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H I G H L I G H T S

• Considerable natural variation in [PM] not due to occupant activities.

• Simulated occupancy increased proportion of particles (< 2.5 μm) internally.

• Furnishing + simulated occupancy increased internal [PM] by > 4-fold.

• Post-furnishing with natural ventilation, internal [PM10] exceeded WHO Guidelines.

• Mechanical ventilation reduced mean internal [PM] by 89–91% for all PM sizes.
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A B S T R A C T

Many occupant activities can adversely affect indoor air quality which has been shown to be detrimental to
human health. This research eliminated some of the variability of previous measured levels of indoor particulate
matter (PM) by removing all human activity and providing baseline data on the contribution occurring from
home furnishings. Further objectives included investigating the effects of airtightness and mechanical ventilation
on internal PM concentrations with controlled simulated occupancy.

With natural ventilation, PM concentrations were 15% greater in bedroom of the less airtight (Control) house
than that of the (Test house), post-furnishing which indicates that there is a considerable amount of natural
variation which may not be solely due to occupant activities.

Simulated occupancy dramatically increased the concentration of PM found in both houses by just under 5-
fold. With simulated occupancy, the majority of the PM was present as fine particles (≤PM1) for both houses
(93–94%), whereas without simulated occupancy, the proportion of fine particles was lower (88–89%).

After furnishing and without the use of mechanical ventilation, PM10 concentrations exceeded the WHO
Guidelines for PM10 of 50 μgm−3 for 56% of the testing duration for the Control bedroom and 35% for the Test
bedroom. The use of mechanical ventilation reduced the mean internal PM concentrations by approximately
90% for all PM sizes in both study bedrooms which highlights the importance of use and maintenance of ef-
fective ventilation systems especially after furnishing activities.

1. Introduction

Air pollution measured as particulate matter (PM) has been shown
to be detrimental to human health associated with problems such as
lung cancer and asthma (El Orch et al., 2014; Rivas et al., 2015) and
may lead to increased mortality rates (Dockery et al., 1993; Hales et al.,

2010). To protect against this risk in the indoor environment, the origin
of the particles needs to be understood (Morawska et al., 2017), how-
ever this complicated by the myriad of human activities that can gen-
erate PM as well as contributions from inside and outside of the
building. Recent research has identified a number of factors affecting
internal PM2.5 concentrations which include: sources emitted from
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indoors, outdoor particle sources, ventilation and infiltration (Chen and
Zhao, 2011; Hassanvand et al., 2014). Main indoor sources of episodic
PM emissions include smoking, cooking, cleaning and resuspension
with another significant contribution from humans who may add coarse
aerosol particles via shedding from skin and clothing (Licina et al.,
2017).

World Health Organisation (WHO) recommends a long-term
guideline limit of 20 μgm−3 PM10 (annual mean) to provide a
minimum level of protection against long-term health risk (World
Health Organization, 2005). PM2.5 is an important indicator in indoor
environments due to its effective penetration ability from outdoor
based sources (Blanco-Becerra et al., 2015; Massey et al., 2012) but also
because of the increased risk of health issues from particles< 2.5 μm
(Ostro et al., 2015). In New Zealand, PM10 is the major air pollutant
monitored to provide an indicator of general air quality conditions,
outdoors. In the absence of national air quality standards for indoor air,
the WHO guideline PM10 limit for indoor air (with a daily limit for PM10

of 50 μgm−3) may be applied (Ministry for the Environment, 2002). In
addition, the National Ambient Air Quality Guideline for PM2.5 (to
protect human health) is 25 μgm−3 (Ministry for the Environment,
2002) however this is also based on outdoor air.

New Zealand has a unique environment which is rarely affected by air
pollution generated from any other land mass and generally has good air
quality (mean annual PM10 Auckland (Henderson)=13μgm−3) (LAWA,
2016). In Auckland's subtropical climate, natural ventilation is feasible for
the vast majority of the year, however, it has been identified that air-
tightness in modern housing has increased significantly over the past two
decades (Quaglia and McNeil, 2011). Between 1994 and 2011, the mean
airtightness of houses has increased, observed by a decrease in air changes
per hour from 9.7 ACH N50 (pre-1994) to 6.7 ACH N50 (McNeil et al.,
2012). Increasing airtightness may improve the thermal efficiency of a
building (Van Raamsdonk and Leardini, 2010) and therefore may be de-
sirable. However it is important to consider the effect that more airtight
spaces will have on indoor air quality. In addition, De Groot and Leardini
(2010) identified that many new and renovated homes in New Zealand
have been design and built with a lack of adequate ventilation. A dete-
rioration in IAQ (in terms of mould) was linked to new insulation re-
quirements for the building envelope and a consequent increase in internal
temperatures. A general lack of information about IAQ in New Zealand
buildings was highlighted (De Groot and Leardini (2010)). Furthermore it
has been identified that more field-based work involving pollutant mea-
surements is required (Mylona and Davies, 2015).

As there are multiple factors affecting indoor PM concentrations, this
study aims to isolate and remove factors related to human activities to
further examine relative contributions from new furnishings and the ex-
ternal environment. In addition, building-related factors such as room size
were standardised. The houses used in this study were constructed at Unitec
Institute of Technology as part of a course of study and provide an oppor-
tunity to undertake full-scale testing on real buildings which are unoccupied
and co-located on campus. PM size ratios and the contribution from internal
sources (Cs) have been calculated for comparison with other IAQ research
for which duplicate buildings have not been available. As current NZ leg-
islation is based on PM10, this will be investigated, however PM2.5, PM1 and
particle counts are also discussed as these may provide further detail and
maybe used to set legislative limits in the future. The study used controlled
simulated occupancy to create temperature and humidity variations within
the test room and also to provide internal turbulent airflow, measuring
10 μm, 2.5 μm and 1 μm particle sizes. This study was preceded by an earlier
paper which examined the variability of particle transport into unoccupied
spaces with mechanical ventilation.

This applied research aims to examine the impacts of building air-
tightness and mechanical ventilation on particulate matter produced from
home furnishings in two similar timber-framed houses with simulated oc-
cupancy. Objectives included: To examine the effect of airtightness on PM
generated from new furnishings (1); To trial a simulated occupancy system
which produces thermal and moisture variations representative of

occupation but without adding the complexity of various human activities
(2); To calculate the internal contribution to indoor particulate matter from
room furnishing in the absence of human activities (3); To determine the
impact of mechanical ventilation on internally generated PM from new
furnishings under simulated occupancy (4).

This research will be succeeded by further studies which investigate
the effect of mechanical ventilation, airtightness and simulated occu-
pancy on volatile organic compounds.

2. Materials and methods

2.1. Study area

Auckland is located on an isthmus in the north of New Zealand, between
the Manukau and Waitemata harbours and has a population of around 1.5
million. Auckland is surrounded by approximately 3100 km of coastline,
with the Tasman Sea to the west and the Pacific Ocean to the east. Auckland
has a humid, subtropical climate with warm, humid summers and mild,
damp winters. The average daily temperature is 23 °C in summer and 14 °C
in winter. The mean annual rainfall is 1240mm and the mean annual wind
speed is approximately 3.9m s−1 (NIWA, 2014).

Due to Auckland's isolated position in the South Pacific, air arriving at
the coastline is relatively pure and unpolluted (Auckland Council, 2017).
However, numerous natural and anthropogenic inputs, mainly from main-
land and coastal areas, can deteriorate air quality. According to Auckland
Council, the primary sources of PM10 in Auckland are domestic (e.g. wood
fires during winter), industry (e.g. metal finishing, mining, construction)
and transport (e.g. domestic and public). These sources contribute 72%, 7%
and 21% respectively to PM10 concentrations during winter. PM10 levels are
nearly four times higher in winter than in summer (Auckland Council,
2015). As the largest city in NZ, Auckland has some areas that occasionally
exceed the annual average PM10 guideline (20 μgm−3) (exceeding 50% of
the years between 2006 and 2013), recording PM10 levels between 21 and
30 μgm−3, (Statistics New Zealand, 2015).

2.2. Testing schedule

This study comprised five testing phases for which the first three
investigated PM transfer into both houses with the mechanical venti-
lation system in operation, while the last two phases concentrated on
the variation in PM generated within the house environment under
simulated occupancy with and without mechanical ventilation. Further
explanation about the testing phases is shown in Table 1.

Two consecutive papers have been produced where Phases 1, 2 (and
some components of Phase 3) have been covered in a previous paper
(Part I, Wallis et al., 2019) and this article is covers Phases 3, 4 and 5.

2.3. Data acquisition

Weather data was collected using a Vaisala WXT530 weather station
and an OTA OSK15180T tipping rain gauge, mounted 10m above ground
level. The WXT530 provided wind data, air temperature and relative

Table 1
Five testing phases.

Phase External Test
House

Control
House

MVHR* On MVHR* Off Simulated
Occupancy

1 ✓ ✓ ✓
2 ✓ ✓ ✓
3 ✓ ✓ ✓
4 ✓ ✓ ✓ ✓
5 ✓ ✓ ✓ ✓

Key: √ indicates both where measurements were taken e.g. External (located next to
but outside of the study houses), or within the Control or Test houses AND the in-
ternal conditions where *MVHR – mechanical ventilation and heat recovery.
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humidity (RH) with the following accuracy: Wind range: 0–60m s−1, ac-
curacy < ±3% at 10m s−1; RH: 0–100% RH, accuracy < ±3% RH at
90% RH; Temperature: −52 to +60 °C, accuracy < ±0.3 °C at 20 °C.

Within each bedroom, Lascar EL-USB-2 Humidity & Temperature
data loggers were set up to sample the internal air temperature at
hourly intervals. These units have a range of 0–100% RH and −35 -
+80 °C temperature. The sensors were located identically in both
houses, suspended from the ceiling to 1.5 m above floor level.
Calibration against a mercury thermometer indicated an accuracy
of± 0.5 °C.

Two Dust Profilers (Aeroqual, New Zealand) were used to measure
concentrations of PM10, PM2.5, PM1, and TSP (Total Suspended
Particulates) in the two bedrooms, internally situated at a height of
1.1 m to represent the head level of a seated occupant as recommended
by standard ISO 7726:1998(E) (International Organization for
Standardization, 1998). The sensor ranges are: PM1 200 μgm−3; PM2.5

2000 μgm−3; PM10 5000 μgm−3; TSP 5000 μgm−3, with accuracy
of< ±5 μgm−3 + 15% of reading. The minimum detection is 0.3 μm.
The profiler comprises an optical particle counter that converts counts
to a mass fraction via a proprietary algorithm stored in the system
firmware. Analysis was carried out at 20-min intervals for the first three
testing phases increasing to hourly measurements for the last two
phases. The laser particle counters were calibrated by the spectrometer
manufacturer (Met-One) and previously the particulate monitors were
checked at the Chullora Reference Air Quality Station, Sydney, Aus-
tralia (Reid, 2016). The Aeroqual dust profiler has been used worldwide
for regulatory PM monitoring and research by various agencies and
institutions.

Initially, profilers were co-located to establish the repeatability of
the determination of atmospheric PM. The process of comparing ana-
lysis between profilers within the same environment was repeated
monthly (or after every move to a new location) to ensure repeatability.
Adjustment factors based on these comparisons were applied to mini-
mize the differences between individual instruments throughout the
whole monitoring period. (R2 range 0.988–0.989) The mean absolute
difference between profiler readings was 0.26 ± 0.30 μgm−3 which
lies within the manufacturer's specifications of± 1 μgm−3.

2.4. Experimental houses

Three-bedroom timber-framed houses (Control and Test) were
constructed with identical floorplans on Unitec's Mount Albert campus.
Both were undecorated and without floor coverings or wall finishes and
are designed as transportable in their complete form to any site in the
Auckland region. The house dimensions were 16m by 7.5m with a
standard room height of 2.4m. Within each house, the same test room

was used (bedroom 2, floor area 11m2) which contained one north-
west facing window, receiving direct sunlight from midday onwards.

Both houses were located in a student/staff car park at the far South
East end of campus close to a quiet residential area (Fig. 1). Traffic
movement within the campus during the daytime is generally low as
students and staff are attending lecturers. The closest major road,
Woodward Rd, in the suburb of Mount Albert was approximately 260m
away. Traffic on Woodward Road and nearby Carrington Road can be
heavy during peak hours in the morning and the evening. Long-term
external particulate matter concentrations were measured previously at
the study site by Hernandez et al., (2017) and Wallis et al., (2019).
Concentrations were consistently low (mean values 4–6 μgm−3) com-
pared with the local mean annual PM10 (Auckland -Hen-
derson)= 13 μgm−3) (LAWA, 2016).

The Control house was constructed in 2010. As part of a wider in-
vestigation into the impact of increasing airtightness on the internal
thermal hygroscopic and particulate environment, the Test house was
constructed two years later. In this house, the wall underlay was re-
placed with 7mm thick plywood sheet treated to H3.2 CCA (Copper
Chrome Arsenate – a wood preservative) in accordance with AS/NZ
1604.3 (Standards New Zealand, 2012a) to meet AS/NZS 2269.0
(Standards New Zealand, 2012b), with vertical sheet joints sealed with
flashing tape. The plywood sheet combines the functions of seismic
resistance bracing and provides a rigid air barrier (RAB). In addition,
the Test house contained a vapour check membrane (VCM) (Intello, Pro
Clima, NZ) located behind the internal surfaces of the external walls
and ceiling (Fig. 2). Although the VCM was not incorporated solely to
reduce airtightness (but also for moisture control), the natural venti-
lation rates were reduced by the inclusion of the VCM and the RAB.

2.4.1. Natural ventilation
Blower door testing was previously carried out to European stan-

dard EN 13829:2000 (European Committee for Standardization, 2000)
at the standard test conditions of 50 Pa + ve and 50 Pa-ve. to analyse
air flow across external walls for both houses. Six consecutive tests gave
an average of 8.27 air changes h−1 for the Control house and 1.88 air
changes h−1 for the Test house. The air exchanged with outside air was
calculated to be 2372m3 h−1 and 539m3 h−1 for the Control and Test
houses respectively (Birchmore et al., 2015). With the volumes mea-
sured the air change rate could have varied by between 18 and 25% of
those stated. McNeil et al. (2015) provides a rule of thumb indicating
that the actual infiltration rates experienced under natural wind con-
ditions are approximately 1/20th of those measured under the blower
door test conditions. Using this rule of thumb, actual natural infiltration
rates of are likely to be 0.4 air changes h−1 and 0.1 air changes h−1 for
the Control and Test House respectively. Mechanical air change rates

Fig. 1. Study Site on Mt Albert Campus, Auckland.
Key: Study houses (“Control”, right and “Test”,
left – both study rooms face towards campus); white
dashed line indicates minor public roads in re-
sidential area, all other roads are internal campus
roads; black dashed line separates residential area v's
campus area.
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were far in excess of those generated by natural ventilation (further
details provided section 2.4.2.).

2.4.2. Mechanical ventilation
Both buildings were installed with mechanical ventilation heat re-

covery (MVHR) systems (MoistureMASTER™ HX heat recovery home
ventilation system, MoistureMASTER™, NZ) just previous to testing
(November 2016), illustrated in Fig. 3. The key function is that the
supply of relatively dry outside air, in combination with extraction of
moist internal air will reduce the likelihood of condensation formation
and the associated risks of mould growth. This risk is highest in winter
and the heat exchanger transfers heat from inside the building to pre-
warm the incoming cool air. In summer there is a heat exchanger

bypass that avoids the pre-heating of incoming air. The system extract
fan drew air from a diffuser located in the kitchen area and discharged
the air outside through the east gable end after passing through a heat
exchanger. An intake fan drew air in through an opening in the same
east gable end of the building, before being passed through the heat
exchanger then into the lounge and each bedroom via flexible ductwork
and supply diffusers located in each room. Each bedroom room was
positively pressurised with excess air spilling out into the hall way
through the undercut doors, for final extraction in the kitchen. Very low
volume flows are required and each fan can run at one of three fixed
speeds. The supply fan was set at its highest speed and the extract at its
lowest. According to manufacturer, the MVHR is best suited to airtight
homes (MoistureMASTER, 2019). A Testo 420 vol flow hood was used

Fig. 2. Wall construction details – Control and Test house (Birchmore et al., 2015).

Fig. 3. Layout of mechanical ventilation system (Moisture Master, NZ).
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to quantify the individual airflows. The accuracy of the equipment is
3% of mean volume +3.3 m3.h−1 at 22 °C. The low volumes recorded
put the measurement at the minimum limit of the testing equipment of
40m3.h−1.

Air flow volumes and air change rates were measured in Bedroom 2
of both houses. In the Control house, the air flow was 48m3.h−1 with
1.75 air changes.h−1. The Test house measured 65m3.h−1, with 2.4 air
changes.h−1. Both MVHR systems were set to the same fan speed
however variations could be due to the frictional differences in ducts or
because air flow volumes were measured at the bottom limit of the
equipment accuracy.

According to ASHRAE standards, the minimum mechanical rate for
residential dwellings requires 9m3 h−1 per occupant plus an additional
1.1 m3 h−1 per m2 of occupied floor space (ASHRAE, 2013). Based on a
floor area of 11m2 and an occupancy of 2 persons (which equals half
the average number of people for a 3-bedroom house as the test rooms
were half the size of the average living room size for a five-room house
in New Zealand (Khajehzadeh and Vale, 2016). This standard requires a
minimum ventilation rate of 30m3 h−1.

The MoistureMASTER™ MVHR contains air filters (European
Specification, EU4) which are efficient for coarse particles > 10 μm
and are “guaranteed to remove approximately 96% of all pollen and
about 30% of all particles at 3 μm” (2019). In Europe, fine filters are the
minimum class for guaranteeing acceptable IAQ (Andersson, 2011).
The mechanical air change rates were far in excess of natural infiltra-
tion rates (0.4 air changes. h−1 (Control) and 0.09 air changes. h−1

(Test)) measured previously using blower door tests carried out to
European standard EN 13829:2000 (European Committee for
Standardization, 2000).

2.5. Simulated occupancy

Occupancy for each house was simulated in terms of both thermal
and moisture emissions from occupants, as well as thermal and
moisture output from occupants’ activities (eg. cooking, showering, use
of heaters and lamps). Occupancy was simulated based on two occu-
pants per house, half the average number of people for a 3-bedroom
house, due to the test rooms being half the size of the average living
room size for a five-room house in New Zealand (Khajehzadeh and
Vale, 2016). Occupancy was operated daily from 6 to 8am and 5–10pm.

Thermal mannikins (designed and built according to the European
standard EN 14240:2004(E) (European Standard, 2004) were used to
simulate occupants’ thermal output during occupancy times. Moisture
output from occupants was delivered using two centrifugal humidifiers,
located 1.1m above the floor to represent the head level of a seated
occupant as recommended by standard ISO 7726:1998(E)
(International Organization for Standardization, 1998). The humidifiers
operated on a relay (2min on, 8min off) during occupancy times to
provide a moisture output of 0.09 kg h−1, equivalent to twice the “per
person” level provided by the Chartered Institution of Building Services
Engineers (CIBSE, 2017).

The shower was operated at 7min intervals, 9 times per day during
occupancy times to simulate the total moisture generated by cooking
(3.0 L d−1), clothes washing (0.5 L d−1), clothes drying (during winter
period) based on one load per day (5.0 L d−1), washing dishes
(1.0 L d−1), showering/bathing (for two persons) (3.0 L d−1) and mis-
cellaneous activities (0.5 L d−1). These values were based on informa-
tion provided by the Windows Association of New Zealand (WANZ,
n.d.). Fin heaters (during winter only) and small table lamps with in-
candescent 60W bulbs were operated using 24-h timers during occu-
pancy times. The mannikins, showers and humidifiers were operated
using a common PLC system.

2.6. House furnishings and decoration

House furnishings were completed in two phases. In Phase 4,

carpets and underlay were installed in both test rooms in both houses
on the same day. Only the test rooms were furnished and the carpet
selected was the current best seller for a popular NZ based provider
(Carpet Court). In addition, furnishings were added at this stage which
included a fabric chair and matching ottoman, composite wood coffee
table and side table (all current best sellers from Freedom Furniture,
NZ). At the beginning of Phase 5, further furnishings were added,
provided by the same provider (Freedom Furniture) which included a
two-seater fabric couch. In addition, the walls were painted using a set
mass of paint (1.5 kg), covering the same surface area (approximately
20m2), using household interior paint (white acrylic-based semi-gloss,
Accent by Wattyl, Australia).

3. Results and discussions

3.1. Background testing of PM on campus

Prior to this study, atmospheric PM concentrations were determined
on campus at Unitec over three seasons ((June (Winter) 2015–March
(Summer) 2016). During this time, PM10, PM2.5 and PM1 concentrations
ranged from 5.2 μgm−3 to 6.0 μgm−3, 4.3 μgm−3 to 5.2 μgm−3 and
2.7 μgm−3 to 3.8 μgm−3 respectively (Hernandez et al., 2017). Al-
though the mean PM concentrations were consistent across the three
seasons (within±1 μgm−3 for all particle sizes); the maximum Winter
concentration was more than two times greater than those measured in
Spring and approximately five times greater than Summer maxima.
This finding was expected due to the contribution from solid-fuel
burning over Winter. These values were consistently lower than the
New Zealand National Limit (and the WHO guideline limit) for PM10 of
50 μgm−3 (24 h mean).

Previous research investigated the transportation of PM into the two
test bedrooms under mechanical ventilation. Internal PM levels were
found to be 56% less than external PM levels for the Control house and
75% less for the Test house, with a very strong positive correlation
between external and internal PM for all particle sizes (Spearman's rank
coefficients ranged between 90 and 95%).

3.1.1. Comparison of internal air quality with mechanical ventilation
(Phase 3)

In a previous paper Wallis et al., (2019), (part I of a two paper
study), indoor air quality was compared between the two test bedrooms
(with mechanical ventilation on and operating at similar rates) over the
same timeframe. Air flow rates from mechanical ventilation were
48m3 h−1 (Control) and 65m3 h−1 (Test). The only other structural
variation between the houses was the inclusion of the VCM and the
rigid air barrier in the Test house. Greater concentrations of PM10,
PM2.5 and PM1 were observed in the Control house (1.1 μgm−3,
1.1 μgm−3 and 1.0 μgm−3 respectively) than the Test (0.8 μgm−3,
0.8 μgm−3 and 0.7 μgm−3 respectively), statistically significant
(ρ= 0.001).

The lower concentrations measured in the Test bedroom may be due
to:

1. Increased filter efficiency at higher air flow rates
2. Increased exit of PM from bedroom 2 to the rest of the building (or

the external environment) caused by positive pressure from MVHR.
3. Increased PM adsorption to walls, floor and ceiling within the

bedroom caused by increased air flow rate.

There was also a noticeable difference between PM concentration
minima and maxima for all sizes with [Control]> [Test].

External PM2.5/PM10 ratios ranged from 0.83 to 0.84 while PM1/
PM2.5 ratios ranged from 0.64 to 0.66, indicating a greater contribution
of coarse particles to external PM levels. Meanwhile, internal ratios
were somewhat higher (0.98–0.99 p.m.2.5/PM10, 0.83–0.86 p.m.1/
PM2.5), suggesting the majority of indoor PM10 is fine particulates
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(≤PM2.5) for both bedrooms.
The temperature difference between the two bedrooms was minimal

throughout the phase, however RH was higher in the Control house
(mean 62%) than the Test house (mean 59%).

3.2. Effect of airtightness - control vs test house (phase 4)

During Phase 4, PM concentrations were compared under natural
ventilation. Mean PM concentrations of 45.2 μgm−3 (PM10),
44.9 μgm−3 (PM2.5) and 43.8 μgm−3 (PM1) were determined in the
Control bedroom compared to 38.2 μgm−3 (PM10), 38.0 μgm−3

(PM2.5) and 36.9 μgm−3 (PM1) in the Test bedroom. Despite the greater
natural exchange rate with the external environment, the Control
bedroom presented greater particulate concentrations (+15%) than the
Test bedroom for all particle sizes. The results were statistically sig-
nificant (ρ = 0.001) where [PM] Control > [PM] Test. This is partly
due to differences in internal PM contributions between the houses (to
be discussed further in Section 3.3.3).

Previous research which measured volatile organic compounds
(VOCs) in the houses (under natural ventilation) found higher VOC
levels observed in the Test house (Berry et al. (2017)). This observation
was explained by the greater airtightness in the Test house but de-
monstrates the opposite to the findings in this study. In the earlier
study, the VOC source comprised a set volume placed inside the test
bedrooms whereas the major PM source in this study was less con-
trolled, derived from the internal furnishings (mainly from the carpets).
This indicates that there is a considerable amount of natural variation
to be expected in very similar houses with furnishings which may not be
due to occupant activity. Reasons for this variation require further in-
vestigation.

This could also be due to variations in internal humidity (which
encouraged greater wet deposition in the Test bedroom due to higher
RH) or greater accumulation of internal particulates over time in the
Control bedroom due to lower airtightness (which may have been re-
suspended during furnishing or due to simulated occupancy. Increased
air-tightness of the timber-framed Test house did not substantially in-
crease the internal temperatures in the Test bedroom during the winter
period.

3.3. Effect of simulated occupancy

The impact of simulated occupancy was investigated with me-
chanical ventilation in operation for which mean PM mass concentra-
tions are shown in Table 2.

Simulated occupancy included the introduction of heat, humidity
and air flow (via humidifiers) into the test rooms (as described in the
Methodology), however activities such as cooking, heating, cleaning
and physical movement were not incorporated. A sharp increase in PM
concentrations from previous phases due to the introduction of simu-
lated occupancy was observed. Mean PM10 concentrations for testing
with simulated occupancy ranged from 3.6 to 4.8 μgm−3, approxi-
mately 4.5 times higher than those without simulated occupancy
(ranging from 0.8 to 2.4 μgm−3), which was consistent for both bed-
rooms and for all PM sizes. Differences in PM concentrations observed

between the Control and Test houses were consistent whether with or
without simulated occupancy, between 24 and 27% difference (statis-
tically significant (ρ= 0.001).

PM concentrations were considerably lower than the range found in
a study of 567 occupied dwellings in France (PM2.5= 16–26 μm) in
non-smoking homes (Langer et al., 2016) and the 4-h mean con-
centration of 16.2 μgm−3 measured in households in China by Huang
et al. (2014). Nasir and Colbeck (2013) measured PM10, PM2.5, PM1 in
unoccupied living rooms located in the city of Colchester (UK) finding
24 h mass concentrations of 7 μgm−3, 7 μgm−3 and 5 μgm−3, which
are more comparable with our study (Table 2 – Phase 5), though still
higher. Nasir and Colbeck (2013) further noted that the concentration
of PM10 was approximately 50% lower in unoccupied rooms than non-
smoking, summer time, occupied living rooms of the same type of ac-
commodation. In our study, PM10 concentrations without simulated
occupancy were lower by 50–77% (Control) and 64–78% (Test). Two
important differences between these studies were:

• Ventilation scheme; MVHR (Phase 5) versus natural ventilation
(Nasir and Colbeck, 2013).
• The addition of new furnishings in our study

It is likely that the latter difference had a significant effect on PM
concentrations but further work is required.

No exceedances of the WHO guidelines for PM10 were observed with
mechanical ventilation operating; maximum concentrations with si-
mulated occupancy were 18.6 μgm−3 (Control) and 18.9 μgm−3

(Test). By comparison, without simulated occupancy, maximum ob-
served internal PM10 concentrations were 10.7 μgm−3. Concentrations
determined under simulated occupancy appeared to be more re-
presentative of external air quality than in unoccupied houses (mean
external PM10 concentrations previously measured≈5 μgm−3) (Wallis
et al. (2019)). Work by Meng et al. (2005) supported the view that if the
air in homes is completely mixed, then a single component mass bal-
ance can be applied where indoor PM will depend on outdoor PM
concentrations. However this relationship appears to be far more
complex and PM concentrations will also be affected by factors such as
ventilation type and efficiency and specific occupant activities.

3.3.1. Diurnal variations
Fig. 4 shows typical PM2.5 diurnal profiles for Phase 3 (without si-

mulated occupancy) and Phase 5 (with simulated occupancy) for both
the Control and Test bedrooms. It was observed that during Phase 5
there were regular diurnal peaks, one in the morning and one in the
evening, corresponding with the PM generation due to simulated oc-
cupancy. These peaks as shown in the typical profile usually decreased
back down to background levels within a period of around 2–3 h.
Background concentrations for Phase 5 were a similar magnitude to
those of Phase 3 (around 1 μgm−3 for PM2.5).

On closer examination without simulated occupancy (Phase 3)
(Fig. 5), the diurnal peaks did not appear to be so regular or so large,
however, there were generally morning and evening peaks. PM pollu-
tion generated during peak hour traffic may be partially responsible for
the slight increases in internal PM observed during Phase 3. Previous

Table 2
A comparison of the mean PM concentrations observed in both Control and Test bedrooms with (Phase 5) and without simulated occupancy (Phases 1, 2 and 3).

Testing Details Phase House PM10 (μg m−3) PM2.5 (μg m−3) PM1 (μg m−3)

No Sim Occupancy, MVHR on 1 Control 2.4 2.3 1.9
2 Test 1.3 1.3 1.1
3 Control 1.1 1.1 1.0
3 Test 0.8 0.8 0.7

Sim Occupancy, MVHR on 5 Control 4.8 4.7 4.6
5 Test 3.6 3.6 3.4
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research undertaken at Unitec (Hernandez et al., 2017) shows that
external PM concentrations were elevated at times coinciding with peak
traffic volumes.

3.3.2. p.m. size ratios
When simulated occupancy was in operation (Phase 5), mean PM

size ratios were very similar for both bedrooms; PM2.5/PM10=0.98
and 0.99 and PM1/PM2.5= 0.93 and 0.94 for the Test and Control
bedrooms respectively. This indicates the majority of the PM is present
as fine particles (≤PM1) for both houses.

By comparison, without simulated occupancy (Phases 1–3), PM2.5/
PM10= 0.93 and 0.89 and PM1/PM2.5= 0.88 and 0.89 for the Test and
Control bedrooms respectively, indicating slightly higher contributions
of PM10 to internal PM concentrations.

Mechanical ventilation was active during these phases so any effects
caused by the filtration system of the MVHR should be similar for each
phase. Increased air flow due to the action of the humidifiers may result
in resuspension of fine PM (<PM2.5) from walls and carpets and may
account for this variation in particle size ratio. Another factor which
may increase the proportion of fine particles (≤PM1) is the installation
of furnishings. Further work is required to ascertain the contribution
from new furnishings.

3.3.3. Cs approximation
Internal sources of PM were calculated based on the expression

derived by Chen and Zhao (2011):

Cin= Finf.Cout + Cs (1)

Where C= concentration and Cs= the internal particle concentration
which is contributed to by internal sources. In our previous paper
(Wallis et al., 2019), Cs was derived graphically by plotting inlet and
outlet PM concentrations and taking the intercept value for Phases 1
and 2. Cs values were approximated using the infiltration factors cal-
culated for Phases 1 and 2 and by adopting a mean diurnal profile based
on mean winter-time external PM concentrations measured in a pre-
vious study (Hernandez et al., 2017) (Table 3). A limitation of this study
was the lack of external PM data in Phases 3,4 and 5 (which could not
be measured due to lack of funding), however external data was col-
lected for one year previous and the houses were in close proximity to
each other (and therefore both exposed to the same sources).

Cs calculated during testing with simulated occupancy and me-
chanical ventilation (Phase 5) indicated that a slightly higher internal
source was present in the Control house (+0.9 μg m−3 (mean)),
however this difference lies within the manufacturer's specification of
1 μgm−3 so may not be significant. In Phases 3 and 4, the same pattern
is repeated ([Control Cs]> [Test Cs]) although the magnitude of the

Fig. 4. Typical diurnal profiles for Phase 3 and 5.

Fig. 5. Typical diurnal profile for Phase 3 (unoccupied).
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difference was greater without mechanical ventilation (Phase 4)
Control +6.7 μg m−3 (mean) and less without mechanical ventilation
or simulated occupancy (Phase 3), Control +0.1 μg m−3 (mean).

Aside from variations in ambient weather conditions (which could
not be controlled), the only difference between Phases 3 and 5 was the
addition of simulated occupancy (including the furnishings and dec-
oration), therefore the difference in [PM10] in Phase 3 and Phase 5
should≈Cs from this simulated environment. These values are
3.6 μgm−3 (Control) and 2.8 μgm−3 (Test) which are higher than
previous estimated Cs concentrations calculated in Phases 1 and 2
(Table 3). This may be due to:

• The production of particulates from the new furnishings (including
carpet),
• Increased resuspension of PM into living space by the action of si-
mulated occupancy,
• Any variations in external PM10 concentrations between Phases 3
and 5 (unmeasured).

Further work may be required to determine the relative contribu-
tion of these factors to Cs values.

3.4. Impact of mechanical ventilation (phase 4 vs phase 5)

3.4.1. Internal climate
For the duration of the study, variations in internal climate were

observed in both bedrooms (Table 4). Internal temperatures between
Test and Control houses only differed marginally by±1 °C (based on
mean values), although the results were statistically significant
(ρ= 0.001) where Test > Control.

With mechanical ventilation on (Phases 1, 2, 3 and 5), the humidity
was greater in the Control than the Test bedroom. However, without
mechanical ventilation, RH in the Test bedroom was 3% higher (based
on mean values) than the Control; once again, the results were statis-
tically significant (ρ= 0.001). These differences may not be sufficiently
large to be detected by occupants.

3.4.2. Effect on PM concentrations
The impact of mechanical ventilation on internal PM concentrations

was investigated with simulated occupancy and after furnishing. In the
absence of mechanical ventilation, the internal contribution of PM ex-
ceeded the external contribution for the first time in our 18-month
study. Mean internal PM concentrations ranged from 43.8 to
45.2 μgm−3 for the Control bedroom and 36.9–38.2 μgm−3 for the
Test bedroom (15% less than the Control and statistically significant
(ρ= 0.001) where [PM] Control > [PM] Test (Table 5). The use of
mechanical ventilation reduced the mean internal PM concentrations
by approximately 90% for all PM sizes in both study bedrooms.

When mechanical ventilation was in operation (Phases 1,2,3 & 5),
PM concentrations in the Test bedroom were 24–27% lower than those
measured in the Control bedroom. Under natural ventilation (Phase 4),
this difference was less (around 15%) but concentrations remained
higher in the Control house (Fig. 6). The authors are unable to explain
this difference and further investigation may be required.

For a period of three days, the simulated occupancy was disabled
following a power cut and the PM concentrations dropped dramatically
to 3.4 μgm−3 and 3.0 μgm−3 (PM2.5) for Control and Test respectively
(which is similar to concentrations measured prior to the installation of
the simulated occupancy system – Table 2, Phases 1–3).

There are a number of likely reasons for the sharp increase in in-
ternal concentrations; all of them linked to the simulated occupancy
and/or the addition of furnishings. Firstly, the introduction of moisture
to the rooms via the humidifiers may have been detected as particles.
However, consultation with the suppliers of the particulate monitors
has established that the heated inlet to the optical sensor is designed to
evaporate excess moisture and prevent water aerosols contributing to
the PM concentrations. This design may become less effective when RH
is high although should be reliable at the ambient humidity levels
without mechanical ventilation (61.6% ± 4.8 Control and
64.5% ± 4.4 Test).

Secondly, the increased air movement inside the houses (due to the
operation of the fin heaters and the humidifiers) may have increased
entrainment of particles from outside the houses. However, the internal
concentrations were far in excess of those observed externally. Finally,
the simulated occupancy re-suspended particles from the carpets, fur-
nishings, walls etc and/or new particles were introduced from the in-
troduction of these items. This appears to be the most likely reason for
the sharp increase in PM and is concerning for householders who do not
regularly operate or do not own efficient ventilation systems.

With mechanical ventilation in operation (Phases 1, 2, 3 & 5), the
bedroom with the highest concentration of PM also had the highest
internal RH (despite having the lowest air change rates). Without me-
chanical ventilation, the reverse trend was observed where the bed-
room with the highest RH, produced the lowest PM concentrations.

One possible explanation could be that at high air exchange rates
(due to mechanical ventilation), the positive relationship observed ex-
ternally between RH and PM remains constant (Hernandez et al., 2017).
However, at very low air exchange rates, the higher internal humidity
increases wet deposition of particles and the main particle fate is due to
enhanced gravitational settling.

Alternatively, higher natural ventilation in the Control house led to
the accumulation of more particles internally over long times scales
(operated without mechanical ventilation since construction). With
mechanical ventilation in operation, contributions from external

Table 3
A comparison of the mean Cs concentrations observed in both Control and Test
bedrooms across all testing phases.

Phase Cs (μg m−3) based on PM10 Testing conditions

Control Test

1 0.2 ND No sim occupancy, MVHR on
2 ND 0.1 No sim occupancy, MVHR on
3 0.2a 0.1a No sim occupancy, MVHR on
4 44.1a 37.4a Simulated occupancy, MVHR off
5 3.8a 2.9a Simulated occupancy, MVHR on

a Based on a modelled external PM profile.

Table 4
A summary of the internal climate observed in both houses for duration of
study.

Phase Temperature (°C) RH (%)

Control Test Control Test

1 21.1 ND 57.7 ND
2 ND 23.8 ND 53.0
3 24.3 24.5 62.2 59.1
4 21.2 22.1 61.6 64.5
5 19.4 20.4 58.3 53.9

ND=no data available.

Table 5
Mean PM concentrations observed in both bedrooms under simulated occu-
pancy with and without mechanical ventilation (Phases 4 and 5).

Testing Details House PM10 (μg m−3) PM2.5 (μg m−3) PM1 (μg m−3)

Sim Occupancy on,
MVHR off

Control 45.2 44.9 43.8
Test 38.2 38.0 36.9

Sim Occupancy on,
MVHR on

Control 4.9 4.7 4.6
Test 3.7 3.6 3.4
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sources are significant enough to reduce the impact of the variation in
internal sources. However, without mechanical ventilation, internal
sources dominated and the difference between accumulation in the
Control and Test houses became more apparent especially as the si-
mulated occupancy re-suspends settled particulates.

3.4.3. Standard exceedance
Simulated occupancy and the addition of new furnishings had a

dramatic effect on internal PM concentrations in both bedrooms.
Without mechanical ventilation, PM10 concentrations in both bedrooms
41.0 μgm−3 (Control) and 34.6 μgm−3 (Test), exceeded the WHO
guideline limit for indoor air of 50 μgm−3 (daily limit) for 56% of the
testing duration for the Control bedroom and 35% for the Test bedroom
((measured as a rolling mean) (Table 6). In the absence of indoor air
quality guidelines for PM2.5, the (outdoor) National Ambient Air
Quality guideline for PM2.5 (to protect human health)= 25 μgm−3

(Ministry for the Environment, 2002) would also be exceeded.
The subsequent use of mechanical ventilation reduced the mean PM

concentrations by 89–91% for all particle sizes which highlights the
importance of operation and maintenance of mechanical ventilation
systems in domestic households.

3.4.4. Diurnal profiles
PM2.5 diurnal profiles determined without mechanical ventilation

(Phase 4) were very similar to those produced with mechanical venti-
lation (Phase 5). Fig. 7 shows typical PM2.5 diurnal profiles for Phases 4
and 5 for both the Control and Test bedrooms.

Both testing phases displayed regular morning and evening peaks

which coincided with the times that simulated occupancy was trig-
gered, from 6am to 8am and 5pm - 10pm. The similarity between these
profiles demonstrates the reliability of the simulated occupancy system
in both houses, despite slight variations in the humidifier output which
was challenging to calibrate. These profiles also show close similarity to
those produced externally during background testing (Phases 1 and 2 –
see previous paper (Wallis et al., 2019)) which gives some confidence in
the occupancy simulation.

3.4.5. Particle size ratios (Phase 4)
With natural ventilation, mean PM size ratios were the same for

both houses; PM2.5/PM10=0.98 and PM1/PM2.5= 0.96, indicating
that the majority of the PM10 is fine particulates (≤PM1).

By comparison, with mechanical ventilation, PM2.5/PM10= 0.98
and 0.99 and PM1/PM2.5= 0.93 and 0.94 for the Test and Control
bedrooms respectively, indicting again the vast majority of PM10

comprises PM1, however with a slightly higher fraction of PM2.5, which
is likely a function of the filtration system.

For the full duration of this research, the range of PM2.5/
PM10= 0.89–0.98 (mean=0.96) and for PM1/PM2.5= 0.83–0.96
(mean= 0.91). Generally, the PM2.5/PM10 ratios were consistent for
each of the phases with 75% of results> 0.98, however the PM1/PM2.5

ratios showed much greater variability. Testing with simulated occu-
pancy produced the highest PM1/PM2.5 ratios which is likely due to the
dominance of fine particles originating from indoor sources (mainly
arising from the new furnishings and simulated occupancy). A study by
Wichmann et al. (2010) attributed fine particles to mainly indoor
sources and found similar PM2.5/PM10 and PM1/PM2.5 ratios to those

Fig. 6. Summary of PM2.5 concentrations during all five testing phases (external and internal data).

Table 6
Measurement of PM in Control and Test bedrooms under simulated occupancy.

Mean Standard Deviation Min Max Exceedance of NES Standarda

Control PM10 (μg m−3) 45.2 ±27.3 0.35 97.9 56%
PM2.5 (μg m−3) 44.9 ±27.3 0.33 97.7 –
PM1 (μg m−3) 43.8 ±26.9 0.32 95.0

Test PM10 (μg m−3) 38.2 ±27.1 0.4 110.7 35%
PM2.5 (μg m−3) 38.0 ±27.1 0.4 110.3 –
PM1 (μg m−3) 36.9 ±26.3 0.4 106.4

a National ambient air quality guidelines (NZ).
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found in this study.

3.4.6. Cs approximation
PM contributions from internal sources (Cs) were found to be ap-

proximately 12 times higher with natural ventilation (Phase 4) than
with mechanical ventilation (Phase 5), for both Control and Test bed-
rooms (Table 3 - Section 3.3.3). This supports the importance of op-
eration and maintenance of effective ventilation for good indoor air
quality.

4. Conclusions

The effect of airtightness on the PM generated from new furnishings
was examined and with natural ventilation, PM concentrations were
15% greater in bedroom of the less airtight Control house than that of
the Test house. This indicates that there is a considerable amount of
natural variation to be expected in very similar houses with similar
furnishings which is not due to occupant activities. This variation was
not expected and was observed under all ventilation schemes. The
higher PM concentrations in the Control house were also not expected
as the more airtight Test house may have been predicted to retain more
particles within. This could be due to variations in internal humidity
(greater wet deposition in the Test bedroom due to higher RH) or
greater accumulation of internal particulates over time in the Control
bedroom due to lower airtightness. Increased air-tightness of the
timber-framed Test house did not substantially increase the internal
temperatures in the Test bedroom during the winter period.

A simulated occupancy system was trialled to produce thermal and
moisture variations representative of occupation in newly furnished
rooms without adding the complexity of various human activities.
Internal PM profiles under simulated occupancy matched well with the
diurnal profiles established externally and dramatically increased the
concentration of PM found in both bedrooms. The internal contribution
to indoor particulate matter from room furnishing in the absence of
human activities was determined. PM10 concentrations in unoccupied
houses were lower by 50–77% (Control) and 64–78% (Test) than with
simulated occupancy and furnishings. Without mechanical ventilation,
PM10 concentrations exceeded the WHO Guidelines for PM10 of
50 μgm−3 for 56% of the testing duration for the Control bedroom and
35% for the Test bedroom.

When simulated occupancy was in operation, the majority of the PM
is present as fine particles (≤PM1) for both bedrooms (93–94%),
whereas without simulated occupancy, the proportion of fine particles
was lower (88–89%). Resuspension of fine PM (< PM2.5) from walls
and carpets and PM generation from the installation of new furnishings
are likely factors causing internal particle size variations.

Internally sourced PM concentrations in the Control bedroom were
calculated to be consistently higher than in the Test bedroom. The
magnitude of the difference in concentration was greatest under natural
ventilation. Room furnishings were calculated to increase the internal
contribution (Cs) by approximately 20x (Control) and 30x (Test)
without mechanical ventilation. This may be due to the production of
particulates from the new furnishings (including carpet), increased re-
suspension of PM into living space by the action of simulated occupancy
and/or variations in external PM10 concentrations. Further work may
be required to determine the relative contribution of these factors to Cs
values.

Finally, the impact of mechanical ventilation on internally gener-
ated PM from new furnishings under simulated occupancy was mea-
sured. With mechanical ventilation was in operation, internal PM
concentrations in the Test bedroom were 24–27% lower than those
measured in the Control bedroom. Under natural ventilation, this dif-
ference was less (around 15%) but concentrations remained higher in
the Control house. During this time, WHO Guidelines for indoor PM10 of
50 μgm−3 were not exceeded. The use of mechanical ventilation re-
duced the mean internal PM concentrations by approximately 90% for
all PM sizes in both study bedrooms which highlights the importance of
use and maintenance of effective ventilation systems especially after
furnishing activities.

Further work using controlled occupancy in both houses has been
planned to measure natural variations in similar houses and to de-
termine the relative contribution of internal sources to PM concentra-
tions indoors.
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