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Role of Ventilation in Controlling SARS-CoV-2 Transmission 

SAGE-EMG 

 

Executive Summary 

 Ventilation is an important factor in mitigating against the risk of far-field (>2m) aerosol 

transmission, but has no impact on other transmission routes (high confidence). The 

importance of far-field aerosol transmission is not yet known, but evidence suggests it is a 

risk in poorly ventilated spaces (medium confidence). 

 Far-field aerosol transmission depends on the interaction of multiple factors including the viral 

emission rate, the ventilation rate, the duration of exposure, the environmental conditions and 

the number of occupants.  

o It is more important to improve ventilation in multi-occupant spaces with very low 

ventilation rates than in spaces that are already adequately ventilated (high 

confidence).  

o Activities that may generate high levels of aerosol (singing, loud speech, aerobic 

activity) are likely to pose the greatest risk; in some spaces even enhanced ventilation 

may not fully mitigate this risk (medium confidence).  

o Virus survival in air decreases with increasing temperature and humidity. In most 

environments this effect is likely to be less important than the ventilation rate, however 

environments with low temperature and low humidity (e.g. chilled food processing, 

cold stores) may pose an enhanced risk (medium confidence). 

 Providing the ventilation rate remains the same, increasing the occupancy of a space 

increases the probability of airborne transmission by four fold. Exposure risk may be further 

increased if distances between people are reduced to <2m. (medium confidence).  

 Measurements of elevated CO2 levels in indoor air are an effective method of identifying poor 

ventilation in multi-occupant spaces. In low occupancy or large volume spaces a low level of 

CO2 cannot necessarily be used as an indicator that ventilation is sufficient to mitigate 

transmission risks (medium confidence). 

 Ventilation should be considered as part of a hierarchy of risk controls approach. Source 

control measures such as restricting or reducing duration of activities and enhanced use of 

face coverings should be considered alongside ventilation for reducing far-field aerosol 

transmission risks. 

 Assessing ventilation in many environments requires engineering expertise, and mitigation 

measures are setting specific taking into account the nature of the building and users, 

ventilation type, length of exposure and activity. Unlike distancing and hand washing, 

ventilation requirements cannot easily be distilled into one simple approach that everyone 

can follow. 

 Any changes to ventilation must consider other negative consequences including financial, 

energy use, noise, security and health and wellbeing impacts from thermal discomfort and 

exposure to pollutants. 

 The effectiveness of ventilation in many environments is strongly influenced by user 

behaviour (high confidence). Clear messaging is needed about the reasons why good 

ventilation is important and how to effectively operate ventilation systems or achieve good 

natural ventilation. 
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Recommended Actions 

 Guidance on environmental control for COVID-19 across all sectors should be updated to 

provide explicit advice on the risk of far-field aerosol airborne transmission, the importance of 

ventilation, and recommendations on improving ventilation. This should consider the following 

overarching principles:  

o Ventilation should be integral to the COVID-19 risk mitigation strategy for all multi-

occupant public buildings and workplaces. This should include identification of how a 

space is ventilated and articulation of the strategy that is adopted to ensure the 

ventilation is adequate.   

o Multi-occupant spaces that are used regularly and are poorly ventilated (below 5 

l/s/person or above 1500ppm CO2) should be identified and prioritised for improvement.  

o Spaces where there is likely to be an enhanced aerosol generation rate (e.g. through 

singing, loud speech, aerobic activity) should aim to ensure ventilation is sufficient to 

maintain CO2 concentrations below 800ppm (typically 10-15 l/s/person), and should 

also include additional mitigations such as face coverings for audiences and restricting 

the size of groups and duration of activities.  

o Ventilation should be balanced against other factors, particularly thermal comfort. It is 

recommended that the ventilation strategy should at least achieve the equivalent 

minimum ventilation rate for the space over the occupancy period as defined in current 

standards. In naturally ventilated buildings, strategies such as intermittent airing and 

partial window opening to complement background ventilation may enable this to be 

achieved. Ventilation rates beyond this should ensure that thermal comfort is not 

significantly compromised 

 Further sector specific guidance is needed for building/facilities managers and professional 

engineers that sets out ventilation recommendations and practical advice on improving 

ventilation. This will need to be supported by professional engineering and facilities 

management bodies and an appropriate campaign for industry.   

 A simple public guide on ventilation should be developed with reasons why ventilation is 

important, practical tips and/or FAQs. This would benefit from co-development with people 

who are not ventilation experts, and supported by public health campaigns in a similar way to 

hand washing and face coverings.  

 It is recommended to identify where there may need to be financial or technical support to 

enable individuals and organisations to take appropriate actions to improve ventilation and 

deal with health and comfort related consequences such as providing adequate heating.  

 Research on real-world application of air cleaning and filtration technologies and 

development of guidance on best practice is urgently needed in order to determine those 

which are safe and effective.  

 Additional analysis is recommended for chilled food processing and other low temperature 

environments to evaluate the importance of ventilation and environmental conditions on 

transmission risk 

 In the longer term consideration of infectious disease transmission needs to be embedded 

into building ventilation regulations and associated statutory guidance in the same way that 

energy, comfort and air quality have been incorporated. Building regulations should identify 

performance standards and enhanced measures taken to ensure that compliance is achieved 

in use. As Part F: Ventilation is currently under review there is an opportunity to consider this 

further and immediately as part of the current review process. Further regulation and 

guidance may be required to ensure that existing buildings can meet necessary standards. 
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Summary of Key Findings 

Estimates of viral aerosol exposures and transmission risks are made throughout this document 

using well-established understanding of ventilation in buildings, together with airborne infection 

risk models. These models are based on well accepted principles but have only had a small 

amount of validation against outbreak data for SARS-CoV-2 and are currently based on very 

uncertain data inputs. Results should therefore be treated as indicative of the likely effects based 

on the best available knowledge at the time of writing, and should not be regarded as predictions. 

 

This paper predominately focuses on public and workplace settings. Ventilation in domestic 

environments is covered in more detail in a previous paper (SPI-B/EMG MHCLG Housing 

Impacts Paper 10th Sept 2020).  

 

Q1. How is the risk of airborne transmission impacted by the level of ventilation? 

 

 Ventilation is a key mitigation measure to control the far-field (>2m) transmission of SARS-

CoV-2 by aerosols (typically <5-10 micron) between people who share the same indoor 

space. The measure is not likely to have significant impacts on close range transmission by 

droplets and aerosols (within 1-2m) or transmission via contact with surfaces (high 

confidence).  

 The relative importance of far-field aerosol transmission compared to other transmission 

routes is not known. To date, far-field aerosol transmission has been associated with 

outbreaks in poorly ventilated spaces (<2 l/s/person), particularly where there are activities 

that increase aerosol production such as singing or aerobic exercise. There is currently no 

evidence for far-field aerosol transmission in well ventilated spaces (medium confidence). 

 For a given activity and viral emission rate, the far-field exposure to viral aerosols is 

dominated by ventilation rate and time of exposure. Under steady state well-mixed conditions 

for the same duration, models suggest that exposure to aerosols approximately halves when 

the ventilation rate is doubled. This effect means the benefits of increased ventilation are 

most significant where ventilation rates are low (high confidence). 

 Size of space is an important factor under transient conditions. In a large space, even when 

the ventilation rate is low, it will take a long time for the virus concentration to build up and 

hence short duration exposures may be relatively low risk (medium confidence).  

 Multiple other factors influence the risk of aerosol exposure including the air distribution 

patterns, airflow mixing due to people and flow devices, filtration in ventilation systems, 

deposition rate, viral decay rate, infector viral load, infector and occupant respiratory activity, 

occupant breathing rate, and temperature and humidity.  

 Flow patterns, particularly in large and complex spaces (e.g. conference venues, theatres, 

large factories, multi-room/partitioned spaces), may mean that air cannot be treated as fully 

mixed and assessment of aerosol exposure risk may need more complex airflow models or 

measurement. 

 In most settings the risk of aerosol transmission is likely to be low if the ventilation rate 

achieves current design standards (medium confidence).  For most workplaces and public 

environments this equates to a flow rate of 8-10 l/s/person based on design occupancy, 

although guidance for some environments allows for lower flow rates of 5 l/s/person. For 

some existing and older buildings, systems may not have been designed to meet current 

standards and additional mitigations may be needed. 
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 In many spaces ventilation rates are lower in winter to maintain thermal comfort and reduce 

heat loss. Preliminary models based on historical school ventilation data without interventions 

suggests that the difference in ventilation rates could increase far-field airborne transmission 

risk in winter months by 25-35% compared to conditions in September. The reasons for 

variation in ventilation are not known (low confidence).   

 

Q2. To what degree does the nature of the activities within a setting influence airborne 

transmission risk and consequently ventilation requirements (i.e. sedentary v active)? 

 

 The viral emission rate is likely to have a significant influence on the aerosol transmission 

risk. This is likely to vary by several orders of magnitude between people, and evidence from 

inert aerosol measurements suggests this could be increased by up to 20 times by activities 

such as singing, loud speech or high aerobic activity (medium confidence). Healthcare and 

dentistry settings may have an enhanced aerosol generation risk due to aerosol generating 

procedures. 

 For a given number of people, increasing the ventilation rate, carrying out activities in larger 

spaces and reducing the duration of exposure will all reduce far-field aerosol transmission 

risk in settings where higher aerosol generating activities take place. For the highest emission 

infectors, it may not be possible to completely mitigate the risk even with increased ventilation 

rates (medium confidence).  

 Source control strategies including restricting some activities from taking place and 

implementing face coverings should be considered alongside ventilation measures, and will 

be the most effective strategy for reducing risk where it is likely that higher aerosol generation 

will take place.  

 Virus survival increases with decreasing temperature and humidity. In most buildings 

maintaining comfortable temperatures and humidity above 40%RH is likely to be beneficial 

for reducing risk.  However this factor is likely to be less important than the ventilation rate 

(medium confidence). The virus may survive for significantly longer in low temperature and 

low humidity environments (e.g. chilled food processing, cold stores) which could enhance 

transmission risks by all routes including aerosol (medium confidence).  

 Aerosol transmission has been indicated as a potential risk factor in outbreaks in chilled 

environments for food and meat processing. However it is not clear whether transmission in 

these settings this is due to low ventilation rates, temperature conditions or other behavioural 

and social factors in these settings.  

 Occupant behaviour has a very significant effect on ventilation in many environments, 

especially those that rely on opening windows, as thermal comfort is the predominate use of 

ventilation. Many buildings have the capability to provide good ventilation, but do not because 

users close windows to maintain comfortable temperatures, to prevent noise or pollution 

ingress, or for security. 

 Measures to improve ventilation must consider any other negative consequences, including 

health impacts. Provision of clear guidance to occupants including explaining why ventilation 

is important and how to use systems in particular settings is important for ensuring effective 

ventilation. While it is possible to give some general guidance (e.g for homes), it will be 

usually be necessary to give setting specific guidance. 
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Q3. To what degree does the density of people within a setting influence airborne 

transmission risk and consequently ventilation requirements? 

 

 Increasing the number of occupants in a space increases the likelihood that an infectious 

person will be present and the number of people who may be infected. On average doubling 

the occupancy may result in a four-fold increase in the probability of far-field aerosol 

exposure.  

 For the same number of infectious people in a well-mixed space at the same ventilation rate, 

an increased occupancy does not impact on the individual likelihood of airborne infection 

unless the density is such that people are within 2m and hence are at enhanced risk of close-

range transmission (medium confidence).  

 Spaces operating with temporarily reduced occupancy should not reduce the ventilation rate 

in proportion to the lower occupancy.  Ventilation should continue to be provided based on 

the maximum ‘normal’ occupancy of the space.  

 

Q4. How can CO2 sensors be used to understand ventilation effectiveness? 

 

 In the context of SARS-CoV-2 transmission, measurement of CO2 may be used as an 

indicator of poor ventilation. In single-zone spaces with more than 20 people, a CO2 level that 

is regularly above 1500 ppm (absolute value) is likely to indicate ventilation conditions that 

pose a higher risk of aerosol transmission. Spaces where there is potential for high aerosol 

generation should aim for CO2 at least below 800 ppm, and even this may not be sufficient to 

mitigate transmission (medium confidence).  

 In low occupancy or large volume spaces there is much greater uncertainty in CO2 

measurements, therefore a low level of CO2 cannot necessarily be used as an indicator that 

ventilation is sufficient to mitigate transmission risks (medium confidence). 

 CO2 is not a good proxy for transmission risk in spaces where there is additional air cleaning 

(filtration or UVC) as these strategies remove virus but not exhaled CO2. It is a less reliable 

measure in spaces with low occupancy or very large spaces. 

 Measurement of CO2 should be carried out in the occupied area of a room with the sensors 

located away from windows, doors and ventilation grilles. CO2 cannot be used as a proxy for 

ventilation in spaces where there are other CO2 sources present (e.g. combustion devices). 

Measurement should normally be made over a period of at least 1 hour to ensure a 

representative reading. Sensor placement and accuracy must be taken into account when 

analysing measured data.  

 Continuous CO2 monitoring is not likely to be a reliable proxy for transmission risk in most 

environments. However preliminary research suggests that in spaces where the same group 

of people regularly attend (e.g. offices, schools), continuous monitoring may be possible to 

use as a transmission risk indicator (low confidence).  

 

Q5. What steps could be taken to improve ventilation and what would be needed to 

achieve this? 

 

 Measures to improve ventilation should not be taken in isolation, and should be part of an 

approach to risk reduction that considers all transmission routes and applies a hierarchy of 

risk controls methodology. To mitigate aerosol transmission, ventilation should be considered 

alongside source control measures.  
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 Priority should be given to improving spaces which are most likely to result in a high 

transmission rate:  multi-occupant spaces with a higher occupant density which are regularly 

occupied and where ventilation rates are lower than recent design standards; spaces where 

there is an enhanced risk of aerosol generation (high confidence). 

 Spaces where there is potential for long duration exposure over several hours within the 

same group (e.g. offices, schools) should ensure occupants have regular breaks, ideally with 

purge ventilation/airing of the room, to reduce the potential for viral exposure. Further 

analysis is needed to understand how this approach could be optimised in different settings. 

 Increasing ventilation rates may have other negative consequences including increased 

energy costs, increased carbon emissions, increased ingress of outdoor pollution and 

reduced thermal comfort. This may include health effects, including enhanced risk of 

respiratory conditions, from exposure to pollutants and issues with cold and damp for 

vulnerable groups if there is inadequate heating. Ventilation must be balanced against these 

considerations, particularly thermal comfort, with sufficient ventilation provided to mitigate the 

highest risks but without significantly compromising comfort. Heating design in most buildings 

should account for adequate ventilation rates (as per the Building Regulations), but additional 

measures may need to be taken in some buildings to ensure that spaces are adequately 

heated.    

 Measures to improve ventilation will be dependent on the particular setting and it is not 

possible to give a “one size fits all” solution, or a simple rule that everyone can follow. A 

range of options are set out in Table 1 and further guidance, especially for mechanical 

ventilation systems is given by CIBSE (2020) and REHVA (2020). 

 Any changes to ventilation provision should be designed to comply with the appropriate 

section of the relevant Building Regulations for the setting. Settings such as healthcare, 

dentistry and chilled food processing have very specific environmental challenges and 

requirements. Changes should be considered alongside sector specific guidance and in 

consultation with an appropriate expert team including building services engineers. It is 

recommended that those preparing proposals for amended ventilation provision undertake 

full public consultation with ventilation experts to ensure that guidance is technically correct 

and reflects current global good practice. 

 When considering the renovation of existing buildings to achieve national net zero carbon 

ambitions, it is essential that the building is viewed as a system and the ventilation provisions 

are considered as part of the renovation strategy for the building and that the two 

considerations are addressed in tandem. 

 The focus here is on practical measures that can potentially be implemented in existing 

buildings, in most cases with no or modest capital investment. Longer term strategic actions 

to improve ventilation across the UK building stock will help to ensure that built infrastructure 

is more resilient for future disease transmission.  

 

Research Gaps 

 

There remain a substantial number of knowledge gaps which mean that there is a great deal of 

uncertainty in being able to effectively evaluate aerosol transmission and determine the most 

appropriate interventions including:  

 Lack of data on the viral load in the exhaled breath of asymptomatic and symptomatic 

people, the size distribution of particles and how this varies with activity; 

 Lack of data on the dose-response;  
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 Limited epidemiological data from outbreaks that allows transmission to be related to 

environmental conditions to understand the importance of far-field transmission; 

 Effectiveness of different ventilation strategies and air cleaning technologies in controlling 

transmission, as well as practical assessment of safety for different technologies and how 

and where they should be applied. 

 

Table 1: Summary of options for improving ventilation 

Option Types of settings Considerations 

 Increased use of 
natural ventilation 
provision (continuous 
use trickle vents, partial 
or complete window 
opening, opening 
external doors) 

Domestic, education, 
small-mid sized 
offices 

Potential to be effective, but usually relies on user 
behaviour. Significant issues with winter thermal 
comfort. May be issues with uncontrolled energy 
use, noise and pollution ingress. It is more difficult 
to modulate airflow through doors compared to 
windows. Actions to improve ventilation should not 
compromise other aspects of safety and security 
(e.g. avoid propping open fire doors) 
 

Temporary purge 
ventilation/airing through 
intermittent window/door 
opening or extraction 
fans 

Domestic, education, 
small-mid sized 
offices,  
 

Less effective than continuous ventilation, but 
mitigates many of the issues with comfort, energy, 
noise and pollution. Most effective during/after 
higher risk conditions (e.g. when having visitors to 
home, after the end of a meeting/class) 
 

Breaks or fallow periods 
between occupants 

Any space which is 
occupied 
continuously by the 
same group or 
sequentially by 
different 
people/groups 

Allows time for virus to be diluted between 
occupants which reduces exposure with and 
between different groups. Regular breaks for 
continuously occupied spaces reduce viral 
concentrations and limits build up over time, 
although may not be effective in small spaces. May 
be most effective when combined with purge 
ventilation. Modelling needed to evaluate optimal 
time for different scenarios.  
 

Maximise outdoor air 
flow from mechanical 
systems 

Any spaces with 
mechanical systems 

Many systems can be adjusted to provide more 
outdoor air and recirculate less air, including by 
altering set points on demand control systems. In 
colder weather some recirculation may be 
acceptable if it allows a greater overall ventilation 
rate without causing thermal discomfort. Turning off 
the recirculation may lead to a lower ventilation rate 
because the outdoor air is too cold for comfort, and 
so the rate of supply is reduced to an inadequate 
level. Increased outdoor air flow may increase 
energy consumption and in some cases may 
compromise thermal comfort unless supplementary 
heating is provided. 
 

Extended operation of 
mechanical systems 
such as extract fans 

Any spaces with 
mechanical systems 

Buildings with intermittent extract fans (e.g. that 
operate with light in toilets) can adjust to run for 
extended periods. Simple strategy, however the 
benefits may be fairly modest. Noise may be an 
issue where systems are run for longer/at higher 
flow rates 
 

Enhanced filtration/UVC 
within recirculating 
centralised HVAC 
systems 

Some spaces with 
mechanical systems 

It may not be possible to upgrade filters to 
HEPA/MERV 13 within many systems without 
significant knock on effects. Unlikely to be a 
significant benefit unless the HVAC system is 
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supplying a space with a very high proportion of 
recirculated air which can’t be adjusted to provide 
fresh air for operational reasons (e.g. chilled 
environment). These spaces need specific 
guidance. 
 

Installation of new 
passive (louvres/air 
bricks) or mechanical 
(extract fans, new 
HVAC) systems 

Any spaces Likely to be a higher cost and longer-term solution 
ranging from relatively simple vents/extracts to 
major upgrade of ventilation systems. Need to 
consider any knock on impacts on flows and 
pressures in a building.  
 

Use of local in-room 
HEPA or UVC air 
cleaning devices 

Any spaces May be a viable solution in spaces where it is 
difficult to provide good ventilation. Choice of 
device needs to consider size, flow rate, location, 
noise and any unintended effects on air quality. 
Some technologies can be hazardous to health if 
applied or operated incorrectly. There is a need for 
better data on real-world application to support 
these technologies. 
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Supporting Evidence Summary 

 

Increasing ventilation rate and reducing exposure time are key mitigation measures to control 

the far-field transmission of SARS-CoV-2 by small aerosols between people who share the 

same indoor space. The measure is not likely to have significant impacts on close range 

transmission by droplets and aerosols (within 1-2m) or transmission via contact with surfaces. 

This paper only examines the impact of ventilation on airborne transmission by small aerosols 

and hence transmission risks stated do not include those from other routes. 

 

Brief background on ventilation 

 

Ventilation is the process of providing outdoor (fresh) air to occupants within a building and 

removing stale air that may be contaminated. Ventilation is essential for a healthy indoor 

environment and is widely recognised as a key mechanism for controlling the transmission of 

airborne infections. Ventilation can be provided through a number of processes, including 

mechanical ventilation using fans and ducts, natural ventilation which relies on passive flow 

through openings (doors, windows, vents), or a combination of the two.  

 

All buildings also have some background ventilation through infiltration through gaps (e.g. 

around door frames, through floorboards and through joints and gaps in the construction). This 

may be a significant proportion of ventilation but this is uncontrolled, variable, and is not a 

reliable source of outdoor air.  

 

Air conditioning is the process of cooling, heating, and humidifying air. In some buildings this is 

linked to the ventilation, with the same units providing outdoor air as well as controlling the 

environments. In other buildings this is a stand-alone system which simply recirculates and 

conditions air within a space. 

 

An EMG document on the difference between ventilation and air conditioning has previously 

been provided (Improving Ventilation 4th May 2020)  

 

Q1. How is the risk of airborne transmission impacted by the level of ventilation?  

 

Evidence for aerosol transmission was set out in a previous EMG paper (EMG-NERVTAG Role 

of Aerosol Transmission in COVID-19 23rd July 2020)and circumstantial evidence has 

continued to grow with further cases with a high secondary attack rate reported in a poorly 

ventilated café (Bloomburg.com) and a bus journey in China (Shen et al., 2020) and a study 

now reporting detection of low levels of viable virus in air in a hospital (Lednicky et al., 2020). 

Far-field aerosol transmission has been postulated as the mechanism for super-spreading 

events and activities with heightened potential for aerosol generation (e.g. singing), but it is not 

clear how much contribution it makes to community transmission in most settings.  

 

Reported outbreaks where airborne transmission is postulated as the mechanism have 

reported very low per capita ventilation rates with values in the range 0.5-2 l/s/person 

estimated; building guidance typically recommends 8-10 l/s/person for most environments 

based on design occupancy (CIBSE 2016) although some education and retail settings allow 

for lower rates equivalent to 5 l/s/person (CIBSE 2016, BB101 2018). While there is not a clear 

threshold value for ventilation rate, evidence suggests that there are more likely to be higher 
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numbers of secondary cases where the ventilation rate is lower than design guidance. There is 

little evidence to suggest that ventilation needs to be at a rate higher than current design 

guidance, unless there is a high probability of enhanced aerosol generation.  

 

Airborne transmission risk depends on the concentration of virus in the air in a room, the rate at 

which occupants in the space inhale the virus, and the duration of exposure (Buonanno, 

Morawska and Stabile, 2020). In a well-mixed room under steady-state conditions with a 

constant viral emission rate the concentration of virus is approximately inversely proportional to 

the absolute ventilation rate (volume flow per unit time) in the room. As such doubling the 

ventilation rate would roughly halve the viral dose inhaled under the same emission and 

inhalation conditions. Many exposures will be under transient conditions, where an infector 

enters a room and the virus builds up over time, or leaves and hence the virus will be diluted by 

the air over time. This relationship depends on the size of the space as well as the ventilation 

rate, with build-up and dilution slower in a larger space and where the ventilation rate is lower. 

Ventilation rate is sometimes expressed in terms of air changes per hour, which is effectively 

the volume flow rate divided by the room volume.  

 

Exposure to far-field viral aerosols can be estimated through knowledge of viral emission rate 

and the ventilation conditions, with absolute risk estimated with knowledge of dose-response. 

The emission rate and dose-response are commonly coupled together through the Wells-Riley 

model, which uses a parameter “quantum of infection” to represent infectious dose in a similar 

manner to a concentration in air. This model has been widely used to analyse the influence of 

ventilation on transmission of infection including TB (Escombe et al., 2008), SARS(Qian et al., 

2009) and influenza (De Mesquita, Noakes and Milton, 2020). A number of published 

(Buonanno, Stabile and Morawska, 2020; Miller et al., 2020) and pre-print (Burridge et al 2020, 

Jones et al 2020, (Peng and Jimenez, 2020)) studies have considered airborne transmission of 

SARS-CoV-2 using both the well accepted Wells-Riley approach and a range of exposure 

models that more explicitly consider the size distribution and behaviour of aerosols.    

 

Data on viral emission rates for SARS-CoV-2 is very limited, however estimates used in 

modelling have suggested it may vary by several orders of magnitude depending on the 

individual and their activities. Higher emissions have been estimated from those with a higher 

viral load in their respiratory fluids ( Buonanno, Stabile and Morawska, 2020), those who are 

coughing (Leung et al., 2020), and with singing/loud speech (Morawska et al., 2009; Miller et 

al., 2020). Buonanno et al 2020 estimate that a symptomatic SARS-CoV-2 case generally has 

a viral emission rate of <1 quanta per hour, while high emission rates >100 quanta per hour 

may occur with vocalisation during light activities.  Exposure is likely to be influenced by the 

breathing rate of individuals which could vary by a factor of 6 between passive sedentary 

breathing to high exertion aerobic exercise (Adams 1993).  Viral decay has a modest impact on 

exposure; the half-life of the virus in indoor air has been shown to be around 1 hour (van 

Doremalen et al., 2020) although may be longer in lower temperature conditions. Factors such 

as aerosol deposition and temperature and humidity have a smaller influence on risk over the 

timescales of most interactions compared to viral emission rate, breathing rate and ventilation 

rate. Filtration may be an important factor in reducing viral concentrations environments where 

air recirculation takes place, either within a stand-alone unit (e.g. in-room air conditioner) or as 

part of the building mechanical system. The effect on viral concentration will depend on the 

grade of filter and the proportion of air that is recirculated (Zhang et al., 2020).  
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Relationships between key parameters that influence transmission risk using a stochastic 

version of the steady-state and transient Wells-Riley model for a single zone space shown in 

figure 1 illustrate that risk is dominated by the quanta generation rate, and is likely to be 

greatest with very low ventilation rates and high aerosol generating activities. Steady state 

conditions are applicable where the infector has been present in a venue for some time before 

the exposure (e.g. the shopkeeper is infected and a customer enters), while transient 

conditions are applicable where susceptible and infected people enter a venue at the same 

time (e.g. a audience at a performance).  

 
 

Figure 1: Wells-Riley model showing variation in risk with ventilation rate, duration of exposure, 

quanta (infectious dose) generation rate and breathing rates (up to 50 people, breathing rates 

8-16 l/min, quanta generation 1-100 q/hour). 

 

To consider the influence of typical scenarios, including transient effects, results from an 

alternative model that considers exposure Relative Exposure Index (REI) (but not dose-

response) are shown in figure 2. This is based on work in a pre-print paper (Jones et al 2020) 

and concurs with analysis in (Buonanno, Stabile and Morawska, 2020). Exposure increases 

with longer duration, lower ventilation rate and activities that may have enhanced aerosol 

generation. A ventilation rate below guidance values (e.g. Office vs OfficeLow) can more than 

double the REI. Large spaces (e.g. a supermarket) mitigate far-field aerosol transmission risk, 

especially where exposure times are short.  
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Figure 2: Box plots showing relative exposure risk (compared to a 8 hour office exposure) for a 

range of scenarios (of varying exposure times) including classrooms, offices, coffee shop, 

supermarket, gym and two reported outbreaks (Jones et al 2020).  

 

These transmission models assume well-mixed conditions provide a reasonable estimate of the 

influence of ventilation risk in most small and medium sized spaces, although it should be noted 

that factors such as thermal stratification and the ventilation system design can result in 

incomplete mixing (Bhagat et al., 2020). This is particularly the case in large spaces or those 

that are partition or divided into multiple zones, where a well-mixed ventilation assumption 

might over or under-estimate the level of risk (Noakes and Sleigh, 2009; Parker et al., 2014). 

This has the potential for over-estimating risk in occupied time but over/underestimating time 

for purging depending on the nature of stratification and airflow pattern. These types of spaces 

require more complex models such as computational fluid dynamics or zonal-network models 

to evaluate potential transmission risks.  

 

Models of airborne transmission risk are also unlikely to give meaningful analysis of risks in 

settings where there are small numbers of people and multiple interactions, or where ventilation 

flows are very variable or uncertain. This is particularly the case for housing where close range 

interactions and shared surfaces are likely to play a significant role in transmission. Stochastic 

models may be appropriate to use in settings with small numbers of people who are present for 

a long period of time such as a hospital ward (Noakes and  Sleigh, 2009; López-García et al, 

2019) 
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In many buildings, particularly those that rely on passive background ventilation (eg trickle 

vents opening windows), ventilation rates vary with weather conditions and by season. 

Ventilation rates are likely to be lower in winter months compared to summer. This is primarily 

because both mechanical systems and those that rely on users opening windows/vents are 

more likely to reduce flow rates to reduce heat losses in colder conditions. Preliminary analysis 

based on CO2 data from school classrooms using the approach in Burridge et al (2020 pre-

print) suggests that reduced ventilation during the heating season could increase the secondary 

attack rate due to small aerosol airborne exposure by 25-35% compared to September (Annex 

1). 

 

Q2. To what degree does the nature of the activities within a setting influence airborne 

transmission risk and consequently ventilation requirements (i.e. sedentary v active)? 

 

Aerosol generation  

Activities such as singing and loud speech can significantly increase aerosol generation. Data 

on aerosol particle generation (not virus) in healthy volunteers from (Morawska et al., 2009) 

suggests a 1:5:30 ratio for breathing:talking:vocalisation. This concurs with data in a pre-print 

paper (Gregson et al., 2020) which showed 20-30 times increase in aerosol particles with loud 

singing and loud shouting compared to breathing. Aerosol generation is also associated with 

some healthcare procedures and is a concern in dentistry. It is not yet clear whether the 

enhanced aerosol production results in a proportional increase in viral emissions, however 

evidence from choir outbreaks suggests a possible correlation.  

 

Activities that increase breathing rates may increase generation and inhalation of aerosols. 

Breathing rate while aerobic exercising can be 6x seated breathing rate (Adams 1993), and 

Bernardi 2017 suggests that breathing rate increases by approximately 160% when singing. It 

is also possible that exercise makes individuals more susceptible to infection (Davis et al., 

1997), although it is not clear whether this is important for COVID-19.  

 

A model of transmission in the Skagit choir outbreak which resulted in 53/60 people infected 

(Miller et al., 2020) suggests that the infectious person may have generated up to 1000 times 

more infectious quanta than those with a lower viral load who are sedentary detailed in (G. 

Buonanno, Stabile and Morawska, 2020). However, the initial report suggests there were 

opportunities for droplet transmission from close contact or fomite transmission so the evidence 

for 100% aerosol transmission is uncertain.    Simulations suggest that increasing the 

ventilation loss rate from 0.3-1 h-1 to 5 h-1 and reducing the rehearsal duration from 2.5 to 1 

hour may have still only halved the transmission rate. Simulations presented in a previous EMG 

paper (SWI  Aerosol and Droplet Generation from Singing, Wind Instruments and Performance 

Activities 26th Aug 2020) show the potential relationships between ventilation rate, duration, 

proportion of time singing and transmission risk.   

 

Lower temperature and humidity are both associated with enhanced virus survival in air. Data 

from laboratory studies suggests that when the temperature and humidity are reduced from 

24oC/60%RH to 20oC/30%RH the half-life of the virus in aerosol may increase by over 6 times 

in dark conditions and 2 times with a UV index of 1. At very low temperatures the half-life may 

be several hours (Schuit et al., 2020). There is no data on normal indoor light conditions. 

Aerosol transmission has been indicated as a potential risk factor in outbreaks in chilled 

environments for food and meat processing. Multiple outbreaks have been reported in such 
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settings with many linked to workplace practices or shared worker housing and transport. 

However in a number of cases, transmission appears to have happened within a workplace 

environment at distances beyond 2m. In addition to the cold conditions, chilled food plants may 

have low ventilation rates, with a high proportion of air recirculated to maintain the cold 

temperatures. The importance of these different factors is not yet known.  

 

User behaviour 

Except in fully mechanically ventilated buildings, user interaction with ventilation provision will 

have a major impact on its effectiveness. Buildings users will be driven primarily by thermal 

comfort and are generally unaware of air quality issues except in extreme situations. A number 

of studies show that actions such as opening windows are carried out in response to feeling 

warm rather than awareness of indoor air quality. Studies in domestic environments also show 

a lack of occupant awareness and understanding of ventilation systems, including occupants 

being unaware of the presence of devices such as trickle vents (Sharpe et al., 2018). People 

may adjust or block ventilation supplies including covering grilles and vents if they experience 

cold drafts. Social structures in workplace settings may also influence ventilation behaviours, 

with ventilation in shared offices determined by multiple factors including "ownership” of 

windows, a desire not to upset colleagues and the need to negotiate with “gate keepers” such 

as facilities managers (Snow et al., 2016).  

 

Providing clear guidance and information to users will be an important step in ensuring that 

spaces remain effectively ventilated. While it is possible to give general guidance that could be 

applied broadly to environments such as homes, in workplaces and public buildings guidance is 

likely to be setting specific. This should include how and when to operate ventilation systems 

and where appropriate to provide information to reassure occupants that ventilation provision is 

acceptable.  Raising awareness of issues of the potential for airborne transmission and the 

importance of ventilation will be key to ensuring that guidance is followed.  

 

It is also essential that appropriate guidance is provided to facilities managers and building 

services engineers who may be servicing and advising on ventilation systems. Targeted 

campaigns by HSE and/or industry bodies such as CIBSE may be needed to ensure that this 

message is effective. 

 

Q3. To what degree does the density of people within a setting influence airborne 

transmission risk and consequently ventilation requirements?  

 

Changing the occupancy influences the probability that an infectious person is present and the 

potential number of secondary cases that may result. However it doesn’t fundamentally change 

individual exposure if the number of infectors that are present and the total ventilation rate is 

the same. Doubling the occupancy density of a space will therefore increase the probability that 

one susceptible occupant becomes exposed by four times. For airborne transmission it is the 

density per unit volume of the space that is important rather than the density/m2, providing the 

space can be treated as well mixed. The absolute risk will depend on the viral emission rate 

and the ventilation and activity parameters. Relative risk with occupancy, ventilation rate and 

size of space are shown in heat maps in Annex 2, which can be used to assess the relative 

influence of occupancy density. 
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When distancing is less than 1-2m and is in the breathing zone of an infected person then 

proximity matters, and infection risk will increase further due to exposure to higher 

concentrations of aerosols and droplets close to the infected person. This effect is not 

considered here, and ventilation is unlikely to mitigate this risk.   

 

Regional/Local incidence of SARS-CoV-2 in the population is a factor that may be considered 

in planning mitigation strategies. When there are more people with the disease there is an 

increased probability of viral aerosols and it may be appropriate to pay greater attention to 

building ventilation controls as part of a risk assessment methodology for workplaces and retail 

settings.   

 

Q4. How can CO2 sensors be used to understand ventilation effectiveness?  

 

Relationships between CO2, ventilation and infection risk 

There are many studies in which CO2 is used as an indicator of ventilation and IAQ. As CO2 is 

emitted by human metabolic processes, levels correlate well with occupancy as a marker for 

human-generated pollutants. CO2 is present in the outside air at concentrations between 350 

and 575 ppm (0.035 and 0.057%). The level of CO2 in exhaled breath is around 3.6 – 4.3% 

(36,000 – 43,000 ppm).  Human CO2 generation rates depend on physiological conditions 

including age, gender, health and activity (Persily & de Jonge, 2017). 

 

Indoor CO2 concentration level depends on the number in a given area, their activity level, and 

the outdoor air ventilation rate per person, Both CIBSE and ASHRAE recommendations for 

ventilation rates of 8-10 l/s per person in an office type setting correspond to a CO2 

concentration around 1000ppm.  In communal areas such as offices a value around 1000ppm 

is widely regarded as an indicator of sufficient per person ventilation rates to provide perceived 

good indoor air quality and counter the human sourced emissions including moisture. A review 

on associations between ventilation rates and CO2 levels with health outcomes concluded 

“Almost all studies found that ventilation rates below 10 l/s per person in all building types were 

associated with statistically significant worsening in one or more health or perceived air quality 

outcomes” (Seppanen et al 1999). A paper by Wargoki on ventilation in housing identified 

associations between CO2 levels and health and concluded “The ventilation rates above 0.4 air 

changes per hour or CO2 below 900 ppm in homes seem to be the minimum level to protect 

against health risks based on the studies reported in the scientific literature.”  

 
Figure 3: CO2 vs. delivery rate for an office type setting. 
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The relationship between CO2 and infection risk is less well explored than relationships with 

indoor air quality. A study of ventilation improvements during a TB outbreak in university 

buildings  (Du et al., 2020) showed when CO2 was reduced to <1000 ppm was independently 

associated with a 97% decrease in the incidence of TB among contacts. A pre-print paper 

modelling transmission risk with ventilation shows the CO2 level corresponding to a given 

infection risk may vary by over 2 orders of magnitude depending on the environment and 

activity. However they still suggest that it is a useful metric to assess ventilation (Peng and 

Jimenez, 2020). 

 

Rudnick and Milton (2003) proposed a version of the Wells-Riley model that uses CO2 as a 

marker of rebreathed air fraction, which has been used by a number of authors to explore TB 

transmission. Measurements of CO2 can be used with this approach directly to infer the 

likelihood of airborne infection risk arising. This has been applied to evaluate influenza 

transmission in a human challenge study (De Mesquita, Noakes and Milton, 2020) and a pre-

print paper for SARS-CoV-2  (Burridge et al. 2020). This can be done most effectively for 

spaces regularly attended by the same group of people, e.g. open-plan offices and school 

classrooms. Table 2 shows results for an open-plan office occupied according to design 

guidance, and indicates that the secondary cases due to airborne exposure only over a 5 day 

period with an infector present could range from 0.24 to 35 depending on the ventilation rate 

and the generation rate of infectious doses (quanta). 

 

Table 2: Likely infections arising from airborne transmission (R-numbers) in an open-plan office 

(floor plan of 400 m2 and floor-to-ceiling height of 3.5 m) occupied by 40 people for 8 hrs each 

day over a 5 day period that one pre/asymptomatic person remains attending work. 

Scenario Vent rate 4 l/s/p Vent rate 10 l/s/p Vent rate 20 l/s/p 

Quiet desk work, q=1 
quanta/hr 

R = 0.84 R = 0.42 
 

R = 0.24 
 

Talking sedentary, q=5 
quanta/hr 

R = 4.0 
 

R = 2.1 
 

R = 1.2 
 

Super-spreading events    

q=20 quanta/hr R = 14 R = 7.6 R = 4.4 

q=100 quanta/hr R = 35 R = 26 R = 18 

 

Application of CO2 as a proxy for infection risk 

A steady state CO2 concentration indicates the per capita airflow rate in a space but not a gross 

airflow rate.  The relationship between CO2 concentrations and exposure to virus depends on 

the number of people, airflow patterns, activity and duration of time in a space. Table 3 shows 

results from a transient Wells-Riley model for a worst case scenario - a high-density space (30 

people at 1.7 m2/person) at quanta generations rates of 1, 10 and 100 quanta/hour (G. 

Buonanno, Stabile and Morawska, 2020) for up to 6 hours. Results concur with the pre-print by 

Peng and Jimenez (2020), showing potential for over 2 orders of magnitude difference in risk at 

the same ventilation rate depending on the infector emission rate. For the majority of cases (1 

and 10 q/h) the probability of a secondary case is low and only increases to a level that is likely 

to lead to a new case when the ventilation rate is not sufficient to keep the CO2 below 1500ppm 

and the duration is over ~4 hours. However, when there is high aerosol generating activity (100 

q/h), even ventilation that would lead to a CO2 concentration below 900ppm is insufficient to 

prevent an average of one new case in only one hour. Annex 2 shows relative exposure heat 

maps with CO2 for a range of occupancy, ventilation rates and room sizes.  
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Table 3: Averaged likely number of new cases in a worst-case occupancy scenario with 

ventilation rate/ CO2, quanta generation rate and time (30 people, 150 m3 room, continuous 

occupancy, 8 l/min breathing, 0.005 l/s/person CO2 generation).  

 
 

Models and practical experience indicate that measurement of CO2 is a useful indicator to 

identify poor ventilation in the context of airborne transmission, but may not be necessarily an 

indicator of sufficient ventilation to fully mitigate transmission.   

 

In a space with more than 20 occupants, a CO2 concentration routinely greater than 1500ppm 

(absolute level) is considered to be an appropriate marker to indicate poor ventilation or 

overcrowding regardless of the size of a space, and is therefore likely to be associated with a 

higher risk of transmission. Spaces where CO2 cannot normally be kept under 1500ppm are 

suggested as the highest priority for mitigation.  

 

Settings where there is likely to be enhanced aerosol generation, for example through singing, 

loud speech or aerobic activity may pose a substantially higher risk. Ventilation rates should 

aim to maintain CO2 below 800ppm and the duration of exposure below 1 hour. Even this may 

be insufficient to fully mitigate transmission, and other measures may need to be introduced.  

 

Use of CO2 as an indicator for ventilation effectiveness is more difficult in spaces with lower 

numbers of occupants (<20) due to the increased influence of individual variations in CO2 

generation rate; any measurements in spaces with lower occupancy should be treated with 

caution. Measurement of CO2 cannot account for other mitigation strategies such as filtration, 

UVC air cleaning or the use of face coverings; these strategies remove the virus from the air 

but not CO2.  

 

Although it is recommended that priority is given to poorly ventilated spaces, improved 

ventilation in other spaces may also be beneficial. Longer term actions to maintain CO2 below 

1000ppm may further reduce transmission risk as well as more widely improve indoor air 

quality for the health of occupants.   

 

As detailed in Annex 1 it may be possible to use CO2 monitoring as a tool for directly evaluating 

risk over a longer period of time in some spaces. This is unlikely to be effective in spaces that 

are transiently occupied by different people or in spaces such as domestic environments where 

transmission is likely to be dominated by close contact. However it is possible that it could be 

used in regularly attended spaces such as schools and workplaces. Further research is 

necessary to evaluate the potential application of the approach for different spaces and to 

compare modelled results with actual infection rates. 

 

 

1 10 100 1 10 100 1 10 100 1 10 100

1 5373 0.04 0.38 3.59 0.13 1.23 10.25 0.36 3.38 20.92 0.61 5.58 26.17

3 2058 0.03 0.26 2.51 0.07 0.68 6.13 0.16 1.53 12.24 0.25 2.36 16.79

5 1395 0.02 0.19 1.88 0.05 0.46 4.26 0.10 0.98 8.45 0.15 1.49 11.96

10 897 0.01 0.11 1.13 0.02 0.25 2.38 0.05 0.51 4.73 0.08 0.77 6.88

20 649 0.01 0.06 0.61 0.01 0.13 1.26 0.03 0.26 2.51 0.04 0.39 3.70

l/s/person steady CO2 

1 hour 2 hours 4 hours 6 hours
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Practical considerations with CO2 monitoring 

CO2 measurements (Using a non-dispersive infra-red NDIR Sensor) can be a relatively cheap 

and easy indicator of ventilation in many buildings. However, they should always be used as an 

approximate guide and never regarded as an accurate measurement of the indoor air unless 

used as part of a study with appropriate controls. CO2 concentrations recorded will depend on 

multiple parameters including: the occupants and their activities; variations in building type, 

form, ventilation provision, air permeability, weather and external CO2; the sensor accuracy and 

calibration; other CO2 sources; the positioning of the sensors.  

 

To get the most representative reading sensors should be located in the occupied zone of a 

space, away from doors, windows and vents and at least 0.5m away from people. If a space 

has additional filtration or air cleaning measures to control virus (e.g. HEPA filter or UVC 

devices) then CO2 measurements will not account for these measures and may indicate a 

higher risk than is present in the space.  

 

CO2 measurement is already widely used in mechanically ventilated buildings through 

embedded sensors as a means of controlling ventilation systems, although monitored data is 

rarely accessed. Stand-alone monitoring could be used by FM/Building managers as part of a 

process to check ventilation effectiveness.  

 

CO2 monitoring is also likely to have value in raising occupant awareness of ventilation 

requirements and has been used to inform user behaviour to improve ventilation. A study in 

classrooms found that giving users visual feedback using CO2 monitors increased window 

opening (Heebøll, Wargocki and Toftum, 2018). However, this requires careful guidance to 

ensure that users understand the monitoring and take appropriate actions. Threshold values 

suggested here are approximate guides and should not be rigidly applied.  

 

Q5. What steps could be taken to improve ventilation and what would be needed to 

achieve this?  

 

Identifying poor ventilation 

There is concern that many settings may not be adequately ventilated, given the evidence 

about the levels of compliance with other aspects of building regulations in England reported in 

the Independent Review of Building Regulations and Fire Safety carried out by Dame Judith 

Hackitt (Published May 2018). And prior to this the ‘Performance Gap’ was increasingly well 

evidenced (Zero Carbon Hub). Many buildings also have a ventilation strategy that relies on 

user interaction (e.g. opening windows/vents) and if these are not operated as envisaged it can 

lead to poor ventilation. User interaction with ventilation is driven primarily by awareness of 

thermal comfort and concerns about heat loss. Some building typologies (thermally poor 

buildings and low-income occupants) mitigate against more liberal ventilation. 

 

It is strongly recommended that attention should be focused on poorly ventilated spaces, or 

where the means of ventilation is not apparent or known. This will provide the greatest benefits 

without significantly compromising energy or comfort.  

 

Visual inspection provides a first step in assessing ventilation to determine the mechanisms 

that provide ventilation to a space.  
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 If there are no mechanical systems (extract fans, air conditioning units, ventilation grilles 

etc) then the space is naturally ventilated and relies on opening windows, doors, 

passive vents (e.g. air bricks) and infiltration. If, in addition, there are no windows that 

can be opened or passive vents it is likely that the space is poorly ventilated unless 

doors are opened very frequently 

 If there are mechanical systems then it is important to check whether these provide 

outdoor air, thermal control or both. If a system (e.g. a local air conditioner) is 

recirculating only and doesn’t have an outdoor air supply, or a separate source of 

outdoor air, the space is likely to poorly ventilated.  

 While it is not an accurate measure, odour in a space can also give an indication of 

ventilation effectiveness. A space that feels stuffy or has significant odour is likely to be 

poorly ventilated. Caution should be exercised in spaces where there are local 

recirculating air conditioners as these can mask poor air quality, making a space that 

would normally be stuffy feel comfortable but without providing fresh air. 

 

Measurement provides a more accurate level of assessment. A simple assessment can be 

carried out using passive CO2 monitors as detailed above, and use of smoke sticks can provide 

a visual indication of ventilation flows and dilution rate. For more in-depth analysis, 

measurement of flow rates through fans/grilles in mechanical systems or use of tracer gas tests 

can provide a more quantitative assessment of flow rates. It is very likely that more in-depth 

analysis would have to be carried out by building services engineers.  

 

Strategies to Improve Ventilation 

The primary principle for improving ventilation to minimise transmission, is that the level of 

“fresh” outside air should be maximised and any recirculation should be minimised (or stopped 

if practical) as the dilution of the internal air will reduce the risk of viral exposure. 

 

A number of online calculators exist to estimate the risk of aerosol transmission in a space 

Under different ventilation and occupancy scenarios (https://cires.colorado.edu/news/covid-19-

airborne-transmission-tool-available, https://rapidqmra.shinyapps.io/Rapid QMRA/ ). These 

should be treated with caution as the calculated risks are  based on some uncertain data, 

however they are able to give an indication of the range of airborne risk that could be expected 

in a particular setting and how this could be mitigated.  

 

To provide ventilation in a naturally ventilated space, the background provision should be in 

operation and windows or other openings should be opened. More ventilation will be provided 

with larger openings and, if available, use of opening windows at opposite sides of the building. 

It is recognised that providing maximum ventilation by opening all windows fully when outdoor 

air temperatures are low will be difficult or unacceptable. However, occupants might also note 

that the rate of supply of air increases with larger temperature difference between the inside 

and outside, so that windows do not need to be opened as much in colder weather to achieve 

the same flow rates. It is possible to estimate ventilation rates as a function of open window 

area on a still day, and there are a number of standard methods to do such calculations (e.g. 

CIBSE AM10, Jones et al 2016).  

 

Particularly for naturally ventilated or mixed mode ventilated spaces it is possible to “purge” or 

“air” the space intermittently to facilitate dilution of any virus. Experimental and simulation 
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studies show that short duration airing of a building at regular intervals can be effective at 

controlling indoor air quality and may provide more acceptable thermal comfort than keeping 

windows open continuously (Heiselberg and Perino, 2010). Melikov, Ai and Markov (2020) 

analyse intermittent occupancy which may be accompanied by increased ventilation during 

breaks as a means of reducing the viral concentration in air, and suggest a 10-20 minute break 

(fallow time) every hour for a meeting room scenario.  The effectiveness of purging ventilation 

will depend on the design of the space. Using high level windows in winter may be effective for 

purge ventilation in order to clear indoor air that is warmer than outdoor air. Further analysis 

would be needed to determine the most appropriate combinations of ventilation rate and 

occupancy schedule for different settings to provide the most effective control.  

 

While there is no evidence of substantial transmission throughout buildings via mechanical 

ventilation systems, systems which have significant recirculation may potentially pose a risk. 

 For mechanically ventilated spaces, the amount of fresh air should be maximised and the 

recirculation minimised as far as systems allow without significantly compromising comfort. This 

may mean a reduction in any heat recovery. Extract fans in toilets or WC should be running to 

facilitate air movement during occupied hours. The filters on any air handing units (AHU) should 

be clean and maintained to maximise airflow, and all ductwork and diffusers cleaned. Proper 

and adequate maintenance should be carried out on the mechanical ventilation system to 

ensure that any dampers are set correctly. Fuller guidance is given by CIBSE (2020) and 

REHVA (2020) on mechanical ventilation systems.  

 

In spaces where there is significant recirculation of air, filters within HVAC systems will offer 

some mitigation against aerosol being reintroduced to the space via the ventilation (Zhang et 

al., 2020). The effectiveness will depend on the grade of the filter, and in most buildings the 

removal is likely to be modest.  In some mechanical ventilation systems, it may possible to 

upgrade filters or to install UVC disinfection systems within the HVAC system. However, both 

options involve significant capital cost and in the case of filters many systems are not capable 

of being upgraded without compromising other aspects of performance. These options are 

likely to only be appropriate in spaces where there is a very low outdoor air flow rate and there 

is a high risk of transmission.  

  

Portable fans, ceiling mounted fans or recirculating air conditioners will assist air circulation, but 

will not add to the air change rate or the amount of outdoor air coming into the space. The 

influence of such systems on transmission risk is not certain. Zonal transmission risk models 

(Noakes and Sleigh, 2009) suggest that enhancing mixing in a space that is not designed to be 

mixed can increase exposure to airborne pathogens. This may increase overall risk, but it is 

only likely to be significant if the ventilation rate is poor; the impact in a well ventilated space is 

minimal. Studies of particle deposition show that higher air velocities increase the deposition 

rate of particles (Thatcher et al., 2002), however it is not clear how this will apply to airborne 

virus and which size particles are influenced the most. Zhao and Wu (2007) suggest that for 

particles smaller than 5 micrometres, air velocity and surface properties are important, but for 

larger particles gravity dominates. The spatial distribution of aerosol concentrations can be 

affected by local air flows and particle size (Parker et al., 2010).  

 

Local air cleaning and filtration may be beneficial for reducing aerosol risks in some spaces, 

particularly if it is not possible to increase ventilation. These devices typically use HEPA filters 

or UVC irradiation to remove or inactivate viral aerosols. Such devices are either stand-alone 
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consumer devices which can be readily deployed in any space, or installed in a similar manner 

to a local air conditioning unit. All such devices will increase the “effective” ventilation rate, 

however their impact will depend on the volume of the room, the flow rate through the device, 

and the effectiveness of the device in influencing flow in the whole volume of a room. Noise and 

emissions from the device should both also be considered, and some devices may pose health 

hazards if used incorrectly. Use of these devices will not change CO2 concentrations in a room, 

and hence their impact on the effective ventilation rate will need to be assessed using 

alternative methods. Further information on air cleaning approaches are given in a previous 

EMG paper (Summary of disinfection technologies for microbial control 18th May 2020).  

 

Additional measures such as air bricks, louvres, mechanical supply or extract fans can be 

installed to enhance the ventilation rate in most buildings, however these will require alterations 

to the building fabric (such as a wall or window fan or even additional roof mounted plant with 

internal ductwork and ceiling outlets. The wider consequences of any such alterations should 

be considered including impacts on noise, air quality, energy, thermal comfort and the influence 

on internal flow paths in the building.  

 

Wider consequences of changes to ventilation 

Ventilation has well-established associations with health and has a complex relationship with 

multiple other factors including energy, noise, air quality and thermal comfort. These 

relationships are not straightforward and despite a large body of research considering both the 

human health and building design aspects, there are many aspects that are poorly understood. 

Increasing ventilation rates may have a negative impact on all of these factors leading to 

impacts on health, wellbeing, productivity and sustainability.  Hence any actions need to 

consider the unintended consequences. This will be setting specific and dependent on the 

occupants, the building design and its location. 

 

In the majority of spaces concerns over thermal comfort during the heating season (October – 

May) are likely to be the biggest barrier to improving ventilation, with increased ventilation 

especially through opening windows reducing indoor temperatures, increasing cold draughts 

and increasing heating bills. In many buildings there will be a trade-off between comfort and 

risk which needs to be carefully considered. Using strategies such as intermittent airing, 

particularly in naturally ventilated buildings may be a good approach to reduce transmission 

risks without significantly compromising thermal comfort. If additional heating is required to 

maintain thermal comfort it is important that safety considerations such as electrical overload, 

fire risk and trip hazards are considered.  

 

Lower temperatures can lead to other health impacts including higher susceptibility to 

respiratory infection (Mourtzoukou and Falagas, 2007) and greater risk of mould and damp 

which can aggravate allergies. Similarly in highly polluted environments, greater ingress of 

outdoor air pollutants may have a significant negative impact on health, in particular respiratory 

conditions.  

 

Actions to improve ventilation need to consider the short term challenges and mitigations as 

well as long term needs. Some negative effects may tolerated on a short-term basis providing 

they don’t cause serious health impacts. However, any more substantial changes must 

consider the long-term consequences including energy and sustainability.  

(Sharpe et al., 2018, Snow et al., 2016) 
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Practical and regulatory considerations 

It is recommended that before any work is carried out on a ventilation system, the user should 

be aware of how their ventilation system operates and the level of ventilation that is currently in 

their premises or home, as it may already be sufficient. If the premises ventilation is designed 

and verified against the relevant section of the devolved administration Building Regulations 

(i.e. Approved Document Part F or Section 3 of the Scottish Technical Handbook), this may be 

sufficient, however it may be prudent to have this verified. 

  

Spaces with specialist ventilation or that have particular environmental requirements will require 

additional consideration. While some of the principles set out in this paper apply to settings 

such as hospitals, dentistry, chilled food processing and industrial process environments, it is 

essential that any changes to ventilation are made with consideration of the systems installed 

and the guidance/regulations that govern them. In many industrial settings here may be positive 

or negative pressure zones, local exhaust ventilation (LEV) for contaminant control or other 

systems that are particular to the setting. These will impact on the overall ventilation; LEV that 

discharges to atmosphere will add to the existing ventilation rate as ‘clean’ replacement air 

enters the building/room, but only while it is switched on. Some LEV systems use high 

efficiency filters and return the air to the workplace.  In this scenario, they would increase the 

effective ventilation rate. 

 

It will be necessary to consider how actions relating to ventilation can be monitored and 

enforced. As it is difficult to measure/verify ventilation it is unlikely that measures will be easily 

enforceable. It is suggested that assessment of ventilation is added to the checklists for 

COVID-19 risk assessments, so organisations have to explicitly show they have considered 

mitigation of aerosol transmission risks.  

 
 
References 
Adams, W. C. (1993) ‘Measurement of Breathing Rate and Volume in Routinely Performed 
Daily Activities’, Epidemiology. California Environmental Protection Agency. doi: 
10.1097/00001648-199503000-00162 
 
Bernardi, N. F. et al. (2017) ‘Cardiorespiratory optimization during improvised singing and 
toning’, Scientific Reports. Springer US, 7(1), pp. 1–8. doi: 10.1038/s41598-017-07171-2. 
 
Bhagat, R. K. et al. (2020) ‘Effects of ventilation on the indoor spread of COVID-19’, Journal of 
Fluid Mechanics, 903, p. F1. doi: 10.1017/jfm.2020.720. 

Buonanno, G., Morawska, L. and Stabile, L. (2020) ‘Quantitative assessment of the risk of 
airborne transmission of SARS-CoV-2 infection: Prospective and retrospective applications’, 
Environmental International. Elsevier Ltd, 145(September), p. 106112. doi: 
10.1016/j.envint.2020.106112. 

Buonanno, G., Stabile, L. and Morawska, L. (2020) ‘Estimation of airborne viral emission: 
Quanta emission rate of SARS-CoV-2 for infection risk assessment’, Environment International. 
Elsevier, 141(April), p. 105794. doi: 10.1016/j.envint.2020.105794. 

Burridge, H. C., Fan, S., Jones, R. L., Noakes, C. J. & Linden, P. F. (Indoor Air, Under review) 
`Airborne infection R-numbers for regularly attended spaces: COVID-19 a case-study.’ Pre-print 
at https://arxiv.org/abs/2009.02999. 



 
 

24 
 

Davis, J. M. et al. (1997) ‘Exercise, alveolar macrophage function, and susceptibility to 
respiratory infection’, Journal of Applied Physiology, 83(5), pp. 1461–1466. doi: 
10.1152/jappl.1997.83.5.1461. 

van Doremalen, N. et al. (2020) ‘Aerosol and Surface Stability of SARS-CoV-2 as Compared 
with SARS-CoV-1’, New England Journal of Medicine. doi: 10.1056/NEJMc2004973. 

Du, C. R. et al. (2020) ‘Effect of ventilation improvement during a tuberculosis outbreak in 
underventilated university buildings’, Indoor Air, 30(3), pp. 422–432. doi: 10.1111/ina.12639. 

Escombe, A. R. et al. (2008) ‘The infectiousness of tuberculosis patients coinfected with HIV’, 
PLoS Medicine, 5(9), pp. 1387–1396. doi: 10.1371/journal.pmed.0050188. 

Gregson, F. K. A. et al. (2020) ‘Comparing the Respirable Aerosol Concentrations and Particle 
Size Distributions Generated by Singing , Speaking and Breathing’, ChemRxiv, (1), pp. 1–27. 
doi: 10.26434/chemrxiv.12789221.v1. 

Heebøll, A., Wargocki, P. and Toftum, J. (2018) ‘Window and door opening behavior, carbon 
dioxide concentration, temperature, and energy use during the heating season in classrooms 
with different ventilation retrofits—ASHRAE RP1624’, Science and Technology for the Built 
Environment, 24(6), pp. 626–637. doi: 10.1080/23744731.2018.1432938. 

Heiselberg, P. and Perino, M. (2010) ‘Short-term airing by natural ventilation - implication on 
IAQ and thermal comfort’, Indoor Air, 20(2), pp. 126–140. doi: 10.1111/j.1600-
0668.2009.00630.x. 

Jones, B., Sharpe, P., Iddon, C. Hathway, A.E. & Fitzgerald, S. Modelling uncertainty in the 
relative risk of exposure to the SARS-CoV-2 virus by airborne aerosol transmission in 
Buildings. Prepr. Res. Gate (2020) doi:10.13140/RG.2.2.25874.89283. 

Jones, B.M., Cook, M.J., Fitzgerald, S.D. & Iddon, C.R. 2016 A review of ventilation opening 
area terminology. Energy & Buildings, 118, 249-258. 

Lednicky, J. A. et al. (2020) ‘Viable SARS-CoV-2 in the air of a hospital room with COVID-19 
patients’, International Journal of Infectious Diseases. International Society for Infectious 
Diseases. doi: 10.1016/j.ijid.2020.09.025. 

Leung, N. H. L. et al. (2020) ‘Respiratory virus shedding in exhaled breath and efficacy of face 
masks’, Nature Medicine 2020. Springer US, pp. 1–5. doi: 10.1038/s41591-020-0843-2. 

López-García, M., King, M. F. and Noakes, C. J. (2019) ‘A Multicompartment SIS Stochastic 
Model with Zonal Ventilation for the Spread of Nosocomial Infections: Detection, Outbreak 
Management, and Infection Control’, Risk Analysis, 39(8), pp. 1825–1842. doi: 
10.1111/risa.13300. 

Melikov, A. K., Ai, Z. T. and Markov, D. G. (2020) ‘Intermittent occupancy combined with 
ventilation: An efficient strategy for the reduction of airborne transmission indoors’, Science of 
the Total Environment, 744(2). doi: 10.1016/j.scitotenv.2020.140908. 

De Mesquita, P. J. B., Noakes, C. J. and Milton, D. K. (2020) ‘Quantitative aerobiologic analysis 
of an influenza human challenge-transmission trial’, Indoor Air, Under revi. 

Miller, S. L. et al. (2020) ‘Transmission of SARS-CoV-2 by inhalation of respiratory aerosol in 
the Skagit Valley Chorale superspreading event’, medRxiv, (June), p. 2020.06.15.20132027. 
doi: 10.1101/2020.06.15.20132027. 



 
 

25 
 

Morawska, L. et al. (2009) ‘Size distribution and sites of origin of droplets expelled from the 
human respiratory tract during expiratory activities’, Journal of Aerosol Science, 40(3), pp. 256–
269. doi: 10.1016/j.jaerosci.2008.11.002. 

Mourtzoukou, E. G. and Falagas, M. E. (2007) ‘Exposure to cold and respiratory tract 
infections’, International Journal of Tuberculosis and Lung Disease, 11(9), pp. 938–943. 

Noakes, C. J. and Andrew Sleigh, P. (2009) ‘Mathematical models for assessing the role of 
airflow on the risk of airborne infection in hospital wards’, Journal of the Royal Society Interface, 
6(SUPPL. 6). doi: 10.1098/rsif.2009.0305.focus. 

Parker, S. et al. (2010) ‘Refinement and testing of the drift-flux model for indoor aerosol 
dispersion and deposition modelling’, Journal of Aerosol Science. Elsevier, 41(10), pp. 921–
934. doi: 10.1016/j.jaerosci.2010.07.002. 

Parker, S. et al. (2014) ‘Contaminant ingress into multizone buildings: An analytical state-space 
approach’, Building Simulation, 7(1), pp. 57–71. doi: 10.1007/s12273-013-0136-5. 

Peng, Z. and Jimenez, J. L. (2020) ‘Exhaled CO2 as COVID-19 infection risk proxy for different 
indoor environments and activities’, medRxiv, p. 2020.09.09.20191676. doi: 
10.1101/2020.09.09.20191676. 

Persily, A. and de Jonge, L. (2017) ‘Carbon dioxide generation rates for building occupants’, 
Indoor Air, 27(5), pp. 868–879. doi: 10.1111/ina.12383. 

Qian, H. et al. (2009) ‘Spatial distribution of infection risk of SARS transmission in a hospital 
ward’, Building and Environment. Elsevier Ltd, 44(8), pp. 1651–1658. doi: 
10.1016/j.buildenv.2008.11.002. 

Rudnick, S. N. and Milton, D. K. (2003) ‘Risk of indoor airborne infection transmission 
estimated from carbon dioxide concentration’, Indoor Air, 13(3), pp. 237–245. doi: 
10.1034/j.1600-0668.2003.00189.x. 

Schuit, M. et al. (2020) ‘Airborne SARS-CoV-2 is Rapidly Inactivated by Simulated Sunlight’, 
The Journal of Infectious Diseases. doi: 10.1093/infdis/jiaa334. 

Seppänen, OA Fisk W. J., Mendell M. J.. (1999) Association of ventilation rates and CO2 - 
concentrations with health and other responses in commercial and institutional buildings. In 
Indoor Air 1999; 9: 226-252 

Sharpe, T. et al. (2018) ‘Building performance and end-user interaction in passive solar and low 
energy housing developments in Scotland’, Architectural Science Review, 61(5), pp. 280–291. 
doi: 10.1080/00038628.2018.1502150. 

Shen, Y. et al. (2020) ‘Community Outbreak Investigation of SARS-CoV-2 Transmission among 
Bus Riders in Eastern China’, JAMA Internal Medicine, pp. 1–7. doi: 
10.1001/jamainternmed.2020.5225. 

Snow, S. et al. (2016) ‘Keep calm and carry on: Exploring the social determinants of indoor 
environment quality’, Conference on Human Factors in Computing Systems - Proceedings, 07-
12-May-, pp. 1476–1482. doi: 10.1145/2851581.2892490. 

Thatcher, T. L. et al. (2002) ‘Effects of room furnishings and air speed on particle deposition 
rates indoors’, Atmospheric Environment, 36(11), pp. 1811–1819. doi: 10.1016/S1352-
2310(02)00157-7. 



 
 

26 
 

Zhang, B. Y. J. et al. (2020) ‘Study of Viral Filtration Performance of Residential HVAC Filters’, 
pp. 2–7. 

Zhao, B. and Wu, J. (2007) ‘Particle deposition in indoor environments: Analysis of influencing 
factors’, Journal of Hazardous Materials, 147(1–2), pp. 439–448. doi: 
10.1016/j.jhazmat.2007.01.032. 

Zero Carbon Hub http://www.zerocarbonhub.org/current-projects/performance-gap 

.Guidance and Standards 

 

ASHRAE, Standard 62.1 (2013) Ventilation for acceptable indoor air quality 

 

BB101: Guidelines on ventilation, thermal comfort and indoor air quality in schools (2018)  

 

CIBSE Guide B Heating, Ventilating, Air Conditioning and Refrigeration (2016) 

 

CIBSE AM10: Natural ventilation in non-domestic buildings (2005) 

 

CIBSE COVID-19 Guidance: Ventilation. https://www.cibse.org/Coronavirus-COVID-19 

 

REHVA COVID-19 Guidance https://www.rehva.eu/activities/covid-19-guidance?no cache=1 

 

 

 

 

 

 

 

 

 

 

 

 

 

Annex 1: Inferring airborne infection risk from monitored CO2 

 

Whilst CO2 can be used to indicate ventilation rates it can also be used to infer airborne 

infection risk more directly. For airborne infection to occur a susceptible occupant must breathe 

in rebreathed air, i.e. air that has already been breathed by another, from an infected individual. 

Monitoring CO2 enables the fraction of rebreathed air to be directly assessed. Assuming some 

fraction of the rebreathed air is infected, combining with a measure to assess the infectivity of 

the disease (the quanta generation rate), and recording over time, provides the probability of 

infection occurring. 

 

Naturally one has to select a duration over which to assess the probability of infection. This 

duration is often arbitrary; however, for indoor spaces which are regularly attended by the same 

group of people day-in-day-out, e.g. school classrooms and open-plan offices, it is reasonable 

to assume that once an infected individual exhibits symptoms they cease attending. This 
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identifies an appropriate duration since one can assess the likelihood of infection occurring 

during the pre/asymptomatic period (which for COVID-19 is estimated to be 5-7 days). Hence 

one can ask the question: what is the likely number of infections that arise from an infected 

individual attending during one pre/asymptomatic? This can be estimated by monitored 

occupancy and CO2 levels which accounts for fluctuations in occupancy and provides the R-

number for a regularly attended space. 

 

Application to an office scenario is set out in Burridge et al (2020, pre-print) leading to the 

results shown in Table 3 above. Application to school classrooms is as shown in the Figures 

below which estimate variations in R over a 12-month period. It should be noted that this work 

has not been peer-reviewed yet.  

 

 
Figure A2.1: Monthly R based on measured CO2 concentrations taken from 39 classrooms 

within 10 different primary schools, the height of the blue bar represents the mean and the 

black lines mark one standard deviation above and below. The data assumes asymptomatic 

airborne transmission (over 5 days) with 1 quanta/hour. Measurements were taken between 

November 2015 and March 2020 and originate from schools in England, as far North as 

Yorkshire, as far South and West as Somerset and as far East as Kent, they include a mix of 

data from schools in urban and rural settings. The data provision from Monodraught Ltd and the 

iServ database, and the data analysis of Carolanne Vouriot is gratefully acknowledged.   
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Figure A2.2: Average monthly change in R compared to September for the data shown in figure 

A2.1. 

 

Annex 2: CO2 and Relative Exposure Index Heat Maps 

 

In the heat maps a generic space is considered and the transient concentration of indoor CO2 

and Relative Exposure Index (REI) calculated as the time of exposure increases moving left to 

right on the x-axis. The values are also calculated at increasing space volumes (y axis bottom 

to top). Each heat map represents an occupancy level and a ventilation rate as indicated. 

Comparison of the REI and CO2 heat maps enables a quick indication of how measured indoor 

CO2 values may be used in assessing ventilation provision and the predicted REI. 

 

The Relative Exposure Index is derived from a mass balance equation detailed in Jones et al 

(2020) essentially comparing the relative risk of a susceptible individual inhaling a dose of viral 

genome copies (some of which are viable virus) that deposit in the respiratory tract and could 

lead to an infection in a described scenario to a reference case. In this instance the reference 

case with an REI of 1.00 is equivalent to a UK Junior classroom, 148m3, occupied for 7 hours, 

ventilated at 5l/s/p (160l/s) with one infected person present. Serendipitously an REI of 1 is also 

found for a 600m3 office with 20 occupants, ventilated at 10l/s/p (200l/s), occupied for 8 hours. 

The higher ventilation rate in the latter counters the increased breath rate (and therefore 

emission rate) of the assumed adult male occupants (males used as worst case, as their breath 

rate is greater than female at rest). The assumed aerosol emission of viral genome by the 

infector is based on 75% breathing and 25% talking – as the respiratory activity is related to the 

aerosol emission rate. 

 

The model is a transient model and assumes that at time zero there is no viral genome material 

present. There are uncertainties in some of the assumptions used in the model and these are 

explored further in Jones et al (2020). Due to the assumption of a well-mixed space, the model 

may be less accurate for larger volume spaces. 

 

Individual REI: In this relative risk assessment a single infector is assumed to be present in the 

test spaces and the exposure risk of a single susceptible individual sharing the space is 

calculated. The heat maps in Figure 1 show a low occupancy (5 person) space has lower 

ventilation rates and thus increased risks compared to the reference case, because the 

ventilation rates are expressed in terms of l/s/person. Providing 10l/s/p for 5 persons 

occupancy provides a toal of 50l/s which is half the ventilation flow of a 20 person space 

ventilated at 5l/s/p (100l/s). The REI increases with exposure time and decreases with 

increased ventilation and space volume. The risk is lower in larger volume spaces as there is a 

large reservoir of air to dilute any emitted aerosols and it takes a longer time for steady state 

conditions to be realised. Therefore, for short exposures in large spaces the role of ventilation 

is less significant. 

 

Event REI: In this relative risk assessment we assume the probability of an infector within a 

space (ie the greater the occupancy the greater the probability of an infector being present) and 

the exposure risk to all occupants, ie the probability of an infective dose may be low for the 

individual, but if there are more individuals in the space the probability that one may receive an 

infective dose will increase. With respect to the event REI (Figure 2- Event Relative Exposure 

Index – Shows how the Event REI changes over time and room volume, and in relation to 
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ventilation provision.) the value is lower in the lower occupancy spaces because the probability 

of an infector being present is low. As the occupancy increases, the probability of an infector 

increases, as does the chance of a susceptible person receiving an infective dose. 

 

In both the event and individual REI analysis, increasing ventilation reduces the relative risk, as 

does increasing the volume of the space. 

 

Benefits of a Relative Exposure Index 

Because we don’t know the emission rate of viral genome by an infected person (because it 

can vary over an order of several magnitudes), REI does not provide an absolute risk, but 

enables an assessment that scenario A is less/more safe than scenario B if the same infector 

was present in both scenarios.   

 
The CO2 heat maps (Figure 3) show how the CO2 concentration increases within a space until 

the steady state concentration is reached. The time to steady state is longer in larger volume 

spaces. There is a strong correlation with high CO2 values (>1500ppm) and an increase in REI 

in both the individual and event level scenarios, the high CO2 levels are also indicative of poor 

ventilation flow rates. However, low CO2 values are not necessarily indicators of good 

ventilation, for example in poorly ventilated larger spaces low CO2 values can be recorded for 

several hours as the time to reach steady state is long. However, the time to steady state for 

any airborne aerosols in the same space will be equally large, so the low CO2 values in large 

spaces over short exposure times are also indicative of lower REI. 

In small volume low occupancy spaces (eg 5 occupants in <300m3) with an infector present the 

REI is high even when CO2 levels are <1000ppm as only 50l/s of ventilation flow is required to 

keep CO2 below 1000ppm, whilst higher ventilation flows would reduce the REI further. 

 

Jones, B., Sharpe, P., Iddon, C. Hathway, A.E. & Fitzgerald, S. Modelling uncertainty in the 
relative risk of exposure to the SARS-CoV-2 virus by airborne aerosol transmission in 
Buildings. Prepr. Res. Gate (2020) doi:10.13140/RG.2.2.25874.89283. 
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Individual Relative Exposure Index 

 

 

 

Figure 1- Individual Relative Exposure Index – Shows how the REI changes over time and room volume, and in relation to ventilation provision. 
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Event Relative Exposure Index 

 

 

 

Figure 2- Event Relative Exposure Index – Shows how the Event REI changes over time and room volume, and in relation to ventilation provision. 
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Indoor Carbon Dioxide Concentration 

 

 
 

 
Ppm 

Figure 3- Carbon Dioxide concentration – Shows how the indoor CO2 concentration changes transiently over time and room volume, and in relation to ventilation provision

Volume 1 2 3 4 5 6 7 8 9 10 11 12 Volume 1 2 3 4 5 6 7 8 9 10 11 12 Volume 1 2 3 4 5 6 7 8 9 10 11 12

3000 515 529 543 557 570 582 595 607 618 630 641 651 661 671 681 691 700 709 717 726 734 742 749 757 3000 557 607 651 691 726 757 784 809 830 849 866 882 895 907 917 927 935 942 949 955 960 964 968 972 3000 630 726 797 849 888 917 939 955 966 975 982 986 990 993 994 996 997 998 998 999 999 999 999 1000

2500 518 535 551 567 582 597 611 625 638 651 663 675 687 698 709 719 729 738 748 757 765 774 782 789 2500 567 625 675 719 757 789 818 842 863 882 897 911 923 933 942 950 957 963 968 972 976 979 982 984 2500 651 757 830 882 917 942 960 972 980 986 990 993 995 997 998 998 999 999 999 1000 1000 1000 1000 1000
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150 726 849 917 955 975 986 993 996 998 999 999 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 150 955 996 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 150 999 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000

100 797 917 966 986 994 998 999 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 100 986 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 100 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000

50 917 986 998 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 50 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 50 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000

Volume 1 2 3 4 5 6 7 8 9 10 11 12 Volume 1 2 3 4 5 6 7 8 9 10 11 12 Volume 1 2 3 4 5 6 7 8 9 10 11 12

3000 515 530 544 558 572 586 600 613 626 639 652 665 677 689 701 713 725 737 748 759 770 781 792 802 3000 558 613 665 713 759 802 843 881 917 951 983 1013 1042 1068 1093 1117 1139 1160 1180 1199 1216 1233 1248 1263 3000 639 759 862 951 1028 1093 1150 1199 1241 1277 1308 1335 1358 1378 1395 1409 1422 1433 1442 1450 1457 1463 1468 1473

2500 518 535 553 569 586 602 618 634 650 665 680 694 709 723 737 750 764 777 790 802 815 827 839 851 2500 569 634 694 750 802 851 896 938 977 1013 1047 1079 1108 1135 1160 1184 1206 1226 1245 1263 1280 1295 1309 1322 2500 665 802 917 1013 1093 1160 1216 1263 1302 1335 1362 1385 1404 1420 1433 1444 1453 1461 1467 1473 1477 1481 1484 1487

2000 522 544 565 586 606 626 646 665 683 701 719 737 754 770 786 802 818 833 848 862 877 890 904 917 2000 586 665 737 802 862 917 967 1013 1055 1093 1128 1160 1190 1216 1241 1263 1283 1302 1319 1335 1349 1362 1374 1385 2000 701 862 991 1093 1175 1241 1293 1335 1368 1395 1416 1433 1446 1457 1466 1473 1478 1483 1486 1489 1491 1493 1494 1495

1500 530 558 586 613 639 665 689 713 737 759 781 802 823 843 862 881 900 917 934 951 967 983 998 1013 1500 613 713 802 881 951 1013 1068 1117 1160 1199 1233 1263 1290 1314 1335 1353 1370 1385 1398 1409 1420 1429 1437 1444 1500 759 951 1093 1199 1277 1335 1378 1409 1433 1450 1463 1473 1480 1485 1489 1492 1494 1495 1497 1498 1498 1499 1499 1499

1000 544 586 626 665 701 737 770 802 833 862 890 917 943 967 991 1013 1035 1055 1075 1093 1111 1128 1145 1160 1000 665 802 917 1013 1093 1160 1216 1263 1302 1335 1362 1385 1404 1420 1433 1444 1453 1461 1467 1473 1477 1481 1484 1487 1000 862 1093 1241 1335 1395 1433 1457 1473 1483 1489 1493 1495 1497 1498 1499 1499 1500 1500 1500 1500 1500 1500 1500 1500

800 555 606 655 701 745 786 825 862 897 930 961 991 1019 1045 1070 1093 1116 1137 1157 1175 1193 1210 1226 1241 800 701 862 991 1093 1175 1241 1293 1335 1368 1395 1416 1433 1446 1457 1466 1473 1478 1483 1486 1489 1491 1493 1494 1495 800 930 1175 1315 1395 1440 1466 1481 1489 1494 1496 1498 1499 1499 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500

600 572 639 701 759 813 862 908 951 991 1028 1062 1093 1123 1150 1175 1199 1221 1241 1259 1277 1293 1308 1322 1335 600 759 951 1093 1199 1277 1335 1378 1409 1433 1450 1463 1473 1480 1485 1489 1492 1494 1495 1497 1498 1498 1499 1499 1499 600 1028 1277 1395 1450 1476 1489 1495 1498 1499 1499 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500

300 639 759 862 951 1028 1093 1150 1199 1241 1277 1308 1335 1358 1378 1395 1409 1422 1433 1442 1450 1457 1463 1468 1473 300 951 1199 1335 1409 1450 1473 1485 1492 1495 1498 1499 1499 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 300 1277 1450 1489 1498 1499 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500

150 759 951 1093 1199 1277 1335 1378 1409 1433 1450 1463 1473 1480 1485 1489 1492 1494 1495 1497 1498 1498 1499 1499 1499 150 1199 1409 1473 1492 1498 1499 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 150 1450 1498 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500

100 862 1093 1241 1335 1395 1433 1457 1473 1483 1489 1493 1495 1497 1498 1499 1499 1500 1500 1500 1500 1500 1500 1500 1500 100 1335 1473 1495 1499 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 100 1489 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500

50 1093 1335 1433 1473 1489 1495 1498 1499 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 50 1473 1499 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 50 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500

Volume 1 2 3 4 5 6 7 8 9 10 11 12 Volume 1 2 3 4 5 6 7 8 9 10 11 12 Volume 1 2 3 4 5 6 7 8 9 10 11 12

3000 515 530 545 560 574 589 604 619 633 648 662 677 691 706 720 734 749 763 777 791 805 819 833 847 3000 560 619 677 734 791 847 903 958 1012 1065 1118 1171 1222 1273 1324 1373 1423 1471 1519 1567 1614 1660 1706 1751 3000 648 791 930 1065 1196 1324 1447 1567 1683 1796 1905 2012 2115 2215 2312 2406 2498 2586 2672 2756 2837 2916 2992 3066

2500 518 536 554 571 589 607 624 642 659 677 694 711 729 746 763 780 797 814 831 847 864 881 897 914 2500 571 642 711 780 847 914 979 1044 1108 1171 1232 1293 1354 1413 1471 1529 1586 1642 1697 1751 1805 1858 1910 1961 2500 677 847 1012 1171 1324 1471 1614 1751 1884 2012 2135 2254 2369 2479 2586 2689 2789 2885 2977 3066 3152 3235 3315 3393

2000 522 545 567 589 611 633 655 677 698 720 741 763 784 805 826 847 868 889 910 930 951 971 992 1012 2000 589 677 763 847 930 1012 1092 1171 1248 1324 1398 1471 1543 1614 1683 1751 1818 1884 1948 2012 2074 2135 2195 2254 2000 720 930 1131 1324 1507 1683 1851 2012 2165 2312 2452 2586 2714 2837 2954 3066 3173 3276 3374 3467 3557 3642 3724 3802

1500 530 560 589 619 648 677 706 734 763 791 819 847 875 903 930 958 985 1012 1039 1065 1092 1118 1145 1171 1500 619 734 847 958 1065 1171 1273 1373 1471 1567 1660 1751 1840 1927 2012 2094 2175 2254 2331 2406 2479 2551 2621 2689 1500 791 1065 1324 1567 1796 2012 2215 2406 2586 2756 2916 3066 3208 3341 3467 3586 3697 3802 3901 3994 4082 4164 4242 4315

1000 545 589 633 677 720 763 805 847 889 930 971 1012 1052 1092 1131 1171 1209 1248 1286 1324 1361 1398 1435 1471 1000 677 847 1012 1171 1324 1471 1614 1751 1884 2012 2135 2254 2369 2479 2586 2689 2789 2885 2977 3066 3152 3235 3315 3393 1000 930 1324 1683 2012 2312 2586 2837 3066 3276 3467 3642 3802 3948 4082 4204 4315 4417 4511 4596 4674 4745 4810 4869 4923

800 556 611 666 720 773 826 879 930 981 1032 1082 1131 1180 1229 1276 1324 1370 1417 1462 1507 1552 1596 1640 1683 800 720 930 1131 1324 1507 1683 1851 2012 2165 2312 2452 2586 2714 2837 2954 3066 3173 3276 3374 3467 3557 3642 3724 3802 800 1032 1507 1932 2312 2651 2954 3225 3467 3683 3877 4049 4204 4342 4465 4575 4674 4761 4840 4910 4973 5029 5079 5124 5164

600 574 648 720 791 861 930 998 1065 1131 1196 1261 1324 1386 1447 1507 1567 1625 1683 1740 1796 1851 1905 1959 2012 600 791 1065 1324 1567 1796 2012 2215 2406 2586 2756 2916 3066 3208 3341 3467 3586 3697 3802 3901 3994 4082 4164 4242 4315 600 1196 1796 2312 2756 3138 3467 3750 3994 4204 4384 4540 4674 4789 4888 4973 5046 5110 5164 5211 5251 5286 5316 5341 5363

300 648 791 930 1065 1196 1324 1447 1567 1683 1796 1905 2012 2115 2215 2312 2406 2498 2586 2672 2756 2837 2916 2992 3066 300 1065 1567 2012 2406 2756 3066 3341 3586 3802 3994 4164 4315 4449 4568 4674 4767 4850 4923 4989 5046 5098 5143 5184 5219 300 1796 2756 3467 3994 4384 4674 4888 5046 5164 5251 5316 5363 5399 5425 5444 5459 5470 5477 5483 5488 5491 5493 5495 5496

150 791 1065 1324 1567 1796 2012 2215 2406 2586 2756 2916 3066 3208 3341 3467 3586 3697 3802 3901 3994 4082 4164 4242 4315 150 1567 2406 3066 3586 3994 4315 4568 4767 4923 5046 5143 5219 5279 5326 5363 5393 5415 5434 5448 5459 5468 5475 5480 5484 150 2756 3994 4674 5046 5251 5363 5425 5459 5477 5488 5493 5496 5498 5499 5499 5500 5500 5500 5500 5500 5500 5500 5500 5500

100 930 1324 1683 2012 2312 2586 2837 3066 3276 3467 3642 3802 3948 4082 4204 4315 4417 4511 4596 4674 4745 4810 4869 4923 100 2012 3066 3802 4315 4674 4923 5098 5219 5304 5363 5405 5434 5454 5468 5477 5484 5489 5492 5495 5496 5497 5498 5499 5499 100 3467 4674 5164 5363 5444 5477 5491 5496 5498 5499 5500 5500 5500 5500 5500 5500 5500 5500 5500 5500 5500 5500 5500 5500

50 1324 2012 2586 3066 3467 3802 4082 4315 4511 4674 4810 4923 5018 5098 5164 5219 5266 5304 5336 5363 5386 5405 5420 5434 50 3066 4315 4923 5219 5363 5434 5468 5484 5492 5496 5498 5499 5500 5500 5500 5500 5500 5500 5500 5500 5500 5500 5500 5500 50 4674 5363 5477 5496 5499 5500 5500 5500 5500 5500 5500 5500 5500 5500 5500 5500 5500 5500 5500 5500 5500 5500 5500 5500

50 People

Number of occupants

V
en

ti
la

ti
o

n
 f

lo
w

5
l/

s

(1
l/

s/
p

er
so

n
)

R
e

sp
ir

at
o

ry
 A

ct
iv

it
y

V
en

ti
la

ti
o

n
 f

lo
w

 2
0

l/
s

(1
l/

s/
p

er
so

n
)

R
e

sp
ir

at
o

ry
 A

ct
iv

it
y

V
en

ti
la

ti
o

n
 f

lo
w

 5
0

l/
s

(1
l/

s/
p

er
so

n
)

R
e

sp
ir

at
o

ry
 A

ct
iv

it
y

5 People 20 People

5 People 20 People 50 People

Time (h) Time (h) Time (h)

Time (h) Time (h) Time (h)

V
en

ti
la

ti
o

n
 f

lo
w

 2
5

l/
s 

(5
l/

s/
p

er
so

n
)

R
e

sp
ir

at
o

ry
 A

ct
iv

it
y

V
en

ti
la

ti
o

n
 f

lo
w

 1
0

0
l/

s 
(5

l/
s/

p
er

so
n

)

R
e

sp
ir

at
o

ry
 A

ct
iv

it
y

V
en

ti
la

ti
o

n
 f

lo
w

 2
5

0
l/

s 
(5

l/
s/

p
er

so
n

)

R
e

sp
ir

at
o

ry
 A

ct
iv

it
y

V
en

ti
la

ti
o

n
 f

lo
w

 5
0

0
l/

s 

(1
0

l/
s/

p
er

so
n

)

R
e

sp
ir

at
o

ry
 A

ct
iv

it
y

5 People 20 People 50 People

Time (h) Time (h) Time (h)

V
en

ti
la

ti
o

n

V
en

ti
la

ti
o

n
 f

lo
w

 5
0

l/
s 

(1
0

l/
s/

p
er

so
n

)

R
e

sp
ir

at
o

ry
 A

ct
iv

it
y

V
en

ti
la

ti
o

n
 f

lo
w

 2
0

0
l/

s 

(1
0

l/
s/

p
er

so
n

)

R
e

sp
ir

at
o

ry
 A

ct
iv

it
y

5 People 20 People 50 People

300

400

600

800

1000

1100

1200

1300

1400

1500

1800

2000

2500

3000

4000

5000



   
 

 33  
 

 




