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Indoor air pollution during cooking and cleaning is influenced by complex interactions between direct
emissions, ventilation-driven outdoor/indoor exchange, deposition and chemical reactions on surfaces,
and indoor chemical processing. This study developed a flexible indoor single-box model (SBM-Flex)
based on the INCHEM-Py indoor chemistry model to improve the representation of indoor chemistry
and pollutant dynamics. The model contains chemical mechanisms of differing complexities, which can
be chosen to balance computational efficiency and accuracy for specific applications. SBM-Flex was
evaluated against a new observational dataset collected with reference instruments in a residential
kitchen to evaluate the model's ability to simulate real-world conditions. The model qualitatively and
quantitatively reproduces background conditions and episodic emission events, particularly for NO,, CO,
and monoterpenes. We showed that a revised HONO formation scheme, incorporating relative humidity
dependence, improves the process-level representation of indoor radical chemistry, resulting in a more
realistic HONO, OH and HO, description compared to a static HONO treatment. Simulated cooking and
cleaning events highlight the importance of event-specific emissions and occupant-related effects,
particularly enhanced surface deposition due to human presence, which influences Oz removal.
Comparison between measurement-informed and inventory-based emissions reveals significant

discrepancies, with inventory emissions often, though not uniformly, higher than real-world values.
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Accepted 23rd April 2026 These findings underscore the need for activity-specific emission inventories and improved ventilation

representation. SBM-Flex offers a promising approach for indoor air quality modelling providing valuable

DOI: 10.1035/d5em00987a insights into the key processes that govern pollutant behaviour in residential environments and hence

rsc.li/espi identifying priorities to reduce exposure and protect health.

Environmental significance

We present a model that improves indoor air chemistry modelling and allows for tailored complexity of chemical mechanisms; this model is evaluated against
unique reference data collected during cooking and cleaning in a kitchen in a real, lived in home in the UK. We demonstrate that the relative-humidity
dependent HONO scheme provides more realistic predictions of OH and HO, levels. We quantify how event-specific emissions and occupant presence alter
ozone removal via surfaces and show that the observed emissions in real homes can diverge massively from values used in indoor inventories, illustrating that
activity-specific data in a wide range of settings are urgently needed.
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1 Introduction

Indoor air quality (IAQ) plays a crucial role in human health and
well-being, as people spend approximately 90% of their time
indoors, with residential spaces being the primary
microenvironment.’* While outdoor air pollution has been
extensively studied, indoor air remains less well-characterized
despite its potential for greater human exposure. Unlike
outdoor environments, where atmospheric dilution, chemical
processing, and precipitation effectively reduce pollutant levels,
indoor air quality is shaped by a complex interplay of emissions,
ventilation, surface interactions, and human activities, leading
to a greater propensity for pollutant accumulation.*® As a result,
pollutant concentrations indoors are often twice as high as
those outdoors, leading to prolonged exposure and potential
health risks.” However, the degree of indoor enrichment varies
strongly by chemical species.? Pollutants dominated by outdoor
infiltration and subject to efficient indoor removal, such as
ozone, are typically lower indoors or show indoor-to-outdoor (I/
O) ratios close to one.® In contrast, species with strong indoor
sources, including nitrogen oxides and volatile organic
compounds, are frequently enriched indoors.*® Reported I/O
ratios can exceed 2-10 for compounds associated with
episodic indoor emissions.**®

Among indoor activities, cooking and cleaning are key
episodic sources of air pollution, releasing a diverse array of
gaseous species—including nitrogen oxides (NO,), carbon
monoxide (CO), and volatile organic compounds (VOCs)—as
well as fine particulate matter (PM, 5)."*"” These emissions not
only elevate indoor pollutant concentrations but also drive
secondary chemistry, leading to the formation of secondary
organic aerosols (SOA) and other oxidation products.'® Exposure
to these pollutants has been associated with adverse health
effects, including respiratory and cardiovascular diseases,"
making it essential to understand their behaviour in indoor
environments. Given the frequent occurrence of these emission
events in households, accurately characterizing their impact on
indoor chemical processes is crucial for a better understanding
the transformation and fate of indoor air pollutants, exposure
assessment and the development of effective mitigation
strategies.

Understanding indoor air chemistry requires a comprehen-
sive yet targeted approach to pollutant selection, particularly in
environments influenced by episodic emissions such as cook-
ing and cleaning. These activities release a complex mixture of
gases and aerosols, including both primary emissions and
species that contribute to secondary trans-
formations."** Among these, CO, NO, and NO, serve as key
tracers of combustion processes and are widely recognized as
indicators of gas stove emissions.”® Monoterpenes, especially
limonene, originate from both food preparation and fragranced
cleaning products, highlighting their dual role in indoor
emissions.”* In addition to these directly emitted compounds,
various VOCs, including oxygenated and aromatic species, are
commonly present in indoor air due to emissions from cooking,
cleaning, combustion, and off-gassing from household
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products and materials. These compounds play a crucial role in
indoor photochemistry and SOA formation.*?® Investigating
the emissions and transformation of these species is crucial for
assessing the oxidative capacity of indoor environments, the
formation of secondary pollutants, and potential human expo-
sure risks in particular for vulnerable groups.>”*® Given their
importance, these species have been the focus of numerous
indoor air studies, yet significant uncertainties remain
regarding their activity-induced variations during real-world
activities such as cooking and cleaning.”

Beyond the direct emissions of pollutants, the oxidative
capacity of indoor air determines their transformation and
removal, influencing both secondary chemistry and human
exposure. In indoor environments, this oxidative capacity is
strongly modulated by nitrous acid (HONO), which is widely
recognised as a major source of OH radicals indoors, particu-
larly under typical residential lighting conditions.”® Oxidation
reactions in outdoor environments are dominated by O3, NO;
and OH radicals. Alongside these, indoor oxidation is strongly
influenced by heterogeneous reactions, surface deposition, and
human activity.*> Among the key oxidants, OH plays a central
role in VOC degradation and secondary product formation: its
production indoors relies heavily on photolysis of nitrous acid,
rather than Oj-driven photochemistry.>** HONO is primarily
formed through heterogeneous NO, hydrolysis on indoor
surfaces, but its production efficiency depends strongly on
relative humidity (RH), which regulates the competition
between HONO and nitrate (NO; ™) formation.** Cooking and
cleaning activities significantly influence RH due to water
vapour release, which dynamically alters surface chemistry and
potentially affects indoor oxidation capacity via increased
HONO production. However, indoor air quality models differ
substantially in how they represent indoor HONO. For example,
PyCHAM?® uses a gas-wall partitioning framework to simulate
surface uptake and release of gases, but does not explicitly
model the heterogeneous formation of HONO. The HOME-
Chem* field campaign provided observational evidence for
surface-mediated HONO production, particularly under
elevated humidity conditions, though it did not include
a quantitative mechanism for HONO formation. INCHEM-Py
v1.2* has utilised a custom HONO surface mechanism to
simulate dry and wet surface loss during cleaning activities
during the HOMEChem campaign,® but the version 1.2 of the
model only applies a fixed HONO emission rate, neglecting the
variable influence of factors like RH and indoor activities.

Recent advancements in IAQ modelling have led to the
development of various models, each addressing different
aspects of indoor atmospheric processes. Chemical box models,
such as INCHEM-Py and PyCHAM, have been widely used to
simulate indoor gas-phase chemistry, surface interactions, and
indoor-outdoor exchange.*** INCHEM-Py provides a compre-
hensive representation of indoor chemical and physical
processes and is available as open source;*” however, its single-
mechanism structure limits flexibility, making it computation-
ally demanding when modelling complex environments such as
entire buildings. More dynamically advanced modelling
approaches, including computational fluid dynamics (CFD;
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most recent example coupling CFD with indoor chemistry is
ChemFlow3D - see 38 and multiphase kinetic modelling, can
represent high-resolution spatial and temporal variability.
These models offer detailed representations of spatial and
temporal variations in pollutant distributions but the reduced
mechanisms they use to maintain computational efficiency are
still evaluated by complex chemical models such as INCHEM-
Py.* Such models are highly resource-intensive and often
impractical for routine IAQ assessments.

A key challenge in IAQ modelling remains the balance
between chemical complexity and computational efficiency.
Many models employ highly detailed mechanisms, such as the
Master Chemical Mechanism (MCM),**** to explicitly capture
VOC oxidation pathways. However, their computational
demands are substantial, making them impractical for simu-
lations beyond 0D well-mixed environments or over extended
time periods. Another key challenge is that static emission
inventories®” commonly used in IAQ models generalize emis-
sion factors across diverse indoor environments and activities.*
While useful for long-term exposure assessments, these inven-
tories often fail to capture short-term, event-driven emissions
that are highly variable in real-world scenarios, such as cooking
and cleaning; the consequences for indoor air quality of higher
rates of emission for shorter periods of time may differ mark-
edly from those of lower, time-averaged emissions employed
over a longer period. Current IAQ models would benefit from
incorporating adaptable chemical mechanisms and real-time
emission estimates, allowing for improved prediction of
indoor pollution events without excessive computational costs.

To address these gaps, we developed SBM-Flex, an optimised
indoor air quality model derived from INCHEM-Py, which
incorporates flexible chemical mechanisms and a revised
parameterization of humidity-dependent HONO formation.
This study systematically evaluates SBM-Flex's ability to simu-
late pollutant dynamics in a real residential kitchen, capturing
both primary emissions and secondary transformations. By
comparing different chemical mechanisms and assessing the
impact of event-specific emissions and human presence, we
provide a quantitative assessment of the trade-offs between
chemical complexity, computational efficiency, and model
accuracy. Furthermore, by benchmarking inferred emission
rates against established indoor emission inventories, this
study evaluates the representativeness of current emission
factor estimates in real-world cooking and cleaning scenarios.
This study advances the representation of episodic indoor air
chemistry by integrating flexible chemical mechanisms with
event-driven emissions, providing a framework for improving
predictive accuracy in indoor air quality modelling.

2 Methodology

2.1 Indoor and outdoor measurements in a residential
kitchen

Reference-grade air quality measurements for both indoor and
outdoor environments were conducted in the kitchen of
a suburban house in the West Midlands, United Kingdom,
during August 2023. This study focusses specifically on the
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impact of kitchen-related activities, including human presence,
cooking, and cleaning, on indoor air quality on 17th August
2023.

The layout of the kitchen is shown in Fig. 1. The kitchen is
equipped with a gas hob for cooking and features a door adja-
cent to a window positioned above the sink, which provides
ventilation to the outside. The kitchen has dimensions of 4.80
% 2.70 x 2.40 m, with surfaces composed of different materials:
the walls and ceiling are painted, the floor is covered with tiles,
and the cabinets are made of wood that has not been recently
painted or refinished. Additional materials include glass
(windows and table), metal (sink), and plastic (worktop). The
key characteristics of this kitchen, including the effective
surface area and volume (excluding the volume occupied by the
sink and cabinets), surface material distribution, lighting type,
and glass type, are summarised in Table S1.

A suite of reference instruments was deployed to measure
a wide range of gas-phase species as well as the mass concen-
tration of particulate matter. These instruments form part of
UK's Air-Quality Supersite Triplet (UK-AQST). All gas-phase
instruments were deployed in the adjacent garage near the
kitchen (see Fig. 1). Sampling was performed through two
dedicated inlets, one for indoor air and one for outdoor air. A
custom-developed auto-valve switched between indoor and
outdoor sampling every 30 minutes to avoid impacting indoor
conditions due to the continuous removal of significant
volumes of indoor air needed for the large suite of reference
instruments. This design enables near-simultaneous moni-
toring of indoor and outdoor air pollutants with a single set of
instruments, without compromising the representativeness of
the indoor environment. The 30-minutes switching interval was
selected based on instrument response times, required air flow
rates, expected temporal variability of pollutant concentrations,
and the need to ensure that the collected data adequately reflect
hourly conditions. To minimise the influence of residual
pollutants in the inlet line during the transition between indoor
and outdoor sampling, as well as potential delays in pollutant
transport through the inlet, data were discarded across the
switching period. Only the middle 20 minutes of each sampling
period were retained, as these points consistently reflected
stable concentrations based on instrument response charac-
teristics and preliminary testing. This approach ensured that

Door

Door

KITCHEN
480cm(L) 240cm(w) 270cm(H)

Gas hob

Garage
Instruments deployed

IN/OUT
switch

Fig. 1 Schematic representation of the kitchen layout used in this
study.
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the analysed data were unaffected by transient effects and were
representative of the target sampling environment.

The total flow rate for the gas-phase instruments was 4
L min~"*. The indoor inlet extended through the window above
the sink, with a sampling height of 1.7-1.8 m, while the outdoor
inlet sampled ambient air from the surrounding environment.
Carbon monoxide (CO) concentrations were measured using
the Thermo Scientific™ 48iQ Carbon Monoxide Analyser, with
a 5-minutes time resolution; and ozone (O3) using the Thermo
Scientific™ 49i Ozone Analyser, with a 1-minutes time resolu-
tion; while nitric oxide (NO) and nitrogen dioxide (NO,) using
the Thermo Scientific™ 42iQ NO-NO,-NO, Analyser, with a 1-
minute time resolution.

Ambient temperature, pressure, relative humidity, and
particulate matter mass concentrations were monitored using
two Palas Fidas® 200 E instruments. One was permanently
housed inside, and one was permanently housed outside. The
outdoor instrument was housed alongside the gas-phase
instruments, while the indoor instrument was placed in the
room adjacent to the kitchen. Particulate matter was sampled
continuously in both environments, with a 1-min time resolu-
tion. Both instruments have a flowrate of 4.8 L min . Together
with the gas-phase sampling flow (4.0 L min '), this corre-
sponds to a total sampling flow of 8.8 L min~", equivalent to
approximately 1% of the kitchen volume (24.52 m®) over a 30-
minutes sampling period, indicating that the potential impact
of the sampling system on indoor conditions was minimal.

VOCs were measured using an IONICON PTR-ToF-MS 1000 —
trace VOC Analyser, which enables real-time, high-sensitivity
detection of individual VOC species based on their mass-to-
charge ratios (m/z), with a time resolution of 1 second.
Specific VOCs identified in this study include methanol
(CH30H), acetaldehyde (CH3CHO), formic acid (HCOOH),
acetone (CH3COCHj;), isoprene (CsHg), benzene, toluene,
xylenes, trimethylbenzenes, and monoterpenes. These
compounds were selected due to their established relevance to
indoor air chemistry and cooking-related emissions, as well as
their inclusion in the UK's Indoor Air Quality Guidelines for
selected Volatile Organic Compounds (VOCs), which highlights
their regulatory and health significance.** VOC mixing ratios are
reported in parts per billion (ppb). The PTR-ToF-MS shared an
inlet with the other gas-phase analysers, and the inlet flow was
set to 50 mL min~'. The PTR-ToF-MS was operated with an E/N
ratio of 121 Td (where E is the electric field strength and N is the
buffer gas density). The instrument was calibrated off site about
4 months before and after the measurement campaign using
a multi component gas standard (Apel-Riemer Environmental,
Miami). The sensitivity for each mass was then calculated using
a transmission curve as described by Taipale et al.*®

To assess the uncertainty in VOC quantification, outdoor
VOC mixing ratios measured at the experimental house were
compared with those recorded at the Birmingham Air Quality
Supersite (BAQS), an established urban background air quality
monitoring site located 11.2 km away. VOCs at BAQS were
measured using GC-MS as described by Li et al*® As the
instrument was not calibrated on site, instrumental sensitivity
may have varied over the deployment period. The inter-site
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comparison therefore provides a more representative estimate
of uncertainty under field conditions. Given the expected vari-
ability across the urban area, this comparison showed good
agreement, with average mixing ratios at the experimental
house ranging from 25-250% of those recorded at BAQS
(Fig. S6).

During the measurement period, time-activity diaries were
kept, and the inhabitants of the private dwelling were asked to
log their activities, including the timing of cooking and clean-
ing, as well as their presence in the kitchen, to facilitate inter-
pretation of the measurements and of the model results.

2.2 The single-box-flexible model (SBM-Flex)

The single-box-flexible model (SBM-Flex) has been developed to
simulate indoor air quality in buildings of varying complexity
and design. It extends the widely used INCHEM-Py indoor
chemistry box-model,***” which represents a single room,
incorporating air exchange between indoor and outdoor envi-
ronments. SBM-Flex includes the option to linking multiple
instances of the model, thus enabling the simulation of
complex indoor air quality dynamics across interconnected
spaces in a multi-box set-up. Here we present the first applica-
tion of SBM-Flex, in single-box mode, for evaluation using
single-room reference instrument field measurements.

SBM-Flex is based on the latest version of INCHEM-Py
(v1.2).*® This version incorporates the Master Chemical Mech-
anism Version 3.3.1 (MCM v3.3.1),***' with additional gas-phase
chemistry (referred to as “INCHEM chemistry module” in the
rest of the paper) specific to indoor environments, including
biogenic and oxygenated volatile organic compounds (BVOCs,
OVOCs), and chlorine chemistry. The model accounts for
photolysis rate corrections under indoor lighting conditions
and attenuated outdoor light, gas-particle partitioning, and
explicitly treats indoor emissions and deposition of gas-phase
species and particles. Additionally, indoor-outdoor air
exchange is incorporated into the model framework.

Building on this foundation, several modifications were
introduced in the development of SBM-Flex to enhance
computational efficiency and improve the representation of key
processes in indoor air chemistry. These modifications include:

2.2.1 Multiple chemical mechanism options. SBM-Flex
provides flexibility in chemical complexity by incorporating
the following four different chemical mechanisms:

e Full mechanism: uses the complete MCM v3.3.1, consisting
of 5833 species, coupled with the INCHEM chemistry module
and gas-to-particle partitioning. This mechanism provides the
highest level of chemical detail but is computationally inten-
sive, and is the same mechanism used in INCHEM-Py v1.2.

e Subset mechanism: a subset of the MCM, containing 2575
species, optimised to balance computational efficiency and
chemical accuracy. Selected species were chosen based on their
roles in SOA formation, radical chemistry, and human health
impacts, guided by the Indoor Emissions Inventory.*> While
computationally efficient, it retains the INCHEM chemistry
modules and gas-to-particle partitioning to preserve key indoor
oxidation and aerosol processes.

This journal is © The Royal Society of Chemistry 2026
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e Reduced mechanism: a highly streamlined Reduced
Chemical Scheme (RCS), developed as an alternative to the full
MCM or its subset version. Based on,*® this mechanism consists
of 51 species and 136 reactions, incorporating up-to-date
chemical kinetics parameters and simplified NO; and Cl
radical chemistry. It includes the INCHEM chemistry modules
and is particularly suitable for large-scale simulations where
computational efficiency is a priority.

e Mini mechanism: a simplified version of the RCS, using the
same 51 species, but without the INCHEM chemistry module,
designed for testing and model development.

2.2.2 Implementation of a humidity-dependent HONO
parameterisation

To improve the representation of indoor heterogeneous chem-
istry, a humidity-dependent parameterization was introduced
for HONO emissions from NO, reactions on indoor surfaces.
The following surface reaction was implemented to represent
HONO formation from NO,:

2NO, (surf) + H,0 — HONO + HNO;

Rate constant: k = 8.0 x 1072° cm® molecule™ s™! (ref. 32)

This RH-dependent parameterisation provides a more
physically realistic representation of surface HONO formation
by coupling HONO yields to surface water availability; its impact
is evaluated below.

2.2.3 Room occupancy and hourly variability of environ-
mental conditions. SBM-Flex builds on existing INCHEM-Py
v1.2 capabilities, such as surface deposition dependent on the
surface-to-volume ratio, breath emissions from humans (adults
=10 years old; children <10 years old), and hourly variations in
Air Change Rate (ACR) and indoor lighting, by adding two
further elements: hourly variations in relative humidity (RH)
and in the number of adult and child occupants. These
parameters are specified through an input file, enabling direct
incorporation of occupant numbers, hourly humidity levels, air
change rates, and lighting schedules, thereby enhancing the
model's dynamic representation of indoor air chemistry.

2.3 Model setup

The SBM-Flex model described in the previous section was
applied to simulate indoor air quality in the residential kitchen
on 17 August 2023, a day selected due to clear evidence of
cooking and cleaning activities based on the occupants' logs
and in situ measurements.

To assess indoor air quality, 15 air pollutants were selected
for the simulation. These species represent a combination of
regulated air pollutants (O3, NO,, CO, PM, ;), direct emission
from cooking process by using gas stove (NO); and key reactive
VOCs spanning a range of typical indoor sources, including
emissions from cooking, building materials, cleaning products,
and secondary chemical formation. These VOCs include

This journal is © The Royal Society of Chemistry 2026
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methanol, acetaldehyde, formic acid, acetone, isoprene,
benzene, toluene, xylenes, trimethylbenzenes, and
monoterpenes.

For xylenes, trimethylbenzenes, and monoterpenes, the PTR-
ToF-MS provided only bulk signal intensities at the corre-
sponding m/z values, without resolving individual isomers or
isobaric compounds. This is a recognised limitation of real-time
mass spectrometric techniques applied to complex VOC
mixtures.*>*® To allow chemical mechanism modelling, these
bulk signals were disaggregated into individual species based
on the species structure defined in the Master Chemical
Mechanism (MCM v3.3.1). Prior to disaggregation, it was
assumed that each m/z signal originated exclusively from
structural isomers within the same compound class, excluding
other isobaric compounds. Each species within these groups
was assumed to contribute equally to the measured total
concentration, consistent with the use of lumped VOC repre-
sentations commonly adopted when real-time mass spectro-
metric measurements do not resolve individual isomers and
when the modelling focus is on bulk oxidative chemistry rather
than compound-specific products.”"** Specifically, xylenes were
split equally into o-xylene (OXYL), m-xylene (MXYL), and p-
xylene (PXYL); trimethylbenzenes into 1,2,3-trimethylbenzene
(TM123B), 1,2,4-trimethylbenzene (TM124B), and 1,3,5-tri-
methylbenzene (TM135B); and monoterpenes into a-pinene, B-
pinene, limonene, carene, and camphene. While this equal-
split assumption introduces some degree of uncertainty, it
ensures consistency with the mechanism structure used in
SBM-Flex and provides a practical solution in the absence of
environment-specific isomer speciation data. This approach
allows the bulk signal measurements to be used consistently
within the mechanism, enabling the representation of overall
chemical reactivity within the model framework.

The model was initialised using measured indoor and
outdoor concentrations along with detailed physical parameters
of the kitchen (see Table S1). These observational inputs were
used to define realistic initial and boundary conditions for the
case study, rather than to tune model parameters or optimise
agreement with the measured time series. Indoor initial
concentrations were set to the first hourly average measured
inside the kitchen, providing a realistic starting point for
simulating the temporal evolution of indoor chemistry.
Outdoor concentrations were prescribed as fixed inputs to
constrain the boundary conditions for indoor chemistry and
were not dynamically updated based on indoor-outdoor
exchange, consistent with the INCHEM chemistry module
design. For O3, NO, and NO,, time-varying diurnal profiles were
fitted to the hourly outdoor measurements acquired on 17
August (see Fig. S1) to capture photochemical influences and
emission-driven variability. These profiles are critical for rep-
resenting processes such as NO titration, HONO formation, and
O,-driven oxidation. For all other species, constant daily average
concentrations were used to represent the most characteristic
outdoor levels on that day.

The ACR was constrained by fitting modelled indoor
concentrations of Oz, NO, NO,, and CO, which, outside periods
of direct indoor emissions, are expected to be dominated
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primarily by ventilation-driven exchange with outdoor air. To varied only marginally across the tested range, and CO showed
minimise the influence of indoor sources such as cooking and no sensitivity to ACR during the selected fitting period. The
cleaning, periods from 06:00 to 08:00 and from 15:00 to 18:00 multi-species comparison therefore supported an intermediate
were excluded based on the volunteer activity records. ACR, rather than selection based on O3 alone.

Although O3 undergoes indoor loss through deposition and To further examine this choice, an additional NO sensitivity
NO, may also be influenced by indoor photochemistry, these analysis was performed for the midday period (Fig. S3), when
species were not treated as individually conservative tracers. differences between ACR scenarios became more visible. This
Instead, ACR was evaluated consistently across multiple gas- diagnostic comparison showed that higher ACR values did not
phase species in order to reduce reliance on any single improve, and slightly worsened, the reproduction of midday NO
compound that may be affected by additional indoor processes. behaviour. An ACR of 7 h™" was therefore retained as the most
This assumption is supported by the behaviour of CO, which balanced choice across species, rather than selecting a higher
was associated with gas hob use and showed no notable indoor value solely on the basis of the minimum O; RMSE. This value is
enhancement outside the excluded periods. The absence of consistent with previous studies under window-open condi-
elevated CO during the selected fitting window suggests that tions,* and aligns with the activity log, which states that the
indoor combustion sources were effectively removed from the kitchen window remained open throughout the day.

ACR evaluation period.

Candidate ACR values were compared using both model- 3 Results and discussion
observation diurnal profiles (Fig. S2) and root mean square
error (RMSE) values for O3, NO, NO,, and CO during the non- This section evaluates the performance of SBM-Flex in repro-
emission hours (Table S2). The results indicate that the ducing observed indoor air composition during cooking and
apparent optimum ACR depends to some extent on the gasused cleaning events, with a focus on the effects of chemical mech-
for comparison. Oz showed the greatest sensitivity and favoured anism complexity and humidity-dependent surface HONO
values around 7-8 h™', while NO, showed a weaker but still formation. By systematically comparing model predictions
systematic improvement with increasing ACR. In contrast, NO using different chemical mechanisms against measurements,
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Fig.2 Observed hourly indoor and outdoor mixing ratios/concentrations of 15 air pollutants on 17 August 2023. Morning and afternoon events
are highlighted, corresponding to cooking and cleaning periods identified from volunteer activity logs. Inset subplots are included for NO, NO,,
and CO to illustrate their extreme peak values. (PM, 5 was measured in the adjacent living room and is represented using a distinct colour and
marker to differentiate it from kitchen-based measurements).
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we assess the extent to which mechanism simplifications
impact indoor air quality modelling accuracy. Additionally,
inferred emission rates from SBM-Flex are compared with
existing indoor emission inventories to examine their repre-
sentativeness for real-world residential kitchens.

3.1 Observations of indoor and outdoor air quality

Fig. 2 presents the observed hourly profiles of indoor and outdoor
concentrations for 15 air pollutants on 17 August 2023, capturing
their diurnal variations throughout the day. The highlighted
events correspond to cooking and cleaning periods identified
from volunteer activity logs. Although results are shown as hourly
means for clarity, the underlying measurements were collected at
much higher temporal resolution and clearly resolve short-
duration cooking and cleaning events; a comparison between
native-resolution time series and hourly means for selected
species is provided in the SI (Fig. S7). To better visualise species
exhibiting extreme concentration peaks—specifically NO, NO,,
and CO for the afternoon event—inset subplots are incorporated
within their respective panels. Indoor PM, 5 was measured in the
adjacent living room and is plotted using a distinct marker and
colour to distinguish it from kitchen-based measurements.
Outdoor species such as Oz, NO, and NO, exhibit characteristic
diurnal cycles, reflecting the combined effects of local traffic
emissions and photochemical activity. Morning and afternoon
NO, peaks correspond to rush-hour traffic, while the daytime peak
in Oj is driven by photochemical production and steady-state.>*>*

Indoor pollutant concentrations broadly track these outdoor
variations during non-cooking periods, highlighting the strong
influence of ventilation-driven outdoor-to-indoor transport.
This coupling is particularly evident for Oz, NO,, and CO,
providing independent observational support for the air change
rate derived during model setup. The rapid decline in indoor
CO concentrations shortly after cooking events further supports
this rate, as it is consistent with a fast removal process under
a high ventilation regime. Beyond these species, several VOCs,
such as HCOOH, and CH3;CHO, also exhibit indoor profiles that
follow outdoor trends during background periods, reinforcing
the dominant role of ventilation in shaping indoor air quality
when active emissions are absent. Under such high ventilation
conditions, similar indoor-outdoor temporal variability
combined with a persistent indoor concentration offset is
consistent with ventilation-dominated transport superimposed
on weak but continuous indoor sources, such as off-gassing
from materials, surface re-emission, and human presence.

In contrast, distinct indoor peaks for other species appear
during cooking and cleaning periods, as logged by the occu-
pants, highlighting the dominant influence of indoor sources
during these episodes. These peaks are most pronounced for
NO, NO,, and CO, with strong increases observed around 06:00
and 16:00, corresponding to cooking activities. The timing and
magnitude of these peaks are consistent with primary emis-
sions from gas combustion, in agreement with previous studies
of cooking-related indoor air pollution.®**3*

VOCs exhibited broader and more sustained indoor peaks
compared to inorganic species, reflecting the influence of both
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primary emissions and secondary formation. Monoterpenes
showed a sharp increase at 07:00, corresponding to cleaning
activities following morning cooking, and a more pronounced
rise between 15:00 and 17:00, corresponding to a sequence of
food preparation, cooking, and subsequent cleaning, as recor-
ded in the volunteer activity logs. These patterns suggest
emissions from fragranced products, consistent with prior
studies linking monoterpenes (e.g., limonene) to cleaning
agents and air fresheners.’*®” Oxygenated VOCs such as
CH;0H, CH;CHO, and HCOOH increased notably during the
afternoon period, likely due to a combination of cooking
emissions and subsequent indoor photochemical reactions.*
Unlike primary pollutants that peaked sharply and then
declined rapidly, these species remained elevated or declined
only slowly following the event, suggesting continued produc-
tion indoors. This behaviour is consistent with secondary
formation from reactions involving ozone and reactive VOCs
such as monoterpenes under indoor conditions.”” CH;COCHj;
displayed a prolonged afternoon elevation, which aligns with
continuous occupancy in the kitchen and is likely attributable
to breath emissions.*® In contrast, aromatic VOCs (e.g., benzene,
toluene, xylenes, and trimethylbenzenes) showed relatively
stable levels, with only moderate afternoon increases, suggest-
ing contributions from background sources such as materials
or residual infiltration.

Indoor PM, s concentrations, measured in the adjacent
living room, began to rise gradually after the cooking event
(16:00-17:00), reaching a distinct peak shortly after 18:00 and
then declining steadily. This post-event rise reflects the trans-
port of particles emitted during cooking in the kitchen into the
adjacent space. Minute-resolution data shown in Fig. S4 clearly
show this rise-and-fall pattern, providing direct evidence of
inter-room pollutant transfer. These observations indicate that
emissions from specific indoor activities, such as cooking, can
influence air quality in adjacent spaces through inter-room
transport.

3.2 Effects of improved HONO formation on indoor
chemistry

Accurate simulation of indoor oxidation chemistry requires
realistic representation of surface HONO formation, as
photolysis of HONO is a primary indoor source of OH radicals,
driving VOC oxidation and secondary product formation. In
INCHEM-Py version 1.2, on which SBM-Flex is based, surface
HONO formation is parameterised using a simplified empirical
expression,”” which assumes all surface-adsorbed NO, is fully
converted to HONO. This static treatment neglects the estab-
lished dependence of HONO yields on relative humidity, which
modulates the competition between HONO and HNO; forma-
tion.*>* This omission is particularly problematic in kitchens,
where cooking and cleaning introduce large humidity fluctua-
tions, dynamically altering surface water films and influencing
NO, hydrolysis chemistry.

To address this, SBM-Flex implements a revised HONO
formation scheme that explicitly couples HONO yields to
surface RH, following,** as described in the previous section.
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This dynamic treatment links surface chemistry to indoor
environmental conditions, replacing the static emission factor
with a process-based representation that explicitly captures the
humidity dependence of HONO yields, providing a more phys-
ically grounded representation of surface HONO formation for
indoor radical sources. The kitchen environment examined
here, characterised by highly hygroscopic surfaces (painted
walls, tiles) and persistently high relative humidity (RH
consistently >60% throughout the day, see Fig. S8), provides
a relevant real-world case for evaluating the implications of this
improvement under typical residential humidity conditions.

Fig. 3 compares the simulated diurnal profiles of key
photochemically active species and total OH reactivity, using
SBM-Flex and INCHEM-Py, across the Full, Subset, and Reduced
mechanisms. This comparison evaluates both the impact of the
revised HONO parameterisation and the performance of
mechanisms with varying levels of chemical complexity. Several
important findings emerge from this comparison.

Across all mechanisms, SBM-Flex systematically predicts
lower HONO concentrations than INCHEM-Py at all times of the
day. This reduction reflects the revised treatment of surface
HONO formation in SBM-Flex, where surface-processed NO, is
partitioned between HONO and nitrate (NO; ) formation
according to a relative-humidity-dependent parameterisation,
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rather than being assumed to convert entirely to HONO as in
INCHEM-Py v1.2. The effect of lower HONO concentrations in
SBM-Flex propagates through the entire oxidation system.
Reduced HONO photolysis weakens the primary source of OH,
leading to lower OH and HO, concentrations across the full
diurnal cycle. This highlights the central role of surface-derived
HONO in sustaining indoor radical chemistry. Both SBM-Flex
and INCHEM-Py capture the expected daytime rise in OH and
HO, due to photolysis-driven radical production, but SBM-Flex
consistently maintains lower absolute levels, reflecting its
reduced HONO source strength. While the revised para-
meterisation explicitly links HONO formation to RH via surface
water availability, the baseline SBM-Flex simulation uses the
observed indoor RH measured in the kitchen. To assess the
sensitivity of this scheme to humidity, additional diagnostic
simulations were performed using fixed low (10%) and high
(90%) RH values, representing idealised bounds rather than
realistic indoor conditions.

The resulting diurnal profiles of HONO, OH, and total OH
reactivity are shown in Fig. S7. Across these simulations, HONO
and OH concentrations exhibit only minor differences within
the observed RH range. This limited sensitivity reflects the
persistently high indoor humidity during the measurement
period (RH was consistently >60%), under which surface water
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films are already well developed and the HONO formation
efficiency approaches a near-saturated regime. As a result,
further increases in RH do not substantially enhance HONO
production, while reductions to unrealistically low RH values
primarily affect conditions outside those observed in this study.

These results indicate that, under the conditions examined
here, indoor radical chemistry is relatively insensitive to short-
term RH variability, despite the explicit humidity dependence
implemented in the HONO formation scheme. Importantly,
this behaviour does not imply that humidity is unimportant for
indoor HONO formation more generally, but rather that the
specific kitchen environment studied here operated within
a humidity regime where HONO yields were already constrained
by surface water availability. This analysis therefore serves to
demonstrate the internal consistency and stability of the revised
HONO parameterisation within the observed environmental
range, rather than to provide a direct evaluation against HONO
or radical measurements, which were not available for this
campaign.

In addition, NO, measurements may be affected by inter-
ference from HONO under indoor conditions, which adds
uncertainty to the interpretation of simulated NO, differences
between model configurations.®***

Moreover, the performance differences across Full, Subset,
and Reduced mechanisms provide further insights into the role
of chemical complexity in capturing indoor photochemistry.
The Subset mechanism closely reproduces the Full mechanism
across all species, confirming that the reduced species set
retains sufficient complexity to represent key radical propaga-
tion and VOC oxidation processes. In contrast, the Reduced
mechanism exhibits distinct biases. It predicts higher OH
concentrations, due to its oversimplified VOC oxidation
scheme, which reduces OH consumption pathways. Conversely,
it underestimates HO,, because its streamlined chemistry omits
many secondary radical regeneration steps present in the Full
and Subset mechanisms. These differences extend to other key
species. Formaldehyde, a major oxidation intermediate, and
isoprene, a highly reactive VOC, both show lower concentra-
tions in the reduced mechanism, reflecting the exclusion of key
VOC oxidation pathways and intermediates, which limits
secondary product formation and reduces OH consumption.
Total OH reactivity—a cumulative indicator of the oxidative
burden posed by all reactive species—also drops substantially
in the Reduced mechanism, consistent with its truncated
species set.

3.3 Base case simulation and mechanism comparison

Fig. 4(a) presents the base case simulation results from SBM-
Flex for 17 August 2023, comparing indoor concentrations
simulated using the Full, Subset, Reduced, and Mini mecha-
nisms against observations. These simulations exclude indoor
emissions or occupancy-related effects associated with cooking
or cleaning events, thereby representing a low-emission base-
line condition. All SBM-Flex mechanisms successfully repro-
duced indoor concentrations across all air pollutants under the
base case, highlighting the model's effectiveness in capturing
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indoor background conditions. This agreement reflects the
model's capability to simulate outdoor-to-indoor transport,
baseline indoor photochemistry, and deposition processes
under constrained outdoor inputs. Fig. 4(b) shows the corre-
sponding outdoor concentrations used as boundary conditions
for the base case simulation.

For outdoor O3, NO, and NO,, fitted diurnal profiles derived
directly from hourly ambient observations were used as
boundary conditions, providing realistic time-resolved inputs
for the simulation. This observational constraint ensures that
the outdoor chemical variability, particularly important for
species with strong photochemical behaviour, are physically
well represented in the model. The close agreement between
observed and simulated indoor concentrations for these species
(Fig. 4(a)) confirms the value of incorporating temporally
resolved, observation-based inputs. Direct diurnal fitting was
not feasible for other air pollutants due to the lack of a consis-
tent diurnal pattern in the ambient measurements. Instead,
daily average concentrations derived from the same observa-
tional dataset, presented in Fig. 2, were applied as fixed
boundary conditions as the outdoor base case, shown in
Fig. 4(b). These values remained constant throughout the
simulation, consistent with the treatment employed in
INCHEM-Py. As Fig. 4(b) illustrates, the prescribed daily aver-
ages effectively capture the overall background levels of the
outdoor pollutants.

While the simulation reproduces the overall indoor
concentration levels reasonably well, some underestimation is
evident for many gas-phase species. This is largely due to the
absence of real-time activity inputs or sustained indoor sources
in the base case setup. Although observed indoor concentra-
tions were used to initialise the model, no additional emissions
were included beyond that point. As a result, the simulated
indoor levels tend to gradually stabilise and closely follow the
outdoor boundary conditions through ventilation-driven
exchange. This behaviour leads to relatively flat concentration
profiles over time and contributes to the lower simulated values
compared to the measured indoor concentrations, which
consistently exceed that outdoors. The observed indoor
enhancement suggests that ongoing low-level indoor emissions
or dynamic processes, likely present in the real environment,
play a role in maintaining elevated concentrations, consistent
with previous observations of continuous emissions from
building materials and furnishings sustaining elevated indoor
VOC baselines even under ventilated conditions.®

Since these were not captured in the base case configuration,
the model naturally leans towards a more conservative predic-
tion. The underestimation of VOCs, particularly in the case of
CsHjg, may be a result of fragmentation of other compounds to
this mass in the PTR-ToF-MS.** have shown that other
compounds (aldehydes and cycloalkanes) commonly present in
indoor environments also contribute to this mass resulting in
an overestimate of isoprene concentrations. Such interferences
may therefore contribute to the measurement-model discrep-
ancies observed for individual VOC species (e.g. Fig. 4), without
affecting the interpretation of overall VOC dynamics discussed
here.
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Fig.4 Diurnal profiles simulation of indoor and outdoor pollutant mixing ratios/concentrations under base case conditions (excluding additional
emissions or occupancy effects during cooking and cleaning events) using MBM-Flex (a) Indoor base case simulations using the Full, Subset,
Reduced, and Mini mechanisms compared with observations. (PM, s was measured in the adjacent living room, while gas-phase species were
measured in the kitchen) (b) outdoor base case prescribed from observations, with diurnal profiles applied for Oz, NO, and NO,, and daily
averages for other species.
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Beyond uncertainties related to emission representation and
instrumental artefacts, the treatment of VOC speciation within
the model introduces further uncertainty in the simulation of
individual compounds. Due to the limited isomer resolution of
real-time PTR-ToF-MS measurements, VOC classes were map-
ped onto the chemical mechanism using an equal-split
assumption. While this simplification may influence isomer-
specific reaction pathways and the formation of certain
secondary products, previous indoor air chemistry modelling
studies using similar chemical mechanisms and observational
constraints have shown that bulk oxidative behaviour,
including overall VOC reactivity, radical budgets, and oxidant
responses, is relatively insensitive to the precise isomeric
distribution when compound-specific product yields are not the
primary focus.>”** In the present study, the emphasis is on
reproducing overall pollutant dynamics and event-scale behav-
iour rather than resolving detailed isomer-specific chemistry.

In addition to the overall underestimation of VOCs, the
model also predicts a marked decline in both VOC and PM, 5
concentrations during the first hour of simulation. For VOCs,
this pattern reflects relatively high initial concentrations
derived from observations, while for PM, s, the elevated starting
values arise from a combination of observational inputs and
model-internal contributions, particularly seed aerosol mass.
Under base case conditions with no ongoing indoor emissions,
both VOCs and PM, 5 are rapidly removed via chemical trans-
formation, ventilation-driven dilution, and particle deposition.
This behaviour is clearly illustrated in Fig. S4, which presents
high-frequency model output at 150-seconds resolution. The
sharp and simultaneous decline of VOCs and PM, 5 suggests
that the initial high PM is not actively formed through VOC
oxidation, but instead reflects the pre-existing material, fol-
lowed by the removal process. While the model captures this
early depletion well, it consistently overestimates PM, s
concentrations relative to measurements, likely due to over-
estimated initial seed loading and simplified treatment of
particle-phase loss rather than excessive SOA production.

Fig. 4(a) further compares indoor simulation results using
the Full, Subset, Reduced, and Mini chemical mechanisms
under base case conditions. Across most species, all four
mechanisms yield closely overlapping results and effectively
reproduce the observed indoor concentrations, demonstrating
that background indoor air quality is well captured even with
simplified chemistry. In terms of computational demand, the
Subset mechanism reduces simulation time by approximately
70% compared to the Full mechanism. The Reduced and Mini
schemes further cut runtimes by over 95%.

The differences between mechanisms arise primarily from
variations in pollutant representation and the complexity of
chemical reactions. The Full mechanism retains the complete
set of measured VOCs and PM, s, including all oxygenates,
aromatics, and monoterpenes. The Subset mechanism is nearly
identical, except for the omission of B-pinene among the
monoterpenes. The Reduced mechanism excludes several key
pollutants, including PM, 5, benzene, and retains only carene
and camphene among the monoterpenes. The Mini mechanism
is a further simplification, omitting additional compounds
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such as CH3;COCH;, toluene, the xylenes, the tri-
methylbenzenes, and all monoterpenes entirely. As a result,
these progressive reductions lead to underrepresentation of
several VOCs and particle-phase species in the more simplified
schemes due to missing precursors and simplified degradation
pathways. This reduction in chemical complexity is especially
apparent for monoterpenes, with a stepwise reduction in
concentrations from Full to Mini, as seen in Fig. 4(a) and (b).
Among the four mechanisms, the Subset mechanism consis-
tently tracks the Full mechanism most closely across all species,
confirming that this simplified alternative retains sufficient
chemical complexity to accurately represent the key processes
governing indoor air quality under base case conditions.

3.4 Model evaluation during cooking and cleaning events

Based on the strong performance of the Subset mechanism
demonstrated in the base case evaluation (Section 3.3), this
mechanism was selected for simulating time-resolved pollutant
concentrations during the two key events: the morning and
afternoon cooking and cleaning periods. Fig. 5 compares
measured and simulated concentrations for nine key species
during these events, under three configurations: (i) the base
case without any additional emissions, (ii) a scenario with
event-specific emissions added, and (iii) a scenario with both
emissions and enhanced deposition representing human
presence. The morning event (Fig. 5(a)) corresponds to cooking
starting at 06:00, while the afternoon event (Fig. 5(b)) begins at
16:00, consistent with volunteer activity logs.

Eight species were selected to assess how well the model
captures pollutant changes during cooking and cleaning events,
including O;, NO, NO,, CO, monoterpenes, CH;CHO, CsHg, and
CH;3;COCH;. This selection reflects their relevance to cooking
and cleaning processes, covering directly emitted species (NO,
NO,, CO, monoterpenes), photochemically reactive species (O3,
CsHg), and intermediate oxidation products (CH;CHO, CHj;-
COCH3). In these event simulations, emissions for key primary
pollutants (CO, NO, NO,, monoterpenes) were directly
prescribed during the events. Among the monoterpenes, only
limonene was included as a primary emission, on account of its
dominance in both cooking vapours and fragranced cleaning
products.”” The emission rates were estimated from observed
indoor concentration increases to ensure a realistic represen-
tation. For example, the emission rate for NO employed in the
model was tuned so that the model reproduced the observed
changes in indoor NO concentration, e.g., an increase of about
4 ppb from approximately 1.7 ppb to 5.7 ppb during the
morning event. Additionally, emissions were applied only
during the logged activity hour and ceased afterwards.

In both events, direct emissions of NO, NO,, CO, and
monoterpenes (represented by limonene) produced sharp peaks
during the cooking periods. These were well reproduced by the
emission-based simulations, and the rapid post-peak decay
further supports the short-lived nature of the emission pulse
and its realistic representation in the model.

The emission scenario produces an additional O; decrease
during the cooking period that closely matches the timing and
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Fig. 5 Comparison of simulated pollutant mixing ratios using Subset mechanism of SBM-Flex under different scenarios—base case (excluding
emissions and other occupancy effects during cooking and cleaning events), emissions only, and emissions with human presence—against
observations for key species. (a) Morning event (06:00), (b) afternoon event (16:00).
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Fig. 6 Comparison of primary pollutant concentrations (NO, NO,, CO, and monoterpenes) simulated using the SBM-Flex Subset mechanism
with event-specific emissions and inventory-based emissions against observations.

magnitude of the observed deviation from expected indoor
levels, which will approach outdoor levels due to the ventilation
effect. However, at 06:00, indoor O; is approximately 6 ppb
lower than outdoors, and the emission simulation captures
a comparable reduction driven by NO-induced loss. While
modelled indoor concentrations remain below observations,
primarily because the base case starts from a lower baseline, the
added decline reflects the correct chemical response to primary
emissions. This indicates that the reaction kinetics governing
O; removal are realistically represented, even if the absolute
levels are underestimated due to baseline bias.

When human presence is additionally included in the
model, via enhanced deposition to skin surfaces, O; removal is
further intensified, resulting in even lower concentrations. This
supports the role of humans as dynamic sinks for surface-
reactive species like O;. Notably, this effect was more
pronounced in the afternoon, when two adults were present for
a longer duration (15:00-17:00), compared to only one adult
during the morning event (06:00-07:00). In contrast to Os,
monoterpenes showed minimal sensitivity to human presence.
While emission-driven peaks were accurately captured, adding
human presence had a negligible additional impact, consistent

This journal is © The Royal Society of Chemistry 2026

with their weaker surface reactivity. This suggests that direct
emissions dominate indoor concentration dynamics during
events for monoterpenes, with limited contribution from
deposition-related losses.

For VOCs such as CH;CHO, and Cs;Hg, the model shows little
or no response to the cooking events, with concentrations
closely tracking the base case. This reflects the absence of direct
emission inputs for these species in the event simulations. As
a result, their behaviour is not well reproduced, and the model
fails to capture the observed event-related peaks. A slight
decrease relative to the base case is seen during the cooking
periods, particularly for CH;CHO. This likely arises from
changes in the indoor chemical environment caused by co-
emitted NO, which suppresses oxidant levels (e.g., O3 and OH)
and reduces the secondary formation of oxygenated VOCs. Such
effects would be expected primarily for cooking with
combustion-based fuels (e.g., gas) and would be absent or
substantially reduced when using electric or induction appli-
ances, where NO, emissions are minimal. These results high-
light that without explicit emission or formation pathways; the
model underrepresents the dynamics of semi-volatile and
reactive VOCs under event conditions.
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3.5 Comparison of measurement-informed and inventory-
based emission scenarios

To illustrate the limitations of applying aggregated indoor
emission inventories to short-term, household-specific events,
we compared the measurement-informed emissions derived in
this study (Section 3.4) with standard emission factors from the
Indoor Air Pollutants Inventory (InAPI) Tool.** This comparison
is not intended to evaluate the predictive performance of the
inventory for this specific case, but rather to demonstrate how
inventory-based emission factors—developed to represent
average conditions across diverse residential environments—
may diverge from event-scale emissions observed in a real
home.

InAPI is a scenario-based inventory developed from an
extensive compilation of UK indoor air measurements, con-
verted into hourly emission rates using a chemical mass
balance (CMB) approach. It allows users to select specific built
environments (e.g., residential), micro-environments (e.g,
kitchens), and activity types (e.g., cooking) along with associated
pollutants. For this study, emissions of NO, NO,, CO, and
monoterpenes (assumed to be limonene) were extracted using
the most relevant combinations to reflect the observed activi-
ties. However, the emission factors provided by InAPI are time-
averaged and are not designed to reproduce the magnitude or
temporal structure of short-lived indoor emission events.

Fig. 6 compares simulated indoor concentrations obtained
using inventory-based emission factors with those derived from
measurement-informed emissions, alongside the observed
concentrations for 17 August 2023. The discrepancies between
the two emission approaches vary across species and events.
Inventory-based emissions substantially overpredict NO and
monoterpenes relative to the measurement-informed -case,
while CO and NO, are underestimated during the afternoon
event. Importantly, these differences do not follow a consistent
direction across species, indicating that inventory emission
factors do not systematically over- or underestimate emissions
for this household.

These discrepancies primarily reflect the aggregated nature of
emission inventories, which are constructed to represent average
conditions across a wide range of residential environments, fuel
types, ventilation scenarios, and occupant behaviours. As such,
inventory-based emission factors are not expected to reproduce
the magnitude or temporal structure of short-term emission
events in a specific dwelling, particularly where activities, appli-
ance use, and ventilation differ from inventory assumptions.

This comparison therefore serves as a specific illustration of
the limitations of applying generic indoor emission inventories
to event-scale modelling in individual homes. While inventory-
based emission factors are valuable for long-term exposure
assessments and population-level analyses, they may misrep-
resent short-term indoor pollutant dynamics driven by specific
activities and behaviours. In contrast, measurement-informed
emissions, despite their own uncertainties, provide a more
appropriate representation of short-duration indoor air pollu-
tion events when the objective is to reproduce observed
concentration dynamics.
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4 Conclusions

This study evaluated the performance of the newly developed
SBM-Flex model, built upon INCHEM-Py (v1.2), for simulating
indoor air pollutant dynamics in a real residential environment.
A range of simulation setups was assessed, including a no-
emission base case, scenarios with event-specific emissions
from cooking and cleaning, configurations incorporating
human presence, and comparisons against inventory-based
emission estimates. Simulation results were evaluated using
reference-grade instruments, supported by a custom-developed
auto-valve switching system that enabled time-alternating
indoor and outdoor sampling with a single instrument suite,
ensuring consistent and high-quality measurements.

The model successfully captured key pollutant behaviours,
including peak concentrations of NO, NO,, CO, and mono-
terpenes during cooking and cleaning events, as well as O;
depletion via NO reactions and surface deposition. A humidity-
dependent HONO parameterisation improved the process-level
representation of indoor radical chemistry, while the Subset
mechanism demonstrated strong performance in balancing
chemical completeness with computational efficiency.

While SBM-Flex performed well overall, several limitations
remain. The lack of detailed behavioural records constrained
the ability to represent activity-driven pollutant changes,
particularly for reactive VOCs. This limitation highlights the
importance of detailed and systematic activity logging in future
real-world indoor air quality field studies, especially for the
quantitative attribution of short-term emission events. The use
of daily average outdoor concentrations as boundary conditions
for some species limited the model's capacity to reproduce
realistic indoor diurnal profiles. Inventory-based emissions,
though broadly informative, may not capture short-term or
case-specific indoor events. Additionally, the assumption of
a well-mixed indoor environment may not align with point-
based measurements during transient emission periods. In
addition, a dedicated tracer-gas method would have provided
a more direct estimate of the air change rate, but such
measurements were not available in this study; instead, ACR
was constrained indirectly using the available multi-species
observations, which may introduce some uncertainty into the
ventilation representation.

Despite these limitations, the results demonstrate that SBM-
Flex is a robust and versatile tool for characterising indoor air
pollutant dynamics under realistic conditions. Its ability to
capture both background and event-driven variations,
combined with low computational demand, makes it particu-
larly valuable for future applications in exposure assessment,
source attribution, and the design of targeted indoor air quality
interventions.
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