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1. Introduction 

The ventilation of buses and trains has come to be of some significance to the travelling public in 

recent years for a number of reasons. On the one hand, such vehicles can travel through highly 

polluted environments, such as urban highways or railway tunnels, with high levels of the oxides of 

nitrogen, carbon monoxide, hydrocarbons and particulate matter that can be drawn into the 

passenger compartments with potentially both short- and long-term health effects on passengers. On 

the other, the covid-19 pandemic has raised very significant concerns about the aerosol spread of 

pathogens within the enclosed spaces of trains and buses. There is a basic dichotomy here - to 

minimise the intake of external pollutants into vehicles, the intake of external air needs to be kept 

low, whilst to keep pathogen risk low, then high levels of air exchange between the outside 

environment and the internal space are desirable. This paper addresses this issue by developing a 

common analytical framework for pollutant and pathogen dispersion in public transport vehicles, and 

then utilises this framework to investigate specific scenarios, with a range of different ventilation 

strategies.  

In the next section, we present some of the relevant background literature and identify the major 

pollutant pathways. Section 3 sets out a basic analytical model, that considers both externally and 

internally generated pollutants and pathogens to be considered in a common ventilation framework, 

whist making no assumptions about the ventilation mechanisms. This of itself offers some useful 

insights into the differences between externally and internally generated pollutants. Section 4 then 

considers the nature of the ventilation of public transport vehicles and identifies the important 

parameters that govern ventilation rate. The basic model is utilised to study a number of specific 

scenarios in section 5. Some broad conclusions are drawn in section 6. 
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2. Background 

Since the 1980s many investigations have been carried out of pollutant levels in traffic environment - 

see for example the work of Hicks et al (2021) at a heavily congested roadside site in London, and that 

of Hickman et al (2018) and Font et al (2020) for enclosed railway stations. More recently, a number 

of investigators have measured pollutant levels within the passenger compartments of trains and 

buses, in a variety of different environments. These include metro and commuter rail systems in 

Czechia (Branis, 2006), South Korea (Park et al, 2008), Taiwan (Cheng et al, 2012), Greece (Maggos et 

al, 2016), Canada (Heong et al, 2017), Sweden (Cha et al, 2018a,b), Denmark (Anderson et al 2019a,b), 

the Philippines (Batutay et al, 2020) and Portugal (Buitrago et al, 2021), with measurements made on 

both underground and overground trains.  Measurements made on urban buses are reported from 

China by Li et al (2017) and from India by Chaudhry and Elumalai (2020).  

From these investigations the following major points emerge. 

• The main concern is with pollutants that arise from diesel engines, whether in trains or buses. 

These include the oxides of nitrogen, carbon monoxide, a range of hydrocarbons and 

particulate matter over a large size range, all of which can cause respiratory problems at 

elevated concentrations or can be toxic at higher concentrations.  

• Diesel trains have much higher levels of all pollutants than electric trains. 

• Particulate matter can also be the result of brake wear or road or rail wear.  

• For diesel trains, the roof mounted engine exhausts can be in close proximity to the inlets to 

HVAC systems, with regular plume impingement and thus pollutant can be ingested into the 

passenger cabin.  

• Pollutant levels varied significantly with position within trains, the train consist and whether 

or not the locomotive was leading or trailing. 

• For road vehicles in congested urban areas, the pollutants of concern can arise from all the 

traffic on the road, dispersed by the vehicle wakes, forming a cloud of pollutant over the 

highway that can again be ingested into the air conditioning systems or through open 

windows.  

• Similarly in enclosed railway stations, concentrations of diesel pollutants can be significantly 

above ambient levels.  

• Less directly, particulate matter from vehicles and other sources, can be deposited in road or 

rail environments, particularly enclosed tunnels, resuspended by vehicle movement and then 

ingested into passenger compartments. In such cases interior concentration of pollutants can 

be very high. 

Pollutants can also be generated internally within vehicles. Carbon dioxide from passenger respiration, 

which, if allowed to build up, can cause drowsiness and headaches, or more severe symptoms. In 

addition, pathogens, such as flu or covid-19, can be generated within passenger compartments by 

infected individuals and have the potential to infect others.  This latter aspect has not been extensively 

studied, although there is some recent CFD based work reported in Zhang et al, (2012), Wang et al 

(2014) and Peng et al (2020). It is now generally recognised that pathogen transmission is primarily by 

aerosols, with transmission by larger droplets only occurring between individuals in close proximity - 

see the recent review by Wang et al (2021), which shows that the evidence for transmission by surface 

contamination is surprisingly weak.  
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Finally, there is an emerging body of evidence that high levels of pollutant can increase the risk of 

pathogen infection. Long term exposure to particulate pollutants in particular can results in a 

weakened respiratory system that makes individuals more prone to infection and serious illness (Mein 

et al, 2020; Comunian et al, 2020, Travaglio et al, 2021). There are also indications (although not 

strong) that particulates in the atmosphere can act as foci for pathogens that increase the local risk of 

transmission (Nor et al, 2021). 
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3. Analysis 

3.1 Formulation of concentration equation 

In the analysis that follows, we consider the build-up of both pollutants or pathogens in a public 

transport vehicle using a unified approach based on simple conservation arguments. This approach is 

not novel and has been used by others (eg Miller et al, 2021), but here we aim to treat the issues in a 

unified way within a common framework. We assume that the vehicle is ventilated either naturally 

through openings, or through a number of HVAC systems. There may or may not be the facility for air 

recirculation and cleaning. The equation of conservation of pollutant or pathogen mass is given in 

words as follows 

Rate of change of mass of species inside the vehicle = inlet mass flow rate of species + mass generation 

rate of species within the vehicle - outlet mass flow rate of species– mass flow rate of species removed 

through cleaning, deposition on surfaces or decay. 

“Mass” here is defined differently for pollutants and pathogens - in the standard way as kilograms for 

chemical pollutants, and as quanta for pathogens. Concentrations are similarly defined in two ways - 

as kilograms of pollutant per kilogram of air, or as quanta of pollutant per kilogram of air.  

In symbols this conservation equation can be written 

𝜌𝑉
𝑑𝐶

𝑑𝑡
=  ∑ 𝑚̇𝑖𝐶𝑖 + 𝑔 −  𝐶 ∑ 𝑚̇𝑖 − 𝑚̇𝑐𝐶𝜖 − 𝜌𝑉𝐶𝛾 − 𝜌𝑉𝐶𝛿      (1) 

Here 𝜌 is the density of air (kg/m3); 𝑉 is the internal volume of the vehicle (m3); 𝐶 is the internal 

concentration in the vehicle (kg/kg or quanta/kg);  𝑡 is time (h); 𝑚̇𝑖 is the mass flow rate of air at 

ventilation inlet i (kg/h); 𝐶𝑖 is the concentration of species at inlet i (kg/kg or quanta/kg); 𝑔 is the 

internal generation term in (kg/h or quanta/h); 𝑚̇𝑐 is the recirculated mass flow of air (kg/h); 𝜖 is the 

cleaning efficiency of the recirculation system; 𝛾 is the rate of deposition to surfaces (1/h) and 𝛿 is the 

decay rate of the pollutant or pathogen (1/h) .  

The mass flow rates will depend upon the type of opening and for non-airconditioned vehicles will be 

a function of vehicle speed. At this stage we make no specific assumptions about the nature of the 

ventilation system, other than it draws in air through a number of inlets and may or may not offer the 

facility for recirculating and cleaning a portion of that air.  

We now define equivalent mass flow rates and concentrations. 

𝑚̇𝑒 = ∑ 𝑚̇𝑖             (2) 

𝐶𝑒 =
∑ 𝑚̇𝑖𝐶𝑖 

∑ 𝑚̇𝑖 
          (3) 

The conservation equation becomes 

𝜌𝑉
𝑑𝐶

𝑑𝑡
=  𝑚̇𝑒𝐶e + 𝑔 −  𝑚̇𝑒𝐶 − 𝑚̇𝑐𝐶𝜖 − 𝜌𝑉𝐶𝛾 − 𝜌𝑉𝐶𝛿   

After some manipulation this becomes 

𝑑𝐶

𝑑𝑡
= 𝛼𝐶e +

𝑔

𝜌𝑉
− (𝛼 + 𝛽 + 𝛾 + 𝛿)𝐶   

where 𝛼 is the number of air changes through the vehicle ventilation system per hour and is given by 

𝛼 =
𝑚̇𝑒

𝜌𝑉
         (4) 

and 𝛽 is the rate of recirculation of clean air per hour given by 
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𝛽 =
𝑚̇𝑐𝜖

𝜌𝑉
         (5) 

 

3.2 Solutions of concentration equations 

This equation is very straightforward and applies to both pollutants and pathogens, provided the 

terms are appropriately defined. We now consider two cases - the concentrations from external 

sources (for example, external sources of the oxides of nitrogen or particulate matter); and the 

concentrations due to internal pollutant or pathogen generation (for example, carbon dioxide or 

Covid-19). 

For external pollutants, the internal generation term is zero. The concentration equation then 

becomes 

𝑑𝐶

𝑑𝑡
= 𝑎𝐶e − (𝛼 + 𝛽 + 𝛾 + 𝛿)𝐶         (6) 

This can be straightforwardly solved for internal concentrations for arbitrary time histories of external 

concentration and also various air recirculation strategies (such as turning HVAC systems on and off, 

or closing and opening windows). If 𝐶e, 𝑎, 𝛽, 𝛾 and 𝛿 are constant and the initial concentration is zero, 

we have the very simple solution 

𝐶 =
𝛼𝐶𝑒

(𝛼+𝛽+𝛾+𝛿)
(1 − 𝑒−𝑇(𝛼+𝛽+𝛾+𝛿)  )         (7) 

where 𝑇 is the journey time. For large values of 𝑇 this becomes  

𝐶∞ =
𝛼𝐶𝑒

(𝛼+𝛽+𝛾+𝛿+𝛿)
           (8) 

and one can thus write 

𝐶 = 𝐶∞(1 − 𝑒−𝑇(𝛼+𝛽+𝛾+𝛿)  )          (9) 

For internal pollutants, we assume that the internal source is the passenger load, and we write 

𝑔 = 𝑁𝑞𝑜           (10) 

where 𝑁  is the total number of passengers when pollutants such as carbon dioxide are being 

considered, or the number of infected passengers when pathogens are being considered.  𝑞𝑜 is the 

output of pollution per person in kg/h or of pathogen in quanta/h. The conservation equation 

becomes 

𝑑𝐶

𝑑𝑡
=

𝑁𝑞𝑜

𝜌𝑉
− (𝛼 + 𝛽 + 𝛾 + 𝛿)𝐶         (11) 

Here concentrations are expressed as kg of pollutant / kg of air or quanta of pathogen / kg of air. 

Again, this can be readily solved numerically for variable values of 𝐶e, 𝑞𝑜, 𝑎 etc. As in the external 

pollutant case, it has a simple solution for 𝐶e, 𝑞𝑜, 𝑎, 𝜖 and 𝑟 are constant and an initial concentration 

of zero., 

𝐶 =
𝑁𝑞𝑜

𝜌𝑉(𝛼+𝛽+𝛾+𝛿)
(1 − 𝑒−𝑇(𝛼+𝛽+𝛾+𝛿)  )         (12) 

with the solution for large time as  

𝐶∞ =
𝑁𝑞𝑜

𝜌𝑉(𝛼+𝛽+𝛾+𝛿)
           (13) 

and again  
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𝐶 = 𝐶∞(1 − 𝑒−𝑇(𝛼+𝛽+𝛾+𝛿)  )          (14) 

Now let us consider the implications of the above equations. For externally or internally produced 

gaseous pollutants the sum  (𝛼 + 𝛽 + 𝛾 + 𝛿) that appears in the above analysis simplifies to (𝛼 + 𝛽) 

since there is no deposition and no pollutant decay. For particulate pollutants this term becomes 

(𝛼 + 𝛽 + 𝛾) whilst for pathogens all the terms are important. If there is no air recirculation with 𝛽 =

0, then for gaseous pollutants the sum simply becomes equal to 𝛼 and for particulates to 𝛼 + 𝛾 

At this point it is worth considering the relative magnitudes of 𝛼, 𝛽, 𝛾 and 𝛿. It will be shown in the 

next section that 𝛼 for most ventilation mechanisms is of the order of 10/h. Jimenez and Peng gives 

values of 𝛽, 𝛾 and 𝛿 for a range of ventilation systems of around 3, 0.2 and 1.6. The value for 𝛾 is quite 

general and applies to PM2.5 to PM10 particles and also for pathogens, whilst the value for 𝛿 is 

specifically for covid-19. Thus for both gaseous and particulate pollutants with no recirculation the 

sum  (𝛼 + 𝛽 + 𝛾 + 𝛿) is dominated by 𝛼. Now equations (7) to (9) therefore suggest that the internal 

concentrations of pollutants that are generated outside the vehicle, in the absence of recirculation of 

air within the vehicle, deposition or decay, tend in the long term to the weighted average of the 

concentrations at the inlets, be they HVAC systems or windows and doors. These long-term values are 

(2021) independent of air exchange rates. The air exchange rates do however affect the rate at which 

the concentrations approach the long-term values. In contrast for internally generated pollutants of 

pathogens, equations (12) to (14) suggest the long-term values are very dependent upon air exchange 

rates even when there is no recirculation, decay or deposition, and low rates of air exchange can lead 

to high internal concentrations. Again, the air exchange rates affect the speed with which the long-

term values are reached. For both external pollutants and internally generated pollutants, the 

concentrations can be significantly reduced by recirculation and cleaning of the air. 

In the above equations 𝑇 = 1/(𝛼 + 𝛽 + 𝛾 + 𝛿) is effectively the time for one air change. Equations 

(9) and (14) indicate that after one air change the concentration is 63% of its long-term value, and this 

rises to 98% after 4 air changes. 

 

3.3 Dose calculations 

The dose of pollutant or pathogen received can then be calculated from  

𝑑 = 𝑞𝑖𝑇𝐶̅         (15) 

where 𝑞𝑖 is the rate of breathing in, 𝑇 is the journey time and 𝐶̅ is the average concentration over the 

course of the journey.  

For external pollutants the average concentration for a journey where the initial concentration is zero    

𝐶̅ =
𝛼𝐶𝑒

(𝛼+𝛽+𝛾+𝛿)
  (1 −

(1−𝑒−𝑇(𝛼+𝛽+𝛾+𝛿)  )

𝑇(𝛼+𝛽+𝛾+𝛿)  
)         (16) 

which gives a dose of  

𝑑 =
𝑞𝑖𝑇𝛼𝐶𝑒

(𝛼+𝛽+𝛾+𝛿) 
(1 −

(1−𝑒−𝑇(𝛼+𝛽+𝛾+𝛿)  )

𝑇(𝛼+𝛽+𝛾+𝛿)  
)          (17) 

and a dose for a long journey of  

𝑑∞ =
𝑞𝑖𝑇𝛼𝐶𝑒

(𝛼+𝛽+𝛾+𝛿) 
           (18) 

For Internal pollutant or pathogen generation the average concentration is  
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𝐶̅ =
𝑁𝑞𝑜

𝜌𝑉(𝛼+𝛽+𝛾+𝛿)
  (1 −

(1−𝑒−𝑇(𝛼+𝛽+𝛾+𝛿)  )

𝑇(𝛼+𝛽+𝛾+𝛿)  
)         (19) 

and the dose becomes 

𝑑 =
𝑞𝑖𝑇𝑁𝑞𝑜

𝑉(𝛼+𝛽+𝛾+𝛿)
(1 −

(1−𝑒−𝑇(𝛼+𝛽+𝛾+𝛿)  )

𝑇(𝛼+𝛽+𝛾+𝛿)  
)         (20) 

with the asymptotic dose given by 

𝑑∞ =
𝑞𝑖𝑇𝑁𝑞𝑜

𝑉(𝛼+𝛽+𝛾+𝛿)
           (21) 

In health terms the dose of pollutant or pathogen is an important parameter. This is not well specified, 

with standards for pollutants usually taking the form as the average concentration allowed over a 

certain period (usually one or twenty-four hours). For example, the EU limits for Nitrogen Dioxide are 

200 g/m3 over a one-hour period, which must not be exceeded more than 18 times in any one year 

(EU, 2021). Similarly, the limit for PM10 is 50 g/m3 over a twenty-four-hour period. Carbon Dioxide 

by contrast simply has a maximum concentration level specified in CDC (2021) of 5000 ppm. By 

contrast pathogen dose is utilised in the determination of infection probabilities, and it is that issue to 

which we now turn.  

 

3.4 Infection probabilities 

We now consider in more detail the infection probability due to pathogen dose. We follow the 

methodology of Jimenez and Peng (2021) but adopt a simplified analytical form that throws 

considerable light on the problems. Note that what follows implicitly assumes complete mixing of the 

pathogen across the passenger compartment, which is clearly an idealisation, and does not take into 

account the greatly elevated concentrations around infected individuals. We discuss how this might 

be allowed for in the future below.    

The probability of infection with the pathogen 𝑃 is given by 

𝑃 = (1 − (1 − 𝑝(1 − 𝑒−𝑑))
𝑁−1

) 𝐾 (1 − 𝑓𝐼)(1 − 𝑓𝑚𝜖𝑖)(1 − 𝑓𝑚𝜖𝑜)      (22) 

Here 𝑝 is the population probability of infection; 𝐾 is a factor that allows for pathogen variants; 𝑓𝐼 is 

the fraction of people who are immune due to vaccination or previous infection; 𝑓𝑚 is the fraction of 

people wearing masks; 𝜖𝑜 is the mask efficiency for breathing out; and 𝜖𝑖 is the mask efficiency for 

breathing in. For small values of 𝑑 and 𝑝 this can be approximated by 

𝑃 = 𝑑𝑝(𝑁 − 1)𝐾 (1 − 𝑓𝐼)(1 − 𝑓𝑚𝜖𝑖)(1 − 𝑓𝑚𝜖𝑜)        (23) 

For the general case equations (15) and (26) give 

 𝑃 = 𝑞𝑖𝑇𝐶̅ 𝑝(𝑁 − 1)𝐾 (1 − 𝑓𝐼)(1 − 𝑓𝑚𝜖𝑖)(1 − 𝑓𝑚𝜖𝑜)        (24) 

For the case of zero initial concentration, we assume firstly that the number of infected passengers is 

one and thus equation (20) becomes  

𝑑 =
𝑞𝑖𝑇𝑞𝑜

𝑉(𝛼+𝛽+𝛾+𝛿)
(1 −

(1−𝑒−𝑇(𝛼+𝛽+𝛾+𝛿)  )

𝑇(𝛼+𝛽+𝛾+𝛿)  
)         (25) 

Now let 

𝑅 =
𝑞𝑖

𝑞𝑖,𝑟𝑒𝑓

𝑞𝑜

𝑞𝑜,𝑟𝑒𝑓
            (26) 
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where 𝑞𝑖,𝑟𝑒𝑓 and 𝑞𝑜,𝑟𝑒𝑓 are reference values of 𝑞𝑖 and 𝑞𝑜 for a person at rest, and not speaking. 𝑅 

allows for the effect of exercise and intensity of speaking / singing. The equation for dose becomes 

𝑑 =
𝑞𝑖,𝑟𝑒𝑓𝑇𝑞𝑜,𝑟𝑒𝑓

𝑉(𝛼+𝛽+𝛾+𝛿)
(1 −

(1−𝑒−𝑇(𝛼+𝛽+𝛾+𝛿)  )

𝑇(𝛼+𝛽+𝛾+𝛿)  
)  𝑅       (27) 

Values of 𝑅, calculated from the data given in Jimenez and Peng are given in table 1. There can be 

seen to be very large variations in this parameter depending on physical and oral activity.  

Equations (23) and (27) give 

𝑃 =
𝑞𝑖,𝑟𝑒𝑓𝑇𝑞𝑜,𝑟𝑒𝑓

𝑉(𝛼+𝛽+𝛾+𝛿)
(1 −

(1−𝑒−𝑇(𝛼+𝛽+𝛾+𝛿)  )

𝑇(𝛼+𝛽+𝛾+𝛿)  
) 𝑅 𝑝(𝑁 − 1)𝐾(1 − 𝑓𝐼)(1 − 𝑓𝑚𝜖𝑜)(1 − 𝑓𝑚𝜖𝑖)   (28) 

For long journeys this becomes 

𝑃∞ =
𝑞𝑖,𝑟𝑒𝑓𝑇𝑞𝑜,𝑟𝑒𝑓

𝑉(𝛼+𝛽+𝛾+𝛿)
 𝑅(1 − 𝑓𝑚𝜖𝑜)(1 − 𝑓𝑚𝜖𝑖)(𝑁 − 1) 𝑝𝐾 (1 − 𝑓𝐼)      (29) 

 

Values of R  Speaking or singing 

 

 
Not speaking Speaking quietly 

Speaking loudly 
or singing 

Exercise type 

At rest 1 5 30 

Light intensity 2.5 12.5 70 

Moderate intensity 14 70 420 

High intensity 70 350 2100 

 

Table 1 Values of the parameter R 

 

Now the simple algebraic formulation of equation (29) allows the interplay between the important 

parameters to be well appreciated. It shows that infection risk is linearly proportional to exposure 

time, prevailing infection rate, and inversely proportional to volume of the ventilated space and air 

exchange rate. It is also proportional to the parameter 𝑅, which can be seen to vary very substantially 

with activity and can increase the infection rate by two or three orders of magnitude. The effect of 

mask-wearing and population immunity is also clear. Whilst Jimenez and Peng (2021) would 

acknowledge the approximations made in the model, and also noting that further approximations 

have been made in deriving equation ((20), the expression seems to be a very useful one to aid in an 

understanding of the infection problem. 

The main issue with this infection model is that it assumes complete mixing of the pathogen 

throughout the cabin space and does not take account of the elevated concentrations around an 

infected individual. A possible way to deal with this is set out in Appendix 1. Further work is required 

in this area.  
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4. Ventilation of public transport vehicles 

4.1 Types of ventilation 

Up to this point, the precise nature of vehicle ventilation has not been considered. In this section we 

look at the different types of ventilation that can occur in different vehicles and how the flow rates 

through these systems can be determined. 

There are three basic types of vehicle ventilation for buses and trains - mechanical ventilation through 

HVAC systems, ventilation through openings such as windows and doors, and ventilation due to 

leakage. We consider these in turn below.  

 

4.2 Mechanical ventilation 

Mechanical ventilation is through the use of HVAC systems. These are usually commercially designed 

and supplied, to provide a specific flow rate of air into the vehicle 𝑚̇𝑖,𝐻𝑉𝐴𝐶. Some systems include the 

facility for recirculating and cleaning the ingested air, through the use of filters of different types. They 

tend to have inlets on vehicle roofs as a rule, where the pressures are close to the undisturbed value, 

but depending on the precise nature of the geometry the flow rates may be to some degree affected 

by flow induced pressure variations. Some HVAC systems have the facility for a degree of control i.e. 

varying the flow rate. See Li et al (2019) for a useful overview, albeit in the context of CFD calculations.  

The air exchange rate from this ventilation mechanism is given by 

𝛼𝐻𝑉𝐴𝐶 =
∑ 𝑚̇𝑖,𝐻𝑉𝐴𝐶

𝜌𝑉
            (30) 

𝑚̇𝑖,𝐻𝑉𝐴𝐶  for such systems are of the order of 1200 kg/h. giving values 𝑎𝐻𝑉𝐴𝐶  in a typical train passenger 

compartment of volume 200m3 with two HVAC units of 10/h. This is equivalent to a well-ventilated 

building but somewhat below the 20 to 30/h found in aeroplanes. 

 

4.3 Ventilation through windows and doors 

Passenger compartment ventilation through openings is of necessity much more variable than 

mechanical ventilation. The most common type of ventilation is through windows on the side of 

vehicles and is obviously a function of vehicle speed. To specify this mode of ventilation, we use the 

analysis of Straw et al (2000) who defined what they termed the shear layer ventilation due to flow 

across an opening.  Using experimental data from a large cube in the atmospheric boundary layer, 

they were able to show that the mass flow rate could be approximated by 𝑘𝜌𝐴𝑢 where k is a constant 

(of the order of 0.1), 𝜌 is the density of air, 𝐴 is the overall opening area, and 𝑢 is the wind speed 

across the opening. Applying this to the vehicle case, we write the following expression for ventilation 

rate due to open windows  𝑚̇𝑖,𝑤 as 

𝑚̇𝑖,𝑤 = 3600𝑘𝜌𝑣𝐴𝑖,𝑤           (31) 

𝐴𝑖,𝑤 is the area of a window opening in m2 and 𝑣 is the vehicle speed in m/s. 𝑚̇𝑖,𝑤 is the mass flow 

rate in kg/h. The ventilation rate is thus a function of vehicle speed, which matches with experience. 

The air exchange rate due to windows is thus 

𝛼𝑤 =
3600 𝑘𝑣 ∑ 𝐴𝑖,𝑤

𝑉
           (32) 
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This approach is confirmed to some degree by the CFD work of Li et al (2017) who looked at ventilation 

rates into a school bus. The linear dependence of ventilation flow rates with bus speed was clear, and, 

although precise opening areas are not given, values of k between 0.03 and 0.15 could be calculated 

making reasonable assumptions. These values varied with the window opening configuration. We will 

use a value of 0.1 in what follows. Putting in typical values of the parameters for a train carriage of 

internal volume of 200m3, a speed of 25m/s and four open windows of 0.05m2 each gives an air 

exchange rate 𝑎𝑤 of around 9/h which seems reasonable.  Increasing the number of open windows to 

ten gives a high value of 𝑎𝑤 of 22.5/h. This high value is consistent with the author’s personal (and 

subjective) experience of travelling on such trains with many windows open. Note however that the 

air exchange rate can reduce to zero as the speed falls, or if the windows are closed due to low external 

temperatures. 

Some ventilation can also take place through open doors at stations or bus stops. This is difficult to 

quantify, but in what follows we use expressions analogous to the ones for window ventilation. 

𝑚̇𝑖,𝑑 = 3600𝑘𝜌𝐴𝑖,𝑑𝑢           (33) 

𝛼𝑑 =
3600𝑘𝑢 ∑ 𝐴𝑖,𝑑

𝑉
             (34) 

Here 𝐴𝑖,𝑑 is the area of one door, and 𝑢 is a nominal wind speed across the door opening, that will be 

taken as 1m/s in what follows. For the train carriage above, with two door openings of 3m2 each, this 

gives 𝑎𝑑 as 10.8/h, although as doors will only be open for a small proportion of the time, the average 

value over a journey will be much less.  

 

4.4 Ventilation by leakage 

The third potential source of ventilation is through leakage in the vehicle envelope. This can be 

conveniently divided into two types. The first, applicable to buses and coaches, is ventilation driven 

by the relatively large pressure difference between the front and the back of the vehicle, and the 

second, of more relevance to sealed trains, is due to the pressure difference between the pressure 

along the sides of the train, and the internal pressure. We consider them in turn. 

The first type of leakage can be specified by the orifice type analysis used in building ventilation. The 

leakage mass flow rate in kg/h is given by the following equation. 

𝑚̇𝑙 = 3600𝜌𝐴𝑙𝑣𝐶𝑑(∆𝐶𝑝)
0.5

          (35) 

Here 𝐴𝑙  is the leakage area, 𝐶𝑑 is the discharge coefficient and ∆𝐶𝑝 is the difference in the pressure 

coefficient between the front and rear of the vehicle. This gives an air exchange rate due to leakage 

of  

𝛼𝑙 =
3600𝐴𝑙𝑣𝐶𝑑(∆𝐶𝑝)

0.5

𝑉
           (36) 

For a bus travelling at a speed of 20m/s, with a volume of 100m3, a discharge coefficient of 0.6, a front 

to back pressure coefficient difference of 1.0, and a leakage area of 0.01m2, this gives a value of 𝛼𝑙  of 

4.3, a not insubstantial value. This is of course very dependent upon vehicle speed. 

An analysis of leakage effects along the side of trains is presented in Appendix 2. It is shown there that 

the leakage through the envelope results in an air exchange rate given by  
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𝛼𝑙 =
3600

𝜏

∆𝑝

𝑟𝑝𝑒
            (37) 

Here ∆𝑝 is the difference between internal and external pressure (usually around 100 Pa); 𝜏 is the 

leakage time constant obtained from full scale tests (around 30 s); 𝑝𝑒  is the ambient pressure (105 Pa) 

and 𝑟 is the ratio of specific heats (=1.4). These figures give the very low value of 𝛼𝑙  of 0.1 air changes 

/ hour. Such values are typical, and this type of leakage ventilation will not be considered further in 

this analysis. See the appendix for further details. 
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5. Scenario analysis 

In this section, we present the results of a simple scenario analysis that investigates the application of 

the above analysis for different types of vehicle with a range different ventilation systems, running 

through different transport environments. We consider the following vehicle and ventilation types. 

• An air-conditioned diesel train, with controllable HVAC systems.  

• A window and door ventilated diesel train.  

• A bus ventilated by windows, doors, and externally pressure generated leakage.  

Two journey environments are considered. 

• For the trains, a one-hour commuter journey as shown in figure 1, beginning in an inner-city 

enclosed station, running through an urban area with two stations and two tunnels, and then 

through a rural area with three stations (figure 1). 

• For buses, a one-hour commuter journey, with regular stops, through city centre, suburban 

and rural environments (figure 2). 

Results are presented for the following scenarios. 

• Scenario 1. Air-conditioned train on the rail route, with HVACs operating at full capacity 

throughout. 

• Scenario 2. As scenario 1, but with the HVACs turned to low flow rates in tunnels and enclosed 

stations, where there are high levels of pollutants. 

• Scenario 3. Window ventilated train on rail route with windows open throughout and doors 

opened at stations. 

• Scenario 4. As scenario 3, but with windows closed. 

• Scenario 5. Window, door and leakage ventilated bus on bus route with windows open 

throughout and doors opened at bus stops. 

• Scenario 6. As scenario 5, but with windows closed. 

Details of the different environments and scenarios are given in tables 2 and 3.  Realistic, if somewhat 

arbitrary levels of environmental and exhaust pollutants are specified for the different environments 

- high concentrations in cities and enclosed railway and bus stations and lower concentrations in rural 

areas. The air exchange rates from different mechanisms are also specified, with the values given from 

the analysis of section 4, specifically using equation (32) for window ventilation, equation (34) for door 

ventilation an equation (36) for leakage ventilation. Note that, in any development of this 

methodology, more detailed models of the exhaust emissions could be used that relate 

concentrations at the HVAC systems and window openings to concentrations at the stack, which 

would allow more complex speed profiles to be investigated, with acceleration and deceleration 

phases. 
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Figure 1. The rail route 

 

 

 

Figure 2. The bus route  
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Enclosed station 0-10 300 0 50 0 600 0 10 1 0 10.8 0 10.8 

Urban track  10-12 100 200 30 100 300 500 10 10 9 0 0 0 

Tunnel  12-16 100 200 100 100 300 500 10 1 9 0 0 0 

Urban track 16-18 100 200 30 100 300 500 10 10 9 0 0 0 

Urban station 18-20 100 0 30 0 300 0 10 10 0 10.8 0 10.8 

Urban track 20-22 100 200 30 100 300 500 10 10 9 0 0 0 

Tunnel  22-26 100 200 100 100 300 500 10 1 9 0 0 0 

Urban track 26-28 100 200 30 100 300 500 10 10 9 0 0 0 

Urban station 28-30 100 0 30 0 300 0 10 10 0 10.8 0 10.8 

Rural track  30-38 50 200 20 100 300 500 10 10 9 0 0 0 

Rural station 38-40 50 0 20 0 300 0 10 10 0 10.8 0 10.8 

Rural track  40-48 50 200 20 100 300 500 10 10 9 0 0 0 

Rural station 48-50 50 0 20 0 300 0 10 10 0 10.8 0 10.8 

Rural track  50-58 50 200 20 100 300 500 10 10 9 0 0 0 

Rural station 58-60 50 0 20 0 300 0 10 10 0 10.8 0 10.8 

 

Operating speed on open track and in tunnel 25m/s; Cabin volume 200; Number of passengers 60; Number of 

infected passengers 1; Carbon Dioxide emitted per passenger 0.0216m3/h; Pathogen quanta emitted per infected 

passenger 10; Recirculation air exchange rate (Scenarios 1 and 2) 3/h; window opening area (Scenario 3) 0.2m2; 

door opening area (Scenario 4) 6m2; particulate and pathogen deposition rate 3.3/h; pathogen decay rate 1.6/h. 

 

 

Table 2. The rail journey parameters 
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Bus station 0-5 300 50 600 0 10.8 0 0 10.8 0 

City road 5-9 200 40 500 7.2 0 2.16 0 0 2.16 

City bus stop 9-10 200 40 500 0 10.8 0 0 10.8 0 

City road 10-14 200 40 500 7.2 0 2.16 0 0 2.16 

City bus stop 14-15 200 40 500 0 10.8 0 0 10.8 0 

City road 15-19 200 40 500 7.2 0 2.16 0 0 2.16 

City bus stop 19-20 200 40 500 0 10.8 0 0 10.8 0 

Suburban road 20-24 100 30 300 10.8 0 3.24 0 0 3.24 

Suburban bus stop 24-25 100 30 300 0 10.8 0 0 10.8 0 

Suburban road 25-29 100 30 300 10.8 0 3.24 0 0 3.24 

Suburban bus stop 29-30 100 30 300 0 10.8 0 0 10.8 0 

Suburban road 30-34 100 30 300 10.8 0 3.24 0 0 3.24 

Suburban bus stop 34-35 100 30 300 0 10.8 0 0 10.8 0 

Suburban road 35-39 100 30 300 10.8 0 3.24 0 0 3.24 

Suburban bus stop 39-40 100 30 300 0 10.8 0 0 10.8 0 

Rural road 40-44 50 20 300 14.4 0 4.32 0 0 4.32 

Rural bus stop 44-45 50 20 300 0 10.8 0 0 10.8 0 

Rural road 45-49 50 20 300 14.4 0 4.32 0 0 4.32 

Rural bus stop 49-50 50 20 300 0 10.8 0 0 10.8 0 

Rural road 50-54 50 20 300 14.4 0 4.32 0 0 4.32 

Rural bus stop 54-55 50 20 300 0 10.8 0 0 10.8 0 

Rural road 55-59 50 20 300 14.4 0 4.32 0 0 4.32 

Rural bus stop 59-60 50 20 300 0 10.8 0 0 10.8 0 

 

Operating speed on rural roads, suburban roads and city roads 20m/s, 15m/s and 10m/s respectively; Cabin volume 

100 m3; Number of passengers 30; Number of infected passengers 1; Carbon Dioxide emitted per passenger 

0.0216m3/h; Pathogen quanta emitted per infected passenger 10; Recirculation air exchange rate (Scenarios 1 and 

2) 3/h; window opening area (Scenario 5) 0.2m2; door opening area (Scenario 4) 3m2; leakage area 0.1m2; 

particulate and pathogen deposition rate 3.3/h; pathogen decay rate 1.6/h. 

 

 

Table 3. Bus journey parameters 
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The results of the analysis are shown in figures 3 and 4 below for the train and bus scenarios 

respectively. Both figures show time histories of concentrations for NO2, PM2.5, CO2 and Covid-19, 

together with the external concentrations of the pollutants.  

For Scenario 1, with constant air conditioning, all species tend to an equilibrium value that is the 

external value in the case of NO2 and PM2.5, slightly higher than the external value for CO2 due to 

the internal generation and a value fixed by the emission rate for Covid 19.  

For Scenario 2, with low levels of ventilation in the enclosed station and in the tunnels, NO2 and PM2.5 

values are lower than scenario 1 at the start of the journey where the lower ventilation rates are used, 

but CO2 and Covd-19 concentrations are considerably elevated. When the ventilation rates are 

increased in the second half of the journey all concentrations approach those of Scenario 1.  

The concentration values for scenario 3, with open windows, match those of Scenario 1 quite closely 

as the specified ventilation rates are similar. However, for Scenario 4, with windows shut and only 

door ventilation at stations, such as might be the case in inclement weather, the situation is very 

different, with steadily falling levels of NO2 and PM2.5, but significantly higher values of CO2 and 

Covid-19. The latter clearly show the effect of door openings at stations. 

 

  

  

Figure 3. Train scenarios 1 to 4 
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Now consider the bus scenarios in figure 4. For both Scenario 5 with open windows and doors, and 

Scenario 6 with closed windows and open doors, the NO2 and PM2.5 values tend towards the ambient 

concentrations and thus fall throughout the journey as the air becomes cleaner in rural areas. The 

internally generated CO2 and Covid-19 concentrations for CO2 and Covid-19 are however very much 

higher for Scenario 6 than for Scenario 5.  

 

  

  

Figure 4. Bus scenarios 5 and 6 

 

The average values of concentration for all the scenarios is given in Table 4. The dose and, for Covid-

19, the infection probability, are proportional to these concentrations. For NO2 and PM10 the average 

concentrations reflect the average external concentrations, and, with the exception of Scenario 4, 

where there is low air exchange with the external environment for part of the journey. The average 

concentrations for CO2 and Covid-19 for the less ventilated Scenarios 4 and 6 are significantly higher 

than the other. For Covid-19, the effect of closing windows on window ventilated trains and buses 

raises the concentrations, and thus the infection probabilities, by 60% and 76% respectively. 

 

 

 

 

 



19 
 

 
NO2 (g/m3) PM2.5 (g/m3) CO2 (ppm) 

Covid-19 
(quanta/m3) 

Scenario 1 183 63 890 0.022 

Scenario 2 145 49 1015 0.026 

Scenario 3 179 60 978 0.022 

Scenario 4 96 13 1193 0.036 

Scenario 5 125 25 745 0.043 

Scenario 6 146 21 1452 0.076 

 

Table 4. Average concentrations  
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6. Closing comments 

The major strength of the methodology described above is its ability, in a simple and straightforward 

way, to model pollutant and pathogen concentrations for complete journeys, and to investigate the 

efficacy of various operational and design changes on these concentrations. It could thus be used, for 

example, to develop HVAC operational strategies for a range of different journey types. That being 

said, there is much more that needs to be done - for example linking the methodology with 

calculations of exhaust dispersion around vehicles, with models of particulate resuspension or with 

models of wind speed and direction variability. It has also been pointed out above that the main 

limitation of the infection model is the assumption of complete mixing, and a possible way forward 

has been proposed that might overcome this. Nonetheless the model has the potential to be of some 

utility to public transport operators in their consideration of pollutant and pathogen concentrations 

and dispersion within their vehicles.  
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Appendix 1. A possible method for allowing for non-spatially uniform 
passenger cabin concentrations 

 

The analytical method in the main text gives the approximate probability of an infection occurring 

amongst N passengers, where one is infected, assumed complete mixing of the pathogen in the cabin 

(equation (24)). In this short appendix we propose a way in which spatially uneven concentrations of 

pathogen could be allowed for.  

 If we assume that there are just two passengers where one is infected, we obtain from equation (24) 

the following for the probability of a passenger in seat i being infected by a passenger in seat j. 

𝑃𝑖,𝑗 = 𝑞𝑖𝑇𝐶𝑖̅,𝑗 𝑝 𝐾 (1 − 𝑓𝐼)(1 − 𝑓𝑚𝜖𝑖)(1 − 𝑓𝑚𝜖𝑜)    

Here 𝐶𝑖̅,𝑗 is the time average concentration of pathogen in seat i due to an infected passenger in seat 

j. The total infection probability for N passengers is obtained by finding the average probability for all 

possible non-infected passenger and infected passenger positions (s) and multiplying by (𝑁 − 1). 

𝑃 = (𝑁 − 1)
(∑ 𝑃𝑖,𝑗𝑖=1𝑡𝑜 𝑠,𝑗=1 𝑡𝑜 𝑠 )

𝑠2   

This gives 

𝑃 = 𝑞𝑖𝑇 
(∑ 𝐶̅𝑖,𝑗𝑖=1𝑡𝑜 𝑠,𝑗=1 𝑡𝑜 𝑠 )

𝑠2 𝑝(𝑁 − 1)𝐾 (1 − 𝑓𝐼)(1 − 𝑓𝑚𝜖𝑖)(1 − 𝑓𝑚𝜖𝑜)   

We define a factor F 

𝐹 =
∑ 𝐶̅𝑖,𝑗𝑖=1𝑡𝑜 𝑠,𝑗=1 𝑡𝑜 𝑠

𝑠2𝐶̅
  

The overall infection probability thus becomes 

𝑃 = 𝑞𝑖𝑇 𝐹 𝐶̅ 𝑝(𝑁 − 1)𝐾 (1 − 𝑓𝐼)(1 − 𝑓𝑚𝜖𝑖)(1 − 𝑓𝑚𝜖𝑜)   

This is of course identical to equation (24) with the addition of the parameter 𝐹. In principle, this 

parameter could be found by a CFD calculation of the internal flow in a specific vehicle and tracking 

the concentration of (say) carbon dioxide from each person throughout the cabin to find the resulting 

concentration at every other passenger position, to give the function 𝐶𝑖̅,𝑗 and thus 𝐹. 𝐶𝑖̅,𝑗 can be 

expected to be well above unity when the seats i and j are close, and well below unity for all other 

cases. Whether or not it will be above or below 1.0 will depend upon the vehicle, the seating 

arrangement etc.  Thus, a CFD calculation of the internal flow within a vehicle could be used to 

calibrate the simple model outlined here for predicting infection risk during specific journeys, with 

specific ventilation strategies and searing arrangements.  
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Appendix 2. Leakage through the vehicle envelope 

The leakage into a train cabin can be modelled in one of two ways - either as a large number of small 

pipes, or as a number of orifices. The basics of the two methods are shown in table A2 below. They 

begin in row 1 with the conservation of mass where the leakage mass flow rate is equal to the rate of 

change of internal mass and specified by either the pipe flow energy loss equation of the orifice 

discharge equation. Here 𝜌 is the external air density, 𝐴 is the total leakage area,  𝑤 is the leakage 

velocity, 𝑉 is the cabin volume,  𝜌𝑖 is the internal density, 𝑑1 is the leakage pipe diameter, 𝑙1 is the leakage 

pipe length, 𝑓 is the Darcy friction factor, 𝐶 is the orifice coefficient and ∆𝑝 is the difference between the 

internal and external pressure (𝑝𝑖 − 𝑝𝑒). Assumptions are then made for the Darcy friction factor and orifice 

coefficient (row 2). Both are given in their low Reynolds number form. Here 𝑘1 and 𝑘2 are constants, 𝜇 is the 

dynamic viscosity of air and 𝑑2 is the leakage orifice diameter. The adiabatic gas law is then used to relate 

the rate of change of internal pressure to that of internal density (row 3). Here 𝑟 is the ratio of specific heats. 

The equations in rows 1 to 3 are then use to derive a relationship between the leakage velocity and 

the pressure difference (row 4) and between the rate of change of internal pressure and the pressure 

difference (row 5). Leakage time constants are then defined in row 6, and these are then used to 

rewrite the leakage velocity and pressure rate of change equations in much simpler form in rows 7 

and 8. Written in this form the two methods are actually equivalent. The pressure rate of change 

equation in row 8 is the form used in calculating train leakage from pressure decay in full scale tests, 

where the internal pressure is raised to a high value and then allowed to decay. In these experiments 

the time constant 𝜏 is measured. For sealed trains this parameter has values of around 20 to 60 

seconds. Finally in row 9 the expression for air exchange rate is given, which is again identical for both 

methods. Substituting typical values for 𝜏 = 30 s (=0.0083 h); ∆𝑝 = 100 Pa; 𝑝𝑒  = 105 Pa and 𝛾 =1.4 gives 

a value of air changes per hour of less than 0.1. Higher values of ∆𝑝 are possible when trains 

experience pressure transients passing through tunnels (perhaps as high as 2000 Pa, but these will be 

very transitory and the briefly increased air exchange rates will not greatly contribute to cabin 

ventilation. The use of such formulae in the calculation of internal pressures as trains pass through 

tunnels is however important when passenger aural comfort is being considered.  
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 Pipe model Orifice model 

1. Conservation of 

mass for internal 

flow 

𝜌𝐴𝑤 = 𝑉
𝑑𝜌𝑖

𝑑𝑡
= −𝐴 (

𝑑1

𝑓𝑙1

)
0.5

(2𝜌∆𝑝)0.5 𝜌𝐴𝑤 = 𝑉
𝑑𝜌𝑖

𝑑𝑡
= −𝐴𝐶(2𝜌∆𝑝)0.5 

2. Friction factors 𝑓 =
𝑘1𝜇

𝜌𝑤𝑑1

 𝐶 = 𝑘2 (
𝜌𝑤𝑑2

𝜇
)

0.5

 

3. Adiabatic gas law 
𝑑𝑝

𝑖

𝑑𝑡
= 𝑟𝑝

𝑒

𝑑𝜌
𝑖

𝑑𝑡
 

4. Leakage velocity 

and pressure 

difference 

𝑤 =
2𝑑1

2

𝑙1𝑘1𝜇
∆𝑝 𝑤 =

2𝑑2𝑘2
2

𝜇
∆𝑝 

5. Leakage pressure 

rate of change and 

pressure difference 

𝑑𝑝
𝑖

𝑑𝑡
= −

2𝐴𝑑1
2𝑟𝑝

𝑒

𝑙1𝑘1𝜇𝑉
∆𝑝 

𝑑𝑝
𝑖

𝑑𝑡
= −

2𝐴𝑑2𝑘2
2𝑟𝑝

𝑒

𝜇𝑉
∆𝑝 

6. Leakage time 

constant 
𝜏 =

𝑙1𝑘1𝜇𝑉

2𝐴𝑑1
2𝑟𝑝𝑒

 𝜏 =
𝜇𝑉

2𝐴𝑑2𝑘2
2𝑟𝑝𝑒

 

7. Leakage velocity 

and pressure 

difference 

𝑤 =
𝑉

𝐴𝑟𝑝𝑒

∆𝑝

𝜏
 

8. Leakage pressure 

rate of change and 

pressure difference 

𝑑𝑝
𝑖

𝑑𝑡
= −

∆𝑝

𝜏
 

9. Air changes per 

hour 
𝑎 =

1

𝜏

∆𝑝

𝑟𝑝𝑒

=
𝐴𝑤

𝑉
 

 

Table A2. Leakage calculations 

 


