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ABSTRACT

This study presents a modeling approach to calculate
the particle concentration in mechanically conditioned
indoor environments and predict particle deposition in
the Human Respiratory Tract (HRT) by combining two
aerosol models. The developed Indoor Aerosol Model
(IAM) combines the semi-empirical Respiratory
Deposition Model (RDM) presented by the
International Commission on Radiological Protection
(ICRP) in its publication 66/130 with a Material
Balance Model (MBM). This enables the determination
of total regional deposition fractions in the HRT for
different particle diameters, subjects, levels of exertion
or respiration types. These total regional deposition
fractions are then incorporated into the MBM, which
can be used to determine the number and mass of
particles deposited in the HRT over a maximum period
of 24 hours. Furthermore, the time history of the
airborne particle concentration, as well as the surface
loading and, in addition, the particle fate can be
determined for well-mixed single zones.

INTRODUCTION

Pollutants, gases and aerosol particles enter the
atmosphere every day and spread in the immediate
environment of humans (Edwards et al, 2021).
Basically, whenever a person breathes, aerosol
particles are deposited in the Human Respiratory Tract
(HRT), where they can cause harmful -effects
depending on their type, concentration and residence
time (Riediker et al., 2019). Due to the fact that people
usually spend more than 80% of their lives in enclosed
indoor spaces (Btaszczyk etal,, 2017; Matz etal,, 2014),
air quality, and thus aerosol concentration in buildings,
plays a major role in health, well-being and comfort.

Indoor Air Quality (IAQ) is an important aspect in the
design, construction, and operation of buildings.
Especially engineers in the field of building services
engineering aim to ensure a high IAQ for the future
occupants already during the design phase of buildings
(Spengler & Chen, 2000; Woods, 1991). For example,
air ventilation concepts are developed, air handling
systems are equipped with particle filters or low-
polluting materials are used. In most cases, however,
the design methods used are static and limited to
regulatory or standardized minimum requirements. A
dynamic pollutant assessment, as would be required

for an aerosol simulation, is only carried out in a very
few cases. The simulations and evaluations of
deposited particles in the HRT, which go beyond this,
are not in the design of buildings. The reasons for this
are manifold. On the one hand, it is due to the fact that
the engineers or project participants involved are not
obliged to apply it and the financial aspects supposedly
outweigh the benefits. On the other hand, a pollutant
assessment can become very complex due to an
insufficient database, varying boundary conditions or
a lack of knowledge. Nevertheless, a pollutant
assessment, especially an indoor aerosol modeling, can
be of great benefit and also provide a huge
improvement in 1AQ.

Indoor particle concentrations are continuously
determined by temporally but also spatially varying
particle sources and sinks, which include, for example,
equipment (e.g. printers), indoor activities, chemical
transformation processes, deposition processes, air
filtration, or even local particle concentrations in
outdoor air (Morawska & Salthammer, 2003).
Mathematical models can be used to balance these
sources and sinks in order to predict or simulate the
time history of particle concentration or other aspects
of IAQ. The most popular IAQ models include the
Material Balance Models (MBMs) (Hussein & Kulmala,
2008; Morawska & Salthammer, 2003; Nazaroff, 2004;
Nazaroff & Cass, 1989; Thornburg et al.,, 2001) and
Computational Fluid Dynamics (CFD) models (Fan,
1995). If these IAQ models are used to account for
aerosols, they are referred to as Indoor Aerosol Models
(IAMs) instead of IAQ models. Within the last decades
numerous IAMs have been developed, which differ
fundamentally in their application purpose, complexity
as well as accuracy (Morawska & Salthammer, 2003).
Even the current COVID-19 pandemic was and still is a
real driver in the development of new and extension of
existing IAMs (Dols et al,, 2020; Jones et al., 2021;
Kennedy et al,, 2021). In addition, next to [AMs, there
are various Respiratory Deposition Models (RDMs)
that allow the calculation of regional deposition
fractions in the HRT. Combining such a model with an
IAM opens up a whole new range of prediction
possibilities. For example, it would be possible to
simulate a working day in an office and predict the
amount of particles deposited in employees’ HRTs. In
the following, this study presents such a modeling
approach, combining the semi-empirical RDM
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presented by the International Commission on
Radiological Protection (ICRP) in its publication
66/130 (International Commission on Radiological
Protection [ICRP], 1994, 2015) with a MBM.
Subsequently, the developed IAM is tested within the
scope of a case study. The overall goal is to familiarize
engineers and planners from the construction sector
with the combined indoor aerosol modeling in order to
ultimately improve [AQ.

METHODS

Material Balance Model

MBMs are based on the principle of particle number or
mass conservation. These models apply to both a single
zone and multiple zones, where a zone usually
describes a room or a section of a room within a
building (Morawska & Salthammer, 2003). They can be
used to predict particle concentration levels and to
assess other related parameters such as surface
loadings. The present study uses a MBM for a single
zone with continually operating Heating, Ventilation,
and Air-Conditioning (HVAC) system, which is
characterized by an uniform aerosol concentration
(Dols et al, 2018; Dols et al, 2020) and shown
schematically in Figure 1.
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Figure 1. Schematic diagram of the single zone MBM

The MBM is based on a single, representative particle
size of an aerosol to be simulated and assumes
constant system parameters (e.g. airflow rates and
filter efficiencies) during the period under
consideration. Air can be supplied to and extracted
from the zone under consideration of the existing
HVAC system. The required supply (Qsyp) and extract
airflow rates (Qgr4) as well as the associated outdoor
air fraction (%gpps) must be defined as input
parameters before the simulation starts. This in turn
results in outdoor (Qpp,), recirculation (Qgc4) and
exhaust airflow rates (Qgy4). If the supply and extract

airflow rates are equal, the zone is balanced.
Otherwise, there is either negative or positive
pressure, which affects the infiltration (Q,yr) and
exfiltration rates (Qgxr) through the zones envelope.

The mass balance for a single zone can be described by
the following differential Equation (1) (Dols et al,,
2018; Dols et al., 2020):

Vdc;;% = PQinrCopa(t) + QsypCsyp(t) + G(2) —
QexrCipa(t) — QeraCipa(t) — Z;\I:Sl Vi AsiCrpa(t) (1)
where V is the volume and C(;p, the particle
concentration of the zone. The terms on the right-hand
side of Equation (1) correspond to six different
individual effects (Morawska & Salthammer, 2003).
The first term corresponds to the effect of natural
infiltration, where P describes the particle penetration
coefficient and Cypp, the particle concentration of
outdoor air. The second term corresponds to the air
intake from the HVAC system, where Cg;p describes
the particle concentration of supply air, which, taking

Equation (2) into account, can be expressed according
to Equation (3) (Nazaroff & Cass, 1989):

Qsup = Qopa + Qrca (2)

Coup(t) = (1—170DA)QODACOQDA(f)+(1—17RCA)QRCAC1DA(f) (3)
opAtQRcA

where 1nyp4 is the particle filtration efficiency of the
outdoor air particle filter and 7ng-4 the particle
filtration efficiency of the recirculation air particle
filter. Term three on the right-hand side of Equation (1)
corresponds to an indoor source G, also called particle
generation rate, which accounts for indoor emissions
or particles generated indoors (e.g. by occupants or
equipment). In addition to the effect of infiltration, the
mass balance also takes into account the effect of
natural exfiltration, which is represented by the term
four. Finally, term five corresponds to the mechanical
ventilation out-take (extract air) and term six to the
particle losses due to deposition on surfaces, where v ;
is the particle deposition velocity for surface i, Ay ; the
area for surface i and N; the total number of surfaces.
Taking Equations (2), (3) and (4) into account, the
mass balance from Equation (1) can be transformed
into Equation (5) which states that the time rate of
change in mass of particles within the zone air is equal
to the rate that particles are added and removed from
the zone air (Dols et al,, 2020):

Qera = Qera — Qrca (4)

14 dc;fA = Copa(t)(PQinr + (1 —1ppa)Qopa) + G(t) —

Cipa(t)(Qgxr + Qgra + MrcaQrea) —
Z?]zsl Vi AsiCipa(t) (5).
In order to calculate the time history of the surface
loading, the following differential Equation (6) must be
set up (Dols et al., 2018):

A 2 = v A5 Cipa(t) (6)

S, dt
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where Ly ; is the surface loading for surface i. Equation
(6) indicates the time rate of change of particle mass on
the surfaces of the zone is equal to the rate that
particles are deposited on the surfaces (Dols et al.,
2020).

Respiratory Deposition Model

Many mathematical models have been developed to
predict total and regional particle deposition in the
HRT (Hinds, 1999). An advanced and widely used
model has been developed by the ICRP (ICRP, 1994).

Figure 2. Respiratory tract regions defined in the RDM (ICRP,

2015)
This semi-empirical model uses equations based on
experimental data and theory to characterize

deposition by settling, inertia and diffusion in five
regions of the respiratory system. These regions
include the anterior nasal passages (ET1), naso-
oropharynx and larynx (ET2), bronchi (BB),
bronchioles (bb) and alveolar interstitium (AI) (ICRP,
1994) which are shown in Figure 2. Each mentioned
region is represented by an equivalent particle filter
that acts in series. As a result of each breath (inhalation
and exhalation), particles are carried by a tidal airflow
through each anatomical region or rather particle filter
(see Figure 3).

For each region j (ET1 corresponds to j=1, ET2 to j=2,
BB to j=3, bb to j=4 and Al to j=5), a total deposition
fraction DF; can be calculated, which sum up to the
total respiratory deposition fraction DFy,; in Equation
(7) (Hinds, 1999; ICRP, 1994):

DFror = X}=7 DF; ()

where N is the total number of respiratory tract
regions.

For calculation purposes, it is comfortable to consider
each region j, except Al, as having separate deposition
fractions for inhalation (DFj;,) and exhalation
(DFj¢yx). Consequently, regions 1 to 4 are passed
through twice for each breath, resulting in a total
number of regional filters in series of Nf=9. For
regions j=1 to 4, DF; can be rewritten as:

DF; = DFjinp + DFjex = DEj + DEy 11 (8)
where DE; is denoted hereafter as the deposition
efficiency of regional filter j. For j=5, DF; equals DE},

because the Al is passed only once during a breathing
cycle:

DF; = DE; (9).
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Figure 3. Schematic representation of inhalability of particles
through nasal and oral pathway and their deposition in the
anatomical regions during continuous cyclic breathing
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Moreover, in addition to dividing inhalation and
exhalation, it is useful to consider each region j, as
having separate deposition efficiencies for the nasal
and oral pathway.

When considering the nasal pathway, DE; equals
DEpcor,j as shown in Equation (10) and must be
specified for the regional filters j=1 (Equation (11)),
j=2 (Equation (12)), j=3 to 7 (Equation (13)) and j=8
to 9 (Equation (14)) (ICRP, 2015):

DE]- = DEncor,j: forj=1,th (10)
DEn’j + DEn,j+1 +

DEpcor,; = 0.65 ( DE .+ Enm) (11
DEn,j—l + DEn,j +

DEpcor,; = 0.35 ( DE s 4D En,m) (12)

DEncor,j = DEn,j (13)

DEncor,j =0 (14)

where DE,,,; is the corrected and DE,; the
uncorrected deposition efficiency for the nasal
pathway for regional filter j.

When considering the oral pathway, DE; can be
rewritten as Equation (15) (ICRP, 1994):

DE]' = anEncor,j + (1 - fn)DEm,j—ll
for j=1,Ng, (15)
where f, is the fraction of total ventilatory airflow

passing through the nose (see Table 1) and DE,, ; is
called the deposition efficiency for the oral pathway for
regional filter j. It should be taken into account that the
region ET1 is not passed during the oral pathway,
which is the reason why DE,, ;_, for j=1and 9 does not
exist respectively must equals zero.

Table 1. Fraction of total ventilatory airflow passing through
the nose (f,,) (ICRP, 1994)

. Respiration type .
Level of exertion Unit
Nose breather Mouth breather
Sleep 1.00 0.70
Sitting 1.00 0.70
Light exercise 1.00 0.40
Heavy exercise 0.50 0.30

In order to calculate DE,, j and DE,, ;, Equation (16) can

be used for regional filter j=1 by substituting the
indices n (nose) and m (mouth) by k (ICRP, 1994):

DEk,j = nk,j(l - npre) (16)
where 7, ; is the total filtration efficiency for nose or
mouth breathing for regional filter j and 7,,. is the
intake efficiency or inhalability of the imaginary
prefilter with which airborne particles are inspired
into the HRT (Equation (23)). 7, ; considers the
aerodynamic deposition (e.g. impaction and

gravitational settling) and thermodynamic deposition
(e.g. diffusion by Brownian motion) processes and
describes the combined filtration efficiency for
regional filter j and can be calculated with Equation
(17) (ICRP, 1994):

Nk,j = (nlzc,ae,j + nli,th,j)o's (17)
where 1, 4., ; corresponds to the aerodynamic filtration
efficiency for regional filter j during nasal or mouth
breathing and can be easily calculated using the
equations on Table 12 of ICRP publication 66 (ICRP,
1994) and the aerodynamic diameter d,, (for d, <
0.002 pm see Equation (22)). 9y ¢p,; on the other hand
corresponds to the thermodynamic filtration efficiency
for regional filter j during nasal or mouth breathing
and requires, next to the equations on table 13 of ICRP
publication 66 (ICRP, 1994), a series of complex
intermediate calculations. A key parameter for
calculating 7y ¢y, ; is the diffusion coefficient D, which
can be calculated according to Equation (18) (ICRP,
1994):

D= C(den)kpT (18)

3mudin

where C(d,;,) is the slip correction for a particle of
thermodynamic diameter, kg is Boltzmann’s constant
(1.38:10-16 erg-s-K1), T is the absolute temperature of
the HRT (310.00 K), u is the dynamic efficiency of air
(1.88:10* erg-s:cm3) and d;, is the thermodynamic
diameter.

Generally, the slip correction factors are given by
substituting either d,, or d,, respectively for d,
(caution for d, < 0.002 wm) in Equation (19) (ICRP,
1994; Klumpp & Bertelli, 2017):

767

C(de) = 1+E

0.55pde
(2.514 +0.8e(—Fei" )) (19)

where 4 is the mean free path of the air molecules at
37.00 °C (0.0683 um) (ICRP, 2002), 100% relative
humidity and 76.00 cm-Hg atmospheric pressure p.

To calculate C(d,;), the thermodynamic diameter d;,
is needed, which can be described as a function of d,,
which has to be solved recursively, by initially setting

(ICRP, 1994):
X
dins = dao £ (20)

where X is the dynamic shape factor (ranges from 1 to
2) and p is the particle density. Then Equation (21)
should be iterated for ii=2 to 21, whereby d;,
converges for N;,=21 to the correctvalue (dy, = dyp 1)
(ICRP, 1994; Klumpp & Bertelli, 2017):

Xpo  C(dge)
= dae P C(denii-1) (21)

where p, is the unity density (1.00 g-cm3) and C(d,,.)
is the slip correction for a particle of aerodynamic
diameter. If dyp ;; < 0.002 pm, a correction is needed
defined by Equation (22) (ICRP, 1994):

de = dgyn(1 + 3e(-2200dcun)) (22)

dth,ii
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where d,,,, is the uncorrected value of the particle
diameter of interest (e.g. d¢;, Or dge)-

With the converged value of d;, it is possible to
calculate C(dy,), D and finally 7 ;. For the
determination of DEj ;, the calculation of 7, is

additionally necessary and expressed by Equation
(23), taking Equation (24) into account (ICRP, 1994):

Npre = 1-n) (23)

7, =1-051-(7.6-10"*d28 + 1D"1) +
1-1073 U2.7Se(0.055dae) (24)
where 7; represents the particle inhalability and U the
wind speed or inhalation velocity (default value of 1.00
m-s1).

By setting:
Ny =9,fork=n (25)

Nee =7,fork =m (26)

DE ; can be calculated for the remaining regional filter
stages using Equation (27) (ICRP, 1994):

P, j 1
DEyj = DEij-1Mlk j ¢k,ji1 (Uk,j—l h 1)'

for j=2, Np¢ (27)

where ¢, ; is the volumetric fraction for regional filter
j for nasal or mouth breathing, which also can be
calculated using equations on tables 12 and 13 of ICRP
publication 66 (ICRP, 1994).

Combined Indoor Aerosol Model

A combination of the described MBM and the RDM
enables an IAM for assessment of exposure and
deposited particle quantity in the HRT. The combined
IAM is based on Equation (5) and can be expressed as
follows:

Vdc;ilfA = Copa()(PQinr + (1 = Mopa)Qopa) + G(t) —

Cipa(t)(Qpxr + Qgra + NMrcaQrca + BDFror) —

%021 Vai AsiCipa(0) (28)
taking DFr,; and the ventilation or breathing rate B of
the exposed subject of interest (see Table 2) into
account. The term BDF;,, describes the particle
deposition in the HRT and is to be treated as a particle
sink.

Table 2. Ventilation rate of the exposed subject (B) (ICRP,

1994)
. Subject .
Level of exertion Unit
Male Female
Sleep 0.45 0.32 m3-ht
Sitting 0.54 0.39 m3-h1
Light exercise 1.50 1.25 m3-ht
Heavy exercise 3.00 2.70 m3-h-t
By setting:
Cipa = Cip,att=20 (29)

Cipa = Cp,fort —» o (30)

and integrating the differential Equation (28) gives
(Morawska & Salthammer, 2003):

Cipa(®) = (Cin — C)eTKD + ¢ (31)

C. = Copa(PQINF+(1-10p4a)QoDA)+G (32)
- N
f QEXF+QEHANRCAQRCA+BDFTot+X; 7 Va,idsi

N
K = QEXF+QEHA+NRCAQRCA+BDFTot+Y; 5 v ifs i
%

(33)
where Cj, is the initial zone concentration, Cr is the

steady-state zone concentration, K is the total loss rate
and t is the time step of interest. In order to calculate
the surface loading, Equation (6) must also be
integrated (Poppendieck, 2020):

%(1 — kD) 4

¢ (t -1(1- e(_’“)))

The resulting IAM is applied in the following step.

Lsi(t) = vq, (34)

CASE STUDY

To illustrate the application of the combined 1AM
presented in this study, the time history of the airborne
particle concentration as well as the surface loading
and, in addition, the particle fate for a mechanically
ventilated single office room (see Figure 1) is
simulated over a period of 24 hours. The simulation is
carried out with the specially developed tool IAMadep,
which is based on Microsoft Excel. The considered
office room has a floor area of A, ;,=20.00 m? and a
clear room height of H=3.00 m, resulting in a room
volume of V=60.00 m3 which corresponds to a
representative single office (DIN V 18599:2018). The
supply airflow rate is Qg;p=80.00 m3h-1 (with
%0pa=80.00%) and the extract airflow rate is
Qr4=100.00 m3h-, resulting in a negative flow
imbalance and thus an infiltration airflow rate of
Q;xr=20.00 m3-h-1. Within the 24-hour period under
consideration, the office is occupied from 07:00 to
18:00 by a healthy adult male who performs a light
exercise (B=1.50 m3-h1). Typically, it can be expected
that, especially during the occupancy period, particles
are generated indoors or resuspended, e.g. by the
person present. In the context of this case study, it is
assumed that no particles are generated indoors
during the entire simulation period (G=0.00 #:-h1),
although the combined IAM could take these indoor
emissions into account. This assumption is deliberately
chosen to graphically highlight the deposition effect in
the HRT and to avoid overlap with indoor sources (see
Results). Besides, at the beginning of the simulation
(t=0), there should be no airborne particles (C;,=0.00
#-m-3) or particles on the surfaces (L, s;=0.00 #-m-2).
The simulation is based on a single aerodynamic
particle size of d,,=1.00 um with a particle density of
p=1.00 g-cm-3 and represents a monodispersed aerosol
to be simulated. The particle deposition velocity for
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upward facing surfaces (floor) is assumed to be
Vq,51=3.50E-05 m-s and for vertical surfaces (walls)
Vg w=1.00E-06 m-s! and can be neglected for
downward facing surfaces (ceiling). These particle
deposition velocities can be derived for a friction
velocity of 0.10 m-s'! from a deposition velocity model
developed for deposition onto smooth surfaces as a
function of friction velocity (K. Lai & Nazaroff, 2000).
Moreover, the existing HVAC system has two particle
filter that can trap particles from the outdoor and
recirculation air. A particle number concentration of
Copa=3.97865E+05 #:m3 is assumed for the outdoor
air, based on the sample particle size distribution as
shown in Figure 4. The outdoor air particle filter has a
filter efficiency of 17yp,=18.00% (corresponds to MERV
6) and the recirculation air particle filter a has filter
efficiency of 7gc4=32.00% (corresponds to MERV 8)
for particles with a diameter of 1.00 um. In addition, a
typical particle penetration coefficient of P=0.60 is
assumed, indicating that 40.00% of the particles
cannot infiltrate through the building envelope (Long
et al, 2001; Thornburg et al, 2001). Furthermore,
constant system parameters and a well-mixed indoor
air are assumed for the simulation.

Figure 4. A sample particle size distribution (dCyp,/dlog(d))
of the outdoor air (red marks the concentration for d=1 um)

RESULTS AND DISCUSSION

With the help of the methods described in this study,
an indoor aerosol modeling was carried out for the
case study described above, the results of which are
presented and discussed below. Figure 5 shows the
time history of the airborne particle number
concentration for the simulated office over a period of
24 hours and thus enables prediction of the IAQ or
allows recommendations for action to be made. A
distinction is made between the indoor concentration
development over the entire simulation period
(dashed curve) and the indoor concentration
development during occupancy (solid curve). Looking
at the entire simulation period (dashed curve), it is
recognizable that the indoor concentration rises
sharply at the beginning and reaches its peak after
nearly four hours at approximately 2.79E+05 #-m-.
Moreover, over the simulation period of 24 hours, an
average concentration of 2.71E+05 #-m3 or an average
number of 1.62E+07 particles is obtained. Although the

Figure 5. Simulated airborne particle number concentration
(Cipa) for due=1.00 um

indoor concentration converges to the outdoor
concentration (Cypp,=3.97865E+05 #-m3) over time,
but does not reach it, which has several reasons.On the
one hand, the polluted outdoor air is drawn in by the
HVAC system with an airflow rate of Qyp,=64.00 m*-h-
1 mixed with the recirculation airflow rate of
Qrca=16.00 m3h1 and only then continuously
supplied into the office as mixed air with Qg;,=80.00
m3-h'L. On the other hand, the existing particle filters
trap particles from the outdoor and recirculation air
and ensure a reduced supply air concentration.
Throughout the entire simulation period, the outdoor
air particle filter traps 1.44E+08 particles,
corresponding to a particle mass of 7.56E+01 pg (see
Table 3).

Table 3. Calculated particle fate

Particle fate Particle Particle mass Percentage
number
[-] [#] [mg] [%]
Exited Office 5.46E+08 2.86E+02 65.25
Filtered from |y 4 15108 7.56E+01 17.27
outdoor air
Filtered from
recirculation 3.33E+07 1.74E+01 3.98
air
Filtered via
building 7.64E+07 4.00E+01 9.14
envelope
Depositedon | ;65 47 9.21E+00 2.10
surfaces
Remain 1.68E+07 8.78E+00 2.00
airborne
Depositedin |, 175,06 1.14E+00 0.26
HRT ' ' '
Total 8.36E+08 4.38E+02 100.00

This in turn means that approximately 17.27% of the
simulated particles are trapped by the outdoor air
particle filter. The recirculation air particle filter, in
contrast, traps 3.33E+07 particles, which corresponds
to a particle mass of 1.74E+01 pg and accounts for
approximately 3.98% of the simulated particles.
Furthermore, the particles are deposited on the
surfaces over time. As shown in Figure 6, surface
loading increases linearly with time, where 92.84% of
the depositing particles sediment to the floor and
7.16% settle on the walls. This is also a reason why the
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maximum indoor particle concentration of 2.79E+05
#-m-3 is not exceeded. In relation to the overall context,
however, the effect of particle deposition on surfaces
accounts only for 2.10%. It should be noted that the
simulation assumed an unfurnished room, and thus a
smaller deposition surface area than probably exists in
reality.

Figure 6. Simulated surface loads (Lg ;) for dq.=1.00 um

The cumulative surface loads and deposited particle
numbers can be taken from Table 4 below.

Table 4. Cumulative surface loading results

and the respiration type (nose breather). Once the
deposition fractions are known, they can be integrated
into the MBM in a second step, ultimately producing
the combined IAM.

Looking at the simulation period during which the
office is occupied (see Figure 5, solid curve), it can be
seen that from the time of occupancy (07:00), the
indoor concentration drops minimally and reaches a
steady-state concentration of 2.77E+05 #-m3. In
contrast, after the time of occupancy (18:00), the
indoor concentration rises again to 2.79E+05 #-m3. It
is therefore evident that a part of the airborne particles
are inhaled, deposited in the HRT and finally lead to the
temporary reduction of the indoor concentration.
Specifically, 2.17E+06 particles were deposited in the
HRT during the 11-hour occupancy period, which
corresponds to a mass of 1.14E+00 pg (see Table 5).
Compared to the other particle fates, 0.26% of the
simulated particles were deposited in the HRT.
However, this effect can be seen well, among other
reasons, because it was assumed that the considered
person does not emit any new particles, as is normally
the case (Asadi et al., 2019).

Table 5. Calculated total regional deposition fractions (DF;)

Surface area i Concentration Particle number and simulated deposited particle quantities in the HRT
[-] [#-m~] [#] . Total regional Deposited Deposited
Floor 8.16E+05 1.63E+07 Respiratory deposition pai)t;crlt(?in rlflzrstslc(l;

Walls 2.33E+04 1.26E+06 regionj fraction (DF)) HUERT] HRT)

Total 8.40E+05 1.76E+07 [ [ [# [ng]
Simultaneously 65.25% of the simulated particles are ET1 2.28E-01 1.04E+06 5.45E-01
extracted out of the office with an airflow rate of ET2 1.23E-01 5.61E+05 2.94E-01
Qrr4=100.00 m3-h-L. As a result of the fact that more air BB 1.01E-02 4.60E+04 2.41E-02
is extracted than is supplied, a negative flow imbalance bb 8.10E-03 3.70E+04 1.94E-02
and thus an infiltration airflow rate of Q,yz=20.00 Al 1.06E-01 4.84E+05 2.53E-01
m3-h-1 occurs. This leads to particles from the outdoor Total 4.74E-01 2.17E+06 1.14E+00

air infiltrating the office through the building envelope.
Typically, 60.00% of the particles in the outdoor air
with a diameter of 1.00 pm infiltrate through the
building envelope, providing there is an infiltration
airflow rate (Long et al., 2001; Thornburg et al.,, 2001).
In this case, the building envelope traps 7.64E+07
particles, which corresponds to 9.14% of the simulated
particles.

The combined [AM allows, in addition to the prediction
of airborne particle concentration and surface loading,
also an estimation of the particles deposited in the
HRT. In the first step, the total regional deposition
fractions (DF;) must be determined with the help of the
RDM. The calculated total deposition fractions of the
regions ET1, ET2, BB, bb and Al can be taken from
Table 5. A closer look at the deposition fractions
reveals that about 47.00% of the total inhaled particles
are deposited in the HRT. In relation to this total
respiratory deposition fraction, 48.00% of the inhaled
particles deposited in ET1, 25.85% in ET2, 2.12% in
BB, 1.71% in bb and 22.32% in Al. This percentage
distribution depends largely on the particle size (d,.=1
um), the level of exertion (light exercise, B=1.50m3-h-1)

It must be noted that the methods presented and used
have limitations. Only a single particle size can be
modeled per simulation, which means that
polydisperse aerosols can only be modeled indirectly
by multiple simulation. Apart from this, chemical
conversion processes or effects such as particle
nucleation, coagulation or deactivation are not taken
into account. Furthermore, a well-mixed single zone
and constant system parameters (e.g. outdoor air
concentration, air flow rates, filtration efficiencies,
level of exertion, breathing rate or number of persons)
must be assumed, which in reality can vary and be
time-dependent. In addition, some input parameters
(e.g. particle deposition velocities, inhalation velocity,
initial surface loads or generation rate) have to be
estimated, as they can only be determined correctly
with great effort.

Based on the results of the case study, it could be
shown that the modeling approach described in this
study is very applicable and can be helpful for the
estimation and evaluation of aerosol concentration
development in indoors and aerosol deposition in the
HRT. For example, in practice, engineers or planners
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might consider different scenarios comparing different
particle filters, airflow rates, particle sizes, or levels of
exertion. In turn, this improves IAQ, benefits human
health and also creates planning security.

CONCLUSIONS

The modeling approach presented is intended to help
engineers or planners design buildings to reduce
aerosol concentrations in offices, residential buildings,
retail stores, education institutions or hospital rooms,
ultimately improving IAQ. To ensure that the approach
is actually applied in planning practice, project
developers, building owners or investors must be
convinced of the added value of such pollutant
assessments. They finance construction projects and
pass on their wishes and specifications to the
engineers and planners, which are responsible for
successful implementation. In meantime, however,
awareness of healthy buildings is growing (e.g. COVID-
19) and will also be demanded on an international level
in the future (EU Technical Expert Group on
Sustainable Finance [TEG], 2020).

However, there is a lack of information on the physical-
chemical properties and emission rates of aerosol
particles produced in indoor and outdoor
environments (Hussein et al,, 2015), which makes the
[AM difficult to apply. Accordingly, further research is
needed to obtain more information and benchmarks
on indoor sources and their emission factors.
Nevertheless, the combined IAM represents a
promising solution approach that may complement or
replace experimental investigations.

Finally, to ensure that the combined IAM developed
does not represent an isolated solution in the future,
the authors propose standardizing the calculation
processes described. As a holistic and cooperative
working method, Building Information Modeling (BIM)
is the ideal solution for process improvement and
standardization in the design of buildings. Within the
BIM method, the non-proprietary open source data
format Industry Foundation Classes (IFC) is used,
which offers interfaces beyond software boundaries
that allow the exchange of information between
different disciplines on the basis of a BIM model. With
the help of the IFC extension schema, the BIM model
created e.g. by the architect could consequently be
enriched with aerosol-specific information. For
example, information on emission rates, particle size
distributions, occupancy or information about the
existing HVAC system (e.g. airflow rates or filter
efficiencies) could be added to the BIM model. In
contrast to the previous aerosol assessment, the
necessary information are thus available earlier, in a
more structured and uniform manner and can be
directly linked to the building or zone. Based on this,
calculation processes could be automated, thus
facilitating the application.

NOMENCLATURE
Ag; = deposition surface area for surface i (m?)

A1 = deposition surface area for upward facing
surfaces (floor) (m?)

B = breathing rate (m3-s1)

Cr = steady-state concentration (#-m-3)

Cip4 = indoor particle concentration (#-m-3)

C; = initial indoor particle concentration (#-m-3)

Copa = outdoor particle concentration (#-m-3)

Csyp = particle concentration in supply air (#-m-3)
C(d,) = slip correction for particle diameter d, (um)
C(dg.) = slip correction for particle diameter d,, (um)
C(d;p) = slip correction for particle diameter d;, (um)
D = particle diffusion coefficient (cm?-s1)

d = particle diameter (um)

d,. = aerodynamic particle diameter (um)

d, = equivalent particle diameter of interest (um)

deyn = uncorrected equivalent particle diameter of
interest (um)

d;, = thermodynamic particle diameter (um)

d¢p ;i = thermodynamic particle diameter for iteration
step ii (um)

DE; = deposition efficiency for regional filter j (-)
DEy ; = deposition efficiency for regional filter j during
nasal or mouth breathing (-)

DE,, ; = deposition efficiency for the oral pathway for
regional filter j (-)

DE,, ; = uncorrected deposition efficiency for the nasal
pathway for regional filter j (-)

DE;,cor,j = corrected deposition efficiency for the nasal
pathway for regional filter j (-)

DF; = total deposition fraction for region j (-)

DF; ¢, = deposition fraction for exhalation and region j
¢

DF; i, = deposition fraction for inhalation and region j
)

DFr,; = total respiratory deposition fraction (-)

fn = fraction of total ventilatory airflow passing
through the nose (-)

G = particle generation rate (#-s1)

H = clear room height (m)

K =total loss rate (s1)

kg =boltzmann’s constant (1.38:10-16 erg-s-K1)
Lg; = surface loading for surface i (#-m?)

Lin s, = initial surface loading for surface i (#-m2)
N =total number of respiratory tract regions (-)
N, = total number of surfaces (-)

Nf, = total number of regional filters in series (-)
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N;; = total number of iteration steps (-)
P = particle penetration coefficient (-)

p = atmospheric pressure (cm-Hg)

Qgpa = exhaust airflow rate (m3-s-1)
Qgr4 = extract airflow rate (m3-s1)

Qgxr = exfiltration airflow rate (m3-s-1)
Q,nr = infiltration airflow rate (m3-s-1)
Qopa = outdoor airflow rate (m3-s-1)
Qgrca = recirculation airflow rate (m3-s-1)
Qsyp = supply airflow rate (m3-s1)

T = absolute temperature of the respiratory tract
(310.00K)

t = time (s)

U =the wind speed or inhalation velocity (default value
of 1.00 m-s1)

V = volume (m?)

vy, = particle deposition velocity for surface i (m-s1)
Vg5 = particle deposition velocity for upward facing
surfaces (floor) (m-s+)

V4 = particle deposition velocity for vertical surfaces
(walls) (m-s1)

X = particle shape factor which ranges between 1.00 to
2.00 (-)

%opa = outdoor air fraction (-)

7n; = inhalability of particles (-)

Nk, = total filtration efficiency for regional filter j
during nasal or mouth breathing (-)

Nk,ae,j = aerodynamic filtration efficiency for regional
filter j during nasal or mouth breathing (-)

Nkenj = thermodynamic filtration efficiency for
regional filter j during nasal or mouth breathing (-)

Nopa = particle filtration efficiency of the outdoor air
particle filter (-)

Npre = intake efficiency or inhalability of the imaginary
prefilter with which airborne particles are inspired
into the respiratory tract (-)

Nrca = particle filtration efficiency of the recirculation
air particle filter (-)

u = dynamic efficiency of air (1.88:10-* erg-s-cm-3)

p = particle density (g-cm-3)

Po = unity density (1.00 g-cm-3)

A = mean free path of the air molecules at 37.00 °C
(0.0683 pum)

¢x,; = volumetric fraction for regional filter j during
nasal or mouth breathing
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