of monitoring locations and 197 

the position of CO2 sensors. Due to the logistics and health and safety requirements on board 198 

a large passenger ship, air quality monitoring in public spaces under supervised conditions is 199 

not feasible. As such, data were collected unsupervised daily on a 24-hour basis. Regular 200 

physical and remote checks (sensors' mobile app) were performed every two to three hours to 201 

make sure sensors were working properly. Table S2 describes the typical operating hours for 202 

the monitored locations. 203 

2.2  Location characteristics 204 

The vessel is equipped with DCV systems that include CO2 and temperature sensors in 205 

part of the locations aboard to maintain a fixed internal temperature of 22.5 °C, meaning the 206 

ventilation is variable depending on the occupancy. The characteristics of each of the nine 207 

monitoring locations are given below. 208 

● Buffet: Located on deck 15, this monitored location encompasses only one-third of the 209 

total indoor area of the buffet (refer to Figure S1). This place has an open kitchen and 210 

spans approximately 1217 m2, accommodating up to 306 guests. The opening hours 211 

were 06:30-02:00 and consisted of four serving sessions: breakfast (06:30-11:30), lunch 212 
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(12:00-16:00), dinner (18:00-21:00) and midnight (22:00-02:00). The CO2 sensor was 213 

positioned near the centre of the room and collected 171.25 h of data. 214 

● Gym: Located on deck 16, this area has an estimated maximum occupancy of 50 people 215 

and spans an area of 570 m2. The gym consisted of a compact fitness area equipped for 216 

indoor workouts including equipment such as treadmills, weight training benches, 217 

stationary bikes, and dumbbells, among others. The gym opening hours were 06:00-218 

22:00. The CO2 sensor was positioned on top of a shelf and monitored for 166.5 h.  219 

● Bar: Situated on deck 18, this area consisted of a piano lounge and a bar, featuring 220 

bistro tables and a floor-to-ceiling window offering a panoramic view with live band 221 

performances during evening hours. With a maximum occupancy of 180 people and 222 

covering an area of 630 m2, the bar was opened 10:00-01:30 on sea days and 16:00-223 

01:30 on port days. The CO2 sensor was installed atop a lamp near the piano in the main 224 

section of the bar and monitored for 166.45 h.  225 

● Restaurant: Situated on deck 5, this was one of the main restaurants with an open space 226 

of 1050 m2 and a maximum occupancy of 598 people. The restaurant required advance 227 

booking and was only open during dinner hours, with three available time slots: 17:30, 228 

19:30, and 21:30. The CO2 sensor was mounted within a wooden frame near the room's 229 

centre and monitored for 165.55 h. 230 

● Pub: Located on deck 7, this area embodies the ambience of a traditional English pub, 231 

covering 200 m2 with a maximum occupancy of 81 people and featuring a few large 232 

TV monitors for live sports games. Opening hours were 11:00-02:00. The CO2 sensor 233 

was positioned atop a pillar near the ceiling and monitored for 100 h. 234 

● Theatre: Located across two levels on decks 5 and 6, the theatre is a large open space 235 

with 1000 m2 that features a raked floor design and accommodates various events such 236 

as theatrical performances and shows. Daily presentations are scheduled during the 237 
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evening at 19:00, 20:30, and 21:45 (matinees/afternoon shows only occur on sea day), 238 

with a maximum occupancy of 945 people. The CO2 sensor was fixed near the entrance 239 

of the venue, situated on the prompt desk controlling the visual and acoustic effects of 240 

the performances and monitored for 99.25 h. 241 

● Cabin M (male cabin) and Cabin F (female cabin): Both cabins were situated on 242 

deck 13, featuring a floor area of 17 and 10 m2, respectively. They were reserved for 243 

the research team and accommodated two occupants each at the time of monitoring. 244 

Each cabin comprised a compact double room with amenities including a wardrobe, 245 

double bed, bedside tables, vanity area with a small table, and an attached bathroom 246 

separated by a door. Occupancy patterns varied but primarily occurred during the 247 

morning and early afternoon hours. AC rates differed between the rooms, based on 248 

settings adjusted by the occupants. The CO2 sensor was placed on top of a table and 249 

monitored for approximately 126 h. 250 

● Cabin S (single occupant cabin): This cabin was a standard double occupancy sized 251 

cabin with the same features as the above cabins, but only had a single occupant during 252 

the time of monitoring. It is located on deck 11 and encompasses a floor area of 17 m2. 253 

The occupancy times are similar to the above cabins as the research team worked 254 

together and followed the same schedule of activities. The CO2 sensor was left on top 255 

of a table and measured for 80.75 h. 256 

2.3  Instrumentation  257 

The CO2 concentrations were determined using HOBO MX CO2 logger model 258 

MX1102 (Onset Computer Corporation); referred to hereinafter as HOBO, which uses non-259 

dispersive infrared (NDIR) spectroscopy to measure CO2 concentrations in a non-condensing-260 

environment. The sensor features an auto-calibration and can measure CO2 concentration 261 

across a range of 0-5000 ppm, with a 1 ppm display resolution, and accuracy of ±50 ppm or 262 
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±5% of the reading (whichever is higher) at a temperature of 25°C, RH below 70% and pressure 263 

of 1013 mbar (HOBO, 2015). These sensors were installed in each location at a 264 

sitting/breathing height of ~1 m whenever feasible, or at a higher position for safety purposes 265 

(to avoid the reach of children). Figure S2 provides an example of the instrument setup. The 266 

sensor is fitted with a data logger that records data at an interval from 1 s to 18 h. In the current 267 

study, data were recorded every 60 s. Moreover, each instrument has an integrated sensor that 268 

records and transmits temperature and RH data at the monitored locations. The HOBO sensor 269 

can measure up to 6 months with the same battery and should be used in indoor environments 270 

and not be exposed to extreme RH and temperatures. Therefore, the locations selected to 271 

allocate the sensor were exclusively indoor environments. 272 

Data quality control and assurance procedures were conducted, which included the co-location 273 

of HOBO sensors with Q-Trak IAQ monitor Model 7575 (TSI Incorporated), referred to 274 

hereinafter as Q-Trak. The co-location procedure involved the HOBO sensors and two factory-275 

calibrated Q-Trak and is discussed in detail in Section 2.8. Q-track uses a non-dispersive 276 

infrared (NDIR) sensor to measure CO2, as well as a thermistor to measure temperature and a 277 

thin-film capacitor to measure RH. It can measure CO2 across a range of 0-5000 ppm, with a 1 278 

ppm resolution. The accuracy is ±50 ppm or ±3% of the reading, whichever is higher. The 279 

indicated instrument operating conditions include an altitude of up to 4000 m and a RH of up 280 

to 80% (Q-TRAK, 2016). 281 

2.4  Data collection and analysis  282 

CO2 concentrations, temperature and RH data were sampled continuously from the 283 

unattended and unsupervised monitoring sites, throughout the cruise voyage. The deployments 284 

of instrumentation are split up into three phases: buffet, restaurant, gym, and bar in Phase 1 285 

(started on 16.08.2023), cabin M, cabin F, theatre, and pub in Phase 2 (started on 19.08.2023) 286 
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and finally cabin S in Phase 3 (started on the 20.08.2023). This was due to complex logistics 287 

in obtaining permission to access and undertake monitoring activities in the mass-gathering 288 

locations aboard. The temperature, RH and CO2 data were acquired using the mobile software 289 

HOBOconnectR by ONSET for IOS, version 1.6.1. The obtained data were retrieved as a .csv 290 

file from the software, and then analysed using several software, including Microsoft Excel 291 

Version 2311 by Microsoft Corporation (Redmond, Washington, USA), Google Colaboratory 292 

by Alphabet Inc. (Googleplex, California, USA) and Python Data Analysis Library - Pandas 293 

1.5.3 via NumFOCUS, Inc. (Austin, Texas, USA). 294 

2.5  Estimation of ACH and VR 295 

ACH was calculated using CO2 concentration data that took into account both 296 

occupancy and subsequent CO2 levels, while ACH here refers to the total outdoor air coming 297 

into the space. We applied the decay method for calculating the ACH in these nine locations 298 

on board the cruise ship, following the methods used by prior studies (Abhijith et al., 2022; 299 

Canha et al., 2013; Kumar et al., 2022; Kumar et al., 2024). The decay of CO2 was calculated 300 

by evaluating the CO2 concentration until it reached approximately 420 ppm, which is regarded 301 

as the background level (GML, 2024), when the occupants had vacated the venue. A random 302 

peak has been selected for the calculation of the pub, buffet, gym, bar and cabins, due to a 303 

constraint related to the operating hours of these locations (operating continuously until late at 304 

night) and the unknown occupancy in the spaces. It is therefore extremely challenging to 305 

observe a full decay cycle for the ACH calculations. Conversely, because of the scheduled 306 

operating hours for the restaurant (three dinner serving periods during the evening) and the 307 

theatre (two afternoon and three-night shows), the decay of CO2 was calculated around their 308 

closing hours when occupants left the venue. Finally, the daily values of ACH and VR were 309 

calculated for each monitoring day and the averages were taken. 310 
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The ACH obtained by the decay method (AD) was calculated through Equation (1): 311 

                         (1) 312 

where Δt is the time (h) between C0 and C1, C0 is the CO2 concentration obtained at the 313 

beginning of the sampling period (ppm), C1 is the CO2 concentration at the end of the sampling 314 

period (ppm), and CR refers to the lowest CO2 concentration in the make-up air or the steady-315 

state concentration at the lower occupancy (ppm).  316 

CO2 is inherently produced by human activities and co-exhaled by the venue occupants. The 317 

exhaled CO2 is then diluted by the ship's ventilation system. The ventilation rate was estimated 318 

using the CO2 component balance (Hama et al., 2023), which considered the below premises: 319 

(i) the ship's indoor space is well mixed, (ii) the occupants are the only source of CO2, except 320 

as otherwise specified, (iii) each occupant breath at a steady rate and exhale constant CO2 321 

concentration, (iv) CO2 above a standard background ambient concentration of 420 ppm in the 322 

indoor environment is the result of exhalation of the occupant(s) in that space, and (v) ACH 323 

and VR were constant throughout the day. The following criteria were used for each decay 324 

sequence: (1) C1 should be relatively close to the background CO2 concentration of 420 ppm; 325 

(2) the ΔCO2 (difference in concentration between C0 and C1) must exceed 100 ppm or should 326 

be greater than the standard instrument accuracy. 327 

The VR at design/assumed occupancy in m3 h-1 was obtained by multiplying the ACH with the 328 

volume (V, m3) of the monitored locations and dividing it by the number of maximum 329 

occupants of each location, using Equation (2). 330 

  (2)                                                       331 

𝐴𝐷 = 1 ∕ 𝛥𝑡 𝑙𝑛[(𝐶1 − 𝐶𝑅)  ∕ (𝐶0 − 𝐶𝑅)]  

𝑉𝑅 =  𝐴𝐶𝐻 𝑥 𝑉 𝑥 𝑝𝑒𝑟𝑠𝑜𝑛⁻¹                                               1 
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2.6  Guidelines for evaluating IAQ, ventilation condition and thermal comfort 332 

The main guidelines concerning indoor environmental quality typically followed in the 333 

UK were introduced by the Chartered Institution of Building Services Engineers (CIBSE), 334 

American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE), 335 

Federation of European Heating, Ventilation and Air Conditioning Associations (REHVA), 336 

Scientific Advisory Group for Emergencies (SAGE) and Health and Safety Executive (HSE). 337 

Table 3 shows the recommended targets suggested for the evaluation of CO2, VR, temperature 338 

and RH. 339 

The HVAC systems are intended to maintain sufficient thermal comfort and IAQ on board. 340 

The international standard “ISO 7547:2022: Ships and marine technology – Air-conditioning 341 

and ventilation of accommodation spaces and other enclosed compartments on board ships – 342 

Design conditions and basis of calculations” (ISO, 2022), has defined the design conditions 343 

for summer and winter conditions (Table S3). Furthermore, the standard states that the 344 

minimum outdoor air supply shall not be less than 0.008 m3 s-1 person-1. The British standard 345 

“BS EN 16798 - Energy performance of buildings. Ventilation for buildings” (Table S5; BSI, 346 

2019), has defined IAQ acceptance in four bands based on occupant comfort and expectations. 347 

A high acceptance level (band 1) indicates good IAQ that is advised to operate for vulnerable 348 

groups of occupants. Conversely, a lower acceptance level (band 4) will not pose immediate 349 

health risks but may decrease occupants’ comfort and satisfaction. 350 

2.7  Infectious risk evaluation 351 

The potential risk of airborne disease transmission for SARS-CoV-2 was estimated by 352 

employing a well-mixed Wells-Riley model (WRM), which has been adopted by numerous 353 

previous studies (Buonanno et al., 2020a, 2020b; Fantozzi et al., 2022; Kumar et al., 2022; 354 

Woodward et al., 2022). Several assumptions are made including (i) no viruses are present at 355 
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the beginning of the analysis, (ii) the viral load increases throughout the analysed period, (iii) 356 

the number of source infectors is equal to one (Dai and Zhao, 2020) and (iv) infected and 357 

susceptible occupant always resides in the space over the entire duration of the analysis. The 358 

calculation is based on the notion that the air contains doses of the infectious virions, and that 359 

occupants will become infected by breathing a single dose. The infected person breathes out 360 

virus-laden particles at a constant rate, and the infectious dose of the virus can be removed 361 

when it decays, falls onto a surface or is diluted by ventilation. The infection probability 362 

estimation using the WRM is given by Equation (3; Sze To and Chao, 2010). 363 

                                                  (3) 364 

where 𝑟𝐷𝑂𝑈𝑇  is the virus emission rates from the infected person, B is pulmonary ventilation 365 

rate (0.8 m3 h-1; Miller et al., 2021), tR is the exposure time (h); τD is the time constant for viral 366 

inactivation (0.32 h-1), τVF is the ventilation rate (h-1), τF is the deposition rate (0.3 h-1), and VR 367 

is the volume of the indoor environment (m3). The accurate volume of the indoor environment 368 

is provided by the cruise company (Table 2) and the ventilation rate in ACH (τVF) is estimated 369 

with occupancy and CO2 concentration monitored (Section 3.4). 370 

2.8  Quality control and assurance 371 

The instruments used in this study have been frequently used in many IAQ studies 372 

(Coulby et al., 2021; Deng and Lau, 2019; Kumar et al., 2022; Kumar et al., 2023). The 373 

monitors underwent co-locations with a factory-calibrated instrument and subsequent 374 

correction factors were calculated and applied to the data. Additionally, prior to the 375 

deployment, the CO2 monitors were manually calibrated at 400 ppm in ambient conditions as 376 

directed by the manufacturer using their auto-calibration feature. This allowed the monitors to 377 

have satisfactory accuracy during the sampling period. CO2 concentration values below 350 378 

𝑝𝑖  = 1 − 𝑒𝑥𝑝(−(
𝑟𝐷𝑂𝑈 𝑇  𝐵𝑡𝑅

𝑉𝑅 (1/𝜏𝐷 +1/𝜏𝐹 +1/𝜏𝑉𝐹 )
)                                               1 
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ppm were removed from the data as outliers, since it is expected that the average daily outdoor 379 

CO2 levels vary around 300 ppm and values below that would not be realistic. 380 

The HOBO sensors were co-located with Q-Trak monitoring sensors in a university office 381 

space (Figure S3) before and after the monitoring campaign. Human exhaled breath was used 382 

as the source for the generation of CO2 concentration. The instruments were placed closely 383 

together on a table inside an office space (with the supply air inlet at a reasonable distance) and 384 

to be left operating and monitoring for approximately 8 h, while the occupants continued 385 

working as usual. During the experiment around 6 people were present. With this procedure, a 386 

linear regression factor and error estimate were obtained for CO2 concentration for each HOBO 387 

at a frequency of 60 s. Initially, the instruments were turned on and left to warm up for at least 388 

30 minutes. During this time the sensors were acclimatising to the room conditions and also 389 

sampling a background concentration for the room. After this time, the actual experiment 390 

started, and the equipment was left running for at least 7 h. During the experiment, opening the 391 

windows and the amount of people inside the office were used to vary the CO2 concentration. 392 

Therefore, when the concentration was too high the windows would be opened accordingly. 393 

Vice-versa, for some situations when people left the room, and the concentration began to 394 

decrease, either the windows would be closed, or occupants would be asked to return. This 395 

procedure allowed the comparison of various concentration ranges between the calibrated Q-396 

Trak and HOBO sensors. After this procedure, the data obtained were analysed. Results and 397 

data obtained from the co-location experiment are shown in Figure S4. The factory-calibrated 398 

Q-Trak has a strong and positive correlation with the Hobo CO2 sensors, correction factors are 399 

calculated (Table S4) and the results show that the adjustments required are minor. However, 400 

most HOBO monitors reported lower average CO2 concentrations than the referencing sensor 401 

Q-track during the colocation studies. This indicates that instruments with the same make/brand 402 

and sensing principles might have minor differences in sensitivity to CO2. Therefore, a linear 403 
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regression model was developed and correction factors were applied to the dataset to optimise 404 

the comparability of measurements between different monitored environments (Table S4). 405 

3. Results and Discussion  406 

This section elucidates the data obtained from the monitoring aboard, including: (i) 407 

typical concentration of CO2, temperature and RH on board a large cruise ship and their 408 

correlation; (ii) discussing variation of CO2, temperature and RH caused by occupancy, venue 409 

design characteristics, ship operational behaviour (voyaging and berthing) and HVAC 410 

operation mode; and (iii) investigating ventilation performance and infectious disease 411 

transmission risk based on ventilation provisions. 412 

3.1  CO2 concentration in different microenvironments  413 

Figure 1 shows a time series of the CO2 concentrations for all the monitored locations. 414 

Figure S5 shows a combined hourly average plot. Given the variation in CO2 concentration 415 

within the monitored compartments (Figure 1), clearly, the cruise ship environment as a whole 416 

cannot be considered to be well mixed. This is due to a number of factors such as the differences 417 

in mechanical ventilation conditions, natural ventilation conditions and occupancies. All 418 

figures show event start (beginning of sensor deployment) and event end times, with data 419 

presented at one-minute intervals. The blue highlighted sections represent the days when the 420 

cruise ship was sailing (sea day, 21.08.2023 and 23.08.2023). The results show that the second 421 

sea day (23.08.23) presented higher CO2 concentrations compared to the first sea day 422 

(21.08.23) in the buffet, restaurant and theatre. 423 

The results also denote that each monitored site exhibits repeatable trends with peaks occurring 424 

each day approximately at the same time. This is to be expected as passengers follow a routine 425 

pattern of behaviour each day. Therefore, the data obtained could be an effective indicator for 426 
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identifying the typical peak periods for different venues or locations on board the cruise ship, 427 

which could be then utilised for improving ventilation strategies. The evidence that the ship 428 

has observable peak hours, with varying ventilation performance (CO2) in mirror environments 429 

implies that occupancy has a significant impact on CO2 distribution and there may be 430 

insufficient ventilation for the actual occupancy. Estimated typical peak hours for some of the 431 

locations can be observed from the data (Figure 1). The pub typically has a steadily rising trend 432 

from 18:00 onwards, reaching its peak at around 21:30-22:00. Two peaks (morning and night) 433 

were identified for the buffet during the day, with the breakfast peak starting from 09:00-11:00 434 

and the dinner peak at around 21:00. The restaurant data shows two peaks, the morning peak 435 

starts from 10:00-11:00 and the evening peak begins from 18:00-21:00. The bar is typically 436 

busiest after 19:00, and usually reaches its peak at 21:00. The gym concentrations usually peak 437 

before dinner at around 18:00. Additionally, it can be noted from the data that CO2 levels in 438 

the three monitored cabins follow similar peaks and troughs. The variation in CO2 439 

concentrations could be considered a coincidence here because these cabins were allocated to 440 

the research team, so they would typically follow the same schedule of activities as they were 441 

working together. For instance, the majority of the peaks occur in the morning to afternoon 442 

period, as the research team worked during the night.  443 

Figure 2 shows the box plot for CO2 concentrations, temperature and RH at all monitored 444 

locations. The CO2 concentrations boxplot (Figure 2a) shows that most of the venues have a 445 

strong positive skew and the theatre, restaurant, and pub have several extreme outliers. Among 446 

these, the restaurants have the largest outlier value, with over 2500 ppm, followed by the pub 447 

with over 2000 ppm. The interquartile ranges (IQR) of cabin M and cabin F are similar; this 448 

corresponds to the similar occupancy times due to the almost identical work patterns of the 449 

research team. Overall, the theatre, bar, gym and buffet have less dispersed data and the median 450 

CO2 concentration of the theatre, pub, and bar is under 500 ppm which is lower than other 451 
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monitored sites. The mean CO2 concentrations in the theatre are relatively lower, indicating it 452 

is either mostly unoccupied and/or has excellent ventilation performances. Locations with a 453 

large number of outliers show a bimodal pattern, which can be inferred that spaces are not used 454 

most of the time. Therefore, some data during the peak occupancy have been labelled as 455 

outliers. As a consequence, the mean/median concentrations are low. Thus, data from the active 456 

hours at each venue have been extracted and outlined in Figure S6. Results show a less positive 457 

skew distribution, particularly for the theatre, restaurant and pub, with a significant increase in 458 

the mean/median concentrations. 459 

The temperature boxplot (Figure 2b) shows the distribution of the temperature data. Results 460 

indicate that entertainment areas, including the theatre and gym, have the least dispersed 461 

temperature data. While dining areas, including buffet, restaurant and pub, have overall more 462 

scattered data, the pub recorded the lowest median followed by the restaurant. For cabin M and 463 

the bar, data appeared to be negatively skewed, while the buffet showed positive skewing, with 464 

the rest of the locations showing relatively symmetric data. The IQR temperature of cabin M 465 

is the highest and cabin F has the largest range of outliers. The range of temperature aboard 466 

was recorded at 22.3 ± 1.4 °C (mean ± standard deviation) across nine monitored locations). 467 

The distribution of the RH data (Figure 2c) indicates that the medians of RH for all monitored 468 

locations are around 70%. The median of cabin M is the lowest at under 60%, while the 469 

restaurant has the highest median of around 73%. The data for cabin F, cabin S and theatre are 470 

negatively skewed, and the data for the pub, gym and buffet are positively skewed, with the 471 

rest of the box plots being symmetric. Overall, the range of RH across the nine monitored 472 

locations was 68.2 ± 5.3% (mean ± standard deviation). 473 
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3.1.1   Air quality classification 474 

To obtain a comprehensive picture of the IAQ for the shipboard environment, the 475 

ventilation performance was determined for each monitored location and then aggregated. To 476 

identify the worst performance for each space, the maximum CO2 values (the outliers presented 477 

in the box plot) obtained were found (Figure 2a). The spaces were then classified into air quality 478 

bands following the targeted standard defined by British standard BS EN 16798 (Table S5; 479 

BSI, 2019). The average air quality was in band 2 (medium acceptance level) for ~75% of the 480 

monitored sites. A considerable number of spaces were in band 3 (moderate acceptance level), 481 

which is equivalent to a CO2 concentration exceeding 1750 ppm. Classification based on 482 

maximum CO2 (outliers) suggested that the general IAQ on the cruise ship is highly acceptable 483 

for the majority of the time.  484 

Locations with excellent and highly acceptable IAQ include Cabin S (classified in band 1), the 485 

bar and the gym, with maximum CO2 concentrations at 942 ppm, 1062 ppm and 1072 ppm, 486 

respectively. Cabin M and cabin F are classified in band 2 (medium IAQ acceptance) with 487 

maximum CO2 levels of 1147 ppm and 1255 ppm, respectively. The theatre is also classified 488 

in band 2 with maximum CO2 concentrations recorded at 1721 ppm, however, only short-lived 489 

peaks can be observed for the theatre (Figure 1), which indicates that the occupancy plays an 490 

important contribution to the elevation of CO2 concentration. Although cooking activities 491 

occurring in the buffet may have affected the overall IAQ beyond CO2, the maximum CO2 492 

concentration recorded is just slightly over 1000 ppm standing at 1102 ppm. This might be 493 

attributed to the fact that the buffet is located on deck 15 with a large outdoor dining area, 494 

separated from the indoor buffet by automatic doors that will open whenever guests enter, 495 

allowing outdoor air to infiltrate and dilute the CO2 concentration.  496 
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The pub and the restaurant have the highest maximum CO2 concentrations, hence the worst 497 

IAQ classification; both locations are classified in band 4 with 2109 ppm (113 minutes above 498 

1750 ppm) and 2787 ppm (171 minutes above 1750 ppm) respectively. This means occupants 499 

can exhibit symptoms such as drowsiness, difficulty concentrating, and be exposed to 500 

infectious disease risk (Satish et al., 2012), thus these spaces are a priority for improvement. A 501 

fairly patterned peak sequence can be observed in the pub during the evening, mostly exceeding 502 

1500 ppm. Similarly, the restaurant generally exceeds 1200 ppm during the dinner period, and 503 

CO2 concentration in the restaurant on 23.08.2023 showed a significant spike of up to 2787 504 

ppm. This result could be due to the higher footfall of the pub and restaurant, 0.6 person/m-2 505 

and 0.4 person/m-2, respectively. Because personal protective equipment (PPE) cannot be used 506 

while eating and drinking, these locations should be prioritised for improvement. In addition, 507 

celebration parties and additional performance activities by crew members on 23.08.2023, the 508 

last day before disembarkation in the UK, could explain the elevated CO2 concentration in the 509 

buffet, restaurant and theatre.  510 

3.2  Variations in indoor temperature and RH  511 

A thermally comfortable indoor environment is crucial for the occupant's health and 512 

productivity (Kaushik et al., 2020). The ASHRAE “Thermal Environmental Conditions for 513 

Human Occupancy” guidelines (2013) have defined a satisfactory thermal condition for a 514 

typical occupied building space, a standard of 21-23°C in the winter and 22-26.5°C in the 515 

summer. Both indoor air temperature and RH are crucial contributors to airborne transmission 516 

and infectivity of infectious disease particles (Aganovic et al., 2021; Guo et al., 2021; Mao et 517 

al, 2023). The thermal conditions could affect evaporation conditions, and consequently pose 518 

changes in the constituents of virus particles negatively affecting the virus' survivability (Noti 519 

et al., 2013). Thermal sensation or exposure to high temperatures could also influence human 520 

immune response and infection susceptibility (Nottmeyer et al., 2023; Kumar, et al., 2022).  521 
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Figure 3 shows a time series plot for temperature and RH to understand the thermal condition. 522 

The data indicates that the relationship between RH and temperature in a shipboard 523 

environment behaved in its normal inversely proportional relationship; an increase in 524 

temperature would lead to a decrease in RH and vice-versa. However, the pub provided an 525 

exception demonstrating very similar trends for temperature and relative humidity. The initial 526 

hypothesis for the unusual correlation is that the crowded environment and activities 527 

undertaken by pub occupants (pouring beer, drinking alcohol and speaking loudly) caused an 528 

increased human body temperature or excessive moisture generation. Considering the summer 529 

temperature thermal sensation guideline, the results (range of temperature: 22.3 ± 1.4°C) 530 

suggested that the cruise ship thermal sensation aboard was found to be generally excellent, 531 

while most locations were occasionally found to be over-air-conditioned, especially the cabins 532 

and gym, with relatively lower internal temperatures of 20-21°C. In contrast, dining areas have 533 

experienced higher air temperature, potentially due to human behaviour (eating and drinking) 534 

and social activities conducted in the venue have exhibited an increase in human body 535 

temperature (Perry et al., 2020) or the heat generated from the kitchen nearby. 536 

In addition, when considering typical ship ventilation design conditions, ISO 7547 (2022) 537 

applies (Table S3), which adopts seasonal recommendations for onboard thermal sensation 538 

characteristics. It is suggested during the summer season, the temperatures and humidity for 539 

indoor air aboard be 25°C and 55%, respectively. The data in Figure 3 shows that throughout 540 

the monitoring period, all monitored locations have mostly recorded RH above 55%. 541 

Conversely, most of the monitored locations (except the bar and cabin M) have temperatures 542 

below 25°C. 543 

Air temperature and RH influence the spread of airborne infectious disease, as relatively 544 

warmer (25-30°C) and wetter climates seem to reduce the risk of spread (Nottmeyer et al., 545 
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2023; Mecenas et al., 2020). Studies (Aganovic et al., 2021; Guo et al., 2021; Noti et al., 2013; 546 

Verheyen and Bourouiba, 2022) have reported that intermediate indoor RH (40-60%) is found 547 

to provide sufficient satisfaction in the thermal environment and reduce the efficient of 548 

microbial growth, viral survival and infectivity. As discussed in Section 3.1, the range of RH 549 

aboard was 68.2 ± 5.3%, while dining areas and gym were averaging in the higher quartiles of 550 

the RH region of 75-80%. Although, debate exists over how RH directly affects the 551 

transmission and viability of viral disease. It is recommended that humidity control be 552 

implemented for the prevention of dust mites and mould growth; which can negatively affect 553 

respiratory health by triggering allergic responses (Jones et al., 2022). 554 

3.2.1   Correlation between CO2, temperature and RH  555 

Research has shown a possible influence of air temperature on CO2 emissions by 556 

occupants indoors (Angelova et al., 2022; Fang et al., 1998). However, since a plausible 557 

mechanism explaining this link is not currently available, it is inappropriate to assume a direct 558 

relationship between them. For example, it is possible that the correlation may be caused by a 559 

third factor such as the building design, or the presence of multiple occupants in a room which 560 

could increase indoor CO2 concentration. This section aims to explore the dispersion of CO2 561 

and the potential influence of temperature and RH on CO2 emissions by occupants in shipboard 562 

environments. 563 

Figure 4 shows CO2 concentration versus thermal comfort parameters on a sea day 564 

(21.08.2023) during peak hours from 16:00-23:00. This period was selected as occupants play 565 

an important role in the variation of CO2 concentration and peak hours/occupancy could more 566 

realistically account for the observed correlation. The absolute CO2 concentrations (CO2 levels 567 

before applying correction factors) were used for the plots in this section, to avoid a bias of 568 

data and enable a direct comparison of actual CO2 concentrations against thermal parameters 569 
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in each separate venue. Figure 4a shows CO2 concentration versus temperature, indicating that 570 

the pub and theatre have strong positive relationships, while the bar has a negative relationship. 571 

Figure 4b shows CO2 concentration versus RH, indicating that the pub, bar, gym and restaurant 572 

have strong positive relationships, while the buffet has a weak negative relationship, and the 573 

theatre has a strong negative relationship. The cabins are not considered for this discussion 574 

since the thermostat could be individually adjusted by occupants, however, Figure S7 shows 575 

the scatter plots for the three cabins. 576 

Furthermore, results indicate that temperature and RH can be good indicators of higher 577 

occupancy. The higher temperature is usually related to an elevated CO2 concentration, except 578 

for the bar, with an inverse correlation between CO2 and the temperature (lower temperature 579 

relates to higher CO2 level), which could be due to the direct sunlight exposure from the full 580 

floor-to-ceiling glass feature of the bar, causing an internal temperature increase. Contrarily, a 581 

lower RH is usually related to an elevated CO2 concentration, except for dining areas including 582 

the pub, restaurant and bar. While the inverse correlation phenomenon for the bar and pub can 583 

be explained by temperature and RH behaved in their normal inversely proportional 584 

relationship, and excessive moisture generation by pouring beer, respectively (Section 3.2). 585 

However, the direct influence of indoor temperature and RH on CO2 exhalation by occupants 586 

will require further exploration. 587 

3.3  Impact of venue characteristics and operational behaviour  588 

3.3.1   Density frequency distribution  589 

The kernel density distribution plots in Figure 5 help to understand CO2 concentration 590 

and temperature peak frequencies and their spread. These density plots are a smoothed form of 591 

histograms that depict the distribution of data using the density function to estimate a 592 

continuous curve. The monitored sites are also grouped into sub-categories based on different 593 



26 
 

design conditions, including the deck ceiling height (Figure 5d) and the volume of the venue 594 

(Figure 5e). The averaged CO2 concentrations are plotted for each of these subgroups to 595 

understand the impact of these design characteristics on the CO2 concentrations. Additional 596 

density plots of the averaged CO2 concentrations (Figure 5a), temperature (Figure 5b) and RH 597 

(Figure 5c) are plotted to illustrate the occurrence of the range of CO2 concentrations, 598 

temperature and RH. The subgroups defined for Figures 5d and 5e are outlined in Table S6.  599 

Figure 5a shows the density plot of CO2 concentration for different ship microenvironments. 600 

The distributions exhibit bimodal features for most of the monitored locations, with variable 601 

peak heights and widths across different ranges. For instance, the cabins, gym, bar and buffet 602 

showed a narrower peak CO2 concentration between 400 and 800 ppm, while the restaurant 603 

and pub showed an elongated tail on the right side of the density plot, illustrating a low 604 

frequency across the higher CO2 concentration range. Figure 5b illustrates the distributions of 605 

indoor air temperature for different ship microenvironments. These showed unimodal 606 

distribution for all monitored locations, except the restaurant. For instance, the peak density of 607 

the gym is the highest and sharpest (range from 20.5-22.5°C), which is an indicator of a less 608 

frequent occurrence of higher indoor air temperature. Dining areas (pub, buffet, restaurant and 609 

bar) typically have a short and broad peak distribution, diminishing in a wide range between 610 

19.5-25.5°C, indicating that the variation of occupancy level heavily influenced indoor 611 

temperature. Figure 5c illustrates the distributions of RH for different ship microenvironments. 612 

As discussed earlier, because RH and temperature behaved in its normal inversely proportional 613 

relationship, therefore similar to Figure 5b, unimodal distribution can be observed for most 614 

monitored locations, except restaurant. While majority of the locations have peak frequencies 615 

of RH occurring in the range of 65-75%. Figure 5d shows the density plot of CO2 concentration 616 

for different ceiling heights of indoor spaces aboard and the density distribution plots showed 617 

an unimodal distribution. An elongated tail on the right side of the density curve is noticeable 618 



27 
 

in locations with medium and high space volume, which implies a higher probability of higher 619 

CO2 levels. Figure 5e shows the density plot of CO2 concentration for different volumes of 620 

indoor space aboard. The assigned subgroups follow extremely similar variations and trends 621 

for CO2 concentration. This reaffirms that the venue dimensions do not have a significant 622 

impact on the incidence of high CO2 concentration. Similar to the density plot from ceiling 623 

height sub-groups, an elongated tail on the right side of the density curve (towards higher CO2 624 

concentrations) is noticeable in locations with medium and high indoor space volume, and 625 

implies a higher probability of higher CO2 level. 626 

The experimental outcome illustrated that the influence of design conditions aboard, including 627 

room volume and ceiling height, on CO2 concentrations remains unclear. Hence, a direct 628 

correlation between the variation of CO2 concentration and ship indoor building design 629 

characteristics cannot be clearly established. However, results have indicated that increasing 630 

indoor space or room volume (floor surface area and ceiling height) does not directly correlate 631 

to an increase in VR, and suggested that other factors including the occupancy metric and 632 

ventilation performance may have a more significant impact on VR. 633 

3.3.2   Sea and port days 634 

Shore plug-in power refers to the vessel plugged into the local grid that utilises 635 

electricity supplied by the port (Port of Seattle, 2024) when docked at the seaport; instead of 636 

fully relying on marine fuels such as heavy fuel oil (HFO), marine diesel oil (MDO), or 637 

liquefied natural gas (LNG) (Merien-Paul et al., 2019). The utilisation of sufficient shore plug-638 

in power while at berth will prevent the need for running auxiliary engines, and charge batteries 639 

for electric propulsion systems, meanwhile contributing to lower noise pollution, and 640 

greenhouse gas emissions (UK Chamber of Shipping, 2022), reducing CO2 emission by up to 641 

35% (Department for Transport, 2023). Langer et al. (2020) have found that the type of marine 642 
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fuel used can directly affect the IAQ on board a ship, as the ship intakes outdoor air for 643 

ventilation. In addition, apart from the direct impact of pollutants from emissions indoors 644 

(engine room and boiler room etc.), there is a high likelihood of outdoor air pollutants ingress 645 

from port areas, including exhaust gas emissions from marine traffic or land-based operations 646 

emissions, into the vessel’s indoor environments (Guo et al., 2008; Leung, 2015; Guo et al., 647 

2010). The vessel involved in the study is capable of using land-based power, however, at the 648 

time of monitoring the designated ports were not equipped with an onshore power system. This 649 

section therefore aims to discover whether traditional marine fuel and external environmental 650 

characteristics (sea and port) will affect indoor CO2 concentrations. 651 

Figure 6 shows the comparison of CO2 concentrations for monitored locations on sea and port 652 

days. The 20-23 of August were specifically chosen since these were the days where a full 653 

available dataset with all locations being monitored. Data for the rest of the port days is 654 

presented in Figure S8. Figure 6a shows the comparison box plot between sea day (21 and 655 

23.08.2023) and port day (20.08.2023) and Figure 6b shows the comparison box plot between 656 

sea day (21 and 23.08.2023) and port day (22.08.2023). The sea and port day data allows for 657 

the identification of potential differences in the indoor CO2 concentrations between the 658 

berthing and sailing phases of a passenger cruise ship. Results presented in Figure 6 and Figure 659 

S8 only include data within the published arrival and sail times for each of the specific port 660 

days to ensure comparability (arrival and sail times for the port days have not been fully 661 

disclosed to remain anonymity for the ship.) There were noticeable grace periods between the 662 

published arrival and sail time, and the actual time of arrival and sailing. However, the timing 663 

period has not been recorded, therefore an estimation of one hour has been considered for pre-664 

embarkation and post-disembarkation, assuming the cruise ship has either arrived at the port 665 

earlier or was leaving the port on time. For instance, the published arrival and sail times for 666 
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20.08.2023 were 07:00 and 14:00, hence, Figure 6a presents CO2 concentrations data on board 667 

the cruise ship between 06:00-15:00. 668 

Figure 6a shows that port day has a higher mean CO2 concentration in general, except for the 669 

gym, bar and cabins. Figure 6b shows a similar result, indicating a higher mean CO2 670 

concentration on a port day for some parts of the cruise ship including the pub, buffet, and 671 

restaurant. Cabins have been excluded from the discussion for comparability purposes, because 672 

the cabin occupants (researcher) worked night shifts and took their rest in the morning during 673 

sea days. The buffet presented an elevated mean CO2 concentration for all port days (Figure 6 674 

and Figure S8), which could be attributed to the large outdoor area on deck 15, allowing 675 

outdoor pollutants’ infiltration, as discussed in Section 3.1.1. The above results imply that 676 

depending on the docked port, some of the locations can be more prone to outdoor air pollutants 677 

ingress from the port areas, particularly dining areas (pub, restaurant and buffet).  It is 678 

confirmed by the cruise company that the AC load normally does not change while berthed 679 

(except in extreme weather). Thus, assuming a common-sense hypothesis, passengers normally 680 

disembark the cruise ship for shore-side excursions when the vessel is berthed and there are 681 

fewer occupancies on board. It can be expected that passengers will typically spend the 682 

following amounts of time in different parts of the vessel: 1) cabins: passengers are expected 683 

to spend almost the same amount of time in cabins while in port or at sea, assuming most 684 

passengers do not spend much time in their cabins while at sea, apart from sleeping at night; 685 

2) gym: passengers likely spend less time in the gym while in port as they are presumably on 686 

shore-side excursions; 3) theatre: passengers are typically back on board for the evening shows 687 

4) restaurant and buffet: passengers will typically take breakfast and dinner while in port; 688 

usually, only lunch is missed. However, in some ports, early dinner may also be taken ashore. 689 

5) pub and bar: passengers will likely only occupy these spaces in the evening when they return 690 

from shore-side excursions, hence less occupancy is expected while in port. Thus, the above 691 
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results denote a high possibility that port-related exhaust emissions (including CO2) from 692 

marine (and land) traffic or operations, given that modern vessels mainly operate on MDO, 693 

LNG and HFO (Clarke et al., 2023; European Commission, 2024; Sinay, 2023), could penetrate 694 

into the indoor ship environments. Cruise lines are suggested to pay extra attention to the 695 

ventilation configuration aboard during the hotelling period, because prolonged exposure to 696 

high concentrations of CO2 can impose detrimental effects on human health (Azuma et al., 697 

2018). 698 

3.4  Ventilation performance 699 

Table 4 shows the estimated mean ACH and ventilation rates, as well as descriptive 700 

statistics calculated at all monitored locations using the method outlined in Section 2.5. The 701 

actual occupancy data is not available due to limitations in logistics permissions, therefore the 702 

maximum occupancy for each location is used for the calculations. These ventilation rate 703 

estimates are to be provided as general guides to the overall performance of the space, because 704 

of a number of assumptions made around the homogenous distribution of the tracer gas (CO2). 705 

Furthermore, it is assumed that there is no additional source of CO2 during the period for the 706 

calculations of the decay; however, this could not be guaranteed in an operating cruise ship, 707 

especially for continuously operating venues.  708 

The standard deviation refers to the distribution of the ACH and VR across the daily values 709 

calculated. The pub, buffet and bar close late at night, and therefore calculation of ventilation 710 

rates with decay from their closing hours is also not realistic, because CO2 concentration is 711 

already low at that time. Random peaks are used for the calculations and are noted in Table S7. 712 

Similarly, for cabins, the decay trend is relatively unclear and random peaks are taken into 713 

account for calculations. The restaurant and theatre have relatively fixed operating hours, 714 

where guests will enter and leave at a specific time, such that clear peaks and decay of CO2 can 715 
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be observed. Therefore, the decay CO2 was calculated around their closing hours when 716 

occupants left the venue. Details of the calculation are summarised in Table S7.   717 

The theatre shows elevated standard deviations for both ACH and VR. This could be attributed 718 

to a particular performance activity occurring (e.g. dancing and singing release more CO2 719 

concentrations than a comedy show) or possible usage of visual effects (smoke effect etc.). It 720 

might also indicate that the DCV was operating effectively. Cabins generally show lower 721 

standard deviations. However, a slightly elevated standard deviation appeared for cabin M due 722 

to the lower VR calculated for 23.08.2023. There could be two reasons for this, the first being 723 

that the cruise ship is on the way back to the UK port and the climate characteristics for the UK 724 

are typically colder than the Iberian Peninsula region. Therefore, occupants may have manually 725 

adjusted for less AC. Another reason could be that occupants (researchers) may have spent 726 

additional time in the room resting, at the end of the cruise and monitoring campaign.  727 

The recommended guidelines introduced in Section 2.6 (Table 3) indicate ventilation flow rate 728 

standards ranging from 7.5-10 L s-1 person-1 for airborne disease mitigation. The buffet and 729 

restaurant did not comply with the suggested ventilation standards, with the buffet having the 730 

lowest VR, but still recording an acceptable IAQ (CO2 level), suggesting that the actual 731 

occupancy in the buffet might have been less than what was used in the calculation (maximum 732 

occupancy). Similarly, the pub had excellent estimated VR but exhibited CO2 concentrations 733 

below acceptable IAQ standards, exceeding 1500 ppm. This implies that the actual occupancy 734 

in the pub might have been more than what was used in the calculation, confirming our 735 

hypothesis that during peak sessions people could potentially be standing around the pub and 736 

the maximum occupancy exceeds the nominal/seated occupancy given by the cruise company. 737 

In addition, the data indicates that there might be locations that are over-ventilated, such as the 738 

theatre and the three cabins, with VR calculated up to 86 L s-1 person-1 (theatre) and 69 L s-1 739 

person-1 (cabin M). However, the extremely high VR for cabins could be caused by the lower 740 
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occupancy level and the varying VR and ACH among each cabin are caused by the self-741 

adjustable thermostat (AC). It is evident from the results above that occupancy has an impact 742 

on CO2 distribution throughout the shipboard environment. However, the impact of the actual 743 

occupancy on CO2 still requires further exploration to understand the resilience of ventilation 744 

provision in handling different occupancy levels.  745 

3.4.1   Airborne infection probability  746 

The infection probability for the two extreme emission scenarios where an infected 747 

individual is present in the sampling location speaking normally or loudly was estimated. It 748 

was assumed that the infected and susceptible individuals occupied the space together for the 749 

entire period and the initial concentration of virus present was assumed to be zero. The 750 

following assumptions were also made: (i) the virus emission rate for an infected individual 751 

speaking normally (SN) and speaking loudly (SL) are 9.4 quanta h-1 and 60.5 quanta h-1 752 

respectively (Kumar et al., 2022; Mikszewski et al., 2020), (ii) facemasks were not worn at all 753 

times, and facemask efficiency has not been considered and (iii) the environment is fully 754 

mixed, and a Wells Riley model is applicable. 755 

The potential relative risk of infection was calculated in the nine monitored locations aboard 756 

with air change rates obtained in Section 3.4, and the accumulated risk for different exposure 757 

times from 1-8 h. The infection transmission risk values for these scenarios are tabulated in 758 

Table S8. The infection risk estimate is based on a dynamic model that accounts for the build-759 

up of the virus, hence, the indoor room volume and virus removal mechanisms heavily 760 

influence the risk of infection. The room volumes are summarised in Table 2. The results (Table 761 

S8) show that the overall risk of infection is low (8 h exposure for SN and SL: >3% and 7-762 

17%, respectively), particularly in the theatre (8 h SL: <0.5%) this could be attributed to the 763 

higher VR across the vessel, which is reflected by the low CO2 concentrations (Section 3.1). 764 
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Although the restaurant has been classified as band 4 for IAQ acceptance in Section 3.1, the 765 

probability of infection is surprisingly low, which means the high CO2 recorded in the 766 

restaurant is mostly attributed to outliers (worst-case scenarios) and non-routine events causing 767 

sudden peaks. 768 

The infection probabilities after 8 h exposure in the SL scenario at the gym and pub are 17.2% 769 

and 15.8%, respectively. However, it is important to note that it is less likely that passengers 770 

will be spending long periods in these locations. In fact, an approximately 2-3 h stay will be 771 

more realistic, which only accounts for a risk of infection of 5-7%. In terms of the cabins, due 772 

to the smaller room volume, certainly, the risk of infection when staying with an infected 773 

person is extremely high (up to 90%). 774 

3.4.2   Energy effectiveness 775 

The ventilation standards for airborne disease risk mitigation, introduced in Section 2.7, 776 

mainly emphasise a change for a continuous supply of 100% outdoor air, that can significantly 777 

affect HVAC energy consumption. Although higher ventilation rates typically act as a good 778 

strategy to reduce long-range transmission of airborne disease, the increased energy 779 

consumption associated with higher ventilation rates needs to be considered. Table 4 and Table 780 

S8 introduced the estimated mean ACH and ventilation rates, and the probability of airborne 781 

infection risk at the nine monitored locations aboard. Considering that the theatre (86 L s-1 782 

person-1) and cabins (up to 69 L s-1 person-1) have largely exceeded the international standard 783 

recommended by professional institutions (7.5-10 L s-1 person-1; ASHRAE, 2023; CIBSE, 784 

2021). These observations suggest that cruise ships should be considering a more 785 

comprehensive deployment or utilisation of a DCV. Both energy performance and IAQ can be 786 

improved by exploiting a DCV that adjusts the ventilation rate based on occupancy or CO2 787 

concentration in the microenvironment (Hesaraki and Holmberg, 2015; Laverge et al., 2011; 788 
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Zhang et al., 2021). This is particularly necessary for the theatre, with high VR and low 789 

probability of infectious risk (8 h exposure in SL and SN scenarios: 0.5% and >0.1%, 790 

respectively). Even though the sensors might be underestimating CO2 concentrations in the 791 

theatre and consequently lead to higher estimated VR; due to the location of sensor and 792 

ventilation distribution setting, the primary aim of this study was to measure overall trends 793 

rather than localised variations. Furthermore, higher VR and ACH will genuinely be necessary 794 

for a larger indoor volume, it is believed there is an opportunity for primary energy saving by 795 

lowering hotel/AC load, while the ventilation performance will still post adequate IAQ and 796 

sufficient preparedness for infectious diseases. 797 

4. Conclusions, limitations and future work  798 

This study measured CO2 concentrations, RH and temperature levels on board a cruise 799 

ship at sea. In addition, CO2 levels in these environments have been used as a proxy to estimate 800 

the ventilation and airborne infectious transmission risk, as a result of co-exhalation of virus 801 

pathogen-laden particles by an infected person. The analysed data have then acted as an 802 

indicator for discussing the energy effectiveness of the ventilation provision on the cruise ship. 803 

The key conclusions are outlined as follows: 804 

● Coincidently, most monitoring locations have found indoor CO2 concentrations usually 805 

stay within set guidelines, which indicates that ventilation was sufficient relative to 806 

occupancy levels. The exception is for dining areas including the restaurant and pub 807 

(CO2: >2000 ppm), suggesting that eating, drinking and social interaction between 808 

occupants, including possible loud discussion, could potentially increase occupants’ 809 

emissions of CO2. 810 

● The sequential peaks in the CO2 concentrations data imply that occupancy level had a 811 

significantly positive relation with the increase of CO2 concentrations in shipboard 812 
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environments. The majority of the monitored locations (pub, buffet, restaurant and bar) 813 

have recorded peak CO2 concentrations (peak hours) in the evening at around 21:00 814 

and the evening period corresponds to the highest likely occupancy.  815 

● Generally, a higher RH percentage of 68.2 ± 5.3% was found aboard compared to the 816 

typical ship design conditions ISO 7547. According to ASHRAE Standard 62.1 817 

recommended targets, this also implies a considerable difference in the marine 818 

environment on board relative to land-based building environments. All monitored 819 

spaces have recorded a merely over air-conditioning phenomenon (range of 820 

temperature aboard recorded at 22.3 ± 1.4°C), with some having an internal temperature 821 

as low as 20-21°C. Correlation between CO2, temperature and RH, also denotes that 822 

thermal conditions are good indicators of higher occupancy. 823 

● The actual influence of shipboard design conditions (volume and ceiling height) on CO2 824 

concentrations remains unclear. Results have indicated that larger indoor spaces or 825 

room volume do not directly correlate to an increase in VR, and suggested that other 826 

factors including the occupancy metric and ventilation performance may have a more 827 

significant impact on the VR. 828 

● There is a noticeable increase in CO2 concentration on board in some of the monitored 829 

sites during a port day. This phenomenon denotes that there is a high possibility that 830 

port-related exhaust emissions from the ship itself, as well as nearby marine and land 831 

traffic, are concentrated, leading to increased ambient CO2 levels, and consequently 832 

ingress into the indoor ship environments. 833 

● The assessment of ventilation performances showed overall excellent ventilation 834 

performance on board the cruise ship. Generally, dining areas (except the pub) have the 835 

poorest performances with less than 10 L s-1 person-1 of fresh air supply, and among 836 

them, the restaurant has the lowest ventilation and air change rates. In contrast, the 837 
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theatre and cabins can be considered as over-ventilated (average ventilation rates: 838 

theatre: 86 L s-1 person-1; cabin M: 69L s-1 person-1; cabin S: 35.5L s-1 person-1; cabin 839 

F: 22.6 L s-1 person-1). 840 

● The estimated probability of airborne infection for an 8 h stay in a mass-gathering 841 

location for the SN scenario is low (<3%). Conversely, in the SL scenario, the 842 

probability of airborne infection is ranged from 7-17% (theatre: <0.1%). The gym and 843 

pub have accounted for the highest risk of infection in the SL scenarios at 17.2 % and 844 

15.8 %, respectively. 845 

The above conclusions allow to make the following recommendations: 846 

● Reassess the current HVAC operation modes/configurations, as operational needs may 847 

be different in spaces supplied from the same AHU, to optimise ventilation provision 848 

from performance, IAQ, disease prevention and energy perspectives. Also, consider 849 

adjusting ACH corresponding to expected daily occupancy variations or peaks (e.g. 850 

pre-booking information in restaurants and shows) or thermal conditions (an alternative 851 

indicator of space occupancy). 852 

● Consider increasing ventilation rates in parts of the cruise ship or ventilation upgrades 853 

for spaces that have lesser acceptance of IAQ levels, specifically dining areas. Also to 854 

contemplate the possibility of reducing over-air-conditioning/AC load in the cabins and 855 

gym (low internal temperatures of ~21°C), which could provide a relatively warmer 856 

climate to reduce the risk of virus survival and spread. 857 

● Regular dehumidifying approaches can be considered in dining areas, to lower the RH 858 

to 40-60%, particularly in the restaurant and buffet with high RH percentages (>85%), 859 

where feasible as satisfactory thermal condition, and mould and disease control 860 

strategies. Emphasis focuses on implementing disease prevention protocols and 861 
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avoiding long hours of stay in the gym and pub when necessary, as the probability of 862 

airborne infection risk is relatively higher in these locations. 863 

● Berthing phase: more attention to be paid regarding ventilation configuration to 864 

limit/dilute the ingress of outdoor exhaust emissions into the indoor ship environments 865 

(enhanced ventilation or filtering outdoor penetrated emissions), particularly for dining 866 

areas (pub, restaurant and buffet); Sailing phase: increase ventilation rates in the dining 867 

area . Providing an addition of fresh and clean air supply to typically high CO2 868 

concentrations dining areas to reduce the concentration of indoor air pollutants and the 869 

transmission of long-distance airborne contaminants in the face of infectious disease 870 

spreading events. 871 

● Real-time pollution monitoring equipment should be deployed to enhance the 872 

completeness of the DCV system, for example, CO2 and PM monitors. Indoor CO2 873 

sensors should be installed on a localised scale in different microenvironments aboard, 874 

to enable comprehensive data for the ventilation system to adjust accordingly when 875 

CO2 exceeds the prescribed limits or to reduce ventilation for locations with smaller 876 

occupancy. In combination with PM, monitors can allow cruise companies to 877 

understand dust concentrations and the dispersion of airborne aerosol particles for 878 

decision-making on disease control and prevention strategies. 879 

This work presents a unique dataset collected in different indoor ship-based environments in 880 

August 2023 during the post COVID-19 era, to build an understanding of the ventilation 881 

conditions and associated airborne disease transmission risk. In addition, this work 882 

demonstrates that data obtained from low-cost sensors is not limited to understanding IAQ and 883 

thermal conditions, but also infection risk and energy consumption evaluation. The study 884 

illustrates the importance of including measurements of thermal comfort factors and IAQ for 885 

ventilation performance studies. There is a need for continuous, long-term measurements of 886 
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passenger ships with different indoor design conditions/infrastructures, to build a comparative 887 

dataset at different sites and seasons of the year. These datasets would make a valuable 888 

contribution to understanding the infectious disease transmission risk related to ventilation 889 

conditions on board cruise ships. Such an evidence base would be invaluable for the 890 

development and validation of reliable computational fluid dynamics models of airborne 891 

respiratory aerosol dispersion within cruise ship environments, particularly in identifying 892 

locations that should be prioritised for further assessment and implementing disease prevention 893 

measures. It is also suggested to conduct more comprehensive work including attended 894 

monitoring, to reduce the time fraction that sensors record data during unoccupied hours, record 895 

the actual number of occupants, and obtain outdoor/ambient air quality data. In addition, the 896 

placement of sensors on cabinets close to the ceiling, while practical for minimising disruption 897 

and fluctuation/error of data, may have been influenced by obstructions and localised airflow 898 

patterns, potentially limiting their ability to detect spatial variations in IAQ. Future studies 899 

should consider deploying additional sensors in diverse locations to better capture spatial 900 

heterogeneity more comprehensively. Understanding these aspects is vital to first build a more 901 

robust recommendation for air quality and energy consumption optimisation on board large 902 

passenger ships, and more importantly, devise effective infection prevention and control 903 

strategies preparing the cruise ship industry for future pandemics like COVID-19.  904 
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List of Figures 1312 

 1313 

Figure 1. Full-time series of CO2 concentrations (ppm) at all monitored locations during 1314 

different study phases. Data is presented from 16-24.08.2023 and is recorded at a 1-minute 1315 

resolution. The blue highlighted sections represent the days when the vessel was sailing (sea 1316 

day: 21.08.2023 and 23.08.2023). 1317 
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 1318 

 1319 

 1320 
Figure 2. (a) Box plot for CO2 concentrations (ppm); (b) Box plot for temperature (°C); (c) 1321 

Box plot for relative humidity (%), at all monitored locations. The box plots denote the 1322 

interquartile range, the lower quartile (Q1), the median in the middle green line (Q2), and the 1323 
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third quartile (Q3). The plot also includes the mean (shown by the green rectangle), minimum 1324 

(Q0) maximum (Q4) (bottom and the top edge of the whiskers) and the outliers (black dots). 1325 

 1326 

Figure 3. Full-time series of temperature and relative humidity at all monitored locations 1327 

during different study phases. Data is presented from 16-24.08.2023 and is recorded at one-1328 

minute intervals. The blue line and black line represent temperature (left y-axis, °C) and RH 1329 

(right y-axis, %) respectively. The blue highlighted sections represent the days that the cruise 1330 

ship was sailing (sea days: 21.08.2023 and 23.08.2023). 1331 
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 1332 

Figure 4. Scatter plots showing CO2 concentration versus thermal comfort parameters in mass-1333 

gathering areas (exclude the three cabins, results for cabins are shown in Figure S7 on 1334 

21.08.2023 (sea day) during peak hours from 16:00-23:00h. (a) Temperature (°C) versus CO2 1335 

concentration (ppm). (b) Relative humidity (%) versus CO2 concentration (ppm). The scattered 1336 

data points represent data in a half-hourly average, the solid lines are the regression lines and 1337 

the shaded areas indicate the confidence interval (level 95%). 1338 

 1339 



54 
 

 1340 

Figure 5. Kernel density distribution plots for the identification of occurrence frequency: (a) 1341 

Density plots of the averaged CO2 concentrations for all monitored locations; (b) Density plots 1342 

of temperature for all monitored locations; (c) Density plots of RH for all monitored locations; 1343 

and density plots of averaged CO2 concentrations in contrast with different ship design 1344 

conditions: (d) Volume of venue, (e) Deck ceiling height. 1345 



55 
 

#  1346 

Figure 6. Comparison to the variation of CO2 concentrations on board the cruise ship for the 1347 

21st and 23rd (sea day), 20th and 22nd (port day) of August 2023. (a) Variation of CO2 1348 

concentrations on the 20, 21 and 2308.2023. (b) Variation of CO2 concentrations on the 21-1349 

23.08.2023. 1350 

  1351 
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List of Tables 1352 

Table 1. Description of monitoring locations, durations and the total hours of monitoring for 1353 

all monitored locations.  1354 

No.  

Monitoring locations 

Monitoring duration Total 

monitoring 

hours Start timed End timed 

1 Buffet 16.08.23 22:30 24.08.23 01:45  171.25 

2 Gym 17.08.23 01:30 24.08.23 00:00  166.5 

3 Bar  17.08.23 01:30 23.08.23 23:57  166.45 

4 Restaurant 17.08.23 02:30 24.08.23 00:03 165.55 

5 Pub  19.08.23 20:00 24.08.23 00:07 100 

6 Theatre 19.08.23 20:00 23.08.23 23:25  99.25 

7 Cabin Ma  19.08.23 01:30 24.08.23 07:38  126.13 

8 Cabin Fb  19.08.23 01:30  24.08.23 07:34 126.07 

9 Cabin Sc  20.08.23 22:00 24.08.23 06:45 80.75 

aMale cabin. bFemale cabin. cSingle occupant male cabin. dlocal time. Note: cabins M, F and S 1355 

were reserved for the research team on board instead of the general guests; 21 and 23.08.2023 1356 

are sea days. 1357 

 1358 

Table 2. Description of monitoring location characteristics, including maximum occupancy, 1359 

ceiling height, floor area and volumes.  1360 

Monitoring 

locations 

Maximum 

occupancy 

Ceiling 

height (m) 

Floor area (m2) Volume 

(m3) 

Deck 

(level) 

Buffet 306 2.74 1217 3333.6 15 

Gym 50 2.85 570 1624.4 16 

Bar  180 3.2 630 2015.9 18 

Restaurant 598 3 1050 3150 5 

Pub  81 3.67 200 733.7 7 

Theatre 945 6.25 1000 6249.5 5 & 6 

Cabin M 2 2.74 17  46.3 13 
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Cabin F 2 2.74 10  27.2 13 

Cabin S 2 2.74 17  46.3 11 

 1361 

Table 3. Recommended targets for CO2, VR, temperature and RH for indoor spaces. 1362 

 Issuing authority and organisation 

Parameter CIBSEa ASHRAE REHVAd SAGE - UKe HSE - UKf 

CO2 (ppm) 800 - 1000 1000b - 1500 - 

VR (L s-1 

person-1) 

10 7.5b 10 - - 

Temperature 

(°C) 

- 21 - 23c - - > 16 

RH (%) - 40 - 60c - - - 

aCIBSE, 2021. bASHRAE, 2023. cASHRAE, 2013. dREHVA, 2021. eEMG and SPI-B, 2021. 1363 

fHSE, 2024. 1364 

 1365 

Table 4. Estimated mean and standard deviation (STD) for ACH and VR at all monitored 1366 

locations.  1367 

Sites ACH (h-1) 

mean ± STD 

VR (L s-1 person-1) 

mean ± STD 

Buffet 0.8 ± 0.6 9.1 ± 6.5 

Gym 0.5 ± 0.2 15.8 ± 7.8 

Bar 1.7 ± 0.5 19.1 ± 5.1 

Pub 2.3 ± 0.9 20.6 ± 7.8 

Restaurant 0.8 ± 0.4 4.3 ± 2.2 

Theatre 13 ± 11.1 86 ± 73.3 

Cabin F 1.66 ± 1.1 22.6 ± 15.1 

Cabin M 3 ± 1.5 69 ± 34 

Cabin S 1.5 ± 0.6 35.5 ± 14.1 

 1368 


