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Featured Application 

The calibrated model can evaluate retrofit and ventilation strategies to reduce indoor 
PM2.5 exposure in the studied social housing apartment and, with appropriate adaptation 
and calibration, in similar polluted urban settings. 

Abstract 

Indoor air quality in Central Asian social housing remains understudied despite high am-
bient air pollution and growing concern over housing-related health inequalities. This 
study developed and calibrated a multizone CONTAM model to simulate hourly indoor 
PM2.5 dynamics in a representative, naturally ventilated, occupied social housing apart-
ment in Almaty, Kazakhstan, during the winter heating season. The model included 
measured outdoor PM2.5 concentrations, local meteorological data, construction draw-
ings, literature-derived leakage values, and occupancy schedules based on household in-
terviews. Calibration was performed iteratively across 360 model versions, and perfor-
mance was evaluated using ASTM D5157-19 model-evaluation criteria. The final cali-
brated model met NMSE and FB (NMSE = 0.21, FB = 0.08) criteria with FS just outside the 
|FS| ≤ 0.50 limit (FS = −0.51), but not the correlation, slope or intercept criteria (r = 0.86, M 
= 0.66, b = 43% of the mean observed concentration). Baseline simulations showed signifi-
cant spatial and seasonal variation in PM2.5 concentrations. During winter, simulated av-
erage PM2.5 concentrations were 41.81 µg/m3 in the living room and 220.59 µg/m3 in the 
kitchen, with cooking peaks exceeding 1000 µg/m3. Warmer season simulations indicated 
weaker stack-driven ventilation and greater interzonal pollutant transfer. These findings 
show that calibrated multizone modelling can characterize PM2.5 transport in occupied 
social housing and provide a basis for evaluating retrofit and policy interventions to re-
duce PM2.5 exposure among vulnerable populations. 

Keywords: indoor air quality; CONTAM; PM2.5; multizone modelling; model calibration; 
social housing; ASTM D5157-19; environmental health inequality; Kazakhstan 
 

1. Introduction 
Indoor air quality has become a critical public-health and building-performance con-

cern in urban housing, particularly where low-income residents spend long periods in-
doors and have limited capacity to control pollutant exposure through relocation, 
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filtration, or mechanical conditioning [1,2]. The problem is especially acute in social hous-
ing, where the dwelling is expected to function as protective infrastructure but may in-
stead intensify environmental disadvantage due to poor envelope performance, inade-
quate ventilation, and constrained adaptive options [2,3]. In Kazakhstan, these concerns 
overlap with rapid state-led housing construction, severe winter air pollution, and a lim-
ited evidence base on the indoor conditions experienced by socially vulnerable house-
holds [4,5]. 

Almaty provides a demanding context for indoor PM2.5 modelling. Local winter air 
quality is strongly affected by coal combustion, traffic emissions, topographic confine-
ment, calm wind conditions, and a shallow planetary boundary layer that suppresses ver-
tical mixing [6–8]. A year-long Positive Matrix Factorization (PMF) study apportioned 
ambient PM2.5 in Almaty to resuspended road dust (32%), mixed accumulated urban 
emissions (20%), power plants (18%), residential heating (16%), and exhaust emissions 
(14%). Coal and biomass combustion signatures were identified across several factors, 
while Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) modelling sup-
ported the assessment of regional transport pathways. The annual mean PM2.5 concen-
tration was 35.6 µg/m3, approximately seven times the WHO annual guideline [9]. These 
conditions are severe and persistent. Unfavourable synoptic situations conducive to pol-
lutant accumulation accounted for more than 90% of January observations in 2022–2024, 
reaching approximately 97–99% in individual years [10]. Under these conditions, exten-
sive parts of the urban area experienced wind speeds of 0–1 m/s for more than 80% of the 
analyzed periods [10]. Wintertime ambient PM2.5 concentrations in Almaty frequently 
reach 100–200 µg/m3 [11]. In 2023, Kazhydromet recorded 5 730 exceedances of Kazakh-
stan’s one-time maximum permissible concentration of 160 µg/m3 across Almaty’s moni-
toring network [12]. High ambient PM2.5 penetrates indoors through building envelope 
leakage and ventilation pathways, even when windows are closed, while cooking can 
generate substantial short-duration indoor peaks. These peaks are influenced by kitchen 
volume, air-exchange conditions, cooking practices, and the availability of effective ex-
traction [13–15]. Because indoor PM2.5 reflects both outdoor infiltration and indoor gen-
eration, measured concentrations are difficult to attribute to individual sources, and sim-
ple indoor-to-outdoor comparisons are insufficient to identify the processes governing ex-
posure over time. 

Multizone airflow and contaminant-transport models such as CONTAM and COMIS 
are widely used to analyze ventilation and pollutant movement, and their predictions 
have been evaluated against measurements in a range of residential settings. Much of this 
validation, however, has used inert tracer gases rather than particulate matter. Emmerich 
et al. evaluated CONTAM using ten controlled SF6-release experiments in an occupied 
three-storey townhouse [16], while Townsend et al. calibrated a residential CONTAM 
model using one of seventeen tracer-gas decay tests, each lasting approximately 2–14 h, 
and evaluated it against the remaining tests to extend ventilation-system comparisons 
[17]. Blomsterberg et al. compared COMIS predictions with tracer-gas ventilation meas-
urements collected during three campaigns of 1–6 days in representative dwellings, find-
ing substantially better agreement for whole-dwelling ventilation rates than for individual 
rooms [18]. Recent residential studies have extended these methods to particulate 
transport. Lai et al. evaluated a CONTAM model of indoor PM2.5 in a Hong Kong apart-
ment using measurements collected on eight test days during 8–16 September 2017 and 
investigated how emissions from neighbouring units could bias penetration-factor esti-
mates [19]. Park et al. combined field measurements, CONTAM and genetic-algorithm 
optimization to calibrate airflow and size-resolved particle penetration and deposition for 
3, 5, and 10 µm particles in a 43-storey residential building under winter stack conditions 
[20]. Both studies compared measured and simulated particle concentrations, although 
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Park et al. explicitly evaluated model performance against ASTM D5157 criteria. How-
ever, neither evaluated fine-particle mass dynamics under routine household occupancy. 
Lai et al. conducted controlled, source-free measurements under blower-door and natu-
ral-pressure conditions, with normal occupant activity absent [19], while Park et al. used 
an explicitly unoccupied measurement campaign centred on particle transport through 
vertical shafts [20]. Their primary emphasis was therefore penetration, deposition and 
interzonal transport rather than exposure under routine residential occupancy. Longer 
residential calibration has been demonstrated by Sarna et al., who used a four-level Ener-
gyPlus–CONTAM procedure with one year of 15-minute measurements in an occupied, 
naturally ventilated single-family house and explicitly represented internal gains and 
window-opening behaviour [21]. However, the principal validation targets were indoor 
temperature and air exchange rather than particulate concentrations. Together, these 
studies establish a methodological foundation for residential multizone modelling, while 
indicating that calibration against time-resolved PM2.5 measurements under routine oc-
cupancy remains comparatively uncommon. To our knowledge, no comparable calibrated 
multizone PM2.5 study has previously been reported for Central Asia and published in-
door PM2.5 research from Kazakhstan remains sparse [14,15]. The present study extends 
this evidence by calibrating and evaluating a multizone PM2.5 model against time-re-
solved living-room measurements from an occupied social housing apartment, subse-
quently applying the calibrated model to seasonal conditions and retrofit scenarios. The 
objectives were: (i) to translate the apartment geometry and natural ventilation into a mul-
tizone airflow network; (ii) to define physically plausible input parameters for air leakage, 
wind pressure, occupancy, cooking emissions, and particle deposition; (iii) to calibrate 
and evaluate the model against measured living room PM2.5 concentrations using the 
ASTM D5157-19 performance framework; and (iv) to characterize baseline seasonal PM2.5 
behaviour under varying outdoor and meteorological conditions. Accordingly, the study 
asks whether pollutant transport in an occupied, naturally ventilated, dwelling exposed 
to severe ambient pollution can be reproduced with sufficient accuracy to support subse-
quent scenario analysis. 

2. Materials and Methods 
2.1. Study Design and Site 

This study forms the simulation component of a mixed-methods case study of indoor 
environmental quality in the Zerdely social housing micro-district, Almaty, Kazakhstan 
(approximately 43°15′ N 76°54′ E). The development comprises multi-storey residential 
buildings served by district heating and primarily dependent on natural ventilation. The 
study area and the modelled building layouts are shown in Figure 1. 

Field measurements provided the boundary conditions and calibration target for a 
multizone model built in CONTAM, which was then used to characterize baseline sea-
sonal PM2.5 behaviour and to evaluate retrofit scenarios. All fieldwork was carried out 
under the University of Liverpool Research Ethics Committee approval (No. 11123). Be-
fore commencing the fieldwork, formal written approval to engage with residents and 
execute the research within the Zerdely micro-district was granted by the housing man-
agement company. Following this, participants were provided with informed consent 
forms detailing the initial survey administration, as well as subsequent home entry and 
the installation of environmental monitoring equipment. To ensure accessibility, all con-
sent forms were available in Kazakh and Russian, while English was used for institutional 
documentation purposes. 

Zerdely comprises 112 apartment buildings of four, five, and nine storeys on a plot 
of approximately 0.44 km2, built under the state “Affordable Housing 2020” programme. 
The district lies roughly 2 km from the CHP-2 coal-fired combined heat and power plant, 
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which residents identified as their principal source of visible particulate pollution, and its 
winter air quality is further shaped by traffic, topographic confinement, low wind speeds, 
and frequent thermal inversions. 

The multizone model represented two naturally ventilated apartment buildings in 
the complex, and calibration and evaluation targeted a continuously occupied one-room 
apartment (3F) on the third floor (Unit B, building 1/88), in which a single habitable room 
serves as a combined living space and bedroom for a household of four (two adults and 
two school-aged children, aged 12 and 15). This living/sleeping zone was the monitored 
source and the target zone for model calibration. 

 

Figure 1. Study area and the modelled building layout. (a) Location of Zerdely micro-district (red 
outline) in Almaty relative to CHP-2 and the Kazhydromet monitoring station. (b) Ground-floor 
and (c) typical floor zoning layout, coloured by apartment type The red outline in (c) marks one-
room case study apartment (3rd floor, Unit B) used for model calibration. 
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2.2. Field Measurements 

Indoor environmental monitoring was conducted during the winter heating season, 
from 15 January to 5 March 2023, in three units spanning different floor levels and layouts 
(ground floor Unit A, and one-room units B and C on the third and fourth floors). The 
winter heating season was selected because it is the critical pollution exposure period for 
Almaty when ambient PM2.5 peaks in winter due to coal-based heating, frequent thermal 
inversions, and persistently low wind speeds [6–8]. This period also represents the worst-
case scenario for infiltration-driven indoor exposure and coincides with the period when 
occupants spend most of their time indoors with windows largely closed. Seven data log-
gers were deployed following ISO/DIS 7726 (2023) guidance, positioned at approximately 
1.1 m in height (at the seated breathing zone) and at least 1 m from internal walls and 
other obstructions. The outdoor logger was mounted on the balcony wall of the ground 
floor unit (A). Data were logged at 10-minute intervals and downloaded bi-weekly. 

Indoor PM2.5 was measured with RS PRO RS-5322 low-cost optical particle-counting 
sensors (RS Components Ltd., Corby, UK), which use light-scattering mass estimation and 
factory calibration. Before deployment, the three sensors were operated side by side and 
gave consistent readings. This check was qualitative, and no co-location with a reference-
grade instrument was performed. The manufacturer specifies a resolution of 1 µg/m3 and 
an accuracy of ±5 µg/m3 at concentrations ≤ 50 µg/m3 (±10% of reading above 50 µg/m3), 
with no detection limit stated. Indoor air temperature and relative humidity were rec-
orded with HOBO UX100-011A loggers, and outdoor air temperature and relative humid-
ity with a HOBO MX2301A (Onset Computer Corporation, Bourne, MA, USA). Instru-
ment specifications are summarized in Table 1. These measurements provided the indoor 
PM2.5 calibration reference and the temperature/humidity record used to drive the model 
and were interpreted as capturing temporal dynamics and relative spatial differences. In 
the case-study dwelling, the indoor PM2.5 sensor and the temperature/RH logger were 
placed in the living room (Figure 2). 

 

Figure 2. Schematic plan of the case-study dwelling (Unit B, third floor) showing the positions of 
the indoor PM2.5 sensor and temperature/RH logger in the living room. 

Occupancy and cooking behaviour were established from the brief interviewer-ad-
ministered checklists during device placement. Households reported cooking all meals 
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daily, with frequent additional snack and tea preparation. Representative cooking win-
dows were identified as breakfast 07:00–09:00, lunch 12:00–15:00, and dinner 17:00–20:00, 
shaped by Almaty’s two-shift school system. Window-operating practices differed by 
unit. The case study unit (3F) household typically did not open the living room window 
and only occasionally opened the kitchen window during cooking. These findings later 
informed the occupancy schedules and cooking source term in the model. 

Table 1. Environmental monitoring instruments and specifications. 

Instrument Parameter Range Accuracy 

RS PRO RS-5322 (×3) Indoor PM2.5 0–500 µg/m3 ±5 µg/m3 (≤50 µg/m3);  
±10% (>50 µg/m3) 

HOBO UX100-011A (×3) Indoor °C/RH −20–70 °C; 1–95% RH ±0.21 °C; ±2.5% RH 

HOBO MX2301A (×1) Outdoor °C/RH 
−40–70 °C; 0–100% 
RH ±0.2 °C; ±2.5% RH 

2.3. Multizone Model Development 

The model was built in CONTAM (version 3.4; National Institute of Standards and 
Technology, Gaithersburg, MD, USA), which represents a building as a network of well-
mixed zones connected by flow paths and solves for inter-zonal airflow and contaminant 
transport driven by wind, temperature (stack) effects, and mechanical systems. Model 
construction (ContamW graphical interface) and simulation (ContamX solver) followed 
the standard building-idealization, schematic-representation, and component-definition 
workflow [22]. 

Architectural drawings were supplied by the Zerdely project architect (floor plans, 
sections, room dimensions, and construction details) and were used to idealize each apart-
ment into room-level zones (living room, kitchen, bathroom, hall/corridor, and balcony) 
together with technical zones (entrances, corridors, stairs, elevator shafts, passive-ventila-
tion shafts, and technical risers). Ground-floor and typical-floor layouts were represented 
by their distinct apartment types (Table 2; Figure 1b,c). Two CONTAM project files were 
created for the two modelled buildings—‘1/89’ (ground-floor units) and ‘1/88’ (third- and 
fourth-floor units)—using SI units with flow rates in standard cubic metres per hour 
(sm3/h) and a SketchPad extent of 230 × 85 m. Building levels were defined from the draw-
ings with the ground floor at elevation zero, a basement at −1.2 m (2.2 m height), and 
typical storeys of 2.7 m, as well as attic and roof levels. 

Table 2. Apartment types represented in the multizone model. 

Level Apartment Type Description 
Ground Floor Type 1 2-bedroom corner 
 Type 2 2-bedroom middle 
 Type 3 single-room middle 
Typical Floors Type 4 1-bedroom corner 
 Type 5 single-room middle 
 Type 2, 3 as ground floor 

The case study building is entirely naturally ventilated, so no air-handling or HVAC 
components were included. Airflow was governed by envelope and partition leakage, op-
erable openings, and a passive stack (vent shafts) modelled from the architectural specifi-
cations. Flow paths were assigned to walls, windows, doors, floors/ceilings, and vent 
shafts (Figure 3). PM2.5 was the primary simulated contaminant, represented by source 
(cooking) and sink (deposition) elements; CO2 was included as a secondary contaminant 
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(default indoor 400 ppm, occupancy-driven emissions) as a standard indicator of ventila-
tion effectiveness, although it was not measured in the field. 

 

Figure 3. Example floor-level multizone representation and airflow-path network used in CON-
TAM [23]. Zone colours follow the apartment types in Figure 1 (light grey, ventilation shafts; dark 
grey, corridors and stairs; orange, elevator shaft). Icons follow the standard ContamW notation [22]. 

2.4. Model Input Parameters 

Air leakage through walls, closed windows, and door assemblies was represented 
using CONTAM power-law airflow elements, with initial leakage characteristics adopted 
from the NIST airflow-input database and associated CONTAM documentation [22,24]. 
Because no field blower-door test was conducted, these literature-derived values were 
treated as initial estimates and adjusted within documented ranges during calibration. 
Internal doors were represented as two-way openings and held open, whereas exterior 
doors and operable windows were closed in the baseline configuration, while leakage 
through their assemblies remained represented. Relative elevations were assigned to 
opening centre heights, and element multipliers reflected the dimensions and number of 
openings shown in the architectural drawings. The final calibrated airflow elements are 
reported in Table 3. Wind-pressure coefficients were calculated using the Swami and 
Chandra (1987) correlation for the approximately 3:1 rectangular building geometry [25]. 
The buildings were oriented 34° east of north, giving façade azimuths of 34°, 124°, 214°, 
and 304°. 

Table 3. Final calibrated airflow elements used in the case-study model and derived from the 
NISTIR 6585/ASHRAE airflow-element library [24,26]. Leakage-element values are expressed as ef-
fective leakage area at 4 Pa. 

Element Name Description Count Value Rel. Elev. Source 2 

WLIN_RAV Interior wall,  
typical 

4 2 cm2/m2 1.35 m C2 

WLEXBLCO_RAV 
Exterior wall  
(suite–corridor), 
block 

1 3.5 cm2/m2 1.35 m C1 

WLEXCC_RAV Exterior wall  18 0.25 cm2/m2 1.35 m C1 
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(suite–suite/ambient), 
precast 

WNSLNW_RAV 
Windows,  
not weather-stripped 2 0.97 cm2/m 1.85 m C1 

FRWNWDCA_RMX 
Window framing, 
wood, caulked 2 0.48 cm2/m2 1.85 m C1 

VEDYDANO_RMX Passive vents 2 34 cm2/item 2.0 m C1 

DRIN_2W 
Interior door 1, two-
way,  
always open 

3 1.74 m2 2.0 m C2 

DRSINW_RMX 
Exterior door (suite–
corridor), single 1 53 cm2 1.05 m C1 

FRDR_RMX 
Exterior door frame 
(suite–corridor) 1 25 cm2 1.35 m C1 

DRSIWE_RAV 
Balcony door, 
weather-stripped 1 12 cm2 1.2 m C1 

FRDRWDCA_RAV 
Balcony door frame, 
wood, caulked 1 0.1 cm2/m2 1.05 m C1 

1 The two-way interior-door value represents the geometric opening area. 2 Source codes refer to the 
airflow-element library in Appendix C of NISTIR 6585 [24]. 

For winter calibration, transient weather inputs combined on-site outdoor tempera-
ture and relative humidity measurements with hourly wind speed, wind direction, and 
barometric pressure from a Kazhydromet station located approximately 1 km from the 
site [12]. Hourly Kazhydromet PM2.5 concentrations were supplied as the time-varying 
outdoor contaminant boundary. Spring, summer, and autumn meteorological conditions 
were obtained from Meteonorm (V8.2.0.24079; Meteotest AG, Bern, Switzerland) [27], 
while corresponding hourly outdoor PM2.5 concentrations were obtained from Kazhy-
dromet. Initial apartment temperatures were set to 26 °C and corridor and shaft tempera-
tures to 20 °C. During calibration, measured indoor temperature and relative humidity 
were supplied through a continuous-values file [22], and initial PM2.5 concentrations 
were set from measurements to reduce model spin-up. For the seasonal and retrofit sim-
ulations, indoor temperature was fixed at 23 °C. A single measured indoor temperature 
and humidity series was applied to the apartment zones of the case-study unit. 

Weekday and weekend occupancy schedules for the four household members were 
derived from resident interviews and used to calculate location-specific PM2.5 exposure, 
with exposure set to zero while occupants were outside the dwelling. Particle resuspen-
sion by occupant activity was represented as a small source carried by each occupant 
while present (0.125–0.60 mg/h per person). Cooking was represented as the principal ex-
plicit indoor PM2.5 source because no indoor smoking was reported. Short-duration cook-
ing events were assigned within interview-derived meal-preparation periods, with final 
calibrated emission rates of 0.30–2.46 mg/min, informed by published residential cooking 
studies and constrained by measured PM2.5 peaks [28–30]. The final cooking schedule is 
given in Table 4. Exact event times represent modelling inputs within reported cooking 
periods rather than directly observed timestamps. Particle deposition was represented as 
a first-order loss process, with the deposition coefficient constrained during calibration to 
the literature-supported range of 0.30–0.78 h−1 [29–31]. The final deposition coefficient was 
0.73 h−1, applied uniformly to all zones. No particle filter elements were assigned to airflow 
paths, so PM2.5 was transported through all envelope leakage and interzonal paths with 
the airflow (penetration factor P = 1). 
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Table 4. Cooking schedule and PM2.5 emission rates used in the baseline model. 

Period Start End 
Duration 
(min) Meal 

PM2.5 
(µg/min) 

Weekdays 07:40 07:50 10 Breakfast 300 
 12:30 12:45 15 Lunch 1560 
 14:30 14:45 15 Afternoon snack 1560 
 16:10 16:50 40 Early dinner 600 
 18:20 18:40 20 Dinner 2460 
 19:45 20:00 15 Late dinner 600 
Weekends 07:40 08:00 20 Breakfast 300 
 11:30 12:00 30 Lunch 1560 
 14:30 14:50 20 Afternoon snack 600 
 16:40 17:00 20 Early dinner 600 
 18:20 18:40 20 Dinner 2460 

2.5. Building Envelope Airtightness Characterization 

Envelope airtightness was characterized with a simulated fan-pressurization 
(blower-door) test in CONTAM, which assumes steady-state airflow with no wind, con-
stant ambient pressure, and uniform zone temperatures (20 °C), independent of weather 
[22]. A single ground-floor zone was pressurized to 50 Pa, giving a uniform envelope 
pressure difference and minimizing elevation/density effects; duct terminals in the risers 
were temporarily removed to isolate the envelope. Only conditioned zones were included 
in the modelled volume (5339.28 m3). The air change rate at 50 Pa was computed from the 
CONTAM output (.val) as total envelope airflow divided by conditioned volume: 

ACH (h−1) = Airflow (m3/h)/V (m3) (1) 

The test was run first during development to verify network connectivity and bound-
ary conditions, and re-run on the final calibrated model to obtain effective airtightness. To 
estimate the natural-condition infiltration rate, ACH50 was converted using Sherman’s 
leakage–infiltration ratio [32], with a baseline N0 = 20 for temperate residential buildings 
[33], adjusted for building- and site-specific conditions: 

Nadjusted = N0 × cf1 × cf2 × cf3 (2) 

where cf1, cf2, and cf3 correct for building height, shielding/exposure, and envelope leaki-
ness. For the four-storey building in its exposed setting, cf1 = 0.6, cf2 = 0.9, and cf3 = 1.0 
were applied [32], with an associated uncertainty of about ±40%. Derived airtightness was 
interpreted against GOST 31167-2009 (Annex D) classes [34]. 

2.6. Transient Simulation, Calibration, and Model Evaluation 

Dynamic hourly PM2.5 concentrations were simulated in the 3F living room over the 
field-measurement window (transient calibration period 25 January–1 March 2023; the 
opening days of the 15 January–5 March monitoring campaign were excluded from the 
calibration window for instrument stabilization and to confirm complete zone coverage), 
capturing time-varying occupancy and environmental conditions. Because the dwelling 
was occupied, unlike controlled and unoccupied validation studies [35], calibration was 
iterative. Model versions V001–V360 were adjusted manually and iteratively, changing 
leakage areas, flow elements, occupancy and cooking schedules, emission rates, deposi-
tion and thermal boundary conditions, and agreement was re-evaluated after each 
change; the parameter groups, their bounds and final values are listed in Appendix A 
(Table A1). A scheduled supplementary source (0.24 mg/h) and a scheduled additional 
deposition sink (0.20 h−1) were added to the living-room zone late in calibration (Table 
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A1). The supplementary source represents minor intermittent indoor particle generation 
not captured by the explicit cooking and occupant-resuspension sources, which could in-
clude activities such as cleaning or the handling of textiles. The additional sink represents 
particle losses in excess of the uniform whole-dwelling deposition rate (0.73 h−1), poten-
tially reflecting greater effective deposition to soft furnishings and other surfaces in the 
living room. Removing both terms changed the mean predicted living-room concentra-
tion by less than 2%, indicating that they had little influence on the overall concentration 
level. Both terms were retained unchanged in the calibrated model (V360) used for the 
seasonal and retrofit simulations (Sections 2.7 and 2.8). In a post-monitoring interview 
conducted during model calibration, the residents reported that the household occupancy 
schedule changed during the school holiday interval (6–12 February 2023). Because the 
model schedules assume normal residence, this interval was excluded from the final eval-
uation to remove anomalous occupancy. This process refined the initial literature-based 
flow-element library to the final calibrated set (Table 3). 

Agreement between predicted (𝐶p) and observed (𝐶̅o) hourly concentrations was as-
sessed with the six ASTM D5157-19 statistics (Table 5): the correlation coefficient r; the 
slope M and intercept b of the predicted-versus-observed regression; the normalized mean 
square error (NMSE); the fractional bias (FB); and the fractional scatter/standard deviation 
(FS). NMSE (Equation 3) was computed as the mean squared difference between pre-
dicted and observed concentrations normalized by the product of their means, with FB 
and FS assessing agreement of the means and of the variability, respectively. FB and FS 
were calculated as FB = 2 × (𝐶̅୮ − 𝐶̅୭)/(𝐶̅୮ + 𝐶̅ ୭)  and FS = 2 × (𝜎୮ଶ − 𝜎୭ଶ)/(𝜎୮ଶ + 𝜎୭ଶ) , 
where 𝜎୮ଶ and 𝜎୭ଶ are the variances of the predicted and observed concentrations, respec-
tively. Positive values therefore indicate overprediction and negative values indicate un-
derprediction of the mean or of the variability. Following ASTM D5157-19, the FB, FS and 
intercept criteria are applied to absolute values (|FB| ≤ 0.25, |FS| ≤ 0.50 and |b| ≤ 25% of 
the mean observed concentration; Table 5), so the sign indicates only the direction of the 
deviation. The primary evaluation excludes the period of reported absence, and results 
for the full period (n = 839 h) are also reported. A low-concentration measurement-uncer-
tainty sensitivity analysis excluded, within the primary window, hours with observed 
concentrations ≤ 5 µg/m3, the sensor’s stated accuracy at low concentrations (n = 403 h); 
this threshold was not treated as a formal detection limit. 𝑁𝑀𝑆𝐸 = ∑ (𝐶௣,௜ − 𝐶௢,௜)ଶ௡௜ୀଵ 𝑛𝐶̅௣𝐶̅௢  (3) 

Sensitivity to envelope airtightness was tested by independently varying the three 
dominant infiltration parameters, exterior-wall leakage (WLEXCC_RAV, 0.25 cm2/m2), in-
terior-wall leakage (WLIN_RAV, 2 cm2/m2), and suite-to-corridor door leakage 
(DRSINW_RMX, 53 cm2/item) by ±50% from their calibrated values (ELA at 4 Pa), one at 
a time with all other parameters held constant, and re-assessing the six ASTM metrics. 
This factor-of-two envelope spans a broad but physically plausible range for comparable 
multi-family dwellings [36–38]. 

Table 5. ASTM D5157-19 model-performance acceptance criteria. 

Metric Acceptance Criterion 
Correlation coefficient (r) ≥0.90 
Regression slope (M) 0.75–1.25 
Regression intercept (b) |b| ≤ 25% of mean observed 
NMSE ≤0.25 
Fractional bias (FB) |FB| ≤ 0.25 
Fractional scatter (FS) |FS| ≤ 0.5 
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2.7. Baseline and Seasonal Simulations 

The calibrated model served as the baseline building. Baseline PM2.5 was character-
ized in the living-room and kitchen zones across four seasons, each simulated for a two-
week period. The hourly output (.log) was averaged to obtain season-specific mean, 
standard deviation, and maximum concentrations, and occupant exposures were output 
to .ebw files. Seasonal boundary conditions are given in Table 6. Weather files were gen-
erated with Meteonorm (v8.2.0.24079) for spring, summer, and autumn, and from field 
plus Kazhydromet data for the winter heating period; season-specific hourly outdoor 
PM2.5 was supplied via the .ctm file. Occupancy and cooking schedules were held con-
stant, and indoor temperature was fixed at 23 °C. 

Table 6. Seasonal mean outdoor conditions and ambient PM2.5 used in the simulations, Almaty. 
Winter: on-site and Kazhydromet data (2023) [12]; spring–autumn: Meteonorm meteorology [27] 
and Kazhydromet PM2.5. 

Season Period Temp (°C) Wind (m/s) RH (%) PM2.5 (µg/m3) 
Winter 25.01–03.03 −0.05 1.98 71.02 190.49 
Spring 10.04–23.04 10.19 1.79 61.40 45.54 
Summer 10.07–23.07 28.67 2.83 36.42 26.58 
Autumn 12.10–26.10 11.06 1.48 66.77 66.16 

2.8. Retrofit Scenarios and Full-Factorial Analysis 

Four retrofit interventions were evaluated as practical, low-cost measures for natu-
rally ventilated social housing: 

1. Envelope air-tightening—exterior leakage reduced by 40% across 24 flow elements 
(states T0/T40) to lower outdoor-pollutant infiltration. 

2. Mechanical exhaust ventilation—intermittent kitchen (50 L/s) and bathroom (25 L/s) 
fans at ASHRAE minimum rates (FanON/FanOFF), operating during cooking and 
occupant use respectively [33]. 

3. Window operation—scheduled opening of living-room windows three times daily 
for one hour (08:00–09:00, 13:00–14:00, 18:00–19:00) and kitchen windows during 
cooking, replacing the always-closed baseline [39]. 

4. Passive vent sizing—vent ELA per opening increased from a baseline of 3400 mm2 at 
4 Pa (V0; orifice flow, Cd = 1, n = 0.65) to 4000 mm2 (Vrav) and 7200 mm2 (Vrmx), 
from the ASHRAE library and prior modelling. 

Interventions were tested individually and in combination via a full-factorial design 
implemented with ContamFactorial (NIST, Gaithersburg, MD, USA) [40], which gener-
ated one project file per combination. Crossing envelope tightening (2 levels) × vent sizing 
(3 levels) × window operation (4 levels) × exhaust-fan schedule (2 levels) yielded 48 unique 
runs per season per zone. Scenarios were coded T[XX]_[window]_Fan[ZZ]_V[WW]; per-
run zone concentrations (.log) and occupant exposures (.ebw) were analyzed relative to 
the baseline (T0_BC_FanOFF_V0), with relative change as the primary metric. Factors and 
levels are summarized in Table 7. 

Table 7. Retrofit factors and levels in the full-factorial design. 

Factor Levels Description 
Envelope tighten-
ing T0, T40 

Baseline vs. 40% reduction in exterior leakage (24 
elements) 

Passive vent sizing V0, Vrav, Vrmx 3400/4000/7200 mm2 ELA per vent at 4 Pa 

Window operation BC, CK, CL, BO 
Both closed/kitchen open (cooking)/living-room 
open (intermittent)/both open 
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Exhaust fans FanOFF, FanON Kitchen (50 L/s) + bathroom (25 L/s) fans off vs. on 
schedule 

3. Results 
3.1. Building Envelope Airtightness 

Under the simulated 50 Pa fan-pressurization test, the calibrated model produced a 
total envelope airflow of 5876 L/s (2.12 × 104 m3/h), corresponding to an air change rate of 
ACH50 ≈ 3.96 h−1 over the conditioned volume of 5339 m3. This places the envelope in the 
“normal” airtightness class of GOST 31167-2009 (Annex D) [34], indicating that under test 
conditions the air within the building is replaced almost four times per hour. Path-level 
pressure differences to the ambient zone were close to the expected 50 Pa, with only minor 
deviations attributable to density effects and internal partitions. 

Applying Sherman’s [32] leakage–infiltration model with the site-specific correction 
factors (Nadjusted = 20 × 0.6 × 0.9 × 1.0 = 10.8) gave an estimated natural-condition infiltration 
rate of ACHnatural ≈ 3.96/10.8 ≈ 0.37 h−1 (± ~40%). This corresponds to a moderate real-world 
leakage and is consistent with the building’s documented construction defects, which sug-
gest permeability closer to an aged concrete structure than to idealized new-build perfor-
mance. 

3.2. Model Calibration and Evaluation 

Calibration proceeded across 360 model versions (V001–V360). Early versions (V001–
V005) were excluded owing to zone-plotting errors. From V006 onward, tightening the 
exterior walls and adding balcony walls raised the correlation to r = 0.68 and reduced the 
regression slope from 2.34 to 0.21. Adjusting cooking schedules and kitchen-door opening 
(V010) brought the slope into compliance (M = 0.90). Subsequent stages refined emission 
and deposition rates, occupant behaviour, and architectural detail. Introducing occupants 
initially overestimated PM2.5 generation, later corrected through refined light/moder-
ate/heavy cooking profiles. Deposition rate tuning (from V057 to V058) restored balance 
across metrics, and the addition of 200 mm passive-vent ducts (V257), later represented 
as rectangular 200 × 300 mm ducts (V297), improved correlation to ~0.81. Final micro-ad-
justments (V301–V360) balanced the six metrics simultaneously. Table 8 reports the eval-
uation of the final model (V360), recomputed from the paired hourly data. 

Table 8. ASTM D5157-19 evaluation of the final model (V360) for hourly living-room PM2.5. Re-
gression of predicted on observed concentrations; b is expressed as a percentage of the mean ob-
served concentration (µg/m3 in parentheses). 

Metric Primary V360 Full Period  
Low-Concentration Sensitivity: Pri-
mary Window, Obs. > 5 µg/m3 (n = 
403) 

r ≥ 0.90 0.86 0.81 0.81 
M 0.75–1.25 0.662 0.592 0.657 
|b| ≤ 25% 43% (13.6) 61% (17.0) 32% (13.9) 
NMSE ≤ 0.25 0.21 * 0.31 0.14 * 
|FB| ≤ 0.25 0.08 * 0.19 * −0.02 * 
|FS| ≤ 0.5 −0.507 −0.599 −0.403 * 𝐶̅୮/𝐶̅୭ (µg/m3) 34.7/31.9 33.3/27.6 41.9/42.7 
* Denotes metrics meeting the ASTM D5157-19 criterion. 

The primary evaluation of the final model (V360; Table 8) met the NMSE (0.21) and 
FB (0.08) criteria, with FS just outside its limit (−0.507). Correlation (r = 0.86), regression 
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slope (0.662) and intercept (43% of the mean observed concentration) were outside the 
criteria, reflecting over-prediction during low-concentration periods and under-predic-
tion of peaks. Temporal agreement was stronger at night, when outdoor infiltration dom-
inates (r = 0.95), than during the day (r = 0.84), when indoor activity varies from day to 
day in ways that the fixed schedules cannot reproduce. In the low-concentration sensitiv-
ity analysis, excluding hours with observed concentrations ≤ 5 µg/m3 also brought FS 
within its criterion (NMSE = 0.14, FB = −0.02, FS = −0.403). Over the full period (n = 839 h), 
only FB was met (0.19). The predicted and observed hourly series are compared in Figure 
4. 

 

Figure 4. Predicted versus observed hourly indoor PM2.5 concentrations (µg/m3) for the final cali-
brated model (V360) over the calibration period (blue, predicted; orange, observed). 

3.3. Sensitivity to Airtightness Parameters 

Varying the three airtightness parameters by ±50% one at a time (Table 9, Figure 5) 
showed that model output was sensitive only to exterior-wall leakage (WLEXCC_RAV), 
which changed the mean predicted concentration by about ±11%. Reducing it lowered FB 
to −0.03 but widened the underestimation of variability (FS = −0.763) and raised NMSE to 
0.26; increasing it brought FS within its criterion (−0.271) and the slope close to it (0.746), 
but more than doubled FB (0.18). Interior wall leakage (WLIN_RAV) had a negligible ef-
fect (maximum hourly change 0.04 µg/m3), and the suite-to-corridor door element 
(DRSINW_RMX) a small one (±1.3% in the mean). Because the calibrated FS (−0.507) lies 
at the criterion limit, small perturbations moved it across the threshold in two runs. These 
differences are marginal (e.g., NMSE 0.210 against 0.212), and the calibrated parameters, 
which correspond to best-estimate leakage values, were retained. The correlation coeffi-
cient was insensitive to all three parameters (0.855–0.858), indicating that temporal agree-
ment is governed by outdoor PM2.5 and the activity schedules rather than by envelope 
leakage. These results describe local sensitivity around the calibrated values and do not 
imply that the calibrated parameter set is unique. 

Table 9. Sensitivity of ASTM D5157-19 metrics to ±50% variation in airtightness parameters (ELA at 
4 Pa), final model V360, primary evaluation window. 

Metric Criterion V360 
WLEXCC_
RAV −50% 

WLEXCC
_RAV 
+50% 

WLIN_R
AV −50% 

WLIN_R
AV +50% 

DRSIN
W_RMX 
−50% 

DRSIN
W_RMX 
+50% 

r ≥0.90 0.86 0.86 0.86 0.86 0.86 0.86 0.86 
Slope M 0.75–1.25 0.662 0.574 0.746 0.662 0.663 0.673 0.651 
Intercept 
b 

≤25% 43% 39% 46% 43% 43% 43% 42% 
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NMSE ≤0.25 0.21 * 0.26 0.22 * 0.21 * 0.21 * 0.21 * 0.21 * 
FB ≤0.25 0.08 * −0.03 * 0.18 * 0.08 * 0.08 * 0.10 * 0.07 * 
FS ≤0.5 −0.507 −0.763 −0.271 * −0.507 −0.506 −0.477 * −0.539 𝐶̅୮ 
(µg/m3) - 34.7 30.8 38.3 34.7 34.7 35.1 34.2 

* Denotes metrics meeting the ASTM D5157-19 criterion. b is expressed as a percentage of the mean 
observed concentration. Calibrated values: WLEXCC_RAV = 0.25 cm2/m2; WLIN_RAV = 2 cm2/m2; 
DRSINW_RMX = 53 cm2/item. 

 

Figure 5. Predicted versus observed hourly living-room PM2.5 and the airtightness sensitivity runs: 
(a) calibrated V360; (b) WLEXCC_RAV −50%; (c) WLEXCC_RAV +50%; (d) WLIN_RAV −50%; (e) 
WLIN_RAV +50%; (f) DRSINW_RMX −50%; (g) DRSINW_RMX +50%. Red line: regression of pre-
dicted on observed concentrations; dashed line: 1:1. 

3.4. Baseline Seasonal PM2.5 Concentrations 

Baseline simulations revealed strong spatial and seasonal contrasts (Table 10). 
Kitchen concentrations greatly exceeded living-room concentrations in every season, con-
firming cooking as the dominant indoor source. Mean kitchen PM2.5 ranged from 177.72 
µg/m3 (summer) to 220.59 µg/m3 (winter), with maxima of 1087–1197 µg/m3 and cooking 
peaks exceeding 1000 µg/m3; living-room means stayed far lower (8.08–41.81 µg/m3), 
never exceeding 169 µg/m3. Because model calibration targeted the measured living-room 
zone, the kitchen concentrations reported here are model projections rather than meas-
ured values. These kitchen peaks align with experimental ranges of 200–1400 µg/m3 re-
ported for high-emission cooking in naturally ventilated apartments [41] and remain be-
low the ~2000 µg/m3 one-hour peaks reported for natural-gas stoves [42]. The pronounced 
kitchen–living-room gradient contrasts with studies finding no such difference [13], point-
ing to comparatively limited inter-zonal exchange in the studied unit. 

The winter living-room mean of 41.81 µg/m3 against an ambient mean of 190.49 
µg/m3 implies an indoor-to-outdoor ratio of roughly 0.22 with windows closed, indicating 
that the envelope provides substantial protection in the living zone even as the kitchen 
remains source-dominated. The 24-hour profiles (Figure 6) show the greatest variability 
during the active winter heating period, with kitchen peaks near 1050 µg/m3 during cook-
ing and more stable non-kitchen zones. In the warmer seasons, weakened stack ventila-
tion (indoor–outdoor ΔT < 5 °C) reduced kitchen extraction and promoted migration of 
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particles from the kitchen into the adjacent corridor. The autumn period showed slower 
decay and higher ambient levels coinciding with the onset of the heating period. 

Table 10. Baseline PM2.5 concentrations (µg/m3) by zone and season. 

Zone Season Mean SD Max 
Living room Winter 41.81 32.70 169.43 

 Spring 8.08 7.40 42.25 
 Summer 10.79 15.78 73.21 
 Autumn 9.26 8.27 49.02 

Kitchen Winter 220.59 257.12 1087.44 
 Spring 196.44 283.63 1197.16 
 Summer 177.72 268.13 1119.50 
 Autumn 200.24 281.70 1159.20 

 

Figure 6. Representative 24 h PM2.5 concentration profiles by zone for each season: (a) winter; (b) 
spring; (c) summer; and (d) autumn. 

3.5. Retrofit Scenario Effects 

All retrofit and exposure results in this section are projections from the calibrated 
baseline model. The full-factorial simulations (48 combinations per season per zone) 
showed that the effectiveness of each intervention depended strongly on season and on 
whether the target was a source zone (kitchen), a receiving zone (living room), or inte-
grated occupant exposure. 

In the kitchen, mean concentrations were governed by cooking and responded ma-
terially only to mechanical exhaust: in winter, kitchen means fell from 221 µg/m3 (baseline) 
to 169 µg/m3 with fans (−24%), and to 160 µg/m3 when combined with envelope tighten-
ing, while envelope tightening or vent upsizing alone left kitchen means essentially un-
changed. In the living room, envelope tightening was far more influential in winter, 
roughly halving the mean (from ~42 to ~19 µg/m3) by reducing outdoor infiltration; vent 
upsizing added a smaller reduction, and window operation had little effect because high 
outdoor concentrations limited the benefit of dilution. 

For integrated occupant exposure, averaged across the four occupants (Table 11), the 
dominant lever shifted by season. In winter, envelope tightening (T40) alone reduced 
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exposure by ~20%, with exhaust fans and maximum vents adding a few percentage points 
to reach ~23–27% in the best combinations. In spring, summer, and autumn, exhaust fans 
dominated, cutting exposure by ~34–41%, whereas envelope tightening alone was negli-
gible—and in summer slightly counterproductive (~5%), because a tighter envelope re-
tains indoor-generated particles when weak stack ventilation limits their removal. Win-
dow-opening scenarios changed exposure by ≤1% in all seasons. The best combined strat-
egy (T40 + fans + maximum vents) reduced exposure by ~23% in winter and ~39–40% in 
the warmer seasons. 

Table 11. Mean change in occupant PM2.5 exposure relative to baseline (T0_BC_FanOFF_V0), av-
eraged across four occupants. Negative values denote reductions. 

Scenario (vs. Baseline) Winter Spring Summer Autumn 
Maximum passive vents only (Vrmx) −9% −3% −2% −3% 
Exhaust fans only (FanON) −6% −37% −41% −34% 
Envelope tightening only (T40) −20% ~0% +5% −3% 
Window opening only (BO/CK/CL) ≤1% ~0% ~0% ~0% 
Combined (T40 + FanON + Vrmx) −23% −40% −40% −39% 

Overall, no single measure was optimal across all seasons: outdoor-infiltration con-
trol (envelope tightening) governed cold-season exposure, whereas source removal 
(kitchen/bathroom exhaust) governed warm-season exposure, and the two were comple-
mentary when combined. 

4. Discussion 
This study asked whether pollutant transport in an occupied, naturally ventilated 

social-housing dwelling exposed to severe ambient pollution could be reproduced with 
sufficient fidelity to support scenario analysis. Over the primary evaluation period, the 
final CONTAM configuration met the NMSE (0.21) and FB (0.08) criteria, with FS just out-
side its limit (−0.507), and captured outdoor-driven night-time dynamics (r = 0.95); the 
correlation (0.86), slope (0.662) and intercept (43% of the mean) criteria were not met (Ta-
ble 8). The model therefore reproduces the level of living-room PM2.5 and its outdoor-
driven variation, but not the full hour-to-hour variability, which is compressed: concen-
trations are over-predicted in clean periods and under-predicted at peaks. Two factors 
explain much of this. First, the model was deliberately evaluated with the same standard-
ized occupancy and cooking schedules used for the scenario simulations, so that the eval-
uation reflects the model as applied. Day-to-day variation in household activity that fixed 
schedules cannot reproduce limits daytime agreement (r = 0.84). Second, 29% of hourly 
observations fell within the sensor’s stated accuracy at low concentrations (≤ 5 µg/m3), and 
excluding them brought NMSE, FB and FS within the criteria. Partial compliance is com-
mon in evaluations of occupied dwellings: in a tracer-gas study in an occupied town-
house, many individual-zone transient comparisons failed two or more D5157 criteria 
[16]. Because all scenarios share the same schedules, comparisons between scenarios are 
less sensitive to schedule error than absolute hourly concentrations. The contribution is 
therefore a room-resolved, field-informed multizone framework for PM2.5 transport and 
occupant exposure in Central Asian social housing under routine occupancy. The 
achieved fit is comparable with previous residential airflow and indoor environment 
modelling studies, although their evaluation designs differ. Park et al. [20] calibrated a 
CONTAM particle transport model for a 43-storey residential building and reported com-
pliance with ASTM D5157, but under an unoccupied winter stack-effect regime focused 
on vertical shafts. Lai et al. [19] used CONTAM under controlled conditions and showed 
that emissions from neighbouring apartments could bias penetration factor estimates by 



Appl. Sci. 2026, 16, 9829 17 of 21 
 

https://doi.org/10.3390/app16199829 

more than 20%. Sarna et al. [21], using one year of measurements in an occupied, naturally 
ventilated house, reported correlations of approximately 0.85–0.89, NMBE below 1% and 
CV(RMSE) up to 7%, but their main targets were temperature and air exchange rather 
than PM2.5. Townsend et al. [17] used one 14 h tracer-gas test for calibration and reserved 
the remaining tests for evaluation, providing a stronger separation between calibration 
and validation than was possible here. 

The simulations indicate a strong seasonal shift between outdoor infiltration and in-
door source dominance. During winter, the living-room mean was 41.81 µg/m3 against an 
outdoor mean of 190.49 µg/m3, giving an indoor-to-outdoor ratio of approximately 0.22 
with the living room window closed. Vinnikov et al. [15] reported higher median winter 
I/O ratios of approximately 0.39–0.44 across Almaty homes, with indoor and outdoor ge-
ometric mean concentrations of 34 and 90 µg/m3, respectively. Differences in leakage, zone 
location, household activity, and monitoring period may explain the lower ratio in the 
present case and caution against generalizing from one unit. The seasonal pattern also 
agrees with Karaca et al. [14], who measured 13–266 µg/m3 during cooking in Kazakhstan 
households, obtained model correlations above 0.9, and estimated cooking contributions 
of 9–94%. Their study likewise found outdoor pollution and ventilation to be more influ-
ential during the heating period, while cooking became relatively more important in the 
non-heating period. 

The kitchen was strongly source-dominated, with seasonal means of 178–221 µg/m3 
and predicted peaks above 1000 µg/m3. Zhou et al. [39] reported cooking peaks approach-
ing 3000 µg/m3 in a severely polluted residential setting and found that kitchen ventilation 
rapidly reduced concentrations and transfer to adjacent spaces, supporting the physical 
plausibility of strong source gradients. However, the kitchen values here were not inde-
pendently measured and must be treated as model projections. The calibrated cooking 
strengths of 0.30–2.46 mg/min were also lower than the distribution reported by Olson 
and Burke [29], who found a median of 12 mg/min and a mean of 36 mg/min across 411 
cooking events. This contrast reinforces that the source term should be interpreted as an 
effective calibrated input for this dwelling rather than a transferable emission factor. 

The simulated retrofit analysis shows that concentration reduction and exposure re-
duction are not interchangeable outcomes. Envelope tightening roughly halved the winter 
living room concentration but reduced mean household exposure by about 20%, because 
exposure also occurred near the cooking source. Mechanical exhaust reduced kitchen con-
centrations by approximately 24–49% and mean exposure by about 34–41% in spring, 
summer and autumn. The combined strategy reduced exposure by about 23% in winter 
and 39–40% in the warmer seasons. Envelope tightening alone was slightly counterpro-
ductive in summer (+5% exposure), illustrating that reducing uncontrolled infiltration 
without effective source removal can retain indoor-generated particles when stack venti-
lation is weak. Window opening provided little benefit because outdoor air was itself pol-
luted. For practice, these findings favour a combined strategy: envelope repair to reduce 
winter infiltration, paired with effective local exhaust and adequate background ventila-
tion. This is especially relevant to social housing, where interventions should not depend 
solely on residents purchasing filtration or continuously modifying window-opening be-
haviour [2,3]. 

Several limitations constrain interpretation. Calibration and evaluation targeted a 
single living-room zone in one occupied apartment during one winter period. Kitchen 
concentrations, occupant exposures and seasonal retrofit responses are therefore projec-
tions rather than independently measured outcomes. The evaluation used measurements 
from the same dwelling and winter period that guided model development and is there-
fore an in-sample assessment. Independent evaluation across additional dwellings, sea-
sons and hold-out periods was beyond the scope of the present study. The period of 
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reported household absence was excluded from the primary evaluation on the basis of a 
retrospective post-monitoring interview with the residents. Because calibration involved 
multiple adjustable parameter groups across successive model iterations, some potential 
for overfitting and equifinality remains. This risk was reduced by constraining final pa-
rameter values to physically plausible or literature-supported ranges and by examining 
local sensitivity around the calibrated leakage parameters. The sensitivity analysis 
showed that model performance was relatively insensitive to the tested interior-wall and 
door-leakage parameters, while exterior-wall leakage had a greater influence on predicted 
concentrations. However, as a local analysis, it does not establish parameter uniqueness 
or quantify uncertainty across all calibrated inputs. PM2.5 was measured with factory-
calibrated low-cost optical sensors rather than a co-located reference-grade method, so 
readings may vary with humidity and aerosol properties. The sensors report integer con-
centrations and accumulated at 2 µg/m3 during clean periods, limiting resolution at low 
concentrations. No field blower-door test was performed, making ACH50 a model-based 
diagnostic, and the natural infiltration estimate retains substantial uncertainty. Finally, 
cooking and occupancy schedules were interview-derived representations held constant 
across seasons, while real household behaviour is more variable. 

Future work should therefore combine multi-unit and multi-season monitoring, ref-
erence-monitor co-location, direct airtightness and air-exchange measurements, kitchen 
and corridor measurements, evaluation across additional dwellings and seasons, and 
global or probabilistic sensitivity analysis to quantify parameter uncertainty and equifi-
nality. 

5. Conclusions 
This study developed a field-informed multizone CONTAM model to examine 

whether hourly PM2.5 dynamics in an occupied, naturally ventilated social housing apart-
ment in Almaty could be reproduced sufficiently well to support retrofit scenario analysis. 
The final model was evaluated against the measured winter living-room PM2.5 profile 
and met two of the six ASTM D5157-19 criteria over the primary evaluation period (NMSE 
= 0.21, FB = 0.08), with FS just outside its limit (−0.51) and stronger agreement during 
night-time periods (r = 0.95), when outdoor infiltration was dominant. Over the full period 
only FB was met. 

For the monitored zone and period, the model reproduced the mean concentration 
and outdoor-driven temporal pattern sufficiently to support comparative scenario analy-
sis, while incomplete ASTM compliance and the in-sample evaluation design limit claims 
of predictive validation. The model projections revealed a clear spatial and seasonal shift 
in the processes governing indoor exposure. Winter living room PM2.5 was strongly in-
fluenced by outdoor infiltration, whereas the kitchen remained dominated by cooking. 
Envelope tightening reduced mean winter household exposure by about 20%, while 
scheduled mechanical exhaust was the dominant warm-season intervention, reducing ex-
posure by approximately 34–41%. Combining envelope tightening, exhaust, and enlarged 
passive vents reduced exposure by about 23% in winter and 39–40% in the warmer sea-
sons. Window opening alone provided little benefit under polluted outdoor conditions, 
and envelope tightening without source control was slightly counterproductive in sum-
mer. 

The principal contribution is a room-resolved, occupied-household PM2.5 modelling 
framework for Central Asian social housing that links field measurements, airflow cali-
bration, model calibration and evaluation, seasonal pollutant transport, and occupant ex-
posure. For the case study dwelling, the comparative simulations indicate greater benefit 
from the combined envelope repair and source-targeted exhaust rather than a single year-
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round intervention. Broader application of these findings should be supported by multi-
unit and multi-season evaluation and expanded uncertainty analysis. 
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Appendix A 
Table A1 lists the parameter groups adjusted during calibration (V001–V360), the ba-

sis or bounds applied, the values in the final model (V360) and the principal versions in 
which they were set. 

Table A1. Calibration parameter groups, bounds and final values. 

Group Parameter(s) Final Value (V360) Basis/Bounds Principal Ver-
sions 

Envelope and inte-
rior leakage 

Exterior walls 
WLEXCC_RAV; interior 
walls WLIN_RAV; win-
dows, frames and doors 
(Table 3) 

0.25 cm2/m2; 2 cm2/m2; 
Table 3 

NIST/ASHRAE element li-
brary, minimum–maximum 
values 

V006 onward 

Ventilation shafts 
and ducts Passive vent ducts 

Round duct, 240 mm (hy-
draulic diameter of 200 × 
300 mm) 

Drawings; smaller duct sizes 
tested V257, V297 

Cooking emissions Event rates and timing (Ta-
ble 4) 

0.30–2.46 mg/min Published residential cook-
ing studies; measured peaks 

V010 onward 

Occupant resus-
pension 

Source carried by each oc-
cupant 

0.125, 0.24, 0.25, 0.60 
mg/h 

Below 0.03–0.5 mg/min re-
ported for PM2.5 resuspen-
sion [43]. 

c. V202–V242 

Particle deposition First-order loss, all zones 0.73 h−1 0.30–0.78 h−1 V057–V058 on-
ward 

Schedules Occupancy, cooking, 
kitchen door, windows 

Interview-derived week-
day/weekend schedules 

Resident interviews V010 onward 

Late-calibration 
living-room terms 

Scheduled supplementary 
source; scheduled addi-
tional deposition 

0.24 mg/h; 0.20 h−1 

Empirical, to reduce residual 
error; removing both 
changed the mean by <2%; 
retained in seasonal and ret-
rofit runs. 

Late calibration 
(to V360) 

Not adjusted Envelope particle penetra-
tion 

P = 1 (no filters) Assumption; see Section 4 — 
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