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Secondary organic aerosol (SOA) forms indoors when ozone reacts with terpenes, generating a range of

low- and semi-volatile compounds, over 50% of which partition into the particle phase. This study

investigated the formation of SOA in indoor spaces under heterogeneous thermal conditions resulting

from the combined effects of HVAC systems and heat emitted by human occupants. The core of this

study involved integrating the volatility basis set (VBS) model with computational fluid dynamics (CFD)

simulations. The resulting VBS-CFD framework was used to simulate SOA formation from ozone-

terpene reactions, with terpenes originating from human emissions. Model accuracy was assessed using

experimental data from previous measurement studies and a material balance model. Results indicate

that semi-volatile compound concentrations are substantially higher near occupants compared to

ambient levels, while SOA concentrations are lower near humans due to temperature gradients. The

study results further revealed notable spatial variability in SOA concentrations under both cooling and

heating scenarios, despite maintaining a consistent average indoor temperature. These findings highlight

the important role of semi-volatile compounds in influencing particle concentrations near occupants,

with over 50% of these compounds potentially contributing to aerosol formation—and thereby

increasing human exposure to indoor aerosols.
Environmental signicance

This research examines the formation of secondary organic aerosol (SOA) within indoor environments, employing an integrated methodology that combines
volatility basis set (VBS) and computational uid dynamics (CFD) modeling. Whereas traditional VBS models provide a single, representative concentration
value for an entire room, this integrated approach herein uncovers variations in SOA concentrations arising from indoor temperature gradients and airow
dynamics. These ndings highlight the necessity for advanced modeling techniques in the effective management of indoor air quality and elucidate the impact
of human presence on indoor air pollution. Furthermore, previous models primarily revealed average SOA concentrations under the assumption of well-mixed
indoor environments, offering limited insight into spatial variability. By addressing these limitations, the present results demonstrate how the integrated
methodology can capture more realistic spatial differences in pollutant concentrations, thereby enhancing air quality control strategies and extending the
understanding provided by earlier studies. Notably, the CFD simulations show that, even under a single set-point room temperature, the average SOA
concentration can differ depending on the airow of the space operating under cooling or heating conditions, suggesting the inuence of thermal stratication
on chemical processes and reinforcing the need for spatially resolved CFD–VBS modelling to guide targeted ventilation interventions.
1 Introduction

Indoor air quality is closely linked to human health, as people
spend the majority of their time indoors.1 Numerous studies
and reviews have linked indoor air quality to human health
outcomes, with hazardous chemicals and airborne particles
ennsylvania State University, University

ronmental Engineering, Drexel University,

tion (ESI) available. See DOI:

cts, 2025, 27, 2538–2549
having notable impacts.2,3 Fine particles in indoor environ-
ments have long been a subject of study due to their association
with respiratory and cardiovascular diseases.4,5 Previous
research has focused on primary sources of indoor particles,6–8

which are typically found in higher concentrations near people,
resulting in elevated human exposure to toxins.

Early investigations focused on the mechanics of indoor
particles using experimental measurements and comparing
them to a standard well-mixed model with physical sources and
losses.9,10 Indoor chemical reactions also form particles, moti-
vating the study of chemical emissions from occupants and
human activities associated with secondary organic aerosol
(SOA) formation.11–13 Bekö et al.14 measured occupant emissions
This journal is © The Royal Society of Chemistry 2025
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by analyzing specic chemical compositions. Liu et al.15 inves-
tigated the impacts of outdoor particles, ventilation, and
human activities on indoor chemical concentrations in a class-
room, while Tang et al.16 analyzed specic compositions of
volatile compounds emitted by the human body. Lakey et al.17

established a model for chemical emissions from human sub-
skin to clothing due to the ozone reaction, validating the
model against measured concentration data.

Volatile chemicals emitted from the human body contribute
to indoor ozonolysis. Consequently, current research efforts are
focused on predicting the extent of SOA formation using
chemical models and measuring reactions between ozone and
organic materials (OM).18–29 Kruza et al.30 developed a chemical
model capable of calculating ozone removal and aldehyde
production on indoor surfaces. Kroll et al.31 focused on identi-
fying chemical reactions involved in the formation of organic
aerosols. Their research covered a range of reactions, including
oxidation initiation, reactions involving peroxy radicals and
alkoxy radicals, non-oxidative and oxidative processes in
particle-phase reactions, and multiple generations of oxidation.

Donahue et al.32 introduced the volatility basis set (VBS)
model for understanding ambient SOA formation. To permit
efficient calculation of gas-particle partitioning behavior, the
VBS groups organic compounds into bins based on their vola-
tility. Waring, Cummings, et al.33–36 developed VBS modeling
approaches specically for indoor applications. A strength of
the VBS is its ability to capture temperature effects on species
volatility and subsequent aerosol partitioning behavior.
However, most indoor studies using the VBS model have
considered only well-mixed models. While a well-mixed model
can provide valuable insights, spatial discrepancies may arise as
rooms become larger with more occupants, include non-
isothermal jets from supply air, and develop thermal gradi-
ents. To investigate the difference in SOA formation due to
a non-isothermal indoor environment, factors that can affect
the indoor airow have been examined in the simulation
studies. For instance, Wu et al.37 demonstrated that a room with
oor heating and displacement ventilation contains a vertical
temperature distribution. Rim38 also showed that the tempera-
ture gradient between a human body surface and ambient air
can inuence the indoor environment, resulting in buoyancy-
driven ow developed in the vicinity of the body. Further-
more, the indoor temperature distribution can vary depending
on cooling, heating, and ventilation conditions.

Although the VBS model is a powerful tool for predicting the
SOA formation, it remains unclear how the dispersion of
occupancy-driven SOA is affected by indoor conditions and
inuences the exposure to the occupants. Computational Fluid
Dynamics (CFD) simulations have been utilized to understand
non-uniform thermal and contaminant distributions under
various indoor circumstances.39 Given this background, the
objective of this study is to examine the formation of SOA near
human occupants affected by indoor cooling and heating
conditions based on combining the VBS model with CFD
simulation.
This journal is © The Royal Society of Chemistry 2025
2 Methods
2.1 Analysis of behavior of organic aerosols (OA)

In order to investigate the spatial distributions of organic
particles and gases within a ventilated room, we established the
VBS framework into a CFD model. The VBS model was used as
a reference to predict the bulk thermodynamic behaviors of
organic aerosols (OA). In the VBS model, OM is categorized into
discrete volatility bins. Volatility is constrained using the
effective saturation concentration (c*, mg m−3), and c* bins are
typically separated by factors-of-ten for VBS applications on
a logarithmic scale. In this study, the VBS had reference
(dened at 298 K) c* bins ranging from 0.01 to 1000 mg m−3.40

Reaction yields of OM, comprising both gas and particle
phases, are applied to calculate the OM concentration for each
volatility bin. These concentrations are then used to determine
the equilibrium OA concentrations by solving the system of
equations considering aerosol mass fraction outlined below:

xi ¼
�
1þ c*i

COA

��1
(1)

COA ¼
X
i

xiCOM;i (2)

where, xi is the aerosol mass fraction, COA is the total indoor
mass concentration of OA, and COM,i is the mass concentration
of organic materials in VBS bin i. The effect of temperature on
OM volatility is captured efficiently in VBS models by using the
Clausius–Clapeyron equation to shi the effective volatility of
each bin instead of moving OM between bins:

c* ¼ c*0
T

T0

e

�
DH
R

�
1
T0

� 1
T

��
(3)

where, T is the current temperature, T0 is the reference
temperature, c*0 is the volatility at a reference temperature, DH is
the enthalpy of evaporation, and R is the ideal gas constant.
Temperature changes affect OA concentrations such that
warmer air increases OM volatility, so OA concentrations
decrease, and cooler temperatures encourage gas-phase OM to
condense into the particle phase.

Organic materials are introduced from air ow inlets and the
human body. Organic materials and ozone from outdoors are
represented as mole fractions in the inlet air. Monoterpenes are
applied to human surfaces and generated at a constant rate. The
deposition of OA is modeled on room surfaces (walls, oors,
ceilings). The deposition of ozone on the surfaces of the clothed
occupants is estimated using the following equations.

dCi

dt
¼ �biCi (4)

dCozone

dt
¼ �bozoneCozone (5)

where, Ci is the concentration of OA for bin i, bi is the deposition
rate of OA for a given bin, Cozone is the concentration of ozone,
and bozone is the deposition rate of ozone.
Environ. Sci.: Processes Impacts, 2025, 27, 2538–2549 | 2539
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With these source and deposition terms dened, the CFD
model simulates outdoor originating OM, as well as OM
produced by chemical reactions. For the integration of these
equations to the CFD model, outdoor-originating OM along
with OM resulting from chemical reactions are simulated using
built-in mass transport models. The VBS framework computed
the OA concentration by calculating the aerosol mass fraction
for each cell. Temperature may vary from one cell to the next in
the CFD simulation, resulting in spatially varying OA parti-
tioning. Consequently, eqn (1)–(3) were iteratively solved in
each cell during each iteration of the CFD solution. This
approach produced a spatial distribution of condensed-phase
OA concentration inuenced not only by particle transport
phenomenon, but also by thermodynamic effects. The iterative
coupling process for calculating the aerosol mass fraction
involves updating the organic aerosol concentration Ci

OA at each
step using the previous AMF and total organic matter concen-
tration, with the updated AMF determined by the partitioning
equation (Fig. S1†).
2.2 Simulation model and mesh generation

A classroom with dimensions of 10 m × 7 m × 3 m (length,
width, height)41 was simulated using commercial CFD soware
(STAR-CCM+, version 2302).42 Fig. 1 shows the arrangement of
the occupants and the positions of supply diffuser inlets and
return outlets. In the classroom, nine students and one
instructor generated a total heat ux of 60 W m−2 based on
ASHRAE standard 55,43 in which 40% of the heat was applied to
the human surface as convective heat, and 60% was evenly
applied to room surfaces as radiative heat.44

A polyhedral mesh was employed to create a sufficiently
detailed mesh near complex geometry elements like occupants,
tables, inlets, and outlets. Two prism layers were utilized on
most surfaces, with an additional six layers on occupant
surfaces, diffusers, and the outlet to capture intricate airow
around chemical, organic materials, and heat sources and
sinks. The rst prism layer cell height was set to 1.5 mm, and
Fig. 1 A classroom simulation model with ten occupants.

2540 | Environ. Sci.: Processes Impacts, 2025, 27, 2538–2549
the Y+ value (dimensionless wall distance, which determines
the appropriate size of cells near surfaces) was set to 2, as
suggested by Pei et al.45 Consequently, approximately 220 000
cells were generated for the simulation. A SST K-u turbulence
model was incorporated into the simulation to calculate air
uctuation.

To validate the quality of the simulation, the Grid Conver-
gence Index (GCI) was used to evaluate mesh-dependent error.
The GCI is a standardized metric that quanties the error band
on the grid convergence of the solution. Three systematically
rened grids were generated with characteristic cell sizes of 0.20
m, 0.15 m, and 0.113 m, giving a uniform renement ratio of r=
1.33. The average temperature at the exhaust is used to evaluate
and the order of convergence was determined via Richardson
extrapolation.

p ¼
ln

�
T3 � T2

T2 � T1

�

ln r
(6)

where, p is the order of convergence, T1, T2, T3 are the temper-
atures at the exhaust from each grid, and r is renement ratio.

The temperature at the exhaust from the simulations for
each grid was 25.11 °C, 25.13 °C, and 25.22 °C, respectively. GCI
on the ne grids can be calculated using the following equation.

GCIfine ¼ Fsjej
rp � 1

(7)

where, Fs is the factor of safety (1.25 for three or more grids), jej
is the relative error, r is renement ratio, and p is the order of
convergence.

American Society of Mechanical Engineers (ASME) suggests
using GCI less than 5% which can be considered good, and the
calculated values for the ne grids in this study were 0.9% and
3.6%, indicating acceptable mesh independence. The position
and size of the air supply diffusers were determined to ensure
adequate air distribution throughout the room. We simulated
two representative indoor ventilation strategies: mixing venti-
lation and displacement ventilation. Mixing ventilation utilizes
This journal is © The Royal Society of Chemistry 2025
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ceiling or wall diffusers to supply air into a space in a way that
encourages mixing throughout the room volume. In contrast,
displacement ventilation supplies air from the lower portion of
the room and discourages mixing and encourages stratication
such that air is directed in a uniform direction through and out
of the breathing zone. This can be an effective approach for
reducing contaminant exposure while efficiently satisfying
occupant comfort goals.46

In the present study, for mixing ventilation, four-way
diffusers with a 30-degree inlet angle were utilized to effec-
tively supply and distribute air. For displacement ventilation,
two large diffusers were positioned at the bottom corner of
a wall, and the size of the inlets was adjusted to maintain an
inlet air speed below 0.5 m s−1. For both ventilation strategies,
the air exchange rates were established at 1.2 h−1 and 0.3 h−1

without recirculation. The minimum outdoor air ow rate
dened by ASHRAE standard 62.1 (ref. 47) was used to calculate
the ow rate that corresponds to 1.2 h−1. In this study, 0.3 h−1

was also examined to represent a poorly ventilated classroom.
To maintain controlled conditions, the average indoor
temperature was maintained between 25 and 26 °C.

To incorporate chemical reactions for SOA generation, data
on ozone concentration, monoterpenes, and organic aerosol
concentrations were integrated into the CFD model. Donahue
et al.32 present atmospheric distributions of organic materials,
along with the ratio between gas phase and particle phase. To
simulate OM from the outdoors, the OM concentration for the
inlet air is determined based on data from each bin, which
allows the calculation of OA concentration later in the process.
Ozone was introduced from the inlets at a concentration of 30
ppb, according to median outdoor ozone concentration
reviewed by Nazaroff et al.48 Based on previous CFD studies,
chemical reactions between ozone and monoterpenes, as well
as ozone sinks around the human body, were incorporated into
the model.49–51 The monoterpene emission rate per individual
was determined using data from Dornic et al.52 The mono-
terpene generation rate was evenly distributed along the occu-
pant body surfaces.

The deposition velocities of particles on the walls and oor
were calculated using eqn (8) as per Lai et al.:53

b ¼ vdA

V
(8)

where, b is the rst order loss rate coefficient, vd is the depo-
sition velocity, A is the total deposition area, and V is the room
volume. For a particle size of 0.1 mm, deposition velocities were
0.0001 cm s−1 for the oor and 0.00002 cm s−1 for the wall. The
choice of particle size of 0.1 mm followed the ndings of Huff-
Hartz et al.,54 who reported that nucleated particles generated
from the reaction of monoterpenes peak around this size.
2.3 Parametric study design

A total of thirty parametric scenarios were designed to explore
variations in OM concentration from indoor and outdoor
sources and the room's temperature distribution by adjusting
the ventilation strategy, air exchange rate, and inlet air
This journal is © The Royal Society of Chemistry 2025
temperature. These simulation cases illustrate how air distri-
bution and occupant activity inuence the formation and par-
titioning of indoor secondary organic aerosols (SOA). The
details of these scenarios are summarized in Table 1.

Cases 1–9 represent scenarios without outdoor organic
aerosol (OA) contributions, with the total OM concentration in
the inlet air set to 0 mg m−3. These cases focus on examining
SOA formation exclusively from indoor sources. They include
simulations under various cooling and heating conditions,
featuring different inlet air temperatures and three levels of
indoor monoterpene generation. Three inlet air temperatures
were applied to establish a temperature gradient across the
room. To better isolate and visualize the inuence of thermal
gradients on indoor airow behavior, extreme cases with inlet
temperatures of 50 °C were included in the analysis. These
scenarios were designed to highlight the underlying circulation
patterns driven by temperature differences. While such high
inlet temperatures are uncommon in real-life indoor environ-
ments, they provide valuable insights into the airow dynamics
under intensied heating conditions. However, for all
scenarios, the average room temperature was maintained
within a range of 25–26 °C by adjusting heat transfer at the
room's surfaces, representing heating and cooling scenarios in
cold or warm climates. Monoterpene generation by the occu-
pants was congured at three levels: no generation, generation
based on the ndings of Dornic et al.,52 and a doubled value
compared to the reference.

Cases 10–18 replicate the conditions of cases 1–9, with the
exception that the outdoor organic aerosol (OA) concentration is
set at 13.5 mg m−3. For these cases, the total OM concentration
in the inlet air is 30 mg m−3, representing 100% of the reference
outdoor OA concentration, assuming no ltration of outdoor
air. Additionally, cases 19–22 were introduced to evaluate the
effects of variability in air exchange rates, while cases 23–26
were designed to compare the differences in secondary organic
aerosol (SOA) concentrations between mixing ventilation and
displacement ventilation.
2.4 Model validation

Two validation procedures were performed with the CFD
simulation model aer the addition of the VBS model. The rst
validation model was developed and compared with the
chamber test data from other measurement studies to validate
the CFD model.55 Chemical reactions in a 10 m3 test chamber
were replicated using the CFD model. The initial a-pinene
concentration was set at 13.4 ppb and ozone was injected aer
the a-pinene concentration had stabilized. The chamber
temperature was maintained at 22 °C. The simulation model
was pre-run until the indoor airow and monoterpene
concentration had stabilized and then it continued until the
chemical reaction between ozone and monoterpenes reached
stability. Monoterpenes and ozone reacted and formed 9.6 mg
m−3 SOA at steady state as a result. The amount of SOA pre-
dicted by the CFD simulation was slightly higher than the
amount generated from the experiment, which was 6.4 mg m−3.
However, the two models are in reasonable agreement, with the
Environ. Sci.: Processes Impacts, 2025, 27, 2538–2549 | 2541
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Table 1 Simulation casesa

Case Ventilation strategy
Air exchange
rate (h−1)

Inlet air temperature
(°C)

Monoterpene generation
(mg per m2 per day)

Inlet air OM concentration
(mg m−3)

Heat ux
(W m−2)

1 Mixing 1.2 14 0 0 2.4
2 38 −5
3 50 −8.3
4 14 0.73 2.4
5 38 −5
6 50 −8.3
7 14 1.43 2.4
8 38 −5
9 50 −8.3
10 14 0 30 2.4
11 38 −5
12 50 −8.3
13 14 0.73 2.4
14 38 −5
15 50 −8.3
16 14 1.46 2.4
17 38 −5
18 50 −8.3
19 0.3 14 0.73 0 −0.5
20 38 −2.46
21 3 14 8
22 38 −11
23 Displace-ment 1.2 14 3.6
24 38 −5
25 0.3 14 0.03
26 38 −1.9

a Heat ux on the surface was calculated to simulate the heat transfer from outside the room. The heat ux is uniformly distributed across the
surface. The surface area designated for heat ux measures 224 m2.
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aerosol mass fraction in the experiment recorded at 0.085,
uctuating within a range of 0.0034 to 0.25 depending on
experimental conditions.

Furthermore, the OA concentrations from the CFD simula-
tion were compared with those calculated with the traditional
Fig. 2 Comparison of mass concentration of secondary organic
aerosol in six volatility bins between the proposed CFD approach and
a traditional well-mixed VBS model.

2542 | Environ. Sci.: Processes Impacts, 2025, 27, 2538–2549
VBS model under a well-mixed condition. The prole of OA
mass concentration between the well-mixed VBS model and the
proposed CFD approach was not an exact match; however, the
OA concentrations were comparable, differing by less than 10%,
and the proles across the volatility bins exhibited notable
similarity. Fig. 2 shows the mass concentration of OA due to
outdoor OM and SOA formation. The black bars represent the
values calculated using the traditional well-mixed VBS
approach, while the gray bars show the average concentration
from the CFD simulation. Additionally, the error bars indicate
the standard deviation of the OA concentration.
3 Results and discussion
3.1 Effect of inlet temperature and airow on spatial
distributions of organic aerosols

Fig. 3 illustrates the spatial temperature distributions under mix-
ing ventilation (case 4) and displacement ventilation (case 23). In
the case of mixing ventilation, the temperature is relatively
uniform throughout the room, with slight variations near the
occupants and the inlet, driven by the high-momentum jet of the
air supply (see details in Fig. S2†). Conversely, displacement
ventilation produces a vertically stratied temperature prole due
to the lower velocity and cooler, denser supply air introduced at
oor level. This conguration promotes the upward displacement
of air, inuenced by the inlet air and further enhanced by the
thermal plumes generated by the occupants.
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Temperature distribution under cooling condition with an air
exchange rate of 1.2 h−1: (a) mixing ventilation (case 4) and (b)
displacement ventilation (case 23).
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Fig. 4a shows a relatively uniform Secondary Organic Aerosol
(SOA) concentration under mixing ventilation compared to the
more stratied distribution observed with displacement venti-
lation in Fig. 4b. However, regardless of the ventilation strategy,
SOA concentrations near the occupants are consistently lower
than those in the ambient room air. This reduction is primarily
attributed to the increased volatility of organic materials at
elevated body temperatures and the depletion of ozone in the
vicinity of the occupants. Further analysis of SOA volatility
reveals that particle-phase SOA concentrations are predomi-
nantly concentrated in two volatility bins, specically where log
c* is 0 and 1, classifying them as semi-volatile organic
compounds (see details in Fig. S3†).

The results indicate that the formation of indoor SOA is
inuenced by the room's temperature gradient and airow
dynamics, with distinct SOA concentration distributions
observed near occupants under mixing and displacement
ventilation. These variations in OA concentrations under
Fig. 4 SOA concentration distribution under cooling condition with a
displacement ventilation (case 23).

This journal is © The Royal Society of Chemistry 2025
different ventilation strategies are consistent with ndings from
Pereira et al.56 Furthermore, the integration of the CFD and VBS
models provides a valuable tool for examining indoor condi-
tions, particularly in scenarios involving displacement ventila-
tion and temperature stratication up to 8 °C m−1, as observed
by Möhlenkamp et al.,57 or in larger structures with steeper
temperature gradients, as described by Gil-Lopez et al.58 This
approach offers a more comprehensive understanding of SOA
dynamics in a range of environmental settings.

Fig. 5 illustrates the ratio of SOA concentration and OM
concentration for six volatility bins under a cooling condition.
The black bars represent the room average concentrations,
whereas the gray bars denote the average concentrations at the
human boundary layer. The human boundary layer, comprising
grid cells adjacent to the occupants (referred to as the prism
layer), was selected to represent the average concentrations near
individuals. Six layers of grid cells extending up to 6.6 cm from
the human surface (0.0735 m3) were utilized to dene this layer.
The results illustrate the extent of SOA partitioned from OM
sources. For both ventilation strategies, the key volatility bins
contributing to SOA formation were those where log c* is 0 and
1. Minimal SOA was produced in bins where log c* is less than 0,
due to the low concentration of OM. Conversely, bins with log c*
greater than 1 contained signicant quantities of OM; however,
only a small amount of SOA was observed as most of the
material remained in the gas phase. Under displacement
ventilation, the average room concentration was lower than that
observed with mixing ventilation. This difference is mainly due
to the lower concentration near the oor resulting from strati-
cation effects caused by stratication effects from the
temperature gradient and airow patterns. Additionally, SOA
and OM concentrations near the occupants were even lower
than the room average since the seated occupants were closer to
the oor, where concentrations are reduced due to stratica-
tion. In the scenarios illustrated in Fig. 5, the concentration
n air exchange rate of 1.2 h−1: (a) mixing ventilation (case 4) and (b)
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Fig. 5 Concentrations of OM and SOA in six volatility bins under cooling conditions with an air exchange rate of 1.2 h−1 (cases 4 and 23).

Fig. 6 Distribution of SOA concentrations under mixing ventilation
with an inlet air temperature of (a) 14 °C (case 4, cooling), (b) 38 °C
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near the occupants was 8.8% lower than the room average
under mixing ventilation and 19.3% lower under displacement
ventilation. This difference also varied across other cases,
depending on the boundary conditions.

The volatility-based analysis reveals how organic materials of
different volatilities transition into the particle phase. The
concentration of organic materials and organic aerosols across
each volatility bin plays a signicant role in the disparities
observed between different simulation cases. Notably, approx-
imately 75% of the SOA is generated under conditions where
log c* is 0 and 1, despite only about 30% of the organic mate-
rials falling within this range. The SOA concentration was
higher in certain spaces in some cases where the airow is
stagnated and the ozonolysis products are accumulated. The
results show that OM concentration can vary throughout the
room and near occupants, depending on the ventilation strategy
and inlet air temperature. These ndings suggest that mono-
terpenes emitted by occupants elevate the concentration of
organic compounds in areas where airow stagnates near the
occupants, contributing to higher overall OA concentration
within the room. This corroborates that monoterpenes
produced by occupants increase the level of semi-volatile
organic compounds within the volatility range where the
majority of SOA forms, thus raising the OA concentration.
Consequently, near the occupants, there was a reduction of up
to 24% in OA concentration compared to the average concen-
tration throughout the room.

In addition to the ventilation strategy, supply air tempera-
ture can alter indoor airow patterns and the distribution of
2544 | Environ. Sci.: Processes Impacts, 2025, 27, 2538–2549
indoor SOA concentrations. As the inlet air temperature
increases, the buoyancy of the warmer supply air prevents it
from reaching the lower sections of the room, as shown in
Fig. S5 and S6.† Under cooling conditions, illustrated in Fig. 6a,
the room exhibits a relatively uniform SOA concentration.
However, under heating conditions, depicted in Fig. 6b and c,
the elevated inlet air temperature results in vertical stratica-
tion of SOA concentrations. This stratication occurs because
(case 5, heating), (c) 50 °C (case 6, heating).

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Organic aerosol (OA) concentrations under different inlet air temperatures and monoterpene generation rates (cases 1–18).
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mixing effects are limited to the upper parts of the room,
leading to higher SOA concentrations near the oor, where
ozonolysis products tend to accumulate.
3.2 Effects of indoor and outdoor sources

Indoor organic aerosol (OA) behavior varied under different
environmental conditions, including monoterpene generation
rates and outdoor organic matter (OM) concentrations. Fig. 7
illustrates the impact of these environmental conditions on OA
concentration under mixing ventilation. For a comprehensive
comparison, the analysis incorporates both outdoor OM
concentration and varying monoterpene generation levels. The
black boxplots in Fig. 7 illustrate the spatial range of indoor
secondary organic aerosol (SOA) concentrations that are inu-
enced by the ozonolysis of monoterpenes. The box represents
the 25th to 75th percentile range, while the error bars indicate
the maximum and minimum concentrations, excluding
outliers. In the absence of monoterpene generation, indoor SOA
concentrations remain at 0 mg m−3. However, when mono-
terpenes emitted by occupants react with ozone, the average
SOA concentration varied with changes in the inlet-indoor
temperature differences, ranging from 5.8 mg m−3 to 6.6 mg
m−3, with a maximum variation of 13.0%.

When monoterpene generation is doubled to 1.46 mg per m2

per day, SOA concentrations increase by 110–150%, uctuating
between 14.1 mg m−3 and 14.5 mg m−3, with a maximum varia-
tion of 2.7%. Notably, in scenarios with increased monoterpene
production, SOA formation remains unaffected by variations in
inlet temperature, unlike the cases with standard monoterpene
generation. This occurs because the accumulation of ozonolysis
products peaks when ozone is fully depleted. The result
suggests that SOA formation becomes independent of indoor
cooling and heating conditions when the monoterpene emis-
sion rate is elevated, leading to an ozone-limited condition.

The red boxplots in Fig. 7 highlight the total indoor OA
concentration, which includes both SOA from the indoor ozo-
nolysis of monoterpenes and outdoor OM concentration (30 mg
This journal is © The Royal Society of Chemistry 2025
m−3). The OA concentration, inuenced solely by the outdoor
concentration, remains within the range of 9.8 mg m−3 to 10.7
mg m−3, with a maximum variation of about 9.0%. When
considering the ozonolysis of monoterpenes from indoors, the
OA concentration ranges between 20.8 mg m−3 and 21.7 mg m−3,
with a maximum variation of 4.3%. The average increase (10.8
mg m−3) exceeds that observed without outdoor OM concen-
tration (6.1 mg m−3), suggesting that outdoor OM contributes to
a higher partitioning of SOA into the particle phase. In the case
with a higher monoterpene generation of 1.46 mg per m2 per
day, the OA concentration ranges between 30.5 mg m−3 and 30.9
mg m−3, with a maximum variation of 1.3%. These ndings
quantify the inuence of both indoor and outdoor aerosol
sources on indoor OA concentrations. Furthermore, alterations
in indoor OA concentrations were observed in response to
varying inlet temperatures, despite a consistent distribution of
organic materials across volatility bins, emphasizing the
signicant impact of indoor heating and cooling conditions on
the spatial distribution and thermodynamics of OA.
3.3 Effect of ventilation strategy and air exchange rate on OA
partitioning

Fig. 8 illustrates the concentrations of OM and their ratios in
the particle phase. Under mixing ventilation at a rate of 0.3 h−1,
the variance in the room-average OM concentration between
cooling and heating conditions was approximately 2%.
However, when the ventilation rate was increased to 1.2 h−1, the
difference in the room-average OM concentration between
cooling and heating conditions rose to about 10%. In cases with
low ventilation, a consistent pattern between heating and
cooling conditions was observed, as the long residence time of
air allows concentrations to fully equilibrate throughout the
space. However, with an increase in the ventilation rate, airow
becomes more prominent due to the inuence of inlet air
temperature and wall heat transfer, which in turn affects the
indoor airow and transport of organic materials. Under
displacement ventilation, the total mass concentrations of
Environ. Sci.: Processes Impacts, 2025, 27, 2538–2549 | 2545
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Fig. 8 Mass concentrations of organic aerosols (OA) and organic materials (OM) in six volatility bins under different ventilation strategies, inlet air
temperature, and air exchange rates (cases 4, 5, and 23–26).
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organic materials were up to 14% lower compared to mixing
ventilation. Furthermore, the lower concentration of organic
materials, combined with a different aerosol mass fraction, led
to a reduction in OA concentration by up to 27% (see Fig. S6 for
details†).

The differing results between ventilation rates have been
observed in previous studies. Sarwar et al.59 showed that the OA
concentration due to SOA formation decreases as the air
exchange rate increases, and Coleman et al.60 revealed that
a higher SOA concentration was maintained with the same
amount of reactants when the air exchange rate is lowered.
Fadeyi et al.61 compared SOA generation by ozone to show that
the generated secondary organic aerosol was diluted by outdoor
air under a higher ventilation rate. However, more specic
differences can emerge under different simulation conditions.
At a ventilation rate of 0.3 h−1, mixing ventilation exhibits
a wider range of OA concentrations compared to displacement
ventilation due to the limited mixing capacity caused by low
inlet air speed. In this case, mixing ventilation at a low venti-
lation rate leaves a larger portion of the indoor space unmixed,
increasing the residence time of the room air. In contrast,
displacement ventilation transports indoor air with stratica-
tion, so a smaller portion of the space has an extended resi-
dence time, resulting in a lower average OA concentration due
to reduced SOA accumulation.

As the air-exchange rate increases, the differences between
ventilation strategies begin to diminish. When the air exchange
rate is increased to 1.2 h−1, the range of OA concentrations
becomes similar for both mixing and displacement ventilation,
showing only a minor difference between the two ventilation
strategies. At a ventilation rate of 3 h−1, mixing ventilation
delivers high air exchange that rapidly dilutes both primary OM
and newly formed SOA. Furthermore, the high air exchange rate
lowered the average aerosol mass fraction from 16.1–17.7%
observed at 0.3 and 1.2 h−1 to 10.4–11.3%. With an air exchange
rate of 1.2 h−1, the average OA concentration differs by up to
2546 | Environ. Sci.: Processes Impacts, 2025, 27, 2538–2549
9.2% between cooling and heating under mixing ventilation,
and this discrepancy increases to 19.5% with displacement
ventilation. In contrast, at 0.3 h−1 the cooling-versus-heating
differences drop to only 1.9% for mixing and 0.6% for
displacement, while at 3 h−1 they remain modest at about 5.4%.
These results indicate that unequal mixing has a greater impact
near the intermediate air exchange rate of 1.2 h−1, suggesting
this ventilation level represents a critical regime where thermal
stratication formed by different supply air temperatures
strongly inuences indoor OA distribution.
4 Conclusions

A key advancement of this research is the integration of the VBS
model with CFD simulations, enabling a more detailed exami-
nation of SOA formation across diverse indoor environments.
This coupled approach extends beyond the capabilities of
traditional models by resolving spatial variability in organic
aerosol (OA) concentrations. While the conventional VBS model
offers computational efficiency, it lacks the spatial resolution
needed to capture localized variations in OA levels. In contrast,
the CFD simulations reveal the potential for signicant varia-
tions in OA levels under different indoor conditions, providing
a more comprehensive understanding of SOA dynamics. This
integrated approach enables detailed parametric analyses,
supporting the investigation of SOA formation and deposition
across a range of indoor environments. Specically, the analysis
examines the impacts of ventilation strategies, air exchange
rates, indoor chemical sources, and outdoor organic matter
(OM) concentrations on indoor SOA formation.

This study demonstrates that when indoor monoterpene
emissions are abundant, SOA formation is primarily driven by
the concentration of outdoor ozone. In contrast, under low
monoterpene emission conditions, indoor factors—such as
ventilation strategy, air exchange rate, and supply air tempera-
ture—exert a greater inuence on SOA levels. Notably, CFD
This journal is © The Royal Society of Chemistry 2025
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simulations showed that average SOA concentrations in a room
can vary by up to 13%, even when the average room temperature
is held constant, depending on whether heating or cooling is
applied. Furthermore, the concentration near the occupants
was found to be up to 25% lower than the room average
depending on the indoor conditions. While the conventional
VBS model quickly yields a single result, integrating the VBS
model with CFD simulations leverages computational power to
uncover distinct SOA formation patterns that are closely linked
to airow dynamics driven by indoor thermal conditions.

While integrating the VBS model into CFD signicantly
enhances the evaluation of diverse indoor ventilation scenarios,
certain limitations remain due to the model's analytical frame-
work. Specically, the simplication of chemical reactions used
in SOA formation calculations prevents the prediction of time-
dependent behavior. For instance, Li et al.62 reported that equi-
librium partitioning can take up to 50 minutes under conditions
of 298 K and 60% relative humidity, suggesting that SOA parti-
tioning may not respond instantaneously to localized tempera-
ture variations captured in the model. In this study, such
transient effects are not accounted for, as equilibrium parti-
tioning equations were applied throughout. Also, in scenarios
where organic aerosol is highly viscous, elevated near-body
temperatures may not lead to evaporation of organic material,
and thus, anticipated reductions in exposure may not occur.63 It
also should be noted that particle size distribution was not
considered in this study. Particle size was simplied by assuming
a single average diameter for all ozonolysis products when esti-
mating the deposition rates. However, particle size distributions
resulting fromozone–terpene reactions have been experimentally
measured in previous studies.64 Incorporating aerosol processes
such as nucleation and evaporation into CFD simulations may
further enhance model delity.65 Future simulations could inte-
grate these experimentally derived size distributions to improve
the accuracy and realistic assessments of indoor aerosol
behavior.66 Future research could also explore the complex
interactions between human surfaces and their surroundings—
including factors such as clothing condition or the material
properties of indoor surfaces like ooring and walls—to better
understand their role in SOA dynamics and human exposure.
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