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This review article stems from the Metoffice/UKRI Clean Air Programme Strategic Priorities'
Fund through the grant for "Indoor Air Quality Emissions and Modelling System." and
synthesizes the current state of the art on indoor air pollutant levels in the UK, categorising
pollutant types, built environments, and activities, with a view to highlight key research gaps,
discuss the challenges and identify the future direction for the development of an indoor air
pollution emission inventory for the UK.

Indoor air pollution poses a significant environmental risk to public health due to prolonged
exposure to a variety of pollutants in different indoor environments such as residential,
occupational, transportation, and recreational spaces. The relationship between indoor and
outdoor air quality is complex and affected by a range of factors including outdoor
environmental conditions, indoor design and construction and how occupants use and
manage indoor spaces. This article is timely due to the growing focus on estimating exposure
to air pollutants across the indoor-outdoor continuum. To advance the understanding of the
emission dynamics, exposure profiles and resultant health impacts of air pollutants across the
indoor-outdoor continuum in different built environments, a comprehensive and quantitative
evidence base of indoor pollutant levels in different indoor settings is required. There is an
urgent need to develop indoor emission inventories for different environments to understand
the contribution of multiple and time-dependent sources and activities to air pollutant
emissions and to inform intervention strategies.
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Abstract

The global attention on indoor air quality is progressively increasing as people spend ca. 80 to 90% of
their lives indoors. Therefore, a substantial fraction of exposure to air pollution occurs in different
indoor environments. However, there is a lack of information on how different time and activity
dependent sources and built environment characteristics affect air pollutant emissions and their
distribution. There is an urgent need to develop indoor emissions inventories to estimate the
contribution of multiple and time-dependent sources and activities to air pollutant emissions. This
paper reviews the current state-of-the-art of indoor air pollution research in the UK, categorises the
published literature according to pollutant types, built environments and activities, provides an
overview of typical levels of indoor air pollutants with a focus on UK-specific measurements and
identifies the research gaps and future directions to progress towards developing indoor emission
inventories. In the UK, researchers have investigated indoor air quality since the nineties producing
many studies from different perspectives. However, a cohesive methodological approach is lacking in
most of the studies. Several important sources/species are not represented, ancillary information
relating to environment characteristics (volumes and ventilation) and occupants’ behaviours during the
measurements is not reported and too little information on the indoor-outdoor continuum is provided.
Despite the gaps identified, the existing evidence base on indoor air pollution in the UK can be
categorised in an easy-to-use database of indoor air pollutant concentrations and characteristic
emission rates for specific activities, pollutants and environments. This will provide a platform for
designing standardised approaches for indoor air quality measurements and the development of
activity-based indoor emission inventories, which will be a step-change in indoor air pollution research
in the UK and globally.

Key Words: Indoor air pollution, emission sources, indoor measurements, UK measurements,
emission inventory

1. Introduction

Indoor air pollution is a major public health concern due to the amount of time spent in different indoor
environments (residential, occupational, transport and recreational spaces) and overall exposure to
diverse air pollutants (1). Whilst indoors humans can be exposed to a cocktail of pollutants, such as
aerosols (including bioaerosols), and gaseous pollutants. These pollutants can originate from indoor
sources as well as from outdoor sources that penetrate the indoor environment. The indoor-outdoor air
quality relationship is complex and affected by a range of factors in outdoor environments as well as
building design, construction, use and management. Occupant activities (e.g., cooking, heating, cleaning,
personal care and ventilation behaviour) also play a key role in indoor air pollution levels. For instance,
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smoke and fumes produced during fuel burning for cooking and heating activities can leadO q&%@;%l‘%ﬁg{%‘lﬂs
of harmful air pollutants. In particular, the use of wood stoves and fireplaces can result in high levels of
indoor air pollution (2). Similarly, cleaning activities contribute to the complex mixtures of volatile and
semi-volatile organic compounds. Finally, building materials, furnishings and ventilation systems are
additional parameters that strongly influence mechanisms of dispersion and deposition of indoor air
pollutants, so that even modest emissions levels may result in high and often harmful pollutant

concentrations.

Improving indoor air quality (IAQ) requires sustained investments in scientific and engineering
research and active collaboration with stakeholders and policymakers to inform solutions in 1AQ
measurements, modelling, control and management(2). In the UK, 80 to 90% of time is spent in different
indoor environments (private, public and commercial buildings) and around 60% in homes (3, 4). Hence
the knowledge of IAQ is critical to calculate the total human exposure to various air pollutants across
the indoor-outdoor continuum. In the UK, the current air quality regulation framework is a mixture of
domestic, EU and international policies that do not provide regulations or limits to indoor air pollution
(5). In 2019, Public Health England (PHE) published IAQ guidelines for a selected group of volatile
organic compounds in the UK (6). Additionally, there are several regulations aimed at reducing specific
emissions from indoor environments in the UK. Some of these regulations apply specifically to
workplaces and focus on the use of hazardous substances (7) or specific chemicals (8) and their health
impact. Other measures are complementary to outdoor mitigation policies for those emissions related
to particular activities such as domestic combustion (9), varnishing and painting (10) or building
construction (11).

Indoor air pollution has been a topic of research in the UK since the nineties and accounts for a large
number of studies investigating the topic from different perspectives. Early research focused on the
residential environment using passive sampling techniques to analyse the average levels of air pollution
in various residential settings. These studies focused on one or more pollutants and generally averaged
over long time periods, such as. monthly, seasonal or annual periods (12-18). Other studies investigated
the impact of specific activities such as cooking, heating, and smoking, as well as specific fuel types such
as solid fuel combustion, gas, and electricity, on 1AQ (19, 20).

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Subsequently, public, environments were investigated. Several occupational environments (e.g., offices,
schools and hospitals) have been studied. Schools have been investigated to quantify the exposure levels
of pupils to gaseous pollutants (NO,, CO,, O3, VOCs), aerosols (including bioaerosols such as fungi and
bacteria) and polybrominated diphenyl ethers (PBDEs) in dust (21-29). The impacts of building
construction and ventilation rates were also investigated in relation to concentration levels in UK
classrooms (23, 28, 30-32). Indoor air pollution levels were also monitored during working hours in
offices focusing on levels of PM;;5, NO, and VOCs related to cleaning and smoking activities (33, 34) or
to ventilation rates in natural and mechanically ventilated working places (35, 36).
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Indoor air pollutants were also investigated inside different types of transport vehicles. A major part of
this work focused on concentrations and exposure levels of particulate matter (PMyo, PM;5 and PMy )
and total suspended particles (TSP) during journeys (37-39). Other studies focused on the impact that
different types of filters in cars can have on exposure levels of NO, (40). Train and London underground
levels of air pollution were also objects of investigation. The focus was on the quantification of pollutant
levels during journeys, in driver’s cabs, on the platforms and in stations (41-43). Studies were also
conducted in other indoor environments, e.g. to quantify the levels of CO and PM, 5 from shisha smoking
activities in restaurants (44) or the levels of synthetic cannabinoids in UK prisons (45).

The interest in indoor air pollution and the wide range of variables contributing to the levels of
pollutants indoors led to significant research investment focused on numerical simulations of IAQ. The
modelling approach allowed to better understand the contributions of different emission sources,
building structures and occupant activities on the resulting levels of air pollutants. Early studies focused
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other works considered air exchange rates between communicating rooms and outdoor ventilation
(47). Finally, physical processes started to be coupled with more complex chemical transformations,
focusing the attention on secondary aerosol formation (48), and reactive gaseous species related to
particular activities and their impact on health (49-51). A recent report from the Royal Society of
Chemistry identifies challenges and opportunities associated with a better understanding of the impact
of chemistry on indoor air pollution (52).

Despite the research conducted on indoor air pollution in the UK, there is a lack of information on how
different sources, built environment characteristics and occupants’ activities affect air pollutants across
the indoor-outdoor continuum. A comprehensive and quantitative evidence base of the levels of indoor
pollutants in different indoor environments in the UK is therefore urgently needed and a prerequisite
to a better understanding of the emission dynamics, exposure profiles and resultant health impacts of
air pollutants across the indoor-outdoor continuum in different built environments.

There is an urgent need to develop indoor emission inventories for different environments to
understand the contribution of multiple and time-dependent sources and activities to air pollutant
emissions and to inform and constrain numerical modelling. Similarly to outdoor air pollution, national
authorities should make use of numerical simulations using updated emission inventories created using
extensive observational data collected over time (e.g., the National Atmospheric Emission Inventory -
(53) for outdoors); this has not been possible for the indoor air pollution case so far which is a major
omission also highlighted by recent studies (54) .

In this paper we synthesize the current state of the art on indoor air pollutant levels in the UK,
categorising pollutant types, built environments, and activities, with a view to highlight key research
gaps, discuss the challenges and identify the future direction for the development of an indoor air
pollution emission inventory for the UK.

2. State of the art

A literature review was conducted to examine the state of the art on indoor air pollution in the UK. To
identify relevant literature, databases such as Google Scholar, Scopus and ResearchGate were searched
using keywords including "indoor air pollution,” "UK," and "air quality” published in the period from
1995 to 2023. The identified studies were then categorized by the type of macro-environment in which
the measurements were taken (residential, occupational, recreational, and transport). In each macro-
environment, the review examined specific micro-environments (e.g., living rooms, schools, cars) and
analysed the duration and timing of the measurements, sampling methods, activities, and pollutant
concentrations. The selection of studies prioritized those that provided detailed descriptions of indoor
environment characteristics and related activities. Additionally, advancements in numerical modelling
techniques for indoor air quality were reviewed to provide a comprehensive understanding of both
empirical data and simulation-based approaches.

The literature published in the UK on indoor air pollution, albeit spanning from 1995 to 2023, is limited
compared to outdoor air. The studies are very diverse, covering a vast range of pollutant characteristics
from various indoor environments. However, they often lack information on indoor environment
characteristics and activities. The distribution of the articles published in the UK highlights that most of
the research was focused on domestic indoor environments (40 papers), followed by non-domestic
environments (27) including occupational environments (hospitals, offices, schools), recreational
environments (pubs, restaurants, museums) and transport environments (private cars, taxis, buses,
trains, underground and over ground trains). A similar amount of literature was found for
intercomparisons of different environments (19) and for numerical modelling simulations of indoor air
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pollution (22). Finally, several reports have been published from 2003 to 2022 on the topic o }g%@ﬁégioﬁg‘f;
pollution (12). o

The studies were grouped into four main macro-environments where the measurements took place:
residential, occupational, recreational and transport environments. Each of these environments
provides detailed information relating to particular micro-environments:

e Residential: living room, kitchen, bedroom and bathroom

e Occupational: office, school and hospital

e Transportation: private cars, trains (underground, overground), taxis and buses
e Recreational: pubs, restaurants, libraries and museums

Information included in each macro-environment covers different measurement durations in different
years and seasons. Moreover, a variety of sampling methods were used for measurements, and these
are analysed in this review as well as the concentration levels of indoor air pollutants related to
particular activities. In addition to the review of field experiments and sampling measurements of
indoor air pollution, a brief presentation of the advances in the numerical modelling of indoor air
pollution is also provided.

2.1 Measurements of indoor air pollutants

Measurements of indoor air pollution in the UK cover a wide range of contaminants, including gaseous
pollutants (NO, NO,, CO, CO,, 03), aerosols (PMyy, PM,5, PM o ultra-fine particles (UFPs), bioaerosols)
and 52 different volatile organic compounds (VOCs).

The different measurement techniques adopted in the field sampling research articles have been
grouped by pollutant. The macro-categories adopted for this analysis divide the measurement
techniques into active sampling (i.e., air pumps, canisters, impactors, optical counters, sensors,
chemiluminescence UV, infrared and gravimetric methods) and passive sampling (i.e., sorbent tubes,
diffusive filters). The type of sampler is highly variable and depends on the pollutant and type of
analysis. Aerosol species (PMj,, PM;s5, PM;,) measurements were carried out mainly using active
sampling techniques, with only a small number of articles using passive samplers (23-25). Gravimetric
sampling was used for indoor air measures (55, 56) and for personal exposure studies (57). Optical
counters were widely used for aerosol measurements in personal exposure studies (20, 37, 39, 58) and
indoor air (16, 41). Other works employed aerosol spectrometers (59), small inertial impactors (60) or
multi-orifice cascade particle sizing samplers (61). Ultrafine particles (UFPs) were monitored using
scanning mobility particle sizers (19).

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Gaseous pollutants, including CO,, CO, NO, and O3z show more variability in the measurement techniques
with a higher number of passive samplers often used for long-term sampling campaigns over a large
number of sampling dwellings. The majority of these experiments uses diffusion tubes (12, 13, 20, 55,
56, 61, 62). Active sampling of gaseous pollutants was carried out using data loggers (20, 62, 63),
chemiluminescence (19), infrared spectrometry (24) and airflow test meters (20, 36, 61).

Measurements of Volatile Organic Compounds (VOCs) reported these compounds either as a group of
several VOCs (Total Volatile Organic Compounds, TVOCs) or apportioning the individual species. The
techniques adopted for the measurements include different types of sorbent tubes as passive samplers
(24, 25, 55, 64-66). Active sampling of TVOCs and individual VOCs included air canisters (67) and high-
volume air samplers (36, 55, 68). Finally, bacteria and fungi were monitored using single or multi-stage
cascade impactors (55, 69) or portable air samplers (36) to measure the concentration and size
distribution of culturable bacteria and fungi.

To conclude, the existing evidence base of indoor air pollutant concentrations stems from a range of
sampling and analysis methods ranging from passive to active sampling and consequent analysis by
analytical chemistry techniques (e.g., gas chromatography). While a wide range of methods has been
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applied to a range of pollutants, a gap can be identified in the harmonization of the m&)’gh&)%!g%%@;ggg
provide enough precision in the comparison of the results from different environments. Moreover, the
time frame in which the measurements took place represents another element of big uncertainty in the
final concentrations, monitored both during the time of a particular activity (e.g., minutes of cooking
activity of a particular dish (19)) and over long periods as an average of several possible activities not

specified in the original article (e.g., seasonal periods (13, 14)).

2.2 Macro- and micro-environments of indoor air pollutants

The dynamics of indoor air pollutants are related to the characteristics of environments and the
occurrence of human activities in a particular environment. Some air pollutants are in common between
outdoor and indoor environments, with concentrations in the latter environments may be strongly
influenced by outdoor levels unless unusually strong indoor sources are presented. For example,
nitrogen oxides in indoor environments are influenced by cooking activities (if gas fuel is used in the
kitchen), but can be impacted by outdoor concentrations, if the residential dwelling where the
measurements take place is in an urban traffic area. In other cases, pollutants less common outdoors
can be more relevant in indoor environments due to accumulation: this is the case for carbon monoxide
(CO) from incomplete combustion and formaldehyde from building material among others. Some
pollutants are almost absent in outdoor environments and found only in indoor environments, such as
specific VOCs from paints, carpets, and cleaning products or brominated fire retardants in modern
furniture (70). Finally, the ventilation and hygrothermal variables of micro-environments contribute to
the build-up of indoor air pollutants, such as in the case of bioaerosols (bacteria and fungi), particularly
in damp and overcrowded indoor conditions (71).

Table 1 illustrates the links between typical indoor activities, indoor micro-environments and air
pollutants. It is evident from the current literature that the high variability in the sources and types of
pollutants make it challenging to systematically categorise all sources and pollutants contributing to
indoor air pollution levels thus providing a clear motivation for further, more systematic and
methodologically consistent studies.

Table 1: Common human activities in different micro-environments and air pollutants measured.

Indoor micro-

Indoor activity/emission Typical air pollutants environments
Cleaning (washing, All indoor environments
toilets/bathrooms), emission from Dwellings
surfaces (carpets/furnishes), house Bioaerosols (72-74), VOCs (75) Care home
dust, pets, human expiratory ’ School/nursery
activities, air conditioning /HVAC Gym/indoor sports
systems centres

Dwellings

Cooking - Food emission

From oil, foodstuffs etc VOCs, Particulate Matter (PM) (76,77) Care home

. Dwellings
Cooking - Gas stove CO,, NO,, CO (78, 79) Care home
. Dwellings
Cooking - H; Stove CO,, NO, Care home
Dwellings
Building surface emissions - carpets, VOCs, formaldehyde, di-2-ethylhexyl  School/nursery
furniture, paints, floors phthalate (DEHP) (75) Care home
Gym/indoor sport centres
People C0,, VOCs, bioaerosols (80) All indoor environments
Personal care product use (e.g., Dwellings
refreshers) VOCs (81) Care home
Cleaning activities VOCs, PM (75, 82) All indoor environments
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Wet surfaces Bioaerosols (83, 84) All indoor e%grqym?%%ré‘clj&;“lﬂs
Heating - Gas Dwellings o
(Minor indoor emission - majority C0,, NO,, CO (80) School/nursery
vented externally) Care home
Heating - H; Dwellings
(Minor indoor emission — majority CO,, NOy School/nursery
vented externally) Care home
Heating - Biomass/ Coal Dwellings
(Minor indoor emission — majority CO,, NO,, VOCs, PM, CO (80) School/nursery
vented externally) Care home

. . . Dwellings
Recreational indoor burning - C0O,, NO,, VOCs, PM, CO (85) School/rglursery
Wood/Coal/candles

Care homes

In the review of the UK literature on indoor air pollution concentrations, we found a big difference in
the type and number of pollutants monitored by macro- and micro-environment. The transportation
macro-environment provides the smallest number of pollutants monitored. Studies on the
quantification of per-journey exposure to indoor air pollutants focused, in fact, only on aerosols (PMyj,
PM;s and PM;,). Private cars have been analysed in individual journeys of different lengths and in
different periods of the year (37-39, 42, 57) while only one paper analysed the concentrations of PM;
for taxi driver exposure (86) and on public buses (57). Finally, particulate matter (PM;oand PM,5) levels
have been monitored in train and underground stations, platforms and in trains to evaluate passengers’
and drivers’ exposure during both journey and waiting times (41-43, 57).

Higher variability in the measurements was found in the recreational macro-environments where pubs
and restaurants have been investigated for aerosols and gaseous pollutants. These studies focused on
the effect of smoking activities in shisha premises of pubs and restaurants and relative effects on CO and
PM; s (44) or on the carcinogenic potential of polycyclic aromatic hydrocarbon (PAH) mixtures in
restaurants, libraries and museums (87).

A larger number of micro-environments and pollutants have been investigated in the occupational
macro-environment. Average concentrations of NO,, O3 and VOCs have been measured long-term in
hospitals in the UK (66) analysing the indoor-outdoor ratios and showing how few VOCs (e.g., benzene
and formaldehyde) exceeded the World Health Organization or the Public Health England guideline
values during the monitoring. A higher number of studies have focused on indoor air pollution in
schools. Gaseous pollutants (CO, CO, NO,, 03), aerosols (PM;, and PM; 5) and VOCs have been monitored
during the lessons in heating and non-heating periods. These studies are particularly detailed and also
provide complementary information on the size of the classroom where the sampling took place and the
ventilation rates measured before the monitoring (22-25, 27, 60, 66). Finally, a large number of research
has investigated the average concentrations of gaseous pollutants (CO, CO,, NO,, 03), aerosols (PMy,,
PM; 5 and PM, ), VOCs and bioaerosols in offices of different dimensions, sited on different floors and
subjected to different types of ventilation (36, 55, 64-66).

The macro-environment that provided the highest number of studies by pollutant type and by micro-
environment is the residential environment. Gaseous pollutants and aerosols (including bioaerosols)
have been monitored according to different criteria: as average over seasons in different types of
households in a range of building archetypes (mid-, end-terraced, semi-detached and detached houses),
flats and bungalows according to the dwelling sizes and ventilation systems (62) or according to
particular activities taking place in specific micro-environments. Some studies investigated the
concentrations emitted during cooking activities using different fuel types (12-14) while others focused
on the quantification of the concentrations from a particular type of cooking method (e.g., frying, boiling,
baking) (19). Aerosol concentrations were monitored with a particular focus on heating and cooking
fuel types (wood, coal, peat) and smoking activities (20, 59). Finally, VOCs concentrations have been
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rates and the activity times (88). It is of note that most of the studies monitored the average
concentrations of pollutants in indoor environments. However, some studies provide detailed
information about activity durations, room sizes, and ventilation rates. These works are important
because they help quantify concentration levels and emission rates for specific activities. This
information has relevance both for quantification of the emission rates attributable to representative
activities in macro- and micro-environments and as input data for modelling work aimed at simulating
dispersion and chemical transformation of air pollutants in the indoor environment.

2.3 Activity-based measurements of indoor air pollutants

The analysis of the literature published in the UK on indoor air pollution highlights how indoor air
pollution measurements were carried out. On the one hand, the aim was to quantify average
concentrations across a large number of dwellings to obtain representative average values for each
pollutant. On the other hand, many articles investigated the net concentrations generated by particular
activities in specific macro-environments, or the different impact that a particular pollutant could have
in different macro-environments. The activity-based measurements carried out in the UK provide a
fingerprint of the actual concentrations during human activity and provide higher precision for the
quantification of exposure levels in different macro- and micro-environments. The average observed
values of indoor air pollutants have been categorised into four macro-environments (residential,
occupational, transport and recreational environments) for all pollutants. Gaseous pollutants and
aerosols have been divided according to the activity type (Table 2), while individual VOCs and
bioaerosols (fungi, bacteria) have been divided according to macro- and micro-environment (Tables 3
and 4, respectively).

Information on outdoor concentrations during indoor activity-based measurements in specific locations
is critical to understanding the indoor-outdoor relationship of different air pollutants and quantifying
the contribution from indoor sources. However, studies published in the UK on indoor air quality
measurements do not always provide this. Outdoor concentrations have been included in Tables 2 and
3 if they are reported in the studies.

2.3.1 Gaseous pollutants and aerosols

Main gaseous pollutants (CO, CO,, NO, NO; and Os3) and aerosols (PM;o, PM, 5 and PM, ) are the species
whose indoor measurements have been linked to particular types of human activities. Representative
concentrations measured in the UK for these pollutants are reported in Table 2. Across the four macro-
environments, the residential one is the sector providing the highest number of activities for which
measurements are available: 10 from cooking, 4 from heating and 2 from other activity types. The
species with the highest representativity are NO, and PM;s. The former was measured during a total of
12 different activities (7 cooking activities, 4 heating activities and 1 smoking activity), while the latter
during a total of 10 activities (5 from cooking, 4 from heating and 1 from smoking). The second most
investigated pollutant in the residential environment was CO, measured for 8 different types of activities
(3 from cooking, 4 types of fuel used for heating and 1 measurement from smoking activity), followed
by NO measured in 4 different activities related to residential cooking. The other species are less well
represented: PM;q and PM; ; were measured for a total of 5 different activities (2 from cooking, 2 from
heating and once from smoking) while CO, was measured only in relationship to people occupancy
(breathing activity).

The occupational macro-environment represents the most represented sector in terms of the number
of gaseous pollutants (4) and aerosols (3). The highest number of measurements are for NO, and Os
levels, monitored in all three environments (schools, hospitals and offices) followed by CO, monitored
in schools and offices only. Few articles focused on the levels of aerosols with different size distributions
in schools, 2 of them analysed PM;, and PM;, and 3 of them analysed PM,s, while only PM;, was
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measured in office environments. Finally, CO measurements were taken only in an ogﬁ‘ Afgﬂg?“”e
. i DOI: 10.1039/B4EA00121D
represented only in one article.

The transport macro-environment provides the most information in relation to PM,s measured in
trains, cars, underground trains, buses and taxis. Other aerosols (PMyy, and PM; ) were measured in
train and the underground (inside the trains, drivers’ cabs and on the platforms) and cars (PMy, only).
Finally, detailed NO, measurements were performed in different types of on-road vehicles (SUVs and
vans) using different types of air filter technologies at different usage durations (from new to 12 months
of usage) (40). The least represented macro-environment is the recreation sector. For this environment,
only one article was found providing measurements of CO and PM; 5 from restaurant dining spaces and
from shisha premises attached to the restaurants.

To summarise, gaseous pollutants measured in UK indoor environments cover a total of 16 activities
related to the residential macro-environment, 3 different types of occupational environments, 10 types
of transport-related measurements and two recreational environments. Among these NO, is measured
70% of the time, PM,s and NO 50%, CO, PM;, and PM; , 20% and no measurements of O; were found.
Among the four types of fuels used for residential heating, CO, NO, and PM; 5 were measured for all 4
categories while PM;, and PM; , were measured only in 2 of the 4 categories (gas and wood). Finally,
concerning the other activities, smoking was monitored for 63% of the species (CO, NO,, PMy4, PM; 5 and
PM,,). The transport sector showed higher representativity among the different transport micro-
environments in PM; 5 (70%) followed by PM;, and NO, (30%), and finally PM; 4 (10%). There were no
measurements of CO,, CO and O in transport environments. The occupational macro-environment is
the most represented sector among the different species taken into account. The school micro-
environment covered 75% of the pollutants (6 of a total of 8) followed by the office micro-environment
covered by 63% (5 of 8) of pollutants and hospitals only by 25% (2 of 8). Finally, the recreational macro-
environment is the least represented sector showing the smallest percentage of representation of
pollutants (CO and PM,5) and for the number of environments (restaurants, pubs and shisha premises).
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Table 2 Activity-based observations of indoor gaseous air pollutants and aerosols in different indoor environments (residential, transport, occupational

and recreational).

Observed indoor concentrations by activity

Environment / ACtiVity CO#* CO,; NOz* 03* NO PMlo* PMz_s* PM,,
Residential (cooking)
52.8 pg/m3
39.69 pug/m3* 5.0 pg/m?
Generic cooking (gas) 0.54 mg/m3(13) 14 0.65 pg/m3(19) 30 ug/m3(59) | 8.6 pg/m3(20) (ég)ug
38.9 ug/m3(13)
48.4 ug/m? (12)
Baking (gas) 0.37 pug/m3(19) 0.68 pg/m3(19)
Roasting (gas) 0.30 pg/m3(19) 0.72 pg/m3 (19)
Frying (gas) 0.09 pg/m3(19) 0.09 pg/m3(19)
Boiling (gas) 0.18 pg/m3(19) 0.32 pg/m3(19)
Oven (gas) 0.76 mg/m3(13) 42.3 ug/m?3(13)
Generic cooking (electric) 0.46 mg/m3(13) 19.5 pg/m3(12) 61 pg/m3(59) 51 pg/m3 (59) 44 pg/m3(59)
Generic cooking (peat) 15.6 pg/m3(58)
Generic cooking (coal) 8.9 ug/m?3(58)
Generic cooking (wood) 7.7 ug/m3 (58)
Residential (heating)
27.3 m3
Gas 0.25 mg/m3 (62) 33.14”ﬁ§/m3* 32 pg/m? 11 pg/m? 6.0 pug/m? (59)
(67) (59) (59)
Coal 0.12 mg/m3(20) 8.0 ug/m?3(20) 8.9 ug/m?(20)
Peat 0.12 mg/m3(20) 7.0 pg/m3 (20) 15.6 ug/m?3(20)
3 3 3
Wood ?é%()n mg/m 5.0 pg/m3 (20) ?5093) hg/m 191 pg/m3 (59) %5895) hg/m
Residential (others)
35 pg/m? 28.50 pg/m? 23.75 pg/m?
Smoking 0.66 mg/m3 (13) 13.0 pg/m? (20) 30 pg/m? 18 pg/m**(59) | 12 pg/m3*
*(59) 143.1 ug/m3(20) | (59)
1984.3 mg/m?
. (62)
Occupancy (breathing) 1743.94 mg/m?
(63)
Transport (journey time)
Train 62.25 pg/m?3 16 pug/m3 10.25 pg/m3
(42) (42) (42)
3 3
Car 26.3 pg/m?3 (40) 322)'4 ng/m EE 4”2g)/ m

Page 10 of 25
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15 pg/m? (38)
34.3 ug/m3 (57)

SuV 34.3 pg/m3 (40)
Van 44.6 pg/m3 (40)
3
Underground (train) zjf)o hg/m 80.38 pg/m?3(43)
Underground (platform) 346.6 ug/m?3 (41)
Underground (driver’s cab) 130.0 ug/m3 (41)
Overground 29 ug/m3(57)
Bus 38.5 ug/m3(57)
Taxi 33.0 pg/m3(86)
Occupational
29.6 ug/m3
3 3
Office 0.1 mg/m? (36) 33061)1'6 mg/m’ | (g5) 4.0 pg/m?(25) ?50;;7 hg/m
11.3 pg/m3(66)
1768.8 mg/m3 3 3 59.0 pg/m3 25.6 pg/m3 37.3 ug/m3
(24) 24.4 ug/m3 (24) 7.8 ug/m3(24) (24) (60) (24)
School 2185.5 mg/m? 3 11.9 pg/m3 3
(25) 19.1 pg/m3 (25) (25) 51.0 pug/m? 39.3 ug/m3 (24) 30.3 ug/m’
1954.8 mg/m? 11.1 pg/m3 25 25
3
Hospital 20.4 pg/m?(66) | >8He/m
(25)
Recreational

Shisha Premises

7.12 mg/m3 (44)

270.66 pg/m3
(44)

Restaurant/Pub

0.71 mg/m3 (44)

23.0 pg/m3(44)

F Species for which the World Health Organisation published guidelines values in 2021 (World Health Organization 2021); SO, is also part of this list, but it is absent from measurements in the

UK.

* Represents outdoor concentration for a pollutant where available.

Table 3: Individual VOC observations from indoor macro- and micro-environments (residential, transport, occupational and recreational).

Residential Occupational Recreational
Multiple Hospital School Workplace Library/ Pub Restaurant
museum
1,2,4-Trimethylbenzene 2.3 ug/m3 1.3 ug/m3
(64) (64)
1,3,5-Trimethylbenzene 0.61 ng/m3 (64) 0.26ng/m3 (64)

10
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1,3-Butadiene 0.24 ng/m3 (64) 0.08 ng/m3 (64)
3-Carene 2.3 ug/m3 (65) 2.8 ug/m?3(65)
3-Ethenylpyridine 0.1 ng/m?3(64) 0.07 ng/m3 (64)
Acenaphthalene 0.08 ng/m3 (87) 0.74 ng/m3 (87) 1.46 ng/m3(87) 0.65 ng/m3 (87)
Acenaphthene 19.1 ng/m? 23.82 ng/m30.75
: ng/m?3* 0.25 ng/m3 (87) 0.87 ng/m3 (87) 0.41 ng/m3 (87) 0.85 ng/m3(87)
1.04 ng/m3 *(68) (68)
Acetaldehyde? 16 ug/m3(89)
Anthracene 1.14 ng/m3
1.3ng/m3* 1.9 ug/m3 (68) 0.06ng/m3(87) 0.29 ng/m3(87) 0.16 ng/m3 (87) 0.06 ng/m3 (87)
(68)
3.13 pg/m3(62) 25.5 pg/m3(24) 18.4 pg/m?3(65)
a-Pirene? 7.56 ug/m3(88) 3.8 ug/m? (66) 9.2 ug/m?3(25)
115.5 pg/m? (67) 5.6 pg/md (66) 136.3 ug/m? (66)
3
Benzaldehyde gé 5;;23 . (65) 3.8 ug/m? (65)
0.5 pg/m3(62) 0.9 pg/m?3(24) 4.5 pg/m3 (65)
2.6 pg/m3
3% 3 3
Benzene A ;Z ﬁg;ﬁs (7[56)5) 0.8 ug/m? (66) 0.68 ug/m3(25) 1.18 pg/m3(66)
3
1'39 Zlg“/%r/l r;‘( 6(76)4) 1.4 pg/m? (66) 11.8 ng/m3 (64)
Benzo[a]anthracene 0.71 ng/m? 1.68 ng/m?(68) | 0.06 ng/m?(87) 0.04 ng/m3 (87) 0.63 ng/m3 (87) 0.09 ng/m3 (87)
0.46 ng/m?* (68) : ' ' ' '
Benzo[a]pyrene 0.04 ng/m3
0.3 ng/m3 * 0.31 ng/m? (68) 0.09 ng/m3 (87) 0.05 ng/m3 (87) 0.62 ng/m3 (87) 0.16 ng/m3 (87)
(68)
Benzo[b]anthracene 0.03 ng/m3
0.26 ng/m3 * 0.86 ng/m3 (68)
(68)
Benzo[b]fluoranthene 0.2 ng/m3(87) 0.12 ng/m3(87) 0.92 ng/m3 (87) 0.35 ng/m3 (87)
Benzo[gh,i]perylene 0.63 ng/m?(68) 0.01 ng/m3(87) 0.09 ng/m3 (87) 0.64 ng/m3 (87) 0.3 ng/m3(87)
Benzo[k]fluorantene 0.09 ng/m3 (68) 0.12 ng/m3 (87) 0.11 ng/m3(87) 0.82 ng/m3 (87) 0.3 ng/m3(87)
Chrisene 032 ng/m’ 1.24 3(68) | 0.16 3(87 0.34 3(87 2.0 3(87 0.47 3(87
037 ne/m * (68) 24ng/m*(68) | 0.16 ng/m’ (87) 34ng/m* (87) 0 ng/m (87) 47 ng/m’ (87)
Coronene 0.08 ng/m3 (68) 0.09 ng/m3 (87) 0.02 ng/m3(87) 0.2 ng/m3(87) 0.12 ng/m3 (87)
1.53 ug/m?3(62)
3
Decanale g(; ﬁ§§$3 " 8.8 ug/m?3(65)
(65)
Dibenzo[a,c]anthracene 0.05 ng/m3 (68)

Dibenzo[a,h]anthracene

0.03 ng/m3(87)

0.15 ng/m3 (87)

0.05 ng/m3 (87)

d-Limonene4

15.7 pg/m3(62)

14.3 pug/m3 (66)

15.9 pg/m?(24)

11
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8.0 ug/m?

2.0 ug/m?3 *(65)
160.5 pg/m3 (88)
728.5 ug/m?3(67)

16.1 pg/m3(25)

3.3 ug/m3(66)

Environmental Science: Atmospheres

46.7 pg/m3 (66)

Decamethylcyclopentasilo
xane (DMCPS)

106.3 pg/m3 (90)

1.6 pg/ms3
1.6 pg/m3 *(65)

3
Ethylbenzene 1.7 ng/m? (64) 1.23 ng/m?(64)
20.4 pg/m3(67)
Fluoranthere 5.76 ng/m3
5.8 ng/m?3* 7.9 ng/m?3 (68) 0.42 ng/m3 (87) 2.15 ng/m3 (87) 1.78 ng/m3(87) 0.85 ng/m3 (87)
(68)
Fluorene 39.4 ng/m3
2.93 ng/m3* 57.4 ng/m3 (68) 0.04 ng/m3 (87) 0.02 ng/m3 (87) 0.29 ng/m3 (87) 0.58 ng/m3 (87)
(68)
26.3 pg/m3 (62) 17.5 pg/m?3(24) 16.9 pg/m3(55)
Formaldehyde4 12.41 pg/m3(55) 4.0 ug/m?3(66) 15.9 pg/m3(25) 3
15.31 pg/m3 (88) 3.5 g /m3 (66) 164 pg/m’ (66)
Hexanal 1.6 pg/m3 (65)
Hexane 15.3 pg/m3 (65)
Indeno[1,2,3-c,d]pyrene 0.1 ng/m3(87) 0.09 ng/m3(87) 0.35 ng/m3 (87) 0.19 ng/m3 (87)
Isoprene 16.5 ug/m3(67)
4.8 ug/m?3
m/p-Xylene4 3.9 pg/m3 * (65) 8.4 ug/m3(67)
41.2 ug/m3 (67)
m-Xylene4 4.14 ng/m3 (64) 3.2 ng/m3(64)
0.52 pug/m3 (24) 0.4 pg/m3(66)
Naphtalene? 0.79 ng/m3(64) 0.4 pg/m3(66) 0.89 pug/m3(25) 3
0.5 ng/m? (66) 0.37 ng/m?3(64)
n-Hexane 2.9 ng/m3(64) 1.03 ng/m3(64)
Nonane 2.3 ug/m3
1.4 ug/m3* 4.8 ug/m3(65)
(65)
2.02 ng/m3(64)
- 4 3
o-Xylene 2054 ug/m(67) 1.26 ng/m3(64)
Phenanthrene 62.01 ng/m3
98.66 ng/m3 * 81.7 ng/m3 0.22 ng/m3 (87) 1.13 ng/m3(87) 0.6 ng/m?3(87) 0.22 ng/m3 (87)
(68)
p-Isopropyltoluene 1.03 ng/m3(64) 0.47 ng/m3 (64)
Propylbenzene 1.2 ug/m3 3
1.0 pg/m3 * (65) 3.3 pg/m?* (65)
p-Xylene 1.7 ng/m3 (64) 1.2 ng/m3 (64)

12


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ea00121d

Open Access Article. Published on 21 November 2024. Downloaded on 11/22/2024 6:4¢

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unport

(ec)

Environmental Science: Atmospheres

Page 14 of 25

Pyrene

3.11 ng/m3

2.35 ng/m? * (68) 3.56 ng/m3(68) 0.27 ng/m3 (87) 0.85 ng/m3(87) 1.07 ng/m?3(87) 0.48 ng/m3 (87)
Pyridine 0.15 ng/m3 (64) 0.11 ng/m3 (64)
Styrene4 0.86 ng/m? (69 0.4 pg/m3(66) 175 pg/md (66) | O35 n&/m* @Y
1.5 ng/m?3 (66)
0.45 pg/m3 (24)
Tetrachloroethylene4 0.45 pg/m3 (66) 0.30 pg/m3 (25) 0.56 pg/m3 (66)
0.55 pg/m3 (66)
Texanol 10.8 ug/m3(62)
1.6 ug/m3 (62) 27.1 ug/m3(65) 3.17 pg/m3 (24)
12.1 m3
Toluene 4 7.6 u§§{n3 *(65) 1.73 pg/m3(66) 2.52 pg/m?(66) 4.33 ug/m?*(25)
3
;;:27“% ';‘m§6(2)7) 431 pg/m3(64) | 1.62 pg/m3 (66)
0.1 pg/m?3(24)
Trichloroethylene 0.35 pg/m3 (66) 0.32 pg/m3 (25) 0.46 pg/m3 (66)
0.45 pug/m3 (60
- - 3
Trimethilbenzene ;Lg ﬁ§§$3 - (65) 8.9 ug/m? (65)
3.4 pg/m3 (62)
Undecanale 3.4 ug/m3

1.5 pg/m3 * (65)

4.2 ug/m* (65)

A Species for which indoor threshold limits are reported at national level by the Public Health of England (6)

* Represents outdoor concentration for a pollutant where available.
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The representativity of the measurements carried out in the UK shows a heterogeneouDsopil%%fgg/vgfég enne
available data and highlights the presence of gaps in the representation of gaseous pollutants in
particular. We recall that the number and type of pollutants chosen for the analysis have been defined
based on the available measurements and that important species may be missing because they may
never have been measured in the UK at the time of writing. Similarly, the number and type of
activities/environments chosen to fill the sub-categories within the four macro-environments were
defined on the basis of the available measurements and there is lack of representativity of important
activities related to indoor air pollution. One example is the lack of measurements of ammonia (NH3) or
of sulphur dioxide (SO;). Both species have been included in the National Atmospheric Emission
Inventory (91) for key indoor emission sectors. For NHz around 895 tons come from residential heating
(specifically from anthracite, coal, coke and wood), 970 tons from cleaning products, 580 tons from adult
breath and sweating, 100 tons from cigarette smoking and 20 from infant emissions (91). Similarly, SO,
emissions have been quantified to be 43,000 tons per year and were related to different types of fuels
for residential heating namely anthracite, burning oil, coal, gas oil, LPG, natural gas, petroleum coke,
secondary solid fuels (SSF), wood, peat and charcoal). Indoor measurements of these pollutants are
absent from the literature adding to the lack of the other pollutants in key sectors. While some species
are highly represented among the four macro-environments (e.g., NO, and PM,;s) others are less
represented despite their relevance in indoor environments due to the accumulation and harmfulness
when considering human exposure (e.g., CO).

2.3.2 Volatile organic compounds (VOCs)

Measurements of volatile organic compounds (VOCs) in UK environments cover a total of 52 species
divided across three main macro-environments (residential, occupational and recreational) and in a
total of seven individual micro-environments (1 in residential and 3 each in occupational and
recreational spaces). Representative concentrations of measured VOCs have been grouped and are
displayed in Table 3.

Among the different macro-environments and relative micro-environments, the highest
representativity of measurements comes from the occupational environment represented by 84% of
the species (44 of 52) and the residential environment by 82% of the species (43 of 52). For the same
macro-environment, measurements of VOCs in schools cover 42% of the total species (22 of 52) and
only 17% of species were monitored in hospitals (9 of 52). The recreational environment is represented
by 28 and 30% of the total species (15 species for library/museums and 16 species for pubs and
restaurants), respectively.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Measurements of VOCs were performed in research experiments aimed to quantify the concentrations
of a variable number of individual species in different environments, but these measurements were not
related to particular activities, but were calculated over long time periods e.g., monthly (67) or annual
averages (92, 93). The reactivity of VOCs is highly variable, and the concentration of these species can
vary according to the presence of individual or combined activities acting in a particular indoor
environment. The potential impact of VOCs related to different activities has been highlighted by the
Air Quality Expert Group in their recent report on indoor air pollution (5) that pointed out how a large
number of species, emitted by a variable and high number of sources and with high reactivity make it
difficult to quantify the emission rates by source. Measurements made in a sample of 25 UK homes of
varying design, age and occupancy behaviour highlighted the high variability in the measurements of
monoterpenes in particular with concentrations e.g. of d-limonene varying from 18 to 1400 pg/m3 as
the highest peak reported in the literature so far (67). The authors of this study observed that the
variability in measurements was linked to the occupants’ behaviour and in particular with the frequency
of the use of cleaning products and with fragranced materials. This demonstrates the intricate nature of
indoor air pollution affected by various time-dependent sources and activities, posing challenges to
quantifying emissions and resultant exposure levels in different indoor environments.
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Moreover, measurements of activity-based VOCs showed that in addition to the emis%&n&&%ﬂ%@@%ﬁ;‘
indoor activities such as cooking or cleaning, the highest emission rates of VOCs originated from
furnishings (94) and personal care and toiletries (95, 96). This highlights the need for further
development of activity-based measurements for this class of pollutant. Microenvironments where
VOCs are widely used and for which no evidence has been found in the UK literature are those related
to construction and building products (e.g., painting, varnishes, waxes and solvents) and in occupational
environments in relation to the use of particular devices (e.g., photocopiers and printers).

For the former example, the NAEI emission inventory quantifies the emissions related to the use of
decorative paints, domestic adhesives and paint thinner to be 12,200, 4,300 and 5,500 tons per year.
For the latter, emission rates have been measured in environmental chambers studies and used for
modelling studies focusing in intercomparing office air quality in different European cities (97, 98). The
use of desktop PCs, monitors and notebooks generated around 180 pg/h per device while the use of
inkjet or laser printers generated between 300 and 1400 ppbv of TVOCs (97).

In addition to the lack of comprehensive information about VOC levels in different macro-environments,
microenvironments and relative activities, another important factor to take into account is the VOCs’
reactivity and formation of secondary products. Primary VOCs are emitted in indoor environments by
multiple activities depending on occurrence and frequency of occupants’ behaviours, but the final
concentrations measured at the receptors is affected by ozone-initiated chemistry mainly involving
terpenes and their degradation pathways (99, 100). The health impact of VOCs from indoor air pollution
has been highlighted both at international and at national level by The World Health Organisation
(WHO) and Public Health England (PHE). PHE published guidelines and concentrations thresholds for
selected VOCs in indoor environments (75). All species reported in this PHE report are represented by
at least one experimental study (see Table 3).

2.3.3 Biological aerosols

The concentrations of bioaerosols (bacteria and fungi) that have been measured in the UK are provided
in Table 4. The macro-environments that have been investigated were residential and occupational
spaces. In the first case, the presence of biological aerosols was investigated in three different types of
private dwellings: a room in a shared house, a flat and a detached house while in the second case,
different office spaces were investigated: office kitchen, atrium, corridor, cellular (desks are arranged in
small groups). Airborne bacteria are the most investigated bioaerosols represented in all the mentioned
dwelling types and macro-environments, followed by fungi represented in 70% of the environments.

Table 4: Measurements of bioaerosols (bacteria, fungi) from residential and occupational macro-
environments divided by micro-environment type.

Bacteria Fungi

Residential

Page 16 of 25

Room in shared house

2721.3 CFU/m? (69)

1217.3 CFU/m3 (69)

Flat 1581 CFU/m3(69) 509.6 CFU/m3(69)
2459.4 CFU/m3 (55) 253.5 CFU/m?3 (55)
Detached house 4836 CFU/m?3(69) 4129 CFU/m3(69)
Occupational
Office 265 CFU/m3 (55) 558 CFU/m?3 (55)
Office’s kitchen 375 CFU/m3 (55) 5 CFU/m?3(55)
Atrium 825 CFU/m3(55) 30 CFU/m? (55)
Stairs 165 CFU/m?3 (55) 50 CFU/m3 (55)
Cellular 4510 CFU/m?3 (55)
Open Plan Office 915.33 CFU/m3 (55)

CFU: Colony forming unit.
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2.4 Indoor air pollution modelling in the UK D01 101050 DAL AGOI S
UK researchers started to focus on modelling indoor air pollutants at the beginning of the 2000s focusing
on aerosol particles (PM;o, PM; 5, PM; (). Outdoor/indoor measurements in a range of buildings (offices
and private houses) were used to assess the performance of the models (17, 46). Subsequently, the basis
of the first models was used to extend the analysis from aerosol particles (treated as passive scalar) to
reactive gaseous species, accounting for air exchange rates between communicating rooms of a
particular dwelling and with outdoor ventilation (47). Besides the measurements of indoor air pollution,
emission rates and sources started to be taken into account as well as the physical processes of
dispersion, ventilation and deposition. A further step forward from these models represented the ability
to combine individual emission rates of pollutants from different activities and let the particles interact
in different indoor building types (e.g. rooms with different sizes and ventilation rates) (101).

These three steps formed the basis of the evolution of indoor air pollution modelling in the UK. Since
then, the number of studies in this field has increased, mainly since 2012. Physical processes started to
be coupled with more complex chemical transformations, focusing the attention on secondary aerosol
formation (48), and reactive gaseous species related to particular activities and their impact on health
(49-51). Other models have been used to compute probabilistic sensitivity analyses using the replicated
Latin Hypercube method to understand which parameters have the highest impacts on final
concentrations (102).

The impact of the indoor emissions of CO, and PM, s has been investigated in different parts of the UK.
Measurements were analysed in comparison to buildings' efficiency, evaluating the impact on
occupants’ health (103, 104). Exposure levels have also been analysed in relation to public spaces such
as hospitals or offices during particular cleaning activities (105, 106), highlighting how modification of
cleaning product formulations could reduce occupants’ exposure to indoor air pollution (107). Physical
properties of buildings, ventilation rates, energy efficiency and overheating have also been analysed as
potential parameters influencing the levels of indoor air pollution in the UK (98, 108-110). This aspect
is particularly relevant to the current drive towards net zero in the building sector. Finally, the
representability of all these parameters has been compared with different conditions in intercomparing
research projects including the UK, and EU in the case of the emissions, exposure patterns and health
effects of consumer products in the EU (EU EPHECT project (88)).

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Despite the vast amount of literature published on indoor air pollution modelling, the task of
representing a sufficient number of chemical mechanisms acting simultaneously or competing with each
other is very complex. Indoor environments are highly variable in area, volume, and ventilation
parameters, only to cite a few variables that can be drastically different when applied to commonly
encountered types of dwellings: private houses (e.g., mid-, or end-terrace, semi- and detached houses,
flats, bungalows), public offices (both open and enclosed spaces), occupational buildings (e.g., hospitals,
classrooms) and recreational places (e.g., restaurants, pubs, gyms). Moreover, a large number of
activities can take place in these environments, consecutively or in parallel, strongly influencing the
chemical transformations of reactive species, even before those physical processes such as deposition
or resuspension are taken into account.
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3. Research gaps and challenges

The science of indoor air pollution took up progressively more and more space in the clean air and public
health research landscape. Whilst research on indoor air pollution in the UK has covered a wide range
of activities, environments and air pollutant species, much of the research is focused on concentration-
based measurements with diverse sampling designs. An additional gap is in the complementary
information relating to the environments where the measurements took place, as this is often missing
or partially reported, while crucial to accurate interpretation and model description of the indoor space.
In particular, dwelling/room volumes, occupants’ number and activities and ventilation
type/performance are often only partially reported or absent. This limits the estimation of activity-
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measurements depends on the objectives and goals of monitoring (e.g. exploratory, source
identification, indoor air quality interventions efficacy, exposure assessment) in a specific environment,
a set of good practices can be followed for measuring indoor air quality. These include: a) conducting
simultaneous indoor and outdoor measurements for various pollutants; b) ensuring representative
sampling durations and appropriate temporal resolution; c) selecting suitable instruments and
measurement locations; d) collecting information on indoor sources, occupant density, activities and
their duration, building materials and ventilation design; and e) measuring environmental
characteristics (hygrothermal conditions and lighting) as well as building characteristics, such as
volume and ventilation rate.

A significant step forward would be the standardisation of indoor air monitoring including sampling
design and a series of environmental and temporal parameters to be adhered to. Furthermore, methods
of sampling and subsequent measurement of indoor contaminant concentrations should be evaluated
in terms of precision and reproducibility with standards being established. An important gap to fill in
order to produce self-consistent databases is to cover all the main variables of this complex system of
emissions, environmental and physical environments. For instance, it is key to fill the gap of information
relating to missing, but important pollutants (such as NH; and SO,) for which no representative
measurements are available at the national level to date.

Finally, despite the progress made in the field of numerical modelling for indoor air pollution, there is
still a clear lack of knowledge of the characteristic emission rates by activity and pollutant. Filling this
gap with measurement campaigns to derive precise and detailed emission factors based on all key
individual activities would represent important, but currently missing tiles in the mosaic of the indoor
emissions in the UK.

4. Conclusion and future directions

Despite the challenges that indoor air science is facing and the gaps identified, the advances made in the
UK regarding indoor air pollution research landscape can be translated to create the first self-consistent
database of indoor air pollutant concentrations along with characteristic emission rates for specific
activities, pollutants, and environments. The available literature and reports published in the UK on
indoor air pollution can be categorised in an easy-to-use database that will provide all the mandatory
and complementary information about IAQ in the UK. The proposed approach is to categorize the
available data into a range of concentrations of indoor air pollutants according to macro- and micro-
environments, emission sources and activities. This approach would lead to the development of an
inventory of indoor air pollutants along with the necessary tools to cater the needs of various
stakeholders such as policymakers, architects, developers and a cross-disciplinary community of IAQ
researchers. These tools will help tackling indoor air pollution with holistic and transdisciplinary
approaches in the future, which is crucial for achieving net-zero goals in indoor spaces.

Existing gaps in the measurements can be filled initially by using measurements from other countries
such as the US and the EU and can be updated with new measurements from the UK as they become
available. The concentrations can be converted to emission rates using chemical mass balance methods
based on available ancillary data of dwelling size and ventilation rates. Emission rates of indoor air
pollutants calculated based on activity-related measurements in the UK will represent an important
input for the numerical modelling of indoor air simulations and determining the effectiveness of
interventions. The development of an inventory of indoor air pollutants represents a step-change in the
field of indoor air pollution research in the UK. In the long run, such an inventory can be combined with
user-friendly visualization tools to provide a representation of indoor emissions and their sources for
academic and non-academic audiences.

17


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ea00121d

Page 19 of 25 Environmental Science: Atmospheres

Open Access Article. Published on 21 November 2024. Downloaded on 11/22/2024 6:45:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Author contributions DOI: 10.1038/DAEACOI2LD
AM, ZN: investigation, formal analysis, methodology, visualization, and writing—original draft. AM, ZN,
CP: investigation, methodology, and writing—review and editing. ZN, CP: review and editing. CP, ZN:
funding acquisition, supervision, and writing—review and editing. ZN, CP: conceptualization,
supervision, methodology, administration, resources, and writing—review and editing. All authors

contributed to the article and approved the submitted version.

Data availability statement
No new data were generated during this study.

Funding
This work received financial support from the MetOffice/ UKRI Clean Air programme (Strategic
Priorities’ Fund) through the grant “Indoor Air Quality Emissions and Modelling System (IAQ-EMS)”.

Conflicts of interest
There are no conflicts of interest to declare

5. References

1. Zhang J, Smith KR. Indoor air pollution: a global health concern. British Medical Bulletin.
2003;68(1):209-25.

2. Lewis AC, Jenkins D, Whitty CJ. Hidden harms of indoor air pollution—five steps to expose them.
Nature. 2023;614(7947):220-3.

3. Dimitroulopoulou C, Ashmore M, Terry A. Use of population exposure frequency distributions to
simulate effects of policy interventions on NO2 exposure. Atmospheric environment. 2017;150:1-14.

4, Kornartit C, Sokhi R, Burton M, Ravindra K. Activity pattern and personal exposure to nitrogen
dioxide in indoor and outdoor microenvironments. Environment international. 2010;36(1):36-45.

5. AQEG. Indoor Air Quality 2022 [Available from: https://uk-
air.defra.gov.uk/assets/documents/reports/cat09/2211011000 15062022 Indoor Air Quality Report Fin
al.pdf.

6. PHE. Indoor Air Quality Guidelines for selected Volatile Organic Compounds (VOCs) in the UK 2019

[Available from:
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment data/file/8313
19/VO__ statement Final 12092019 CS 1 .pdf.

7. COSHH. Control of Substances Hazardous to Health 2002 [Available from:
https://www.hse.gov.uk/nanotechnology/coshh.htm#:~:text=COSHH%20is%20the%20law%20that,t0%20h
ealth%20(risk%20assessment)%3B.

8. REACH. UK registration, evaluation, authorisation and restriction of chemicals 2022 [Available from:
https://www.hse.gov.uk/reach/.
9. Gov.UK. Environmental Act 2021 [Available from:

https://www.legislation.gov.uk/ukpga/2021/30/contents/enacted.

10. Gov.UK. The Volatile Organic Compounds in Paints, Varnishes and Vehicle Refinishing Products
Regulations 2012 [Available from: https://www.legislation.gov.uk/uksi/2012/1715/contents/made.
11. Gov.UK. The Construction Products Regulations 2013 [Available from:
https://www.legislation.gov.uk/uksi/2013/1387/contents/made.

12. Ross D. Continuous and Passive Monitoring of Nitrogen Dioxide in UK Homes. Environmental
Technology. 1996;17(2):147-55.

13. Raw GJ, Coward SKD, Brown VM, Crump DR. Exposure to air pollutants in English homes. Journal of
Exposure Science &amp; Environmental Epidemiology. 2004;14(S1):585-594.

14. Coward S, Raw G, editors. Nitrogen dioxide levels in homes in Avon, England. Healthy Buildings;
1995.

18


https://uk-air.defra.gov.uk/assets/documents/reports/cat09/2211011000_15062022_Indoor_Air_Quality_Report_Final.pdf
https://uk-air.defra.gov.uk/assets/documents/reports/cat09/2211011000_15062022_Indoor_Air_Quality_Report_Final.pdf
https://uk-air.defra.gov.uk/assets/documents/reports/cat09/2211011000_15062022_Indoor_Air_Quality_Report_Final.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/831319/VO__statement_Final_12092019_CS__1_.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/831319/VO__statement_Final_12092019_CS__1_.pdf
https://www.hse.gov.uk/nanotechnology/coshh.htm#:~:text=COSHH%20is%20the%20law%20that,to%20health%20(risk%20assessment)%3B
https://www.hse.gov.uk/nanotechnology/coshh.htm#:~:text=COSHH%20is%20the%20law%20that,to%20health%20(risk%20assessment)%3B
https://www.hse.gov.uk/reach/
https://www.legislation.gov.uk/ukpga/2021/30/contents/enacted
https://www.legislation.gov.uk/uksi/2012/1715/contents/made
https://www.legislation.gov.uk/uksi/2013/1387/contents/made
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ea00121d

Open Access Article. Published on 21 November 2024. Downloaded on 11/22/2024 6:45:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Environmental Science: Atmospheres Page 20 of 25

15. Hoek G, Kos G, Harrison R, de Hartog J, Meliefste K, ten Brink H, et al. Indoor—outdog&r%%%@%ﬁ%ﬁg
of particle number and mass in four European cities. Atmospheric Environment. 2008;42(1):156-69.

16. Kingham S, Briggs D, Elliott P, Fischer P, Erik L. Spatial variations in the concentrations of traffic-
related pollutants in indoor and outdoor air in Huddersfield, England. Atmospheric Environment.
2000;34(6):905-16.

17. Hill MTR, Dimitroulopoulou C, Ashmore MR, Batty K. Measurement and Modelling of Short-Term
Variations in Particle Concentrations in UK Homes. Indoor and Built Environment. 2001;10(3-4):132-7.

18. Crump D, Dimitroulopoulou S, Squire R, Ross D, Pierce B, White M, et al., editors. Ventilation and
indoor air quality in new homes. Pollution Atmospherique; 2005.

19. Dennekamp M. Ultrafine particles and nitrogen oxides generated by gas and electric cooking.
Occupational and Environmental Medicine. 2001;58(8):511-6.

20. Semple S, Garden C, Coggins M, Galea KS, Whelan P, Cowie H, et al. Contribution of solid fuel, gas
combustion, or tobacco smoke to indoor air pollutant concentrations in Irish and Scottish homes. Indoor
Air. 2012;22(3):212-23.

21. Mumovic D, Palmer J, Davies M, Orme M, Ridley |, Oreszczyn T, et al. Winter indoor air quality,
thermal comfort and acoustic performance of newly built secondary schools in England. Building and
Environment. 2009;44(7):1466-77.

22. Chatzidiakou E, Mumovic D, Summerfield AJ, Altamirano HM. Indoor air quality in London schools.
Part 1: ‘performance in use’. Intelligent Buildings International. 2015;7(2-3):101-29.

23. Chatzidiakou L, Mumovic D, Summerfield A. Is CO<sub>2</sub> a good proxy for indoor air quality
in classrooms? Part 1: The interrelationships between thermal conditions, CO<sub>2</sub> levels,
ventilation rates and selected indoor pollutants. Building Services Engineering Research and Technology.
2015;36(2):129-61.

24. Chatzidiakou L, Mumovic D, Summerfield AJ, Hong SM, Altamirano-Medina H. A Victorian school
and a low carbon designed school: Comparison of indoor air quality, energy performance, and student
health. Indoor and Built Environment. 2014;23(3):417-32.

25. Chatzidiakou L, Mumovic D, Summerfield AJ, Taubel M, Hyvarinen A. Indoor air quality in London
schools. Part 2: long-term integrated assessment. Intelligent Buildings International. 2015;7(2-3):130-46.
26. Harrad S, Goosey E, Desborough J, Abdallah MA-E, Roosens L, Covaci A. Dust from U.K. Primary
School Classrooms and Daycare Centers: The Significance of Dust As a Pathway of Exposure of Young U.K.
Children to Brominated Flame Retardants and Polychlorinated Biphenyls. Environmental Science &amp;
Technology. 2010;44(11):4198-202.

27. Gaihre S, Semple S, Miller J, Fielding S, Turner S. Classroom Carbon Dioxide Concentration, School
Attendance, and Educational Attainment. Journal of School Health. 2014;84(9):569-74.

28. Korsavi SS, Montazami A, Mumovic D. Indoor air quality (IAQ) in naturally-ventilated primary
schools in the UK: Occupant-related factors. Building and Environment. 2020;180:106992.

29. Mohamed S, Rodrigues L, Omer S, Calautit J. Overheating and indoor air quality in primary schools
in the UK. Energy and Buildings. 2021;250:111291.

30. Abhijith KV, Kukadia V, Kumar P. Investigation of air pollution mitigation measures, ventilation, and

indoor air quality at three schools in London. Atmospheric Environment. 2022;289:119303.

31. McLeod RS, Mathew M, Salman D, Thomas CLP. An Investigation of Indoor Air Quality in a Recently
Refurbished Educational Building. Frontiers in Built Environment. 2022;7.

32. Song J, Huang X, Shi D, Lin WE, Fan S, Linden PF. Natural ventilation in London: Towards energy-
efficient and healthy buildings. Building and Environment. 2021;195:107722.

33. O'Connell G, Colard S, Cahours X, Pritchard J. An Assessment of Indoor Air Quality before, during
and after Unrestricted Use of E-Cigarettes in a Small Room. International Journal of Environmental
Research and Public Health. 2015;12(5):4889-907.

34, Carslaw N, Fletcher L, Heard D, Ingham T, Walker H. Significant OH production under surface
cleaning and air cleaning conditions: Impact on indoor air quality. Indoor Air. 2017;27(6):1091-100.

35. Challoner A, Gill L. Indoor/outdoor air pollution relationships in ten commercial buildings: PM2.5
and NO2. Building and Environment. 2014;80:159-73.

19


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ea00121d

Page 21 of 25 Environmental Science: Atmospheres

Open Access Article. Published on 21 November 2024. Downloaded on 11/22/2024 6:45:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

36. Fahad Alomirah H, Moda HM. Assessment of Indoor Air Quality and Users Perceptiolgo?f1 _10553%“32(&‘;‘5&”2“1”5‘
Renovated Office Building in Manchester. International Journal of Environmental Research and Public

Health. 2020;17(6):1972.

37. Briggs D, Gulliver J, de Hoogh K. Personal Exposures to Traffic-Related Air Pollution while Walking

and in the Car: Implications for the Assessment of Intake Fractions. Epidemiology. 2006;17(6):529.

38. Briggs DJ, de Hoogh K, Morris C, Gulliver J. Effects of travel mode on exposures to particulate air
pollution. Environment International. 2008;34(1):12-22.
39. Gulliver J, Briggs DJ. Journey-time exposure to particulate air pollution. Atmospheric Environment.

2007;41(34):7195-207.

40. Matthaios VN, Rooney D, Harrison RM, Koutrakis P, Bloss WJ. NO2 levels inside vehicle cabins with
pollen and activated carbon filters: A real world targeted intervention to estimate NO2 exposure reduction
potential. Science of The Total Environment. 2023;860:160395.

41. Seaton A. The London Underground: dust and hazards to health. Occupational and Environmental
Medicine. 2005;62(6):355-62.
42. Nasir ZA, Colbeck I. Particulate air pollution in transport micro-environments. Journal of

Environmental Monitoring. 2009;11(6):1140.

43. Smith JD, Barratt BM, Fuller GW, Kelly FJ, Loxham M, Nicolosi E, et al. PM2.5 on the London
Underground. Environment International. 2020;134:105188.

44, Gurung G, Bradley J, Delgado-Saborit JM. Effects of shisha smoking on carbon monoxide and PM
2.5 concentrations in the indoor and outdoor microenvironment of shisha premises. Science of The Total
Environment. 2016;548-549:340-6.

45, Paul R, Smith S, Gent L, Sutherill R. Air monitoring for synthetic cannabinoids in a UK prison:
Application of personal air sampling and fixed sequential sampling with thermal desorption two-
dimensional gas chromatography coupled to time-of-flight mass spectrometry. Drug Testing and Analysis.
2021;13(9):1678-85.

46. Dimitroulopoulou C, Ashmore MR, Byrne MA, Hill MTR, Kinnersley RP, Mark D, et al. Modelling of
indoor aerosol concentrations in UK buildings. Journal of Aerosol Science. 2000;31:564-5.

47. Dimitroulopoulou C, Ashmore MR, Byrne MA, Kinnersley RP. Modelling of indoor exposure to
nitrogen dioxide in the UK. Atmospheric Environment. 2001;35(2):269-79.

48. Carslaw N, Mota T, Jenkin ME, Barley MH, McFiggans G. A Significant Role for Nitrate and Peroxide
Groups on Indoor Secondary Organic Aerosol. Environmental Science &amp; Technology.
2012;46(17):9290-8.

49, Carslaw N. A mechanistic study of imonene oxidation products and pathways following cleaning
activities. Atmospheric Environment. 2013;80:507-13.
50. Mendez M, Blond N, Blondeau P, Schoemaecker C, Hauglustaine DA. Assessment of the impact of

oxidation processes on indoor air pollution using the new time-resolved INCA-Indoor model. Atmospheric
Environment. 2015;122:521-30.

51. Carslaw N, Shaw D. Secondary product creation potential (SPCP): a metric for assessing the
potential impact of indoor air pollution on human health. Environmental Science: Processes &amp;
Impacts. 2019;21(8):1313-22.

52. Pfrang C, Heard D, Mudge S, Turner D, Dimitroulopoulou S, Hilborne V, et al. Indoor Air Quality: A
workshop report on the contribution chemical sciences can make to improving indoor air quality in the UK.
2023.

53. NAEI. National Atmospheric Emission Inventory 2019 [Available from:
https://naei.beis.gov.uk/index.

54. Kearney Nicole CP. Clearing the Air: Gas Cooking and Pollution in European Homes. 2023
08/11/2023.

55. Aizlewood C, Dimitroulopoulou C. The HOPE Project: The UK Experience. Indoor and Built
Environment. 2006;15(5):393-409.

56. Crump D, Dimitroulopoulou S, Squire R, Ross D, Pierce B, White M, et al. Ventilation and indoor air
quality in new homes. Pollution atmosphérique. 2005;1:71.

20


https://naei.beis.gov.uk/index
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ea00121d

Open Access Article. Published on 21 November 2024. Downloaded on 11/22/2024 6:45:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Environmental Science: Atmospheres Page 22 of 25

57. Adams HS, Nieuwenhuijsen MJ, Colvile RN, McMullen MAS, Khandelwal P. Fine partic&e fgl\({rgﬁ.gzmde Online
DOT: 10.1039/D4EA00121D

personal exposure levels in transport microenvironments, London, UK. Science of The Total Environment.

2001;279(1):29-44.

58. Galea KS, Hurley JF, Cowie H, Shafrir AL, Sdnchez Jiménez A, Semple S, et al. Using PM2.5

concentrations to estimate the health burden from solid fuel combustion, with application to Irish and

Scottish homes. Environmental Health. 2013;12(1):50.

59. Nasir ZA, Colbeck I. Particulate pollution in different housing types in a UK suburban location.
Science of The Total Environment. 2013;445-446:165-76.
60. Wheeler AJ, Beaumont R, Hamilton RS, Farrow S. Monitoring children’s personal exposure to

airborne particulate matter in London, UK — method development and study design. Science of The Total
Environment. 1999;235(1):397-8.

61. Tan CCL, Finney KN, Chen Q, Russell NV, Sharifi VN, Swithenbank J. Experimental Investigation of
Indoor Air Pollutants in Residential Buildings. Indoor and Built Environment. 2013;22(3):471-89.

62. Ministry of housing calg. Ventilation and Indoor Air Quality in New Homes: Ministry of housing,
communities and local government; 2019 [Available from:
https://www.gov.uk/government/organisations/ministry-of-housing-communities-and-local-government.
63. McGill G, Oyedele LO, McAllister K. Case study investigation of indoor air quality in mechanically
ventilated and naturally ventilated UK social housing. International Journal of Sustainable Built
Environment. 2015;4(1):58-77.

64. Delgado-Saborit JM, Aquilina NJ, Meddings C, Baker S, Harrison RM. Relationship of personal
exposure to volatile organic compounds to home, work and fixed site outdoor concentrations. Science of
The Total Environment. 2011;409(3):478-88.

65. Lai HK, Kendall M, Ferrier H, Lindup I, AlIm S, Hanninen O, et al. Personal exposures and
microenvironment concentrations of PM2.5, VOC, NO2 and CO in Oxford, UK. Atmospheric Environment.
2004;38(37):6399-410.

66. Stamp S, Burman E, Shrubsole C, Chatzidiakou L, Mumovic D, Davies M. Long-term, continuous air
guality monitoring in a cross-sectional study of three UK non-domestic buildings. Building and Environment.
2020;180:107071.

67. Wang CM, Barratt B, Carslaw N, Doutsi A, Dunmore RE, Ward MW, et al. Unexpectedly high
concentrations of monoterpenes in a study of UK homes. Environmental Science: Processes &amp; Impacts.
2017;19(4):528-37.

68. Halsall CJ, Maher BA, Karloukovski VV, Shah P, Watkins SJ. A novel approach to investigating
indoor/outdoor pollution links: Combined magnetic and PAH measurements. Atmospheric Environment.
2008;42(39):8902-9.

69. Nasir ZA, Colbeck I. Winter Time Concentrations and Size Distribution of Bioaerosols in Different
Residential Settings in the UK. Water, Air, &amp; Soil Pollution. 2012;223(9):5613-22.

70. Harrison RM, Hester RE. Indoor air pollution: Royal Society of Chemistry; 2019.

71. Rick E-M, Woolnough K, Pashley CH, Wardlaw AJ. Allergic fungal airway disease. 2016.

72. Nazaroff WW. Indoor bioaerosol dynamics. Indoor Air. 2016;26(1):61-78.

73. Prussin AJ, Marr LC. Sources of airborne microorganisms in the built environment. Microbiome.
2015;3:1-10.

74. Gilbert JA, Stephens B. Microbiology of the built environment. Nature Reviews Microbiology.
2018;16(11):661-70.

75. Shrubsole C, Dimitroulopoulou S, Foxall K, Gadeberg B, Doutsi A. IAQ guidelines for selected volatile
organic compounds (VOCs) in the UK. Building and Environment. 2019;165:106382.

76. Amouei Torkmahalleh M, Gorjinezhad S, Unluevcek HS, Hopke PK. Review of factors impacting
emission/concentration of cooking generated particulate matter. Science of The Total Environment.
2017;586:1046-56.

77. Abdullahi KL, Delgado-Saborit JM, Harrison RM. Emissions and indoor concentrations of particulate
matter and its specific chemical components from cooking: A review. Atmospheric Environment.
2013;71:260-94.

21


https://www.gov.uk/government/organisations/ministry-of-housing-communities-and-local-government
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ea00121d

Page 23 of 25 Environmental Science: Atmospheres

Open Access Article. Published on 21 November 2024. Downloaded on 11/22/2024 6:45:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

78. Tran VV, Park D, Lee Y-C. Indoor Air Pollution, Related Human Diseases, and Recent Eg?ffgi_fo%‘%@ ;‘g&g‘g‘
Control and Improvement of Indoor Air Quality. International Journal of Environmental Research and Public
Health. 2020;17(8):2927.

79. Singer BC, Pass RZ, Delp WW, Lorenzetti DM, Maddalena RL. Pollutant concentrations and emission
rates from natural gas cooking burners without and with range hood exhaust in nine California homes.
Building and Environment. 2017;122:215-29.

80. Rivas I, Fussell JC, Kelly FJ, Querol X. Indoor Sources of Air Pollutants. Royal Society of Chemistry;
2019. p. 1-34.

81. Salonen H, Salthammer T, Morawska L. Human exposure to air contaminants in sports
environments. Indoor Air. 2020;30(6):1109-29.

82. Vardoulakis S, Giagloglou E, Steinle S, Davis A, Sleeuwenhoek A, Galea KS, et al. Indoor Exposure to
Selected Air Pollutants in the Home Environment: A Systematic Review. International Journal of
Environmental Research and Public Health. 2020;17(23):8972.

83. Adams RI, Bhangar S, Dannemiller KC, Eisen JA, Fierer N, Gilbert JA, et al. Ten questions concerning
the microbiomes of buildings. Building and Environment. 2016;109:224-34.

84. Verdier T, Coutand M, Bertron A, Roques C. A review of indoor microbial growth across building
materials and sampling and analysis methods. Building and environment. 2014;80:136-49.

85. Salthammer T, Gu J, Wientzek S, Harrington R, Thomann S. Measurement and evaluation of
gaseous and particulate emissions from burning scented and unscented candles. Environment
International. 2021;155:106590.

86. Pfeifer GD, Harrison RM, Lynam DR. Personal exposures to airborne metals in London taxi drivers
and office workers in 1995 and 1996. Science of The Total Environment. 1999;235(1):253-60.
87. Delgado-Saborit JM, Stark C, Harrison RM. Carcinogenic potential, levels and sources of polycyclic

aromatic hydrocarbon mixtures in indoor and outdoor environments and their implications for air quality
standards. Environment International. 2011;37(2):383-92.

88. Dimitroulopoulou C, Trantallidi M, Carrer P, Efthimiou GC, Bartzis JG. EPHECT Il: Exposure
assessment to household consumer products. Science of The Total Environment. 2015;536:890-902.

89. Shrubsole C. On the inside — the UK Government’s Clean Air Strategy in respect of volatile organic
compounds in buildings. Indoor and Built Environment. 2019;28(5):581-3.
90. Ministry of housing calg. Floor Space in English Homes — main report 2018 [Available from:

https://www.gov.uk/government/publications/floor-space-in-english-homes.
91. NAEI NAEI. National Atmospheric Emission Inventory for UK 2021 [Available from:
https://naei.beis.gov.uk/.

92. Crump D. R. SRW, Yu C. W. F.,. Sources and concentrations formaldehyde and other voc. Indoor
Built Environment 1997;6:45-55.
93. Yu CWF, Kim JT. Low-Carbon Housings and Indoor Air Quality. Indoor and Built Environment.

2012;21(1):5-15.

94. Arata C, Misztal PK, Tian Y, Lunderberg DM, Kristensen K, Novoselac A, et al. Volatile organic
compound emissions during HOMEChem. Indoor Air. 2021;31(6):2099-117.

95. Yeoman AM, Shaw M, Carslaw N, Murrells T, Passant N, Lewis AC. Simplified speciation and
atmospheric volatile organic compound emission rates from non-aerosol personal care products. Indoor
Air. 2020;30(3):459-72.

96. Yeoman AM, Shaw M, Lewis AC. Estimating person-to-person variability in VOC emissions from
personal care products used during showering. Indoor Air. 2021;31(4):1281-91.

97. Destaillats H, Maddalena RL, Singer BC, Hodgson AT, McKone TE. Indoor pollutants emitted by
office equipment: A review of reported data and information needs. Atmospheric Environment.
2008;42(7):1371-88.

98. Carslaw N, Ashmore M, Terry AC, Carslaw DC. Crucial Role for Outdoor Chemistry in Ultrafine
Particle Formation in Modern Office Buildings. Environmental Science &amp; Technology.
2015;49(18):11011-8.

99. Nazaroff WW, Weschler CJ. Cleaning products and air fresheners: exposure to primary and
secondary air pollutants. Atmospheric Environment. 2004;38(18):2841-65.

22


https://www.gov.uk/government/publications/floor-space-in-english-homes
https://naei.beis.gov.uk/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ea00121d

Open Access Article. Published on 21 November 2024. Downloaded on 11/22/2024 6:45:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Environmental Science: Atmospheres Page 24 of 25

100. Ngrgaard AW, Kudal JD, Kofoed-Sgrensen V, Koponen IK, Wolkoff P. Ozone—initiatedDgp&)_?orgg%gfg;‘g&g‘fS
particle emissions from a cleaning agent and an air freshener: Risk assessment of acute airway effects.
Environment International. 2014,68:209-18.

101. Dimitroulopoulou C, Ashmore MR, Hill MTR, Byrne MA, Kinnersley R. INDAIR: A probabilistic model
of indoor air pollution in UK homes. Atmospheric Environment. 2006;40(33):6362-79.

102. Das P, Shrubsole C, Jones B, Hamilton |, Chalabi Z, Davies M, et al. Using probabilistic sampling-
based sensitivity analyses for indoor air quality modelling. Building and Environment. 2014;78:171-82.

103.  Shrubsole C, Das P, Milner J, Hamilton IG, Spadaro JV, Oikonomou E, et al. A tale of two cities:
Comparison of impacts on CO2 emissions, the indoor environment and health of home energy efficiency
strategies in London and Milton Keynes. Atmospheric Environment. 2015;120:100-8.

104.  Shrubsole C, Ridley I, Biddulph P, Milner J, Vardoulakis S, Ucci M, et al. Indoor PM2.5 exposure in
London's domestic stock: Modelling current and future exposures following energy efficient refurbishment.
Atmospheric Environment. 2012;62:336-43.

105. Wong JPS, Carslaw N, Zhao R, Zhou S, Abbatt JPD. Observations and impacts of bleach washing on
indoor chlorine chemistry. Indoor Air. 2017;27(6):1082-90.

106. Wang Z, Kowal SF, Carslaw N, Kahan TF. Photolysis-driven indoor air chemistry following cleaning of
hospital wards. Indoor Air. 2020;30(6):1241-55.

107. Carslaw N, Shaw D. Modification of cleaning product formulations could improve indoor air quality.
Indoor Air. 2022;32(3).

108. Taylor J, Davies M, Mavrogianni A, Shrubsole C, Hamilton I, Das P, et al. Mapping indoor
overheating and air pollution risk modification across Great Britain: A modelling study. Building and
Environment. 2016;99:1-12.

109. Taylor J, Shrubsole C, Symonds P, Mackenzie |, Davies M. Application of an indoor air pollution
metamodel to a spatially-distributed housing stock. Science of The Total Environment. 2019;667:390-9.
110. WangY, Tahmasebi F, Cooper E, Stamp S, Chalabi Z, Burman E, et al. Exploring the relationship
between window operation behavior and thermal and air quality factors: A case study of UK residential
buildings. Journal of Building Engineering. 2022;48:103997.

23


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ea00121d

Page 25 of 25

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 21 November 2024. Downloaded on 11/22/2024 6:45:49 PM.

(cc)

Environmental Science: Atmospheres

Data availability statement

No new data were generated during this study.

View Article Online
DOI: 10.1039/D4EA00121D


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ea00121d

