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Highlights.

e A new indoor air quality model describing both gas phase and phases.
e Assessments with experiments in simulated atmosphere chambers

e Analyses of diesel soot evolution and formation of secondary organic aerosol.

Abstract. High levels of PM in indoor environments is a great concern for human health. INCA-Indoor
is an IAQ model which simulates more than 900 species in gas phase in indoor air. The present study
details the aerosol module implemented in INCA-Indoor describing the processes at work in indoor air:
aerosol formation by nucleation, growth of particles by coagulation or condensation, deposition and air
exchanges between rooms, etc. To validate and assess the performance of the new modelling system,
simulations were compared with measurements in an atmospheric simulation chamber. Two
experiments from the EUROCHAMP-2020 database were selected with two different types of particles
present in indoor air: growth of diesel soot in the AIDA chamber and SOA formation following
ozonolysis of a-pinene in the EUPHORE chamber. The model simulations agree with measurements of
the number of aerosols and their size distribution during the growth of diesel soot and their depositions.
The mass concentration cannot be simulated due to the real diesel soot forms not spherical as in the
model. The model reproduces the formation of aerosol from the ozonolysis of a-pinene in the gas phase,
and allows to evaluate the competition between the nucleation of aerosol gas precursors and their
condensation on existing particles and between coagulation and deposition afterwards. The work
confirms experimental findings and associated assumptions regarding to the composition of the aerosols

produced by this ozonolysis.
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1. Introduction

People spend on average 80% of their time indoors where high levels of organics and particulate matter
(PM) could be reached (Morawska et al., 2017). These particles come from indoor sources or outdoor-
to-indoor exchanges. Direct indoor PM emissions may arise from occupants’ activities (like tobacco
smoking, cooking, rubbing of carpets or fabrics, etc), or from re-suspension after deposition (Hussein et
al., 2005, 2006). Besides, terpenes, emitted during cleaning operations (Singer et al., 2006; Norgaard
et al., 2014) or cooking activities like orange peeling (Vartiainen et al., 2006), can react with oxidizing

agents to form Secondary Organic Aerosols (SOA).

Primary and secondary PM induce many health effects, including pulmonary and cardiovascular
diseases (Shiraiwa et al., 2017). Besides, they are vectors of organic pollutants, various allergens
(Blanchard et al., 2014) or biological agents (Fennelly et al., 2020). To better evaluate health risks
arising from PM in indoor environments, observation campaigns are necessary. The measurement
campaign during the MERMAID project (Schoemaecker et al., 2015) made it possible to observe
particles formation episodes in indoor air. Nevertheless, such observations are not sufficient to fully
understand the processes impacting particles concentration as a function of the environmental conditions
(e.g. location of the building, time of the day) or building design (ventilation system) and use (activities).
Models are complementary tool that can help to detail the processes. Their developments need very

precise measurement campaign in order to verify the modelling assumptions.

Most of the models simulating aerosols concentration indoors are aeraulic models in which only
transport and deposition processes are included. For example, the Fate and Transport of Indoor

Microbiological Aerosols (FaTIMA) tool is based on the NIST aeraulic models CONTAM to estimate

the concentration of aerosols a person might encounter in a room (Dols et al., 2020). The Multichamber
Indoor Air Quality model (MIAQ; Nazaroff and Cass, 1986, 1989) allows the simulations of the aerosol
coagulation, deposition and exchanges. However, this model does not characterize the formation of SOA
or the condensation of Semi-Volatile Organics (SVOCs) on aerosols. The Indoor Chemistry and
Exposure Model (ICEM; Sarwar et al., 2002, 2003) has integrated particle chemistry for a-pinene as
described by Kamens et al. (1999). This model accounts for the gas-particle transformation of semi-
volatile products and particle growth by condensation of semi-volatile products onto existing particles.
Indoor Detailed Chemical Model (IDCM; Carslaw, 2007; Carslaw et al., 2012; Kruza et al., 2017)
calculates gas-to-particle partition for 41 species according to the absorptive partitioning theory of
Pankow (1994). Calculations are made according to the total particle mass and the number distribution
of particles is disregarded. In both IDCM and ICEM models, particles’ growth is a function of
condensation, and aerosols cannot coagulate together. The sectional aerosol model for submicron of
Asmi et al. (2004) is currently one of the most complete models, considering nucleation, condensation,

coagulation, deposition, effect of surface accumulation and exchanges with outdoor air. Simulated



values are in relatively good agreement with measurements realised in a large office building (Koponen
et al., 2001) while the composition of particles is simplified and consists of water and some general

condensable vapor.

The objective of this study is to present a new model designed to simulate both the gas and aerosol
phases at the same time. The simulation of the aerosol phase covers all the processes impacting the
particles from their formation to their growth and losses : coagulation, nucleation, condensation, indoor-
outdoor exchange and deposition. This study also proposes a validation of the aerosol modelling based
on very detailed experiments performed in atmosphere chambers in which particles are generated from
the combustion of Diesel and ozonolysis of a-pinene. Diesel particle can be present indoor near heavy
traffic roads, and a-pinene can be emitted by fragrances (ex: pine) in cleaning products. The two
experiments were selected because performed in large room volumes too. The use of data from such
experiments, performed under full controlled conditions, allows a full understanding and identification
of the impact of modelled processed. It is a preliminary work performed with simple volume and surface,
homogeneous and measured air conditions (temperature, humidity, etc.) before an application in real
building, with complex forms and under uncontrolled conditions. The work is based on the INCA-Indoor
model that was developed to simulate concentrations of various volatile organic compounds (VOCs)
and oxidants in multi-rooms (Mendez et al., 2015). Thus, the SOA formation pathways and their
compositions are identified through a precise characterization of the gas phase, and the aerosol phase

both in number of aerosols, mass concentration, and composition.

The paper is organized as follows. The description of the acrosol module is exposed in Section 2. The
methodology to evaluate the robustness of INCA-Indoor modelling is explained in Section 3. Simulation
results are compared with experiments in simulation chambers in which particles are generated from the

combustion of Diesel and ozonolysis of a-pinene, and discussed in Section 4.
2. INCA-Indoor model and its aerosol module

2.1. Gas phase INCA-Indoor model

INCA-Indoor is a box time-resolved numerical model developed from the INCA model (Folberth et al.,
2006; Hauglustaine et al., 2004) in order to understand the physical and chemical processes leading to
indoor air pollution and identifying the main contributions to pollutant concentrations. Most of the
physics and chemistry of the INCA-Indoor gas-phase model is described in Mendez et al. (2015) for
emissions, gas phase and heterogeneous chemistry, outdoor air exchange, deposition and sorption
processes. Simplified chemical mechanisms from the SAPRC-07 database (Carter, 2010) are integrated
into INCA-Indoor with 1400 reactions for 650 VOCs. The HONO formation mechanisms have been
implemented in INCA-Indoor and detailed in Mendez et al. (2017b). The model was compared to IAQ

reference models and used to understand the chemistry of oxidant species under different indoor



conditions (Mendez et al., 2015, 2017a and 2017b). A cleaning operation with d-limonene emission was
already described using the model, but theses analyses only focused on the gas phase (Mendez et al.,
2015). Since this reaction can lead to an aerosol formation, an aerosol module was integrated to complete
the gas part relying on several species present in the chemical mechanism (see Section 2.2). The aerosol
module can operate independently of the gas module, but the SOA formation needs the gas module to

operate.

2.2. INCA-Indoor aerosol module

Aerosols are characterized by their size distributions and compositions. A sectional representation
described by Gelbard et al. (1980) has been used: each section I is defined by a number N; and a mass
M; concentration, a mean diameter d; and a composition. A logarithmic distribution of sections by size
is modelled on the Scanning Mobility Particle Sizer (SMPS). The logarithmic scale allows a good
description of small particles without increasing the computation time and without losing accuracy to
have a range amplitude of very large size. The sectional view allows to easily calculate the coagulation.
For this study, the best trade-off between section resolution and computing time counts 8 channels per
decade for a total of 32 size sections. The size range covered by INCA-Indoor is 21.6 nm to 216.5 pm
for Section 4.1 and 10.2 nm to 102.2 nm for Section 4.2, in order to cover the size ranges, determined
by matching the SMPS size bins. As a first approximation as commonly done in air quality models,
aerosols are considered as spherical in the model. The mass of particles can be computed from the
number of particles, the average diameter of the aerosol section, considering that the aerosol is spherical.
This approximation is usually used since no information on the aerosol forms is available. It cannot be
used when studying diesel soot since we already know that diesel soot agglomerates are formed by

chains of particles (see Wentzel et al., 2003).

The mean diameter, mass and number concentrations are calculated at each time step (here tgp, = 1min
) for 30 aerosol species with the nomenclature proposed by Pun et al. (2006) and considering surrogate
SOA compounds and inorganic compounds. Except in very specific measurement studies, the
composition of the particles is not studied and known. Since the composition of aerosols is unknown,
generic species, representative of a family of real species, are used in INCA-Indoor : the surrogate
BiAOD regroups carbonyl groups (i.e., aldehydes and ketones) and hydroxy groups (i.e., alcohols), the
surrogate BiA 1D regroups single carboxy groups. The surrogate BiA2D regroups two carboxy groups.
In this work, we are only interested in the compounds produced by the ozonolysis of terpenes, BiIAOD,
BiA1D and BiA2D. Differentiating such species allows to indicate the composition of the different
particle size classes considering their different chemical properties (vapor pressure, activity coefficient,
enthalpy of vaporization, equilibrium constant, etc.). These chemical properties are given by the
Hydrophilic/Hydrophobic Organic (H*O) model that allows INCA-Indoor to compute the partitioning

of species between the gas and aerosol phase. Aerosol concentration in each section is simulated



according to different processes such as the transport between rooms or indoor-outdoor, deposition on
surfaces, growth either by coagulation between aerosols or by condensation of gases onto aerosol surface
and the creation of particles by nucleation. The modeling of each process is detailed below. Fig.1

represents the different processes in the form of a diagram.
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Fig. 1. Diagram of the processes modelled in the INCA-Indoor aerosol module (except aerosol transport) in an

atmospheric simulation chamber.
2.2.1. Nucleation

In outdoor air quality model, BiAOD refers to biogenic species is often considered as a surrogate specie
that can produce aerosols from nucleation. The formation of SOAs by BiAOD is considered as a reaction
of second order governed by a nucleation rate. This nucleation rate was estimated based on the work of
(Kulmala et al., 2006) on sulfuric acid particles : the nucleation is modelled considering two steps in
order to simulate an aerosol formation directly in the first section of the model without detailing
processes from the real nucleation of the particles (around 1 nm) and the growth to reach the range of
our first modelled size section (Kerminen and Kulmala, 2002). A first cluster of particles with a diameter
d, = 1Inm is formed by the BiAODs with the “real” nucleation rate (/NR, cm3.s!) (we called it “real”
because the process is related to a real nucleation process but still it is an approximation since particles
may have diverse diameters around 1 nm). Then, the particle growth to reach diameters in the range of
our first modelled section. Two phenomena are in competition: (1) the cluster may grow by condensation
of BiAOD until its diameter reaches the first section of the model (growth rate noted GR, nm.s™!), (2) the

cluster may also coagulate on large pre-existing particles (coagulation sink rate named CoagS(d,), s™).



In order to consider the competition between cluster coagulation with other particles and cluster growth
by condensation, Kerminen and Kulmala (2002) and Lehtinen et al. (2007) proposed to express an

“apparent” nucleation rate JNA (cm?.s™!) for aerosols of diameter d; as a function of /NR:

CoagS(d,)
JNA =]NR exp( - VdnT)#(l)

where y is a proportional factor (no unity). y has been defined by Lehtinen et al. (2007). The coagulation
sink CoagS(d,,) is dependent on the particle size distribution and a coagulation rate (see Section 2.2.2)
while the cluster growth rate by condensation GR is dependent on the concentration of BiAOD in the
room. The mass of clusters formed was found to be negligible compared to the mass of the first-class

particles and can be neglected.

As most of aerosol modelling studies, it was first assumed that a surrogate specie BiIAOD could be
considered as the nucleating species. The scheme then leads to a very high production of the small
particles. Actually, few recent studies showed that aerosol nucleation is still a poorly described process
and needs to be revised. Low-volatility carboxylic acids (C8—C10) were identified in the particulate
phase (10 and 20 nm particles) as the major components of the SOA (Yasmeen et al., 2010; Claeys et
al., 2009, Winkler et al., 2012), including terpenylic acid, cis-pinonic acid, and pinic acid (Amin et al.,
2013). The ozonolysis process on alkenes can lead to the formation of Crigee intermediate and these bi-
intermediate compound (very unstable) can be rearranged (intramolecular reaction) to give carboxylic
acids. Winkler et al. (2012) estimated a saturation vapor pressure on the order of 107! atm or less for
compounds responsible for growth of particles between 4-30 nm and 107 atm for compounds
responsible for growth of particles larger than 30 nm, within the lower end of the previous measured
saturation vapor pressures of C8—C18 monocarboxylic acids (107''~1073 atm) (Cappa et al., 2008; Tao
and McMurry, 1989). Several studies (Liggio and Li, 2006a, 2006b) also report an uptake of
pinonaldehyde (usually included in the generic BiAOD specie) onto acidic aerosols higher than what
could be predicted by assuming equilibrium between the gas and particle phases and no chemical
reaction inside the particles. This phenomenon was attributed to oligomer and/or organosulfate
formation. Couvidat et al. (2018) and Tuovinen et al. (2021) finally stated that BiAOD compounds are
not able to condensate according to the kelvin effect but few of them, with low saturation vapor pressure,

contribute to the growth of particle per condensation.

This present work proposes to keep the same aerosol formation mechanism as proposed in outdoor air
quality model for BiAOD, but creating a new surrogate BiIAOD’ with a low saturation vapor pressure

(see Section 2.2.3). The estimation of this new saturation vapor pressure is explained in Section 4.2.



2.2.2. Condensation

The Hydrophilic/Hydrophobic Organic (H*O) model (Couvidat et al., 2012) is implemented to calculate
the equilibrium between the gas phase and the aerosol phase. The condensation of twenty-nine species
or groups of species on pre-existing particles is calculated by H?O model. Two groups of species are
distinguished by Couvidat’s model: hydrophobic species which only condense on an organic phase and
hydrophilic species which condense on an aqueous phase, and otherwise on an organic phase. The
concentration of primary organic compounds depends on the amount of organic matter available for
SVOCs to condense and the volatility of these compounds. The secondary organic compounds for
hydrophilic acids consider the oligomerization and dissociation of organic acids at high pH thanks to
large effective Henry’s law constants. In the a-pinene ozonolysis experiment studied in this paper, the
relative humidity was close to zero. The particle is dry and the saturated vapor pressure of each species

gives the partition between the mass of gas and the mass aerosol of each species.

Finally, H?0O model gives the gas phase concentration and the aerosol phase concentration for the 29
species at thermodynamic equilibrium over one hour. Based on the work of Li and Shiraiwa (2019), the
timescale of thermodynamic equilibrium is lower compared to the INCA-Indoor time step fixed in the
two experiments (tgep = 1min) with a bulk diffusion (2.57 - 103 m?.s"). The concentration of species
that has condensed onto particles is distributed according to a ratio between the surface of particles in

each section and the total surface of all particles.

More description of H*O modelling can be found in Couvidat et al. (2012). Table 1 gives the saturation

pressure used in INCA-Indoor for this paper.

Table 1. Properties of surrogate SOA species from Couvidat et al. (2012) and used in INCA-Indoor for this paper.

Surrogate Molecular Structure Molecular Weight Saturation vapor
(g.mol) pressure (torr) at 298K
BiAOD Pinonaldehyde 168 2.70 x 10+
BiAOD’ Pinonaldehyde 168 1.15% 108
BiA1D Norpinic acid 170 2.17 x 107
BiA2D Pinic acid 186 1.43 x 107

The saturation vapor pressure is fixed at a temperature of 298 K in the H?0O model. Uncertainties are

noted in particular for the saturation vapor pressure of BiAOD and discussed in the Section 4.2.
2.2.3 Coagulation

As proposed by Otto et al. (1999), coagulation can be expressed as a collision between two particles due

to the Brownian motion. The collision between two particles of same size (i.e. same section) or different



sections lead to one bigger particle that may keep in the same section of the initial particles, or be

associated to another larger section with losses of particles in the initial ones. Kcoag; is the coagulation

rate coefficient of the collision “reaction” between particles i and j. Fuchs (1934) calculates this
coagulation coefficient based on two theories describing the transport of particles: 1- continuum

diffusion when the distance between the two aerosols is greater than their respective mean free path Ap,

and 2- kinetic theory otherwise. The coagulation coefficient is adapted from the collision function for

the quasi-continuum regime between two particles i and j:
Kcoagi,j = ZﬂDl'Jdl‘]ﬁ(KTlD)#(Z)

with the diffusion coefficient D;; = D; + D; (cm?.s™"), the particle diameter d;; = d; + d; (cm) and the
Dahneke's function 8(Knp). This last function is defined according to the Knudsen number Knp, which

is simpler to the one defined by Fuchs and Wright (1939) but still very close (the relative error is less
than 1%):

( ) 1+ KTLD ZAP
Knp) = with Knp =
Plnp) =17 2Kny + 2Kn? P dy;

#(3)

2.2.4. Deposition

Two types of deposition are considered on inert surfaces: 1- gravitational sedimentation for horizontal
surfaces and transport through the boundary layer due to Brownian diffusion and 2- turbulent diffusion
for both vertical and horizontal surfaces. Particle flux density to surface due to deposition J through the

boundary layer is defined as Eq. (4):

] =valN,#(4)

where v, is the deposition velocity (m.s™!), N is the particle concentration outside the concentration

boundary layer.

Ji is described by a modified form of Fick's law by Lai and Nazaroff (2000). For the boundary layer

adjacent to a vertical surface, J is given by Eq. (5a):
ON
J=-(g, + D)@#(Sa)

where &, is the particle turbulent diffusivity (m%.s™), D is the Brownian diffusivity of the particle (m?.s-

1) and y is the distance to the surface (m).



For the boundary layer adjacent to a horizontal surface, the influence of gravity is considered with the

particle settling velocity through the boundary layer v (m.s!). [ is given by Eq. (5b):
ON
J=-(&+ D)a + v,N#(5b)

Lai and Nazaroff (2000) assume that the deposition flux is constant in the concentration boundary layer.
The particle concentration, distance from the surface, and deposition velocity are normalized
respectively by the freestream particle concentration N, friction velocity u* and fluid kinematic
viscosity vy to be dimensionless. Using the equations Eq. (4) — Eq. (5), the dimensionless deposition

velocity can be expressed as follows Eq. (6):

—
upward surface,
1 —exp(—vs+1)
+ 2
Vg = downdard surface,#(6)

exp(—vs+1)—1

*

k T vertical surface

. . 30 \
where v, ¥ =vg/u®, vat =vg/ut, I=1/vgt = [ (ve/ (e + DYy, vyt =yut v y T =y

u*fvg, vt =(D/2) (u* /vy).

To solve these Euler equations, an analogy can be done with an electrical diagram (Lai, 2005) with
resistors. The work of Lai (2005) is based on a system with four resistors allowing to calculate the

deposition rate. The deposition rate is calculated for each size section.
2.2.5. Transport

INCA-Indoor is a multi-box time-resolved numerical model. INCA-Indoor considers a room as a box.
Exchanges with outdoor through the building envelope, openings or the ventilation system, as well as
exchanges between rooms through the walls or openings, vary in time as a function of the indoor-outdoor
temperature difference and the wind speed for example. Airflows may be determined (not used in this
study) thanks a tight-coupling with CONTAM (Dols and Polidoro, 2020), a multizone indoor air quality
and ventilation analysis program developed by the National Institute of Standards and Technology
Technical (NIST).

The number of particles in each section (N;) is defined for a room x connected to outside and the other

rooms y as Eq. (7):



oN i,x Qout—)xN Qx—)outN Qy—)xN
at - Vx out(t) - Vx i,x(t) + Vx i,y(t) -

Qx—>y

7 Nix(©) + Prod(N;,) - Sink(N;,)#(7)
X

where S (m?) and V (m?) are respectively the surface and the volume of the room, Q (m.s™') is the flow

and Prod(N,) and Sink(Ni) are respectively the production and sink contributions on the particle

concentrations through complex interactions between nucleation (a production process), condensation

& coagulation (mixed of production & sink processes), and deposition (sink process). One room is

studied in this study.
3 Experimental design

To validate the model that has been developed, two experiments were reproduced with different types
of aerosol (primary aerosol and SOA). Data of these experiments were extracted from the database of
atmospheric simulation chamber studies supplied by EUROCHAMP-2020 (Integration of European

Simulation Chambers for Investigating Atmospheric Processes — towards 2020 and beyond —

https://data.eurochamp.org/). These data collected for comparison between model and measurement
come from measurements realized in atmospheric simulation chamber by Karisruhe Institute of

Technology (KIT) and Centro de Estudios Ambientales del Mediterraneo (CEAM).

The first experiment is based on a characterisation campaign of soot aerosols in the AIDA (4erosols,
Interactions and Dynamics in the Atmosphere) chamber of KIT. This is a cylindrical aluminium vessel
of 84.3 m3 volume (Bunz et al., 1996; Kamm et al., 1999), described by Saathoff et al. (2003). Diesel
soot aerosols were generated with a Volkswagen 4 cylinder turbo Diesel engine (TDI, typelZ). To avoid
unrealistically high trace gas concentrations in the AIDA chamber the dilute aerosol was passed through
three denuders in series (to remove water vapour, volatile organic compounds and most of the NOx)
(Saathoff et al., 2003). The number concentration of particles larger than 7 nm was measured
continuously with two condensation particle counters (CPC 3022, TSI) and the number size distribution
was scanned by a scanning mobility particle sizer (DMA 3071 and CPC 3010, TSI). Samples for total
carbon/elemental carbon analysis were collected, on preheated (250°C) quartz fibre filters (47 mm
diameter, MK360, Munktell) followed by coulometric analysis (Coulomat 702, Stroehlein). This
experiment was described in Saathoff et al. (2003) and Wentzel et al. (2003). Wentzel et al. (2003) noted
that there are Polycyclic Aromatic Hydrocarbons (PAHs) in the particle composition, but they quantified
by comparison of measurement and COSIMA model that the aerosol dynamics is dominated by a rapid
coagulation leading to a clear decrease in particle number and a significant growth of the particles and
the mass evolution reflects the impact of sediment deposition and particle diffusion towards the chamber
walls. The experiment is used here to assess the coagulation and deposition process calculated by INCA-

Indoor, without considering the condensation/evaporation process.


https://data.eurochamp.org/

The second experiment selected was conducted at the EUPHORE (European Photoreactor) chamber of
the CEAM building, which is a Fluorine-Ethene-Propene (FEP) half-sphere with a volume of 200 m?3
(Becker et al., 1996). The case study is the ozonolysis of a-pinene and the formation of SOA after this
reaction. 190 ppb of ozone was generated and 125.8 mg of a-pinene was injected in EUPHORE. Rapid
mixing of the gas is achieved by two fans with a nominal throughput of 8000 m3.h"! housed in the
chamber (Siese et al., 2001). Ozone and a-pinene were monitored during the experiment respectively
with ozone analyser (ML9810) and Fourier-transform infrared spectroscopy (FTIR Nicoletet Magna
550). Scanning mobility particle sizer (DMA 3081 and CPC 3775, TSI) measures particle size
distribution and the number total concentration of particles. Mass concentration is not directly measured
by the SMPS. The mass concentration is derived from a calculation based on spherical particles with a
given density (see Table 2) and the size distribution. A tapered element oscillating microbalance
(TEOM) system is used to measure particle mass concentrations with an aerosol sampling temperature
50°C. The use of a TEOM system may lead to underestimation of the aerosol mass as discussed in
Sect.4.2 (Tortajada-Genaro and Borras, 2011). This experiment allows the evaluation of the

condensation process, acting with the coagulation.

In both experiments, a dilution factor is obtained by monitoring SF¢ concentration (99.9%, Messer
Griesheim) as an inert tracer : this dilution is considered in INCA-Indoor as the air exchange between
the chamber and the outside (Table 2). The dilution is related to pure air (without particles and chemical
reactants) entering the chamber and compensating for the pumping of the measuring instruments (to
maintain a uniform pressure). The experiments were performed in the dark and without the presence of

other reactive compounds (like NOy).

Table 2. Parameters used by INCA-Indoor to simulate experiments: diesel soot in the AIDA chamber (first row)

and ozonolysis of a-pinene in the EUPHORE chamber (second row).

Aerosol Chamber Volume Total Aerosol Dilution T° (°C) RH
species (m?) surface density factor (%)
(m?) (gm™) (m’.h)
Diesel soot AIDA 84.3 94.3 1.7 0.4418 24 33-43
SOA EUPHORE 200 200 1.25 19.71 9-23 ~
aerosols

AIDA chamber and the EUPHORE chamber were represented in the model as vertical surfaces and
horizontal surfaces. In INCA-Indoor, Diesel soot aerosols are generated in the AIDA chamber with a
number size distribution identical to the first initial measures of SMPS. Temperature, pressure and
relative humidity were monitored in the chamber for both experiments and were used as inputs into

INCA-Indoor.



4. Results and discussion

4.1. Modelling diesel soot evolution in the AIDA chamber

Fig. 2 shows the growth of particles in the AIDA chamber as simulated by INCA-Indoor (dotted curves)
and measured by the SMPS (plain curves) during the forty three hours following the introduction of
diesel soot acrosols. Since the resolution for the granulometric sections is different between the model
and the SMPS, the number of particles for each section have been normalized by the diameter for better
comparison. At the beginning of the experiment (blue curve), the average diameter is 230 nm while after
40 hours (brown curve), the average diameter reaches 360 nm. Along with this growth, the total number
of particles in the chamber decreases (Fig. 3). Indeed, in the absence of any condensable gas, the only
way of growth is coagulation : coagulation lowers the number of particles without a reduction of the
total mass. The work on coagulation proposed by Otfo et al. (1999) is sufficient to describe the growth
of Diesel soot. The rapid growth and decrease in particle number by coagulation calculated by INCA-
Indoor are in good agreement with the results of Wentzel et al. (2003). The gas aspect, especially the
condensation and evaporation processes are not integrated here and the model represents a simplistic,

but effective view on particle growth and losses.
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Fig. 2. Number size distribution of particles estimated from the SMPS measurements (plain curves) and simulated

by INCA-Indoor (dotted curves) in the AIDA chamber.



The progressive decrease of the number of particles is linked to the deposition: in this experiment, this
deposition represents 47 % of the particle mass loss. With the little air exchange in the chamber (= 0.5

m3.h!), the phenomenon of deposition is here mainly governed by gravity.
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Fig. 3. Measured with CPC 3022 and CPC 3010 (blue dotted curve) and simulated by INCA-Indoor (red plain

curve) particle number concentration in the AIDA chamber with measurement uncertainty band (blue area).

Different statistical tools such the Normalized Mean Bias (NMB), the Normalized Mean Standard
Deviation (NMSD), Pearson’s coefficient (p), Root Mean Square Error (RMSE) and Model Quality
Objective (MQO) were calculated by comparison with the measurements of CPC 3022 and SMPS (DMA
3071 and CPC 3010) (Table 2) to assess the performance of the model. The MQO defined by Thunis et
al. (2012) and based on the Root Mean Square Error (RMSE) and on the measurement uncertainty is
less than 0.5 for the set of data issued from two measurement instruments. This means that the RMSE
between the observed value and the simulated value is less important than the uncertainty on the
measurement (U = 10 %). The model simulations are therefore in the uncertainty interval on the
observation and the total number of particles simulated thus fits the measurements (Fig. 3), showing that

the model faithfully transcribes the coagulation and deposit for Diesel soot particles.

Table 3. Statistical comparisons of total number concentrations modeled and observed during the growth of Diesel

soot in the AIDA chamber.

Comparative Normalized Normalized Pearson’s Root Mean Model

measuring Mean Bias Mean Standard coefficient Square Error  Quality

instrument (NMB) Deviation (-1<p<1) (RMSE) Objective
(%) (NMSD) (part./cm?) MQO)

CPC 3022 -0.28 0.10 0.996 2.14- 103 0.31




CPC 3010 4.28 0.12 0.990 3.02- 103 0.45

Mass concentration (total carbon) measured by particle collection on preheated quartz fibre filters
followed by coulometric analysis cannot be since particles are considered to be totally spherical in
INCA-Indoor. Wentzel et al. (2003) during the experiment show particles coagulated together forming
characteristic chains with an average primary particle diameter of 27 + 3 nm with a bulk material density
of 1.7 gm3 (Wentzel et al., 2003). Considering diesel soot as spherical particles lead to an
overestimation of two observations of the mass concentrations : 266 (20 % at 70 min) and 209 pg.m3
(22 % at the end of the experiment). The simplistic view of INCA-Indoor provides a powerful tool for
quantifying the distribution of aerosols in indoor air, but the assumption of aerosol sphericity is a

limitation in the present version of INCA-Indoor to simulate any type of aerosols.
4.2. SOA in the EUPHORE chamber

To describe SOA formation in the EUPHORE chamber, the kinetics of the gas phase reaction must be
well described. The mixing ratio of ozone and a-pinene are reproduced fairly faithfully compared to the
measurements (Fig. 4). An overestimation of the ozone concentration has already been observed in other
experiments (photo-oxidation of alkene) reproduced with the mechanism (MCMv3) in the EUPHORE
Chamber (Bloss et al., 2005). Ozone loss is due to the reaction with a-pinene up to 94% at the start of
the ozonolysis, and when a-pinene has been entirely consumed ozone loss is due to deposition. For a-

pinene, the deposition and dilution are negligible compared to its consumption by its ozonolysis.
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Fig. 4. Observed (blue dotted curves) and simulated (red plain curves) concentration of ozone (a) and a-pinene

(b) in the EUPHORE chamber.



This reaction will produce several groups of species according to the chemical mechanisms SAPRC-07
database implemented in INCA-Indoor: BiAOD’ (with the molecular structure of pinonaldehyde but
with a lower vapor pressure), BiA1D (with the molecular structure of norpinic acid) and BiA2D (with
the molecular structure of pinic acid). BIAOD’ produced by the reaction will form the first small particles

that are growing quickly (particles double their average diameter in about one hour after injection).

A competition sets in between nucleation and condensation. A saturated vapor pressure of BIAOD was
initially set in the H*O model to Pvapg,= 2.7-10-* Torr as proposed by Coudivat et al. (2012) for BiIAOD
(Table 1). But with such saturated vapor pressure value of BIAOD, BiAOD lead to the formation of a too
large number of too small particles (= 6-10° part./cm? ) compared with experiment. The saturated vapor
pressure of BiAOD was reduced to Pvapg,= 1.15-10- Torr to foster the condensation of BiAOD and in
this way limit nucleation. Several works have shown that the saturated vapor pressure of pinonaldehyde
is high compared to the equilibrium between the aerosol phase measured and the gas phase measured
(Tillmann et al., 2010). This saturation vapor pressure difference can be explained by a heterogeneous
reaction as the condensed phase oxidation of pinonaldehyde to pinonic acid (Jenkin, 2004). Jenkin
(2004) had to artificially reduce the volatility of the products by a factor of 100 to explain the growth of
SOA formed as a result of ozonolysis of a-pinene. This decrease in saturation vapor pressure is also

discussed in Sect.2.2.a.

Fig. 5 represents the evolution of the particle size distribution as a function of the time. The average of
all aerosols present in the chamber was represented by a black line on this figure. INCA-Indoor
calculates 32 particle size classes (Res = 8) while the SMPS has a finer resolution (Res = 64). However,
we observe the same quick particle growth: 40 nm to 100 nm in one hour for observation and 30 nm to
120 nm for simulation. The particle size distribution follows a ‘banana plot’ characteristic of ozonolysis
with two phases combined: SOA formation (see the colour tends towards the red in Fig. 5) and SOA
growth (see the black curve of the mean diameter increases in Fig. 5). The particle growth calculated by
the INCA-Indoor model is faster than the measurement. After 4 h, the mean diameter of the aerosols is
greater than 150 nm for the model whereas it is never exceeded for observation. The SOA formation has
been reproduced with INCA-Indoor and the works of Kerminen and Kulmala (2002) and Lehtinen et al.

(2007) on the nucleation of sulfuric acid can be used with confidence to represent SOA formation.
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Fig. 5. Number size distribution and mean diameters for all particles (black line) in the EUPHORE chamber
measured by SMPS (a) and simulated by INCA-Indoor (b).

The concentration in number and in mass for particles in EUPHORE increase from the start of the
ozonolysis and a maximum of concentration number is reached after the injection of a-pinene (Fig. 6a).
The formed clusters grow to the first class described by the model. The coagulation of clusters by larger
particles is at its minimum at the beginning of the experiment. There is no loss of clusters and the
nucleation is not limited. Then, the particle number concentration decreases while the mass
concentration continues to increase (Fig. 6b). Indeed, from that moment on, there is no more nucleation
(JNA close to zero) because the coagulation loss of clusters becomes predominant in relation to their
growth. BiAOD’ favors condensation on existing particles in relation to nucleation. In addition to

condensation, the particles will coagulate and increase in size at the expense of the number of particles.



Work of Otto et al. (1999) on coagulation is based on primary aerosols with different physico-chemical
properties and different processes. INCA-Indoor describes a strong coagulation which decreases the

number concentration more than the measurement.
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Fig. 6. Modeled and simulated particle number concentration (a) and mass concentration (b) in the EUPHORE

chamber.

The same statistical tools as in Table 3 were calculated by comparisons between measurements and
simulations of the total particle number concentration (Table 4). It shows a relatively small error which
shows the good performance of the model in describing the concentration in numbers. The calculation
of the MQO indicator between the total number concentrations measured and modelled was done on
two different times: over the first hour (where there is formation of aerosols and a rapid growth linked
to the condensation and coagulation), and over four hours. The MQO over the first hour is less than 0.5.
The model succeeds in transcribing the nucleation of SOA and their growth by condensation mainly.

After this formation phase, the two dominant processes are deposition and coagulation. A too high



coagulation probably explains that the MQO is higher over 4 h. With MQO > 0.5, RMSE is on average
larger than the uncertainty interval on the observation, but the precise characterization of the

concentration of particles is very variable according to the measuring instruments used.

Table 4. Statistical comparisons of total number concentrations modeled and observed during the a-pinene

ozonolysis in the AIDA chamber.

Comparative Normalized  Normalized Mean Pearson’s Root Mean Model
measuring Mean Bias Standard coefficient ~ Square Error Quality
instrument (NMB) Deviation (-1<p<1) (RMSE) Objective
(%) (NMSD) (part./cm?) (MQO)
“1h  4h
CPC 3775 -6.88% -0.016 0.98 7.87 - 10* 038 0.62

The contribution of the processes in mass and number concentration and in size is calculated by INCA-
Indoor which allows to understand the aerosol formation and their growth (Table 5). Looking at the
concentration in number, the source of aerosols is due to the nucleation and the main way of losses are
the coagulation in favor of an increase in size. The major contribution in mass concentration production
is the condensation of gases on acrosols formed by nucleation : The growth in size is linked to 25% by
coagulation and 75% by condensation. The mass concentration decreases led by dilution, with a
contribution of 10 to 40 % of the total losses during the experience, and deposition with a contribution
of 60 to 90 %. The deposition velocity of the aerosols on the horizontal surface led by the gravitational
settling is in the same range as their deposition velocity on the vertical surface led by the Brownian and
turbulent diffusion, with a mean aerosol deposition velocity v4 = 1.7-10° cm.s™! for each surface. The
turbulent diffusion is accelerated by the fans which allow a rapid mixing of reagents and increase the
impact of particles on the walls. The gap of the mass concentration between SMPS and INCA-Indoor
after 140 min (Fig. 6b) could be explained by an underestimated deposition in our model. The
EUPHORE chamber is actually a hemisphere while, in order to facilitate calculations, a vertical surface
and a horizontal surface have been described in INCA-Indoor and could thus lead to an error in the

estimation of the deposition rate.

Table S. Contribution of physico-chemical processes on aerosol mass and number concentration calculated by

INCA-Indoor during the experiment in EUPHORE chamber.

Physico-chemical process  Nucleation Coagulation  Condensation Deposition Dilution

Contribution on number +1.9-10° -1.2-105 - -0.3-10° -0.1-10°

concentration (#/cm?)




Contribution on mass +0.2 - +174 41 22

concentration (pg.m)

The model can provide an estimation of the aerosol composition that cannot be controlled by any
observations : modeled aerosols are composed of 75 % of BiAOD’ brought by nucleation and by
condensation, and 25 % of BiA2D brought by condensation. This is a simplified view of the model with

three groups of species. There are undoubtedly several species present in the particle and not modeled.

Different SVOCs condensation configurations were simulated allowing (1) only BiAOD’ condensation,
(2) only BiAOD’ and BiA1D condensation, BiAOD’ and BiA2D condensation, (3) condensation of all
VOCs and with condensation on surface. The results in mass concentration with condensation of
BiAOD’ and BiA2D and without condensation on the surfaces are the closest to the measurements and
it is these results that have been presented in this article. Varying such condensation options, the
composition of SOA appears to vary considerably depending on the experiments and the experimental
conditions. A future perspective is to compare the modeled compositions with measurements issued

from a dedicated experiment.

5 Conclusion

The INCA-Indoor model was developed to characterize the gas phase in indoor air. A development of
an aerosol module has been proposed in this article with different processes described: the nucleation of
SOAs, aerosols growth by condensation or by coagulation and their losses by deposition or by exchange.
The advantage of the INCA-Indoor model is to combine a gas phase well characterized and a coverage
of the many processes impacting aerosols in indoor air. The validation is done by an comparison between
simulations and measurements on controlled experiments that are typical from indoor air: the growth of

characteristic particles from the outside (diesel soot) and formation of SOA.

The study allows to quantify the contribution of each process on size distribution and on total
concentration in number and in mass. Coagulation is the only growth path in the AIDA chamber, the
same situation is found for SOA in the EUPHORE chamber when nucleation and condensation are
completed. There is a large loss in numbers through coagulation, but the mass concentration is preserved.
The mass losses in both experiments are deposition and air exchange. Deposition in the AIDA chamber
is largely governed by gravity, whereas in the EUPHORE chamber deposition by Brownian motion and
turbulent diffusion dominates, especially with fans. These experiments make it possible to develop
strategies for limiting the concentration of particles in indoor air according to their size by playing on

the air renewal or the deposition



The model showed good performance in simulating the growth of aerosols, especially diesel soot.
Particle number concentration calculated by the model in both chambers is in the measurement
uncertainty band (MQO < 1). Particle size distribution during a-pinene ozonolysis or diesel soot growth
is well described. This is major step forward in aerosol simulation because INCA-Indoor allows to
evaluate simultaneously aerosols size, aerosol composition, number and mass concentration. The
evaluation of the size of the particles can thus allow to identify the deposition areas in the respiratory
tract after inhalation (Lippmann and Albert, 1969) and identify their capacity to be vectors of pollutants
or biological agents (Fennelly, 2020). However, particle inhalation is probably a much more complex
process to model because of the high relative humidity. Some aerosols (<5 pm) contain SARS-CoV-2
(Van Doremalen et al., 2020). The INCA-Indoor aerosol module is currently used to determine the risk

of spreading the virus within a building (Micolier et al. 2020).

INCA-Indoor is a now a model able to fully simulate air quality in buildings, and this way constitutes a
decision-making tool to guide building design by identifying the processes and sources of pollutants. A
perspective for the model is to assess the quality of the predictions for aerosols in real-world settings
with indoor-outdoor transport and occupants’ influence. It will necessary to implement particles
resuspension since it has been identified as an important source of particles in indoor air (Benabed and

Limam, 2017).
Data availability
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