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Highlights

e PPV systems reduced indoor PM; s by 38-62% in homes across New Zealand

e PM;;s reductions were generally larger during peak periods than non-peak periods

e PM;s reductions were larger with greater indoor-outdoor temperature differentials
e Living rooms generally exhibited higher PM;s concentrations than master bedrooms
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Abstract

Fine particulate matter (PM3s) presents a risk to residential indoor environments, particularly during
winter, when occupancy is high and natural ventilation is reduced. Evidence from intervention-based
field studies is limited, especially under real-world, continuously occupied conditions.

This study investigates the effects of positive pressure ventilation (PPV) systems on indoor PM;s
concentrations in 24 homes across New Zealand. Using a pre-post intervention design, PMss
concentrations, temperature and relative humidity were measured in living rooms and master
bedrooms over six week periods before and after PPV installation during winter.

Following PPV installation, mean indoor PM;s concentrations decreased across all homes, with
reductions ranging from 38% to 62%. Linear mixed effects regression modelling supported the
observed reductions while accounting for outdoor PM,s and building characteristics. Indoor PM; s
concentrations were higher in living rooms than in bedrooms, although post-intervention reductions
were similar between rooms. Indoor-outdoor (I/0O) ratios exceeded 1.0 in half of the homes prior to
PPV installation and fell below 1.0 in most homes post-installation, indicating reduced dominance of
indoor sources.

Post-PPV reductions in indoor PM, s were larger during peak activity periods than non-peak periods
and tended to be greater in homes with larger indoor-outdoor temperature differentials, suggesting
that building envelope performance influences PPV effectiveness.

This study presents field-based evidence that PPV systems can reduce indoor PM,s in homes during
winter, especially where initial indoor concentrations are high and thermal separation from outdoors
is greater. The findings highlight the combined importance of ventilation, envelope performance, and
occupant behaviour in reducing indoor PM; s exposure.

Keywords

Indoor Air Quality, Fine Particulate Matter, Positive Pressure Ventilation.



Journal Pre-proof

1 Introduction

Exposure to airborne fine particulate matter, PM.s, has been associated with adverse health effects
including respiratory and cardiovascular diseases, and increased mortality . The World Health
Organization (WHO) identifies PM,s as one of the most harmful air pollutants due to its ability to
penetrate easily deep into the lungs and enter the bloodstream .. There is clear evidence that indoor
exposure to PM,s is key to explaining the air pollution-related burden of disease worldwide P!, Past
studies have found that on average people spend 90% of their time indoors, where PM concentrations
often exceed ambient levels &%,

Indoor air quality (IAQ) can be influenced by numerous factors including internal pollutant sources
(e.g. heating, cooking and other human activities), infiltration of outdoor pollutants, and ventilation
performance 127, Ventilation in particular plays an essential role in maintaining healthy IAQ by
helping to dilute indoor pollutant concentrations *7**!, Inadequate ventilation can lead to the
accumulation of indoor-generated PM, especially in airtight buildings designed to minimise cooling
and heating energy consumption 72022,

While typically low ambient PM, s levels present a lesser impact on indoor concentrations, such as in
countries like New Zealand, indoor environments remain a major contributor due to the dominance
of indoor sources and occupant activity. Such outdoor conditions provide an opportunity to assess
ventilation with a lower confounding influence from ambient pollution, offering greater insight into
indoor PM,s source control and interactions between ventilation and building envelope. The
effectiveness of natural ventilation (NV), involving passive air exchange via windows, doors and vents
(as distinct from infiltration via building cracks and leaks), is often compromised in colder periods,
when occupants tend to keep them closed to maintain indoor temperatures 2324, Accordingly,
occupant behaviour and ambient conditions can substantially influence NV performance, resulting in
significant wintertime 1AQ variability between homes.

Mechanical ventilation (MV) systems are therefore often utilised to maintain adequate air exchange
inside the home, by introducing external air and displacing stale indoor air 17!, In some cases, MV
systems are equipped with filters that can reduce the ingress of particulate matter (PM), although
high efficiency filtration capable of substantially removing PM,s is less common in residential
buildings. While MV can provide improved air exchange over NV, the extent of PM.s reduction
achievable in practice can vary between houses.

Despite growing recognition of the importance of ventilation for IAQ, several documented gaps
regarding its impact in residential settings remain in the literature 2>, Multiple reviews report that
many IAQ studies either focus on short-duration air quality monitoring or report only long-term
averages, limiting the ability to characterise day-to-day and room-to-room variations in PM exposure
[22.28-32] Although both NV and MV have been widely studied, reviews identify there is limited research
directly comparing the two systems within the same building under comparable conditions 13334,
This gap is particularly evident during winter, when hours of occupancy, ventilation patterns and the
contribution of outdoor sources can differ substantially from warmer months 5371, While large scale
IAQ studies across multiple homes exist, they often identify broad trends across multiple homes,
rather than detailed house- or room-level analyses, failing to gain insights into the influence of building
characteristics such as envelope performance on IAQ %39, Additionally, ventilation performance in
regions subject to relatively high ambient PM levels is well covered in the literature [283540-431 while
studies in cleaner air contexts, becoming increasingly more relevant in developed countries, are less
common. Furthermore, reviews of residential IAQ research suggest that relatively few studies employ
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advanced statistical modelling approaches, such as mixed effects models, or evaluate their findings

against health-based standards such as WHO indoor air guidelines (2010) and ASHRAE Standard 62.2
[30,44,45]

This study forms part of a larger, ongoing research programme investigating the performance of
positive pressure ventilation (PPV) systems, a form of supply-only MV, on IAQ in New Zealand homes.
Earlier phases of the project presented preliminary results, focussing on IAQ benefits of PPV under
high occupancy, and seasonal multi-pollutant improvements in individual regions “¢*7. The present
paper extends this work by analysing a larger dataset across Auckland, Hamilton, and Dunedin to
assess PPV performance under diverse climatic and housing conditions.

Monitoring was undertaken during winter to evaluate the performance of PPV systems under
conditions of reduced NV and higher rates of occupancy and indoor particle generation. Sensors
recorded PM,s, temperature and relative humidity (RH) across multiple rooms, while outdoor
monitoring enabled evaluation of infiltration and source contributions. This design enabled direct
comparison of NV and PPV under the same household and seasonal conditions, with each home acting
as its own control.

This article specifically evaluates the real-world house-level impact of PPV on indoor PM; s relative to
pre-installation conditions in occupied homes under low ambient PM2.5 conditions using empirical
analysis and applying linear mixed effects regression (LMER) modelling to corroborate the observed
reductions. The study investigates how PPV performance varies at house-level, across rooms, and over
the diurnal cycle, and examines whether indoor-outdoor temperature differentials (AT.o) are
associated with PPV-related reductions. Finally, by interpreting the results against health-based air
quality benchmarks, including the US EPA Air Quality Index (AQl), this article characterises the
observed changes in IAQ associated with PPV operation.

2 Methodology

2.1 Study design and overview

This study examines the impact of PPV systems on PM concentrations in residential homes in different
cities in New Zealand under winter conditions. The experimental campaign was conducted over three
separate phases: Phase 1 in 2021 (Auckland and Hamilton), Phase 2 in 2023 (Auckland), and Phase 3
in 2024 (Dunedin) (Figure 1). The study adopts a pre-post intervention design, where each home acts
as its own control. All analyses are performed at house-level, while campaign-level grouping reflects
the field campaigns conducted in different phases. Temporal variation in indoor PM, s is characterised
by examining diurnal patters within each individual home.

New Zealand is home to several cities with diverse climate and geography. Auckland, a coastal,
harbour city, experiences mild winters (average daily maximum of 18.0 °C), and relatively high winter
humidity (92% RH) 8% Hamilton is an inland city with slightly lower temperatures (17.7°C) and
winter humidity (87% RH) than Auckland %Y, Dunedin, also a coastal city, is cooler (17.3°C) and dryer
(80% RH) than the other two cities °2°3. Campaign-level mean temperature and RH values for each
city over the study period are presented in Table 1.

Table 1 — House-level outdoor temperature and RH, grouped by campaign sample

Temperature °C RH %
Mean SD Mean SD

Campaign
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Auckland 2021 10.9 1.7 75.8 15.3
Hamilton 2021 13.6 0.2 74.7 1.3
Auckland 2023 10.9 4.1 815 8

Dunedin 2024 111 1.4 73.5 3.5

A diversity in typical house construction also exists in these cities. Auckland and Hamilton generally
have a newer and more recently renovated housing stock, while Dunedin has a higher proportion of
older homes pre-dating insulation standards that were first introduced in New Zealand in 1978, and
are known to suffer from draughts and dampness 54>,

Auckland

Hamilton

Figure 1 - Study and house locations across New Zealand (top: Auckland -12-; bottom right: Hamilton -4-; bottom left:
Dunedin -8-)

Each phase of the campaign extended over a three-month period in each city, six weeks either side of
a planned PPV Installation (Figure 2). While each phase was implemented in different years, seasonal
comparability was maintained. The 2021 campaign coincided with a strict COVID-19 lockdown,
potentially resulting in higher occupancy and elevated pollutant levels 55601,

Experimental Campaign Phases (Winter Jun-Aug; n = 8 houses per phase )
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Figure 2 - Conceptualisation of the experimental campaign

Each phase of the experimental campaign commenced with a pre-calibration step to ensure accuracy
and consistency of monitoring across each campaign sample, for each device. This was followed by a
six-week period of monitoring without a PPV system to establish a baseline under NV conditions. A
PPV system (described in Section 2.2) was then installed, followed by a second six-week monitoring
period under PPV conditions. Finally, post-calibration of the monitors was performed to verify that
the accuracy and consistency of each device were maintained throughout the study phase.

The study was structured around three key field visits. The initial visit took place at the start of winter,
where air quality monitors were set up, the condition of the house was evaluated, and baseline data
was gathered. The second visit occurred mid-winter, aligning with the installation of the PPV system.
The final visit, conducted six weeks later, involved retrieving the monitors and evaluating the effects
of the PPV system, thereby concluding the data collection process.

2.2 Positive pressure ventilation system

PPV systems deliver filtered external air into the building’s living spaces to create a slightly positive
indoor pressure. Each study house was retrofitted with a commercially available PPV system which
filters and supplies air from the roof cavity to the indoor environment. This type of system is commonly
used in New Zealand.

Each PPV installation comprises two core components: a fan and a filter. The fan is mounted within
the roof cavity, delivering supply air via insulated ducting and a ceiling diffuser. The replaceable filter
includes a multilayer system including an electrospun nanofibre layer, with a nominal F8 efficiency
rating, in line with Eurovent and ASHRAE guidelines 623 Such high efficiency filters (F7-F8) are
commonly adopted in residential PPV systems in New Zealand and are consistent with guidance on

residential ventilation in Europe and the UK, where a minimum F7 filtration grade is recommended
[64,65)

PPV systems were operated in Automatic mode, where the internal system controller regulates the
operation of the fan. While the system typically adjusts fan speed and operation according to
differences in roof and indoor temperatures, specific details of the control algorithm were not
available to the research team. For consistency, occupants were instructed to leave the system in
Automatic mode for the duration of the post-installation period of the study and to keep all windows
and external'doors closed while the system was running.

Direct measurements of air change rate and infiltration rates were not performed in this study. The
airflow data used in this study is based on the maximum rated airflow of each installed system, as
specified by the manufacturer, divided by the internal volume of the house. These values represent
the upper performance limit under ideal test conditions within each home.

For each home, the fan-filter assembly was positioned in the roof cavity and connected to ceiling-
mounted diffusers via insulated ducting, as shown in Figure 3. Standard installation procedures
occasionally required localised adjustments to insulation or duct routing to accommodate the system.
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Figure 3 - Typical schematic of PPV home installation, showing details of (L-R) fan/filter assembly, ducting, and diffuser.

2.3 Selection of dwellings

Homes for this study were carefully selected for uniformity in construction and layout and to represent
typical New Zealand homes [¢6-%81_ A total of 24 non-smoking, pet-free households were selected, with
distribution across Auckland, Hamilton, and Dunedin. The nominated homes were all free-standing,
with a range of three to five bedrooms, and an open-plan kitchen and living area. While the number
of homes limits population-scale inferences, the pre-post intervention study design with continuous
monitoring focuses on house-level indoor PM; s reductions following PPV installation.

Floor areas varied between 80 m? and 270 m?, and they were occupied by two to five people, including
at least two adults. This is comparable with that of other developed countries such as Australia, while
being 60% larger, on average, than EU homes (similar room sizes, but more purpose-specific rooms in
NZ homes) %%, Table 2 provides details of relevant house features .

Table 2 — House-level building characteristics, grouped by campaign sample

Campaign No. of Occupant Floor Area, Year of Building Heating svstem
palg homes S m? construction construction E sy

Auzcg'zalnd 4 3-4 95-150 1920-2015 Timber / concrete Heat pump*

Hazrg!tlon 4 3-4 90-170 1990-2015 Timber / brick Heat pump*

Auckland ) "
2023 8 2-4 80-270 1950-2010 Timber / concrete Heat pump

Dunedin Timber Heat pump* / Wood
2024 8 24 110-222 1900-2010 weatherboard burner

* non-ducted heat pumps

2.4 Data collection and measurement

To evaluate indoor and outdoor air quality in the study homes, time-resolved measurements were
taken. Each home was equipped with three air quality monitors, strategically placed in the master
bedroom, the living area, and outdoors. Living areas were chosen as the most occupied room of the
house”%7Y, while master bedrooms were selected to provide an indoor comparison and to evaluate
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spatial distribution of indoor pollutants. Outdoor monitors were placed to investigate the influence of
outdoor concentrations on indoor levels, enabling assessment of how external pollution sources and
environmental conditions contributed to PPV performance.

Three different types of monitoring device were utilised to gather air quality data throughout the
experimental campaign: Airly PM 72, uRAD 3, and EdiGreen Home Al-2002W 74, These monitors
continuously measured and recorded PM,s concentrations, as well as thermal comfort parameters
such as temperature and RH. PM;s concentrations were measured and recorded under ambient
temperature and pressure conditions, representing the direct output of the monitors, without
correction for standard temperature or pressure.

To maintain consistency in measurements, each monitor was positioned at a height of approximately
1.5 metres above the floor, avoiding direct exposure to heat sources and windows, when possible, for
each of the experimental campaigns. Details of these monitors and the pollutant measurement
methods of each is as detailed in Table 3. Monitor locations were generally as shown in the table, with
Edimax monitors used for Phase 1 campaign only, and uRAD and Airly monitors used for Phases 2 and
3.

All three monitor types have been comprehensively field-evaluated by South Coast Air Quality
Management District in Southern California, USA, alongside Federal Reference Method (FRM), Federal
Equivalent Methods (FEM) air monitoring equipment 7>7¢., The Airly PM monitor indicated strong
correlation for PM, temperature and RH (R? for 5-min averages of 0.83, 0.92, and 0.89, respectively),
with high data recovery (>93%) and low variability (0.29 pg/m? for PM.s) 7). uRAD monitor exhibited
strong correlation for PM,s (R? for 1-hour averages of 0.7-0.78), with high data recovery (99%) and
moderate variability (19-25%) 8l. The Edimax monitors showed strong correlation for PM,
temperature and RH (R? for 5-minute averages of 0.82, 0.97, and 0.98 respectively), with high data
recovery (99.6%) and low variability (4.7% for PM, ) [,

Table 3 - Air quality monitor details

Location / Duration /
Make/ Model Measurement Parameter Range / Accuracy Measurement Method
frequency
.S . Range: -40°C — +80°C
Living Area, Outside Temp. + Accuracy: 0.1°C
Range: 0 —100%
Airly PM J i week;P(\p;;e/ post- RH Accuracy: + 1% Laser scattering sensor
Range: 0 —1000
3
Every 5 min PM2s ug/m 3
Accuracy: +1 ug/m
Range: -40°C — +125°C
Viagnasci KL Bedrooms (2023-24) Temp. Accuracy: £ 0.3°C
. —_ 0,
uRADMonitor 12 weeks (pre/post- RH R::cguerég '102(‘);) Laser scattering sensor
INDUSTRIAL PPV) . Oy' ‘100‘6 g
(HW103) ange: L=
. PM2s pg/m
Every 5 min 3
Accuracy: #1 ug/m
Edimax Bedrooms (2021) Temp. Range: 0°C — +8(3°C
EdiGreen Home Accuracy: £ 1.0°C
- . —_ 0,
Al-2002W 12 weeks (pre/post RH Range: 0~ 100% Laser scattering sensor
7-in-1 Multi- PPV) Accuracy: £ 5%
0 Range: 0 — 500 pg/m3
Sensor . PMa.s
Every 5 min Accuracy: 0.3 um
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2.5 Calibration

All study sensors were calibrated by using council air quality monitoring (AQM) stations (Thermo
Scientific FH 62 C14 Continuous Particulate Monitor, range: 0 to 5,000 pug/m?3, accuracy: + 1 pg/m?3,
utilising beta ray attenuation ®Y) as regulatory-grade reference monitors. Three calibration sensors
were co-located with AQM stations in each of the study cities for a minimum three-month period: a
research-grade PM monitor (Aeroqual Dust Sentry Pro, MCERTs-certified and SCAQMD-pre-approved
[82]) "3 low-cost PM sensor, and a temperature and humidity logger. This setup allowed for cross-
calibration and validation of the three devices.

Pre- and post-calibration was undertaken before and after each monitoring period, whereby all study
sensors were calibrated at the Unitec Institute of Technology campus by co-locating with the three
calibration sensors. The Aeroqual Dust Sentry Pro was used as the transfer standard, while the low-
cost sensor and T/RH logger acted as arbitrary references to reduce uncertainty and maintain
consistency across the monitors. This method aligns with methods used in other studies, including
Kang et al 18, and were successfully applied for similar research purposes #7231, Calibrations were
performed in a laboratory room with open windows to allow NV. This environment was select to
emulate the conditions of the field deployment (indoor household setting with NV), with the aim of
capturing particle characteristics representative of the study environment.

Pre- and post- calibrations were performed on an hourly basis. Following calibration of sensors prior
to each monitoring period, sensors exhibiting R values below 0.8, or substantial divergence between
pre- and post-PPV calibration coefficients were discarded from further analysis. These thresholds were
selected to balance data quality with sample retention, and are in line with previous studies, and
exceeds the minimum target (0.7) set by US EPA standards for field testing using PM,.s sensors 8487],
The remaining study monitors demonstrated strong correlations with the Aeroqual Dust Sentry Pro
(accuracy of 5 pg/m3 +15% of reading) for PMys (R? = 0.80-0.87).

The observed R? values align with those from previous studies ®%. In contrast, some studies
calibrating low-cost PM sensors against reference devices have reported weaker correlations (R? =
0.55-0.72) 9921 No significant differences were observed between the pre- and post-calibration R?
values, indicating that monitoring accuracy was constant throughout the experimental campaigns.
Mutual co-location also confirmed strong linear relationships, with R? values averaging 0.88 for PMs.
The R? values for temperature and RH ranged from (0.80-0.96) and (0.80-087), respectively.

Once calibration was complete, outliers were identified and removed from the data using the software
programme RP3 using the ‘rstandard(model)’ function from the ‘stats’ package, together with visual
inspection to highlight anomalous points, including negative values.

2.6 Analysis

The statistical analysis has been structured to address the study objectives: quantifying the impact of
PPV on indoor PM,s, testing differences across peak and non-peak periods and study locations,
evaluating the role of outdoor and building factors, and interpreting outcomes against AQl
benchmarks.

PM analysis focussed on PM,s, due to its significant impact on human health?®*°°, Statistical analysis
and identification of trends in diurnal peaks were undertaken using R to asses IAQ before and after
PPV installation. Time series analysis used the hour() and ymd_hms() functions from the ‘lubridate’
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package, while visualisation of the data was performed using the ggplot(), geomline(), and
facet_wrap() functions from the ‘ggplot2’ package °**”. Indoor-outdoor (I-O) ratios were calculated
to explore the relationship between indoor and outdoor PM levels. Spearman’s rank correlation was
used, with the Spearman’s coefficient (rs) indicating the strength and correlation between pairs of
variables 8,

The Mann-Whitney U Test and rank-biserial correlation were used to assess the statistical significance
and strength (effect size) of the calculated reductions between pre-PPV and post-PPV PMys
concentrations, for both peak and non-peak periods °>%! Rank-biserial correlation was used as a
non-parametric effect size measure to test whether the direction of change was consistent across all
paired pre- and post-PPV values, beyond the house-level means. Analysis of the PM,s data showed
peak concentrations consistently occurred between 7-10am and 6-9pm, with all other times classified
as non-peak.

A linear mixed-effects regression (LMER) model was developed to analyse changes in indoor PM;s
concentrations before and after PPV installation *°. A similar approach has been adopted by other
studies to support the statistical analysis and to isolate environmental factors (47192104 The model
results are interpreted as house-level effects, where each dwelling is treated as its own control, and
forms the unit of analysis. The model evaluates indoor PM,s controlling for outdoor PMss
concentrations, outdoor temperature, house area, and normalised air delivery capacity (NADC). NADC
was calculated for each home by dividing the maximum rated airflow of the PPV system (m?3/h), by the
internal volume of the dwelling (m3). This value represents the theoretical maximum clean air delivery
capacity of the system. Pre-PPV conditions were treated as the baseline for each home, accounting
for variability between homes through random effects. Therefore, the model distinguishes between
an uncontrolled, variable baseline (NV) and a controlled intervention. PM,s concentrations (indoor
and outdoor) were log-transformed in the LMER models due to their skewed distribution 1%,
Additional parameters, such as RH, indoor-outdoor temperature differential, construction materials,
year of construction, and occupancy were initially included in the model. Occupancy was modelled at
house-level, based on number of occupants and typical occupancy hours (as reported by participants
at commencement of the campaign). None of these additional parameters showed statistical
significance and were therefore excluded from the final model. The model includes house-specific
random intercepts and a house-specific random slope for PPV: 1 + PPV | house, to capture house-to-
house differences, which may partially include contributions from occupancy and other parameters.
The model outputs represent fitted values to the study dataset, and therefore represent observed
changes in indoor PM3s.

Model reliability was confirmed through a series of diagnostic tests. Residual plots were used to test
model assumptions (normality, homoscedasticity, and random effects structure). Analysis of residual
vs fitted plots showed an even scatter around zero, while Normal Q-Q plots indicated the residuals
generally followed a normal distribution, and relative uniformity in residuals for varying modelled
values was demonstrated using Scale-location plots. The inclusion of random slopes was validated
using the Likelihood-ratio test *%!, which yielded a highly significant x? statistic (x*(2) = 1561.6, with p-
value < 2.2 x 107'8). Histograms of random slopes for fixed values such as NADC were shown to be
symmetrically distributed around zero.

Spearman’s rank correlation was performed to compare rank-order agreement between observed and
modelled PM; s, providing a validity check, independent of linearity. Due to sample size constraints,
the data was not partitioned into training and test sets. Instead, model robustness was evaluated by
fitting the model to the full dataset, and repeating the evaluation for each campaign sample.
Consistent effects observed across individual houses within all campaign samples supported the
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broader applicability of the findings. 95% confidence intervals have been added for all fixed-effect
coefficients to quantify uncertainty. Further comparisons were made by generating probability-
density functions for each campaign sample using kernel density estimation (KDE).

As a further qualitative measure of PPV impacts on indoor pollutant levels, each pre-PPV and post-
PPV indoor PM,s measurement was classified against the U.S. EPA AQl %!, This index categorises
PM,s concentrations into six different bands: Good, Moderate, Unhealthy for Sensitive Groups,
Unhealthy, Very Unhealthy, and Hazardous (Table 4). These categories represent different levels of
health risk from airborne pollutants. For each campaign sample, each category is expressed as the
percentage of PM,s measurements that fell within that category.

Table 4 - Air Quality Index (Source: US EPA (2014) [1%°])

AQl Values Levels of Health Concern Colour
0to 50 Good Green
51 to 100 Moderate Yellow
101 to 150 Unhealthy for sensitive groups Orange

301 to 500 Hazardous

Temperature and RH were monitored to investigate their relationship with IAQ and PPV performance.
Changes in indoor temperature and RH following PPV installation were analysed at house-level, with
measurements collected in the living rooms of all study homes, and results grouped by campaign
sample. Temperature differentials (AT), calculated as the difference between indoor and outdoor
values, were compared with observed PM, s reductions following PPV installation. These differentials,
which suggest there may be a more tightly controlled indoor environment, have been adopted as an
indicator to assess the relationship between building envelope and PPV performance.

3 Results and Discussion

3.1 Indoor particulate matter

3.1.1 Pre-PPV and post-PPV installation

The following results are presented according to the pre-post intervention study design, with each
home functioning as its own control. All analyses are performed at house-level, with campaign-level
grouping applied to reflect the differing contexts of each field campaign.

The statistical metrics shown in Table 5 summarise the observed spread of living area PMys
concentrations at house-level, grouped by campaign sample, collected before and after PPV
installation. Statistical uncertainty in pre-post changes is quantified by the LMER model (x?, p, rs). ‘Pre-
PPV’ and ‘Post-PPV’ metrics have been calculated for each house and then averaged to obtain the
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campaign-level values as presented. The campaign sample values are used to calculate the ‘Change
(mean)’ and ‘Overall’ values, as shown in the table.

Table 5 - Statistical summary of house-level Indoor PM s data, grouped by campaign sample

LMER
Pre-PPV Post-PPV Change (mean)  Model
output
mean D 5th 95th mean D Sth 95th Abs. Perc. Perc.
. %ile %ile %ile %ile Chg Chg Chg
Campaign
pug/m3  ug/md  pg/m3  pg/m3 | ug/md®  ug/md  pg/m3 pg/md | pg/m?d % %
Auckland 2021 8.6 12.4 1.2 23.2 3.6 6.9 0.3 11.6 -5.0 -58 -62
Hamilton 2021 7.7 13.8 1.8 30.0 2.9 7.5 0.5 11.3 -4.8 -62 -66
Auckland 2023 3.9 11.8 0.3 12.7 1.8 7.2 0.1 5.7 2.0 -52 -46
Dunedin 2024 4.9 10.4 0.7 18.3 3.1 7.5 0.4 12.1 -1.8 -38 -36
Overall | 6.3 12.1 2.9 7.3 -3.4 -52 -52
Stats Metrics X2 =1561.6 p<2.2x107 rs=0.75

Prior to PPV installation, the six-week mean PM,s concentrations per house ranged from 4.7-14.5
ug/m3 for Auckland 2021, 3.9-16.4 pg/m3 for Hamilton 2021, 1.7-8.2 pg/m? for Auckland 2023, and
2.9-8.2 pg/m?3 for Dunedin 2024. Concentrations were generally higher for the 2021 campaigns,
potentially due to the higher levels of occupancy resulting from COVID lockdowns which coincided
with these field campaigns. Similar observations have been made in other studies focusing on periods
of increased occupancy %1%, Pre-PPV concentrations varied between dwellings across each field
campaign, reflecting house-level differences within each phase of the study. Only one house during
the study (in Hamilton 2021) exhibited mean PM,s levels above the WHO 24-hour guideline limit of
15 pg/m? [109]

The pre-PPV indoor concentrations were similar to those reported by Kang et al. (2022) and Lim et al.
(2021) for naturally ventilated residential buildings in cities experiencing comparable outdoor PM;s
levels (Chicago 16.1 pg/m?3, Seoul 17.4 pg/m?3, respectively) 2233, Other studies in cities observing
outdoor concentrations significantly higher (Krakow 43 pg/m3, Nanjing 75 pg/m?3), reported higher
indoor concentrations under NV (21 ug/m? and 64.9 pg/m?3, respectively) #2119,

Following PPV installation, the six-week mean PM;s concentrations per house ranged from 1.3-7.0
ug/m? for Auckland 2021, 1.4-4.3 pg/m3 for Hamilton 2021, 0.7-4.3 pg/m? for Auckland 2023, and 1.6-
4.6 pug/m? for Dunedin 2024. Post-PPV concentrations were lower across dwellings in all campaigns,
with variability between houses remaining evident within each phase. In contrast with the pre-PPV
period, no 24-hour mean indoor PM s concentrations above the WHO guideline were detected post-
PPV (15 pg/m3). The observed reductions align with previous studies on PPV systems [283111],

Reductions were observed across all houses following PPV installation. Campaign averages, based on
the individual house pre-and post-PPV mean reductions, were Auckland 2021 52-73%; Hamilton 2021
31-82%; Auckland 2023 42-77%; and Dunedin 2024 21-64%. Within each campaign, the level of pre-
post reduction varied between houses. Building characteristics typical to a given campaign sample,
such as envelope leakage in older homes, may help to explain the varying magnitude of observed
reductions. Uncontrolled envelope leakage can dissipate positive pressures before they effectively
drive out polluted indoor air, reducing the pollutant removal efficiency of the system.

From Table 5, the campaign pre-PPV mean concentrations were highest (nearly double) in Auckland
2021 and Hamilton 2021. Across campaigns, higher pre-intervention concentrations were associated
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with larger pre-post reductions within dwellings, suggesting that PPV systems may achieve greater
reductions in homes with higher initial PMs levels.

Statistical analysis using the Mann-Whitney U test indicated that the distributions of hourly PM, s
concentrations differed significantly between pre- and post-PPV periods across all study sites:
Auckland 2021 (p = 0.048), Hamilton 2021 (p = 0.0077), Auckland 2023 (p = 0.0077), and Dunedin 2024
(p = 0.043). To complement the house-level summary, a paired non-parametric test was also
performed. The resulting rank-biserial correlation coefficients were consistently -1.0 across all
comparisons, indicating that every post-PPV measurement was lower than its corresponding pre-PPV
distribution, showing complete consistency in the direction of change. Together, these results
demonstrate that PPV installation was associated with systematic reductions in indoor PM;s
concentrations.

To test whether these observed changes could be explained by key environmental and building
factors, a linear mixed-effects regression (LMER) model was fitted to the dataset. The LMER model
outputs closely followed observed reductions, as indicated in Table 5. The model indicated that
outdoor PM, s, outdoor temperature, floor area, and ventilation rate explained most of the variation
in indoor PM3s. Parameters representing indoor sources, such as occupancy, did not have statistical
significance, so were not included in the model. The mixed-effects model was specified at the house
level and included dwelling-specific random effects, such that each house was compared to itself
before and after PPV installation. The model is used to support and quantify the field observed pre-
post indoor PM s reductions at a house level.

To further support the model interpretation, the probability density functions in Figure 4 comparing
the LMER model outputs against observed data, shows that fitted reductions align closely with the
measured house-level values across all campaign samples. Model outputs were generated for the full
time-series dataset (hourly indoor measurements) for each home. For comparison, percentage
reductions were first calculated for each home as the change between the pre- and post-PPV modelled
means, then pooled by campaign sample to capture location-specific conditions while maintaining
sufficient sample sizes for reliable density estimation. The density curves indicate close alignment
between the observed and ' modelled reductions across campaigns, with distributions centred around
similar levels of reduction. The left-bias and narrower curves for Auckland 2021 and Hamilton 2021
likely reflect the smaller sample sizes in these campaign samples, where fewer data points produce
smoother KDEs with less apparent variability. The LMER model slightly underestimated PM;s
concentrations both pre-PPV and post-PPV, consistently by around 0.52 pg/m?3. However, percentage
reductions were estimated reliably, indicating accurate magnitude estimation despite some bias in
the model.
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Figure 4 - Probability density curves comparing modelled and observed house-level percentage reductions, grouped by
campaign sample. (top left: Auckland 2021, top right: Hamilton 2021; bottom left: Auckland 2023; bottom right: Dunedin
2024)

3.1.2 In-house spatial variability

PM concentrations recorded within each house were compared for each field campaign phase to
investigate the relationship between different rooms. Indoor PM,s concentrations were generally
higher in living rooms than in bedrooms, both before and after PPV installation. This potentially
reflects the typically higher PM-generating activities associated with living areas, such as cooking and
resuspension of settled PM due to movement. Across all homes, living room concentrations averaged
1.3 ug/m? higher than master bedrooms, consistent with prior studies **>1%3!, Before PPV installation,
60% of homes had higher PM;s in the living room; this increased to 72% post-PPV, indicating a
consistent room-based differential.

Figure 5 shows the percentage change in PM,s concentrations, between pre-PPV and post-PPV
periods, for each home in each campaign sample, comparing living rooms and master bedrooms. Four
houses were omitted from the analysis (two in Auckland 2023, two in Dunedin 2024) due to sensors
not meeting ‘minimum performance requirements, post-calibration. PM,s levels consistently
decreased across all houses in all campaign samples following PPV installation.
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Figure 5 - House-level PM, 5 percentage change in living rooms and master bedrooms, grouped by campaign sample

Campaign-level average reductions ranging from 43-62% and 47-67% were observed in living rooms
and master bedrooms, respectively, indicating consistent house-level reductions following PPV
installation. These results indicate that both rooms exhibited significant reductions following PPV
installation, with variability in the level of reduction between dwellings. The majority of houses
experienced greater reductions in master bedrooms than in living rooms, as indicated in the scatter
plot in Figure 5. The greater reductions observed in bedrooms post-PPV may reflect more stable
airflow and lower pollutant activity (e.g. cooking), as well as the presence of dedicated supply vents.

Spearman’s Rank analysis confirmed moderate correlations between living room and bedroom PM3s
values (pre-PPV: rg = 0.4; post-PPV: rs = 0.48), indicating that pollutant trends within a house were
aligned but varied by room function. COVID-19 lockdowns may have affected occupancy patterns,
however no behavioural data were collected to validate this assumption.

3.1.3 Diurnal variation

Diurnal profiles of PM3s concentrations were analysed for each campaign sample for both the pre-
PPV and post-PPV periods. For each hour of the day, the corresponding hourly values for every day
within the period and every house within the campaign sample were averaged. Morning and evening
peaks were identified in diurnal profiles, aligning with common household activities (e.g. cooking,
indoor fireplaces) and outdoor pollution sources such as peak traffic volumes or wood smoke from
neighbourhood home heating 11411 The results as summarised in Figure 6 indicate a reduction in
average PM, s concentrations between the pre-PPV and post-PPV periods, with variations observed
across the 24-hour period.
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Figure 6 — Campaign-average house-level indoor PM s diurnal concentrations: Auckland 2021 (top left); Hamilton 2021 (top
right); Auckland 2023 (bottom left); Dunedin 2024 (bottom right).

Across dwellings, reductions were observed during both peak and non-peak activity periods. Houses
monitored during 2021, showed higher PM; s reductions during peak periods of indoor PM, s than non-
peak periods. Peak period reductions averaged 71% and 63% for Hamilton 2021 and Auckland 2021
homes, respectively. Non-peak period reductions were 10% and 45%, respectively, for these campaign
samples. For Auckland 2023 and Dunedin 2024 homes, there was a smaller difference between PM3s
reductions during peak and non-peak periods, with some peak period reductions slightly lower than
non-peak periods. Peak period reductions were 58% and 53% for Auckland 2023 and Dunedin 2024
homes, respectively. Meanwhile, non-peak period reductions for these campaign samples were 64%
and 56%, respectively. These results indicate that PPV achieved comparable house-level reductions
during both peak and non-peak activity periods, with differences reflecting house-level variability
within each campaign context. The higher peak reductions in 2021 may reflect elevated background
concentrations resulting from higher occupancy and associated activity during lockdown.

The results of the Mann-Whitney U Test, comparing the difference between pre-PPV and post-PPV
concentrations during peak and non-peak intervals for each house, indicate statistically significant
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results, with p-values consistently below 0.01. These results support the observation that, within
dwellings, PPV generally performed the same or slightly better during peak periods, when initial
concentrations were high, than in non-peak periods. The rank-biserial correlation results further
support these findings, with effect sizes up to 0.73 for peak period reductions and 0.66 for non-peak
period reductions. For all houses across all campaign samples, the Mann-Whitney U p-values were all
well below 0.01 for both the pre-PPV and post-PPV periods, indicating strong statistical significance.

3.1.4 Air quality index (AQl)

Indoor (living room) PM,s measurements were classified against US EPA’s AQl for each campaign
period, before and after PPV installation. The number of readings that fell into each category,
expressed as a percentage of the total number of readings for each campaign sample, are presented
in Figure 7. Overall, AQl classifications improved across all campaign samples following PPV
installation.
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Figure 7 — House-level indoor PM3 s concentrations, expressed in terms of US EPA AQI, grouped by campaign sample (L-R:
Auckland 2021, Hamilton 2021, Auckland 2023, Dunedin 2024)

The pre-PPV distributions across campaigns indicated compromised IAQ, with substantial proportions
of readings falling outside the “Good” AQl category. Only 50%, approximately, of readings in Auckland
2021 were classified as “Good”, with the remainder falling into either “Moderate” or unhealthy levels.
The other three campaign samples also experienced discernible proportions of their readings falling
into “Moderate” or unhealthy levels. A small proportion of readings reached “Hazardous” levels within
the Hamilton 2021 campaign. These results show a consistent pattern of elevated PMss
concentrations, likely due to a combination of poor air exchange, accumulation of indoor-originating
pollutants (e.g. cooking, cleaning products), and potentially infiltration of contaminants from
outdoors.

Post-PPV, a consistent improvement in PM,s concentrations is observed across campaigns. The
percentage of “Good” readings increased by between 16% and 50%, with some campaigns showing
“Good” classifications exceeding 90% of total observations. More severe classifications, including
“Unhealthy,” “Very Unhealthy,” and “Hazardous” disappeared almost entirely across all campaign
samples. These improvements highlight the effectiveness of PPV systems in maintaining and
enhancing IAQ. The post-PPV data demonstrates how these systems can bring pollutant
concentrations down to within US EPA AQl “Good” classifications, mitigating health risks and
enhancing the indoor environmental quality in a measurable and sustained manner. These findings
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align with the diurnal analysis, that PM,s reductions tend to be higher at times of peak occupant
activity.

3.1.5 Outdoor contributions

Indoor-Outdoor (I-O) PM s ratios were calculated for each house across each campaign sample. Figure
8 presents the comparison of I-O ratios between the pre-PPV and post-PPV periods for each individual
house. I-O ratios greater than 1.0 indicate that indoor PM, s concentrations exceeded outdoor levels.
The relatively low outdoor levels observed in this study indicate that the substantial post-PPV indoor
reductions are unlikely to be explained solely by dilution of contaminants from outdoors. Instead,
these reductions highlight the role of indoor source control, building envelope, and pressurisation.

8 B |
7 x I ©
6 % o
5}5 b4 OI
2 ¢ e
3 x b
2 K0 I
1 X0 I
8 * 1 19}
7 ; ’(‘3 1 o
g 5| X 9
S 4 bx ©
q:a b | O
5 pe o 1
: | P o]
X—=~0 1
= 4 X o)
g2 '
:<EE2 *®O |
1 x o
_ 4 X | E—]
93 XI @
2 2 P © i
1 b o :
0 1 2 3 4

PM, , /0 Ratio

Figure 8 — House-level PM s Indoor-outdoor ratios, grouped by campaign sample (O = pre-PPV, X = post-PPV)

Pre-PPV I-O ratios were greater than 1.0 in 50% of the homes in Auckland 2021 and Hamilton 2021,
75% in Auckland 2023, and 25% in Dunedin 2024. Post-PPV, indoor concentrations fell below outdoor
levels in most homes. No |-O ratios exceeded 1.0 for Auckland 2021 or Hamilton 2021 homes, while
the percentage of Auckland 2023 homes exceeding 1.0 fell to 25%, with Dunedin 2024 homes
remaining unchanged at 25%. These results support the notion that the PPV system can effectively
reduce PM levels from indoor sources, while also reducing indoor concentrations toward or below
outdoor levels, consistent with reduced dominance from indoor sources with PPV operation.

I/0 ratios reduced by averages of 0.6, 0.7, 1.2, and 0.2 in Auckland 2021, Hamilton 2021, Auckland
2023, and Dunedin 2024, respectively. Auckland 2023 houses were notable for their relatively high
pre-PPV |-O ratios (average 1.8). However, campaign-average post-PPV ratios were similar across all
campaign samples (0.4-0.6), reflecting the higher 1/0 reductions observed for Auckland 2023 homes.
The observed I-O reductions align with the 0.2-0.6 range reported in previous studies for PPV [2835111],

The LMER model used to evaluate the effect of PPV systems on indoor PM; s was run both with and
without outdoor PM,s concentrations as a fixed effect ). Both models showed significant PM,s
reductions post-PPV. When outdoor PM,s was included as a fixed effect, the estimated effect was
10.3% reduction (p < 0.001). Ignoring the effect of outdoor PM; s, the model estimated an effect of
11.2% reduction (p < 001). The estimated effects were virtually unchanged after adjustment to the
original PM,s scale. These results indicate that, within the observed range of ambient PM,s during
winter monitoring, PPV was associated with lower indoor levels of PMs.
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3.1.6 Temperature and RH

Changes in indoor (living room) temperature and RH following installation of the PPV system, for each
campaign sample, are summarised in Table 6. Prior to PPV installation, indoor temperature and RH
varied across houses and campaigns. Campaign-level trends remained broadly similar post-PPV,
suggesting that PPV operation did not dominate environmental conditions in governing indoor
thermal comfort parameters.

Table 6 - Statistical summary of house-level indoor temperature & RH data, grouped by campaign sample

Pre-PPV Post-PPV Abs. Change

Campaign mean SD | mean SD mean
Auckland 2021 | 179 26| 17.7 2.6 -0.2
Hamilton 2021 | 19.6 3.4 | 20.7 2.3 1.0

Temp (°C)
Auckland 2023 | 180 2.1 | 17.0 2.6 -11
Dunedin 2024 | 11.3 1.8 | 11.7 25 0.4
Auckland 2021 | 615 4.7 | 57.3 4.4 -4.3
Hamilton 2021 | 52.7 5.7 | 52.1 4.2 -0.6
RH (%)

Auckland 2023 | 64.8 5.1 | 61.7 6.4 -3.1
Dunedin2024 | 746 59| 711 7.2 -3.5

The temperatures observed within the Dunedin campaign sample were notably lower than for the
other campaign samples, consistent with findings from previous studies 7138 This likely reflects the
colder outdoor climate and differences in building stock (typically older homes with substandard
airtightness).

The introduction of PPV resulted in reductions in RH levels (1-4%), while variable temperature effects
were observed (5% increase to 6% reduction) across campaign samples. Within the two Auckland
campaigns, mean indoor temperatures exhibited slight reductions, while modest increases were
observed within the Hamilton and Dunedin campaign samples. Temperature impacts were likely
influenced by external factors such as occupant preferences and local climate. These findings are
similar to those reported in previous studies 3>119],

3.1.7 Thermal differential

Temperature differentials (calculated as indoor minus outdoor temperature, AT.0) were analysed
before and after PPV installation across all study houses to investigate their relationship with indoor
PM s reductions. Figure 9 depicts this relationship for each study house over the pre-PPV period. The
graph also highlights patterns within each campaign sample by fitting ellipses that capture the
variability of the relationship, illustrating how houses cluster within the sampled regime. Similar
trends were observed over the post-PPV period, as supported by findings from the Spearman’s Rank
analysis, discussed below.
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Figure 9 — House-level temperature differential vs PM, s reduction, grouped by campaign sample

ATi.0 > 0 indicates homes with warmer conditions indoors than outdoors. Figure 9 shows the majority
of homes maintained warmer indoor conditions relative to outdoors, with the exception of four homes
in Dunedin, which were cooler indoors than outdoors. A general trend can be observed, where homes
with the more positive temperature differential exhibit a greater level of PM; s reduction.

Across houses, larger positive AT,.o values were associated with larger house-level reductions in PM;s,
consistent with reduced indoor-outdoor exchange driven by improved thermal separation. Average
ATo values were higher for Auckland 2021 and Hamilton 2021 campaign samples, with corresponding
average PM;s reductions of 58% and 62%, respectively. These findings suggest that greater thermal
separation enhances the effectiveness of PPV systems in reducing indoor PM concentrations. Within
the Dunedin campaign sample, AT,.c values were lower on average, with corresponding average PMys
reductions of 38%. These observations may reflect envelope leakage in older housing stock influencing
the level of house-level reductions 120124,

Spearman’s Rank analysis confirms these trends. PM, s reductions were positively correlated with AT,
o (pre-PPV:rs=+0.64; post-PPV:r. = +0.65). The strength and direction of the relationship did not alter
significantly following the PPV intervention, indicating that the influence of thermal differential on
PM, s reduction did not change once PPV systems were installed. These results highlight that higher
temperature differentials can be an important indicator of PPV system effectiveness in reducing
indoor particulate concentrations.
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4 Conclusions

This study provides field-based evidence of house-level wintertime PPV system performance in an
urban setting with low outdoor PM;s. Using a pre-post intervention framework, mean indoor PM; s
concentrations exhibited consistent reductions, with campaign averages between 38% and 62%. The
statistics and mixed-effects modelling both support these observations.

Spatial analysis of indoor PM; s within the home shows that concentrations were generally higher in
the living room than in the master bedroom, while post-intervention reductions tended to be similar.
I/0 ratios exceeded 1.0 in half of the homes prior to PPV installation, falling below 1.0 in most homes
post-PPV. |/O reductions correlated strongly with pre-PPV 1/0 ratios (rs = 0.90), suggesting that PPV
systems are more effective at reducing indoor PM, s when indoor sources dominate.

Larger campaign-average reductions in indoor PM,s were observed in campaigns where pre-
intervention levels were higher, in particular during the 2021 monitoring periods, likely reflecting
greater indoor particle generation associated with the COVID-19 lockdown. In line with this, diurnal
analysis shows post-PPV reductions were greater during peak activity periods than during non-peak
periods. Combined, these results suggest that PPV systems can achieve larger PM, s reductions when
initial levels are higher and indoor source activity is more prominent.

PPV installation resulted in modest shifts in indoor temperature (-6% to +5%) and humidity (-4% to -
1%). Analysis of indoor-outdoor temperature differentials showed that these values were closely
linked to the effectiveness of PPV systems in reducing PM.s concentrations. These findings suggest
that indoor-outdoor temperature differentials may serve as a useful indirect indicator of building
envelope performance.

Within the Dunedin 2024 campaign sample, PM, s reductions were of lower average magnitude, which
may reflect the predominance of older homes in this campaign which are often associated with
greater envelope leakage. In line with this interpretation, the lower thermal separation observed in
the Dunedin sample suggests that PPV effectiveness may be influenced by envelope performance.
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5 Limitations and future work

The limitations experienced in this study offer valuable opportunities for future research to improve
and expand on these findings. These results should be interpreted as campaign-specific house-level
effects rather than direct city-to-city comparisons, due to campaigns being conducted in different
years.

The pre-post intervention study design with continuous monitoring provides statistical power for
detecting changes at house-level. However, the modest number of houses limits the ability to make
city or regionwide inferences. Increasing the sample size would therefore enhance the reliability of
the results, providing a more comprehensive understanding of household pollution.

Detailed occupant behaviour was not monitored during this study and could not be included in the
statistical modelling, despite their known influence on IAQ. The house-level pre-post design compares
the same dwelling and occupants before and after PPV installation, which reduces, but does not
eliminate, the likelihood that systematic behavioural changes drive the observed reductions in PMys
concentrations. Future studies would benefit from collaboration with participants to collect more
detailed information about occupant behaviours (e.g. day-today occupancy hours, household
activities, ventilation behaviours, as well as heating/cooling behaviours) during the monitoring
campaign that may contribute to pollutant levels, as well as closer monitoring or control of window
and door openings.

While the winter focus of this study was intended to evaluate PPV performance under conditions of
limited NV, higher occupancy and indoor particle emissions, it does not represent year-round
performance. Future studies should consider year-round monitoring campaigns to sufficiently capture
seasonal variation in ventilation behaviour, meteorological conditions, and occupant activities.

Finally, this study did not include measurements of in-situ airflow or building airtightness.
Measurement of household air exchange and blower door testing should therefore be considered for
future studies.
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