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The importance of indoor space safety has been highlighted due to the COVID-19 pandemic. Assess-
ing indoor environments’ safety by directly measuring human-generated air pollutants like CO2 has
been suggested as one of methods to analyze indoor safelty. This is assuming a strong correlation
between CO2 levels and the presence of infectious pathogens. This study examines the accuracy of
this assumption by conducting a comparative analysis of infection risks in indoor settings using CO2
dispersion simulations and discrete droplet dispersion simulations.
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1. INTRODUCTION

Airborne spread of virus-containing sputum droplets can
lead to airborne disease transmission, posing a significant
threat to public health. In recent decades, various highly
infectious and communicable diseases have emerged, such
as Severe Acute Respiratory Syndrome (SARS), H1N1 in-
fluenza, and Coronavirus Disease 2019 (COVID-19). Since
its appearance, COVID-19 has quickly become a lethal pan-
demic, causing hundreds of millions of infections and mil-
lions of deaths (source: JHU COVID-19 resource). More-
over, the indirect impact of the pandemic due to job loss
and major economic contraction is hard to measure. The ev-
idence on COVID-19 so far indicates that potential modes
of SARS-CoV-2 transmission include respiratory droplets,
direct person-to-person contact, and contact with surfaces
(fomite mode of transmission). Direct person-to-person
transmission and fomite transmission can be reduced through
proper hygiene practices, but controlling airborne transmis-
sion is much more difficult. As a result, airborne transmis-
sion is probably the main reason for COVID-19 becoming a
global pandemic (Center for Disease Control, CDC, USA).
The use of masks has been widely recognized and adopted
as an effective way to limit airborne transmission. The im-
portance of indoor ventilation and air circulation in reducing
airborne transmission cannot be emphasized enough. A well-
mixed indoor environment with a high air exchange rate per
person can significantly improve indoor space safety. In light
of this, a practical method for evaluating an indoor space’s
ventilation system is by measuring the CO2 level within the
space. This makes it easier for policymakers to issue guide-

lines for CO2 levels in public indoor spaces. While mea-
suring CO2 levels and providing guidelines for them is con-
venient, it is uncertain whether the infection risk in indoor
spaces due to airborne pathogens is strongly correlated with
CO2 levels. To this end, in this work, we conduct a compar-
ative study to examine the correlation between CO2 levels
and infection risk in a simplified indoor space. We use in-
fection risk assessment based on discrete droplet simulations
as the foundation for the comparative analysis. We employ
a fully compressible Navier-Stokes solver, where the evap-
orated phase of the droplet and its effect on droplet evapo-
ration are modeled. A discrete Lagrangian droplet model is
used to model droplet transport and evaporation. The droplet
model is connected to the flow equations to enable weak two-
way coupling between the droplets and the flow, where the
droplets are affected by the flow, while the opposite is not al-
lowed; however, the vapor phase of the droplets is influenced
by droplet evaporation. CO2 is modeled as a passive scalar
through a species transport equation.

2. GOVERNING EQUATIONS

The sputum droplet dispersion is modelled through a com-
bination of a Lagrangian frame for the droplet dynamics and
the air/gas flow dynamics are modelled on a conventional
fixed Eulerian mesh. The conservation equations for mass,
momentum, energy are solved on the Eulerian mesh. Species
transport equations are considered to account for the humid-
ity variation around the mouth during a cough. The conser-
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vation equations in the compact form are given by

∂U

∂t
+∇ · F = S, (1)

where U and F are given below.

U =
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i Yk

 ,

S =



0
(ρ− ρ0)g1
(ρ− ρ0)g2
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SρYk

 . (2)

Here, the density of the gas/air is represented by ρ and
the viscosity is given by µ. u, e and P represent the ve-
locity, total specific energy and the pressure, respectively.
Species mass fraction and diffusion velocities of the kth

species are given by Yk and ûk
i , respectively. (u1, u2, u3)

are the components of the velocity vector u along the princi-
pal directions 1, 2, 3. g is the acceleration due to gravity (eg.
g = (0, 0,−9.81)m/s2). Of the species source terms SρYk

,
the non-droplet vapor species are zero. The definition of the
total specific energy is given by the following equation

e =
P

γ − 1
+

1

2
uiui, (3)

where γ is the ratio of the gas specific heat capacities. The
heat flux q is given by

q = −λ∇T, (4)

where λ is the thermal diffusivity, and A is the velocity gra-
dient tensor. The diffusion velocities of the chemical species
may be expressed as a function of species diffusivity Dk as

ûkYk = Dk∇Yk. (5)

(1) Droplet Model
We adopt a one-way coupling approach for the droplet

transport and evaporation model, wherein it is assumed that
the effect of droplet motion and evaporation on the ambient
air is negligible while the droplet transport and evaporation
are directly linked to the airflow and temperature [3]. The
equations modelling the transport, evaporation and the rate
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Fig. 1 a) Distribution of droplet diameter at the time of
injection[1].
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Fig. 2 The velocity profile of flow generated during the
speech as function of time[2].

of change of droplet temperature are given by the equations
below

Given below are the equations governing the rate of
change of droplet mass, md, velocity, ud, temperature, Td

and position.

dxd

dt
= ud, (6)

dud

dt
=

3CD

4dd

ρ

ρd
(u− ud) |u− ud|, (7)

dTd

dt
=

Nu

3Pr

cp
cl

f1
τd

(T − Td) +
1

md

(
dmd

dt

)
LV

cp,d
, (8)

dmd

dt
= −md

τd

(
Sh

3Sc

)
ln (1 +BM ) . (9)

Here, xd, ud, md, and Td are the droplet position, veloc-
ity, mass and temperature, respectively. T is the temperature
of the ambient air, Lv the latent heat of evaporation at the
droplet temperature. cp and cl are the specific heat at con-
stant pressure of the ambient air and the specific heat capac-
ity of the liquid droplet, and τd is the response time of the
droplet. f1 is a correction to the heat transfer due to evapora-
tion of the droplet[4]. Nu & Pr are the Nusselt and Prandtl
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Table 1 The initial and flow conditions of the indoor
setup.

Ventilation Flow rate (m3/hr) 576
No. Air Exchanges (1/hr) 12
Inlet/Outlet Velocity (m/s) 1.778
Inlet CO2 level (ppm) 400
Inlet Temp. (K) 300
AC Flow rate (m3/hr) 1200
AC inlet velocity (m/s) 2.2371
AC inlet Temp. (K) 293
AC suction velocity (m/s) 0.7994
Room Temp. (K) 297
Ambient humidity (RH) 60
Human body surface Temp. (K) 300
Human exhalation CO2 (ppm) 40000

numbers, respectively [5,6]. Bm is the mass transfer number
(details of which can be found in [3]), and Sh & Sc are the
Sherwood and Schmidt numbers, respectively. Under a unit
Lewis number assumption Pr = Sc. For the evaluation of
the Prandtl number the standard definition is used, where as
the Nusselt number [7,8] is evaluated using the expression is
given below along with the definition of τd.

τd =
ρdd

2
d

18µ
(10)

Nu = 2 + 0.552Re1/2s Pr1/3 (11)

Sh = 2 + 0.552Re1/2s Sc1/3 (12)

In the above equation ρd is the density of the droplet and
Res is the Reynolds number based on the slip velocity of a
droplet with respect to the gas phase flow velocity, uslip =
max(|u− ud|)

Res =
ρuslipdd

µ
. (13)

The drag coefficient of the droplet, CD, depends on its
Reynolds number and is given by

CD =

{
24
Red

(
1 + 1/6Re

2/3
d

)
Red < 1000,

0.424 Red > 1000,
(14)

and the droplet Reynolds number is given by

Red =
ρ(u− ud)dd

µ
. (15)

3. Simulation Setup
The mouth flow generated while counting from 1 to 10

in English is employed to model speech flow. The flowrate
of speech is represented by q̇ = Ai sin

2(πt/Ti), where Ai

Ventilation inletVentilation outlet AC suction

AC inlet

4m

3m

4m

Fig. 3 The geometry of the indoor environment adopted
for the present work along with the human sub-
jects within the room.

and Ti denote the amplitude and period of the ith utter-
ance, respectively. To precisely model respiratory flow dur-
ing speech, we include inhalation along with the expiratory
flow of speech, ensuring mass balance of respiratory flow
throughout one speech cycle. Inhalation phases are added af-
ter the words ’five’ and ’10’, resulting in a net flow rate of one
speech cycle equaling 0. The flow velocity when applying
this speech model to a mouth opening with an area of 6 cm2

is depicted in Fig. 2. The net flow rate of the speaking model
is 22.74 L/min (or 3.388 L/cycle). While literature provides
data on the size/area of mouth opening during a cough[9], in-
formation for speech is unavailable. Gupta et al.[9] report an
average mouth opening area of 4 cm2 for coughing. We as-
sume that the mouth opening area for speech is slightly larger
than that during a cough, choosing a value of 6 cm2.

Droplet size distribution reported in literature varies sig-
nificantly. Loudon and Roberts, and Duguid and Chao et al.
report peak droplet counts of 6 µm and 12 µm, respectively,
while Xie et al.[10] report a value as high as 50 µm. Given
the disparate droplet size distribution data in the literature,
we adopt a combination of these figures. The droplet diam-
eter distribution used in this work is illustrated in Fig. 2..
Droplets are injected into the domain at the circular mouth
model at time instants corresponding to the peak velocity of
each utterance.

The indoor space geometry utilized in this work is de-
picted in Fig.3. The room has a floor area of 4 × 4m2 and
a height of 3 m. The ventilation system includes a fresh air
inlet and a stale air outlet located on diagonally opposite roof
corners. The room also features an air-conditioning system
with a suction vent that removes air from the room and an
inlet vent that supplies cool or hot air. Seven human subjects
are represented by simplified human figurines in the room.
The subjects are divided into two groups of three and four
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Fig. 4 Evolution of room averaged CO2 level as the
speaking model is turned off after 120s.

individuals facing each other, assuming conversation. Dur-
ing the simulation, all subjects are presumed to be speaking
using the speech model shown in Fig.2. The ventilation rate,
AC settings, and initial conditions are summarized in Table 1.
A Neumann or zero gradient boundary condition is applied
to scalar species such as H2) and CO2 at room outlet vents
(Ventilation outlet and AC suction) and the mouth geometry
during the inhalation phase. Finally, the net mass flux of all
scalar species removed from the room through the AC suc-
tion vent is reintroduced via the AC inlet vent, assuming no
mass loss and maintaining net scalar mass conservation

4. RESULTS
(1) Verification

The following verification case was adopted to confirm
that the Dirichlet and Neumann boundary conditions used for
scalar species are suitable and that the scalar species mass is
conserved when recycled through the AC system. The ven-
tilation system is deactivated, the AC system remains opera-
tional during the simulation, and the human subject’s speak-
ing model is switched off after 120s. This configuration aims
to raise the CO2 scalar mass in the room due to expiration
during speech and maintain a stable value once the speak-
ing model is turned off. The room’s average CO2 mass,
expressed in parts per million, is illustrated in Fig. 4. As
intended by the setup, the CO2 level in the room increases
steadily until the speaking model is turned off at 120s, af-
ter which it remains constant. The simulation continues until
240s, during which the total mass of CO2 scalar decreases by
0.5%.

(2) Comparison of aerosol and CO2 distribution
Two distinct simulations were conducted to compare CO2

levels and distribution with droplet/aerosol concentration and
distribution: First, a scalar diffusion simulation was used
to model CO2 diffusion and accumulation within the in-
door space. Second, a droplet dispersion simulation was
performed to examine the dispersion dynamics of discrete
droplets exhaled during speech. In both simulations, the sim-

Fig. 5 A comparison of distribution of (left) virion con-
centration evaluated from droplet dispersion sim-
ulation and (right) CO2 level minus the ambient
CO2 level (400ppm) on a plane located at 1.6m
from the ground .

Fig. 6 The distribution of CO2 and virion concentration
in Fig. 5 converted to probability of infection.
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Fig. 7 Numbering of the human subjects

ulation was run for 100s initially to develop the flow, fol-
lowed by the exhalation of CO2 and droplets. After starting
CO2 exhalation, the simulation continued for 900s, whereas
the droplet dispersion simulation lasted for only 100s. The
shorter duration of the droplet simulation is mainly due to
the computational load imbalance resulting from droplet ac-
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Fig. 8 The infection risk matrix for an exposure period
of 15 mins based on CO2 distribution. The color
scheme of the matrix is matched with that of Fig. 9.

Fig. 9 The infection risk matrix for an exposure period
of 15 mins based on the droplet distribution.

cumulation in certain areas of the computational domain.
Nonetheless, we believe the comparison presented in this
work will be informative and valuable to the reader.

The time-averaged distribution of CO2 levels and virion
concentration on a plane parallel to and situated 1.6m above
the ground is shown in Fig.5. The droplet concentration on
the mentioned plane can be converted into virion concentra-
tion by considering the virion density in the sputum. For
further information on the conversion methodology and rel-
evant parameters, readers are directed to our previous work
[11]. The comparison demonstrates that the local distribu-
tion of droplets/virions and CO2 differ significantly. This
disparity becomes even more pronounced when the CO2 and
droplet distribution are converted into a probability of infec-
tion (the methodology details can be found in [11]), which
is displayed in Fig.6. In both comparisons, the distribution
between the human subjects is similar, with the primary dif-
ference arising in the area below the AC. In other regions, the
difference is not as substantial.

(3) Comparison of person to person infection
The source contamination from human subjects can be

separately tracked to assess the infection risk they pose to one
another. To accomplish this, droplets emitted from each sub-
ject are marked with a unique identifier, and a distinct scalar
transport equation is assigned to each subject to differentiate
the CO2 emitted by them. The number of human subjects is
displayed in Fig.7. The person-to-person risk of infection can
be evaluated using an infection risk matrix. The infection risk
matrix based on CO2 levels and droplet concentration under
each subject’s nose is presented in Figs.8&9. The infection
matrix interpretation is as follows: the matrix rows repre-
sent an infected person, and the matrix columns represent a
subject who may be at risk of becoming infected. The rows
are numbered from bottom to top, the columns from left to
right, and the numbers correspond to the person ID in Fig 7.
The matrix entry corresponding to the first row and second
column indicates the risk of infection for person 2 due to
contaminants generated by person 1. The row labeled ’Avg’
provides the average infection risk for a given person, con-
sidering contaminants from all other individuals in the room.
Similarly, the ’Avg’ column shows the average infection a
given person is likely to cause due to contaminants gener-
ated by that person. Lastly, the matrix’s bottom-right corner
entry offers the room-averaged infection risk, assuming any
one of the occupants may be randomly infected. Note that
the matrix diagonal entries are, by definition, 0, as infected
persons cannot infect themselves.

A comparison of the risk matrix reveals two main obser-
vations. First, the infection risk distribution within the ma-
trix, the infection risk across the two groups, varies between
the two methods. Second, the room and averaged infection
risks are similar across the two methods, though not identi-
cal. Due to a more uniform distribution of CO2 within the
space, the infection risk of a subject from one group caused
by an infected subject from the other group is non-zero and
uniform. In contrast, the droplet simulation results indicate
that individuals in groups 5-7 are less likely to be infected by
persons in the 1-4 group, while persons in the 1-4 group are
at risk due to individuals in the 5-7 group. This difference
may result from the shorter simulation period of the droplet
simulation. The person and room average infection risk are
similar across the two methods mainly because the averaged
data is dominated by a given subject’s high infection risk due
to a nearby neighbor.

5. Summary
This study offers a comparative examination of CO2 diffu-

sion and droplet dispersion simulations, with the main objec-
tive being to ascertain if CO2 can serve as a suitable proxy
for infection risk due to droplet inhalation in indoor envi-
ronments. To achieve this, droplet dispersion simulation re-
sults, in terms of droplet and virion concentrations, were jux-
taposed with CO2 diffusion simulation outcomes. Our analy-
sis revealed that the distribution of virion concentrations and
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CO2 levels within the indoor space varied. The disparity be-
tween the findings might stem from the droplet simulation
duration being insufficient for yielding accurate steady-state
statistics. Consequently, enabling a longer simulation du-
ration for the droplet simulation is essential for a more de-
pendable comparison. The person-to-person infection risk
comparison exhibited greater consistency between the two
methodologies since this approach primarily concentrates on
the area between human subjects, where the agreement be-
tween the two methods is stronger.
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