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Abstract

The indoor air quality (IAQ) of five low-energy London apartments has been assessed through the
measurement of 16 key pollutants, using continuous and diffusive methods across heating and non-
heating seasons. This case study approach aimed to assess the presence of pollutants within low-
energy apartments and to better understand the role of ventilation and seasonal variations in indoor
air quality. The results indicate strong seasonal variations, driven by increased natural ventilation rates
over the summer monitoring period. A combined metric for indoor and outdoor pollutants (/) suggests
that the IAQ in the winter (k.= 17.7) is more than twice as bad as that seen in the summer (/; = 8.6).
Formaldehyde concentrations were lower in the non-heating season, indicating increased ventilation
rates more than offset increased off-gassing, in contrast to findings in other studies. However, increased
summertime ventilation rates were observed to increase the proportion of outdoor pollutants entering
the internal environment. This resulted in higher indoor concentrations of NO, in the summer than the
winter, despite significant reductions in outdoor concentrations. These results demonstrate the impact
of ventilation practices upon IAQ, the influence of occupant actions and the complex relationship ven-
tilation rates play in balancing indoor and outdoor sources of air pollution.
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Introduction the need to provide thermal comfort, avoiding over-

Improving indoor air quality (IAQ) within people’s heating and noise pollution, economic costs, and to
homes remains a key challenge, not just because of meet energy use and carbon reduction targets.
the potential levels of exposure and significant propor-
tion of time spent at home, but because indoor air is
comprised of a complex mix of both indoor and out- . _ . - -
door sources of pollutants. This means a building, and Institute for Environmental Design and Engineering, University
o . . . . College London (UCL), Central House, London, UK
the building services in place, should ac.t to .dll.u-te, dis- 2Department of Chemistry, University of Cambridge,
perse and remove indoor pollutants whilst limiting the  Cambridge, UK
ingress of outdoor pollutants into the internal environ- c J N
. . . . orresponding author:
ment. This balancing act' is further' complicated by the Samuel Stamp, UCL Central House, 14 Upper Woburn Place,
fact that, for both a building designer and occupant, | gngon, UK.
strategies for managing good TAQ must compete with  Email: samuel.stamp@ucl.ac.uk
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Previous studies examining domestic [AQ have been
carried out in a range of countries, varying in scale,
methods and aims. Large-scale studies (>100 homes)
have measured ranges of indoor and outdoor pollu-
tants across representative samples of national housing
stocks.! Typically these studies have used sampling
methods that report a single, mean value across the
measurement period (typically a single measurement
or an aggregated value taken over a few days to
weeks) and may involve either single pollutants*® or
a wide range of targeted pollutants.'*®’ Statistical
analysis of such large-scale measurements can then
help to determine the influence of building and occu-
pant characteristics. For example, differences have
been observed between apartments and houses,® venti-
lation systems.® !! ventilation rates,"*'> '* or dwellings
with gas cookers,3 renovations,'> smokers or even the
additional emissions associated with the storage of
paints and cleaning materials within attached garages.'
Significantly, these studies have indicated the influence
upon IAQ of occupancy and human activity,''®!” the
presence of indoor sources of pollutants,™'*'® and
ventilation rates."*!1%!°22 Measurement and numerical
studies have examined the impact of air purifiers, upon
various pollutants within apartments.”*** Seasonal
variations have been identified and may be associated
with occupant ventilation behaviour, outdoor condi-
tions, ventilation rates’* or varying emission rates
from building products.?**

Continuous, time-based, measurements tend to have
been used in smaller studies but can provide further
insight into these dynamic relationships and behav-
iours. Typically, due to equipment costs, maintenance,
deployment logistics and disruption to occupants, con-
tinuous measurements have been used to assess a
smaller number of pollutants, in a smaller number of
locations.?’ Recently, developments in sensing technol-
ogy have improved performance at low concentrations,
reduced costs and allowed smaller and less-intrusive
monitors to be deployed. These recent studies*®!
have shown that the performance of novel technologies
is comparable to that of certified instrumentation at
levels commonly encountered in indoor microenviron-
ments, although not without limitations and potential
bias. As a result of these types of developments, more
recent studies of IAQ have conducted continuous
measurements of two to three pollutants over periods
of several months.**3* These sensor developments
increase the possibility to continuously monitor
across a wider number of locations and range of pollu-
tants for longer periods. Continuous measurements
may then provide a clearer examination of the dynam-
ics the external environment, building operation and
occupant behaviour might have upon IAQ.
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Recent studies have examined IAQ in both conven-
tional and low-energy dwellings in a number of coun-
tries.'""163%3¢ However, such comparisons have not
been made within the UK context, where the most sig-
nificant study of 867 homes occurred between 1997 and
1999, with low-energy and ventilation practices having
moved on significantly in the subsequent 20 years.
Within this context, the implications of a shift towards
low-energy, airtight and mechanically ventilated dwell-
ings upon IAQ needs to be better understood, both in
respect to the relationship with outdoor air and
the need to control emissions inside dwellings.’**
A more recent small UK Government survey of 10
new homes indicated high concentrations of total vola-
tile organic compounds (TVOC), formaldehyde and
carbon dioxide (CO,), but only included seven-day pas-
sive sampling, one apartment dwelling and did not any
capture seasonality.”® Despite advances in measure-
ment technologies, a recent review of Passivhaus stud-
ies indicated very few studies included physical IAQ
measurements beyond CO,.***' This indicates a lack
of comprehensive UK-based TAQ studies on low-
energy dwellings including apartments.*?

Meanwhile, the recent IEA-EBC Annex 68, ‘Indoor
Air Quality Design and Control in Low Energy
Residential Buildings’, has contributed to the definition
of IAQ metrics, identified key pollutants from previous
studies and developed guidelines for the design and
operational strategy of domestic dwellings.*> This
work has included setting target exposure limit values
(ELVs) corresponding to the concentration thresholds,
above which exposure potentially presents a risk to
health. This allows an assessment of the measured con-
centrations against their respective health risks, provid-
ing a clearer comparison across pollutants. However,
defining appropriate ELVs is not straightforward,
varying between regions, exposure periods and evolv-
ing health risks. Whilst debate over these values
remain, this study aligns itself with the ELV values
set in IEA Annex 68 by Abadie et al.**

Using this work as a framework, whilst taking
advantage of the latest advancements in sensor technol-
ogies, this study aims to investigate the underlying
mechanisms that affect indoor air quality in the context
of five case study, low-energy apartments. It is pro-
posed that within low-energy, airtight, modern dwell-
ings, ventilation practices become increasingly
influential over IAQ in both heating and non-heating
seasons. Both continuous TAQ and diffusive sampling
measurements have been combined with measurements
of ventilation rates and the internal thermal environ-
ment. The apartments represent a typical but challeng-
ing case, situated within a noisy and polluted urban
environment, where aspirations for a low-energy build-
ing must be balanced against both IAQ and broader
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indoor environmental quality (IEQ). The aims of the
paper are as follows:

e Establish the presence of key pollutants within the
indoor environment.

e Examine the influence of ventilation strategies and
ventilation rates upon both indoor and outdoor
sources of pollutants.

e Examine seasonal differences between the heating
and non-heating seasons.

Research method

Case study apartments

The five apartments selected for this study are located
in two adjacent apartment blocks, denoted A and B,
part of the same residential development and complet-
ed in 2015. Basic environmental monitoring (tempera-
ture, humidity, CO,) took place during the second year
after completion with in-depth TAQ measurements then
taking place threeyears after completion. The apart-
ment blocks are located next to each other and at the
junction of two main roads in the London Borough of
Tower Hamlets in East London. There are 98 flats and
maisonettes (two-storey apartments) in these blocks.
Building fabric U-values are around 40% better than
the limits prescribed by the 2013 edition of the Building
Regulations. The buildings were also designed with
target air permeability between 2 and 3m?/h/m? at
50 Pa pressure difference which is significantly lower
than 10m®/h/m? limit set out in the Building
Regulations.*” Consequently, mechanical ventilation
with heat recovery (MVHR) was specified as a low-
energy system to ensure adequate background ventila-
tion is provided to these apartments (design air change
rate=0.5h""). Importantly, this background MVHR
does not provide sufficient ventilation to deal with
summer heat gains and overheating and there is no
mechanical cooling. Openable windows provide addi-
tional natural ventilation, particularly in the non-
heating season (i.e. the period in which no heating is
used). Although floor plans and openings varied
between dwellings, all living rooms included openable

Table 1. Background information for sample apartments.

balcony doors, with openable top hung windows avail-
able in all other rooms. Windows did not include trick-
le vents and whilst the openable angle of windows is
limited, typically to a 60 mm reach by safety restrictors,
onsite investigations found these are often bypassed by
the residents. Filtration within the mechanical ventila-
tion system (Class G3) only sufficiently filters against
coarse dust particles (>10 um). Table 1 provides back-
ground information on the sample apartments included
in this study. The air permeabilities reported are based
on pressure test results carried out on these apartments
after building completion.

Monitored apartments were selected to be represen-
tative of the 97-apartment development as a whole,
based on their floor height, orientation, number of
occupants, number of bedrooms and layout.
However, the study and selection were limited by the
recruitment process and the sample size. An example
apartment floorplan with measurement locations is
shown in Figure 1.

The actual energy use of the case study apartments,
from the year of long-term environmental monitoring,
can be seen and compared to typical and best practice

Continuous
@ monitor &
passive sampling

Additional
temperature &
RH sensor

A PFT Source

PFT Sampler

Figure 1. Example floor plan with continuous, passive and
PFT measurement locations identified.

Air tightness

Gross floor Occupant no.  (m*/h/m?
Dwelling Type area (m?) Floor level Orientation  Bedroom no. (steady mode) @ 50 Pa)
Apt. 1 Flat 100 Block A, 7th floor South/West 3 3 33
Apt. 2 Flat 100 Block A, 8th floor South/West 3 5 2.2
Apt. 3 Flat 100 Block A, 9th floor North/West 3 5 2.0
Apt. 4 Maisonette 127 Block B, Ground floor South/East 5 7 3.8
Apt. 5 Maisonette 106 Block B, 8th floor East 3 4 2.9




Table 2. Measured energy consumption of case study
apartments in comparison to average and best practice
benchmarks (Benchmarks based upon Domestic Energy
Assessment and Reporting Methodology, DomEARM

Tool).*

Total

Total gas use electricity use
(kWh/m?/ (kWh/m?/
annum) annum)

Benchmark — Average 150.0 47.07

Benchmark — 37.24 14.06

Best practice

Apt. 1 34.7 30.2

Apt. 2 58.8 34.2

Apt. 3 65.8 45.5

Apt. 4 70.9 33.6

Apt. 5 37.0 30.5

benchmarks for UK apartments in Table 2. The results
indicate that whilst all apartments perform better than
typical apartments, electricity consumption is above
best practice benchmarks. It can also be seen that
there is significant variation in energy use between
apartments.

The two apartment blocks are located on a corner
plot, with major transport networks surrounding the
site. A 4-lane road lies directly adjacent to the east,
whilst further 8-lane roads lie directly adjacent to the
north and 150m to the west of the site. The nearest
London Air Quality Network stations report annual
mean concentrations of both roadside and urban back-
ground PM, s (13.2-12.2 ug/m%), PM,, (23.7-21.1 pg/
m®) and roadside NO, (50.9 ug/m’) above World
Health Organisation (WHO) limits (PM,. s — 10 pg/m”,
PM,, — 20 ug/m*).*’ Short-term, 24-h, limits for back-
ground PM, 5 are breached 23 times annually. Annual
mean urban background NO, (31.9 ug/m?) is reported
at three-quarters of the WHO limit (40 pg/m?), with
significant seasonality, dropping from around 35 pg/
m® in the heating season to 25pg/m® in the summer
months. Modelled noise maps then indicate significant
daytime (65-74.9 LA 16n) and night-time (60—
64.9 Lyigne) noise pollution from local traffic and rail
sources,*® potentially impacting acoustic comfort and
natural ventilation practices.

Long-term environmental measurements

Long-term environmental monitoring was carried out
in the five apartments over a period of 12 months, pro-
ceeding short-term, more intensive JAQ measurements.
Measurements of indoor air temperature, relative
humidity and carbon dioxide (CO,) were carried out
at 5-min intervals in the kitchen, living room and one
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bedroom of each apartment. Whilst the long-term and
short-term measurements were not taken over the same
period, these measurements provide an overall context
for in-depth TAQ measurements, particularly seasonal
variations across the 12-month monitored period.

Short-term IAQ measurements

Short term, in-depth IAQ measurements were carried
out in all five apartments across 1-2 week intervals in
the heating and non-heating seasons, with just these
two seasons typically considered within UK-based
studies. Measurements during the heating season were
carried out between January and February 2018, with
non-heating season measurements then taking place
between June and September later that same year.
These monitoring periods combined continuous time-
based monitoring of carbon dioxide (CO,), particulate
matter (PM,s and PM,(), nitrogen dioxide (NO,),
carbon monoxide (CO) and total volatile organic com-
pounds (TVOC). Further diffusive sampling of specific
gaseous pollutants was based upon potential health
risks and measured concentrations in previous studies
(see Table 3). Measurements were conducted externally
and within the living room, kitchen and bedrooms of
each apartment. Only a limited range of continuous
measurements (temperature, humidity and CO,) were
conducted in bedrooms due to the additional noise cre-
ated by sensor fans.

A small number of studies into domestic IAQ have
coupled air quality measurements with ventilation
measurements, using either perfluorocarbon tracer
gas techniques (PFT) measurements>'** or night-
time CO, mass balances.'*® Here, to provide further
context to IAQ monitoring results, a PFT gas method
was used to infer the average air exchange rates in the
monitored zones of sample apartments.**=° This was
again performed in both seasons alongside intensive
measurements of pollutants.

Selection of measured pollutants

Given the range of internal pollutants that can be
found in residential buildings, criteria for pollutant
inclusion is based upon both the health risk posed
and the likely levels to be encountered in a residential
setting. Under IEA-EBC Annex 68, Abadie et al.**>!
reviewed several studies that had aimed to create
priority indices and metrics for residential build-
ings.'®*>* Table 3 details the pollutants selected as
part of this study, their measurement method, repro-
ducibility and accuracy, as well as previous studies of
residential IAQ where each pollutant has been cited as
a key measurement.
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Table 3. Sclected pollutants, measurement methods and cited indices studies.

Pollutant Method Duration References
Continuously monitored pollutants
Particulates (PM, s and PM ) Continuous 7 days 16,35,44,52,54,56
Size—speciated PM
Optical Particle Counter (OPC)
Alphasense OPC-N2
RMSE =2.1-5.6 pg/m*® (19-40%)
CV =8-15% (mean="7.3-11.3 pg/m?)
Carbon Monoxide (CO) Continuous 7 days 35,52-54,56
Electrochemical sensor
Alphasense A4
RMSE = 64 ppb (33%)
CV =13% (mean =248 ppb)
Nitrogen dioxide (NO,) Continuous 7 days 16,35,44,52-54,56
Electrochemical sensor
Alphasense A43F
RMSE =3.5ppb (37%)
CV =7% (mean =24 ppb)
Total volatile organic Photoionisation Detector — PID 7 days 35,44
compounds (TVOC) Alphasense PID-AH2
CV =24% (mean =47 ppb)
Aggregate measurements via diffusive sampling
Nitrogen dioxide (NO,) Passive (Palmes type diffusion tube) 14 days 16,35,44,44,52-54,56
BS EN 13528 Parts 1-3: 2002/3
U.V Spectrophotometry
Ozone (O3) Sampling: tube — BS EN 13528 Parts 1-3: 2002/ 14 days 16,3544
3 ION CHROMATOGRAPHY
Formaldehyde (HCHO) High Pressure Liquid Chromotography 7 days 16,35,44,52,54,56,57
BS ISO 16000-4: 2011
Targeted VOCs — Aggregate measurements via diffusive sampling
Benzene Passive Tenax tube 7 days 35,44,52-54,56,57
Naphthalene Thermal desorption 44,52,53,56,51
Trichloroethylene (T3CE) 1SO16000-6: 2011 44,54,56,57
Tetrachloroethylene (T4CE) 54,56,57
Toluene 35,44,52-54,57
Styrene 16,44,53,57
d-limonene 33.54.57
o-Pinene 44,53,57

Note: Measurement uncertainties are listed under method for diffusive sampling techniques. Continuous measurements include comparisons to
reference instruments using the root mean square error (RMSE), determined from colocations with reference instruments, stated in absolute
concentrations and as a percentage of mean concentrations during the colocation period. Comparability of continuous instruments are
additionally described by the coefficient of variation (CV), given in percentage terms, alongside the mean concentration in the colocation
period. The limit of detection for electrochemical sensors is estimated to be <4ppb.>> See supplementary materials for further details. VOC:

volatile organic compounds.

Excluded pollutants and associated study
limitations. The measured pollutants listed in Table
3 are not exhaustive, with several pollutants identified
in the studies above omitted. It should be noted that
ammonia, xylene and acetaldehyde are identified as
‘low priority’ in the Index study™ and feature within
Public Health England guidance for indoor air.”’
Sulphur dioxide may represent a significant ambient
source in some worldwide locations, although in
London mean annual ambient concentrations of just

1.9pug/m* and a 15-min maximum of 11.3pg/m?, ¥’

are well below WHO guidelines and its absence in
this study is unlikely to be significant.Further, PAHs
feature as key pollutants identified by the WHO,®
whilst IEA Annex 68 further included Acrolein and
mould within its full scope.”’ Finally, Radon is identi-
fied as a key pollutant by the WHO,’® and a key pol-
lutant within new UK homes where radon measures
have been found to fail.®® The significance of
Radon’s omission in this study is likely reduced as



the site is in a low radon zone and all but one apart-
ment is located above the sixth floor. However, the
absence of these pollutants means that significant pol-
lutants may have been missed by this study, which in
turn may influence the conclusions and balance
between indoor and outdoor sources.

Top 5 VOC sampling. Additionally, passive VOC
sampling was designed to qualitatively identify the
five compounds detected with the highest concentra-
tions present in each location. Although quantitative
measurement of VOC concentrations is not possible
via this method, this identification of the ‘top 5’
VOC:s casts a wider net and acts to identify any com-
pounds missed amongst targeted pollutants, helping to
increase understanding of the compounds present
within a residential setting. However, as the concentra-
tion at which a compound becomes harmful varies,
certain compounds may be present above recom-
mended levels, but themselves are masked by unharm-
ful compounds found at higher concentrations.

Continuous IAQ sampling

As part of the intensive monitoring periods, integrated
IAQ sensors® were installed to measure the concentra-
tion levels of CO,, particulate matter (PM;, PM, s,
PM,,), CO, NO, and total volatile organic compounds
(TVOC) in both the living rooms and kitchens of the
five apartments. A sample of integrated sensor units
(n=4) have been co-located with reference instruments
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to obtain linear correction factors for sensor offsets
and sensitivities, following the approach taken by
Chatzidiakou et al.,*® which were then extrapolated
to all sensor platforms (n= 9) in both indoor and out-
door co-locations. Metrics for sensor performance are
listed in Table 3 with further details provided in the
supplementary material.

Results and discussion

Long-term environmental monitoring

The results from long-term environmental monitoring
are shown in Figure 2, highlighting key aspects of
the environmental performance of the apartments and
the variation seen across these 12 months. Internal
temperatures show a significant increase during the
summer months, with summertime overheating a
prevalent issue in modern, low-energy apartments in
the UK.%"%> Across July and August, living room
and bedroom temperatures are above 25°C for 49%
of all hours and 63% of occupied hours (determined
by CO, concentrations). Internal temperatures were
then above 28°C for 7% of total hours and 4% of
occupied hours across this period. This indicates the
potential for overheating and thermal discomfort
within the case study apartments, along with drivers
for increased natural ventilation during the summer
period.

Following this, strong seasonal patterns can then
be observed within CO, concentrations, with mean
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Figure 2. Monthly environmental conditions from long-term monitoring (one year) in all three locations (kitchen, living
room, bedroom) across five case study apartments. No data were gathered in the month of June. Marginal increase in CO,
concentrations in August is likely due to some increased occupancy during school holidays.
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summertime concentrations significantly below those
during the heating season and only marginally above
external levels. The indication here is that there is a
significant increase in window opening and natural
ventilation during the summer to provide additional
cooling and air movement, a strategy to combat the
rising internal temperatures. Conversely, across
the heating season, CO, concentrations approach
1,000 ppm, indicating that significantly lower ventila-
tion rates are achieved when background MVHR is
operating alone during the winter. This may then lead
to a higher build-up of internal contaminants across
the heating season.

Short-term measurements of targeted
pollutants

Details of measured concentrations for each targeted
pollutant are detailed in Table 4. Best practice exposure
limit value (ELV) associated with each pollutant, based
on those defined under IEA Annex 68 and Abadie et
al.,** is also listed within Table 4.

For further discussion, results are subsequently dis-
cussed in terms of ambient concentrations and then
indoor concentrations split into predominantly out-
door sources (Figure 3) and predominantly indoor
sources of pollutants (Figure 4).

Table 4. ELVs and summary statistics for each pollutant measured across all indoor locations, both seasons.

ELV - Outdoor Indoor Cases Time
Long ELV - Acute ELV Median Median Indoor Exceeding Locations Exceeding

Pollutant term (Time period) Source (Mean) (Mean) Min-Max ELV <LoD Acute ELV

CO, - 1250 (8 h) Portugal 473 (484) 751 (764)  433-1662 — - 5%

(ppm)

PM, - - - 4.8 (9.3) 3.7 (8.0) 1.5-77.6 - - -

(ng/m”)

PM, s 10 25 (24 h) WHO 5.1 (11.0) 4.8 (10.1) 2.3-86.9 4/20 - 5%

(ng/m”)

PM;q 20 50 (24 h) WHO 6.7 (144) 68(11.5) 3.8-89.9 1/20 - 3%

(ng/m”)

NO, 10.5 153 (1h) France, 33.1(36.4) 149 (13.3) 2.5-254 13/20 - 0%

ontinuous anada
(Conti ) Canad

(ppb)

NO, (Passive) 10.5 21 France, 38.1(35.2) 122 (11.6) 3.5-21.9 16/30 <1.3

(ppb) Canada 0/30

CO - 1250 pg/m? Portugal 294 (330) 168 (183) 129-343 - - 0%

(ng/m?) 8590ppb (8 h)

O3 (Passive) — 100 (8 h) WHO 40.4 (40.6) 3.8 (8.1) 0.9-30.9 0/30 <5 -

(ng/m?) 15/30

TVOC - 400 pg/m? UK 26.7 (39.4) 722 (75.0) 16.3-195 - - 8%

(ppb) 175ppb

(8h)

Formaldehyde 9 - California, 1.6 (1.6) 16.3 (16.8) 1.2-31.9 23/30 <0.6 -

(ug/m?) USA 0/30

Benzene 0.2 - France 1.6 (1.4) 1.2 (1.1) 0.6-2.8 19/30 <1.1 -

(ng/m*) 11/30

Toluene 250 - Portugal 1.7 2.1) 2.2 (4.0) 0.5-22.8 0/30 <1.0 -

(ng/m?) 4/30

Trichloroethylene 2 - France 0.25(0.26) 0.3 (0.3) 0.3-0.3 0/30 <0.5 -

(ng/m’) 30/30

Tetrachloroethylene 100 - Germany 0.35(0.41) 0.3 (0.7) 0.3-1.8 0/30 <0.7 -

(ng/m?) 22/30

Styrene 30 - Germany 0.3 (0.52) 1.4 (3.3) 3.1-53.9 1/30 <0.6 -

(ng/m?) 7/30

Naphthalene 2 - Germany 0.25(0.35) 1.0 (1.4) 0.2-54 3/30 <0.5 -

(ng/m’) 8/30

d-limonene 2000 - Germany 1.7 (2.3) 46.1 (51.2) 0.4-202.2  0/30 <0.5 -

(ng/m?) 7/30

alpha-pinene 200 - Germany 1.1 (1.1) 11.0 (15.4) 0.341.7 0/30 <0.2 -
0/30

Note: Time-based results show mean location values across whole monitored period (e.g. max CO, is the highest mean concentration in any
location). ELV: exposure limit values; TVOC: total volatile organic compounds.



Ambient concentrations. Ambient concentrations
recorded in the heating and non-heating seasons can
be seen alongside indoor concentrations in both
Figures 3 and 4, with those pollutants with higher out-
door concentrations seen in Figure 3. In all cases,
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heating season. Mean heating season ambient levels
of NO, are 44 ppb compared to 28 ppb in the non-
heating season, whilst ambient PM, 5 concentrations
show an even more distinct seasonal difference,
decreasing from median concentrations of 14.9 ug/m?

. . . . . . 3
excluding ozone, ambient concentrations were in the heating season to just 5.7 ug/m” across the non-
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respectively.
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Figure 4. Comparison of measured indoor concentrations against ELVs for predominantly indoor sources of pollution.
Includes measurements of all zones within all apartments for heating and non-heating seasons. TVOC 8 hours above limit 13%

of winter and 1% of the summer monitoring period.

measurements, comparisons against short-term, acute
ELVs can be performed. Calculated 24-h rolling mean
PM,; 5 and PM,, concentrations exceed short-term, 24-
h, ELV targets for 21% and 10% of the monitoring
period in the winter, respectively. These ambient results
indicate not only this strong seasonal variation, but
with ambient concentrations of particulates and NO,

exceeding guideline limits, also the risks posed from the
outdoor to the indoor environment.

Indoor air quality — predominantly externally
generated pollutants. Corresponding indoor concen-
trations can be seen for both heating and non-heating
seasons in Figure 4. In all cases, reductions upon
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ambient concentrations are seen. However, with signif-
icant local traffic sources and indoor gas-cooking, con-
centrations of NO, exceeded the guideline ELV in just
over half the measurement locations — 13 of 20 or 16 of
30 when measured continuously or passively, respec-
tively (see Table 4). However, this reduces to just two
cases of exceedance when less stringent WHO ambient
guidelines (40 ug/m* or 21 ppb) are adopted. A small
number of indoor locations (n=4) exceeded guideline
ELVs for PM, 5, with one outlier related to occasional
smoking. Acute 24-h limits are breached for PM,5 and
PM;q, for 10% and 6% of the winter monitoring
period, respectively, a significant reduction on outdoor
statistics.

Benzene levels exceeded the target ELV in all meas-
urements that were recorded above the limit of detec-
tion (19 of 30 indoor locations). However, the limit of
detection (LoD) was itself higher than the target ELV,
indicating a methodological limitation, with all meas-
urements potentially exceeding the 0.2 ug/m? threshold.
Higher outdoor benzene concentrations indicate that
indoor concentrations are likely caused by external
traffic and ambient concentrations (see Figure 3).

Seasonal differences in indoor concentrations are
highlighted in Figure 3. Whilst most pollutants follow
the same pattern as outdoor levels, with winter concen-
trations above those in the summer, the NO, measure-
ments surprisingly contradict this. Measured both
continuously and passively, indoor NO, concentrations
are higher in the summer despite lower outdoor con-
centrations across this same period.

Indoor air quality - predominantly internally
generated pollutants. Indoor concentrations of pri-
marily internally generated pollutants can be seen in
Figure 4. Here, formaldehyde concentrations were
above the best practice ELV for the majority of
indoor locations (23 of 30; see Table 4), indicating
potentially significant off-gassing even after over two -
years of occupancy and mirroring results in previous
studies.!'*** This indicates the challenges faced in
designing and constructing dwellings to meet this
ELV, and guidelines values recently adopted by
Public Health England (10 pg/m?), particularly in the
absence of clear labelling schemes and inaccurate
labelling.®?

Whilst continuous measurements of internal TVOC
showed frequent internal sources and 7.6% of total
monitored periods above the acute ELV (400 pg/m’
or 174 ppb), measured levels of targeted indoor sources
of VOCs were universally low and significantly below
recommended ELVs. Only a single measurement of sty-
rene (53.9 pg/m?) and four measurements of naphtha-
lene, taken in a single apartment, were recorded at
levels above ELV thresholds. In the case of the
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naphthalene, the four indoor measurements which
exceeded the ELV of 2 pg/m® (ranging 2.9-5.4 pg/m?)
were significantly higher than outdoor measurements,
indicating indoor sources, e.g. mothballs, air fresh-
eners, cigarette smoking or incomplete combustion.>®
Remaining, predominately indoor sources of VOCS
(Toluene, Trichloroethylene, Tetrachloroethylene,
Styrene, d-limonene, alpha-pinene) were then all only
a fraction of their respective ELVs and often lower
than the limit of detection (LoD).

Seasonal differences can again be seen in indoor
source of pollutants in Figure 4. Winter concentrations
are higher than summertime concentrations across all
measured pollutants. Mean formaldehyde concentra-
tions halved from 22.8 ug/m® in the winter to 10.8 pg/
m® in summer. Similarly, 8-h exceedances for TVOC
reduced from 13% of the monitored period in the
winter to just 1% across the summer. This seasonal
variation, seen across all pollutants, is expected to be
the result of increased ventilation rates, primarily
through additional natural ventilation, as indicated in
the CO, concentrations in Figure 4 and previously seen
in Figure 2. Formaldehyde results are in contrast to
findings in previous studies, where summertime con-
centrations were found to be significantly higher than
in winter concentrations due to the increase in off-gas-
sing.’ Here, lower summertime levels would indicate
that any additional off-gassing at higher temperatures
is offset by the increased summertime ventilation rate.

Zonal differences. Spatial difference between kitch-
ens, living rooms and bedrooms may be associated
with differing activities, ventilation practices and pol-
lutant sources. Figure 5 compares measured concentra-
tions of a selected range of pollutants within each zone.
With the presence of cooking activities within kitchen
settings, particulate and NO, concentrations demon-
strated higher peaks, increasing the mean concentra-
tions in these zones, although for particulates the
median concentration remains close to that of living
rooms. Kitchens demonstrated higher O3 concentra-
tions, resulting from either a higher ingress of outdoor
pollutants or associated with chemical reactions with
higher NO, concentrations. Bedrooms then demon-
strated higher CO, and formaldehyde concentrations,
which may be linked to lower ventilation rates or an
increase in indoor sources.

Spatial differences between ambient monitoring sites
can be defined by the coefficient of divergence (COD),
where COD > 0.2 is defined as spatially heterogeneous
distributions and COD < 0.2 indicates spatially homo-
geneous pollutants.®* Such an approach applied to
continuously measured parameters provides minimum-
mean-maximum CODs for PM,s (0.13-0.23-0.58),
PM;, (0.23-0.30-0.53), NO, (0.12-0.22-0.40), CO
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Figure 5. Mecasured concentrations within different zones for a selected range of pollutants.

(0.05-0.15-0.36), TVOC (0.08-0.17-0.36). The
indication is that at least several sets of zones may be
considered heterogeneous. However, given the measure-
ment uncertainty between two sets of measurements (see
supplementary material), this cannot be conclusive.

‘Top 5 VOCs. From the qualitative analysis of the top
five VOCs in each indoor location (n=30), limonene
was identified in the highest number of locations
(n=17), although as seen earlier, this is at levels
much lower than the adopted ELV. Further commonly
identified VOCs relate to cleaning products (Acetic acid
—n=10), fragrances (Nonanal — 17; Diethyl phthalate —
6; Benzaldehyde — 9) and various solvents (2-chloropro-
pane — 6; 3-methylpentane — 6; Decanal® — 10).
Cyclopentane, a highly evaporative gas with chronic
and acute health risks,®® was identified in a number of
indoor locations (n=12). Cyclopentane is used as a
blowing agent within the building’s rigid PIR (polyiso-
cyanurate) insulation. Detection of Cyclopentane within
outdoor sampling locations on apartment balconies, as
well as indoor, would indicate that this was the primary
source and may warrant further investigation in

subsequent studies. There is then evidence of traffic
related pollutants entering inside the case study dwell-
ings, through the presence of Decane (4), m/p-Xylene
(2), Ethylbenzene (2) and Methylcyclopentane (2).

These results also inform TVOC measurements.
Both Cyclopentane and acetic acid were found fre-
quently within the sample apartments, with both
having a strong weighting within TVOC measure-
ments, having response factors of 10 and 28, respective-
ly (see supplementary material). This points to one of
the limitations in this aggregated metric overlaying
varied and complex weighting factors.

Ventilation rates and indoor-outdoor
ratios (l/0)

Long-term monitoring had indicated higher ventilation
rates during the non-heating season, with increased
window opening being adopted as a strategy to avoid
overheating and  provide thermal comfort.
Perfluorocarbon tracer gas (PFT) measurements
taken across short-term monitored periods further
reveal significant seasonal differences in measured ven-
tilation rates. Whilst background MVHR provided
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most of the fresh air within the heating season, signif-
icant additional natural ventilation was used in the
non-heating season, resulting in the mean household
ventilation rate doubling from 0.7h~" in the heating
season to 1.6h~! in the non-heating season, with CO,
concentrations dropping from 972ppm to 572 ppm
accordingly (Table 5).

This provision of additional summertime natural
ventilation has a significant impact upon the relation-
ship between indoor and outdoor pollutants. Figure 6
shows the range in calculated indoor—outdoor ratio
(I/O) across all apartments and measurement locations,
again separating out the two different seasons. Across
all pollutants, excluding CO, which is included to indi-
cate differences in ventilation practices, the I/O ratio is
significantly higher in the non-heating season than
during the heating season. The median [/O ratio
increases from the winter to the summer from 0.32 to
0.70 for PM> 5, 0.50 to 1.42 for PM,, and 0.55 to 0.98
for continuously measured NO, and 0.39 to 0.85 for
passively measured NO,. This last results helps explain
the unexpectedly higher indoor NO, levels seen in the
summer, with increased ventilation rates increasing the
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proportion of ambient NO, entering the indoor envi-
ronment (Figure 6).

Significant positive correlations (p <0.01) between
indoor concentrations and CO, concentrations were
observed for TVOC (R*=0.61), formaldehyde
(R>=0.46), naphthalene (R*=0.39), d-limonene
(R*=0.45) and alpha-pinene (R*=0.37), with lower
CO, and higher ventilation rates leading to lower inter-
nal concentrations. These results follow significant
association between ACH and formaldehyde also
found in Swedish® and Canadian dwellings®® as well
as for TVOC in the UK."

Conversely, for NO, a significant inverse relation-
ship was observed, with higher ventilation rates lead to
a higher ingress of outdoor pollutants. Therefore,
whilst increased ventilation rates act to dilute many
internal pollutants, this is somewhat offset by the
increased exposure to NO» from the ambient air. A neg-
ative relationship between I/O ratio and CO, levels was
observed for NO, (R2:O.50, p-value <0.01), PM, 5
(R*=0.50, p-value <0.01) and PM,;, (R*=0.58,
p-value <0.01), further indicating the relationship between
the ingress of external pollutants and ventilation rates.

Table 5. Air exchange rate (AER) from PFT measurements and mean CO, levels.

Apartment Apt. 1 Apt. 2 Apt. 3 Apt. 4 Apt. 5

Winter ACH - 1.15+021h7" 0.56+0.08 ™" 0.86+0.16 7" 0.36+0.05h~"
Summer ACH 1.51+0.15h7" 2.68+297h7! 0.42+0.34h7" 0.92+0.14h~" 2.24+0.34h7"
Winter CO, 805 ppm 792 ppm 1186 ppm 1200 ppm 879 ppm
Summer CO, 471 ppm 536 ppm 772 ppm 577 ppm 505 ppm

Winter temperature
(external)
Summer temperature

20.7°C (5.7°C)

25.5°C (21.4°C)

22.5°C (8.9°C)

26.8°C (19.9°C)

(external)

20.5°C (4.7°C)

24.3°C (17.4°C)

22.5°C (2.7°C)

26.6°C (21.4°C)

21.2°C (15.6°C)

24.5°C (20.3°C)
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2
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Figure 6. Indoor—outdoor ratios in heating and non-heating seasons.
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Combined ELVs

Various approaches have been suggested to provide a
combined index for multiple measured pollutants, with
Kirchner et al.>* and more recently Renaud-Salis et
al.%” reviewing and classifying different approaches.
Most simply, a simple summation of the mean
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measured concentration against ELV can be adopted

for each measured pollutant, equation (1)°®

1. J:i Cj int
tot — = ELVJ'

(D
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Jj=n C_
j int
Iy = #Wherecj,im > Cj,ext (2)
=1 Y
& Coimt
Iext - ZEZV.WhereCj"im < Cj‘ext (3)
=1 Y

where ELV;, Cj; and Cj. and exposure limit value,
mean internal and mean external concentration of pol-
lutant j, respectively, 7 is the total number of pollutants
measured, and I, [y and I, are combined metrics
for the total, predominantly internal and predominant-
ly external pollutants.

In the QUAD-BB study,®® measured pollutants were
grouped by source type, but here pollutants are
grouped into two groups, internal pollutants, 7,
(Where Cje> Cjexe in the majority of measurements)
as described by equation (2), and predominantly exter-
nal pollutants, Iy (Where Cj ;< Cjey in the majority
of measurements) as shown in equation (3).

This approach proves useful in further highlighting
two patterns already explored in this paper. First,
Figure 7 shows [,; and its constituent parts across
all apartments and across both seasons. The range
between different dwellings is found to vary between
I,,;=06.8-10.6 in the non-heating season and from
14.9 to 21.3 in the heating season, indicating differ-
ences between apartments, their activities and pollut-
ant sources. However, a much higher seasonal
variation within apartments can be seen. The average
Ioy shows indoor air quality is over twice as bad in
the winter (/o =17.6) as the summer (/o =8.6). This
can be accounted for by both the lower ambient con-
centrations and resulting indoor concentrations in the
summer, and by the higher ventilation rates seen in
the summer acting to further reduce indoor sources. If
I, 1s defined only by predominantly indoor sources
of pollutants (i.e. excluding NO,, particulates, CO,
benzene, ozone), the resultant 7;,, indicates a correla-
tion with CO, levels and therefore expected ventila-
tion rates (Figure 8).

Conclusion

Indoor air quality measurements, incorporating both
diffusive sampling and continuous measurements,
have been conducted in five East London low-energy
apartments. Along with 12-months basic environmen-
tal monitoring, measurements of a total of 16 targeted
pollutants were made for between two and two weeks,
covering both the heating and non-heating seasons.
Key findings of the study indicate:
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Of the 16 measured pollutants, the majority of meas-

urements were recorded below best practice guide-

line ELVs. However, levels of Dbenzene,
formaldehyde, NO, and a small number of cases

PM, 5 exceeded these guidelines values.

e Strong seasonal differences in ventilation practices
were seen, with increased natural ventilation dou-
bling the average ventilation rate from 0.7h™' in
the heating season to 1.6h™' in the summer.
Similar seasonal effects were observed in indoor
CO, concentrations.

e Indoor concentrations of formaldehyde, naphtha-
lene, TVOC, alpha-pinene and overall indoor
ELVs, I,,;, were all observed to correlate positively
with indoor CO, concentrations, indicating the ben-
efit of increased ventilation rates.

e As a result, mean formaldehyde concentrations
halved from 22.8ug/m’ in the winter to 10.8 pg/m?
in summer.

e Conversely, indoor NO, concentrations were found
to be higher in the non-heating period, where indoor
concentrations were between 4 and 8 ppb higher
than in the heating season, despite ambient concen-
trations reducing by 16 ppb.

¢ Additionally, median I/O ratios increased between
heating and non-heating seasons for other pollu-
tants, including: PM, s (0.32 to 0.70), PM;, (0.50
to 1.42) as well as for NO, measured both continu-
ously (0.55 to 0.98) and via passive measurements
(0.39 to 0.85)

e Overall, a combined metrics for IAQ, I, indicated

overall TAQ levels in the winter (I;o;=17.7) were

almost twice those experienced in the summer

(Iior = 8.6)

Practically, the study points at the need for
improved MVHR filtration for dwellings in polluted
urban environments. This should include improved
filtration of fine particulates and further consider
measures to reduce or control NO,. Results here
would additionally indicate that at present modern
dwellings will struggle to achieve best practice guide-
lines for formaldehyde. As increased ventilation rates,
which lowered formaldehyde concentrations, increased
outdoor penetration of NO,, source control of for-
maldyde and other indoor pollutants remain a key
strategy. Equally, given the impact of window opening
behaviour seen here, strategies for maintaining for
summertime thermal comfort without introducing
higher proportions of ambient pollution need to be
adopted. Finally, the integration between low-
energy, IEQ and air quality objectives must be more
holistically considered, potentially with mechanisms to
better inform occupants of the impact of their actions
upon [AQ.
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