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Abstract

Long-term, continuous air quality monitoring has been carried out alongside seasonal passive
sampling within a case study a hospital, school and office building, representing a cross-section of
the UK non-domestic sector. This approach aimed at adopting state of the art sensor technology to
provide a greater understanding of the variations in indoor air quality over time and how these
variations relate to both building operation and occupant behavior. The results highlight how the
relationship between indoor and outdoor air evolves considerably on both short and long-term
basis, with varying behaviors then seen across different sources of pollutants. The mechanically
ventilated hospital and school buildings demonstrate the effectiveness of particulate filters, with
very low internal concentrations of PM, 5. However, high ventilation rates, combined with the
absence of any filtration of NO,, resulted in the hospital having the highest indoor concentrations of
NO, and the highest associated indoor-outdoor ratio. Morning and evening traffic related peaks in
NO, can be observed indoors, with their penetration dependent upon the delivered ventilation
rates. This demonstrates the impact of adopting high ventilation rates during peak traffic, and the
consequences of CO, based demand-controlled ventilation systems in polluted urban areas without
full filtration. The naturally ventilated office then demonstrates significant seasonal variations, with

increased ventilation openings resulting in indoor NO, concentrations in the summer exceeding



those in the winter, despite significant reductions in ambient levels. Conversely, concentrations of
indoor pollutants are seen to reduce with increasing ventilation rates, demonstrating the complex
balance between the dilution of indoor pollutants and penetration of outdoor sources. Despite
significant reductions from the winter to the summer (21.6 — 11.2 ug/m°), all formaldehyde
measurements in the naturally ventilated office exceeded guideline values, indicating improved
guidance and product labelling schemes may be required to achieve these guideline concentrations

and reduce associated health risks.

1. Introduction

Links between air quality and health have long been established, with evidence from large, multi-
year epidemiological studies dating back several decades (1,2). Premature deaths from poor air
quality have been primarily linked to cardiovascular and pulmonary diseases (3). More recent studies
have provided suggestive evidence of links to an increasingly wide range of damaging health
outcomes including dementia (4), miscarriage (5) and mental health problems (6), with a recent
global review indicated that almost every cell in the human body may be affected by exposure to air
pollution (7). At the same time, studies have indicated such health risks may be associated with
lower concentrations of pollutants and that even the 10% of the global population currently living
under WHO limits (8) may still be substantially affected by air pollution (9). Equally, studies have
indicated that improvements in air quality lead to improved health outcomes demonstrating the

benefit of actions to reduce the presence of pollutants (10).

These results stress the importance of reducing exposure, including within indoor environments
where people are estimated to spend 80-90% of their time (11). In principle, buildings may act to
protect their occupants from outdoor pollution, limiting exposure levels. However, this role is
complicated by the presence of indoor sources of air pollution from buildings materials, furnishings
and indoor activities (12). Balancing the removal of indoor pollutants with a reduction in the ingress

of outdoor sources remains a significant challenge, particularly as buildings must also be designed



and operated to deliver other forms of comfort (e.g. thermal, acoustic) and meet sets of broader
goals (e.g. financial, energy targets). If exposure within indoor environments is going to be
effectively reduced, there remains a need to fully understand effective design and operation

strategies, particularly in the context of delivering, sustainable, low-energy buildings

Over the last three decades, a wide range of studies have looked to build up a picture of indoor air
quality (IAQ) and have begun to identify key drivers affecting indoor air quality. Results have
indicated the influence of building materials (13—15), finishes (e.g. carpets (16)), occupancy and
activity (17-21), including window opening (22,23). Pollutants present in outdoor air, along with
proximity to roads, has then been shown to correlate strongly with indoor concentrations of
particulates and nitrogen dioxides (NO,) (14,24,25), with seasonal variations in outdoor pollutants
mirrored in indoor concentrations (18,26). Seasonal trends have then also been observed in indoor

concentrations of VOCs (26,27)

The impact of delivering low-energy buildings upon IAQ has also been examined. Trends for
improved airtightness seem to have a negligible impact on the ingress of pollutants form outdoors
(17,28,29) and rather may increase the risk of the build-up of internal pollutants (30,31). Ventilation
rates and systems have generally been found to be more influential, with increased ventilation
provision decreasing indoor contaminates or vice versa (29,31-33) and mechanical filtration
reducing the penetration of particulates in school (29) and hospitals settings (34). However, the role
of ventilation provision is not straightforward. Stabile et al., (2017) found longer periods of
window opening lead to reductions in indoor VOCs but increased ingress of fine particulate
matter, whilst Langer et al., (36) found increased ventilation rates reduced formaldehyde and
PM, s concentrations but increased the ingress of toluene. Further, Bozkurt et al., (37) found
under ventilated classrooms had a lower penetration of NO, from outdoors, whilst Zhang et al.
(38) reported window opening in Chinese classrooms reduced CO, but increased both NO, and

SO, from outdoors.



Many of these studies have used diffusive sampling tubes, measuring average concentrations over
periods of several days to weeks. They therefore may lack dynamic information which may relate to
daily building operations or short-term behaviours and activities. Continuous, time-based
measurements (e.g. logging every 5mins) have traditionally been more expensive, labour intensive
and intrusive, limiting both the range and length of studies, typically between a few days or single
week (e.g. 13,16,21,34,35), with only more recent studies extending monitoring for several months

(e.g. 36,37)

However, the development of lower cost air quality sensors has already provided higher spatial
resolution within urban environments, improving understanding of outdoor pollution distribution,
sources and personal exposure. Previous studies (43,44) have indicated that after appropriate
calibration, the performance of novel technologies is comparable to that of certified instrumentation
at levels commonly encountered in indoor microenvironments. In the context of the indoor built
environment, such sensor technologies can provide dynamic information, both of short-term
building operation and longer-term seasonal trends with long term deployments. It is therefore
thought that these continuous time-based measurements can then provide further insights into the
relationship IAQ has with building operation, ventilation strategies, occupant behaviour and the

influence of the external environment.

This paper therefore aims to explore these relationships and dynamics through the use of both long-
term continuous measurements and seasonal passive sampling. Selected pollutants have therefore
been monitored during heating and non-heating seasons, within three recently constructed case
study buildings; a hospital, school and office, with total monitoring periods of between 6-10months
in each building. Whilst together, offices, educational buildings and hospitals account for around
65% of the UK non-domestic building stock (45), these cross-sectorial case study buildings act to
highlight differences in building use, operation, design and ventilation strategies within modern,

low-energy buildings.



2. Method & Materials

To address this aim, two complementary approaches have been taken. Firstly, continuous indoor
and outdoor air quality measurements have been made in each case study building for periods of 6-
10 months. Details of continuous measurements are described in Section 2.2 and Appendix A.
Secondly, additional pollutants, including key VOCs, have been measured via passive sampling
techniques across periods of 5-14 days in both the heating and non-heating seasons. This method
and the selection of these pollutants are discussed in section 2.3. Finally, a brief description of the

three cases study buildings is given in the following section.

2.1 Case study buildings

The three case study buildings all represent modern buildings designed to comply with the energy
efficiency requirements prevalent at the time of construction. Each had been occupied for at least 3
years at the start of this study, avoiding issues related to initial commissioning and occupants
settling in and aiming to ensure the buildings are being occupied and run under typical operating
conditions. Summary details of each case study building can be found in Table 1, whilst each case

study is then described in turn.

Table 1: Summary details of three case study buildings.

Building Type Hospital School (Secondary) Office (public sector)
Location Bristol South London Keynsham

Gross Floor Area 15,700 m? 21,400 m? 6,400 m*
Completion 2015 2014 2014

Occupants 150 Staff, 160 Beds 2,000 pupils, 200 staff | 455 (nominal)

(nominal)

Ventilation Strategy Mechanical Mechanical Natural Ventilation
Ventilation (sealed Ventilation (manually | (manually openable
envelope) openable windows) windows & motorised

louvers)

BREEAM rating Very Good Very good Not opted for

EPC (Asset) Rating B/31 (including CHP) B/35 (new buildings) A/5

DEC (Operational) D/81 (2017) F/150 (2018) B/36 (2016)

Rating




2.1.1 School case study

The school, constructed from precast concrete fagade panels, includes a total six new buildings in a
central London site. Built to modern U-value and airtightness standards (< 5m3/hr/m?) in accordance
with the 2010 edition of the Building Regulations in England, this secondary school (ages 11-18) has
a core timetable running 08:35-15:50 Monday-Friday with additional out of hours and weekend use.
Mechanical ventilation with heat recovery is provided by centralised roof mounted air handling units
(AHU). Wall mounted diffusers/grills are used to distribute the supply air whilst small openable
windows provide additional natural ventilation. Mechanical ventilation provision is then controlled
via a Building Management System (BMS) based on installed carbon dioxide sensors in each room.
Whilst there are large areas of exposed concrete throughout, other furnishings remain typical of UK
schools and have not been specified in relation to their potential off gassing of VOCs. A typical
classroom, lab-based classroom and library space across three different blocks have been monitored

for this study.

The school sits approximately 8 km from the centre of London, within a residential location, albeit
with a busy minor road directly along its north facade. The school has open playing fields to the east
and west. The nearest urban background monitoring stations (1.6 km) recorded mean annual
concentrations below WHO annual limits for both NO, (30 ug/m3) and PMy, (18 ug/m3) in 2017, the

year of the study (46).

2.1.2 Office case study

The office case study building, made up of three interconnecting blocks, is naturally ventilated using
cross and stack ventilation facilitated by voids introduced between the floors. There is no
mechanical cooling in open plan office spaces and exposed thermal mass is combined with natural
ventilation to help regulate internal temperatures in summer. Natural ventilation is provided by both

occupant openable window louvers and higher level BMS controlled louvers, themselves operated



based upon indoor CO2 concentration and external temperatures. Three open plan offices have been

monitored continuously for this study, across each of the three blocks at different floor heights.

The building sits at the end of a busy high-street and a short distance from a major bypass. The

nearest automatic air quality measurement stations are in the nearby cities of Bristol and Bath.

2.1.3 Hospital case study

The hospital building is located in a city centre with a ventilation strategy based upon mechanical
ventilation with high air exchange rates in most spaces (10-12 h™') with a CO, based demand control
system. The building has a fully sealed envelope, with no openable windows, an approach aimed at
protecting patients and hospital staff against external noise and outdoor sources of pollution. Three
wards have been monitored, all similar in use with 4-6 beds and a nurse’s station within each.
Mechanical ventilation inlets are based next to AHUs on the 7 floor, facing the relatively quieter
north fagade. To control the risk of infection, wards are cleaned intensively and frequently, creating

challenges regarding internal air quality.

The nearest urban background air quality station (< 1 mile) recorded annual mean NO,
concentrations of 24 ug/ms, PM,, concentrations of 15 ug/m3 and annual mean concentrations of
PM,sat 11 ug/ms. Annual PM, s concentrations are therefore above WHO limits, with 24-hour limits

for PM, 5 (25 pg/m?) then breached on 39 days in 2017 (47).

2.2 Long-term continuous air quality monitoring

Continuous air quality sensors measuring particulates (PMy, PM, s, PMy), nitrogen dioxide (NO,) and
total volatile organic compounds (TVOCs) were installed in 3 different internal zones, covering at
least of 5% of the buildings total floor area (BS EN 15251:2007). Environmental measurements
including temperature, relative humidity and carbon dioxide (CO,) were also collected. Data was
recorded at 5-minute logging interval in each location and uploaded directly to a secure server via

GPRS. Equivalent external air quality measurements were taken on-site, whilst a weather station



measuring local wind speed, direction and global horizontal solar radiation was located on the roof

of each case study building.

A sample (n = 4) of integrated sensor units (49) have been co-located with reference instruments
obtaining linear correction factors for sensor offsets and sensitivities, following the approach taken
by Chatzidiakou et al. (2019). All sensors (n = 15) used in this study have then been run alongside
each other in both indoor and outdoor conditions, to extrapolate these correction factors to all
sensors and helping to reduce the variation between sensors and overall bias. Further details of this

process, co-locations results, data processing and sensor limitations can be found in Appendix A.

Indoor air quality measurements were taken at fixed locations within representative zones within
the buildings. Given higher potential spatial variation that may exist around a building, locating
external measurement stations is more complex and subject to uncertainty (50). In the case of the
mechanically ventilated buildings, external air quality measurements were conducted next to the air
intakes, on the roof or top floor of the school and hospital respectively. With multiple supply
openings, locating external measurements for the naturally ventilated office case study is less
straightforward. External air quality measurements for the naturally ventilated office were therefore
taken on the 2™ floor of the 4-storey building. Importantly, this placement of both indoor and
outdoor sensors is associated with significant definitional uncertainty - uncertainty resulting from
the finite detail within the definition of the measured parameter (51). For example, an indoor-
outdoor ratio (I-O) based on an external measurement at location A, will vary to an unknown extent
from an I-O based upon an external measurement at point B. The definition of the I-O itself then

becomes a significant source of measurement uncertainty and results need careful interpretation.



2.3 Short-term passive sampling

During both the heating and non-heating seasons, additional pollutants have been measured
through the use of diffusive sampling techniques. Measurements were carried in the same internal
and outdoor locations as the continuous monitoring, for between 5 and 14 days, see Table 2. This list
of targeted pollutants reflects both the relative health impact of each pollutant and their prevalence
at high levels in other non-residential IAQ studies, along with WHO or Public Health England
Guidelines (Table 2). As it is possible to detect more than 250 VOCs in an indoor environment, this
list of targeted pollutants is not exhaustive. Previous studies have further indicated xylenes
(16,26,29,31), further aldehydes, including acetaldehyde (26,29,31,52-54), elemental compositions
of particulate matter (16), polycyclic aromatic hydrocarbons (PAHs), radon (12) and combinations of
mould, funghi and bacteria (14,26,34). Results are compared to guideline values for each pollutant
from the World Health Organization (12), Public Health England (54) as well as those set as best
practice in the context of residential dwellings in IEA-ECB Annex 68 (52). These guideline values can

be found in Table 3 alongside measured results

Table 2: Selected pollutants, measurement methods and cited indices studies. Measurement uncertainties are listed under
method for diffusive sampling techniques. Continuous measurements included root mean square error (in comparison to
reference instruments) and coefficient of variation (CV) comparing variation between sensors. See Appendix A for further
details.

Pollutants Method Measurement Studies
period
Long-term continuous monitoring

Nitrogen Dioxide Electrochemical 6-10 months (12,14,17,25,26,31,40,5
(NO,) sensor 2,53)

RMSE = 3.5 ppb

CV=7%
Particulates Optical Particle 6-10 months (12-14,16,17,25—-
(PMy, PM, 5, PMyp) Counter 27,29,40,52,53)

RMSE=2.1-

12.6 pg/m’

CV =8-14%
Total Volatile Organic Photoionization 6-10 months (13,27,29,31,34,39,52)
Compounds detector (PID —
(TVOCs) Isobutylene)

CV =24%
Carbon Dioxide Non-Dispersive 6-10 months (13,14,27,29,31,34,39,5




(CO)

Infra-Red (NDIR)
+ (50 ppm) or 3% of
measured value

2)

Short-term passive sampling

Formaldehyde

Passive sampling. BS
ISO 16000-4: 2011
High pressure liquid
chromatography
Measurement
Uncertainty £ 14.2%

5 days (heating and
non-heating season)

(12—
14,16,26,29,31,39,52—
55)

Ozone (03)

Sampling: n tube) —
BS EN 13528 Parts
1-3: 2002/3

lon Chromatography
Measurement
Uncertainty £ 10.2%

14 days (heating and
non-heating season)

(13,14,16,17,26,34)

Nitrogen Dioxide (NO,)

Palmes diffusion
tube — BS EN 13528
Parts 1-3: 2002/3,
Analysis: U.V
Spectrophotometry
Measurement
Uncertainty £ 7.8%

14 days (heating and
non-heating season)

(12,14,17,25,26,31,40,5
2,53)

VOCs (n=8)

Benzene,

toluene,

naphthalene,
trichloroethylene (T3CE),
tetrachloroethylene (T4CE),
styrene,

d-limonene,

a-Pinene

Passive (Tenax) —
1SO16017-2.
Measurement
Uncertainty:
+17.5%
+17.5%
+16.7%
+12.0%
+13.6%
+20.0%
+10.7%
+20.8%

5 — 7 days (heating and
non-heating season)

(12,14,26,29,52-54)
(26,29,31,52-54)
(52,53)
(12,26,29,52-54)
(12,14,26,29,52-54)
(26,29,52,53)
(14,26,29,52-54)
(14,26,29,52-54)




3. Results & Discussion

3.1 Summary of continuous air quality monitoring

The results of continuous IAQ measurements across the three case study buildings are shown in
Figure 1-Figure 4. Indoor CO, levels (Figure 1) remained <1,000 ppm in almost all zones of the
mechanically ventilated buildings. The exception to this, is one school classroom, where higher CO,
levels are known to be the result of a faulty room-based CO, sensor, resulting in lower delivered
ventilation rates. The naturally ventilated office experiences higher internal CO, concentrations, with
mean working hour concentrations just below 1,000 ppm. Again, a faulty CO, sensor restricted the
activation of automated louvers on the third floor, resulting in higher CO, levels within this zone.
Discussions with building managers also revealed two further issues. Firstly, many actuators for
automated louvers across the building had been installed the wrong way around, severely limiting
their ability to open and provide ventilation. Secondly, the use of automated louvers was restricted
during the heating season in order to meet operational energy targets — a direct example of
balancing IAQ and energy use. These issues highlight and provide further evidence of the influence
all stages of design and construction may have upon achieved performance (56), with

commissioning, installation and operational strategies having significant impacts here.

Equivalent TVOC measurements (Figure 2) offer both some corresponding and contrasting
perspectives to the measured CO, levels. Both zones with faulty CO, sensors record significantly
higher TVOC levels than other zones in their respective buildings, associated with the increased build
up and slower dispersion of internally generated VOCs — with the top floor office space also
potentially showing increased concentrations due to build up from other zones and the internal
stack airflows. The hospital then offers a contrasting picture. Despite very low CO, levels and high
ventilation rates, frequent internal sources of VOCs within the hospital setting resulted in
significantly higher TVOC concentrations than in the other building types and above guideline

associated with sensory irritations (300 pg/m? or 131 ppb) (57)



Figure 3, reports the measured PM, 5 concentrations across all buildings. Inside the hospital case
study, with F9 filters and with hard, clean surfaces throughout, PM, s concentrations are just a
fraction of outdoor levels. The mean indoor-outdoor ratio (I-O) for the hospital ward rooms is just
0.16 whilst mean indoor levels themselves are just 1.3 pg/m’ (median = 0.6 pg/m>) — a value at the
lower end of those reported in two reviews of experimentally measured I-O ratios (58,59). This is
despite median outdoor concentrations of 7.2 pg/m>. Lower specification filters (F7) and a hybrid
ventilation system at the school resulted in an I-O ratio of 0.35 and median internal concentrations
of 2.2 ug/m? (7.3 pg/m?® ambient) "he naturally ventilated office then had the highest I-O ratio (0.69)
and highest median indoor concentrations (3.7 ug/m?), despite lower ambient concentrations

(5.4 pg/m?) across the monitored period.

Finally, Figure 4 demonstrates the measured levels of NO, across the case study buildings and their
respective zones. Again, the results indicate the influence of building operation and ventilation
strategy. The absence of any NOXx filtration, such as activated carbon filters or other filters that enact
a chemical reaction to filter out NO,, and higher ventilation rates mean that, conversely to PM, 5
levels, the hospital and school have the highest I-O ratios for NO, (Hospital: 0.60 or 0.74 within core
hours, Office: 0.45, School: 0.67). Whilst internal concentrations are below WHO guidelines for
outdoor annual concentrations (21 ppb) in all cases, these trends indicate the influence of the
ventilation strategy upon internal concentrations of NO, and highlight risks for highly ventilated,

unfiltered buildings in high NOx areas, particularly hospitals with vulnerable occupants.
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Figure 1: Results of CO, monitoring in three case study buildings. (Hourly data). Thresholds for indoor CO, concentrations
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Figure 2: Results of TVOC monitoring in three case study buildings. (Hourly data). UK Part F 8-hour limit for TVOCs is
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Figure 3: Results of PM, s monitoring in three case study buildings. (Hourly data). Note one hospital zone (3F) did not record

any particulate data. WHO Annual mean limit of 10 ,ug/m3 is indicated.
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Figure 4: Results of NO, monitoring in three case study buildings. (Hourly data). WHO Annual mean limit of 40 ,ug/m3 or
21 ppb is indicated.

3.2 Passive sampling and comparisons to ELVs

Summary statistics for passive sampling measurements for NO,, O;, formaldehyde and targeted
VOCs can be found in Table 3. These results combine measurements from all zones in both the

heating and non-heating seasons, with seasonal variations explored later in this paper.

Overall, indoor concentrations are found to be significantly below guideline values for most
pollutants across the three buildings. However, all measured formaldehyde levels within the office
case study exceeded the guideline of 10 pg/m?> adopted by Public Health England (54,60), with a
maximum over 2.5 times this value . These results indicate that significant off-gassing may still be
occurring three years after completion and that existing labelling schemes, guidance and regulation

may not be conducive to reaching this target.

Measurements of benzene have proven methodologically problematic, as the limit of detection
(LoD) represents a high proportion of the measured values and given no level of Benzene are
regarded as ‘safe’ (12). However, measurements above the LoD all significantly exceeded the
0.2 pg/m? guideline adopted as best practice for residential dwellings by IEA-ECB Annex 68 (52).

Higher external concentrations indicating these are primarily external, traffic related sources.



Mean NO, concentrations are around half WHO Guidelines of 21 ppb (40 pg/m?) for the city-based
hospital and school and around half this again in the town-based office. These results approximate
those carried out via continuous measurements (Figure 4) although in general comparisons with the
continuous time-based monitoring can be problematic. Comparability can be impacted by the
measurement methods and their respective uncertainties but also by the fundamental differences in
the methods. Diffusive sampling of NO, levels typically requires a minimum sampling time of days to
weeks. This means that within a school the passive measurement is likely to cover more time outside
of normal operating conditions than within it. This limitation becomes particularly important given

the variations in time seen later within this paper.

Notably, despite the hospital reporting significantly higher TVOCs, the hospital does not record
higher levels in these targeted VOCs. This again highlights methodological difficulties, with both the
limitations of the aggregated TVOC measurement and of targeting a relatively small range of specific

VOCs.

Measured concentrations reported here can be compared to previous studies to provide some
further context. Indoor concentrations of benzene reported here correspond with mean
concentrations from previous studies, ranging between 0.98-5.5 ug/ma, at concentrations that
represent risks to occupant health (14,26,29,60,61). Similarly, measured concentrations of
formaldehyde in schools and offices have been found to regularly exceeded 10 ug/m? guidelines
(13,14,26,29,62), with reported ranges extending between 1-66 ug/m?. As such, measurements from
the case study office represents fairly typical concentrations, whilst the school falls at the lower end
of previous measurements. Measurements of alpha-pinene and d-limonene from the office case
study building, whilst still significantly below guideline values, were higher than maximum
concentrations recorded within the OFFICAIR study, although not exceeding those found within the

AIRMEX study of public buildings and schools, or measurements taken in domestic settings (26,61).



Further measured VOCs were reported at concentrations significantly below guideline values and

correspond to the levels found in previous studies (60).



Table 3: Summary statistics from passive sampling. Guideline exposure limit values (ELV) are given for each pollutant, based
upon either WHO / Public Health England Guidance, or upon ELVs from IEA-Annex 68. In units of yg/m3 unless stated

otherwise.
Case Study NO, 03 Formaldehyde Benzene Toluene
ELV 21 (ppb) 100 (8h) 10 No Safe Level 2,300
Source (12)/(54) WHO WHO PHE WHO/ PHE PHE
Annex 68
Best Practice ELV (52) 10.5 (ppb) 100 (8h) ? 0.2 250
Source France WHO USA France Portugal
Mean 20.4 13.8 4.0 0.80 1.73
Median 20.3 14.0 3.75 0.80 2.05
Hospital
(n=18) Max 30.2 18.2 6.3 0.95 2.50
Min 10.6 9.5 2.7 0.65* 0.45*
<LoD 0.0 0.0 0.0 6 2
Mean 11.3 14.0 16.4 1.18 2.52
Median 10.7 7.2 14.4 0.95 2.35
Office
(n=18) Max 15.0 48.8 27.1 2.30 4.40
Min 8.5 2.7* 10.3 0.95* 0.80*
<LoD 0.0 3.0 0.0 5 1
Mean 22.1 11.1 3.5 1.40 1.62
Median 20.4 5.63 0.9 0.95 1.20
School
(n=18) Max 429 314 12.9 2.50 3.50
Min 11.3 4.6 0.6* 0.95* 0.80*
<LoD 0.0 0.0 3.0 4 3
Case Study T3CE TACE Styrene Naphthalene d-limonene a-pinene
ELV No safe 40 850 3.0 9000 4500
Source (12)/(54) PHE PHE PHE PHE PHE PHE
Annex 68
Best Practice ELV (52) 100 30 30 2 2000 200
Source Germany Germany Germany Germany Germany Germany
Mean 0.35 0.43 0.40 0.38 143 3.8
Median 0.35 0.45 0.40 0.40 14.9 4.2
Hospital
(n=18) Max 0.45 0.55 0.50 0.60 23.7 7.8
Min 0.25* 0.30* 0.30* 0.25* 2.9% 0.7*
<LoD 6 6 6 5 1.0 4.0
Mean 0.46 0.56 1.50 0.40 44.8 136.3
Median 0.45 0.55 1.80 0.40 46.7 129.9
Office
(n=18) Max 0.50 0.60 2.60 0.40 87.8 286.4
Min 0.45* 0.55* 0.50* 0.40* 2.9% 9.5
<LoD 6 6 2 6 3.0 0.0
Mean 0.45 0.55 1.75 0.50 33 5.6
School  Median 0.45 0.55 0.85 0.40 33 5.1
(n=18) Max 0.45 0.55 4.20 1.00 3.6 9.9

Min 0.45* 0.55* 0.50* 0.40* 2.9* 0.7*



<LoD 6 6 4 5 6.0 3.0

* Indicates reported measurements were below the limit of detection (<LoD).

3.3 Top 5 VOCs

The ‘top 5" VOCs were recorded at each measurement location across both the heating and non-
heating seasons. This qualitative method cannot accurately determine the concentration of these
VOCs but rather identifies those with the highest concentrations across the measurement period,

gaining a broader understanding of the pollutants present.

The hospital, with regular peaks in continuously measured TVOCs, perhaps unsurprisingly identifies
isopropyl alcohol (found in cleaning swabs, hand gels etc.) as the top VOC in each location,
consistent with frequent peaks associated with cleaning from the continuous monitoring. Limonene
and alpha-pinene (again associated with cleaning products) are the most commonly seen VOCs
within the office environment, corresponding to the quantitative analysis in Table 3, although these
remain significant below guidelines values. Finally, cyclopentane, with known health risks (63), is
found in a number of locations within the school building and likely to be associated with the
phenolic foam insulation, whilst the second most commonly occurring pollutant, cyclohexadecane is

associated with diesel fuel additives and outdoor traffic.

3.4 Seasonal trends in outdoor sources of pollutants

The ingress of external pollutants to the internal environment is a function of both penetration
through infiltration and the ventilation air change rate of the building. In a naturally ventilated
building, this means that the use of ventilation openings can have a significant impact upon the
proportion of external pollutants found indoors. Outdoor concentrations during the non-heating
season (May-Aug) are almost half those during the heating season, although a similar reduction is

not observed in indoor levels.



To explain this result, Figure 5 shows the changing indoor outdoor (I-O) ratio across the monitored
period, along with average monthly CO, concentrations. Internal CO, concentrations drop
significantly as increasing external air temperatures both allows and increases the need for
increased ventilation. However, this increased ventilation rate itself increases the I-O ratio and the
proportion of external NO, entering internal spaces, resulting in as high concentrations of NO, in the
summer as the winter period. I-O ratios measured through diffusive sampling (Table 4) then show
similar increases between the summer and winter seasons (0.82 Summer — 0.55 Winter). These

results indicate the influence of ventilation rates, strategy and occupant actions upon IAQ.

Results for seasonal changes in |-O ratios for NO,, PM, s and PM, are shown for all buildings in Table
5. Season changes in I-O ratios for NO, can be seen in all buildings, although most significantly in the
school and office, which both see the highest seasonal changes in CO, concentrations. Similarly, I-O
ratios for PM, s are seen to increase in the summer in the school and summer buildings, by around
50% in both cases. Importantly, reported ranges for all pollutants show significant variations

between individual days, indicating further underlying factors affecting these relationships.

Seasonal trends may then be clearer observed against external temperature Figure 6. Both buildings
with openable windows show an increase in I-O for NO, as outdoor temperatures increase, following
models of window opening behavior (61) and as observed in other studies with increased
summertime natural ventilation (64). It is also notable that the variation in I-O ratio also increases
with increasing external temperature, indicated a more varied relationship between indoor and
outdoor air. The sealed hospital shows somewhat different behavior, with significant variation

across all temperatures and less pronounced relationship with external temperature.

In all cases, trends with particulates are more complex, with internal sources or resuspension
resulting in a less direct relationship between indoor and outdoor environments and the I-O a more

limited description of these processes (58). None of the case study buildings demonstrate any clear



seasonal patterns in particulates, although there again remain significant variations between months

and individual days.
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Figure 5: Monthly boxplots showing daily I-O ratios within the office building and mean monthly internal CO, concentration.

Table 4: Indoor outdoor ratios from passive sampling measurements.

NOZ 03
Summer | Winter | Summer | Winter

3rd Floor 0.97 0.76 0.36 0.24

. 4th Floor 1.01 0.80 0.41 0.30
Hospital

7th Floor 1.12 0.80 0.36 0.28

Mean 1.03 0.79 0.38 0.27

1st Floor 0.94 0.58 0.24 <LoD

. 2nd Floor 0.71 0.65 0.32 <LoD
Office

3rd Floor 0.81 0.44 0.41 <LoD

Mean 0.82 0.55 0.32 <LoD

Classroom 0.85 0.88 0.44 0.25

Lab 0.64 0.48 0.08 0.09
School

Library 0.55 0.50 0.06 0.09

Mean 0.68 0.62 0.19 0.14

Table 5: Seasonal variation in I-O ratios and CO, concentrations for the all buildings. The heating season is Dec — Mar
inclusive. Non-heating season Apr — Sep Inclusive. I-O ratios are reported as median, daily ratio, with interquartile range
provided alongside. Data is based upon occupied hours only.

CO;, (ppb) NO, (IQR) PM,; (IQR) PMy (IQR)

Hospital Heating Season 556 0.65 (0.43) 0.10(0.14) 0.25 (0.25)
Non-Heating Season 559 0.83 (0.52) 0.10(0.15) 0.32 (0.41)

Office | Heating Season 1068 0.28 (0.21) 0.51(0.21) 1.02 (0.48)




Non-Heating Season 667 0.54 (0.28) 0.77 (0.24) 1.01 (0.35)
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Figure 6: 1 -0 ratio for NO, against external temperature, for hospital (left), office (middle) and school (left). Data is binned
into boxplots of 3°C intervals, based upon hourly data.

3.5 Seasonal trends in indoor sources

This relationship between increased ventilation and higher ingress of NO, can similarly be observed
in Figure 7. Here, the inverse relationship between CO, levels and NO, contrasts with the positive
corrrelation seen between TVOCs and CO,. Taking CO, as a proxy for ventilation rates, increased
natural ventilation helps to dilute internally generated TVOCs but at the same time increases ingress
and internal NO, concentrations. This further demonstrates the limitations of CO, as a proxy for air
quality and the sole use of CO, sensors within a ventilation control strategy, particularly when there
is a risk of bringing in unfiltered, polluted external air. Seasonal differences in internal sources can
also be assessed through the results of passive sampling. In the naturally ventilated office, significant
reductions are seen from the winter to the summer in formaldehyde (21.6 — 11.2 ug/m°), d-
limonene (67 — 23 ug/m?®) and alpha-pinene (199 — 74 pg/m?>). Previous studies of offices and public
buildings (26,62) have found higher summertime concentrations of formaldhyde, linking higher

temperatures to increased off-gassing. Here, however, the indication is that any increase if off-



gassing is more than offset by the increased ventilation rate and higher rate of dilution. In the other
case study buildings, some smaller scale reductions can be seen in both d-limonene and alpha-

pinene, although not in other of pollutants.
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Figure 7: Correlation between CO, and both NO, and TVOCs. 1st Floor Office Building. Hourly data. Working hours only.

3.6 Daily variations

Through continuous IAQ monitoring, the relationship between ventilation rates and I-O ratios can
similarly be explored in the context of aggregated daily ventilation schedules. In the hospital case
study (Figure 8), indoor CO, concentrations begin to increase around 06:00, initially reducing from
around 15:00 onwards, before further reductions beyond 19:00. This follows typical schedules within
the wards and the CO, based demand-controlled ventilation would be expected to follow a similar
profile. Examining the aggregated daily NO, profiles reveals two outdoor peaks, associated with
peaks in traffic at occurring around 06:00-09:00 in the morning and a larger evening peak, reaching a

maximum between 19:00-20:00.

These timings play an important role on the relationship between indoor and outdoor NO,
concentrations. The morning peak in outdoor concentrations is mirrored by indoor levels, albeit with
a lag of approximately 1 hour (mean I-O ratio = 0.84). However, the stronger evening peaks reveal a

much more subdued response from internal levels (mean I-O ratio = 0.46). This can be explained by



the increased ventilation rates expected during the morning peak (within core occupied hours)
compared to the lower expected air change rate in the evening. Whilst indoor NO, concentrations
show a strong correlation with external levels, the influence of the building operation and delivered

ventilation rates during hours of peak traffic is clear.

Importantly, a similar response is not seen in indoor particulate levels as a result of the high level of
filtration. These results again indicate the potential need for NOx filters within buildings in high NOx
zones, particularly for buildings operating with high air exchange rates. This would increase both
cost and space requirements, a simpler strategy may be to reduce ventilation requirements during
known peak traffic hours and strike a balance between outdoor pollution and CO, levels. The results
here demonstrate demand-controlled ventilation only based on CO,, may not sufficiently provide

and maintain acceptable IAQ where there are major sources of pollution outdoors.
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Figure 8: Daily variation in CO2 (left), NO2 (centre) and NO2 I-O ratio (right) for hospital case study. Typical profiles are
based on aggregated days across entire dataset.

Equivalent plots can be seen for the school (Figure 9) and office (Figure 10) buildings. Within the
mechanically ventilated school, dual external traffic peaks are again followed by peaks internal
concentrations. Comparably to the hospital case study, the response to this evening peak is more

muted, with I-O ratios peaking around midday. The classroom, with a faulty CO, sensor and lower



delivered ventilation rates, then has lower NO, levels and I-O ratio which may relate to less air being

brought into the space.

The naturally ventilated office displays somewhat different behavior. Responses to external traffic
peaks are less pronounced, with a more general build up in internal concentrations seen across the
day. As a result, I-O ratios are more consistent, with the highest values seen overnight between the
end and start of working hours. This behavior is seen more clearly in the winter months, so it is
expected to be associated with lag between indoor and outdoor levels and the slower rate of
dispersion seen indoors, rather than the result of any night-time summer ventilation strategy. Such

behavior has also been seen in commercial properties (40).
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Figure 9: Daily variation in CO2 (left), NO2 (centre) and NO2 I-O ratio (right) for hospital case study. Typical profiles are
based on aggregated days across entire dataset.
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Figure 10: Daily variation in CO2 (left), NO2 (centre) and NO2 I-O ratio (right) for hospital case study. Typical profiles are
based on aggregated days across entire dataset.

Conclusion

Continuous air quality measurements have been taken in three case study buildings in heating and
non-heating seasons, over periods of 6-10 months. Combined with shorter-term, passive sampling of
targeted key pollutants, these continuous measurements provided valuable dynamic information

upon the relationship between IAQ and building operation.

Operationally, in a naturally ventilated office case study, increased summertime ventilation led to a
reduction in indoor generated pollutants — with concentrations of formaldehyde, d-limonene and
alpha-pinene all reducing by more than half. However, increased ventilation rates also led to a
significant increase in the I-O ratio of NO,, with monthly means ranging from 0.30 in the winter to
0.66 in the summer. This resulted in higher indoor concentrations of NO, in the summer than the
winter, despite the significant reductions in summertime outdoor concentrations. This case study
therefore highlights the role of seasonal ventilation practices, occupant behaviour and their

influence upon IAQ.

Even with increased summertime ventilation rates, and measurements taking place 3 years post

completion, all formaldehyde measurements in the office exceeded the IEA Annex 58 ELV (9 pg/m°>).



This not only demonstrates the difficulties in balancing the dilution of indoor with the ingress of
outdoor pollutants, but also highlights the importance of source control for indoor generated
pollutants, particularly VOCs, within building specifications and operation, a challenge given current
labelling deficiencies (65). UK regulation previously only specified guidance based upon TVOC
concentrations (57). Given the associated health risks, clearer labelling and guidance are likely to be
required to meet the more recently introduced Public Health England guidelines for formaldehyde
(10 pug/m?), particularly in naturally ventilation buildings such as this, where lower ventilation rates

in the winter led to levels over double this guideline (21.6 pg/m?>).

Mechanically ventilated case studies, a school and hospital, showed effective particulate filtration.
However, in the absence of any NOXx filtration, high ventilation rates result in a high ingress of
outdoor NO,, with the hospital case study having the lowest I-O ratio for particulates (0.17) but the
highest for NO, (0.60 or 0.74 in core hours). These ratios can be seen to change across a given day,
with higher proportions of external NO, brought into the building during core occupied hours, where
higher CO, levels and demand control ventilation increased the ingress of NO,. Practically, these
results show the need for NOx filtration, particularly in polluted zones and where high ventilation
rates will be targeted. Further, these results demonstrate the limits of demand control ventilation
systems based solely upon CO,, along with the impact of scheduling high ventilation rates during
peak traffic hours. Results from both mechanically and naturally ventilated buildings have indicated
how I-O ratios may need to be assessed across a day and seasons to better understand variations in

IAQ and links to building operation.

Finally, methodologically, low-cost, continuous air quality sensing, has been shown to yield valuable
dynamic information upon the relationship between IAQ and both building operation and external
environmental conditions. Variation seen here on a seasonal to hourly basis, indicate limitations in
aggregated, diffusive sampling methods, both in terms of the information provided and the

representativeness of measurements. Developments in sensing technologies, along with suitable



quality assurance processes, mean there is potential for wider adoption of long-term continuous
monitoring. There is potential for such approaches to provide detailed understanding of IAQ and

strategies to minimise concentrations of pollutants on an individual building scale.



Appendix A — Sensor performance and quality assurance

This section of the appendix reports further details on the results from co-location tests with
reference instruments and inter-sensor comparisons. Details of the sensors used within the
integrated air quality sensor can be found in Table Al, alongside comparisons to reference
instruments and inter-sensor comparisons. Here comparisons with reference instruments are
reported in terms of the average root mean square error (RMSE), mean bias error (MBE) and range

in correlation coefficients (R?) as recommended by a review by the Joint Research Council (53).

Nitrogen Dioxide Sensor Performance

Results indicate good level of agreement with reference instruments and with inter-sensor
comparisons. Performance against NO, reference instruments (RMSE = 3.5 ppb and R* = 0.69-0.81)
corresponds to those from assessments by Chatzidiakou, et al., (43) (R*>0.84, RMSE <3 ppb) and
Mead et al., (66), where the limit of detection (LoD) was estimated to be <4 ppb. Inter-sensor
comparisons then show a high level of aggregability with a minimum R? > 0.89 and a coefficient of

variation (CV) of 7% - lower than the 10% prescribed for indicative measurements (67).

Results from NO, sensors co-located with reference instruments can be seen FigureAl,
demonstrating good agreeability across this period. For field deployments, comparisons can be
made to nearby, permanent, air quality stations, 1 km and 2.7 km away from the case study
buildings respectively (46,47). External NO, measurements at the hospital (FigureA3 - A6) and school
(Figure A711A7- A10) can be compared to local permanent stations. Good agreement is seen across
the overall timeseries and within daily, weekly and monthly aggregated patterns. Despite expected
spatial variation, this provides a useful check on measured levels and changes in sensor offsets and

sensitivities across the monitoring campaign.



Particulate Sensor Performance

Particulate data shows reasonable agreement with reference instruments at low concentrations
(<12 pg/m® — R? = 0.58-0.77, RMSE = 2.1 pg/m>) but at higher concentrations, periods of high
humidity need to be filtered out in order to see good agreement (R*= 0.75-0.86, RMSE = 6.8 pg/m?>).
Coefficients of variation are then around 15% across both these ranges. Studies of sensor Alpha
sense OPC-N2 particulate sensors have reported significant variations based upon the treatment of
particulate data. Chatzidiakou, et al., (2019), report good performance against reference
instruments (R> = 0.8, RMSE = 2 pug/m?®) when corrections for RH and scaling factors are applied, but a
lower agreement when these RH corrections could not be applied (R*> >0.57; RMSE = 9 pg/m?>).
Sousan 2016, echo these results with RH corrections significantly improving both R? (0.34 — 0.75) and
RMSE (36 — 6 pg/m3). Within this paper, particulate data is filtered, removing periods of high
humidity (85%) to avoid bias, resulting in an R*> = 0.75-0.86 and RMSE = 6.8 pg/m* compared to
reference instruments — an approach found to be effective in a broader review of low-cost sensors
(68). However, unlike NO, measurements, particulate data is not corrected based upon reference
measurements. Jiang et al.,(2011) demonstrated that a TSI Sidepack, real-time monitor,
overestimated gravimetric measurements of PM, 5 by factors of 0.92—1.8 for outdoor sources, 1.3 for
toasting bread, and 3.4 for cigarette smoke. As such, these uncertainties and any applied correction
factors are a function of the composition of particulates in which measurements were made (70).
For this reason, particulate data is not scaled to reflect the reference instrument, but rather to a

collective mean of all sensors to improve inter-sensor reproducibility.

Results from particulate sensors co-located with reference instruments can be seen FigureAl,
demonstrating good agreeability across this period when RH filtering has been applied. For field
deployments, comparisons can be made to nearby, permanent, air quality stations (46,47). External
PM, s and PM,. measurements at the hospital (FigureA3, A5, A6) and school (Figure A711A7, A9, A10)
can be compared to local permanent stations. Generally reasonable agreement is seen across the

overall timeseries, with less clear association within daily, weekly and monthly aggregated patterns.



Despite expected spatial variation, again, this provides a useful check on measured levels and

changes in sensor offsets and sensitivities across the monitoring campaign.

External sensors from the case study hospital and school have been compared to 3" part Automatic
Urban Rural Network reference stations, 1 km and 2.7 km away from the case study buildings
respectively (FigureA3-FigureA10). These demonstrate a good level of agreement with the external

sensors deployed at both sites, within the expected spatial variation.



Table A1: Sensor specifications and comparative data.

Comparison to

Variable Sensor Method reference Inter-cl\c:Tlgarlson
instrument (N=4) (N=15)
Carbon CV=2%
Dioxide (CO2) E+E Non-Dispersive Infra-Red NA R*>0.98
(NDIR) RMSE = 11 ppm
R*=0.58-0.77 CV =14%
PM, s RMSE = 2.1 pg/m? R?=0.92
(<12 ug/m3) | MBE = 0.7 ug/m?* RMSE = 2.1 pg/m’
Optical MBE =-0.1 ug/m’
Particulate Particle R*=0.75-0.86 . c;/ =15%
Matter (PM1 Alphasense Counter PM, 5 RMSE =6.8 ug/rr; R°=0.92 ;
M5 PMlO’) OPC-N2 (OPC) (<85% RH) | MBE = 4.0 pg/m RMSE = 2.4 ug/m
= MBE = 0.1 ug/m’
0.38 —17um R*=0.52-0.83 CV=8%
PM 0 RMSE = 12.6 pg/m® | R?=0.52
(ALL) MBE = 7.0 ug/m’* RMSE = 3.8 pg/m?
MBE = 0.31 ug/m?
Nitrogen R2 =0.69-0.81 CV=7%
dioxide (NO2) | Alphasense Eltoc el RMSE = 3.5 ppb R?>0.89
NO2-A43F MBE = 0.5 ppb RMSE = 3.3 ppb
MBE = 0.8 ppb
Total Volatile CV =24%
. 2
Organic Alphasense Photoionization detector R'>031
Compounds PID-AH2 (PID—Isobutylene) NA Mean = 0.59
(TVOCs) RMSE = 29 ppb

* Temperature and relative humidity sensors have stated accuracies of +/- 0.4°C and of +/- 4%.
Carbon dioxide of £ (50 ppm) or 3% of measured value).




L 9
L 5 8 el
x§ S /"‘
s T E R
) F o 24 /,-" R2=071
- P _’,”
T T T T T
0 10 20 30 40
Reference (ppb)
L L L L L s L s L L © -
15 - - o
< g ot
£ 10 r e 2 % oo
2 g
- - a i a
3 51 s ” g R2=077
a & P ;
0 r o
T T T T T T T T T T T T T T
Dec 2500:00 Dec 25 1200 Dec 26 00:00 Dec 26 12:00 Dec 27 00:00 Dec 27 12:00 Dec 2800:00 Dec 28 1200 Dec 29 00:00 Dec 29 12:00 0 5 10 15
— Sensor — REF
Reference (ug/m3)
L L L L L L L 2 -
40 4 r @ h s
7; 2 . %
2] yi [ 28]
g 20 r 8 8- 5%
g o . N 3 o4 P R2=086
0 : Mo’ W AN 0
. J w4 Ma W 4 o - 7
T T T X T T T 1 T T T T T T
Dec 26 Dec 28 Dec 30 Jan 01 Jan 03 Jan 05 Jan 07 0 5 10 5 20 25 30
— Sensor — REF
Reference (ug/m3)
s L L s L L L
8 =
_ 40 T s ] -
5 ?e =
E 34 N = e
2 20 -5 L 8AR
i | Ao 10l
& B v 5 S8
10 Y B 1 o
St e AT 3 14
- T T T T T T T ° & T T T T
Dec 26 Dec 28 Dec 30 Jan 01 Jan 03 Jan 05 Jan 07 0 1 2 2 0
— Sensor —— REF
Reference (ug/m3)
" n " L " " s " L " " o
— L
3 400 I g § ‘‘‘‘‘‘‘‘‘‘
S 300 o F 5 4 e
Q 2 adha
S a0 1 o884 n=
100 r R2=045
T T T T T T T T T T T © T T T T T
Dec 22 Dec 24 Dec 26 Dec 28 Dec 30 Jan 01 Jan 03 Jan 05 Jan 07 Jan 09 Jan 11 0 100 200 300 400
—— Sensor REF
Reference (ppb)

Figure A1: Comparison between corrected sensors and reference instruments. NO, (Chemiluminescence, Thermo Fisher
Scientific, Model 42i, PM, s, PM, (Aerosol spectrometer FIDAS PALAS 200S), CO (Nondispersive infrared, Thermo Fisher
Scientific model 48i).
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Figure A2: Demonstration of humidity bias in OPC sensors.
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Figure A4: Hospital Case Study. NO, comparison between external air quality sensor and nearest urban background
Automatic Rural Network (AURN) station. Aggregated daily, weekly, monthly profiles across periods in which both stations
recorded data.
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Figure A5: Hospital Case Study. PM, s comparison between external air quality sensor and nearest urban background
Automatic Rural Network (AURN) station. Aggregated daily, weekly, monthly profiles across periods in which both stations
recorded data.
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Figure A6: Hospital Case Study. PM;,comparison between external air quality sensor and nearest urban background
Automatic Rural Network (AURN) station. Aggregated daily, weekly, monthly profiles across periods in which both stations
recorded data.
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Rural Network (AURN) station -.8 hour aggregation. Top) NO,, Mid) PM, s, Bottom) PM .



|
Monday

L L L L L L L L |
Tuesday. Wednesda Thursday Friday Sunday

NO, (ppb)

hour

N External Sensor BN AURN

NO; (ppb)

NO; (ppb)
NO; (ppb)

T T T T T T T T T T T
JFM AMUJ J A S ONTD Mon  Tue  Wed Thu  Fii sat  Sun
hour month

mean and 95% confidence interval in mean

weekday

Figure A8: School Case Study. NO,comparison between external air quality sensor and nearest urban background

Automatic Rural Network (AURN) station. Aggregated daily, weekly, monthly profiles across periods in which both stations
recorded data.

L L L L L L
Monday Tuesday. Wednesda

L
Sunday

PMy 5 (ng m™*)

T T T T T T T T T T T T T T T
0 6 2 18 23 0 6 2 18 23 [ 5 2 18 2

hour
N External Sensor BN AURN

3,

PM; 5 (ngm™)
-3,
PM; 5 (ngm™)
!
T

T T T L S e B e L
0 5 12 13 2 JFMAMUJJ ASOND Mon  Tue  Wed  Thu
hour month

mean and 95% confidence interval in mean

Fi  Sa  Sun

Figure A9: School Case Study. PM, s comparison between external air quality sensor and nearest urban background

Automatic Rural Network (AURN) station. Aggregated daily, weekly, monthly profiles across periods in which both stations
recorded data.



0 6 2 18 23 0 6 2 18 23 0 6 2 1 23

L L L L L
Monday Tuesda Wednesday Thursda Fridal Satuda, Sunda,

Phyg (ng m™*)

T T T T T T
0 6 2 18 23 0 6 2 18 23 0 6 2 18 23 0 6 2 18 23

hour
External Sensor N AURN

L T T T R N T S R T

PMyg (g m™)

PMyg (g m™)
T 7
2
\\
/
/
/
//
‘ ‘
PMyg (g m™)
i\
- =
.

hour month weekday
mean and 95% confidence interval in mean

Figure A10: School Case Study. PM,,comparison between external air quality sensor and nearest urban background
Automatic Rural Network (AURN) station. Aggregated daily, weekly, monthly profiles across periods in which both stations
recorded data.

Table A2: Response factors of TVOC sensor to compounds discussed within paper

Compound Response Minimum detection
factor level (ppb)
Targeted VOCs
Formaldehyde No response -
Benzene 0.5 3
Toluene 0.56 3
Trichloroethylene 0.6 3
Tetrachloroethylene 0.4 4
Styrene 0.45 2
Naphthalene 0.4 2
d-limonene 0.9 6
alpha-pinene 0.34 -
Top 5 VOCs detected
Cyclopentane 10 -
Acetic Acid 28 180
Decanal 0.9 -
Diethyl phthalate 1 5
Decane 1.2 5
Heptane 2.2 10
Hexanal 1.2 -
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Highlights

* Long-term continuous and seasonal IAQ measurements in hospital, school and office.

¢ Mechanically ventilated buildings demonstrated effective particulate filtration.

e Absence of nitrogen dioxide filtration led to high indoor-outdoor ratios.

¢ Significant variation in indoor-outdoor ratios caused by increased ventilation.

¢ Measurements of benzene and several formaldehyde measurements exceeded guidelines.
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