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Abstract : Cooking emissions in enclosed kitchens require
effective exposure conftrols relevant fo acute respiratory
infection (ARI) prevention. This study modeled the spatio-
temporal transport and surface deposition of cooking-
generated PM,.5s and compared interventions for reducing
breathing-zone exposure. A Python-based computational
framework coupled three-dimensional, size-resolved
particle transporf with a prescribed airtlow field. Four 30-
min scenarios, including 12 min of cooking, were evaluated:
closed baseline, local exhaust, portable air cleaner, and
combined control. Cumulative breathing-zone exposure
was the primary outcome. Morris screening, Sobol analysis,
and Latin hypercube sampling (LHS) were conducted using
a separate reduced model. The spatial simulation showed
heterogeneous concentrations and persistent post-cooking
exposure. Cumulative exposure decreased trom 28,694.53
ugmin m= at baseline fo 7,082.5, 17,043.3, and 6,045.8
ugmin m = with local exhaust, air cleaning, and combined
control, representing reductions of 75.3%, 40.6%, and
78.9%, respectively. Source-capture efficiency was the
dominant paramefer and explained 52.1% of reduced-
model variance through its ftirst-order Sobol index. LHS
reproduced the infervention ranking of the spatial
simulation. Source-directed extraction, supplemented by
filtration and continued post-cooking operation, therefore
ofters a promising strategy for reducing PM;.s exposure in
enclosed kifchens and supporting ARI prevention.

Keywords : Acute Respiratory Infection, Particulate Matfter,
FEnclosed Kifchens, Breathing-Zone, Spatial-Temporal

Abstrak : Emisi memasak di dapur tertutup memerlukan
pengendalian paparan yang relevan dengan pencegahan
infeksi saluran pernapasan akut (ISPA). Penelitian ini
memodelkan transpor spasial-temporal dan deposisi
permukaan PM,.5 serta membandingkan intervensi untuk
mengurangi paparan pada zona pernapasan. Kerangka
komputasi berbasis Python menggabungkan transpor
partikel tiga dimensi berdasarkan ukuran dengan medan
aliran udara yang ditetapkan. Empat skenario berdurasi 30
menit, termasuk 12 menit memasak, dievaluasi: kondisi
dasar tertutup, ventilasi pembuangan lokal, pembersih
udara portabel, dan pengendalian gabungan. Paparan
kumulatif pada zona pernapasan menjadi luaran utama.
Penapisan Morris, analisis Sobol, dan Latin hypercube
sampling (LHS) dilakukan menggunakan model tereduksi
terpisah. Simulasi menunjukkan konsentrasi heterogen dan
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paparan yang Dbertahan setelah memasak. Paparan
kumulatif menurun dari 28,694.3 pg-menit-m™® menjadi
7,082.5, 17,043.3, dan 6,045.8 ug-menit-m 2, masing-
masing setara dengan penurunan 75.3%, 40.6%, dan
78.9%. Efisiensi penangkapan emisi pada sumber
merupakan parameter dominan dan menjelaskan 52.1%
varians luaran model tereduksi melalui indeks Sobol orde
pertama. LHS menghasilkan urutan efektivitas intervensi
yang sama dengan simulasi spasial. Penghisapan emisi pada
sumber, disertai filtrasi dan pengoperasian berkelanjutan
setelah memasak, merupakan strategi menjanjikan untuk
mengurangi paparan PM,.s di dapur tertutup dan
mendukung pencegahan ISPA.

Kata Kunci : Infeksi saluran pernapasan akut, Materi
partikulat, Dapur tertutup, Zona pernapasan, Spasial-
temporal

INTRODUCTION

Cooking-related fine particulate matter (PM,.s) is a preventable component of household air
pollution with consequences that extend beyond momentary deterioration of indoor air quality. Its
health significance is supported by evidence linking particulate pollution and household
environmental conditions with acute respiratory infection (ARID), although the magnitude of risk
varies across populations, exposure definitions, and clinical outcomes (Adhikary et al., 2024;
McCollum et al., 2024; World Health Organization, 2021). Indonesian studies similarly show that
ARI among children is shaped by interacting household, environmental, nutritional, and
socioeconomic conditions rather than by a single pollutant source (Purnama et al., 2024; Santri et
al., 2023). Studies involving women responsible for cooking and residents of densely occupied
settlements further associate fuel choice, kitchen characteristics, ventilation, and indoor pollution
with respiratory symptoms, while perceived health risks influence whether protective practices are
understood and adopted (Shine et al., 2023; Wafula et al., 2023; Zewdie et al., 2023). Longitudinal
and intervention evidence, however, does not consistently translate lower PM,.5 exposure into fewer
respiratory events, confirming that a simulation should estimate exposure reduction rather than
predict ARI incidence directly (McCollum et al., 2024; Shackelford et al., 2025).

The exposure produced by cooking cannot be represented adequately by a single room-average
concentration. Experimental and numerical investigations demonstrate that emission, transport,
decay, and surface deposition change throughout cooking and post-cooking periods and are strongly
affected by particle size, buoyant flow, source position, and ventilation mode (Ding et al., 2023; Jones
et al., 2024; Zeng et al., 2025). Fresh-air supply, stove location, cooking process, and measurement
height can produce markedly different concentration and deposition patterns within the same
kitchen (Xin et al., 2024; Yuan et al., 2023; Zheng et al., 2022). Cooking particles may also migrate
into adjacent spaces, persist after the heat source is switched off, or accumulate in the breathing zone
despite acceptable room-level averages (Deng et al., 2022; Liu et al., 2022; Tang & Pfrang, 2023).
Emission intensity is itself variable because it depends on food, oil, temperature, cooking method,
kitchen volume, fuel, and duration; this variability has been observed across controlled frying
experiments, multicity measurements, and rural Indonesian households (Amin et al., 2025; Chiang
et al., 2022; Kumar et al., 2022). Surface deposition must therefore be treated as one term in the
particle mass balance, alongside airborne storage, filtration, and exhaust, rather than as a direct
surrogate for respiratory dose.

Available controls can reduce cooking-related PM,.s, but their effectiveness depends on how
they are configured and operated. Portable air cleaners and sensor-supported interventions can
reduce indoor particle concentrations, while source capture generally performs better when the
hood is activated promptly and coordinated with other removal mechanisms (Pantelic et al., 2023,
2024; Sankhyan et al., 2022). Natural ventilation, household mitigation practices, and routine use
of kitchen ventilation can also accelerate removal, but their performance changes with opening
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configuration, outdoor conditions, user behavior, and the perceived effectiveness of the installed
device (Jaffe et al., 2025; Su et al., 2026; Sun & Singer, 2023). Behavioral and community-based
interventions further show that owning a device does not ensure sustained use and that technically
effective measures may be constrained by noise, maintenance, placement, energy use, or household
routines (Holm et al., 2024; Mclntyre et al., 2024). For a kitchen that must remain enclosed, the
practical question is therefore not whether ventilation is beneficial in general, but which
combination of local exhaust, make-up air, filtration, activation time, and post-cooking operation
reduces exposure without relying on an open door as the main control.

When these findings are considered together, a narrower research gap becomes apparent.
Existing studies have established that cooking emissions are transient and spatially heterogeneous,
and several have compared specific ventilation or filtration arrangements (Jones et al., 2024; Pantelic
et al., 2024; Zeng et al., 2025). What remains insufficiently resolved for an enclosed kitchen is
whether the strategy selected from room-average concentration is also the strategy that minimizes
time-integrated exposure at the occupant’s breathing zone, and whether that ranking remains stable
when emission rate, particle properties, airflow, deposition, control timing, and occupant presence
vary. This issue matters because equipment availability, actual use, and exposure reduction do not
necessarily move together (Holm et al., 2024; Mclntyre et al., 2024; Sun & Singer, 2023). It also
prevents the engineering output from being interpreted too confidently as a health outcome, since
ARI is influenced by multiple environmental and host determinants and cannot be inferred from
surface deposition or a short concentration peak alone (Adhikary et al., 2024; Shackelford et al.,
2025).

This study aims to evaluate how transient transport and surface deposition of cooking-
generated PM,.5s shape occupant exposure in an enclosed two-burner kitchen and to identify control
strategies that remain effective under uncertain emission and operating conditions. A three-
dimensional transient model implemented in Python will integrate size-dependent particle transport
and surface deposition using a prescribed airflow field, together with a mass balance that
distinguishes airborne, deposited, filtered, and exhausted fractions. Health relevance will be
represented through time-integrated concentration at specified breathing-zone locations or
trajectories, while ARI will remain the interpretive health context rather than a simulated diagnosis.
The analysis will test whether make-~up-air configuration changes exposure at the same exhaust rate,
whether rankings based on room-average concentration and occupant exposure differ, whether
parameter interactions materially affect the prediction, and whether the nominally best control
remains preferable across the uncertainty range. Morris screening will identify influential inputs,
Sobol indices will separate main and interaction effects, and Latin hypercube sampling (LHS) will
propagate uncertainty and examine ranking stability. The contribution is therefore an exposure-
oriented and uncertainty-aware basis for selecting and operating PM,.5s controls when the kitchen
must remain enclosed, supported by a reproducible Python workflow and bounded by the modeled
geometry, occupant scenario, and operating range.

METHODS

This study employs a quantitative computational approach using transient three~dimensional
computational fluid dynamics (CFD) to investigate airflow, heat transfer, PM,.s transport, surface
deposition, and breathing-zone exposure during cooking activities. The computational setting
represents an enclosed two-burner kitchen measuring 4.0 X 3.0 X 3.0 m (36.0 m®), with a closed
door and an upper ventilation opening, under conditions informed by secondary experimental data.
The study is simulation-based and does not involve human participants; therefore, its population of
interest comprises plausible cooking and ventilation conditions, with individual cooking episodes
serving as the units of analysis. Each simulation represents a 12-minute cooking period followed by
a defined post-~cooking observation period, using a two-minute emission ramp and a subsequent
emission rate of 3.2 mg/min. The computational geometry incorporates the stove, cooking emission
sources, ventilation opening, and a fixed breathing-zone evaluation point at coordinates (2.00, 1.70,
1.50) m. A three-dimensional finite-volume model implemented in Python is used to simulate
transient airflow, thermal behaviour, particle transport, and deposition. Initial conditions include an
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air temperature of 28.4 °C, floor temperature of 18.6 °C, ceiling temperature of 28.0 °C, and
cooking-surface temperature of 180 °C or an equivalent verified heat-flux condition. Model inputs
are derived from secondary experimental measurements, published technical specifications, and
explicitly documented assumptions. The simulation procedure comprises computational domain
construction, mesh generation, initialisation and airflow stabilisation, transient cooking-emission
modelling, post-cooking particle tracking, and comparison of baseline and intervention scenarios.
Interventions include local exhaust ventilation, portable air cleaning, and their combined
application, with source-operation scenarios evaluated separately under fixed-total-emission and
increased-load conditions.

Data collection involves extracting and organising secondary experimental measurements,
emission characteristics, ventilation parameters, thermal properties, and particle~deposition
information using a structured input database and computational simulation outputs as research
instruments. The primary outcome is time-integrated PM,.s concentration at the breathing-zone
evaluation point, while secondary outcomes include peak concentration, time to peak, room-average
concentration, particle decay, surface loading, and airborne, deposited, exhausted, and filtered mass
fractions. Surface deposition is interpreted as particle removal and storage within the kitchen, rather
than respiratory deposition, while acute respiratory infection (ARI) provides health-related context
without supporting direct disease-risk estimation. Model outputs are analysed through descriptive
comparisons, Morris screening, Sobol variance-based sensitivity analysis, and Latin Hypercube
Sampling (LHS) uncertainty propagation. Morris screening initially uses 20 trajectories, increasing
to 40 to assess ranking stability, whereas Sobol analysis uses base sample sizes of 256 and 512 to
evaluate first~-order and total-order parameter contributions. LHS employs 256, 512, and 1,024
paired samples to examine uncertainty distributions and the robustness of intervention performance
under matched input conditions. Control effectiveness is evaluated through paired exposure
reductions, parameter influence through sensitivity indices, and differences between exposure-based
and room-average intervention rankings through Kendall rank correlation and ranking-reversal
frequency. Input distributions are specified from available evidence or identified as assumptions,
with sampling uncertainty and convergence assessed before interpreting results. The findings are
limited to simulated pollutant concentrations, exposure indicators, and particle fate under the
modelled conditions, without estimating individual ARI probabilities.

RESULTS AND DISCUSSION
Spatio~-Temporal Distribution of PMz.5

The closed-baseline simulation produced a spatially non-uniform PM,.s field, with the highest
marker density concentrated above and around the two-burner source and a progressively more
dispersed distribution toward the upper and lateral parts of the enclosure. The top and side
projections also show that a fraction of the transported particle mass crossed the prescribed outflow
boundary. At the breathing-zone point, P (2.0, 1.7, 1.5 m), the representative near-peak
concentration was 1,675.05 ug m™3. The 0.5, 1.0, and 2.5 um size classes contributed 470.4, 447.8,
and 756.8 ug m3, respectively; thus, the 2.5 um class accounted for approximately 45.2% of the
concentration at that point.

Figure 3. Spatial distribution of size-resolved PM;.s in the closed-baseline kitchen, including three-
dimensional, top, and side views. Point P denotes the breathing-zone location at (2.0, 1.7, 1.5 m).
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The non-uniform field confirms that a room-average value alone would not adequately
represent the concentration encountered by a cook. Concentration at a fixed breathing-zone location
is controlled not only by the total emitted mass but also by the interaction between the source plume,
prescribed recirculation, removal boundaries, and the position of the occupant relative to the
burners. This behavior is consistent with experimental and computational evidence showing strong
vertical and horizontal gradients during cooking and sensitivity to source position, ventilation
configuration, and measurement height. The spatial result therefore supports the use of breathing-
zone exposure as the primary occupant-oriented indicator rather than treating surface deposition or
a room mean as a direct surrogate for inhalation.

S0: Closed baseline S1: Local exhaust

Figure 4. Spatial distribution of PM,.5 concentration under the closed baseline (S3), local exhaust
(S1), air-cleaner (S2), and combined-control (S3) scenarios.

Breathing-Zone Dynamics and Control Performance

Breathing-zone concentrations increased throughout the 12-min cooking period in all
scenarios and reached their maxima when cooking ended. The closed baseline (SO) produced the
highest peak concentration, 1,773.1 ug m™3, followed by the air-cleaner scenario (S2) at 1,358.3 ug
m™3. Local exhaust (S1) and combined control (S3) limited the peaks to 602.3 and 538.4 ug m™3,
corresponding to peak reductions of approximately 66.0% and 69.6% relative to SO. The
simultaneous peak time across the scenarios indicates that the source schedule governed the timing
of maximum exposure, whereas the controls primarily altered its magnitude and post-cooking
removal.

Figure 5. Breathing-zone PM;.s under SO-S3: (a) concentration over 30 min and (b) cumulative
exposure. The dashed line marks the end of cooking at 12 min.

The cumulative curves provide a clearer measure of total exposure burden than the peak alone.
Over 30 min, SO generated 28,694.3 ug min m™3, whereas S1, S2, and S3 generated 7,082.5,
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17,043.3, and 6,045.8 ug min m™%. These values represent modeled exposure reductions of 75.3%,
40.6%, and 78.9%, respectively. The ranking was therefore S3 < S1 < S2 < SO. Combined control
produced the lowest cumulative exposure, but its additional deterministic reduction over local
exhaust alone was 3.6 percentage points relative to the baseline. This relatively small increment
indicates that source-directed removal was the principal mechanism under the specified operating
conditions, while the portable air cleaner provided supplementary room-air treatment.

Post-cooking behavior further distinguished the scenarios. At 30 min, the predicted
concentration remained 578.9 ug m™® in SO, compared with 75.6 pg m™ in S2, 13.6 ug m % in S1,
and 2.1 ug m™3 in S3. Local exhaust and combined control therefore reduced both the concentration
accumulated during cooking and the persistence of the residual plume. This finding agrees with
studies showing that source capture is most effective when activated during emission and maintained
long enough to remove the residual post-cooking burden, whereas filtration acts after contaminants
have already entered the room air. For an enclosed kitchen, the result favors capture at or near the
stove, with continued post-~cooking operation and filtration used as an additional control rather than
as a substitute for source capture.
Parameter Sensitivity

The preliminary Morris analysis identified source-capture efficiency as the most influential
parameter for combined-~control exposure, with a Morris p* of 1,423.7. It was followed by emission
rate (735.4), hood flow (678.3), and portable-air-cleaner clean-air delivery rate (PAC CADR;
509.3). Deposition loss and passive air-change rate had much smaller effects, with u* values of 39.5
and 28.3. The comparatively large Morris o values for source capture, emission rate, hood flow, and
PAC CADR indicate that their effects were not fully constant across the sampled parameter space and
may include nonlinear responses or interactions.

<b).

Figure 6. Global sensitivity of cumulative PM,.5 exposure in the combined-control scenario: (a)
Morris u* £ o and (b) Sobol S; and S indices.

The Sobol analysis supported the same hierarchy. Source capture explained 52.1% of the
output variance through its first-order contribution and 57.1% when higher-order effects were
included. Hood flow contributed 18.5% and 22.4%, emission rate 14.2% and 17.0%, and PAC CADR
7.4% and 9.9% through S; and S, respectively. The total-order minus first-order differences ranged
from approximately 0.025 to 0.050 for these four parameters, indicating interactions, although their
contribution was secondary to the main effects. Deposition loss and passive air change were
negligible within the ranges assigned to this reduced model; this does not establish that they are
universally unimportant outside those ranges or in a different geometry.

These findings provisionally support the hypothesis that the model inputs do not affect
exposure equally. They also explain why S1 approached the performance of S3 in the deterministic
spatial simulation: both source-capture efficiency and hood flow ranked above PAC CADR. However,
the interaction hypothesis is only partially supported because the observed Sy — S; gaps were modest
and have not yet been accompanied by finalized bootstrap convergence intervals. The sensitivity
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results should therefore guide calibration priorities, particularly for capture efficiency, emission rate,
and hood flow, rather than be treated as universal parameter weights.
Uncertainty and Robustness of the Control Ranking

LHS retained the same median ranking as the deterministic comparison: S3 produced the lowest
exposure, followed by S1, S2, and SO. Median exposures from the reduced model were 30,741.2 ug
min m™® for SO, 1,885.0 ug min m™* for S1, 5,809.9 ug min m~3 for S2, and 1,123.7 ug min m™* for
S3. The corresponding 5th—95th percentile ranges were 22,209.0-39,793.3, 793.0-4,202.0,
3,500.3-10,089.5, and 497.7-2,144.8 ug min m™3.

= -

().

E: i x
Figure 7. LHS uncertainty distributions of cumulative PM;.s exposure under SO-S3: (a) boxplots
and (b) medians with 5th—95th percentile intervals.

The uncertainty ranges for SO and S2 remained substantially above those of the source-capture
scenarios, indicating that the advantage of local exhaust over no active control or filtration alone
was maintained across the sampled input ranges. In contrast, the S1 and S3 ranges overlapped. The
combined strategy had the lower median and upper percentile, but its superiority over local exhaust
alone was less certain than its superiority over SO or S2. This distinction is practically important: S3
was the nominally best strategy, whereas S1 represented a potentially efficient alternative when
equipment cost, energy use, noise, or maintenance constrains simultaneous operation. Such
operational factors can influence actual exposure reduction because installed controls are beneficial
only when they are used consistently and correctly.

The spatial and reduced models should not be compared through their absolute exposure values. The
spatial model resolves the prescribed three-dimensional transport field, whereas Morris, Sobol, and
LHS were performed with a separate well-mixed reduced model to make repeated evaluations
computationally feasible. Their agreement in scenario ranking is encouraging, but it is not a
substitute for propagating uncertainty through the final validated spatial solver.

Respiratory~Health Interpretation and Preventive Implications

From a health-oriented perspective, the principal finding is the reduction in time-integrated
PM;.5 concentration at the cook’s breathing zone. This indicator represents the pollutant burden
encountered during the complete cooking and post-cooking period rather than at a single moment.
The combined strategy minimized both the exposure accumulated while the source was active and
the residual concentration after cooking. Local exhaust produced a comparable reduction, whereas
the air cleaner alone provided a smaller but still meaningful improvement. These results establish a
prevention hierarchy for enclosed kitchens: capture emissions close to the burners, provide an
adequate make-~up-air pathway, maintain exhaust operation during the post-cooking decay period,
and use portable filtration as a complementary removal mechanism.

The reduction in breathing-zone exposure provides the direct connection between the
engineering model and ARI prevention. Household PM;.s exposure has been investigated as an
environmental determinant of pneumonia, respiratory symptoms, and other acute respiratory
outcomes, particularly among susceptible household members. By reducing the magnitude and
duration of PM;.5 available for inhalation, the evaluated controls reduce a modifiable environmental
burden associated with ARI risk. The marked persistence of PM,.s in SO further shows that preventive
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action should extend beyond the active cooking period because occupants entering or remaining in
the kitchen may continue to receive substantial exposure during pollutant decay. Accordingly, source
capture and continued post-cooking removal provide technically measurable interventions that can
be incorporated into household health-promotion strategies for enclosed kitchens.

CONCLUSION

The simulation demonstrated that cooking-generated PM,.5 formed a strongly time-dependent
and spatially heterogeneous exposure field in the enclosed kitchen. All active controls reduced
cumulative breathing-zone exposure relative to the closed baseline. The combined local-exhaust and
air~cleaner strategy produced the lowest 30~-min cumulative exposure, with a reduction of 78.9%,
followed closely by local exhaust at 75.3%. The air cleaner alone reduced exposure by 40.6%. Local
exhaust and combined control also accelerated post-cooking concentration decay, confirming that
effective prevention requires both emission control during cooking and continued removal of the
residual plume. Morris and Sobol analyses identified source-capture efficiency as the dominant
parameter, followed by hood flow, emission rate, and PAC CADR. LHS propagation retained the
ranking S3 < S1 < §2 < SO across the evaluated uncertainty range. The consistency of this ranking
demonstrates that source-~directed extraction is the principal intervention, while portable filtration
strengthens overall removal when operated as part of the combined strategy. By linking aerosol
transport, breathing-zone exposure, control effectiveness, and uncertainty, the study provides an
integrated engineering—health framework for addressing PM,.s as a modifiable environmental factor
related to ARI risk in enclosed kitchens.

The findings support the combined use of local exhaust, adequate make-up air, continued post-
cooking ventilation, and portable filtration as a practical exposure-prevention strategy. This
framework can be developed further across different kitchen geometries, cooking activities, occupant
movement patterns, and household operating conditions. Integration with real-time PM,.5 sensing,
adaptive control algorithms, and population-based respiratory-health data can expand the
framework into a responsive prevention system capable of supporting ventilation design, household
health promotion, and evidence-based strategies for reducing ARI-related environmental risk.
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